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Introductory Outline

e In Yang-Mills theories, an explicit mass term for the gauge vector bosons
in the Lagrangian is forbidden by gauge invariance.

L > m?A,AH (1)

is clearly not invariant under the standard gauge transformation of A, —
A, + O0.A.

e While this is acceptable for theories like QED (Quantum Electrodynamics)
and QCD (Quantum Chromodynamics), where both photons and gluons are
massless, it is unacceptable for the gauge theory of weak interactions, since
both the charged (W) and neutral (Z) gauge bosons have very heavy
masses (Mwy ~81 GeV, Mz ~91 GeV), and simply inserting corresponding
mass terms into the Lagrangian destroys the gauge invariance of the theory
and leads to non-renormalizabiity and violations of unitarity.

e A possible solution to this problem, inspired by similar phenomena found in
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the study of spin systems, was proposed by Englert, Higgs and Guralnik in
1964, and it is known today simply as the Higgs mechanism.

e These lectures will begin with a review of the basic ideas. Following this,
we will recall how the Higgs mechanism is implemented in the Standard
Model and we will discuss the Higgs boson, the only physical scalar particle
predicted by the model and how the SM expectations compare to current
observations.

e Finally, we will generalize our discussion to models such as the MSSM,
NMSSM and 2HDM to illustrate how differently the Higgs mechanism can
be implemented in extensions of the SM and how the current deviations
in the 126 GeV data from SM predictions compare to predictions for the
Higgs bosons of these BSM models.
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The essence of the Higgs mechanism can be very easily illustrated
considering the case of a classical abelian Yang-Mills theory. In this case, it is
realized by adding to the Yang-Mills Lagrangian

1
Lao= _ZFWFW with FH"Y = (9" AY — 9V AH) (2)
a complex scalar field with Lagrangian

Ly = (D*$)*Dyud — V(¢) = (D*$)*Dydp — p*¢* ¢ — A(¢*¢)* ,  (3)

where DH* = 9" 4 1gA*, and A > 0 for the scalar potential to be bounded
from below. The full Lagrangian

L =LA+ Ly (4)

J. Gunion 250Higgs, U.C. Davis, 3



is invariant under a U (1) gauge transformation acting on the fields as:
: 1
p(x) = e Pp(x) , A¥(z) — A(z) + —0ta(z) , (5)
g

while a gauge field mass term (i.e., a term quadratic in the fields A*) would
not be gauge invariant and cannot be added to L if the U (1) gauge symmetry
has to be preserved.

Although the Lagrangian in Eq. (4) does not have an explicit mass term
for the gauge field, it can still describe the physics of a massive gauge boson,
provided the potential V' (¢) develops a non trivial minimum ({(¢) #0).

The occurrence of a non trivial minimum, or, better, of a continuum of
degenerate of minima only depends on the sign of the u? parameter in V().

For 12 > 0 there is a unique minimum at ¢ = 0, while for u? < 0 the
potential develops a continuum of degenerate minima satisfying the equation

P*p=—p*/(2X).

This is illustrated in Fig. 1, where the potential V(¢) is plotted as a
function of the real and imaginary parts of the field ¢ = ¢, + 1¢-.
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Re(4)

Figure 1: The potential V (¢) with ¢ = Re(¢) + ilm(¢) is plotted for an arbitrary positive
value of X\ and for an arbitrary negative value of p°.

In the case of a unique minimum at ¢*¢ = 0 the Lagrangian in Eq. (4)
describes the physics of a massless vector boson (e.g. the photon, in
electrodynamics, with g = —e) interacting with a massive charged scalar
particle.

On the other hand, something completely different takes place when ©1? < 0.

Choosing the ground state of the theory to be a particular  among the
many satisfying the equation of the minimum, and expanding the potential in
the vicinity of the chosen minimum, transforms the Lagrangian in such a way
that the original gauge symmetry is now hidden or spontaneously broken, and
new interesting features emerge.

To be more specific, let’s pick the following ¢9 minimum (along the
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direction of the real part of ¢, as traditional) and shift the ¢ field accordingly:

1/2

= —“—2 — > T) = L T 1P2(
so=(—4) =T s@=d0t - (01(@) +ida(@) . (O

The Lagrangian in Eq. (4) can then be rearranged as follows:

1 U 1 1 1
L= F"Fu+ g v A" AL+ (8"$1)" + n'é1 + 2(8"¢2)" + gv A8 s +. ...
massive \;gctor field massive ;galar field Goldsto‘r:e boson

(7)
and now contains the correct terms to describe a massive vector field A* with
mass m? = g*v? (originating from the kinetic term of L), a massive real
scalar field ¢; with mass m,, = —2u?, that will become a Higgs boson, and
a massless scalar field ¢-, a so called Goldstone boson which couples to the

gauge vector boson A*.

The terms omitted contain couplings between the ¢, and ¢ fields irrelevant
to this discussion.

The gauge symmetry of the theory allows us to make the particle content
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more transparent. Indeed, if we parameterize the complex scalar field ¢ as:

U(1)

x(x) 1

the x degree of freedom can be rotated away, as indicated in Eq. (8), by
enforcing the U (1) gauge invariance of the original Lagrangian. With this
gauge choice, known as unitary gauge or unitarity gauge, the Lagrangian
becomes:

P(x) = (v + H(z))

2 2

L=Ls+ —A“A + — (B“H(‘BMH + 2p°H?) 4 ... (9)

which unambiguously describes the dynamics of a massive vector boson A* of
mass m? = g*v?, and a massive real scalar field of mass m?3;, = —2u* = 2\v?,

the Higgs field.

It is interesting to note that the total counting of degrees of freedom
(d.o.f.) before the original U (1) symmetry is spontaneously broken and after
the breaking has occurred is the same. Indeed, one goes from a theory with
one massless vector field (two d.o.f.) and one complex scalar field (two d.o.f.)
to a theory with one massive vector field (three d.o.f.) and one real scalar
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field (one d.o.f.), for a total of four d.o.f. in both cases. This is what is
colorfully described by saying that each gauge boson has eaten up one scalar
degree of freedom, becoming massive.

We can now easily generalize the previous discussion to the case of a
non-abelian Yang-Mills theory. £ 4 in Eq. (4) now becomes:

1
Lp=—-F%WF

a . a __ a a abc Ab pc
7 Ly With F = oA, — 8VAM +gf AuA

° 5,  (10)
where the latin indices are group indices and f°¢ are the structure constants
of the Lie Algebra associated to the non abelian gauge symmetry Lie group,
defined by the commutation relations of the Lie Algebra generators t¢:
[ta’ tb] — ,ifabctc.

Let us also generalize the scalar Lagrangian to include several scalar fields
¢; which we will in full generality consider as real:

A
Lo= (D'~ V($) where V(9) =i+ 0!, (1)

where the sum over the index ¢ is understood and D, =9, — igt®Af. The
Lagrangian of Eq. (4) is invariant under a non-abelian gauge transformation
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of the form:

di(x) — (1+ia(x)t%)ijp; (12)
Al(x) — Aj(z)+ ;8,,,(1“(:1:) -+ fabcAZ(a:)ac(a:) :

When 112 < 0 the potential develops a degeneracy of minima described by the
minimum condition: ¢*=¢2= —pu?/\, which only fixes the magnitude of the
vector ¢o = (¢19 0} TR )

By arbitrarily choosing the direction of ¢, the degeneracy is removed. The
Lagrangian can be expanded in a neighborhood of the chosen minimum and
mass terms for the gauge vector bosons emerge as in the abelian case, i.e.:

1 1
5(D,ubgb,-)2 — ...+ §g2(ta¢)i(tb¢)iAZAb“ +... (13)
. 1
RIELD S @t 90)i(t0); ALA™ ..
m2

ab

Upon diagonalization of the mass matrix m?2, in Eq. (13), all gauge vector

bosons AZ for which t“¢y # 0 become massive, and to each of them
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corresponds a Goldstone particle, i.e. an unphysical massless particle like the
x field of the abelian example. The remaining scalar degrees of freedom
become massive, and correspond to the Higgs field H of the abelian example.

The Higgs mechanism can be very elegantly generalized to the case of
a quantum field theory when the theory is quantized via the path integral
method'. In this context, the quantum analog of the potential V (¢) is the
effective potential V.¢r(p.;), defined in term of the effective action I'[¢.]
(the generating functional of the 1Pl connected correlation functions) as:

1
Vers($a) = —ﬁr[ﬁbcl] for ¢ (x) = constant = ¢ (14)

where VT is the space-time extent of the functional integration and ¢ (x) is
the vacuum expectation value of the field configuration ¢(x):

Pa(x) = (2P (x)[2) . (15)

The stable quantum states of the theory are defined by the variational

'Here | assume some familiarity with path integral quantization and the properties of various generating functionals
introduced in that context. The detailed explanation of the formalism used would take us too far away from our main track
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condition:

0 o
—T'[pe] =0 —
5¢0l Pel=Pecl BCPCl

Veff(socl) =0, (16)

which identifies in particular the states of minimum energy of the theory, i.e.
the stable vacuum states. A system with spontaneous symmetry breaking
has several minima, all with the same energy. Specifying one of them, as in
the classical case, breaks the original symmetry of the vacuum. The relation
between the classical and quantum case is made even more transparent by
the perturbative form of the effective potential. Indeed, V.;f(4.) can be
organized as a loop expansion and calculated systematically order by order in
h:

Vers(@e) = V(pea) + loop effects (17)

with the lowest order being the classical potential in Eq. (3). Quantum
corrections to V.sr(p.;) affect some of the properties of the potential and
therefore have to be taken into account in more sophisticated studies of the
Higgs mechanism for a spontaneously broken quantum gauge theory. Time
permitting, will see how this can be important when we discuss how the mass
of the SM Higgs boson is related to the energy scale at which we expect new
physics effects to become relevant in the SM.
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Finally, let us observe that at the quantum level the choice of gauge
becomes a delicate issue. For example, in the unitarity gauge of Eq. (8) the
particle content of the theory becomes transparent but the propagator of a
massive vector field A" turns out to be:

7 kHEY
) = (=) (18)
A

and has a problematic ultra-violet behavior, which makes it more difficult to
consistently define and calculate ultraviolet-stable scattering amplitudes and
cross sections. Indeed, for the very purpose of studying the renormalizability
of quantum field theories with spontaneous symmetry breaking, the so called
renormalizable or renormalizability gauges (R¢ gauges) are introduced. If we
consider the abelian Yang-Mills theory of Eqgs. (2)-(4), the renormalizable
gauge choice is implemented by quantizing with a gauge condition GG of the
form:

G = (8, A" + Egus) (19)
\/E ~

in the generating functional

Z[J)=C / DA D¢, D¢, exp [z / (L — %Gz)] det (Z—G) : (20)

(87
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where C is an overall factor independent of the fields, £ is an arbitrary
parameter, and « is the gauge transformation parameter in Eq. (5). After
having reduced the determinant in Eq. (20) to an integration over ghost fields
(c and ¢), the gauge plus scalar fields Lagrangian looks like:

1 2
L — EG + Lghost

such that:

(A*(k)A”(=F))
(P1(k)P1(—E))

(¢p2(k)p2(—k))

_%Au (_gwaz T (1 B %) G = (gv)zguy) Av
1 1 1
2(Oub1)” — omg, &1 + 5 (Oud)” — §<gv>2¢z +ee

c [—82 — £(gv)? (1 + %)] c , (21)

—i (gw B k“k”) N —i (k“k”)
k2 — m? k2 k2 —tm? \ k2 )

(22)

(CR)E(—K) = 15—

J. Gunion

250Higgs, U.C. Davis, 13



where the vector field propagator now has a safe ultraviolet behavior. Moreover
we notice that the ¢, propagator has the same denominator as the longitudinal
component of the gauge vector boson propagator. This shows in a more formal
way the relation between the ¢, degree of freedom and the longitudinal
component of the massive vector field A", upon spontaneous symmetry
breaking.
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The Standard Maodel is a spontaneously broken Yang-Mills theory based on
the SU(2)r X U(1)y non-abelian symmetry group. The Higgs mechanism is
implemented in the Standard Model by introducing a complex scalar field ¢
which is a doublet of SU(2) with hypercharge Y, = 1/2

o=(% ) 23

with Lagrangian

Ly = (D"¢)'Dugp — p’o'ep — A(dT9)? (24)

where D¢ = (9, — igA;;7* —ig’YyB,,), and 7*=0%/2 (for a=1, 2, 3) are
the SU (2) Lie Algebra generators, proportional to the Pauli matrix 0. The
gauge symmetry of the Lagrangian is broken to U(1).,, when a particular
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vacuum expectation value is chosen, e.g.:

1/2

<¢>=%(O) with fu=<_>’\”2> (2 <0, X>0) . (25)

Upon spontaneous symmetry breaking the kinetic term in Eq. (24) gives origin
to the SM gauge boson mass terms. Indeed, specializing Eq. (13) to the
present case, and using Eq. (25), one gets:

1 0
T a_a b b
(D“¢) Du¢ — '°+§(O ’U) (gAMO' +9,Bu> (gA “0' -|—g,B"L) < v ) -|-...
1v” 2, A1.\2 2, A2\2 3 ’ 9
— o [FA + S (AN + (—g AL + 9B + -
(26)

One recognizes in Eq. (26) the mass terms for the charged gauge bosons
WE:
7}

(¥
(AL £ 43) — Mw=g_ (27)

1
WE=__
Hr \/5
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and for the neutral gauge boson Z,:

1
R \/92 + gl2

Zy,

(¥
(94, —9'By) — Mz=+Vg*+g”_, (2)

3

while the orthogonal linear combination of A‘u

corresponds to the photon field (A,,):

and B,, remains massless and

A, =

—(9'A,, +9B.) — Ma=0, (29)

1
Va2 +g

the gauge boson of the residual U (1).,, gauge symmetry.

The content of the scalar sector of the theory becomes more transparent
if one works in the unitary gauge and eliminates the unphysical degrees of
freedom using gauge invariance. In analogy to what we wrote for the abelian
case in Eq. (8), this amounts to parametrize and rotate the ¢(x) complex
scalar field as follows:

eif/(;)'? < v+(1)uz(m) ) TR () =% ( v+?f(w) ) ’
(30)

P(x) =
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after which the scalar potential in Eq. (24) becomes:

A 1 A 1
Ly = p’H? — AwH? — ZH4 = —51\4121,112 — \/;MHH?’ — ZAH“ . (31)

Three degrees of freedom, the x“(x) Goldstone bosons, have been reabsorbed
into the longitudinal components of the W“i and Z,, weak gauge bosons. One

real scalar field remains, the Higgs boson H, with mass M? = —2u2 = 2\v?
and self-couplings:

/X\ — _3?/

N 2 N ., 2
N _H .MH N Ve OMH
Ve vz

Furthermore, some of the terms that we omitted in Eq. (26), the terms
linear in the gauge bosons Wlfc and Z,, define the coupling of the SM Higgs
boson to the weak gauge fields:

% vH _H
o M2, M2 .
. _ o V 7/ _ o
= ZZTQM N = 2’&79“
A VY N H
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We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
corrections. Particularly relevant to the SM Higgs boson phenomenology that
will be discussed later are the couplings of the SM Higgs boson to pairs of
photons, and to a photon and a Z,, weak boson:

as well as the coupling to pairs of gluons:

(0060 8

H_____ Y

“0000> g

J. Gunion 250Higgs, U.C. Davis, 19



The analytical expressions for the H~~, H~Z, and Hgg one-loop vertices
are somewhat involved and will be given later. As far as the Higgs boson
tree level couplings go, we observe that they are all expressed in terms of just
two parameters, either A and p appearing in the scalar potential of £, (see
Eq. 24)) or, equivalently, My and v, the Higgs boson mass and the scalar
field vacuum expectation value. Since v is measured in muon decay to be
v=(v2GFr)"'/? =246 GeV, the physics of the SM Higgs boson is actually
just a function of its mass M.

The Standard Model gauge symmetry also forbids explicit mass terms for
the fermionic degrees of freedom of the Lagrangian, since mass terms mix
right- and left-handed spinors which are in doublet and singlet representations
of the SU(2) group respectively. One needs to bring in another doublet
somehow and the Higgs doublet is perfect for the job. The fermion mass
terms can be (and in the SM are assumed to be) generated via gauge invariant
renormalizable Yukawa couplings to the scalar field ¢:

L virawe = —THQE ¢put, — T QE ¢pdi, — TYLE pl3, + h.c. (32)
where ¢¢=—io?¢*, and 'y (f = u,d,l) are matrices of couplings arbitrarily

introduced to realize the Yukawa coupling between the field ¢ and the
fermionic fields of the SM. Q% and L% (where i = 1,2,3 is a generation
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index) represent quark and lepton left handed doublets of SU(2)r, while u%,
dy and [, are the corresponding right handed singlets. When the scalar
fields ¢ acquires a non zero vacuum expectation value through spontaneous
symmetry breaking, each fermionic degree of freedom coupled to ¢ develops
a mass term with mass parameter

v
Wg? = I‘fﬁ ’ (33)

where the process of diagonalization from the current eigenstates in Eq. (32)
to the corresponding mass eigenstates is understood, and I'y are therefore
the elements of the diagonalized Yukawa matrices corresponding to a given
fermion f. The Yukawa couplings of the f fermion to the Higgs boson (yy)
is proportional to I';:

___ H . ULY S 'Ff . .
_> — Tl = T T s
f

As long as the origin of fermion masses is not better understood in some
more general context beyond the Standard Model, the Yukawa couplings vy
represent free parameters of the SM Lagrangian.
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The mechanism through which fermion masses are generated in the
Standard Model, although related to the mechanism of spontaneous symmetry
breaking, clearly requires further assumptions and involves a larger degree of
arbitrariness as compared to the gauge boson sector of the theory. So, one
has to take with a grain of salt the often made public statement that the
Higgs boson is responsible for the masses of all the elementary particles.

J. Gunion 250Higgs, U.C. Davis, 22



Unitarity plays a crucial role in our understanding of why we need a Higgs
boson. Let us first discuss the general partial wave formulation of unitarity.
For 2 — 2 scattering we have the standard formula

do B 1
dQ)  64n2s

M]*. (34)

If we do the partial wave decomposition (the form employed assumes | am
dealing with spin-0 particles — effectively the longitudinally polarized W's
that | will be discussing can be thought of as spin-0 objects)

M = 167 Z(ZJ + 1)Pj(cosB)ay (35)
J=0

and recall the standard orthogonality relation

1
2
Ll diBPJ(w)PJ/($) = 2] T 18J,J/ (36)
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we obtain

1

8 o @) o
g = L Z(ZJ + 1) Z (2J" + 1)aJaj,/ dcos OPj(cos 0)Pjy:/(cos 0)
5 J=o J'=0 1

167
= — ) (2J +1)]ay|*. (37)
5 J=o
Meanwhile, the optical theorem says that

so = ImM(0 = 0) = 167 Y (2] + 1)Imay . (38)
J=0

If a single partial wave is dominant, we end up with the requirement that
Imaj; = |ag|?. (39)

In fact, this equation applies for every value of J even if more than one partial
wave is present (requires more work to show explicitly — see short appendix
— but is basically a statement of angular momentum conservation for the

J. Gunion 250Higgs, U.C. Davis, 24



elastic process). However, the above equality requires that the only process
contributing to the total cross section be the 2 — 2 process. Normally, there
are many inelastic channels such as 2 — 2/, 2 — 3,2 — 4,..... The Ima;
must take into account all these extra channels. In short, what we really have
is

Imay > |a;|* = (Imay)? + (Rea;)?, (40)

When the equality holds, we can write
ay = €% sindy, (41)

which form automatically satisfies Imaj; = |aj|* and makes it clear that
las|? = sin® 87y < 1 with maximum value of 1 when a is purely imaginary,
BJ = 71'/2.

It is useful to have a graphical picture. On the unitarity circle, we can
rewrite Imaj; = |aj|° as

3 = (Imay — %)2 + (Reay)?. (42)
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so that in the complex plane a; will lie on a “unitarity” circle of radius 1/2.

_ImA

|
-1/2 0 1/2

Re A

Figure 2: The partial wave unitarity circle.

Allowing for the presence of inelasticity, we can write

> (Imay — 5)* + (Reay)?, (43)

1N
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implying that a s will lie inside the unitarity circle. In this case, we can write

,',’Je2'iaj -1

aj = 44
J 2% ’ ( )
since Imaj — % = _%T]J cos 205 and Reaj = %nJ sin 20;5 so that
142 o1 o
(Imay — 5)° + (Rea;)” = G (45)

which will be < i if ny < 1. The quantity 7y is called the inelasticity. To
repeat, 17y < 1 is required in order for aj to be within the unitarity circle.

As a point of reference, you are presumably familiar with the standard
spin-J resonance form of

—mlI'g
ajy —a —= . (46)
s —m?2 4+ imI.

which saturates the unitarity circle when I';; = I';,:. You will notice that
when the latter is true then at s = m? one finds a; = 7 so that one is at
the top of the circle. As one starts from low s < m? with Reaj > 0, passes
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through s = m? with Rea;j = 0 and on to s >> m? with Reajy < 0 one is
rotating in a counter-clockwise sense about the unitarity circle.

The important final result is that the largest value of |Reaj| that is possible
if on the “unitarity” circle is |Rea;| = 1. And, if there is inelasticity then we

2
have our final constraint of
1
[Reaj| < 3. (47)
Usually it is the J = 0 constraint that is the strongest for a typical process of
interest to us.

We now wish to apply this to WW — W W scattering where the W's all
have longitudinal polarization.

In the SM, the partial wave amplitudes take the asymptotic form

S 2 S
aj = AJ (m2 ) _I'BJ (m2 ) +CJ9 (48)
144 w

where s is the center-of-mass energy squared. Contributions that are divergent
in the limit s — oo appear only for J = 0,1, 2. The A-terms vanish by virtue
of gauge invariance, while, and here enters the Higgs boson, the B-term for
J =1 and 0 (B, = 0) arising from gauge interaction diagrams is canceled by
Higgs-boson exchange diagrams. In the high-energy limit, the result is that
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aj asymptotes to an my-dependent constant. Imposing the unitarity limit of
|Reaj| < 1/2 implies the Lee-Quigg-Thacker bound for the Higgs boson mass:
mp g 870 GeV.

What happens if m;, is increased beyond 870 GeV is that the perturbatively
calculated aj violates unitarity at lower and lower s values. This is not to say
that the theory actually violates unitarity. When aj; approaches the unitarity
bound, the theory becomes strongly interacting and we are no longer able to
calculate the consequences of the theory perturbatively. At the moment we
do not have any means of computing what actually happens. Nonetheless,
the theory cannot actually violate unitarity since unitarity is guaranteed simply
by the hermiticity of the Hamiltonian that we began with. In other words,
my = 870 GeV is the largest value for which a perturbative approach to
computing in the theory is possible.

Alternatively, if aj reaches the unitarity limit at some value of s, we can
hope that some beyond-the-SM physics enters that will be such that we can
compute perturbatively in the extended model. The value of s at which the
SM violates unitarity then sets the upper bound on the scale at which such
new BSM physics must enter.

Anyway, let us give some more details on the perturbative SM calculation.
In detail, we have the following. (In my normalization, v = 246 GeV and
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2
— gv Gr _ _g° __ _1_ . e
mw = <-. And, V3 = smI, = 2v2.) The various contributions to the

amplitude are given in Table 1. From the table, we see that the gauge boson
contributions and Higgs exchange contributions cancel at O(s?) and O(s').

diagram O(f}—i) (’)(,’Z—;)
~, Z s-channel —gj—;él cos 6 —->5cos 0
v, Z t-channel —gg—;(—:s + 2 cos 0 + cos? 0) —%%(1 — 5 cos 0)
WWWW contact —gg—;(s — 6cosf —cos?’0) | —52(—1+ 3cosb)
h s-channel 0 —=5
h t-channel 0 — 5 =ldcos®
Sum 0 0

Table 1: The leading contributions to M(W; W, — W/ W, ) amplitude — where M
is defined in the convention Sy; = 9; + i(27)*8%(p; — i) M ;.

The cancellation of the O(s?) contributions in Table 1 between the contact
term and s- and t-channel gauge-boson exchange diagrams is guaranteed by
gauge invariance. The Higgs or something like it is required for cancelling the

1
s~ terms.

The easiest of the amplitudes above to derive is that from the WW W W
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contact interaction. First, we need to write down the polarization vector for
a massive, longitudinally-polarized W of momentum p. If we start with a
massive vector boson with momentum k* = (m,0,0,0), then the 3 orthgonal
polarizations are

e* = (0,1,0,0), (0,0,1,0), (0,0,0,1). (49)

If we now boost along the =z direction, the first two (the transverse
polarizations) remain unchanged. The third (the longitudinal polarization)
boosts to (k = k)

k E,
6%(1{:) — (_9 0, 0, —) (50)
m m
which generalizes for arbitrary direction to
. k| k E; ke m
H(k) = S~ — 4+ 0O — 51
er (k) (m’|k|m m—l_ E; (51)

(Note that the first, exact form on the rhs of the equation is explicitly
orthogonal to k* = (Eg, k).) It is the proportionality of the longitudinal
polarization to the momentum which makes longitudinally polarized W's so
“dangerous”. Of course, for our case of W's, m — my.
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Meanwhile, the WW W W contact interaction takes the familiar form
in the all outgoing convention (and Sy; = 95; + (27)*0%(ps — pi)iMy;
convention):

. bed . 2 b d o 1)
ZMZIBC,Ya(p, q, 8) — —ig {cea Cec (ga‘)’gﬁ _ ga 9187)

+ ceaccedb (ga59fy,8 . ga,@g’yé)
+ ceadcebc (ga,@g’yé . ga’yg,@é) } : (52)

which, for the SU(2) group and a, b, c,d index choices corresponding to
(a = WT)(d = W~) — (b = WT)(c = W) scattering reduces to?
(after noting that the incoming W™W ~ should be converted to outgoing
(a = W~)(d = WT) to apply the “all-outgoing” vertex)

—ig®(9*°g”" + g7°g*F — 2¢7%g7) (53)

where the first two terms are s and t channel-like (outgoing W~W ™) and

2A convenient reference for electroweak theory Feynman rules is the book “Gauge Theories of the Strong, Weak and
Electromagnetic Interactions” by Chris Quigg, pages 113-16, or Appendix B of Cheng and Li.
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the last is u channel-like (outgoing W ~W ™) and thus comes with a larger
coefficient and opposite sign.

To see how this works in the case of the WW W W vertex starting with
11— 2
the general result of Eq. (52), we first recall that W+ = ¥ T/%W . So, what
we are interested in is (using a shorthand)

1412 1 =12 1412 d 1 — 22

a = b = c = — 54
V2 V2 V2 V2 59
where we used the fact that, for example,
W 5 W' + W22 Wl—iW21—|—i2+W1—|—z'W21—z'2
a
]/5 , V2 o V2 V2
+ 2 — 1
_ + —
— + W 55
V2 V2 ' %)
where the W™ field operator either annihilates a W™ or creates a WT. So,
if we want to create an outgoing b = W™ we connect to b = 1\_/%2 and if we

want to connect to an outgoing a = W~ we should use a = 1:;%2. Thus, the
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general vertex of Eq. (52) reduces for the case of interest to

bed . e1+i21—12 1+4421—42 5 5
ngﬁcqa(P,q,r,S) = —2g°{c V2 V2 e V2 V2 (ga'ygﬂ _ = gﬁ7)

JlHi214i2 1—i21—42 S S
+e V2 V2o V2 V2 (ga g’Yﬁ_gaBg'Y)

Jl4621—i2 _1-i21442
+c V2 V2 V2 V2 (gaﬁg'y‘S —gmgﬁ‘s) ) (56)

Now, for SU(2) we have c®"¢ = €%%¢ so that for the 1st term we have the
form

22 ) \(v2

The 2nd term is 0 because of the antisymmetry of the ¢'s and the 3rd term
has the order switched on the last ¢ and thus gives +1. The net result for
the vertex is then:

QLlH+i21—i2 _14i21—42 oz o
VEVECSVE VI = ( ak e”)( ak 612>:_1. (57)

iM _z-gz [_ (gaﬂyg,B(S L gaég,@'y) + <gaﬁg’)’5 . ga’Yg,B(S)}

—ig*(g*°g”" + g7%g°* — 2¢gP%g°7) (58)
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Now we can return to using this form for the scattering process of interest.
We simply multiply M by the polarization vectors which in leading order

means we multiply by
.

pe qﬁ rY s

mMmw mw mw "Mw

, (59)
yielding

2
_ _ g
MWW, - W W, ) ~ — —(p-sq-r+7r-sp-q—2p-rq-s). (60)

w

Now, one goes to the center of mass frame where (all outgoing convention)

P = _§(190909 BW)
S = _é(lv 0901 _BW)
q = ?(1707/3W sin 0, Bw cos 9)

r = g(l,o,—ﬂwsinﬁ,—ﬂwcosm (61)
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with Oy = \/1 — 4m%;,/s. In this frame, one easily finds

2p-s:2q-r:3—2m%,v,

S
2p-q:2r-s=t—2m%,‘,=—5(1—0050)—2m%‘,cos¢9,

S
2p-'r:2q-s=u—2m%,v=—5(1—|—c050)—|—2m%‘,c080 (62)

Substituting and collecting the leading terms of order s? one obtains

2 2
—6(3 — 6cos 0 — cos? 0) (63)

g
4

My,

MWW, - WiWw,) > —

which agrees with the O(s?) result in the table for the contact interaction
term after substituting my = gv/2.

To get the O(s) term of the table, the exact forms of the polarization
vectors must be used.

The Higgs exchange diagrams are, of course, easier. For example for the
s-channel Higgs exchange diagram, remembering that the Feynman rule for
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the hW W, vertex is tgmwg,., we find

. 2 . 2
M = 5 (tgmw)“€p - €s€q - €

R
L
S | >
) Sﬂk
S
Vs
|
e
3
>N
3
N
e
S

_ it (s—I— Smi2>. (64)

2 —
(% S my,

The first term is listed as the O(s) term for this diagram and the 2nd term
will appear below

In any case, after including the Higgs diagrams and summing everything
together, we are left with a constant behavior for the amplitude. In the limit
where s, m} > m3,,, m7, we find:

2
t
i | . (65)

2 e __ am2 4
vsmhtmh

MWW, — WEW) = —
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This is too naive if s is near m3; one must include the Higgs width
appropriately. For now, we only consider s < m3 or s > m3.

The above result can also be derived using the Goldstone Equivalence
theorem. It states that in the limit of m; > m3,, interactions of enhanced

strength, O (Grm?}), arise only from diagrams in which the internal particles
are also Goldstone bosons or the Higgs boson. The relevant interactions are
summarized by the Lagrangian:

N
E:—A(ww —|—z—|—1h —|—vh—|—v—§—)\> (66)

where h is the Higgs field, the w’s, z are the charged and neutral Goldstone
bosons, respectively, v is the usual vev related to myy as above and A\ is the
bare coupling of the \¢* theory.

Crudely, one can arrive at this result as follows First, we note that using

mi = 2Av? and my = gv/2 one finds \ = gzsmh When mi > m%v, A is

large and the Higgs self coupling term in V(¢) = A(¢T¢)2 — pn?(pTo) is the
source of the strongest interactions. Writing ¢ = (h™, %(v + h + ia)) the

two terms of V (¢) are

T$)2 = _Lv — ia +L'v ia
A@'e? = A s b= ia)), (R, o+ bt )
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— ((h+h_) + (v + h)? + a2]>2
@) = —u® ((RTRT) + (v +h)* +a7) . (67)

It is the h* and a fields that are eaten and become the longitudinal modes
of the W= and Z. Thus, we denote them by w™ and z. In this notation,
L3> -V = pu?(pT¢) — A(¢T¢)? takes the form of Eq. (66) after including
a conventional constant such that V = 0 at the tree-level minimum where
%—X|h:0 = 0 requiring \v? = 2.

Although the last two terms in Eq. (66) cancel at tree level, they
more generally yield a tadpole counterterm which is fixed at each order
in perturbation theory in such a way that the physical Higgs field has zero
vev. This extra counter term can be ignored for our present purposes.

The Lagrangian of Eq. (66) generates the Feynman rules of Fig. 3. For

example, the upper left Feynman rule comes from the —2\vwT™w™h cross
term coming from the square using

2,2 2
m; 2m m

—22v = —2Z o TW I (68)
my, g 2mw

and supplying the usual ¢ from expanding exp[i¢L].
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Feynman rules for Lhe ligps-Goldstone  scalar
theory. Closed loops containing identical particles must be mul-
tiplied by 3.

Figure 3: Feynman rules from Eq. (66).
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The Feynman rule just below comes from the —AwTw~wtTw™ term of
2 2

L after substituting A\ = gm";h, taking account of the fact that there are
\%%

two possible ways to contract the w™w™ with two such external states and
similarly for w~™w™ — thereby leading to a net contraction counting factor of
4, and supplying the standard z.

In these Feynman rules, we have effectively chosen to work in the Landau
gauge where the w™ and z propagators have zero mass and the W= and
Z propagators (not given explicitly) are proportional to g"” — k*k¥ /k?. In
this way, gauge-boson-scalar mixing is avoided, since any such interaction
is proportional to the gauge-boson four momentum k*. Furthermore, we
can neglect diagrams with internal W= and Z propagators since they are
suppressed by m3;,/m7 in this gauge. Thus, the Landau gauge is the simplest
and most natural gauge in which to employ the Goldstone-boson equivalence
theorem.

For ww — ww scattering there are diagrams with s-channel h exchange,
t-channel h exchange and the wwww contact interaction diagram. The result
for the amplitude is (in agreement with the earlier-stated result)

2
2Mmw s — my 2w t —my 2my,,

2\ 2 : 2\ 2 : 2
m i m 7 m
iIM(ww — ww) = (—ig h > — + (—ig h ) == ig°—n
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2 2 2 2
™m ™m ™m
= —’ig h< h2_|_ L ‘|‘2>

2 2
4mW s — my t—mh

_ _imi( ) (69

2 . 2 _
v S my t my

Let us now take the partial wave projection of M(ww — ww),

aj =

d 6P 0 70
3277(2J+1)/ cos O Pj(cos ) M (70)

to obtain (using t = —%(1 — cos 6) implying 2dt = dcos @ and the next to
last form for the parenthesis in M above):

1 0
ay = / dtM(WiW, — W W,)
167s J_g
1 m3 m3 m3
= — 2 ——1 —— . /1
1671'1)2[+3—mi S og( +mh)] (71)

Now let us consider some interesting limits:
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1. s> mj; > m3,, my:

We get
2
mp
a > - ° 72
° 8mv? (72)
Requiring |Reag| < % this gives
m; < 4mwv’® = (872 GeV)?,. (73)

This is the absolute upper limit on m; in order that unitarity hold for
all s. If we consider a full coupled channel analysis (which includes
ZrZy — WW,;, hh — hh, hh — W7 W, , ...) then this limit gets
reduced to

m; < (700 GeV)?. (74)

2. m%,v,m2z <L s K mi:

By carefully expanding the log to 2nd order in the (small) ratio s/m; we

find .
a 5 . 75
077 397102 (75)
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Requiring |Reag| < % this gives
s < 167v?. (76)

An even better bound emerges by considering the (properly normalized)
isospin zero channel \/1/6(2W; W, + Z;Z1) and is

s < 8wv? = (1233 GeV)?. (77)

The interpretation of this limit is that if the Higgs is very heavy, then the
SM can only be valid (in the sense of satisfying unitarity perturbatively)
if /s < 1.23 TeV. After that energy, new physics must enter or the
W,/ W, — W;/W,, ... sector must become strongly interacting.

If one does a full treatment, then the kind of plot for Reag(W;W; —
W W) as a function of /s that emerges is that below (only look at the
SM curves which are for m; = 870 GeV and 1000 GeV). Note how near
the Higgs resonance Rea goes positive, but not so positive as to violate the
unitarity limit. This is the result obtained after including the Higgs width
in the formula for ay; basically m? — m; — im,I'p,. Near the resonance,
one is inside the Argand circle that typifies a resonance. 19 < 1 in the case
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of W/ W, — W,/ W, because T}, includes “inelastic” channels such as
h — Z1Zy as well as h — W, W, .

Ag=5 TeV
0.50 ) ) ) ) ) ) ) I ) R :I ) ]
- S 1
ry J Y |
L Al i Axpal ]
g 85 ]
» J '
0.25 il
n L gy (.
- P J ] -
R £ t]
; ae |/ 47
% 0.00 = / |
o = / 1
(=] K ]
« B ,| =
& L m,=870; SM \ ag’ / ]
—0.25 [~ -------- my=870; m,=p00, no KK .,/ —
B ‘It /" ! | T
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L N ]
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However, for s > mi, Reay asymptotes towards —% in the my;, = 870 GeV

case and falls much below —% for m;, = 1000 GeV. As my, is increased
further, the /s value at which a, falls below —1/2 decreases slowly,
ultimately reaching the value of /s = /2 X 1.233 TeV (the /2 because
this figure does not include the full coupled channel analysis). If m, is
decreased below m; = 870 GeV, the SM a, curve for W, W, — W/ W,
asymptotes to a less negative value for /s — oo following Eq. (72).

Well, this is only a brief introduction to all this. There are endless
ramifications of unitarity in the context of every new physics model. It
might turn out that the W W, hh, Z; Z| sector simply becomes strongly
interacting and the LHC job will be to sort out exactly what kind of theory
is describing these strong interactions.

This is closely analogous to the old situation in which we had strong
interactions in the w7 scattering and related channels and only after much
misery figured out that the 7’s were bound states of quarks.

In the strongly interacting W W -scattering scenario, the LHC will have a
very tough time in sorting things out. The energy and luminosity are not
quite up to the job. The old SSC was designed at higher energy precisely
to cover adequately this unpleasant scenario. The problem is that there is a
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huge background coming from the scattering of transversely polarized W''s,
such as WTWT — WTWT, WLWL — WTWT, WTWT — WLWL, .o
from which it is very difficult to extract the W; W, — W,/ W/ scattering
of interest.
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Starting from the most general unitarity statement, Eq. (??) repeated
below,

[—ZM(klkz — p1p2) -+ iM*(plpz — klkg)]
d3q,,; 1

- 5 (1T / G

XM (pip2 = {@: ) Mkikz — {0:}) (2m)*0" (ks + k2 = > a:)

(78)

we consider only the same two-body final state as the initial state (i.e. n = 2).
We imagine that k; (= —k-) in the com is along the z axis and that p; is in
the x — z plane at location 8, = 0. The two particle intermediate state is

defined to have q; (= —@3) defined by location 6’, ¢’. The angle between p;
and ¢; we define to be ~.
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Two-body phase space in the massless limit reduces to

d3(11 d3(12

2m)* 0% (k1+ka—q1—q2) =
(2«)32131(277)32132( AL )

25 2/dcosé"dqﬁ'. (79)
iy

So, now let us do partial wave expansions of all the M'’s (implicitly | am
assuming spin-0 equivalent as appropriate for W, scattering)

M(kiky — pip2) = 167w » (2J + 1)P;(cosf)ay
M*(p1p2 — kiks) = 167 i(zj + 1)P;(cos 0)a’,
M(kiks — qiq2) = 167 ZJ:(ZJ + 1) Py(cos 0')a,
M*(p1p2 = q1q2) = 167 i(ZJ + 1) P;(cosy)aj (80)
J

Inserting into Eq. (78), we get
327 Z(ZJ + 1)Pjy(cos O)Imajy = - /dcos 0'dg’
- 7 7T 32n2

X (25677) Z(ZJ' + 1)P;/(cos 8)a 5 Z(ZJ" + 1) Pyn(cosy)aynm (81)
J! J!
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So, now let us write (the standard addition theorem from Jackson)

47 .
Pyr(cosy) = oo D Y (0 ) Yorm(0, ¢ = 0) (82)
The [ d¢’ simply gives
/ 471- * /
/d(,b Pj;u(cos~y) = (ZW)WYJ”O(H )YJ//0(20)
A 2J7 1 ,
= (27T)W \/T] PJ/I(COSH )PJ/I(COS 9)
= (27)P;yu(cos 8')Pu(cos 0) . (83)

Eq. (81) then reduces to

Z(ZJ + 1) Pj(cos 0)Ima;
J

= 3 / d cos 0’ Z(2J' + 1)P;j/(cos 8" )a s Z(2J" + 1) Py (cos 8") Py (cos 0)a’sn

J/! g
2 %
— % ;(ZJ’ _I_ l)a,J/ ;(2']// _|_ 1)2J’ —|— 18J/,J//PJ//(COS Q)O,J//
= Z(2J' + 1)Pj/(cos B)a jra’y (84)

J/
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from which we immediately conclude that
ImaJ = aJaj (85)

if only the same two-body intermediate state is present as in the initial and
final states (equivalent to there being no inelastic scattering).
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Triviality and vacuum stability

The argument of triviality in a A¢* theory goes as follows. The dependence
of the quartic coupling A on the energy scale (QQ) is regulated by the
renormalization group equation

(@) 3 ,
40z e (Q) - (86)

This equation states that the quartic coupling A decreases for small energies
and increases for large energies.

Therefore,

e in the low energy regime the coupling vanishes and the theory becomes
trivial, i.e. non-interactive.

e In the large energy regime, on the other hand, the theory becomes non-
perturbative, since A grows, and it can remain perturbative only if \ is set
to zero, i.e. only if the theory is made trivial.
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The situation in the Standard Model is more complicated, since the running
of )\ is governed by more interactions. Including the lowest orders in all the
relevant couplings, we can write the equation for the running of A(Q) with
the energy scale as follows:

dX\ 3 3 9
3271'2E — 24)\2—(3g'2-|—992—24yf))\-|—§g'4-|—zg'2gz—|—§g4—24yf+- .+ (87)

where t=1In(Q?*/Q3?) is the logarithm of the ratio of the energy scale and some
reference scale Qg square, y; =m;/v is the top-quark Yukawa coupling, and
the dots indicate the presence of higher order terms that have been omitted.
We see that when My becomes large, A also increases (since M7, = 2Av?)
and the first term in Eq. (87) dominates. The evolution equation for \ can
then be easily solved and gives:

AQ) = (88)

When the energy scale Q@ grows, the denominator in Eq. (88) may vanish, in
which case A(Q) hits a pole, becomes infinite, and a triviality condition needs
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to be imposed. This is avoided imposing that the denominator in Eq. (88)
never vanishes, i.e. that \(Q) is always finite and 1/X\(Q) > 0. This condition
gives an explicit upper bound on Mg. Requiring

2

2
“ ) <1, with Q*=A% Qo=v, A(v)= M (89)

A(Qo) In (Q

2
0 2v

we obtain the constraint

871'2 2
M}, < : (90)

3 log (A2>

A is the scale at which new physics must enter and alter the evolution of .

e If we wanted to retain perturbativity all the way up to A = 10'® GeV, this
would require my,, < 160 GeV.

Y

e For perturbativity only up to A = 3 TeV, we would have the much weaker
bound of m;,, < 600 GeV.

Y
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o If we keep the terms of order X\ in the RGE equation Eq. (87), then we

have
d)\

dt  16m2
We see that there is a critical value of the coupling, and associated

meSM = V2.,

3
12X + 1292 — 5(392 + g'%) (91)

1
Ae = §(3g2 + g") — y? (92)

for which the quartic coupling stops evolving. If m; ,, > meSM then
quartic coupling becomes infinite at some scale and the theory goes non-
perturbative. If we require that the theory be perturbative (i.c. the Higgs
quartic coupling be finite) then an upper bound on on the Higgs mass is
obtained as a function of m;.

e To get a fairly precise value for meSM, the evolution of the gauge coupling
constants and of y; must also be included in a series of coupled differential
equations.

One finds that for m; = 175 GeV, the bound is m;,,, < 170 GeV.

If the Higgs boson had been found above this bound, it would have required
that there be some new physics below the unification scale.
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However, since my,,, ~ 126 GeV, this upper bound does not come into
play.

e On the other hand, for small A, i.e. small Mz, the RGE equation takes the
approximate form

d\ 1
dt 1672

3
120 4 (20" + (6" + 97| (93)
which is easily solved to give

A(A) = A(v) +

3 A2
162 [—12313 + (29" + (9" + 9’2)2)] In (5) . (94)

e To assure the stability of the vacuum state of the theory we need to require
2

that A(A) >0 and this gives a lower bound for M. Using A(v) = wHf
and keeping the dominant y; term, we find:

3v? A2
7T

V2
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More accurate analyses include higher order quantum corrections in the
scalar potential and use a 2-loop renormalization group improved effective
potential, V.¢r, whose nature and meaning was briefly sketched earlier in
these notes. The net result is that for A = 10'¢® GeV we require

Mpq,( GeV) > 130.5 4 2.1(m — 174) . (96)
If the SM need only be valid up to 1 TeV, then the limit is much weaker:

Mpg, ( GeV) > 71 + 0.74(m; — 174)], . (97)

e Note that the observed mass, ~ 126 GeV, is such that the SM could be
valid as an effective theory almost all (maybe all) the way up to the Planck
scale once a mestable vacuum at high A is allowed for.

After all the important higher order corrections and coupled channel analysis
is done, we end up with the plot of Fig. 4.

J. Gunion 250Higgs, U.C. Davis, 57



800

m, = 175 GeV

200

l

0 L | | | | | | | | | | | | |_
103 105 109 101R 1019 1018
A [GeV]

Figure 4: Triviality and stability bounds on m,,, as a function of the energy scale up to
which we hope the SM is valid as an effective theory.
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e Once a Higgs field is introduced in the Standard Model, its virtual excitations

contribute to several physical observables, from the mass of the W boson,
to various leptonic and hadronic asymmetries, to many other electroweak

observables that are usually considered in precision tests of the Standard
Model.

In particular, there is a correction to the p parameter that looks like

1 2
p=1-— 5 tan? Ow In (thM) . (98)

Note that the dependence on m;,, is only logarithmic, implying that limits
on my,, are very sensitive to the precision of the electroweak fits to p and
other quantities.

e In practice, it is the relationship between my, and m; arising from radiative

corrections that depend somewhat sensitively on my,, that gives the best
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constraint. We have

( My ):1 e (99)

m?, cos? Oy a V2G rm?2, (1 — or)

where dr is a function of m? and In(mp,,). The result, see below, is that
quite a low value of my,,, is preferred.

e Now that the Higgs boson mass is directly determined it is interesting to
ask how consistent the observed 126 GeV value is with that extracted
indirectly from precision fits of all the measured electroweak observables,
within the fit uncertainty.

This is actually one of the most important results that was obtained from

precision tests of the Standard Model and greatly illustrates the predictivity
of the Standard Maodel itself.

e | show some plots available from the PDG web page. For more details on
this, see the mini-review there. Basically, in the SM context we expected
a somewhat lighter Higgs mass than that seen. The discrepancy can be
resolved within the Supersymmetric context.
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The correlation between the Higgs boson mass Mg, the W boson mass
My, the top-quark mass m,, and the precision data is illustrated in the

above figures.

Apart from the impressive agreement existing between the
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indirect determination of My, and m; and their experimental measurements
we see that the 68% CL contours, from just the LEP, SLD, and Tevatron
measurements, selected a SM Higgs boson mass region roughly below
200 GeV. Therefore, assuming no physics beyond the Standard Model at
the weak scale, all available electroweak data demanded a light Higgs
boson.

This is summarized by the famous “blue-band” plot showing the Ax?
(relative to the minimum) for fitting all electroweak constraints as a
function of Mg. We see a distinct minimum at about 95 — 100 GeV. We
also observe that at 95% CL M was predicted to lie below 152 GeV.

Thus, it was no surprise that the Higgs was discovered at a modest mass
of 126 GeV, which is only a little way up the Ax? curve.
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Fine-tuning

e One aspect of the Higgs sector of the Standard Model that is traditionally
perceived as problematic is that higher order corrections to the square of
the Higgs boson mass contain quadratic ultraviolet divergences.

e This is expected in a A¢* theory and it does not pose a renormalizability
problem, since a A¢? theory is renormalizable.

e However, although per se renormalizable, these quadratic divergences leave
the inelegant feature that the square of the Higgs boson renormalized
mass has to result from the adjusted or fine-tuned balance between a bare
Higgs boson mass squared and a counterterm that is proportional to the
ultraviolet cutoff squared.

If the physical Higgs mass has to live at the electroweak scale, this can
cause a fine-tuning of several orders of magnitude when the scale of new
physics A (the ultraviolet cutoff of the Standard Model interpreted as an
effective low energy theory) is well above the electroweak scale.
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e Ultimately this is related to a symmetry principle, or better to the absence
of a symmetry principle.

Indeed, setting to zero the masses of the scalar fields in the Lagrangian of
the Standard Model does not restore any symmetry to the model. Hence,
the masses of the scalar fields are not protected against large corrections.

e Models of new physics beyond the Standard Model should address this
fine-tuning problem and propose a more satisfactory mechanism to obtain
the mass of the Higgs particle(s) around the electroweak scale.

Supersymmetric models, for instance, have the remarkable feature that
fermionic and bosonic degrees of freedom conspire to cancel the Higgs
mass quadratic loop divergence, when the symmetry is exact.

Other non supersymmetric models, like little Higgs models, address the
problem differently, by interpreting the Higgs boson as a Goldstone boson
of some global approximate symmetry.

In both cases the Higgs mass turns out to be proportional to some small
deviation from an exact symmetry principle, and therefore intrinsically small.

e As just stated, quantum corrections to the Higgs mass-squared lead to
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severe quadratic-divergence fine-tuning unless new physics enters at a low
scale.
e Let us gives some details:

After including the one loop corrections we have
———(2m3, + m% + miSM — 4m3) (100)

where p? = 2\v%,,, and X is the quartic coupling in the Higgs potential.

The p? and A? terms have entirely different sources, and so a value of
Mhg,, ~ Mz should not arise by fine-tuned cancellation between the two
terms.

And, even if you do have a fine-tuned cancellation the theory is out of
control for large A since large u? requires large ).

Although you can never cure the quadratic fine-tuning problem without new
physics, there are some tactics for delaying it to quite large A values.
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1. my,,, could obey the “Veltman” condition,
miSM = 4m; — 2m, — mj, ~ (317 GeV)?. (101)

At higher loop order, one must carefully coordinate the value of m,, with
the value of A.

Just as we do not want to have a fine-tuned cancellation of the two terms
in Eq. (100), we also do not want to insist on too fine-tuned a choice for
Mpg,, (in the SM, there is no symmetry that predicts this value).

= cannot continue the game to too high a A.
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Figure 5: Fine-tuning constraints on A, from Kolda 4+ Murayama, hep-ph/0003170.

The upper bound for A at which new physics must enter is largest for
Mpg,, ~ 200 GeV where the SM fine-tuning would be 10% if A ~ 30 TeV.
At this point, one would have to introduce some kind of new physics.
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However, we already know that there is a big problem with this approach
— namely the Higgs mass is about 126 GeV.

2. There is the “multi-doublet” approach.

In the simplest case where all h; have the same top quark Yukawa, but
rescaled by v; /vsns, each h; has its top quark loop mass correction scaled

2
by f? = —* and thus

Vsnm

2

. A
F} = f2F(m;) = KfI—% (102)

(2

i.e. significantly reduced.

Thus, multiple mixed Higgs allow a much larger A; for a given maximum
acceptable common F?.

One should note one possibly good feature of delaying new physics:

large A; implies significant corrections to low-E phenomenology from A;-
scale physics are less likely.
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A model with 4 doublets can allow A; ~ 5 TeV before the hierarchy
fine-tuning problem becomes significant.

e However, in the end, there is always going to be a A or A; for which we
get into trouble.

= Ultimately we will need new physics.

So, why not have it right away (i.e. at A < 1 TeV) and avoid the above
somewhat ad hoc games.

e As we have seen, following in more detail Ref. [28], the no fine-tuning
condition in the Standard Model can be softened and translated into a
maximum amount of allowed fine-tuning, that can be directly related to the
scale of new physics.

e As derived earlier, upon spontaneous breaking of the electroweak symmetry,
the SM Higgs boson mass at tree level is given by M2, = —242, where p?
is the coefficient of the quadratic term in the scalar potential.
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Higher order corrections to M7, can therefore be calculated as loop
corrections to u?, i.e. by studying how the effective potential in Eq. (17)
and its minimum condition are modified by loop corrections.

If we interpret the Standard Model as the electroweak scale effective limit
of a more general theory living at a high scale A, then the most general
form of p? including all loop corrections is:

o

i? = p® + A7) cn(Xi)log™(A/Q) (103)

n=0

where () is the renormalization scale, \; are a set of input parameters
(couplings) and the c,, coefficients can be deduced from the calculation of
the effective potential at each loop order. h

e As noted originally by Veltman, there would be no fine-tuning problem if
the coefficient of A? in Eq. (103) were zero, i.e. if the loop corrections to
12 had to vanish.

This condition, known as Veltman condition, is usually over constraining,
since the number of independent c,, (set to zero by the Veltman condition)
can be larger than the number of inputs ;.
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However the Veltman condition can be relaxed, by requiring that only the
sum of a finite number of terms in the coefficient of A? is zero, i.e. requiring
that:

MNmaax

Y en(Xi) log™(A/Myg) =0 , (104)
0
where the renormalization scale 1 has been arbitrarily set to My and the
order n has been set to n,,,., fixed by the required order of loop in the

calculation of V,¢¢.

This is based on the fact that higher orders in n come from higher loop
effects and are therefore suppressed by powers of (167%) 1.

Limiting n to M,,42, Eq. (104) can now have a solution. Indeed, if the
scale of new physics A is not too far from the electroweak scale, then the
Veltman condition in Eq. (104) can be softened even more by requiring
that:

MNmax 2

D cn(Xi) log™(A/Mp) < -5 - (105)

This condition determines a value of A,,,. such that for A < A,,.. the
stability of the electroweak scale does not require any dramatic cancellation
=2
in ”.
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In other words, for A < A,,.. the renormalization of the SM Higgs boson
mass does not require any fine-tuning.

As an example, for 1,4, =0,

co=(32n*v?)7'3(2My,, + M, + Mz, — 4m3), (106)

and the stability of the electroweak scale is assured up to A of the order of
47v ~ 2 TeV.

For n,,0. = 1 the maximum A is pushed up to A ~ 15 TeV and for
Nmaxz =2 Up to A ~ 50 TeV.

So, just going up to 2-loops assures us that we can consider the SM Higgs
sector free of fine-tuning up to scales that are well beyond where we would
hope to soon discover new physics.
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Figure 6: The SM Higgs boson mass M as a function of the scale of new physics A, with
all the constraints derived from unitarity, triviality, vacuum stability, electroweak precision fits,
and the requirement of a limited fine-tuning. The empty region is consistent with all the
constraints and less than 1 part in 10 fine-tuning. From Ref. [28]. But, it is not consistent
with My = 126 GeV unless finetuning much worse than 1% is allowed.
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For each value of n,,,4,., and for each corresponding A, .., My becomes
a function of the cutoff A, and the amount of fine-tuning allowed in the
theory limits the region in the (A, M) plane allowed to Mg (A).

This is well represented in Fig. 6, where also the constraints from the
conditions of unitarity, triviality, vacuum stability and electroweak precision
fits are summarized.

e Finally, the main lesson we take away from this plot is that if a Higgs boson

is discovered new physics is just around the corner and should manifest
itself at the LHC.

But, we have not yet seen new physics at the expected scale — these
considerations are pushing us into an uncomfortable corner.
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The Higgs sector of the MSSM

e In the supersymmetric extension of the Standard Model, the electroweak
symmetry is spontaneously broken via the Higgs mechanism.

However, in supersymmetry the Higgs sector must contain an even number
of doublets, as required by holomorphy and anomaly cancellation.

The minimal number of 2 doublets defines the MSSM.
e The dynamics of the Higgs mechanism works pretty much unchanged with

respect to the Standard Model case, although the form of the scalar
potential is more complex and its minimization more involved.

e As a result, the W= and Z weak gauge bosons acquire masses that depend
on the parameterization of the supersymmetric model at hand.

e At the same time, fermion masses are generated by coupling the two scalar
doublets to the fermions via Yukawa interactions.
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e A supersymmetric model is therefore a natural reference to compare
the Standard Model to, since it is a theoretically sound extension of
the Standard Model, still fundamentally based on the same electroweak
symmetry breaking mechanism.

e Far from being a simple generalization of the SM Higgs sector, the scalar
sector of a supersymmetric model can be theoretically more satisfactory
because:

1. spontaneous symmetry breaking is radiatively induced (i.e. the sign of the
quadratic term in the Higgs potential is driven from positive to negative)
mainly by the evolution of the top-quark Yukawa coupling from the scale
of supersymmetry-breaking to the electroweak scale, and

2. higher order corrections to the Higgs mass do not contain quadratic
divergences, since they cancel when the contribution of both scalars and
their super-partners is considered.

e At the same time, the fact of having a supersymmetric theory and two scalar
doublets modifies the phenomenological properties of the supersymmetric

physical scalar fields dramatically.

e In what follows, we will review only the most important properties of the
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Higgs sector of the MSSM, so that we can compare the physics of the SM
Higgs boson to that of the MSSM Higgs bosons.

e Let us start by recalling some general properties of a Two Higgs Doublet
Model and then specify the discussion to the case of the MSSM.

e Following this, we will review the form of the couplings of the MSSM Higgs
bosons to the SM gauge bosons and fermions, including the impact of the
most important supersymmetric higher order corrections.

1. | About Two Higgs Doublet Models

The most popular and simplest extension of the Standard Model is obtained
by considering a scalar sector made of two instead of one complex scalar
doublets.

These models, dubbed Two Higgs Doublet Models (2HDM), have a richer
spectrum of physical scalar fields.

Indeed, after spontaneous symmetry breaking, only three of the eight
original scalar degrees of freedom (corresponding to two complex doublets)
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are reabsorbed in transforming the originally massless vector bosons into
massive ones.

The remaining five degrees of freedom correspond to physical degrees of
freedom in the form of: two neutral scalars, one neutral pseudoscalar, and
two charged scalar fields.

At the same time, having multiple scalar doublets in the Yukawa Lagrangian
(see Eq. (32)) allows for scalar flavor changing neutral currents.

Indeed, when generalized to the case of two scalar doublet ¢! and ¢?,
Eq. (32) becomes (quark case only):

Lyukawa = — »_ Tt QidPud, — Y T QLd*d) +hc. , (107)
k=1,2 k=1,2

where each pair of fermions (z,5) couple to a linear combination of the
scalar fields ¢! and ¢2.

When, upon spontaneous symmetry breaking, the fields ¢! and ¢? acquire
vacuum expectation values

(®F) = for k=1,2, (108)

S‘e
) Ny
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the reparameterization of Ly ,xawa Of Eq. (107) in the vicinity of the
minimum of the scalar potential, with ®* = &% + v* (for k = 1, 2), gives:

Ly ukawa = —UT Z I‘m,k— ’LLR dZ Z I‘”’kT d‘}%—l—h.c. ~+ FC couplings

M“ Md
(109)
where the fermion mass matrices M;J" and Mz.dj are now proportional to a
linear combination of the vacuum expectation values of ¢! and ¢>.

The diagonalization of M;: and M,flj does not imply the diagonalization of

the couplings of the ¢’* fields to the fermions, and Flavor Changing (FC)
couplings arise.

This is perceived as a problem in view of the absence of experimental
evidence to support neutral flavor changing effects.

If present, these effects have to be tiny in most processes involving in
particular the first two generations of quarks, and a safer way to build a
2HDM is to forbid them all together at the Lagrangian level.

This is traditionally done by requiring either that u-type and d-type quarks
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couple to the same doublet (Model 1) or that u-type quarks couple to one
scalar doublet while d-type quarks to the other (Model II).

Indeed, these two different realizations of a 2HDM can be justified by
enforcing on Ly ,rawa the following ad hoc discrete symmetry:

1 &l 2 2
{@ — —®P! and ®2 > P (110)

d* — —d* and 4! — +ud

The case in which FC scalar neutral currents are not forbidden (Model Ill)
has also been studied in detail.

In this case both up and down-type quarks can couple to both scalar
doublets, and strict constraints have to be imposed on the FC scalar
couplings, in particular between the first two generations of quarks.

2HDMs have a very rich phenomenology that has been extensively studied.

In what follows here, however, | will only compare the SM Higgs boson
phenomenology to the phenomenology of the Higgs bosons of the MSSM,
a particular kind of 2HDM that will be discussed in the following.
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2. | The MSSM Higgs sector: introduction

The Higgs sector of the MSSM is actually a Model Il 2HDM. It contains
two complex SU (2) scalar doublets:

+ 0
es() - we(E) w

with opposite hypercharge (Y = £1), as needed to make the theory
anomaly-free®>. ®; couples to the up-type and @, to the down-type quarks
respectively. Correspondingly, the Higgs part of the potential can be written

as:*
Vi = (lpl* +m})[®1° + (|ul® + m3)|®2|* — pBei;(Pi®] + h.c.)
2 12 2
g°+g 2 g
+ T (1207 = 12F) + @] 8f (112)

3Another reason for the choice of a 2HDM is that in a supersymmetric model the superpotential should be expressed
just in terms of superfields, not their conjugates. So, one needs to introduce two doublets to give mass to fermion fields
of opposite weak isospin. The second doublet plays the role of ¢ in the Standard Model (see Eq. (32)), where ¢€ has
opposite hypercharge and weak isospin with respect to ¢.

% For further details, see the Appendix which gives a more theoretical treatment of the MSSM Higgs sector.
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in which we can identify three different contributions [29, ]:

(i) the so called D terms, containing the quartic scalar interactions, which
for the Higgs fields ¢, and ®, correspond to:

92 _|_ gl2
8

2
2 g
(|@1]* — |®2|%) +E|‘I’J{‘I’2|2 : (113)

with g and g’ the gauge couplings of SU(2)r and U (1)y respectively;
(ii) the so called F' terms, corresponding to:

e|*(|®1]7 + |®2]%) ; (114)

(iii) the soft SUSY-breaking scalar Higgs mass and bilinear terms, corresponding
to:

m?2|®,|? + m2|®,|? — pBeij(®:®) + h.c.) . (115)

Overall, the scalar potential in Eq. (112) depends on three independent
combinations of parameters, |u|? + m?, |u|? + m3, and pB. One basic
difference with respect to the SM case is that the quartic coupling has

been replaced by gauge couplings. This reduced arbitrariness will play an
important role in the following.
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Upon spontaneous symmetry breaking, the neutral components of ®; and
$, acquire vacuum expectation values

- h(8) e h(z). e

and the Higgs mechanism proceeds as in the Standard Model except that
now one starts with eight degrees of freedom, corresponding to the two
complex doublets ®; and ®,. Three degrees of freedom are absorbed in
making the W= and the Z massive.

Note: The convention for v; and v, above is opposite the Higgs Hunters
Guide. What is important is that in the present notation v, is responsible
for up quark masses and v, responsible for down quark and lepton masses
— see upcoming material.

The W mass is given by: M, = g*(vi + v3)/4 = g?v?/4, and this fixes
the normalization of v? + v2, leaving only two independent parameters to
describe the entire MSSM Higgs sector. The remaining five degrees of
freedom are physical and correspond to two neutral scalar fields

h = —(v2Red)— v;)sina + (V2Re¢? — v;) cos a (117)
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H = (v2Re¢) — vy)cosa + (V2Rep? — v;)sina
one neutral pseudoscalar field
A = V2 (Im@dsin 8 + Img? cos B) (118)
and two charged scalar fields
Hi:qbg:sinﬁ—l—cbf:cosﬁ , (119)

where a and (3 are mixing angles, and tan(3 = v;/v,. At tree level,
the masses of the scalar and pseudoscalar degrees of freedom satisfy the
following relations:

M. = M+ M3, (120)

1
M, = (M3 + MZ & (M} + M3)? — 4MZ M} cos?28)'/?)

making it natural to pick M 4 and tan 3 as the two independent parameters
of the Higgs sector.
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Eq. (120) provides the famous tree level upper bound on the mass of one
of the neutral scalar Higgs bosons, h:

M; < M, cos2B < M, , (121)

which contradicted the experimental lower bound set by LEP II: M, >

Y

114 GeV, and is in clear disagreement with the measured 126 GeV value.

The contradiction is lifted by including higher order radiative corrections to
the Higgs spectrum, in particular by calculating higher order corrections to
the neutral scalar mass matrix.

A huge effort has been dedicated to the calculation of the full one-
loop corrections and of several leading and sub-leading sets of two-loop
corrections, including resummation of leading and sub-leading logarithms
via appropriate renormalization group equation (RGE) methods.

A detailed discussion of this topic can be found in the reviews [3, 30, 31]
and in the original literature referenced therein.

For the purpose of these lectures, let us just observe that, qualitatively, the
impact of radiative corrections on M;"%* can be seen by just including the
leading two-loop corrections proportional to yf, the square of the top-quark
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Yukawa coupling, and applying RGE techniques to resum the leading orders
of logarithms.

In this case, the upper bound on the light neutral scalar in Eq. (121) is
modified as follows:

3g*m? M? X2 X2
M2 < M? k [lo (—5> U (1 _ e )] 122
n =Mzt oz, |8\ ) Tz oaz)| 0 122

where M?Z = Mle + M?)/2 is the average of the two top-squark masses,

2
m; is the running top-quark mass (to account for the leading two-loop

QCD corrections), and X, is the top-squark mixing parameter defined by
the top-squark mass matrix:

2 2 t
( MQt _I_ mt ‘|_ DL mtXt ) , (123)

my Xy M12.-it + m? + D%,

with X; = A; — pcot3 (A; being one of the top-squark soft SUSY
breaking trilinear coupling), D! = (1/2 — 2/3sin 6w )M cos 23, and
D¢, = 2/3 sin” Oy M2 cos 20.

Examination of the result Eq. (122) shows that the largest value of M}, as a
function of X, is achieved for X;/Mg = V6, although some studies taking
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two-loop effects into account suggest that the largest mixing contribution
occurs closer to |X;/Mg| ~ 2. Values larger than about /6 = 2.45 will
induce charge and and color-breaking minima in the scalar potential and

should be avoided.

Fig. 7 illustrates the behavior of M,; as a function of tan 3, in the case
of minimal and maximal mixing. For large tan 3 a plateau (i.e. an upper
bound) is clearly reached. The green bands represent the variation of M},
as a function of m; when m;=175 + 5 GeV.
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Figure 7: The mass of the light neutral scalar Higgs boson, h, as a function of tan 3, in
the minimal mixing and maximal mixing scenario. The green bands are obtained by varying
the top-quark mass in the m; =175 1+ 5 GeV range. The plot is built by fixing M4, =1 TeV
and Mgsysy = Mg=My=Mp=1 TeV. From Ref. [8].

If top-squark mixing is maximal, the upper bound on M}, is approximately
M™** ~ 135 GeV". The behavior of both M),y and M+ as a function
of M4 and tan 3 is summarized in Fig. 8, always for the case of maximal
mixing. It is interesting to notice that for all values of M 4 and tan 3 one
>This limit is obtained for ¢ =175 GeV, and it can go up to M ~ 144 GeV for my =178 GeV.
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has Mg > M;"**. Also we observe that, in the limit of large tan 3,
i) for Mo < M;™**: My ~ M and Mg ~ M;**, while
ii) for Mo > M Mg ~ M4y and M, ~ M]™",

250 I T | T T T T | T T T T |

maximal mixing
n = —200 GeV

g\ pa—
9 200 -
n
m —————
©
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1 . I/ 1 | | , I I
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Figure 8: The mass of the light (h) and heavy (H) neutral scalar Higgs bosons, and of the
charged scalar Higgs boson (H“—L) as a function of the neutral pseudoscalar mass M 4, for two
different values of tan 3 (tan 3 = 3, 30). The top-quark mass is fixed to m; =174.3 GeV
and Mgysy = Mg =My = Mp =1 TeV. The maximal mixing scenario is chosen. From

Ref. [3].
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3. | MSSM Higgs boson couplings to electroweak gauge bosons

The Higgs boson couplings to the electroweak gauge bosons are obtained
from the kinetic term of the scalar Lagrangian, in strict analogy to what we
have explicitly seen in the case of the SM Higgs boson.

Here, we would like to state the form of the H;V'V and H;H;V couplings
(for H;=h,H, A, H*, and V=W=, Z) that are most important in order
to understand the main features of the MSSM plots that will be shown
when we discuss phenomenology.

First of all, the couplings of the neutral scalar Higgs bosons to both W=
and Z can be written as:

ghvv = gvMy sin(8 — a)g"” , guvv = gvMy cos(B — a)gh” ,
(124)
where gy =2My, /v, while the AVV and H=*V'V couplings vanish because
of CP-invariance. As in the SM case, since the photon is massless, there
are no tree level vvH,; and vZ H; couplings.

Moreover, in the neutral Higgs sector, only the HAZ and HAZ couplings
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are allowed and they are given by:

g cos( — a) . gsin(8 — o) .
ghAz = (Ph—pPA)" , gHAZ = — (pE—PA)" |
2 cos Oy, 2 cos Oy,
(125)

where all momenta are incoming. We also have several H; H;V couplings
involving the charged Higgs boson, namely:

g

9u+tH-z =— — COS 29W(PH+ —PH—)'u : (126)
2 cos Ow

du+a-~4 = —te(pg+—p-)" ,
.g

duFhwtx — :Fzg COS(IB — a)(Ph — pH:F)M ’
g .

dg¥FHWE — :IZ"E sin(8 — a)(peg — PF)"

g I
IJHFAWE = 5(pA — pg+)t .

At this stage it is interesting to introduce the so called decoupling limit,
i.e. the limit of M4 > My, and to analyze how masses and couplings
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behave in this particular limit. Mg+ in Eq. (120) is unchanged, while
My, i become:

My, ~ M and Mg ~ M2% + M2sin® 23 . (127)

Moreover, as one can derive from the diagonalization of the neutral scalar
Higgs boson mass matrix:

MZX(M2Z — M?) mi>mZ Misin® 403

2
cos“(B — a) =
M2 (M% — M?) A,

(128)

From the previous equations we then deduce that, in the decoupling limit,
the only light Higgs boson is h with mass M; ~ M;"**, while Mgy ~
Mg+ ~ My > Mz, and because cos(B3 — a) — 0 (sin(8 — a) — 1)),
the couplings of h to the gauge bosons tend to the SM Higgs boson limit.
This is to say that, in the decoupling limit, the light MSSM Higgs boson
will be hardly distinguishable from the SM Higgs boson.

Finally, we need to remember that the tree level couplings may be modified
by radiative corrections involving both loops of SM and MSSM particles,
among which loops of third generation quarks and squarks dominate. The
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very same radiative corrections that modify the Higgs boson mass matrix,
thereby changing the definition of the mass eigenstates, also affect the
couplings of the corrected mass eigenstates to the gauge bosons. This can
be reabsorbed into the definition of a renormalized mixing angle o or a
radiatively corrected value for cos(3 — a) (sin(3 — «)). Using the notation
of Ref. [8], the radiatively corrected cos(3 — ) can be written as:

M? sin 4 M
cos(B—a) =K Z SH; & + O <—Z>] : (129)
2 M2 M4

where
M7 — M2 S M3
K=1+ - 22—, (130)
2M?7 cos 23 M7 sin 23
and 0M;; are the radiative corrections to the corresponding elements of
the CP-even Higgs squared-mass matrix (see Ref. [3]).

It is interesting to notice that on top of the traditional decoupling limit
introduced above (M4 > M), there is now also the possibility that
cos(B — a) — 0 if K — 0, and this happens independently of the value of
M 4.
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MSSM Higgs boson couplings to fermions

As anticipated, ®; and ¥, have Yukawa-type couplings to the up-type and
down-type components of all SU(2);, fermion doublets. For example, the
Yukawa Lagrangian corresponding to the third generation of quarks reads:

LYuka'wa — _ht [ERCb(l)tL - ERCbi'_bL] I hb {ER¢gbL — BRQSz—tL} —|— h.c.
(131)
Upon spontaneous symmetry breaking Ly ,rewe leads to corresponding
quark masses:

b (3 5 v sin 3 q n Vo 5 v cos (3 (132)
my — — = an my = — =
and the corresponding Higgs-quark couplings:
Cos .
ghtt = ——Yt = [sin(B8—a)+ cotBcos(B—a)]y: , (133)
sin 3
sin o .
Inob = — Yo = [sin(8 — o) —tanBcos(B8 — a)] ys

cos (3
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sin o

gHatt — . Yy = [cos(B — a) — cot Bsin(B — a)] y: ,
sin 3
COS o .
9HbLE = Yyp = [cos(B — a) + tan Bsin(B — )] yp
cos (3
gag = cotBys , gapp =tanBys
drtn = ﬁ"Mw 'me cot B(1 — 5) + mp tan B(L + 75)]

where y, = my/v (for ¢ = t,b) are the SM couplings. It is interesting
to notice that in the M4 > Mz decoupling limit, as expected, all the h
couplings in Eq. (133) reduce to the SM limit, while all the H couplings
become like their A counterparts.

The Higgs boson-fermion couplings are also modified directly by one-loop
radiative corrections (squarks-gluino loops for quarks couplings and slepton-
neutralino loops for lepton couplings). A detailed discussion can be found in
Ref. [5, ] and in the literature referenced therein. Of particular relevance
are the corrections to the couplings of the third quark generation. These
can be parameterized at the Lagrangian level by writing the radiatively
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corrected effective Yukawa Lagrangian as:
L vawa = —€ii |(ho + 5ho)brQL®L + (he + 0h)ERQ} ®]| (134)
—  AhitrQY ®5* — AhybrQ% ®%* + hec.

where we notice that radiative corrections induce a small coupling between
®, and down-type fields and between ®, and up-type fields. Moreover the
tree level relation between hy, h:, m, and m; are modified as follows:

hbv 5hb Ahb tan ,8 hbv
- — 1+ — = — 1+ A 35
mp ﬁcosﬂ( + - + - ) ﬁcosﬁ( + Ayp)(135)
ht’U (Sht Aht tan /8 ht’U
= —— sl 1 = —= i 1 A 9
my 75 sin O ( -+ I -+ h ) 75 sin 3(1 4+ Ay)

where the leading corrections are proportional to Ahy and turn out to
also be tan 3 enhanced. Meanwhile, the couplings between Higgs mass
eigenstates and third generation quarks given in Eq. (133) are corrected as
follows:

COS (¢ 1 Ah;
ghtt = 1

sin,@yt “i1r A A (cot B + tan a)] ; (136)
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9hbb

gHtt

dHbb

gAtt

gdAbb

(0] 2 ==FT

2

_|_

— Ab> (1 + cot o cot ﬁ)] ;

— Ab> (1 — tan o cot B)] ]

a)]

Ah
(Bt @)] (1 +5)

sin o 1 ohy
_COSByb [1 i 14 A ( hy
sin o 1 Abhy
—— Yy [1 — (cot B8 — cot a)] ]
sin 3 1+ A; hy
COS Q¢ 1 ohy
COSByb [1 i 1+ Ay ( hy
cot By, [1 o Ah: (cot B + tan ﬂ)] ,
1+ A; hy
tan 3 yp [1 -+ ! <6hb —
(14 Ap)sin?B \ hg
g 1
2+/2 My {mt S5 [1 14+ Ay hy
1 Ohy
motans [1 Tt Ay sin? ( hy

)=}

where the last coupling is given in the approximation of small isospin
breaking effects, since interactions of this kind have been neglected in the
Lagrangian of Eq. (134).
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e Returning to the scalar potential involving only the neutral Higgs fields, but
with a switch of notation to H, for the higgs associated with giving the
top quark mass and H,; the Higgs responsible for the bottom quark and
lepton masses, we have:

Vo= (Il + miy ) HOP + (|l + miy ) HP — (b HOH + c.c.)
1
+2(g* + g™ ([HI? — | HY)? (137)

let us write
vy, = (H)), va = (H)Y). (138)

These VEVs are related to the known mass of the Z boson and the
electroweak gauge couplings (I have changed my convention so that v =

’Uprev'ious/\/i-):

v +v2=v’=2m%/(g° + g’°) = (174 GeV)>. (139)
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The ratio of the VEVs is traditionally written as
tan 8 = v, /vg. (140)
The value of tan 3 is not fixed by present experiments, but it depends on

the Lagrangian parameters of the MSSM in a calculable way.

Since v,, = vsin 3 and vy = v cos 3 were taken to be real and positive by
convention, we have 0 < B8 < 7 /2, a requirement that will be sharpened
below.

Now one can write down the conditions OV /0H) = 8V/OH) = 0 under

which the potential Eq. (363) will have a minimum satisfying Eqgs. (365)
and (366):

mi{u + |p|* — beot B — (m3,/2) cos(28) = 0, (141)
miId + |p|? — btan B + (m7,/2) cos(28) = 0. (142)

These equations allow us to eliminate two of the Lagrangian parameters b
and |u| in favor of tan 3, but do not determine the phase of pu.
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Taking |u|?, b, m%,; and miId as input parameters, and m?>, and tan 3 as
output parameters obtained by solving these two equations, one obtains:

2b

143
mE, + mi, 4 2l (143)

sin(23)

im%;, — mi |
m2, = d —my —my — 2|pl’ (144)

\/1 — sin®(23)

(Note that sin(23) is always positive. If m%, < mf; , as is usually
assumed, then cos(23) is negative; otherwise it is positive.)

Egs. (369) and (370) highlight what is called the “u problem”.

— Without miraculous cancellations, all of the input parameters ought to
be within an order of magnitude or two of m?,.

— However, in the MSSM, p is a supersymmetry-respecting parameter
appearing in the superpotential, while b, m7, , m%id are supersymmetry-
breaking parameters.

— This has lead to a widespread belief that the MSSM must be extended
at very high energies to include a mechanism that relates the effective

value of p to the supersymmetry-breaking mechanism in some way.
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— Even if the value of u is set by soft supersymmetry breaking, the
cancellation needed by Eq. (370) is often very substantial (= finetuning)
when evaluated in specific model frameworks, after constraints from
direct searches for the Higgs bosons and superpartners are taken into
account.

— For example, expanding for large tan 3, Eq. (370) becomes

my = —2(my, +|pl*) +

2

— ﬁ(m%{d - m%iu) + O(1/tan B). (145)
Typical viable solutions for the MSSM have —m?%; and |u|* each much
larger than m?%, so that significant cancellation is needed.

— In particular, large top squark squared masses, needed to avoid having
the Higgs boson mass turn out too small compared to 126 GeV will feed
into m7; .

The cancellation needed in the minimal model may therefore be at the
fraction of a per cent level. It is impossible to objectively characterize
whether this should be considered worrisome, but it could be taken as a

weak hint in favor of non-minimal modaels.

J. Gunion 250Higgs, U.C. Davis, 103



The NMSSM

1. Introduction

Supersymmetric extensions of the Standard Model (SM) are motivated by
a solution of the hierarchy problem [75, 76, 77, 78, 79], an automatic
unification of the running gauge couplings at a Grand Unified (GUT) scale
Mgyt [80, 81, 82, 83], and the possibility to explain the dark matter relic
density in terms of a stable neutral particle [84, 85].

It is well known that a supersymmetric extension of the Higgs sector of the
SM [86, 87] requires the introduction of two Higgs SU(2)-doublets H,,
and H,, where vacuum expectation values (vevs) of H,, and H, generate
masses for up-type quarks and down-type quarks and charged leptons,
respectively. The model with this minimal field content in the Higgs sector
is denoted as the Minimal Supersymmetric Standard Model (MSSM) (for
reviews see, e. g., [88, 89, 90]). The Lagrangian of the MSSM must contain
a supersymmetric (SUSY) mass term u for H,, and H,, which has to be of
the order of the SUSY breaking scale Mgsysy for phenomenological reasons
(see below). This spoils a potentially attractive property of supersymmetric
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extensions of the SM: the electroweak scale generated by the Higgs vevs
could depend only on Mgsysy, which would be the only scale asking for an
explanation to why it is far below Myt or the Planck scale Mpy,,.x. The
question how a supersymmetric mass parameter ;1 can assume a value of
the order of Mgsysy is denoted as the “u-problem” [91] of the MSSM.

A simple and elegant way to solve this problem consists in generating an
effective (supersymmetric) mass term g in a way similar to the generation
of quark and lepton masses in the SM: the mass term p is replaced by
a Yukawa coupling of H,, and H,; to a scalar field, and the vev of the
scalar field — induced by the soft SUSY breaking terms — is of the desired
order. Since the p parameter carries no SU(3) X SU(2) X U(1)y quantum
numbers, the field to be introduced has to be a singlet S (the complex
scalar component of a chiral superfield §) and the resulting model is the
Next-to-Minimal Supersymmetric Standard Model (NMSSM), sometimes
also denoted as the (M+1)SSM.

In fact, already the first attempts to construct supersymmetric extensions

of the SM employed such a singlet field [86, 87, 92]. A singlet was
also present in most of the first globally supersymmetric GUT models
[79, 93, 94, 95, 96]. Then one realised that spontaneous supersymmetry

breaking in the framework of supergravity (SUGRA) leads in a simple way
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to the desired soft SUSY breaking terms in the Lagrangian; see [88] for an
early review. Within SUGRA, a i term of the order of Mgysy can actually
be generated if one assumes the presence of a particular Higgs-dependent
structure in the Kahler potential [97]. Still, the first locally supersymmetric
extensions of the SM [98, 99, ] as well as most GUT models within
SUGRA [101, , : ] used a singlet field in
the Higgs sector Ieadlng to varlants of the NMSSM at the weak or SUSY
breaking scale < 1 TeV. (See also SUGRA models motivated by string

theory [109, , , , : : ) : ) ])

Expanding around the vacuum with non-vanishing vevs of the neutral CP-
even components of H,, H; and S, one finds that the scalar components
of S mix with the neutral scalar components of Hu and Hd leading,
in the absence of complex parameters (corresponding to the absence of
explicit CP violation), to three CP-even and two CP-odd neutral scalars (see
[119, : ] for some reviews). Likewise, the fermionic superpartner of S
mixes with the neutral fermionic superpartners of f{\u, f{\d (and the neutral
electroweak gauginos) leading to five neutralinos. As a consequence, both
the Higgs and the neutralino sectors of the NMSSM can get considerably
modified compared to the MSSM.

In the Higgs sector, important alterations with respect to the MSSM
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are a possibly larger mass of the Higgs scalar with SM-like couplings to
gauge bosons, and additional possibly light states with reduced couplings
to gauge bosons. Notably a light CP-odd scalar with vanishing couplings to
two gauge bosons like all CP-odd scalars (but with possibly even enhanced
couplings to quarks and leptons) can appear in the Higgs spectrum, allowing
for new Higgs-to-Higgs decays. Under these circumstances, the detection
of Higgs bosons at colliders can become considerably more complicated. A
priori this means that it is not even guaranteed that a single Higgs scalar
can be observed at the LHC within the NMSSM. However, now that we
have seen the 126 GeV Higgs, we know that this kind of situation is not
dominant (but might still be present at some level). In addition, a light
CP-odd scalar can affect “low energy” observables in B physics, Y physics
and the anomalous magnetic moment of the muon.

The madifications within the neutralino sector are particularly relevant if
the additional singlet-like neutralino is the lightest one and, simultaneously,
the lightest supersymmetric particle (LSP). This would have an important
impact on all decay chains of supersymmetric particles (sparticles), and
hence on their signatures at colliders. For instance, the next-to-lightest
supersymmetric particle (NLSP) can have a long life time leading to
displaced vertices. Also, the LSP relic density has to be reconsidered in this
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case.

Given the strong theoretical motivations for the NMSSM, its phenomenological
consequences must be worked out in order not to miss (or misinterpret)
both Higgs and sparticles sighals — or the absence thereof — at past, present
and future colliders.

Here, we review theoretical and phenomenological aspects of the NMSSM:
Most notably, those related to the Higgs sector. There are many other
aspects of the NMSSM of interest, but these must be deferred to a different
course.

2. | The i problem

Let us go into more detail regarding the arguments for a © parameter of
the order of Mgysy, whose necessity constitutes the main motivation for
the NMSSM: both complex Higgs scalars H,, and H; of the MSSM have
to be components of chiral superfields which contain, in addition, fermionic
SU (2)-doublets v, and ©4. The Lagrangian of the MSSM can contain
supersymmetric mass terms for these fields, i.e. identical positive masses
squared p” for |H,|? and |H,4|?, and a Dirac mass u for 1, and 4. In
the presence of a SUSY mass term ~ u in the Lagrangian, a soft SUSY
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breaking mass term Bu H,H,; can also appear, where the soft SUSY
breaking parameter B has the dimension of a mass.

For various reasons the mass parameter 1 cannot vanish. First, a Dirac mass
u for v, and 14 is required for phenomenological reasons: both fermionic
SU (2)-doublets 1, and 14 contain electrically charged components.
Together with with the fermionic superpartners of the W= bosons, they
constitute the so-called chargino sector (two charged Dirac fermions) of
SUSY extensions of the SM. Due to the fruitless searches for a chargino
at LEP, the lighter chargino has to have a mass above ~ 103 GeV [122].
Analysing the chargino mass matrix, one finds that this lower limit implies
that the Dirac mass u for v, and 14 — for arbitrary values of the other
parameters — has to satisfy the constraint |p| 2 100 GeV.

Second, an analysis of the Higgs potential shows that a non-vanishing term
Bu H,H,; is a necessary condition for that both neutral components of
H,, and H,; are non-vanishing at the minimum. This, in turn, is required in
order to generate masses for up-type quarks, down-type quarks and leptons
by the Higgs mecanism. Moreover, the numerical value of the product Bu
should be roughly of the order of the electroweak scale (M?2).

Third, 1 = 0 would generate a Peccei-Quinn symmetry in the Higgs sector,
and hence an unacceptable massless axion [91].
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However, |1 must not be too large: the Higgs potential must be unstable
at its origin H,, = H,; = 0 in order to generate the electroweak symmetry
breaking. Whereas the soft SUSY breaking mass terms for H, and H,
of the order of the SUSY breaking scale Mgysy can generate such a
desired instability, the p-induced masses squared for H,, and H; are always
positive, and must not dominate the negative soft SUSY breaking mass
terms. Consequently the p parameter must obey || < Msusy. Hence,
both “natural” values ¢ = 0 and very large p (~ Mgyt or ~ Mpi.nck) are
ruled out, and the need for an explanation of © =~ Mgsygy is the p-problem.

Within the NMSSM, where p is generated by the vev (S) of a singlet S,
(S) has to be of the order of Mgygy; this is easy to obtain with the help
of soft SUSY breaking negative masses squared (or trilinear couplings) of
the order of Mgygy for S. Then, Mgysy is the only scale in the theory.
In this sense, the NMSSM is the simplest supersymmetric extension of the
SM in which the weak scale is generated by the supersymmetry breaking
scale Mgygy only.

3. | Lagrangian of the general NMSSM

The Next to Minimal Supersymmetric Standard Model (NMSSM [612, ,
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: : : , 623]) provides a very elegant solution
to the ) problem of the MSSM via the introduction of a singlet superfield
S. For the simplest possible scale invariant form of the superpotential, the
scalar component of S acquires naturally a vacuum expectation value of
the order of the Susy breaking scale, giving rise to a value of i of order the
electroweak scale. The NMSSM is actually the simplest supersymmetric
extension of the standard model in which the electroweak scale originates
from the SUsy breaking scale only.

In addition, the NMSSM renders the “little fine tuning problem” of the
MSSM, originating from the non-observation of a neutral CP-even Higgs
boson at LEP II, less severe [613].

A possible cosmological domain wall problem [614] can be avoided by
introducing suitable non-renormalizable operators [615] that do not generate
dangerously large singlet tadpole diagrams [616].

Hence, the phenomenology of the NMSSM deserves to be studied at
least as fully and precisely as that of the MSSM. Its particle content
differs from the MSSM by the addition of one CP-even and one CP-odd
state in the neutral Higgs sector (assuming CP conservation), and one
additional neutralino. Thus, the physics of the Higgs bosons — masses,
couplings and branching ratios [612, , : : , : , ]
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can differ significantly from the MSSM. The purpose of the Fortran code
NMHDECAY (Non Minimal Higgs Decays), that accompanies the present
paper, is an accurate computation of these properties of the Higgs bosons
in the NMSSM in terms of the parameters in the Lagrangian. As its name
suggests, the Fortran code uses to some extent — for MSSM-like processes
— parts of the code HDECAY that is applicable to the Higgs sector of the
MSSM [624].

We define the NMSSM in terms of its parameters at the Susy breaking
scale. No assumption on the soft terms (like universal soft terms at a GUT
scale) are made. The parameters in the Higgs sector are chosen as follows:

a) Apart from the usual quark and lepton Yukawa couplings, the scale
invariant superpotential is

AN T T

K ~
A SH,H,; + 3 Ok (146)

depending on two dimensionless couplings A\,  beyond the MSSM.
(Hatted capital letters denote superfields, and unhatted capital letters
will denote their scalar components).
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b) The associated trilinear soft terms are
K 5

c) The final two input parameters are

tan 3 = (Hu)/(Ha) , pest = A(S) . (148)

These, along with Mz, can be viewed as determining the three
SUSY breaking masses squared for H,, H; and S through the three
minimization equations of the scalar potential.

Thus, as compared to two independent parameters in the Higgs sector
of the MSSM (often chosen as tan 3 and M ,), the Higgs sector of the
NMSSM is described by the six parameters

A, kK, Ay, A, tan(3 , g . (149)

We will choose sign conventions for the fields such that A\ and tan 3 are
positive, while K, Ay, A, and p.g should be allowed to have either sign.
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For any choice of these parameters — as well as of the values for the
gaugino masses and of the soft terms related to the squarks and sleptons
that contribute to the radiative corrections in the Higgs sector

General Conventions for the NMSSM

Below, we define our conventions for the tree level Lagrangian of the
NMSSM. The superpotential for the Higgs fields, the quarks and the
leptons of the 3rd generation is

AN T

W = h,Q -H,TS—hyQ-HyBS, —h,L-HgLS,+ASH, ‘Ha+ L5 (150)

Hereafter, hatted capital letters denote superfields, and unhatted capital
letters the corresponding (complex) scalar components. The SU(2)
doublets are

N & R -~ _ T+ _ 70
Q= 1y CIp= | “EE N L = H, . Hy = Eg ,

(151)
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Products of two SU(2) doublets are defined as, e.g.,

—

H,-Hy=H'H; — HHY . (152)

For the soft SUSY breaking terms we take

— Lot = m%ulﬂup + m%Id|Hd|2 + mg|S|* + m2Q|Q2| + mz|Tg|
Fmip|By| +mi|L2] 4+ m2| L
+(htAy Q- H,TE — hyAp Q - HyBS, — h A, L - HyLs,
+AAx Hy - HgS + 3 kA, S® +h.e)). (153)

5. | Higgs Sector at Tree Level

For completeness, we list here the Higgs potential, tree level Higgs masses
and our conventions for the mixing angles. The tree level Higgs potential
is given by
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V= XN(HuJISI® + [Hal*|S|* + |Hy - Hal*) + £7| S|

1
AR (Hy - HaS™ +hec) + 2 g (|Hul* — |Hal*)?

1 —
+- g3 Hy HY" + HYH ™2+ mi, |Hol® + m}, | Hal® + m3|S|°

1
+(NANH,, - H;S + 2 kA, S°+h.c.) (154)

where 1
g’ = > (9% + gi) . (155)

Assuming vevs h,, hg and s such that

HuR ‘I‘ iHuI
vz oo

Har + t1Hgy S_S_I_SR-l-iSI
v2 o V2
(156)

H) = h,+ Hj, = ha+
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eq. (154) simplifies to

V = )\2(h232 - hfls2 + hihfl) + k2s* — 2Akhy hgs® — 2AA hyhys

2 1
+§ KA, s® + m%luh,i + m%ldh?i + ms® + 1 g°(hi, — h3)* . (157)

The sign conventions for the fields can be chosen such that the Yukawa
couplings A, h;, hy, the vevs h,, hg (and hence tan 3) as well as the soft
gaugino masses V; are all positive. Then, the Yukawa coupling k, the
trilinear soft terms A;, and the vev s (and hence p.sr) can all be either
positive or negative.

CP-even neutral states

In the basis S°%"¢ = (H,r, Hyr, Sr) and using the minimization equations
in order to eliminate the soft masses squared, one obtains the following
mass-squared matrix entries:

h
Mg = g'hy+ Ash—d (Ax + Ks),

u
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hy,
MG = ghg+ )\Sh—d (Ax + Kks),

2 h”u,hd
Mgz = AAx + ks(Ax + 4ks),
./\/lZS’12 = (22?2 — g®)hyhg — As(Ax + Ks),
M% 15 = 2X°hys — Ahg(Ax + 2ks),
M2 ,e = 2X°hgs — Ahy (A + 2k3). (158)

After diagonalization by an orthogonal matrix S;; one obtains 3 CP-even
states (ordered in mass) h; = SijS;?“’“e, with masses denoted by my,..

In the MSSM limit (A, x — 0, and parameters such that h; ~ Sg) the
elements of the first 2 X 2 sub-matrix of S;; are related to the MSSM angle
o as

Si1~ cosa, Ss1 ~ sin«

Sio ~ —sina , Sos ~ COS ¢ . (159)
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Rotating the upper left 2 X 2 submatrix by an angle 3, one finds that one
of its diagonal elements reads

)\2
M} (0082 28 + —; sin’ 2ﬁ> (160)
g

which constitutes an upper bound on the lightest eigenvalue of M?g The
additional positive contribution ~ A2 sin® 23 (as compared to the MSSM) in
the NMSSM is highly welcome in view of the observed mass of ~ 126 GeV.

However, this additional contribution is relevant only for not too large
tan (3; in fact, the expression inside the parenthesis in (160) is larger than
one only for A? > g2, in which case it is maximal for small tan 3. Moreover,
the actual lightest eigenvalue of M?g is smaller than the value given in
(160) in general.

CP-odd neutral states

In the basis P**"¢ = (H,;, Hy;, S7) and using the minimization equations
in order to eliminate the soft masses squared, one obtains the following
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mass-squared matrix entries:

h

M?D,ll — )\sh—d (Ax + Ks),
M3 = )\sE (A

P22 A+ KS),

9 hd

> h,hg
MP,33 = 4Arkh hg + \A P 3kA,Ss,
M%D,12 = As(Ax + ks),
M2P,13 == )\hd(AA — ZF{,S),
M3% .5 = Ahy(Ax — 2ks). (161)

The diagonalization of this mass matrix is performed in two steps. First,
one rotates into a basis (A, G, S7), where G is a massless Goldstone mode:
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H,r cos@ —sin3 0 A
Hy;; | = | sin3 cos@ O G (162)
SI O O ]. SI

where tan 3 = h, /hg. Dropping the Goldstone mode, the remaining 2 X 2
mass matrix in the basis (A, S;) has the matrix elements

h2 + hZ

M2P,11 = As hoha (Ax + ks),
) huhd
./\/lp,22 = 4Arkh hg + \A P 3kA,Ss,
M2, = AJh2 4+ hZ(As — 2ks). (163)

It can be diagonalized by an orthogonal 2 X 2 matrix Pi,j such that the
physical CP-odd states a; (ordered in mass) are

a; = P1,1A -+ P1,2SI
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= Plll(COS BHuI —I— sin /BHdI) —|— Pl'zSI,
as = P2,1A -+ P2,25[
= P, (cos BHys + sin BHar) + P,,ST, (164)

and, for completeness,

G = —sin BH, + cos BH; . (165)

The decomposition of the bare states in terms of physical states reads

H,; = cospB(P/,a1+ P,as) — sin B8G
Hyr = sinpB(P;{,a; + P,,a2) + cos BG
S; = Pla+ Plas. (166)

(In principle, since the matrix Pz.’j is orthogonal, it could be parameterized
by one angle.) Eqgs. (166) suggest the introduction of a 2 X 3 matrix P;;
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with
P;; = cos ,BPZ.'l, P;5 = sin 5Pi’1, P53 = Pz.'2 (167)

such that, omitting the Goldstone boson,

H,r = Pa;+ Pas,
Har = Pha + Pas,
SI = P13a1 —I— P23a2 . (168)

Charged states

In the basis (H},[H;]* = H]), the charged Higgs mass matrix is given
by

2
M32 = (As(AA + Ks) + huhd(% — )\2)) ( COIB taiﬁ ) . (169)

This gives one eigenstate H* of mass Tr./\/li and one massless goldstone

J. Gunion 250Higgs, U.C. Davis, 123



mode GT with

H,f = (:OS,BHi — simBGi ,
chlt = sinBHT + cos BGT . (170)

The physical charged Higgs eigenstate then has mass

2

M = M2 + UZ(% — A?) = MZ 4+ m2, — A%?. (171)
where 2As(Ax + Ks)
S(Ax + ks

M2 =M%, = 172

=M= (172)

is usually close to the mass of the heavier a,.

Due to the term ~ —)\?, the charged Higgs mass in the NMSSM can
be somewhat smaller than in the MSSM. In contrast to the MSSM it is
not even guaranteed within the NMSSM that U (1).,, remains unbroken:
the expression for the charged Higgs mass squared becomes negative for
s = peg = 0, A* > g2/2, indicating a possible minimum in field space
where the charged Higgs has a vev. Although radiative corrections have
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to be added and the depth of this minumum has to be compared to the
physical one with s 7% 0, the above implies that \ is bounded from above
by the absence of a charged Higgs vev.

6. | SUSY Particles

Neutralinos

Denoting the U (1)y gaugino by )\; and the neutral SU(2) gaugino by A3,
the mass terms in the Lagrangian read
1 1 -
£ — 5 Ml)\l)\l —|— 5 Mz)\2>\2
+>\(3¢2¢2 + hu¢g¢s + hd"pgws) — RS¢S¢S

tg tg
= (hatl — hat)l) — —= A3 (ho? — hapl).  (173)

1V V2

In the basis 9 = (—iA1, —iX2, ¥2, Y, 15) one can rewrite

1

£=— (4°)T Mo(4°) + h.c. (174)

J. Gunion 250Higgs, U.C. Davis, 125



where

(My 0 @7« 974 0 )

M, —22hu  g2hg 0
V2 V2
Moy = 0 —u —Xhg |- (175)
0 —Ahy,

\ 2rs )

(Recall that here © = p.g = As). One obtains 5 eigenstates (ordered in
mass) x; = N,,;j’(,b;?, with IV;; real, with masses m_o that are real, but not

X
necessarily positive.
Charginos

The charged SU (2) gauginos are A\~ = —= (A} +3A3), AT =

oe()e ()
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the Lagrangian can be written as

1 xX7T +
L= @) ( )0( g > ( g_ ) + h.c. (177)
with iy .
. 2 g2ty
X = ( o ) . (178)

The mass eigenstates are x™ = V4™, x~ = Uy, with

- cosOy sin0Oy - cosBy sinfy
U_< — sin Oy cosHU)’ V_( — sin Oy cosHV)° (179)

Defining

v = TH(XTX) — 4det(XTX) (180)
one has

gy BRI a2
2g2(Mshy + pha) ’
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tangy = P2(u—ha) +p—My—q (181)
2g2(Mszhg + phy,)

where —7/2 < 0y, 0y < w/2 are such that Mp = UXV7T is diagonal,
but not necessarily positive. The masses with |my,| < |mg,| are given by

my, = cos Oy (M; cos Oy + ga2hy, sin Oy) + sin Oy (gz2hq cos Oy + psinby),

My, = sin Oy (M; sin Oy — gah,, cos Oy) — cos 07 (gz2hg sin Oy — pcos Oy).

(1

_|_
In terms of 4 component Dirac spinors ¥; = ( %i_ > one can rewrite the
Lagrangian as '
L=—x"Mpx' +h.c. = —mglﬁllIll — mﬁﬁz\Ifz . (183)

Top and Bottom Squarks
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To complete the consequences of our conventions above, we give here
the top and bottom squark mass-squared matrices (without the D-term
contributions). Below, tr, t%, br and b%, denote the two component quark
spinors.

Top squarks:

Tr Ty,
el m2 + h2h:  hy(Ahy — Ashy) (184)
Tz ht(Athu — )\Shd) mé —|— hfh,i

Bottom squarks:

BR BL
B%, m2% + hih? hy(Apha — Ashy,) (185)
B>Ik/ hb(Abhd — >\Shu) m2Q T h’gh?i

7. | Feynman rules for the Higgs Couplings

Higgs-Quarks
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The couplings are obtained by expanding the quark mass matrices in the
(properly normalized) physical Higgs fields h;, a; and H*. Below, we use
v? = h2 4+ h?, and consider the quarks of the third generation.

hittS Mt g
SR V2vsin 3 .
hibpbC T g
TR V2w cos (3 ©
£ 16 " p
a; ( 7
LR \/ifvsinﬁ !
brbS, : i— P
a; ( 7
ol \/ivcosﬁ ?
my
Htbrty, : ———cotf3
v
L e mp
H7tby : ——tanp (186)
v

Higgs-Gauge Bosons
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These couplings are obtained from the kinetic terms in the Lagrangian:

2 2
gi +g
hin,Zu - Guv 1\/5 2(huSil + hdSi2)
95
hiW:WV_ guvﬁ(husfil + haSi2)

hi(p)H* (P)W,T + (cos BSi — sin BS) (P — P)u
ai(P/HH(p)W,, : 7 (cos APy + sin BP:)(p — P)u

g
hi(p)a;(p')Z, : "JE(Sﬂle — Si2Pj2)(p — p')u

g: — g2

V93 + 93

HY(p)H (p')Z, (p—Dp)y (187)

Higgs-Neutralinos /Charginos

As in the case of the Higgs-Quark couplings, these couplings are obtained
by expanding the corresponding mass matrices:
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A
haXi X5 —=8a3U;2Vj2 + (Sale1V2 + Sa2U;2Vj1)
J \/— J \/— J J
aaX X i(iP UisViz — 22 (PaUin Vis + PaaUsaV; ))
aXi Xj \/5 a3“12Vjy2 \/5 al%Yi1Vjy2 a2%@2Vil
_ sin 3 ]
H+Xi Xg A cos BU;2Nj5 — 7 U;2(g1Nj1 + g2INj2) + g2 sin BU;1 N 4
_ . cos 3
H XZFX(J)- Asin BV;3 N5 + 73 Vi2(g1Nj1 + g2Nj2) + g2 cos BV;1 N3
0.0 A 45 35 34
haXf,;XJ E(Saln _l_ Sa2H ‘I_ Sa3H ) - \/_’/‘"Sa3N'1,5N_75
gi
_E(Salng’ SaaTILY) + —(S 1IT? — Saoll7;
0.,0 A 45 35 34
aaXin 2 E(Paln _I_ Pa2H + Pa3H ) _ \/_K'Pa3Nz5Ng5
g1
—|—E(P01H}j PooIl;) — —(Palﬂf;’? — Pooll7; ) (188)
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where Ha’b NzaNgb -+ szNga
Triple Higgs Interactions

The trilinear Higgs self-couplings are obtained by expanding the scalar
potential.

)\2
hahohe o (R (U 4 TIE) 4 ha(T25, + T + 5T, + T30))

AK
—E(hunﬁi’; + halI32 + 25113 ) + V/2K7sI1352

AAy

123 333
\/5 abe 3\/5 abe
2
s (PTG, =TI — ha(IIZ}, — TIZ32)) (189)
where
H?},’Z = 850iSbjSck + SaiScjSvk + SbiSajSck
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PSS AP SesadoIis AP SeseS s o

2

hatpae @~ (hu(Mghe + Tape) + ha(MWope + Mope) + 5Ty, +
AK 233 323 133 313
—I_— (hu(Habc o 2Habc) _|_ h’d(Habc T 2]‘_Iabc

V2
—|—2S(H312 . H123 . H213 ) _|_ \/5/4,281_[333

abc abc abc abc
AA KA,
S22 T ) - "
\/5 ( b b b ) \/5 b
2
g

_|_

(Pu(Tgpe — Tgpe) — ha(Tlg,, — TICG0))

2+/2

where

17k — Sai(PojPer + PejPor) -

abe

(190)

H322 )

abce

(191)

(192)
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)\2
hoH TH™ : E(S(HZH + I12%%) — h, 12" — hyIIl'?)

AA
FV2AksIT32 4 222312
V2
2
gl 111 122 222 211 -
+ (ho (TIH — II12%) + hg(I12%% — I12'1)) (19:
4\/5 a a a a
2
_|_ 92 (hu(l—[;ll_l_Hzfz_I_zHilZ)_|_hd(1—[211+1—1222_|_21—1;12)

4/2

where

9% = 28,,C;C (194)

with C; = cos 3, Cy = sin (3.
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An approximate formula for the mass Mg,; of the SM-like Higgs scalar in
the NMSSM in the limit ks > |A,|,|Ax| (corresponding to a heavy singlet-
like scalar), including the dominant top/stop radiative corrections, is given by

)\2
MszM - M% cos? 28 + N2w?sin® 23 — _21,2()\ — ksin28)2
K

3m; m?2 A2 A?
In (| —% Sl 0 )) 195
v 41292 (n (m%) u ma. ( 12ma2 (195)

where v = 174 GeV, the soft SUSY breaking stop masses squared in (?7)
are assumed to satisfy m7. ~ m{ > mi, A, is the stop trilinear coupling
assumed to satisfy |A;| > my, pes; the terms ~ A? are specific to the
NMSSM, and the last term in the first line originates from the mixing with
the singlet-like scalar.

In the MSSM, where A = 0, the 126 GeV observed value of Mg),; implies
that tan 3 has to be large such that cos 238 ~ 1, and mr must be above
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~ 600 GeV for maximal mixing (A7 ~ 6 m3., maximizing the second line in
(195)), or 2, 1 TeV otherwise.

In order to maximize Mgy in the NMSSM, A should be as large as possible,
and tan 3 should be small in order to avoid a suppression from sin® 23. (As
discussed before, \ is bounded from above by A < 0.7 — 0.8 if one requires
the absence of a Landau singularity below the GUT scale.)

However, the negative contribution from the mixing with the singlet-like
scalar should vanish. If we keep terms involving A, the relevant mixing term
is proportional to (A — sin283(x + Ax/(2s)))? [178]. If this expression is not
small, a larger value of A can even generate a decrease of the mass of the
Higgs scalar with SM-like couplings to the Z boson in the NMSSM.

The resulting upper bound on the lightest CP-even Higgs mass in the
NMSSM has been studied in the leading log approximation in [177, : ,

: , , : , ]. Full one-loop calculations of the corresponding
upper bound involving top/bottom quark/squark loops have been carried out

in [184, : : : : : , : : : ]. (Analyses at
large values of tan 3 have been performed in [192, : ], and upper
bounds for more general supersymmetric Higgs sectors have been considered
in [195, 196, 197].)

At present, additional known radiative corrections to the Higgs mass
matrices in the NMSSM include MSSM-like electroweak together with the
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NMSSM-specific Higgs one-loop contributions [198, ] and dominant two-
loop terms [200, : , , ]. In order to discuss these in detail, it
is convenient to separate the quantum corrections involving scales Q? with
Q? 2 MZ,4, from those with scales Q* < MZ oy -

The electroweak and NMSSM specific Higgs one-loop contributions, and
the two-loop contributions < h? o, have recently been computed in [199]
without an expansion in large logarithms.

Taking many one and two loop corrections into account, and requiring
perturbative running Yukawa couplings h;, A and « below the GUT scale, the
upper bound on the lightest CP-even Higgs mass has been studied in [178]
as a function of tan 3 and for different values of m; in the NMSSM, and
compared to the MSSM with the result shown in Fig. 9. (In Fig. 9, the upper
bound is denoted as 1m,,,.)

The squark mass terms (and hence Mgysy) have been chosen as 1 TeV;
the upper bound would still increase slowly (logarithmically) with Mgygy.

In order to maximize the one-loop top/bottom (s)quark contributions to
the lightest CP-even Higgs mass for these squark masses, the trilinear soft
couplings are chosen as A; = Ay = 2.5 TeV.

The threshold effects depend somewhat on the gaugino masses, which are
M, = 150 GeV, My, = 300 GeV and M3 = 1 TeV; the remaining parameters
A\ K, Ay, A, and p.g of the Zs-invariant NMSSM have been chosen such that
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the upper bound is maximized, subject to avoiding Landau singularities. The
maximum is achieved for the largest A\ which is possible without singularities
being encountered, the latter requiring that < be as small as possible, subject
to constraints such as an unstable potential, which forbids x — 0.

The lower dashed lines in Fig. 9 refer to the MSSM, where the mass of the
CP-odd scalar M 4 — which can be chosen as the other independent parameter
in the Higgs sector apart from tan3 — is set to M4, = 1 TeV. The other
parameters (and approximations) are the same as described above. In the
MSSM, the increase of the upper bound with tan 3 originates from the tree
level term (the first term ~ cos? 23 in (195)), according to which m,,,, is
maximised for large tan 3. Due to the one-loop top (s)quark contributions,
the upper bound m,,,, increases with m;. Numerically, a variation Am; of
m; implies nearly the same variation Am,,,, for large tan 3.
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Figure 9: Upper bound on the lightest Higgs mass in the NMSSM as a function of tan 3
for m; = 178 GeV (M4 arbitrary: thick full line, M4 = 1 TeV: thick dotted line) and
my = 171.4 GeV (thin full line: M 4 arbitrary, thick dotted line: M4 = 1 TeV) and in the
MSSM (with M4 = 1 TeV) for m; = 178 GeV (thick dashed line) and m; = 171.4 GeV
(thin dashed line). Squark and gluino masses are 1 TeV and A; = A, = 2.5 TeV. (From

[178].)
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In the NMSSM, the second term ~ sin®23 in the tree level expression
(195) dominates the first one for sufficiently large A\, and accordingly m,,. is
maximal for low values of tan 3.

On the other hand, the absence of a Landau singularity for A below the
GUT scale implies a decrease of the maximally allowed value of \ at Mgqygy
with increasing h,, i. e. with increasing m; and decreasing tan (3.

(At large tan 3, arbitrary variations of the NMSSM parameters A\, k, Aj,
A, and pe.g can imply a mass M4 of the MSSM-like CP-odd scalar far
above 1 TeV. For comparison with the MSSM, m,,,. in the NMSSM with
M4 < 1 TeV is depicted as dotted lines in Fig. 9.)

Finally, m,,,x in the NMSSM obviously increases if one allows for larger
values of A\ [202, ]. This would have implied a Landau singularity below
Myt for the particle content of the NMSSM. But, for the observed Higgs
mass of 126 GeV, we don’t need really large \ values. Thus, we can avoid
having to consider modifications of the theory at larger energy scales below
Mgaur-
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Phenomenology of the Higgs Boson

1. | Standard Model Higgs boson decay branching ratios

In this section, we approach the physics of the SM Higgs boson by
considering its branching ratios for various decay modes. Earlier, we have
derived the SM Higgs couplings to gauge bosons and fermions.

Therefore we know that, at the tree level, the SM Higgs boson can decay
into pairs of electroweak gauge bosons (H — WTW —,ZZ), and into
pairs of quarks and leptons (H — QQ,l717); while at one-loop it can also
decay into two photons (H — ~~), two gluons (H — gg), or a vZ pair
(H — ~Z).

Fig. 10 shows all the decay branching ratios of the SM Higgs boson as
functions of its mass Mgy.
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Figure 10: SM Higgs decay branching ratios as a function of M. The blue curves
represent tree-level decays into electroweak gauge bosons, the red curves tree level decays
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into quarks and leptons, the green curves one-loop decays. From Ref. [6].

Fig. 10 shows that a light Higgs boson (Mg < 130 — 140 GeV) behaves
very differently from a heavy Higgs boson (Mg > 130 — 140 GeV).

Indeed, a light SM Higgs boson mainly decays into a bb pair, followed
hierarchically by all other pairs of lighter fermions.
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Loop-induced decays also play a role in this region. H — gg is dominant
among them, and it is actually larger than many tree level decays.
Unfortunately, this decay mode is almost useless, in particular at hadron
colliders, because of background limitations.

Among radiative decays, H — ~-y is tiny, but it is actually phenomenologically
very important because the two photon signal can be seen over large
hadronic backgrounds.

On the other hand, for larger Higgs masses, the decays to WTW ~ and
Z Z dominates.

All decays into fermions or loop-induced decays are suppressed, except
H — tt for Higgs masses above the tt production threshold.

Note the intermediate region, from around 120 GeV to 130 GeV, i.e. well
below the WTW ~ and ZZ threshold, where many different decays are
significant, including the decays into WW™* and ZZ* (i.e. one of the two
gauge bosons is off-shell).

These three-body decays of the Higgs boson start to dominate over the
H — bb two-body decay mode when the large sizes of the HW W or
H Z Z couplings compensate for their phase space suppression®.

6Actually, even four-body decays, corresponding to H — W*W ™, Z* Z™ may become important in the intermediate

J. Gunion 250Higgs, U.C. Davis, 144



The different decay pattern of a light vs a heavy Higgs boson influences the
role played, in each mass region, by different Higgs production processes at
hadron and lepton colliders.

1000

100

10
1F
0.1

0.01

0.001 | | | | | | |
100 130 160 200 300 500 700 1000

M tr [GF‘V]

Figure 11: SM Higgs total decay width as a function of M. From Ref. [6].

The SM Higgs boson total width, i.e. the sum of all the partial widths
I'(H — XX), is represented in Fig. 11. Note how small the width is
for Mg ~ 126 GeV. = a non-SM channel can have a big impact: e.g.
H — aa, H —- LSP + LSP.

mass region and are indeed accounted for in Fig. 10.
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The curves in Fig. 10 are obtained by including all available QCD and
electroweak (EW) radiative corrections. Indeed, the problem of computing
the relevant orders of QCD and EW corrections for Higgs decays has been
thoroughly explored and the results are nowadays available in public codes
like HDECAY [32], which has been used to produce Fig. 10.

It would actually be more accurate to represent each curve as a band,
obtained by varying the parameters that enters both at tree level and in
particular through loop corrections within their uncertainties. This is shown,
for a light and intermediate mass Higgs boson, in Fig. 12 where each band
has been obtained including the uncertainty from the quark masses and
from the strong coupling constant.

J. Gunion 250Higgs, U.C. Davis, 146



-~
A | |

100 110 120 130 140 150 160

Figure 12: SM Higgs boson decay branching ratios in the low and intermediate Higgs
boson mass range including the uncertainty from the quark masses m; = 178 &+ 4.3 GeV,
mpy, = 4.88 + 0.07 GeV, and m., = 1.64 £+ 0.07 GeV, as well as from

as(Mz)=0.1172 £ 0.002. From Ref. [6].

In the following, we will briefly review the various SM Higgs decay channels.
Giving a schematic but complete list of all available radiative corrections
goes beyond the purpose of these lectures. Therefore we will only discuss
those aspects that can be useful as a general background.
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In particular, below are some comments on the general structure of radiative
corrections to Higgs decays and more details on QCD corrections to

H — QQ (Q = heavy quark).

For a detailed review of QCD corrections in Higgs decays see Ref. [33].
Ref. [6] also contains an excellent summary of both QCD and EW radiative
corrections to Higgs decays.

General properties of radiative corrections to Higgs decays

All Higgs boson decay rates are modified by both EW and QCD radiative
corrections.

QCD corrections are particularly important for H — QQ decays, where
they mainly amount to a redefinition of the Yukawa coupling by shifting the
mass parameter in it from the pole mass value to the running mass value,
and for H — gg.

EW corrections can be further separated into:
i) corrections due to fermion loops,

ii) corrections due to the Higgs boson self-interaction, and

J. Gunion 250Higgs, U.C. Davis, 148



iii) other EW corrections.

Both corrections of type (ii) and (iii) are in general very small except for
large Higgs boson masses, i.e. for My > My .

On the other hand, corrections of type (i) are very important over the entire
Higgs mass range, and are particularly relevant for My << 2my, where the
top-quark loop corrections play a leading role.

Indeed, for My <K 2my, the dominant corrections for both Higgs decays
into fermion and gauge bosons come from the top-quark contribution to
the renormalization of the Higgs wave function and vacuum expectation
value.

Several higher order radiative corrections to Higgs decays have been
calculated in the large m. limit, specifically in the limit when My < 2m,.

In this limit, results can be derived by applying some very powerful low
energy theorems. The idea is that, for an on-shell Higgs field (p%, = M3,),
the limit of small masses (Mpy < 2m;) is equivalent to a pgy — 0 limit, in
which case the Higgs couplings to the fermion fields can be simply obtained
by substituting

H
m; — m; (1 — 5) (196)
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in the (bare) Yukawa Lagrangian, for each massive particle . In Eq. (196)
H is a constant field and the upper zero indices indicate that all formal
manipulations are done on bare quantities. This induces a simple relation
between the bare matrix element for a process with (X — Y + H) and
without (X — Y) a Higgs field, namely

1
lim A X Y+ H)=—> m} AX —-Y) . (197)
0~ °

PH—0 om}

When the theory is renormalized, the only actual difference is that the
derivative operation in Eq. (197) needs to be modified as follows

0 0 . m; 0
¢ omy 14 Ym,; O

. (198)

where ~,,,. is the mass anomalous dimension of fermion f;. This accounts for
the fact that the renormalized Higgs-fermion Yukawa coupling is determined
through the Z, and Z,,, counterterms, and not via the H f f vertex function
at zero momentum transfer (as used in the py — 0 limit above).

The theorem summarized by Eq. (197) is valid also when higher order
radiative corrections are included. Therefore, outstanding applications of
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Eq. (197) include the determination of the one-loop Hgg and H~~ vertices
from the gluon or photon self-energies, as well as the calculation of several
orders of their QCD and EW radiative corrections.

Indeed, in the m; — oo limit, the loop-induced H~~ and H gg interactions
can be seen as effective vertices derived from an effective Lagrangian of
the form:

o,
Lets = Ton

H
F@# Fla),, (14 0(as)) (199)
(9

where F,S?}) is the field strength tensor of QED (for the H~~ vertex) or
QCD (for the Hgg vertex). The calculation of higher order corrections to
the H — ~v and H — gg decays is then reduced by one order of loops!
Since these vertices start as one-loop effects, the calculation of the first
order of corrections would already be a strenuous task, and any higher order
effect would be a formidable challenge. Thanks to the low energy theorem
above, QCD NNLO corrections have indeed been calculated.
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Higgs boson decays to gauge bosons: H - WTW —,ZZ

The tree level decay rate for H — VV (V =W=, Z) can be written as:

G 3 3
F(H — VV) = ul H5V (1 — Tv + Z’T‘z/—) ,BV . (200)

where ,BV = \/]_ — Ty, Ty = 4M‘2//M2 ’ and 5W,Z:27]--

Below the WTW ~ and ZZ threshold, the SM Higgs boson can still decay
via three (or four) body decays mediated by WW* (W*W™*) or ZZ*
(Z*Z*) intermediate states.

As we can see from Fig. 10, the off-shell decays H - WW*and H — ZZ*
are relevant in the intermediate mass region around My ~ 160 GeV, where
they compete and overcome the H — bb decay mode.

The decay rates for H - VV* — Vfifj (V=W:|:, Z) are given by:

I'(H > WW?*) =

3g*My (M
J HF( W) , (201)

5127‘&'3 MH
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‘M 40 160 M
I'(H — ZZ*) = g A <7 — 82+ —s;l,v) F (—Z) ,
2048(1 — s%,)2n3 3 9 My

where sy = sin Oy is the sine of the Weinberg angle and the function
F(x) is given by

47 13 1
F(r) = —(1—z% (?wz - - ;) — 3 (1 — 62° + 4z*) In(x)
1 — 8x2 4+ 20x* 3x2—1
+ 3 Nir= arccos o3 : (202)

Higgs boson decays to fermions: H — QQ, 111~

The tree level decay rate for H — ff (f =Q,l, Q =quark, | =lepton)
can be written as:

GFMH

4\/571'
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I(H — ff) =

Nfmigh (203)




where B¢y = /1 —T¢, T¢ = 4m§,/M2, and (N.)»Q =1,3. QCD
corrections dominate over other radiative corrections and they modify
the rate as follows:

3GrMpgr _
m
4\/571‘

where A; represents specifically QCD corrections involving a top-quark

loop. Agcp and A; have been calculated up to three loops and are given
by:

'H — QQ)QCD o

o(Mu)B,[Aqcp + A, (204)

s M Qg M 2
Agcp = 1+ 5.67— (77 H) | (35.94 — 1.36Nf) ( (W H)) {205)
(M) \*
(164.14 — 25.77Np + 0.26 N2) (a ( H)> ,
7T
(Mg)\° 2 M? 1. ,mL(M
A, = (a( H)) 1.57 — SIn —Z 4 ~In? Q(2H) ,
]y 3 m; 9 Mz,

where a (M) and mg(Mpg) are the renormalized running QCD coupling
and quark mass in the M S scheme. It is important to notice that using the
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M S running mass in the overall Yukawa coupling square of Eq. (204)is very
important in Higgs decays, since it reabsorbs most of the QCD corrections,
including large logarithms of the form In(MZ, /mf,). Indeed, for a generic
scale u, mqg(p) is given at leading order by:

as(p) >2‘Yb§

mq(mq) (as(mQ)

= mq(mo) (1—“;(“) In (’“‘>+) ,
7T mQ

where by and ~( are the first coefficients of the 3 and ~ functions of QCD,
while at higher orders it reads:

(206)

mq(m)ro

f(as(p)/m)
f (as(mq)/m)

mq(pn) = mq(mq) (207)

where, from renormalization group techniques, the function f(x) is of the
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form:

25 \%
f(x) = (Ew) 1+ 1.014z +...] for m.<pu<mp , (208)
12
23 \ 2
f(x) = <€w) 1+ 1175z +...] for mp<pu<mg ,
%
f(x) = (2> 1+ 1.398x +...] for pu>m; .

As we can see from Eqgs. (207) and (208), by using the M S running mass,
leading and subleading logarithms up to the order of the calculation are
actually resummed at all orders in .

The overall mass factor coming from the quark Yukawa coupling square is
actually the only place where we want to employ a running mass.

For quarks like the b quark this could indeed have a large impact, since, in
going from pu ~ Mgy to pu ~ my, m, () varies by almost a factor of two,
which yields almost a factor of four reduction at the rate level.

All other mass corrections, in the matrix element and phase space entering
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the calculation of the H — QQ decay rate, can in first approximation be

safely neglected.

Loop induced Higgs boson decays: H — ~vv,vZ4, gg

As mentioned earlier, the H~~ and H~Z couplings are induced at one
loop via both a fermion loop and a W-loop. At the lowest order the decay
rate for H — ~~ can be written as:

GFa2M3
L(H — vy) = -

128273

Y NIQiAY (14) + A (w)
f

,  (209)

where ch = 1,3 (for f = 1, q respectively), Q¢ is the charge of the f
fermion species, 7y = 4m?%/Mj;, the function f(7) is defined as:

arcsinz% T>1
f(r) = 1 1++/I=7 2
—1 lnl_\/%—zﬂ'} T<1,

(210)
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and the form factors A% and A, are given by:

AfH = 271+ —7)f(r)] >4/3 for 7 — o0 , (211)
A (t) = —[24+31+312—-7)f(7)] > =7 for T — oo, .

The decay rate for H — ~vZ is given by:

3
G2 M2 aM?3 M2
T(H — ~2) = L WEH (1 22
6474 Mz,

ZA?(Tf’Af) + Ag/(TWaAW) ’
I

(212)
where 7;,=4M? /M3, and \;=4M?/M?2 (i= f, W), and the form factors
AL (7,A) and A{j (7, ) are given by:

Tae — 2 in® 0
Al (rx) = ang Qs = 2Qssin’Ow)

C

. [1(m, A) = L(m, A)] (213)
cos Ow

AL (T, ) cos Oy { [(1 + ;) tan? Oy, — (5 + %)] Ii(T, )

J. Gunion 250Higgs, U.C. Davis, 158



+ 4 (3 — tan® Ow ) Ix(T, )\)} ; (214)

where N7 and Q; are defined after Eq. (209), and I is the weak isospin
of the f fermion species. Moreover:

TA 7202 T2
L(r) = 2(T_A)+ sl (1) = FO] + =l (r) — o)
h(rd) =~ lf) = FO] 21
and

(216)

T — larcsin% T>1
g(7) =

vi=7 [ln}iﬁvi::—iﬂ' T<1

while f(7) is defined in Eq. (210). QCD and EW corrections to both

I'(H — ~v) and I'(H — ~Z) are pretty small and for their explicit
expression we refer the interested reader to the literature [33, 6].

2

As far as H — gg is concerned, this decay can only be induced by a fermion
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loop, and therefore its rate, at the lowest order, can be written as:

2
Gro’ M3,

I'(H — — S § :AH e 217
( 99) 64+/273 » 4 (Ta)] (217)

where 7, = 4m?/Mp;, f(7) is defined in Eq.(210) and the form factor

AlM(7) is given in Eq. (213). QCD corrections to H — gg have been
calculated up to NNLO in the m; — oo limit, as explained in Section 1.
At NLO the expression of the corrected rate is remarkably simple

(NL)
(814
I'(H — gg(9),949) = T'ro(H — gg) [1 + E(7q) Sﬂ ] : (218)
where
M2, <am? 95 7 33 — 2N 2
E(TQ) = > ! 1 — ENL -+ Flog ( “2 ) (219)
H

When compared with the fully massive NLO calculation (available in this
case), the two calculations display an impressive 10% agreement, as
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illustrated in Fig. 13, even in regions where the light Higgs approximation is
not justified. This is actually due to the presence of large constant factors
in the first order of QCD corrections.

0.8 : : — s
0.75 | ['(H — gg) i
0.7 F i . i
0.65 P -

]
~a
-
"
~
-----
------

0.6

0.55

0.5 full corrections =-----
infinite m; case .
0.45 — ‘o"‘ ]
0.4 — .~.‘-‘
0.35 & . . ) g
100 1000

Figure 13: The QCD correction factor for the partial width I'(H — gg) as a function
of the Higgs boson mass, in the full massive case with m; = 178 GeV (dotted line) and
in the heavy-top-quark limit (solid line). The strong coupling constant is normalized at
as(Mz)=0.118. From Ref. [6].
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We also observe that the first order of QCD corrections has quite a large
impact on the lowest order cross section, amounting to more than 50%
of I',o on average. This has been indeed the main reason to prompt for
a NNLO QCD calculation of I'(H — gg). The result, obtained in the
heavy-top approximation, has shown that NNLO QCD corrections amount
to only 20% of the NLO cross section, therefore pointing to a convergence
of the I'(H — gg) perturbative series. We will refer to this discussion
when dealing with the gg — H production mode, since its cross section
can be easily related to I'(H — gg).

2. | MSSM Higgs boson branching ratios

The decay patterns of the MSSM Higgs bosons are many and diverse,
depending on the specific choice of supersymmetric parameters.

In particular they depend on the choice of M 4 and tan 3, which parameterize
the MSSM Higgs sector, and they are clearly sensitive to the choice of
other supersymmetric masses (gluino masses, squark masses, etc.) since this
determines the possibility for the MSSM Higgs bosons to decay into pairs
of supersymmetric particles and for the radiative induced decay channels
(h, H — gg,~~,~vZ) to receive supersymmetric loop contributions.
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Figure 14: Branching ratios for the h and H MSSM Higgs bosons, for tan 3 =3, 30. The
range of M corresponds to M 4 =90 GeV — 1 TeV, in the MSSM scenario discussed in the
text, with maximal top-squark mixing. The vertical line in the left hand side plots indicates
the upper bound on M), which, for the given scenario is M;"** =115 GeV (tan 3 = 3) or
M;"** =125.9 GeV (tan 3 = 30). So, only the latter is relevant in practice. From Ref. [§].
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In order to be more specific, let us assume that all supersymmetric masses
are large enough to prevent the decay of the MSSM Higgs bosons into

pairs of supersymmetric particles (a good choice could be Mz = Mg —
MU:MD:]_ TeV)

Then, we only need to examine the decays into SM particles and compare
with the decay patterns of a SM Higgs boson to identify any interesting
difference.

From the study of the MSSM Higgs boson couplings in Sections 3 and 4,
we expect that:

i) in the decoupling regime, when M, > My, the properties of the h
neutral Higgs boson are very much the same as the SM Higgs boson; while
away from the decoupling limit

ii) the decay rates of h and/or H to electroweak gauge bosons are
suppressed with respect to the SM case, in particular for large Higgs masses

(M),
iii) the A = VV (V = W%, Z) decays are absent,

iv) the decay rates of h and/or H to 777~ and bb are enhanced for large
tan 3,
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v) even for not too large values of tan 3, due to ii) above, the h, H — 777~
and h, H — bb decay are large up to the tt threshold, when the decay
H — tt becomes dominant,

vi) for the charged Higgs boson, the decay H™ — 7%v, dominates over
H* — tb below the tb threshold, and vice versa above it.

As far as QCD and EW radiative corrections go, what we have seen in
Sections 1-1 for the SM case applies to the corresponding MSSM decays
too.

Moreover, the truly MSSM corrections discussed in Sections 3 and 4 need
to be taken into account and are included in Figs. 14 and 15.
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Figure 15: Branching ratios for the A and H™ MSSM Higgs bosons, for tan 3 = 3, 30.
The range of M ,,4 corresponds to M4 =90 GeV — 1 TeV, in the MSSM scenario discussed

in the text, with maximal top-squark mixing. From Ref.
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e Since the Higgs field gives mass, the Higgs boson H couples to elementary
particles proportionally to their mass:

mz
L == g |:CV (mww“W” -+ Z“Z“>
cos Oy,
_Co-" ft — Cp—2 bb — Cp—7 fq-]H. (220)
ZmW 2mW 2mW

where Cy = Cp = Cy = 1 in the SM.

e In addition to these “tree-level’ couplings there are also loop-induced
couplings gg —+ H and v~ — H, the former dominated by the top-quark
loop and the latter dominated by the W loop with a smaller and opposite
contribution from a top-quark loop.

e Because of the Higgs mass being ~ 125 GeV, there is a remarkable mixture
of observable Higgs decays and observable cross sections.
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The most important ones for the initial discovery were those with very
excellent mass resolution — the H — ~~ final state and the H —+ ZZ —
42 final state.

In these final states you can actually see the resonance peak — see later.

e The four key production and decay processes for the initial discovery were:

gg fusion: ggF gg - H — ~vv; gg — H — ZZ — 4¢
W W, Z Z fusion: VBF WW — H — ~vv; WW — H — ZZ — 44221)

the gg induced processes having the highest rate. Sample diagrams for
two of these processes are given below.
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Gordy Kane, Jose Wudka and | anticipated the importance of these channels
back in 1985 and pushed the detectors to have excellent electromagnetic

calorimeters so that they could actually see the resonance peaks. 80 million
dollars later we see:

CMS preliminary
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2. “Higgs Couplings at the End of 2012”7 G. Belanger, B. Dumont, U. Ellwanger, J. F. Gunion
and S. Kraml. arXiv:1212.5244 [hep-ph]
NMSSM Collaborators: G. Belanger, U. Ellwanger, Y. Jiang, S. Kraml, J.
Schwarz
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2HDM Collaborators: Alexandra Drozd, Bohdan Grzadkowski, Yun Jiang
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e It is conventional to reference the SM expectations by defining
the R ratios, called p ratios by the experimentalists:

o(pp Y — h)BR(h — X)

R (X) =
v (X) o(pp = Y — hgy)BR(hsy — X))’

R"(X)=S_RlL, (222

where Y = gg, VV, Vh or tth. The notation u = R is

employed by the experimental groups.

A brief summary:

— ATLAS sees pgr(vy) > 1 and pypr(vy) > 1.

— CMS MVA analysis finds pg.r(77y) < 1, although still within errors of
the SM value of 1. However, they do find pypr(vy) > 1.

— ATLAS sees pgy,r(4€) > 1 and pypr(4€) > 1.

— CMS MVA analysis yields very SM-like values for the ZZ — 4/ rates in
ggF and VBF.

Sample plots are:
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Figure 17: Left: ATLAS results, including 4¢ and v~. Right: CMS results for 4¢. Vertical
axis is VBF and horizontal is ggF.
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Figure 18: CMS MVA results for v~. Vertical axis is VBF and horizontal is ggF. Note
Mger < 1 bu pver > 1.
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On the other hand there is a 2nd CMS analysis that gives a
larger v~ signal. Compare:

MET —+—ll—— CMS preliminary MET —— CMS preliminary
\s =7 TeV, L =5.1fb* (MVA) \s=7TeV,L=51fb"(CIC)
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Figure 19: Left: MVA analysis results with overall 1 = 0.78. Right: CiC (cut-based)
analysis results. CiC analysis shows overall enhancement in v~ of © = 1.11. CMS quotes a
discrepancy of 1.80 between the two analyses.
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e The big questions:
1. If the deviations from a single SM Higgs survive what is the

model?
And, how far beyond the ”standard” model must we go to

describe them?

2. If all results become SM-like, how can we be sure that we
are seeing just a SM-like Higgs boson?
Yes, there are complicated Higgs models that can give SM-
like rates for most, or even all, channels.

J. Gunion 250Higgs, U.C. Davis, 177



e Suppose the signal derives from just one Higgs boson — we
assume 07,

e The structure we will test is that given earlier:

m
L = g[C’V oy W, W* Z_7,7"
cos Ow
™My _ my — m.,
—Cy—" 3 — Cp—2"bb — Cp 7_"7'} H (223)
ZmW 2mW 2mW

In general, the C; can take on negative as well as positive
values; there is one overall sigh ambiguity which we fix by
taking Cy > 0.

e We will be fitting the data summarized earlier (using CMS
MVA analysis results for v~).
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In addition to the tree-level couplings given above, the H has
couplings to gg and ~~ that are first induced at one loop and
are completely computable in terms of Cy;, Cp and Cly, if only
loops containing SM particles are present.

We define C, and C, to be the ratio of these couplings so
computed to the SM (i.e. Cy = Cp = Cy = 1) values.

However, in some of our fits we will also allow for additional
loop contributions AC,; and AC, from new particles; in this
case C, = C, + AC, and C, = C, + AC,,.

The largest set of independent parameters that we might wish
to consider is thus:

Cy, Cp, Cv, AC,, AC.,. (224)
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o Fitl: Cy =Cp =Cy =1, AC,; and AC, free.

1
0.5
.L::-'
*"'1 0
-0.5
-1
-1 -0.5 0.5 1

0
AC-
Figure 20: Two parameter fit of AC, and AC,, assuming Cyy = Cp = Cy = 1 (Fit |).
The red, orange and yellow ellipses show the 68%, 95% and 99.7% CL regions, respectively.
The white star marks the best-fit point. Looking quite SM-like when all ATLAS and CMS

data are combined.
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e Fit Il: varying Cy, Cp and Cy (AC, = AC, = 0)

2 . . 1 2
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™
o

Figure 21: Two-dimensional x? distributions for the three parameter fit, Fit Il, of Cy, Cp,
Cyv with C, = C, and C, = C, as computed in terms of Cy;, Cp, Cy. Unlike earlier fits
that did not include CMS MVA ~~ results, Cy > 0 is now preferred since overall there is
no v~ enhancement in ggF after “averaging” ATLAS and CMS.
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e There is no improvement in x?/d.o. f. as freedom is introduced,

i.e. the lowest p value is achieved in the SM!

Allowing all five parameters, Cy, Cp, Cy, AC,, AC, to vary
again worsens the p value, unlike earlier “end of 2012" fits.

e Thus, perhaps there is no need for a mechanism that would
yield enhanced p = R values.
However, the fits above only reflect some average properties
and it could be that individual channels (e.g. the VBF— H —

~~) will in the end turn out to be enhanced.

J. Gunion
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Multiple Higgs Models

e Let us suppose that the “final”’ results for the Higgs signals
cannot be fit by the SM Higgs.
At the moment there are many hints that this could be the
case despite the fact that the average result is close to SM-like.

e This would make it natural to consider models in which there is
more than one Higgs boson. Some Higgs could dominate one
kind of signal and other Higgs could dominate another kind of
signal. Such models include:

1. Two-Higgs Doublet Models (2HDM)
In this model the one-doublet complex Higgs field of the SM
is replicated and each of the neutral components of the two
doublet fields acquires a vacuum expectation value: we have
v1 and v,.
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An important parameter of such a model is is tan 8 = v2 /v,
— v7 + v = v? = (246 GeV)? is required to get the W, Z
masses right.

2 complex doublets have 8 degrees of freedom, of which only
3 are absorbed or “eaten” in giving the W=, Z their masses.
The remaining 5 d.o.f. become physical scalar particles:

CP-even: h,H, CP-odd: A, charged pair: H*
(225)
2. Minimal Supersymmetric Model (MSSM)

The Higgs sector is just a constrained version of the 2HDM

model category. No additional Higgs bosons. However,

the SUSY constraints are such that it hard to get a CP-

even Higgs boson with SM-like properties without going to

extremes.

3. Adding additional doublets to the 2HDM or MSSM
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Makes a mess of gauge coupling unification in the MSSM
case.

. Adding additional singlets to a 2HDM or the MSSM

Every additional complex singlet yields one more CP-even H
and one more CP-odd A.

No impact on gauge unification since it is a singlet that is
being added.

— A particularly attractive version is the Next-to-Minimal

Supersymmetric Model (NMSSM).

Getting the lightest CP-even Higgs to be as heavy as
125 GeV does not require extremes. It is an altogether
beautiful model.

J. Gunion
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Enhanced Higgs signals in the NMSSM

¢ NMSSM=MSSM+S.

e The extra complex S component of S = the NMSSM has
hi, ha, ha, a1, as.

e The new NMSSM parameters of the superpotential (A and k)
and scalar potential (A, and A,) appear as:

AN T ,{,/\

W 3 ASH, Ha+ 5%, Vi 3 AMaSH, Ha + gA&s3
(226)
e (S) # 0 is generated by SUSY breakng and solves p problem:
Heff — )\(S)
e First question: Can the NMSSM give a Higgs mass as large as
125 GeV?
Answer: Yes, so long as parameters at the GUT scale are
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not fully unified. For our studies, we employed universal
my, except for NUHM (m7%; , m3 , m{ free), universal
Ay = Ap = A = Ay but allow A, and A, to vary freely. Of
course, A > 0 and K are scanned demanding perturbativity up

to the GUT scale.

Can this model achieve rates in v~ and 4¢ that are >SM?

Answer: It depends on whether or not we require a good
prediction for the muon anomalous magnetic moment, a,,.

The possible R(~~) > 1 mechanism (arXiv:1112.3548, Ellwanger) is to
reduce the bb width of the mainly SM-like Higgs by giving it
some singlet component. The gg and ~~ couplings are less
affected.

Typically, this requires my, and my, to have similar masses (for
singlet-doublet mixing) and large A\ (to enhance Higgs mass).

Large A (by which we mean A\ > 0.1) is only possible while
retaining perturbativity up to Mp if tan 3 is modest in size.
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In the semi-unified model we employ, enhanced rates and/or
large A cannot be made consistent with decent da,,. (J. F. Gunion,
Y. Jiang and S. Kraml.arXiv:1201.0982 [hep-ph])

e Some illustrative R, results from (J. F. Gunion, Y. Jiang and S. Kraml.
arXiv:1207.1545):

123<m;, <128 123<m;, <128
3 I I 1 I I I 1 1 24 T T
22 F -
2.5 - 2L i
1.8 F -
- 2 - ~ 16F -
3 5 14 F -
= s - = oL A -
A 1 - _
1 0.8 | -
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05 X ] 1 1 I’ | 04 1 1 1 1 1
200 300 400 500 600 700 800 900 1000 40 60 80 100 120 140
my, [GeV] my, [GeV]

Figure 22: The plot shows Ry,(~~) for the cases of 123 < m;, < 128 GeV and
123 < mp, < 128 GeV. Note: red triangle (orange square) is for WMAP window with

Rgg(vY) > 1.2 (Rgg(v7) = [1,1.2]).
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Figure 23: Observe the ‘clear general increase in maximum R, (~~) with increasing .

Green points have good da,, my, > 1 TeV BUT Rg4(vvy) ~ 1.
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Figure 24: The lightest stop has mass ~ 300 — 700 GeV for red-triangle points.
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e If we ignore da,, then R, ,(vvy) > 1.2 (even > 2) is possible
while satisfying all other constraints provided h; and h, are
close in mass, especially in the case where m;,, € [123,128] GeV
window.

e This raises the issue of scenarios in which both my, and mp,
are in the [123,128] GeV window where the experiments see
the Higgs signal.

The ideas and issues related to degeneracy:

— If hy and h- are sufficiently degenerate, the experimentalists
might not have resolved the two distinct peaks, even in the
~~ channel.

— The rates for the h; and h; could then add together to give
an enhanced ~~ signal.

— The apparent width or shape of the v~ mass distribution
could be altered.

— There is more room for an apparent mismatch between the

J. Gunion 250Higgs, U.C. Davis, 190



~~ channel and other channels, such as bb or 4¢, than in
non-degenerate situation.

In particular, the h; and hs will generally have different gg
and V'V production rates and branching ratios.

J. Gunion
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e For the numerical analysis, we used NMSSMTools version 3.2.0,
which has improved convergence of RGEs in the case of large
Yukawa couplings.

e The precise constraints imposed are the following.

1. Basic constraints: proper RGE solution, no Landau pole,
neutralino LSP, Higgs and SUSY mass limits as implemented
in NMSSMTools-3.2.0.

2. B physics:

3. Dark Matter: Qh? < 0.136 — allows for scenarios in which
the relic density arises in part from some other source.
However, we single out points with 0.094 < Qh? < 0.136,
which is the ‘WMAP window’ defined in NMSSMTools-3.2.0.

4. 2011 XENON100: spin-independent LSP—proton scattering

J. Gunion 250Higgs, U.C. Davis, 192



cross section bounds implied by the neutralino-mass-dependent
XENON100 bound. (2012 XENON100 has little additional
impact.)

5. da,, ignored: impossible to satisfy for scenarios studied here.

e Compute the effective Higgs mass in given production and final
decay channels Y and X, respectively, and R’g‘g as

R (X)mup, + R (X)mp,
R (X) + RV (X)

my (X) = Ry (X) = RYN(X) + R2(X). (227)

e The extent to which it is appropriate to combine the rates from
the h; and h,; depends upon the degree of degeneracy and
the experimental resolution. Very roughly, one should probably
think of o, ~ 1.5 GeV or larger. The widths of the h; and
ho are very much smaller than this resolution.

e We only display points which pass constraints listed earlier, and
have 123 GeV < my,,, mp, < 128 GeV.
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e Many of the displayed points have R}!(vv) + R}2(vv) > 1.

123<m), ,m), <128

2.5 T T T T
my, -my, > 3.0 GeV
2.0 GeV < my, -m), <3.0 GeV
> 1.5GeV <mj,-m, <20GeV
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0.5 GeV < My, =1y, <1.0GeV °
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Figure 25: Correlation of gg — (h1, hy) — ~~ signal strengths when both h; and h,
lie in the 123-128 GeV mass range. The circular points have Qh? < 0.094, while diamond
points have 0.094 < Qh? < 0.136. Points are color coded according to Mphy, — Mp,.
Probably green and cyan points can be resolved in mass.
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Now combine the h; and hs signals. Color code:

1.
2.
3.

red for my, — mp, < 1 GeV;

blue for 1 GeV < mp, — mp, < 2 GeV;
green for 2 GeV < mp, — mp, < 3 GeV.

For current statistics and o, 2 1.5 GeV we estimate that the
h; and h, signals will not be seen separately for m;, — m;, <

2 GeV. B

In Fig. 26, we show results for R} (X) for X = ~v~, V'V, bb.
Enhanced v+ and V'V rates from gluon fusion are very

common.

The bottom-right plot shows that enhancement in VhA with
h — bb rate is also natural, though not as large as the best fit
value suggested by the new Tevatron analysis.

Diamond points (i.e. those in the WMAP window) are rare,
but typically show enhanced rates.
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Figure 26: R} (X) for X = v, V'V, bb, and R{.(bb) versus my,. For application to

the Tevatron, note that R ,.(bb) = R}

*—>Vh(bb)-
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Figure 27: Left: correlation between the gluon fusion induced v+ and V'V rates relative
to the SM. Right: correlation between the gluon fusion induced ~y~ rate and the V'V fusion
induced bb rates relative to the SM; the relative rate for V* — V h with h — bb (relevant
for the Tevatron) is equal to the latter.

e Comments on Fig. 27:

1. Left-hand plot shows the strong correlation between R?_(v7)
and R" (V).

g
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Note that if Rgg(’y'y) ~ 1.3 (as for ATLAS) then in this
model R (VV) > 1.

2. The right-hand plot shows the (anti) correlation between
Rp (v7) and Ry, (bb) = Rip;(bb).
In general, the larger R (v7) is, the smaller the value of
R}XL/*—>Vh(bb)'

3. It is often the case that one of the h; or h, dominates
R? (v7v) while the other dominates RY,._,,(bb).
However, a significant number of the points are such that
either the v~ or the bb signal receives substantial contributions
from both the h; and the h-.
We did not find points where the v~ and bb final states both
receive substantial contributions from both the h; and h,.
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Figure 28: Left: effective Higgs masses obtained from different channels: m?9(~v~) versus
mig(VV). Right: ~y~ signal strength Rgg(v’y) versus effective coupling to bb quarks

2 2 2
(Cx)%. Here, C" = [RZ;('Y'Y)CZ% + RI2(v)Cp2 ] / [RZ;('Y'Y) + RZ;('W)]-
Comments on Fig. 28

1. The my values for the gluon fusion induced v~ and VV
cases are also strongly correlated — in fact, they differ by
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no more than a fraction of a GeV and are most often much
closer, see the left plot of Fig. 28.

2. The right plot of Fig. 28 illustrates the mechanism behind
enhanced rates, namely that large net +~ branching ratio is
achieved by reducing the average total width by reducing the
average bb coupling strength.

e Although we have emphasized that degeneracy can easily lead
to enhanced signals, it is equally true that a pair of degenerate
Higgs could easily yield a SM-like signal.

For example, points with R,,(vvy) ~ 1 are easily found in
Fig. 25. And, Fig. 26 shows that other rates will often be
SM-like at the same time.

e Either way, an important question is: how can we check for
underlying degeneracy? This will be discussed later.
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e h; should have my, ~ 124.2 GeV and ZZ rate not too much
smaller than SM-like rate, but suppressed ~~ rate.

® hy should have m;, ~ 126.5 GeV, enhanced ~~ rate and
somewhat suppressed Z Z rate.
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e The kind of extreme apparently seen by ATLAS is hard to
arrange in the NMSSM.

This is because the mechanism for getting enhanced ~~y
(suppression of bb partial width through mixing) automatically
also enhances ZZ. Recall the correlation plot given earlier

e To assess a bit more quantitatively, we compute m,(VV)

vs. mp(7y7y) using previous formula involving weighting by
R2>"2(Z Z) and R}1"2(y+) and accepting points with 121 GeV <
mMp,y Mp, S 128 GeV.

Or, selecting points with 122 GeV < my, < 124 GeV and
125 GeV < mp, < 127 GeV.
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Figure 29: m; obtained in ZZ s, ~v~ final state when
scanning and requiring: 121 GeV < mp,mp, < 128 GeV (Left) or
122 GeV < myp, < 124 GeV, 125 GeV < my, < 127 GeV (Right). Dashed

lines show m,(ZZ) = mp(vyvy) — (0,0.5,1,1.5). Hard to get a mass shift of more than
1 GeV.
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e Given that enhanced Rgg is very natural if there are degenerate
Higgs mass eigenstates, how do we detect degeneracy if closely

degenerate? Must look at correlations among different R"’s.
e In the context of any doublets plus singlets model not all the

R"’s are independent; a complete independent set of R"’s
can be taken to be:

R, (VV), R} (bb), R} (vv), Rypr(VV), Rygp(bb), Rygp(vv).
(228)

e Let us now look in more detail at a given R% (X). It takes the
form

(CH)2(CH)?
R}{’(X) — Z = h; =
1=1,2 CI‘

where C% for X = v, WW, ZZ, ... is the ratio of the h; X

(229)
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to hsy X coupling and CJ is the ratio of the total width of
the h; to the SM Higgs total width.

e The diagnostic tools that can reveal the existence of a
second, quasi-degenerate (but non-interfering in the small
width approximation) Higgs state are the double ratios:

Ry ppr(VV)/Rl (VV)
RY - -(bb)/ R}, (bb)

RY pp(v7)/ Ry ()
RE L (VV)/Rh (VV)’

RY g p(¥7)/ Ry ()
R% _ .(bb) /Rh (bb) ’

1): I): 1): , (230)

each of which should be unity if only a single Higgs boson is
present but, due to the non-factorizing nature of the sum in
Eq. (229), are generally expected to deviate from 1 if two (or
more) Higgs bosons are contributing to the net h signals.

e In a doublets+singlets model all other double ratios that are
equal to unity for single Higgs exchange are not independent
of the above three.

e Of course, the above three double ratios are not all independent.

Which will be most useful depends upon the precision with
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which the R"'s for different initial /final states can be measured.

E.g measurements of R" for the bb final state may continue
to be somewhat imprecise and it is then double ratio Il) that
might prove most discriminating.

Or, it could be that one of the double ratios deviates from
unity by a much larger amount than the others, in which case
it might be most discriminating even if the R"’s involved are
not measured with great precision.

e In Fig. 31, we plot the numerator versus the denominator of
the double ratios 1) and Il), [IlIl) being very like 1) due to
the correlation between the R} (vy) and R} (VV) values
discussed earlier].

e We observe that any one of these double ratios will often, but
not always, deviate from unity (the diagonal dashed line in the
figure).

e The probability of such deviation increases dramatically if we
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require (as apparently preferred by ATLAS data) Rgg('y'y) > 1,
see the solid (vs. open) symbols of Fig. 31.

e This is further elucidated in Fig. 32 where we display the double
ratios |) and Il) as functions of Rgg(q/'y) (left plots).

For the NMSSM, it seems that the double ratio I) provides the
greatest discrimination between degenerate vs. non-degenerate
scenarios with values very substantially different from unity
(the dashed line) for the majority of the degenerate NMSSM
scenarios explored in the earlier section of this talk that have
enhanced ~~ rates.

Note in particular that 1), being sensitive to the bb final state,
singles out degenerate Higgs scenarios even when one or the
other of h; or h, dominates the gg — ~~ rate, see the top
right plot of Fig. 32.

In comparison, double ratio Il) is most useful for scenarios with
R} (77y) ~ 1, as illustrated by the bottom left plot of Fig. 32.
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e Thus, as illustrated by the bottom right plot of Fig. 32, the
greatest discriminating power is clearly obtained by measuring
both double ratios.

In fact, a close examination reveals that there are no points
for which both double ratios are exactly 1!

Of course, experimental errors may lead to a region containing
a certain number of points in which both double ratios are
merely consistent with 1 within the errors.
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Figure 31: Comparisons of pairs of event rate ratios that should be equal if only a single Higgs
boson is present. The color code is green for points with 2 GeV < mp, — mp, < 3 GeV,
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On the right we show (top) double ratio 1) vs. max [RZ;(’y'y), Rgg('y'y)] /RZg(fy'y) and
(bottom) double ratio 1) vs. double ratio Il) for the points displayed in Fig. 31. Colors and

symbols are the same as in Fig. 31.
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e What does current LHC data say about these various double
ratios?
The central values and 1o error bars for the numerator and
denominator of double ratios 1) and Il) obtained from CMS

data (CMS-PAS-HIG-12-020) are also shown in Fig. 31.

Obviously, current statistics are inadequate to discriminate
whether or not the double ratios deviate from unity.

About 100 times increased statistics will be needed. This will
not be achieved until the /s = 14 TeV run with > 100fb—!
of accumulated luminosity.

Nonetheless, it is clear that the double-ratio diagnostic tools
will ultimately prove viable and perhaps crucial for determining
if the ~ 125 GeV Higgs signal is really only due to a single
Higgs-like resonance or if two resonances are contributing.

e Degeneracy has significant probability in model contexts if
enhanced ~~ rates are indeed confirmed at higher statistics.
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Higgs-radion mixing model example

— Much bigger deviations of double ratios from being equal,
related to anomalous gg and <~ couplings of the radion.
(Compare to first NMSSM plot of preceding section)
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Figure 33: Figure shows only a small part of the full range of vertical axis.
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® “Two-Higgs-Doublet Models and Enhanced Rates for a 125 GeV Higgs” A. Drozd, B. Grzadkowski,
J. F. Gunion and Y. Jiang. arXiv:1211.3580 [hep-ph]

® see also, “Mass-degenerate Higgs bosons at 125 GeV in the Two-Higgs-Doublet Model” P. M. Ferreit
H. E. Haber, R. Santos and J. P. Silva. arXiv:1211.3131 [hep-ph]

® There are some differences.

NMSSM-like degeneracy can be explored in this context also, but
no time to discuss.
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e It seems likely that the Higgs responsible for EWSB has
emerged.

e Perhaps, other Higgs-like objects are emerging.

e Survival of enhanced signals for one or more Higgs boson would
be one of the most exciting outcomes of the current LHC run
and would guarantee years of theoretical and experimental
exploration of BSM models with elementary scalars.

e >SM signals would appear to guarantee the importance of a
linear collider or LEP3 or muon collider in order to understand
fully the responsible BSM physics.

e In any case, the current situation illusrates the fact that we
must never assume we have uncovered all the Higgs.
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Certainly, | will continue watching and waiting
’ - e

L ——
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Details regarding the 2HDM Models

Introduction

The minimal version of the Standard Model (SM) contains one
complex Higgs doublet, resulting in one physical neutral CP-even
Higgs boson, hg), after electroweak symmetry breaking (EWSB).

However, the Standard Model is not likely to be the ultimate
theoretical structure responsible for electroweak symmetry breaking.

Moreover, the Standard Model must be viewed as an effective
field theory that is embedded in a more fundamental structure,

characterized by an energy scale, A, which is larger than the
scale of EWSB, v = 246 GeV.

Although A may be as large as the Planck scale, there are
strong theoretical arguments that suggest that A is significantly
lower, perhaps of order 1 TeV [650].
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For example, A could be the scale of supersymmetry breaking |
, ], the compositeness scale of new strong dynamics [654],
or associated with the inverse size of extra dimensions [655].

In many of these approaches, there exists an effective low-
energy theory with elementary scalars that comprise a non-
minimal Higgs sector [656].

For example, the minimal supersymmetric extension of the
Standard Model (MSSM) contains a scalar Higgs sector correspondin
to that of a two-Higgs-doublet model (2HDM) [657, ]-

Models with Higgs doublets (and singlets) possess the important
phenomenological property that p = mw /(mzcosOw) = 1 up
to finite radiative corrections.

Here, we focus on a general 2HDM. There are two possible
cases.

1. In the first case, there is never an energy range in which the
effective low-energy theory contains only one light Higgs boson.
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2. In the second case, one CP-even neutral Higgs boson, h,
is significantly lighter than a new scale, Asgpas, which
characterizes the masses of all the remaining 2HDM Higgs
states.

In this latter case, the scalar sector of the effective field theory
below Asypy is that of the SM Higgs sector.

In particular, if Asgpy > v, and all dimensionless Higgs
self-coupling parameters \; < O(1) [see eq. (231)], then
the couplings of h to gauge bosons and fermions and the h
self-couplings approach the corresponding couplings of the hq,
with the deviations vanishing as some power of v /A%, [659].

This limit is called the decoupling limit [660], and could be
very relevant experimentally given the SM-Ilike nature of the
state observed at the LHC.

We now fully define and explore the decoupling limit of the
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2HDM.’

We will explain the (often confusing) relations between different
parameter sets (e.g., Higgs masses and mixing angles vs. Lagrangian
tree-level couplings) and give a complete translation table in an
Appendix.

We then make one simplifying assumption, namely that the
Higgs sector is CP-conserving. (The conditions that guarantee
that there is no explicit or spontaneous breaking of CP in the
2HDM are given in a 2nd Appendix. The more general CP-
violating 2HDM is treated elsewhere [662, ].)

In the CP-conserving 2HDM, there is still some freedom in the
choice of Higgs-fermion couplings.

A number of different choices have been studied in the
literature [664, ]. Among these are:

e type-l, in which only one Higgs doublet couples to the fermions;

"Some of the topics of this paper have also been addressed recently in ref. [661].
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e and type-Il, in which the neutral member of one Higgs doublet
couples only to up-type quarks and the neutral member of
the other Higgs doublet couples only to down-type quarks and
leptons.

For Higgs-fermion couplings of type-l or type-Il, tree-level flavor-
changing neutral currents (FCNC) mediated by Higgs bosons are
automatically absent [665].

Type-l and type-ll models can be implemented with an
appropriately chosen discrete symmetry (which may be softly
broken without dire phenomenologically consequences).

The type-lIl model Higgs sector also arises in the MSSM.

We can also allow for the most general Higgs-fermion Yukawa
couplings (the so-called type-11l model [666]). For type-lll Higgs-
fermion Yukawa couplings, tree-level Higgs-mediated FCNCs are
present, and one must be careful to choose Higgs parameters
which ensure that these FCNC effects are numerically small.
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An important result is that in the approach to the decoupling
limit, FCNC effects generated by tree-level Higgs exchanges are
suppressed by a factor of O(v?/AZ )

In the first section, we define the most general CP-conserving
2HDM and provide a number of useful relations among the
parameters of the scalar Higgs potential and the Higgs masses in
several Appendices.

In a 3rd Appendix, we note that certain combinations of the
scalar potential parameters are invariant with respect to the
choice of basis for the two scalar doublets. In particular, the
Higgs masses and the physical Higgs interaction vertices can be
written in terms of these invariant coupling parameters.

The decoupling limit of the 2HDM is defined in the following
section, and its main properties are examined. In this limit,
the properties of the lightest CP-even Higgs boson, h, precisely
coincide with those of the SM Higgs boson.
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We exhibit the tree-level Higgs couplings to vector bosons,
fermions and Higgs bosons, and evaluate them in the decoupling
limit.

The first non-trivial corrections to the Higgs couplings as one
moves away from the decoupling limit are also given.

We also will show that parameter regimes exist outside the
decoupling regime in which one of the CP-even Higgs bosons
exhibits tree-level couplings that approximately coincide with
those of the SM Higgs boson.

We discuss the origin of this behavior and show how one
can distinguish this region of parameter space from that of true
decoupling.

Still later, the two-Higgs-doublet sector of the MSSM is used
to illustrate the features of the decoupling limit when m 4 > mz.

In addition, we briefly describe the impact of radiative corrections,
and show how these corrections satisfy the requirements of the
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decoupling limit.
We emphasize that the rate of approach to decoupling can be
delayed at large tan 3, and we discuss the possibility of a SM-like

Higgs boson in a parameter regime in which all Higgs masses are
in a range < O(v).

The CP-Conserving Two-Higgs Doublet Model

We first review the general (non-supersymmetric) two-Higgs
doublet extension of the Standard Model [656]. Let ®; and &,
denote two complex Y = 1, SU(2); doublet scalar fields. The

most general gauge invariant scalar potential is given by?®
V = miele, + mlele, — m’,®®, + h.c.]
F3ALU(R]D1)" + 322 (R]D3)° + X3(R]D1) (D1D2) + Ay(@] D) (21D1)

4 {%A5(<I>I<I>2)2 1 [AG(@{@l) i A7(<I>§<I>2)] 31®, + h.c.} . (231)

8In refs. [656] and [658], the scalar potential is parameterized in terms of a different set of couplings, which are less
useful for the decoupling analysis. In the 1st Appendix, we relate this alternative set of couplings to the parameters
appearing in eq. (231).
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In general, m?2,, A5, A¢ and A7 can be complex. In many

discussions of two-Higgs-doublet models, the terms proportional
to A\g and A\, are absent.

This can be achieved by imposing a discrete symmetry ®; —
—®; on the model. Such a symmetry would also require m?, = 0
unless we allow a soft violation of this discrete symmetry by
dimension-two terms.” For the moment, we refrain from setting
any of the coefficients in eq. (231) to zero.

We next derive the constraints on the parameters \; such that
the scalar potential V is bounded from below. It is sufficient

to examine the quartic terms of the scalar potential (which we
denote by V4) We define a = <I>T<I>1, b = <I>T<I>2, c = Re <I>I<I>2,

= Im ®! '®,, and note that ab > ¢? + d?. Then, one can
rewrite the quartic terms of the scalar potential as follows:

9This discrete symmetry is also employed to restrict the Higgs-fermion couplings so that no tree-level Higgs-mediated
FCNC's are present. If Ag = A7 = 0, but m%z # 0, the soft breaking of the discrete symmetry generates finite
Higgs-mediated FCNC's at one loop.
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2
Vi = 1A% =A%)+ A+ ()] (ab — & — d)
+2[A3 + As + (A1x2)?] c® + [Re A5 — Az — s — (A1 A2)Y?)(® — dP)

—2cdIm A5 4+ 2a [cRe A¢ — dIm Xg] + 2b[cRe Ay — dIm A;]. (232)

We demand that no directions exist in field space in which
Y — —oo. (We also require that no flat directions exist for
V,4.) Three conditions on the \; are easily obtained by examining
asymptotically large values of a and/or b with ¢ = d = O:

A1 >0, A2 >0, A3 > — (A1) Y2, (233)

A fourth condition arises by examining the direction in field space
where A\1"%a = AL?b and ab = ¢% + d2. Setting ¢ = £d, and
requiring that the potential is bounded from below for all £ leads
to a condition on a quartic polynomial in & which must be
satisfied for all £&. There is no simple analytical constraint on the
A\; that can be derived from this condition. If A\¢ = A7 = 0, the
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resulting polynomial is quadratic in &, and a constraint on the
remaining nonzero J\; is easily derived [667]

)\3—|—)\4— |A5| > —()\1)\2)1/2 [assuming A@ — A7 — O] . (234)

From now on, we shall ignore the possibility of explicit CP-
violating effects in the Higgs potential by choosing all coefficients

in eq. (231) to be real.!’

The scalar fields will develop non-zero vacuum expectation
values if the mass matrix m,fj has at least one negative eigenvalue.

We assume that the parameters of the scalar potential are
chosen such that the minimum of the scalar potential respects
the U(1)yy gauge symmetry. Then, the scalar field vacuum

19The most general CP-violating 2HDM will be examined in ref. [663].
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expectations values are of the form!!

() we=k(8). e

where the v; are taken to be real, 7.c. we assume that spontaneous

CP violation does not occur.!”> The corresponding potential
minimum conditions are:

mil — mfzf) — %vz [Alcz + )\34532 + 3X6ssC3 + >\7325} , (236)
m§2 — mizl;_l — %'1)2 [Azsé + )\34502 + Aﬁcég_l + 3)\73505} , (237)

where we have defined:

)\3455)\3+>\4—|—>\5, BEtan,BE—, (238)

1pon't worry that we have temporarily chosen a convention in which both doublets have Y = 1 — this can be
remapped to the case of one with Y = 1 and one with Y = —1, as for the MSSM.

12The conditions required for the absence of explicit and spontaneous CP-violation in the Higgs sector are elucidated in
Appendix B.
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and
2
2 __

4
v? = 0 4 vl = ";W — (246 GeV)>. (239)

It is always possible to choose the phases of the scalar doublet
Higgs fields such that both v; and v, are positive; henceforth we

take 0 < 3 < 7/2.

Of the original eight scalar degrees of freedom, three Goldstone

bosons (G* and G) are absorbed (“eaten”) by the W= and Z.
The remaining five physical Higgs particles are: two CP-even

scalars (h and H, with m;, < myg), one CP-odd scalar (A) and
a charged Higgs pair (H*). The squared-mass parameters m?,

and m2, can be eliminated by minimizing the scalar potential.
The resulting squared-masses for the CP-odd and charged Higgs

states are!

2

my = 12 1,2 (2A5 N W >\7B) , (240)
SBCp
mie = mh+ivi( s — ). (241)

13Here and in the following, we use the shorthand notation cg = cos 3, sg = sin 3, cq = cos &, S = sin «,
C2a = €O0S 2, 82 = €OS 2, C3_q = cos(B — ), sSg_q = sin(B — «), etc.

J. Gunion 250Higgs, U.C. Davis, 229



The two CP-even Higgs states mix according to the following
squared-mass matrix:

2 —
M? = m? ( °p °BCs ) + B2, (242)
—SpBCpa C,B

52 — o2 Alcg + 2Xgs3c3 + >\5sg (A3 + A4)spes + Aﬁcg + >‘7S?3 (243)
o (A3 + Ay)sgeg + Aﬁc% == )wsf; }\23% + 2A7s5cs + >\5cf_3 )

Defining the physical mass eigenstates

H = (\/§Re <I>(1) — v1)Ca + (\/§Re C]E'g — v2)8q
h = —(v2Re®) — v1)sq + (V2Re @) — v3)cq , (244)

the masses and mixing angle o are found from the diagonalization process

m3; 0 B Ca Sa M2 M, Ca —Sa
0 m; ) —So  Co M2, M3, Se, Cq
_ ( M3 e+ 2M3cq80 + M2,s2 M (2 — 82) + (M5, — M3))s.c

2
Mfz(ca — sa) + (./\/l22 — Mfl)saca Mfls ZMfzcasa == M22c (
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The mixing angle « is evaluated by setting the off-diagonal elements of the CP-even scalar
squared-mass matrix [eq. (245)] to zero, and demanding that m gy > my. The end result is

i = b | M+ M, £ M = MB)+ aME)? | (246)

and the corresponding CP-even scalar mixing angle is fixed by

. 2 M2,
2 — ’
\/(M% _ M%2)2 + 4(M%2)2
2 2
Coo = M, — My (247)

\/(M% _ M%z)z + 4(M%2)2 .

We shall take — /2 < o < /2.
It is convenient to define the following four combinations of parameters:

my, = BB, — (B

m2L = Bfl cos’ B + B§2 sin? B + sz sin 23,

m; - Bil + Bgz ’

m2S = m;+ m; , (248)

where the ij are the elements of the matrix defined in eq. (243). In terms of these quantities
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we have the exact relations

miI,h =1 [m; + \/mflg — 4m4mi — 4my, | , (249)
and ) )
2 My, — My

Ch_a = —5 = (250)

My — My
Eq. (250) is most easily derived by using c%_a = %(1 + c23C20 + S2852o) and the results of
eq. (247). Note that the case of ™, = my is special and must be treated carefully. We do
this in a separate Appendix, where we explicitly verify that 0 < C%a—a < 1.

Finally, for completeness we record the expressions for the original hypercharge-one scalar
fields ®; in terms of the physical Higgs states and the Goldstone bosons:

<I>f': = CgGr’i — 35Hi -

<I>§|: = SlgGi + cBHi ,

<I>(1) = % [v1 + ca H — sqh + icgG — isgA] ,

P, = % [v2 + s H + cah + isgG + icgA] . (251)

The Decoupling Limit

In effective field theory, we may examine the behavior of
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the theory characterized by two disparate mass scales, m; <
mg, by integrating out all particles with masses of order mg,
assuming that all the couplings of the “low-mass” effective theory
comprising particles with masses of order m can be kept fixed.

In the 2HDM, the low-mass effective theory, if it exists, must
correspond to the case where one of the Higgs doublets is
integrated out. That is, the resulting effective low-mass theory is
precisely equivalent to the one-scalar-doublet SM Higgs sector.

These conclusions follow from electroweak gauge invariance.
Namely, there are two relevant scales—the electroweak scale
characterized by the scale v = 246 GeV and a second scale
mg > v. The underlying electroweak symmetry requires that
scalar mass splittings within doublets cannot be larger than O(v)

[assuming that dimensionless couplings of the theory are no larger
than O(1)].

It follows that the H*, A and H masses must be of O(mg),
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while m; ~ O(v). Moreover, since the effective low-mass theory
consists of a one-doublet Higgs sector, the properties of h must
be indistinguishable from those of the SM Higgs boson.

We can illustrate these results more explicitly as follows.

Suppose that all the Higgs self-coupling constants \; are held
fixed such that |\;| < O(1), while taking m?2 > |\;|v>.

In particular, we constrain the a; = \;/(4m) so that the Higgs
sector does not become strongly coupled, implying no violations

of tree-unitarity [668, , , , ]-
Then, the B;. ~ O(v?), and it follows that:

mp, o~ mp= 0O(v), (252)

T, MA, Myt = ms—l—(’)(v2/m5), (253)

and

4

my(my — mp) — mp,

cos’ (B — a) =~ :
LLY
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2
— [%(Bil - 532)8213 - 83202:3] — O < ’U4 > . (254)

4 4
mA mS

We shall establish the above results in more detail below.

The limit m?2 > |\;|v? (subject to |a;| < 1) is called the
decoupling limit of the model.*

Note that eq. (254) implies that in the decoupling limit,
cg—a = O(v?/m?). We will demonstrate that this implies that
the couplings of h in the decoupling limit approach values that
correspond precisely to those of the SM Higgs boson.

We will also obtain explicit expressions for the squared-mass
differences between the heavy Higgs bosons (as a function of the
A; couplings in the Higgs potential) in the decoupling limit.

One can give an alternative condition for the decoupling limit.

As above, we assume that all |o;| < 1.

1% ater [see eq. (282) and surrounding discussion], we shall refine this definition slightly, and also require that
mi > |Ag|v? cot B and m124 > |A7|v? tan B, in order to guarantee that at large cot 3 [tan 8] the couplings of
h to up-type [down-type] fermions approach the corresponding SM Higgs-fermion couplings.
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First consider the following special cases.

e If neither tan 3 nor cot 3 is close to 0, then m?, > |\;|v? [see
eq. (240)] in the decoupling limit.

e On the other hand, if m?, ~ O(v?) and tan3 > 1 [cot 3 >
1], then it follows from egs. (236) and (237) that m%, > O(v?)
if A7 < 0 [mZ, > O(v?) if A¢ < 0] in the decoupling limit.

All such conditions depend on the original choice of scalar field
basis ; and ®,. For example, we can diagonalize the squared-
mass terms of the scalar potential [eq. (231)] thereby setting
mq9 = 0.

In the decoupling limit in the new basis, one is simply driven
to the second case above.

A basis-independent characterization of the decoupling limit is
simple to formulate.

Starting from the scalar potential in an arbitrary basis, form
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the matrix m,fj [made up of the coefficients of the quadratic
terms in the potential, see eq. (231)].

Denote the eigenvalues of this matrix by m?2 and m; respectively;
note that the eigenvalues are real but can be of either sign. By
convention, we can take |m?2| < |mZ|. Then, the decoupling
limit corresponds to m? < 0, m; > 0 such that m; > |m?|, v?
(with |o;| < 1).

For some choices of the scalar potential, no decoupling limit
exists.

Consider the case of m?, = A¢ = A7y = 0 (and all other
|la;| < 1). Then, the potential minimum conditions [egs. (236)
and (237)] do not permit either m?, or m3, to become large;
m2., m3, ~ O(v?), and clearly all Higgs masses are of O(v).
Thus, in this case no decoupling limit exists.!®

The case of m%2 — X¢ = A7 = 0 corresponds to the existence

BHowever, it may be difficult to distinguish between the non-decoupling effects of the SM with a heavy Higgs boson
and those of the 2HDM where all Higgs bosons are heavy [673].

J. Gunion 250Higgs, U.C. Davis, 237



of a discrete symmetry in which the potential is invariant under
the change of sign of one of the Higgs doublet fields.

Although the latter statement is basis-dependent, one can
check that the following stronger condition holds: no decoupling
limit exists if and only if A\¢ = A7 = 0 in the basis where m?, = 0.

Thus, the absence of a decoupling limit implies the existence
of some discrete symmetry under which the scalar potential is
invariant (although the precise form of this symmetry is most
evident for the special choice of basis).

We now return to the results for the Higgs masses and the
CP-even Higgs mixing angle in the decoupling limit.

For fixed values of \g, A7, a and 3, there are two equivalent

parameter sets: (i) A, A2, A3, Aq and Xs; (i) m37, m%, m2,,

2 2
T+ and m%.
The relations between these two parameter sets are given in

m
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an Appendix.

Using the results egs. (313)—(318) we can give explicit expressions
in the decoupling limit for the Higgs masses in terms of the
potential parameters and the mixing angles.

First, it is convenient to define the following four linear
combinations of the )\;:'°

A = Alcé -+ AQSZ + %A345S§IB -+ 28213(A60?_3 + A7SI2B) ’ (255)
X = %8213 |:A1C1128 — Azsz S A345C12,3i| — AGC,BC&B — A7853313 ’ (256)
AA = C2ﬁ(Alc?3 — AzSé) -+ A345S§IB — A5 -+ 2A66138313 — 2A78136313 ’ (257)
AF = As — Ay, (258)

where \345 is defined in eq. (238). The significance of these
coupling combinations is discussed in Appendix . We consider
the limit cg_, — 0, corresponding to the decoupling limit,

1%\We make use of the triple-angle identities: c33 = cﬂ(c% — 33%) and s3g = 85(30123 — SI2B)
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m? > |X\;|v% In nearly all of the parameter space, M?, < 0
[see eq. (242)], and it follows from eq. (247) that — /2 < a < 0
(which implies that cg_, — 0 is equivalent to 3 — o — w/2
given that 0 < 3 < 7m/2). However, in the small regions
of parameter space in which 3 is near zero [or 7 /2], roughly
corresponding to m? tan 3 < Agv? [or m? cot B < A7v?], one
finds M3%, > 0 (and consequently 0 < a < 7/2). In these last
two cases, the decoupling limit is achieved for « = 7w/2 — 3 and
cot 3> 1 [tanB > 1]. That is, cos(3 — a) = sin203 <K 1 and
sin(3 — a) ~ —1 [+1]. !” In practice, since tan 3 is fixed and
cannot be arbitrarily large (or arbitrarily close to zero), one can
always find a value of m 4 large enough such that M2, < 0. This
is equivalent to employing the refined version of the decoupling
limit mentioned in footnote 14. In this case, the decoupling

1"We have chosen a convention in which —7m/2 < o < m/2. An equally good alternative is to choose
sin(3 — «) > 0. If negative, one may simply change the sign of sin(8 — «) by taking &« — « & 7, which is
equivalent to the field redefinitions h — —h, H — —H.
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limit simply corresponds to 8 — a — @/2 [i.e., sin(B — a) = 1]
independently of the value of (3.

In the approach to the decoupling limit where o« ~ 3 — 7 /2

(that is, [cg_o| < 1 and sg_o ~ 1 — 3¢%__.), we may use

eqs. (320)—(323) and eq. (241) to obtain:™

Y .
mi ~ 1)2 s + A4 — %A Cg_a] ’ (259)
m2 ~ v (A= Xcs_a), (260)
mil ~ s + A — %3\\ 05_a] ~ mi 4+ (A — Aa + b cB_a)'v2 , (261)
miIi ~ P + A4 + %)\F — %X CB_a] = mil + %}\F'v2 . (262)

The condition my > my, implies the inequality (valid to first

18] obtaining eqs. (259), (261) and (262) we divided both sides of each equation by CB—a. SO these equations need to

be treated with care if cg_o = 0 exactly. In this latter case, it suffices to note that 3\\/05_61 has a finite limit whose
value depends on 1M 4 and A 4 [see eq. (266)].
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order in cg_q):
m? > v’ (Aa — 2/)\\05_(1) ; (263)

[¢f. eq. (343)]. The positivity of m; also imposes a useful
constraint on the Higgs potential parameters. For example,
m3 > 0 requires that A > 0.

In the decoupling limit (where m? > |\;|v?), eqgs. (259)-
(262) provide the first nontrivial corrections to eqs. (252) and
(253). Finally, we employ eq. (240) to obtain

AN

+ A4+ A5 4+ b+ b — 3Xepa| - (264)

mi, ~ v’sgcga
Cl—a
This result confirms our previous observation that m?, > |\;|v?
in the decoupling limit as long as 3 is not close to 0 or /2.
However, m?, can be of O(v?) in the decoupling limit [cg_, — O]
if either t3 > 1 [and cg/cs_a ~ O(1)] or b=' > 1 [and
sg/cg—a ~ O(1)].
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The significance of eq. (260) is easily understood by noting
that the decoupling limit corresponds to integrating out the
second heavy Higgs doublet. The resulting low-mass effective
theory is simply the one-Higgs-doublet model with corresponding
scalar potential V. = m?(®T®) 4 iA(®7®)?, where X is given by
eq. (255) and

m? = m%lcg - mgzs% — 2m?,s5cg - (265)

Imposing the potential minimum conditions [eqs. (236) and

(237)], we see that v? = —2m?2/\ [where (®°) = v/+/2] as
expected. Moreover, the Higgs mass is given by m; = Av?, in

agreement with the cz_, — 0 limit of eq. (260).

We can rewrite eq. (259) in another form [or equivalently use
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eqgs. (341) and (342) to obtain]:

(,3 ) vaz Av? (266)
cos(B — o) ~ ~ .
mil — Apv2 m2H — m,zl

This yields an O(v*/m?) correction to eq. (254). Note that
eq. (266) also implies that in the approach to the decoupling
limit, the sign of cos(3 — «) is given by the sign of \.

Two-Higgs Doublet Model Couplings in the Decoupling Limit

The phenomenology of the two-Higgs doublet model depends
in detail on the various couplings of the Higgs bosons to gauge
bosons, Higgs bosons and fermions [656]. The Higgs couplings
to gauge bosons follow from gauge invariance and are thus model
independent:

ghvv = gvMmySg—ay dGuvv = gvMyCa—_a (267)

where gy = 2my /v for V. = W or Z. There are no tree-level
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couplings of A or HT to VV. In the decoupling limit where
cg—a = 0, we see that g,vv = gn,,vv, whereas the HVV
coupling vanishes. Gauge invariance also determines the strength
of the trilinear couplings of one gauge boson to two Higgs bosons:

gCa—qa —gSEB—a
& s 9HAZ — & . (268)
2 cos Ow

el = 2 cos Ow

In the decoupling limit, the hAZ coupling vanishes, while the
H AZ coupling attains its maximal value. This pattern is repeated
in all the three-point and four-point couplings of h and H to V'V,
V¢, and VV ¢ final states (where V is a vector boson and ¢ is
one of the Higgs scalars). These results can be summarized as
follows: the coupling of h and H to vector boson pairs or vector—
scalar boson final states is proportional to either sin(3 — «) or
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cos(3 — ) as indicated below [656, ]-

cos(B — a) sin(3 — «)

HW+W - AW W

HZZ hZZ

ZAh ZAH (269)
WEHTh WHTH

ZWEHTh ZWE*HTH

~WEHTFh ~YWETHFTH

Note in particular that all vertices in the theory that contain at
least one vector boson and cexactly one of the non-minimal Higgs
boson states (H, A or H*) are proportional to cos(3 — ) and

hence vanish in the decoupling limit.

The Higgs couplings to fermions are model dependent. The
most general structure for the Higgs-fermion Yukawa couplings,
often referred to as the type-ll1l model [666], is given by:

~ o~

—0 —0 —0 —0
—Ly = Q,P1m; Uy + Q, 811 D}, + Q,Pn, Uy, + Q,®2m;, DY}, + h.c., (270)
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~

where ®,, are the Higgs doublets, ®; = io.®}, Q) is the

weak isospin quark doublet, and U}, D9, are weak isospin quark
singlets. [The right and left-handed fermion fields are defined
as usual: Y 1 = Pr,rt, where Pg = (1 + v;5).] Here, QY,
U;’z, D?2 denote the interaction basis states, which are vectors in
flavor space, whereas 77?’0, 7751’0, 77?’0, ?72D’0 are matrices in flavor
space. We have omitted the leptonic couplings in eq. (270);

these follow the same pattern as the down-type quark couplings.

We next shift the scalar fields according to their vacuum
expectation values, and then re-express the scalars in terms of
the physical Higgs states and Goldstone bosons [see eq. (251)]. In
addition, we diagonalize the quark mass matrices and define the
quark mass eigenstates. The resulting Higgs-fermion Lagrangian
can be written in several ways [674]. We choose to display
the form that makes the type-ll model limit of the general
type-1ll couplings apparent. The type-l1l model (where n?’o —
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772D’0 = 0) automatically has no tree-level flavor-changing neutral

Higgs couplings, whereas these are generally present for type-
Il couplings. The fermion mass eigenstates are related to the
interaction eigenstates by biunitary transformations:

PLU =V PLUY, PrU = V5 PrU",
P.D =V, P.D°, PrD = V2 PrD°, (271)

and the Cabibbo-Kobayashi-Maskawa matrix is defined as K =
VLUVLDT. It is also convenient to define “rotated” coupling
matrices:

_ 0y U _ D,0y,D
o VLUnffJOVR ’r’ "7? = VLD"h' OVR . (272)

n;

The diagonal quark mass matrices are obtained by replacing the
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scalar fields with their vacuum expectation values:

1
Mp = 7—(’01"71 +wvgmy’), My = 7(’01?71 +vamy ) - (273)

After eliminating nY and 1, the resulting Yukawa couplings are:

1 — Sa Ca T — -
Ly = —DMpD (—h — —H> + — DMp~;D(bA — G)
v Cg3 Cg3 v
1

— 577DPR—|—77 Pr)D(cg_oh — sg_o H
\/5(35 (2 2 ) (B B— )

(274)

D _oP'P)D A
\/_CIB (n2 R 2 L)

—— UMUU (—h + —H
v 85

7 — _
) + 2 TUMywU (' A + G)
85 ()

+ ﬁnUP —I-n P U(cg_ah — sg_oH
\/536 (1 R 1 L)U (cg B )

U’I’] PR—’T] PLUA
\/_SIB (1 1 )
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2 [ 8 _
+£ [UKMDPRD(bH+ — G+ UMyKP,D(t; H + G") + h.c.}
v

1 — 1 _—
— [—Un?TKPLD H + —UanDPRD H" + h-C-] . (275)
s3 &)

In general, n and 7’ are complex non-diagonal matrices.
Thus, the Yukawa Lagrangian displayed in eq. (275) exhibits
both flavor-nondiagonal and CP-violating couplings between the
neutral Higgs bosons and the quarks.

In the decoupling limit (where cs_, — 0), the Yukawa
Lagrangian displays a number of interesting features. First, the
flavor non-diagonal and the CP-violating couplings of h vanish
(although the corresponding couplings to H and A persist).
Moreover, in this limit, the h coupling to fermions reduces

precisely to its Standard Model value, £3M = —(m/v)ffh. To

better see the behavior of couplings in the decoupling limit, the
following trigonometric identities are particularly useful:

sin o

hDD : — = sin(B — a) — tan B cos(B — o), (276)

COS
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— Ccos &
hUU

= sin(8 — a) + cot Bcos(B — ), (277)

sin 3
— cos &
HDD = cos(B — o) + tan Bsin(8 — o) , (278)
cos 3
HUU si.n = cos(B — o) — cot Bsin(B — o) , (279)
sin (3

where we have indicated the type of Higgs-fermion coupling
with which a particular trigonometric expression arises. It is now
easy to read off the corresponding Higgs-fermion couplings in the
decoupling limit and one verifies that the h-fermion couplings
reduce to their Standard Model values. Working to O(cg_q),

the Yukawa couplings of h are given by

1 1
ﬁhQQ = —D ;MD — tan,B [;MD — (SD —|— iPD‘)’5)] C,B—a] D h

1
\/5813

1 1
U —MU + cot ,3 [—MU — (SU + 'I,PU"Y5)] Cﬁ—a] Uh ’ (280)
(¥ v

1
\/5613
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where

SDE%(n2D‘|‘772DT)9 PDE—é(Wf—nfT)»
(281)
are 3 X 3 hermitian matrices and Sy and Py are defined similarly
by making the replacements D — U and 2 — 1.

Note that both h-mediated FCNC interactions (implicit in
the off-diagonal matrix elements of S and P) and CP-violating
interactions proportional to P are suppressed by a factor of cg_,
in the decoupling limit. Moreover, FCNCs and CP-violating
effects mediated by A and H are suppressed by the square of
the heavy Higgs masses (relative to v), due to the propagator
suppression.

Since m;, < mpg, ma and cg_, >~ O(v?/m?%) near the
decoupling limit, we see that the flavor-violating processes and
CP-violating processes mediated by h, H and A are all suppressed
by the same factor.
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Thus, for my 2 O(1 TeV), the decoupling limit provides a
viable mechanism for suppressed Higgs-mediated FCNCs and

suppressed Higgs-mediated CP-violating effects in the most
general 2HDM.

Note that the approach to decoupling can be delayed if
either tan3 > 1 or cot 3 > 1, as is evident from eq. (280).
For example, decoupling at large tan 3 or cot 3 occurs when
lco—_atan 8| <€ 1 or |cg_qcot 3| <K 1, respectively. Using
eqgs. (266) and (256), these conditions are respectively equivalent
to

m> > |Xg|v® cot 3 and m> > |A7jvtan B3, (282)

which supplement the usual requirement of m? > \;v?.

That is, there are two possible ranges of the CP-odd Higgs
squared-mass, \;v? < mil < | Arjv?tan B Jor A\v? K mi‘ <

Y

| Xg|v? cot B] when tan3 > 1 [or cot3 > 1], where the h
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couplings to VV, hh and hhh are nearly indistinguishable
from the corresponding hgy; couplings, whereas one of the hff
couplings can deviate significantly from the corresponding he\i f f
couplings.

The cubic and quartic Higgs self-couplings depend on the
parameters of the 2HDM potential [eq. (231)], and can easily be
worked out.

In the decoupling limit (DL) of o — 3 — /2, we denote the
terms of the scalar potential corresponding to the cubic Higgs
couplings by V](ng) and the terms corresponding to the quartic
Higgs couplings by V[()?

The coefficients of the quartic terms in the scalar Higgs
potential can be written more simply in terms of the linear

combinations of couplings defined earlier [eqs. (255)—(258)] and
three additional combinations:

AT = 82,3(A1 —|— Az) —I— A345(SIB —I— C,B) — 2A5 — SzﬁCZB(AG — >\7) ’ (283)

)\U = 53213(813A1 — CIBAz —|— CzI@A345) — A6813835 — A7CB(33IQ . (284)
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>\V = >‘184ﬁ + )\QCZ —+ %)\345835 — 28213(>\682 + )\76123) . (285)

The resulting expressions for vl(f’ﬁ and V[()? are

v = Ixy(h®+ hG*+2hGTG ) + (Ar + Ar)vhH H™
+1xv [3Hh2 L HG? + 2HG'G™ — 2h(AG + HTG™ + H_G+)]
+ixpv(H’ + HA® + 2HH  H™)
+ XA — A+ IXp|vHH'G™ + H G7)
+(XAa — NVHAG + InxpvhA? + (A — X + IAp)vh H?

+ixFvA(HT'G™ — H™GY), (286)
and
v = 1Ix(gw’ 4+ 2GTG™ + h?)’

+X(h*H — h’Ag,, — WwH'G™ — W"H G' + hHg,,> + 2hHG G~ — Ag,,’
—2A9,,G"GT —g,,’”"H G" — g, ”H'" G~ —2H'G " G"G™ —2H G'G™

+i(Ar + Ap)(R®HYH™ + H’G'G™ + A’G'G™ + g,,"H H™)
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+Ay(hH? + hHA® + 2hHH "H™ — H’Ag,, — H'H'"G™ — H'H G' — A°
—A’H'G™ — A’H G" —2Ag,,H H —2H " H H'G™ —2H H H (

+ 204 — AN +Ap](hHH'G™ + hHH G — Ag,, H'G™ — Ag,,H G")
+iNy(H* + 2H?A® + A* +4H’H " H™ +4A°H"H™ +4H"H H " H™)
+L AN = M)(H"H'"G G~ + HHH G'G" — 2hHAg,,) + Ixr(h*A* + Hg,
+12(N = Aa) + A7) (RPH? + A%g,) + A —Aa+Ar)HTH GG~

+ixp(hAHTG™ — hAH G' + Hg,,H'G™ — Hg,,H G%), (

where G and G are the Goldstone bosons (eaten by the Z and
W=, respectively). Moreover, for c5_, = 0, we have m2 = A\v?
and m2;, — m?% = (A — Aa)v?, whereas m? . — m? = Apv?
Is exact at tree-level. As expected, in the decoupling limit, the
low-energy effective scalar theory (which includes h and the three
Goldstone bosons) is precisely the same as the corresponding SM
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Higgs theory, with \ proportional to the Higgs quartic coupling.

An alternative parameterization of the 2HDM scalar potential

In this Appendix, we give the translation of the parameters
of eq. (231) employed in this paper to the parameters employed
in the Higgs Hunter's Guide (HHG) [656]. Wohile the HHG
parameterization was useful for some purposes (e.g., the scalar
potential minimum is explicitly exhibited), it obscures the decoupling
limit.

In the HHG parameterization, the most general 2HDM scalar
potential, subject to a discrete symmetry ®; — —®; that is only
softly violated by dimension-two terms, is given by®’

_ te v 2) P th vs2)
YV = A (@@, -V Ay (®ID, — V As | (2181 — V7

n the HHG, the V; and A; are denoted by v; and A;, respectively. In eq. (288), we employ the former notation in
order to distinguish between the HHG parameterization and the notation of eqgs. (231) and (235).
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+ Ay |(@]@)(@]®;) — (@]@s)(@]@1)| + A5 [Re(0]®;) — V,

T 2
+ Ag |Im(®Td,) — V.V, sing}

+ Ay _Re(CI)ICI)Q) — V1V cos 5} {Im((I)J{CI)Q) — V1Vasin ‘5} ;

where the A; are real parameters.”’ The V; , are related to the
v1,2 of eq. (235) by Vi, = v1,2/\/§. The conversion from these
A; to the \; and m}; of eq. (231) is:

)\1 — 2(A1 T Ag) 0

A2 — 2(A2 T~ A3) 0

A3 = 2A3 + Ay ’

A= —As+ %(As + Ag) ,

2O eq. (288) we include the A7 term that was left out in the hardcover edition of the HHG. See the erratum that has
been included in the paperback edition of the HHG (Perseus Publishing, Cambridge, MA, 2000).
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s = 3(As — Ag — iA7),
)\6 — )\7 =0
2 __ 2 2 2

my; = —2Vi AL — 2(Vi7 + Vy)As,

Mgy = —2Vy Az — 2(V* + V') As,

m?3, = V1Va(Ascos€ — iAgsin & — %ei€A7) . (289)
Excluding A\¢ and )\;, the scalar potential [eqs. (231) and (288)]
are fixed by ten real parameters. The CP-conserving limit of
eq. (288) is most easily obtained by setting £ = 0 and A; = 0.

In the CP-conserving limit, it is easy to invert eq. (289) and solve
for the A; (2 = 1,...,6). The result is:

e
|

A1 — Azas + 2mi,/(vspeg)]
A2 — Azas + 2m3,/ (v7sgeg)]
Asas — 2mi,/ (v?speg)]

5
||

>
(V)
|
DN = D= N
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Ay = 2m3,/(v?sgeg) — Ay — A5,
As = 2my,/ (v spcg) ,
Ag = 2m3,/(v?sgcg) — 2Xs, (290)

where )\345 — )\3 -+ )\4 -+ )\5 and ’UZSI(-}CIQ = 2‘/1‘/2

Conditions for CP conservation in the two-Higgs doublet model

First, we derive the conditions such that the Higgs sector does
not exhibit explicit CP violation.?! It is convenient to adopt a
convention in which one of the vacuum expectation values, say

v; is real and positive.?” This still leaves one additional phase
redefinition for the Higgs doublet fields. If there is no explicit CP
violation, it should be possible to choose the phases of the Higgs
fields so that there are no explicit phases in the Higgs potential

parameters of eq. (231). If we consider <I>I<I>2 —> e_i”'(I)I(I)z, then

21For another approach, in which invariants are employed to identify basis-independent conditions for CP violation in the
Higgs sector, see refs. [692] and [693].

>?Due to the U(1)-hypercharge symmetry of the theory, it is always possible to make a phase rotation on the scalar fields
such that v1 > 0.
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the n-dependent terms in V are given by
9 . 2% 2
V35 —m’e 30, + Inze 2 (@1@2)
+ace” " (@]@1) (@]®;) + Are™ ™ (@]@;) (@]®;) + hoc. (291)

Let us write

2

m,, = |m12|ez9m

05,6, , (292)

A5,6,7 =
Then, all explicit parameter phases are removed if
O, — N =np,m, 6O0;—2n=nzmw, Og7—n=mnerm, (293)

where n,, 5 6,7 are integers. Writing n = 0,,, —n,,, ™ from the first
condition of eq. (293), and substituting into the other conditions,
gives

0s — 20,
O — 0.,

(ns — 2n,,)7 = Im[(m7,)*A}] = 0, (294)
(ng — np)m™ = Im[m2,A}] =0, (295)
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07 — 0, = (N7 —np)m = Immi,A] =0. (296)

Egs. (294)—(296) constitute the conditions for the absence of
explicit CP violation in the (tree-level) Higgs sector. A useful
convention is one in which m?, is real (by a suitable choice of
the phase n). It then follows that A5, A¢ and \; are also real.
Henceforth, we shall assume that all parameters in the scalar

potential are real.

Let us consider now the conditions for the absence of spontaneous
CP violation.?® Let us write ((I)I(I)z) — %v1v2ei5 with v; and v,
real and positive and 0 < £ < w. The &-dependent terms in V
are given by

Vv > —m?z'vlfvz cos £ + i)\yvffvg cos 2§ + %Agfvi’vz cos € + %)wvg"vl cos £, (297)

which yields

oy
= —m7,v1v7 + A5V v: cos € + %)\gvi’vz + %)wvg"vl (298)
O cos &

23Similar considerations can be found in refs. [693, 694, 695] and [662].
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and )
o°y 5 5
= A . 299
O(cos £)2 U102 (299)

Spontaneous CP violation occurs when & # 0,7/2 or 7w at

the potential minimum. That is, A5 > 0 and there exists a
CP-violating solution to

2 1 2 1 2
mi, 2)\61)1 2)\71)2

cos & =

(300)

A5V1V2

Thus, we conclude that the criterion for spontaneous CP violation
(in a convention where all parameters of the scalar potential are
real) is

0 £ ‘mi — %)\vaf — %)\71)5 < A5V102 and A5 > 0. (301)

Otherwise, the minimum of the potential occurs either at £ = 0,
w/2 or m and CP is conserved.”* The case of £ = 7 /2 is

>The CP-conserving minimum corresponding to & = 0 or £ = 7 does not in general correspond to an extremum in
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singular and arises when m?2, = Xgv? 4+ ;X703 and A5 > 0.7
It is convenient to choose a convention where (®?) is real and
(®J) is pure imaginary. One must then re-evaluate the Higgs
mass eigenstates. As shown in ref. [696], the neutral Goldstone
boson is now a linear combination of Im ® and Re ®9, while
the physical CP-odd scalar, A corresponds to the orthogonal
combination. The two CP-even Higgs scalars are orthogonal
linear combinations of Re @) and Im ®). Most of the results of
this paper do not apply for this case without substantial revision.
Nevertheless, it is clear that the decoupling limit (m? > \;v?)

does not exist due to the condition on mfz.

We shall not consider the & = 7 /2 model further in this paper.
Then, if the parameters of the scalar potential are real and if

V (cos &). Specifically, for A5 < 0, the extremum corresponds to a maximum in V), while for A5 > 0, the extremum
corresponding to a minimum of V(cos &) arises for | cos &| > 1. In both cases, when restricted to the physical region
corresponding to | cos £| < 1, the minimum of V(cos &) is attained on the boundary, | cos £| = 1.

2Note that the case of & = 7 /2 arises automatically in the case of the discrete symmetry discussed in Section ,
m3, = Ag = A7 = 0, when A5 > 0.
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there is no spontaneous CP-violation, then it is always possible to
choose the phase 7 in eq. (291) so that the potential minimum
corresponds to £ = 0.°° In this convention,

m%z — %)\vaf — %)\7’03 > A5U102 for As > 0, (302)
mi, — 3AeV; — 3A705 > 0 for As < 0, (303)

where eq. (302) follows from eq. (301), and eq. (303) is a
consequence of the requirement that V(¢ = 0) < V(¢ = n).
Since £ = 0 and both v; and vy are real and positive, this
convention corresponds to the one chosen below eq. (239). Note
that if we rewrite eq. (240) as '

,02

mil = [miz — A5V1V — %Agvf — %)\7'05} , (304)

V102

20 particular, if & = 7r, simply choose 17 = 7r, which corresponds to changing the overall sign of <I>I<I>2. This is
equivalent to redefining the parameters m%z — —m%z, Ag — —Ag and A7 — — A7,
27 Under the assumption that vy and wvg are positive, eq. (240) implicitly employs the convention in which & = 0.
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it follows that if A5 > 0, then the condition m? > 0 is equivalent
to eq. (302). However, if A5 < 0, then eq. (303) implies that
m? > |s|v.

A singular limit: m;, = myg

By definition, m; < mpygy. The limiting case of m;, = mgy

is special and requires careful treatment in some cases. For
example, despite the appearance of m%i — mi in the denominator

of eq. (250), one can show that 0 < c3__, < 1. To prove this,
we first write

(81

2 2
2 _1 1 — mg — 2myp
,3—(1_2

(305)

4 2 002 4
\/mS — 4m,m; — 4mp

Next, we use eq. (248) to explicitly compute:

milg—4m?4mi_4m;1t) — mi‘—Zmi‘ [(Bgz - Bf1)c2ﬁ + 25?2323} +(Bi1_B§2)2+4[Bi2]2 ’
(306)
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and
('rn?9 —2m})* = mflg - 4m?4mi - 4m4D — [(Bfl — B},)s03 — 23%2023} i . (307)
Note that eq. (306), viewed as a quadratic function of m? (of
the form Am? + Bm? + C), is non-negative if B* — 4AC =
(B2, — B2,)s28 — 23%2025}2 > 0. It then follows from eq. (305)
that 0 < cj_, < 1if

4—
S

2

2 _ am? (308)

(m% —2m7)* < m Am’m D

a result which is manifestly true [see eq. (307)].

We now turn to the case of m;, = myg. This can arise if and
only if the CP-even Higgs squared-mass matrix (in any basis) is
proportional to the unit matrix. From eq. (242), it then follows
that:

Bi, — By, = myeas, 2181, = M, 825 - (309)
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where m; = m3, = B, + mis% = B2, + 'mAc Alternatively,

from eq. (249), the condition for m; = mg is given by m’, —

4m?mi — 4my = Am’ + Bm? + C = 0. However, one must
check that this quadratic equation possesses a positive (real)
solution for m?. Noting the discussion above eq. (308), such a
solution can exist if and only if B> — 4AC = 0, which is indeed
consistent with eq. (309). Of course, the results of eq. (309) are
not compatible with the decoupling limit, since it is not possible

to have m;, = mg and m? > |\;|v>.

If we take B? — 4AC = 0 but keep m 4 arbitrary, then
eq. (305) yields

. 2 1 2
2 =0, i mp < e, (310)
= 1, if m% > %m%
For m? = Zm?, we have m} = m3}, = im%, and the angle

o is not well-defined. In this case, one cannot distinguish
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between h and H in either production or decays, and the
corresponding squared-amplitudes should be (incoherently) added
in all processes. It is easy to check that the undetermined angle
o that appears in the relevant Higgs couplings would then drop
out in any such sum of squared-amplitudes. The singular point
of parameter space corresponding to m; — mpgy will not be
considered further in this paper.

Relations among Higgs potential parameters and masses

It is useful to express the physical Higgs masses in terms of
the parameters of the scalar potential [eq. (231)]. First, inserting
eqs. (242) and (243) into eq. (245) and examining the diagonal
elements yields the CP-even Higgs boson squared-masses:

mi — mi‘cz_a + v° [Alcési -+ Astci — 2A345C0C3SaS3 + )\502_(1
— 2X6C3S0CB+a T 2)\7330a0g+a] , (311)
qu — misf_j_a + v? [Alczci + )\23231 + 2A345¢CaCB8aS3 + )\53%_0C

+ 2X6cpCaSpta + 2>\7353a8g+a] , (312)
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while the requirement that the off-diagonal entries in eq. (245)
are zero yields

2 2 2 2
M p SB—aCB—a = %’U [SQQ(—A;[CIB —|— A2SIB) -|— A3458213C:2a — 2A585_a013_a

+ 2X¢cgCBi20 + 2)\78138134_2&] - (313)

where A34y5 = A3 + Ay + A5. We can now eliminate mil from

eqgs. (311) and (312) and eqs. (240) and (241) using the result of
eq. (313). This yields equations for the other three physical Higgs
boson squared-masses and the scalar potential mass parameter

m?, in terms of the Higgs scalar quartic couplings

W _ 3 3 1

— SB—a = TA1CgSa T A285Ca + 3A345C1aS23

v

—|—>\602(05ca — 3s384) + >\7sz(3czgca — 83Sqa) » (314)
m2
3 3
epa = AiCgCa + A283Sa + $A345531a523
v

—|—>\602(3330a + c3Sa) + )\732(330(1 + 3¢c3Sa) (315)
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o2 S—aCB—a = _32a(Alc% — Azsf.;) + A345828C20 — (A4 + A5)S8—aCi—a
+2X6CcBC3+20 + 2A783S838+42a » (316)
2m?
vzlzsﬁ—acﬁ—a - —%SzﬁszanCZ — Azsg) + %A3458§502a
—|—)\Gcé 3cpsaCr0 — CaSal(l + 23%)} (317)

+)\7s?3 _3856562a + casal(l + ch)} .
(318)

Note that eq. (316) is easily derived by inserting eq. (313) into
eq. (241). A related useful result is easily derived from eqs. (313)
and (315):

(mj — my)

o2 Sg—a = %32[3 (—A1cacs + A28a83 + A345C3+a) — A588—a

+e6Cg [Cgc5+a — 2séca} + 783 [3505+a -+ 2césa] (319)

It is remarkable that the left hand side of eq. (319) is proportional
only to s3_, (i.e., the factor of cg_, has canceled). As a
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result, in the decoupling limit where c3_, — 0, we see that
m?% — m%, = O(v?).

The expressions given in egs. (313)—(316) are quite complicated.
These results simplify considerably when expressed in terms of A,

A and A4 [egs. (255)—(257)]:

m: = o >\A+X<SB‘“ _ Cﬂ‘“)} , (320)
| Co—a Sg—a
C Ren
m?: = (A= 2" ] : (321)
SB—«
X S5—a
m?, = o |a4 2P ] . (322)
Co—a
One can then rewrite eq. (319) as
XCs_a
m2H—m?4=v2[)\—}\A—l— £ ] (323)
Sg—a

We can invert egs. (313)—(318) and solve for any five of the
scalar potential parameters in terms of the physical Higgs masses
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and the remaining three undetermined variables [661, : ].

It is convenient to solve for A\y,..., A5 in terms of X, A7, m%,
and the Higgs masses. We obtain:

N m?qci + ’:)"212;;-25?1 — m?25 _ %}\65 n %)\753, (324)
I€;
N miss, + ﬂ:}ézzx — mi,b! + A — b, (325)
B
A = (Mm%, — mi)casaz—l— 2m’, 1 spcg — my, B %)\65_1 B %)\75 (326)
V°SpCa
- (mi — 2mZ_I:I:)SBC,3 + m%2 . %AGB_l . %)wl;, (327)
v 3,30,3

2 2
My, — M 4, SECH

s — Ixgb™" — IXsb. (328)

v2sgcp

In addition, the minimization conditions of eqs. (236) and (237)
reduce to:
) 1

my, = _E (mzcacﬁg_a — miSQSB_a> + m32l~), (329)

J. Gunion 250Higgs, U.C. Davis, 273



1 ~_
mgz — ~9a. (m,zlcasﬁ_a + m?qsacﬁ_a> + m32b o (330)
1€

Note that \¢ and A7 do not appear when m? and mj3, are

expressed entirely in terms of m%z and physical Higgs masses.

In some cases, it proves more convenient to eliminate m%z in

favor of A5 using eq. (328). The end result is:

2 2 2 .2 2 2
My C., + My S, — MTLS - -
A, = —H e A8 _ Xsb% — 2X6b, (331)
v2c
B
2 2 2 2 2 2
mys, + myc, — mjc ~ -~
A, = H i AP b2 — 2071, (332)
UREY
(Mmy — mp)saca + (2my — my)spcp -y -
A3 = 5 — A5 — Agb T — A7b, (333)
V*SpCa3
2(m? — m? 1)
Ay = A > H + As ’ (334)
v
and
1 -
mj, = —— (mzcacﬁ_a — misasB_a) + (m? + )\5'02)32 + %’UZ(AGSIBCIB + )\7séb) ,

263
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(33
1 ~_
mgz — _E (micas,ﬂ—a — mzsaCB_a) -+ (m?4 + }\5'02)0?3 + %02()\6ch S A783Cp3

(3

Using egs. (320)—(322), one may obtain simple expressions for

A, A and A4 [egs. (255)—(257)] in terms of the neutral Higgs
squared-masses:

Av? = m. sé_a + m7, Cfa—a : (337)
No? — 2 2
v' = (mpy —m})Ss-aCsa; (338)
Aav' = my+ (my —my) (Ca — S5-a) (339)
Apv’ = 2(miIi —m?), (340)

where we have also included an expression for A\ = A5 — \4 in
terms of the Higgs squared-masses [see eq. (241)]. Thus, four of
the the invariant coupling parameters can be expressed in terms
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of the physical Higgs masses and the basis-independent quantity
B — a (see Appendix ).

Finally, we note that eqs. (338) and (339) also yield a simple
expression for 3 — «, which plays such a central role in the
decoupling limit. We find two forms that are noteworthy:

202
tan[2(8 — @) = o (341)
and
N e2
sin [2(3 — a)] = 22)‘” . (342)

My — My
Indeed, if A = O then either cg—a = 0 or sg_, = 0 as discussed

in Section 5. For \ #+ 0, the condition mgy > my; implies that
ASg—aCB—a > 0. This inequality, when applied to eq. (320),
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imposes the following constraint on m 4

[ 2\ ¢ o 2 s o
v? [Aa — & <m? < v’ |AaA & . (343)
SB—a Cl—a

In addition, we require that m? > 0.

The expressions for the Higgs masses [eqs. (320)—(322)] and
B — o [eq. (341) or (342)] are especially useful when considering
the approach to the decoupling limit, where |cz_,| < 1. For
example, eqs. (320)—(322) reduce in this limit to the results of
egs. (259)—(261). Moreover, sin[2(8—a)] ~ — tan[2(8 — a)] ~
2c3—a, and egs. (341) and (342) reduce to the results given
by eq. (266). The corresponding results in limiting case of
|ss—a| < 1 treated in Section 5 are also similarly obtained.

Invariant combinations of the Higgs scalar potential parameters

In the most general 2HDM model, there is no distinction
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between the two Y = 1 complex doublets, ®; and ®;. In
principle, one could choose any two orthogonal linear combinations
of &, and ®, (i.c., choose a new basis for the scalar doublets), and
construct the scalar sector Lagrangian with respect to the new
basis. Clearly, the parameters of eq. (231), mfj and the \;, would
all be modified, along with o and 3. However, there exists seven
invariant combinations of the \; that are independent of basis
choice [699]. These are: A, X, Aa, Ar defined in egs. (255)-
(258), and Ar, Ay and Ay defined in egs. (283)—(285). In
addition, the combination 3 — « is clearly basis independent.
Thus, all physical Higgs masses and Higgs self-couplings can be
expressed in terms of the above invariant coupling parameters
and 3 — «. Earlier, we have already shown how to express the
Higgs masses in terms of the invariant parameters. One can also
write the three-Higgs and four-Higgs couplings in terms of the
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invariant parameters.?®

To obtain expressions for the Higgs self-couplings in terms of
invariant parameters, one must invert the relations between the
A; and the invariant coupling parameters. The end result is:

A1 = cé(l + 332))\ + 2325(02 X+ S?% Au) — %sgﬁ(2)\A — A7) + SZAV ,
Ay = sé(l + 302))\ — 2323(32 X+ cz Au) — %sgﬁ(ZAA — A1) + C4ﬁ>‘V ,
. 2 2 2 N 2 2 2 3 2
A3q5 = (2c2[3 - cﬁsﬁ)k — 3s28C28(A — Ay) — (c23 - 2cﬂsﬁ)(2>\A — A1) + 1828V
A5 = (cgﬁ — césg)k — 32302@(3\\ — Avu) — cgﬁ}\A + isgﬁ()\v — 2A7),
A = %325(332 — 1A — cﬁc;),g/)\\ — 83833 AU + %Sggcm(Z)\A — AT) — %szszﬁ)\v ,
A7 = %323(302 — 1A — 3533[33\\ — cpC33AU — %325625(2}\A — AT) — %cészg}\v ,(344)

and A4 — A5 — )\F
The significance of the invariant coupling parameters is most
evident in the so-called Higgs basis of ref. [693], in which only

28The Higgs couplings to vector bosons depend only on B — o [see eqs. (267)—(269)].

The Higgs couplings to fermions in the Type-lIl model (in which both up and down-type fermions couple to both Higgs
doublets) can also be written in terms of invariant parameters. However, one would then have to identify the appropriate
invariant combinations of the Higgs-fermion Yukawa coupling parameters [699], n,LU and 777;D [see eq. (272)].
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the neutral component of one of the two Higgs doublets (say, the
first one) possesses a vacuum expectation value. Let us denote

the two Higgs doublets in this basis by ®, and ®;. Then, after
a rotation from the ®,—®, basis by an angle 3,

b, = P, cos 3 + P,sin 3,
P, = —P;sinB + P,cos3, (345)

one obtains

G* HT
Pa= | Lwrettic?) |0 BT L(pltia) |0 (390

where ) and ¢} are related in the CP-conserving model to the
CP-even neutral Higgs bosons by:

H = ¢,cos(8—a)— pysin(8 — a), (347)
h = ¢.sin(B — a)+ ¢, cos(8 — a) . (348)

Here, we see that 3 — « is the invariant angle that characterizes
the direction of the CP-even mass eigenstates (in the two-
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dimensional Higgs “flavor” space) relative to that of the vacuum
expectation value.

In the Higgs basis, the corresponding values of \{,-:-, \7 are
easily evaluated by putting 3 = 0 in eq. (344). Thus, the scalar
potential takes the following form:

V = m’ & e, +m) & e, — [m>,® &, + h.c.]
HIA(@L0)" + AV (B]®5)" + (A1 + AR) (D] 24) (D] Bs) (349)
+(A = xa — Ap) (2L @) (2] @)

+ {32 = 2 (@]@)* — X (@[ 80) + Av(®] @) | ®l@, + hc. |, (350)

where three new invariant quantities are revealed:

2 2 2 2 2 2 . \2

My, = M Cg+ MyySg — [mi, + (my,)]spes, (351)
2 2 2 2 2 2 * \2

My, = MMy1Sg T+ MyyCh + [mi, + (my,) ]spes (352)
2 2 2 2 2 *\2 2

m,, = (mj; —my)sgcag+ M),Cg — (Mmyy) S5 - (353)

In the CP-conserving theory where m?Z, is real, the corresponding
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potential minimum conditions [eqs. (236)—(237)] simplify to:
m2, = —30v°X, m’, = —1y2X, (354)

aa 2

with no constraint on m7,. In fact, m;, is related to m?:
mil = Tr m?+ %v2()\ + Ar)
= m}, + :v°Ar, (355)

after imposing the potential minimum condition [eq. (354)]. It
is convenient to trade the free parameter m;, for 3 — . Using

the results of eqgs. (341) and (342), it follows that

tan[2(3 — )] =

356
)\A—%)\T—m%b/fﬁ’ (356)

where the sign of sin[2(8 — a)] is equal to the sign of .
It is now straightforward to obtain the three-Higgs and four-
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Higgs couplings in terms of the invariant coupling parameters and
B — «, by inserting eqgs. (346)—(348) into eq. (350).

J. Gunion 250Higgs, U.C. Davis, 283



Some more on the MSSM Higgs sector:
theoretical basis

Note: There are equation numbers appearing as ?? marks in
what follows. If you want to learn more about the referenced
equations, you can go look for these equation numbers in the
.pdf file for the darkmatter-susy course linked to my home page.
The discussion below is taken from the notes for that course.

e | Electroweak symmetry breaking and the Higgs bosons

In the MSSM, the description of electroweak symmetry breaking
is slightly complicated by the fact that there are two complex
Higgs doublets H,, = (H, H)) and Hy = (H), H;) rather
than just one as in the ordinary Standard Model.

The classical scalar potential for the Higgs scalar fields in the
MSSM by

V = (lplP+mi ) (H? + |HL?) + (Ip* +mE ) (1Hg)? + |H; |?)
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+[b(HIH; — HYHY) + c.c.]
1 _
500" + 9"V (IH, P + |H|° — [Hgl* — |Hg [*)°
+39° | Hf Hy" + H Hy " (357)

We note the following:

— The terms proportional to |u|? come from F-terms [see
Eq. (77)].

— The terms proportional to g? and ¢’ are the D-term
contributions, obtained from the general formula Eq. (77)
after some rearranging.

— Finally, the terms proportional to m7; , m%{d and b are just a
rewriting of the last three terms of Eq. (?7?) using the identity

|H*HE? + ey HEHY)? = (HE*HE)(HY*H?Y)  (358)

The full scalar potential of the theory also includes many terms
involving the squark and slepton fields that we can ignore here,
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since they do not get VEVs because they have large positive
squared masses.

We now have to demand that the minimum of this potential
should break electroweak symmetry down to electromagnetism
SU(2)r X U(1)y — U(1)gwm, in accord with experiment.

We can use the freedom to make gauge transformations to
simplify this analysis.

— First, the freedom to make SU (2); gauge transformations
allows us to rotate away a possible VEV for one of the weak
isospin components of one of the scalar fields, so without
loss of generality we can take H = 0 at the minimum of
the potential.

— Then, we can examine the condition for a minimum of the
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potential satisfying

0%
OH

=bH, +1g°HY H;H)" =0. (359)
H; =0

For generic parameter choices this will not vanish unless
H, =

This is good, because it means that at the minimum of the
potential electromagnetism is necessarily unbroken, due to
the fact that the charged components of the Higgs scalars

cannot get VEVs.

— After setting H = H, = 0, we are left to consider the
scalar potential involving only the neutral Higgs fields:

Vo= (el 4+ mi ) HP + (ul® + mi ) HY — (b HOHS + c.c.)

- '
+5(a" + g (I H,I" — |Hal")". (360)
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— The only term in this potential that depends on the phases
of the fields is the b-term.

Therefore, a redefinition of the phase of H,, or H; can absorb
any phase in b, so we can take b to be real and positive.

— Then it is clear that a minimum of the potential V' requires
that H) HY is also real and positive, so (H)) and (H)) must
have cancelling phases.

— We can therefore use a U (1)y gauge transformation to make
them both be real and positive without loss of generality, since
H,, and H, have opposite weak hypercharges (+1/2).

— It follows that CP cannot be spontaneously broken by
the Higgs scalar potential, since the VEVs and b can be
simultaneously chosen real, as a convention.

— This means that the Higgs scalar mass eigenstates can be
assigned well-defined eigenvalues of CP, at least at tree-
level. (CP-violating phases in other couplings can induce
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loop-suppressed CP violation in the Higgs sector, but do not
change the fact that b, (H?), and (H,) can always be chosen
real and positive.)

In order for the MSSM scalar potential to be viable, we must
first make sure that the potential is bounded from below for
arbitrarily large values of the scalar fields, so that V will
really have a minimum. (Recall that scalar potentials in purely
supersymmetric theories are automatically non-negative and so
clearly bounded from below. But, now that we have introduced
supersymmetry breaking, we must be careful.)

The scalar quartic interactions in V' will stabilize the potential
for almost all arbitrarily large values of H) and H).

However, for the special directions in field space |H)| = |H}],
the quartic contributions to V' [the second line in Eq. (363)]
are identically zero.

Such directions in field space are called D-flat directions,
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because along them the part of the scalar potential coming
from D-terms vanishes.

In order for the potential to be bounded from below, we need
the quadratic part of the scalar potential to be positive along
the D-flat directions. This requirement amounts to

2b < 2|pu|? + m%{u — m%id. (361)

Note that the b-term always favors electroweak symmetry
breaking.

Requiring that one linear combination of H) and H) has a
negative squared mass near H) = H) = 0 (i.e. requiring that
the determinant of the mass-squared matrix be negative) gives

b* > (|ul® + my ) (Iul® + my). (362)

If this inequality is not satisfied, then H) = H) = 0 will be
a stable minimum of the potential (or there will be no stable
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minimum at all), and electroweak symmetry breaking will not
occur.

Interestingly, if m%; = m7; then the constraints Eqs. (361)
and (362) cannot both be satisfied.

In models derived from the minimal supergravity or gauge-
mediated boundary conditions, m3, = m%,d is supposed to
hold at tree level at the input scale, but the contribution to
the RG equation for m%{u proportional to the square of the
large top-quark Yukawa coupling y; naturally pushes m%,u to

negative or small values m%{u < m%Id at the electroweak scale.
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Figure 34: lllustration of RG evolution of soft parameters showing how m%Iu is driven
negative in evolving from GUT scale to mz scale. Some other things to note: gaugino
masses can unify if M3 ~ 3M, ~ 6M,; at scale mz; squark masses increase as scale
decreases, but slepton masses don’t change a lot.
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Unless this effect is significant, the parameter space in which
the electroweak symmetry is broken would be quite small.
So, in these models electroweak symmetry breaking is actually
driven by quantum corrections; this mechanism is therefore
known as radiative electroweak symmetry breaking.

Note that although a negative value for |u|* + m3%; will help
Eq. (362) to be satisfied, it is not strictly necessary.

Furthermore, even if m%{u < 0, there may be no electroweak
symmetry breaking if |p| is too large or if b is too small.

Still, the large negative contributions to m7; from the RG
equation are an important factor in ensuring that electroweak
symmetry breaking can occur in models with simple GUT-scale
boundary conditions for the soft terms.

The realization that this works most naturally with a large
top-quark Yukawa coupling provides additional motivation for
these models.
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Having established the conditions necessary for H) and H)

to get non-zero VEVs, we can now require that they are
compatible with the observed phenomenology of electroweak
symmetry breaking, SU(2)r X U(1)y — U(1)gm. Returning
to the scalar potential involving only the neutral Higgs fields:

V o= (lul® + my ) Hy* + (Ipl* + my )| Hyl* — (b HyHy + c.c.)
1
+5(6” + g (| Hy " — |Hgl")’, (363)
let us write
vy = (HY), va = (HY). (364)

These VEVs are related to the known mass of the Z boson
and the electroweak gauge couplings (I have changed my
convention so that v = vprevious/\/ﬁ.):

v 4+ v =v=2m5/(g° + g"°) = (174 GeV)>. (365)

J. Gunion 250Higgs, U.C. Davis, 294



The ratio of the VEVs is traditionally written as
tan B = v, /vg. (366)

The value of tan 3 is not fixed by present experiments, but
it depends on the Lagrangian parameters of the MSSM in a
calculable way.

Since v,, = vsin 8 and vy = v cos 3 were taken to be real and
positive by convention, we have 0 < 3 < w/2, a requirement
that will be sharpened below.

Now one can write down the conditions dV/0H) = dV/0H) =
0 under which the potential Eq. (363) will have a minimum
satisfying Eqs. (365) and (366):

m%iu + |u|? — beot B — (m?,/2) cos(28) = 0, (367)
m%{d + |u|? — btan B + (m%/2) cos(28) = 0. (368)
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It is easy to check that these equations indeed satisfy the
necessary conditions Eqgs. (361) and (362). They allow us to
eliminate two of the Lagrangian parameters b and |u| in favor

of tan 3, but do not determine the phase of .

Taking |u|?, b, m%; and m%,d as input parameters, and m?,

and tan 3 as output parameters obtained by solving these two
equations, one obtains:

in(2) 2 (369)
S11l p—
m}, +m} + 2|p|?
mz m2
m;, = e, A - m%{u o m%{d — 2|p|?(370)

(Note that sin(203) is always positive. If m%; < mi; , as

is usually assumed, then cos(23) is negative; otherwise it is
positive.)

J. Gunion 250Higgs, U.C. Davis, 296



As an aside, Eqgs. (369) and (370) highlight the “u problem”
already mentioned earlier.

— Without miraculous cancellations, all of the input parameters
ought to be within an order of magnitude or two of m?,.

— However, in the MSSM, 1 is a supersymmetry-respecting
parameter appearing in the superpotential, while b, m%,u,
m3;  are supersymmetry-breaking parameters.

— This has lead to a widespread belief that the MSSM must
be extended at very high energies to include a mechanism
that relates the effective value of i to the supersymmetry-
breaking mechanism in some way.

— Even if the value of i is set by soft supersymmetry breaking,
the cancellation needed by Eq. (370) is often very substantial
(= finetuning) when evaluated in specific model frameworks,
after constraints from direct searches for the Higgs bosons

and superpartners are taken into account.
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— For example, expanding for large tan 3, Eq. (370) becomes

(m?qd—mi[u)—l—O(l/ tan* 3).

(371)
Typical viable solutions for the MSSM have —m7; and |u|?
each much larger than m?%, so that significant cancellation is
needed.

— In particular, large top squark squared masses, needed to
avoid having the Higgs boson mass turn out too small [see
Eq. (385) below] compared to the 126 GeV observed mass,
will feed into (via the RGEs) m7; and make it normally quite
large in magnitude and negative.

The cancellation needed in the minimal model is typically
of order a fraction of a per cent level. It is impossible to
objectively characterize whether this should be considered
worrisome, but it could be taken as a weak hint in favor of

2 _ 2 2
m, = —2(mHu—|—|y,| ) tan?

n” g
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non-minimal models such as the NMSSM.

Radiative corrections to the Higgs masses

The discussion above is based on the tree-level potential, and
involves running renormalized Lagrangian parameters, which
depend on the choice of renormalization scale.

In practice, one must include radiative corrections at one-loop
order, at least, in order to get numerically stable results.

To do this, one can compute the loop corrections AV to the
effective potential V g (vy,vq) = V + AV as a function of
the VEVs. The impact of this is that the equations governing
the VEVs of the full effective potential are obtained by simply
replacing

1 90(AV) 1 9(AV)
m2H’“ ~ m%{“’ | 2v, Ov, m%{d ~ mi[d | 2v4 Ovg
(372)

in Egs. (367)-(370), treating v,, and v4 as real variables in the
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differentiation.

The above replacements come from the simple identity that
(focusing on v,, as an example)

0 0,

OAV
2
— 20,
Y T
— (mi,u | e )2v, .  (373)

The result for AV has now been obtained through two-loop
order in the MSSM.

The most important corrections come from the one-loop
diagrams involving the top squarks and top quark, and experience
shows that the validity of the tree-level approximation and the
convergence of perturbation theory are therefore improved by
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choosing a renormalization scale roughly of order the average
of the top squark masses.

Mass eigenstates

The Higgs scalar fields in the MSSM consist of two complex
SU (2) -doublet, or eight real, scalar degrees of freedom.

When the electroweak symmetry is broken, three of them
are the would-be Nambu-Goldstone bosons G°, G*, which
become the longitudinal modes of the Z and W= massive
vector bosons.

The remaining five Higgs scalar mass eigenstates consist of two
CP-even neutral scalars h and H, one CP-odd neutral scalar
A, and a charge +1 scalar H™ and its conjugate charge —1
scalar H~. (Here we define G- = G and H~ = H™*.
Also, by convention, h is lighter than H.)

The gauge-eigenstate fields can be expressed in terms of the
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mass eigenstate fields as:

(35) = (2)+ () g (S) o

H G+
() - m(g)
where the orthogonal rotation matrices
R, — ( cos sma) , (37
—sina cos o

sin G cos Gy sin B4+ cos O+

RBO:(—cosﬁO sinB(,)’ RBi:(—cosﬂi sinﬁi)’ (37

are chosen so that the quadratic part of the potential has diagonal squared-
masses:

V. = im;(h)?+ ;mi(H)? + ;mie(G°)? + 3m? (A°)?
+m&e | GTI* + mip [ HY |+ ...,k (378)
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Then, provided that v,,, v4 minimize the tree-level potential,?’

one finds that 8y = 8+ = 3, and m7,, = m’,, = 0, and

m? = 2b/sin(28) = 2|u|* +mi; + miId (379)

m? g = 3(m%+mY F\/(mh — mB)? + amLm?, sin®(26) ), (380)

mi. = mi + miy,. (381)

The mixing angle « is determined, at tree-level, by

sin 2o B m%{ -+ mi tan 2« B mi‘ -+ m2Z (382)
sin28 m2, —m2)’ tan28  \m?% —m%/’

and is traditionally chosen to be negative; it follows that
—7/2 < a < 0 (provided m 4 > mz). The Feynman rules for
couplings of the mass eigenstate Higgs scalars to the Standard
Model quarks and leptons and the electroweak vector bosons,

2t is often more useful to expand around VEVs w4, v4 that do not minimize the tree-level potential, for example to
minimize the loop-corrected effective potential instead. In that case, 3, Bp, and B4 are all slightly different.
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as well as to the various sparticles, have been worked out in
detail (Gunion-Haber, and HHG).

The masses of A, H and H= can in principle be arbitrarily
large since they all grow with b/ sin(23). In contrast, the mass
of h is bounded above. From Eq. (380), one finds at tree-level:

mp < mz|cos(20)] (383)

This corresponds to a shallow direction in the scalar potential,
along the direction (H) — v,,, H) — vgq) « (cos a, — sin av).

The existence of this shallow direction can be traced to the
fact that the quartic Higgs couplings are given by the square
of the electroweak gauge couplings, via the D-term.

A contour map of the potential, for a typical case with tan 8 =
— cot a = 10, is shown in Figure 35.
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Figure 3b5: A contour map of the Higgs potential, for a typical case with
tan3 =~ —cota = 10. The minimum of the potential is marked by +, and the

contours are equally spaced equipotentials. Oscillations along the shallow direction, with
Hu/Hg ~ 10, correspond to the mass eigenstate h, while the orthogonal steeper direction
corresponds to the mass eigenstate H.

If the tree-level inequality (383) were robust, the lightest
Higgs boson of the MSSM would have been discovered at
LEP2. However, the tree-level formula for the squared mass of
h is subject to quantum corrections that are relatively drastic.
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The largest such contributions typically come from top and
stop loops, as shown® in Fig. 36.

,— -\ 7/ f- \
N7 2 hY RY ! N 1,0 \ ,
A(‘_INL,,‘,I = — - -—-— - ———{ )——— -+ '___\___,___
\ /
S

Figure 36: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark
one-loop diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a
large positive correction to mi in the limit of heavy top squarks.

In the simple limit of top squarks that have a small mixing in
the gauge eigenstate basis and with masses m;, m; much
greater than the top quark mass m., one finds a large positive

301, general, one-loop 1-particle-reducible tadpole diagrams should also be included. However, they just cancel against
tree-level tadpoles, and so both can be omitted, if the VEVs vq, and v, are taken at the minimum of the loop-corrected
effective potential (see previous footnote).
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one-loop radiative correction to Eq. (380):

3
A(m3) = o, cos’a y;m? In (m;lmg2/m§) : (384)

This shows that m,; can at least approach the observed 126
GeV mass.

An alternative way to understand the size of the radiative
correction to the h mass is to consider an effective theory
in which the heavy top squarks and top quark have been
integrated out.

The quartic Higgs couplings in the low-energy effective theory
get large positive contributions from the the one-loop diagrams
of Fig. 37. This increases the steepness of the Higgs potential,
and can be used to obtain the same result for the enhanced h
mass.
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Figure 37: Integrating out the top quark and top squarks yields large positive contributions
to the quartic Higgs coupling in the low-energy effective theory, especially from these one-loop
diagrams.

An interesting case, often referred to as the “decoupling limit”,
occurs when m 4 > myz.

— Then my can saturate the upper bounds just mentioned,
with m? =~ m?% cos?(23)+ loop corrections.

— The particles A, H, and H* will be much heavier and nearly
degenerate, forming an isospin doublet that decouples from
sufficiently low-energy experiments.

— The angle o is very nearly 3 — 7w/2, and h has the same
couplings to quarks and leptons and electroweak gauge

bosons as would the physical Higgs boson of the ordinary
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Standard Model without supersymmetry.

— Indeed, model-building experiences have shown that it is not
uncommon for h to behave in a way nearly indistinguishable
from a Standard Model-like Higgs boson, even if m 4 is not
too huge.

— However, it should be kept in mind that the couplings of
h might turn out to deviate significantly from those of a

Standard Model Higgs boson.
Top-squark mixing (which we may discuss later) can result in
a further large positive contribution to mi At one-loop order,
and working in the decoupling limit for simplicity, Eq. (384)
gegleralizes to:

m; = m5 cos’(20)
3 2 2, 2 2 2 2
b sins 2 [mdn (memiy m) + eladm, — md) InGm, /)
4 4 2 2 \2 4 4 2 2 2
—|—c£s£{(mg2 —m; ) — %(Tnlg2 — m; ) ln(m£2/m£1)}/mt} . (385)

Here c; and s; are the cosine and sine of a top squark mixing
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angle 0;, defined more specifically later on when we discuss the
squark sector.

For fixed top-squark masses, the maximum possible h mass

occurs for rather Iarge top squark mixing, cis? = mt/[m
m%l 2(777,{2 — )/ln(m /m )l or1/4, whlchever is Iess

It follows that the quantlty in square brackets in Eq. (385) is
always less than m;[In(m? /mt) + 3.

The observed 126 GeV mass makes large top-squark mixing
mandatory unless the top-squark masses are themselves extremely

large.

Including these and other important corrections one can obtain
only a weaker, but still very interesting, bound

mp < 135 GeV (386)

in the MSSM. This assumes that all of the sparticles that can

contribute to m,% in loops have masses that do not exceed 1
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TeV.

Thus, before the LHC discovery it was a fairly robust prediction

of supersymmetry at the electroweak scale that at least one of

the Higgs scalar bosons had to be light.

The measured 126 GGeV mass does not require extreme measures,
but does lead to large fine-tuning in order to have consistency

with the Z mass, as described earlier.

Let us now recall that the top, charm and up quark mass matrix

is proportional to v,, = vsin(3 and the bottom, strange, and

down quarks and the charge leptons get masses proportional

to vg = v cos 3. At tree-level,

m; — YU sin 3, mp = Ypv cos 3, m, = Y,V cos 3.
(387)
These relations hold for the running masses rather than the
physical pole masses, which are significantly larger for ¢, b.
Considering y, and vy, we see that at tree level y,/y; =
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(mp/myg) tan 3 and y../y; = (m,/my) tan 3, so that y, and
Yy, are large if tan 3 is much larger than 1.

In fact, there are good theoretical motivations for considering
models with large tan 3. For example, models based on the
GUT gauge group SO(10) can unify the running top, bottom
and tau Yukawa couplings at the unification scale; this requires
tan 3 to be very roughly of order m;/my.

Further notes:

— If one tries to make sin 3 too small, y; will be nonperturbatively
large.
Requiring that y; does not blow up above the electroweak
scale, one finds that tan3 > 1.2 or so, depending on the
mass of the top quark, the QCD coupling, and other details.
— In principle, there is also a constraint on cos 3 if one requires
that y, and y- do not become nonperturbatively large.
This gives a rough upper bound of tan3 < 65. However,
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this is complicated somewhat by the fact that the bottom
quark mass gets significant one-loop non-QCD corrections in
the large tan 3 limit.

— One can obtain a stronger upper bound on tan (3 in some
models where m7, = qud at the GUT or other high energy

input scale, by requiring that y; does not significantly exceed

31
Y-

— The parameter tan 3 also directly impacts the masses and
mixings of the MSSM sparticles,.

3 Yyp Were substantially larger than vy, then the RG evolution equations for the soft-SUSY-breaking masses

m%_Iu, m%Id that we did not discuss, would imply m%_Id < m%_Iu at the electroweak scale. In this case, the minimum

of the potential would have <H?l> > (H,?L) which would be a contradiction with the supposition that tan 3 is large.
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The RNS approach to the Little Hierarchy
Problem

Outline

e Models of natural supersymmetry seek to solve the little
hierarchy problem by positing a spectrum of light higgsinos
X 200 — 300 GeV and light top squarks X 600 GeV along with
very heavy squarks and TeV-scale gluinos.

Such models have low electroweak fine-tuning and satisfy the
LHC constraints.

e However, in the context of the MSSM, they predict too low
a value of my, are frequently in conflict with the measured
b — s~ branching fraction and the relic density of thermally
produced higgsino-like WIMPs falls well below dark matter
(DM) measurements.
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e RNS posits a framework dubbed radiative natural SUSY (RNS)
which can be realized within the MSSM (avoiding the addition
of extra exotic matter) and which maintains features such as
gauge coupling unification and radiative electroweak symmetry
breaking.

e The RNS model can be generated from SUSY GUT type
models with non-universal Higgs masses (NUHM). Allowing
for high scale soft SUSY breaking Higgs mass my, > my
leads to automatic cancellations during renormalization group
(RG) running, and to radiatively-induced low fine-tuning at the
electroweak scale.

e Coupled with large mixing in the top squark sector, RNS allows
for fine-tuning at the 3-10% level with TeV-scale top squarks
and a 125 GeV light Higgs scalar h.

e The model allows for at least a partial solution to the SUSY
flavor, C'P and gravitino problems since first /second generation
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scalars (and the gravitino) may exist in the 10-30 TeV regime.

e There are some interesting possible signatures for RNS at the
LHC such as the appearance of low invariant mass opposite-sign
isolated dileptons from gluino cascade decays.

e The smoking gun signature for RNS is the appearance of light
higgsinos at a linear eTe~ collider.

o If the strong CP problem is solved by the Peccei-Quinn
mechanism, then RNS naturally accommodates mixed axion-
higgsino cold dark matter, where the light higgsino-like WIMPS
— which in this case make up only a fraction of the measured
relic abundance — should be detectable at upcoming WIMP
detectors.

Introduction

e The recent discovery by Atlas and CMS of a Higgs-like
resonance at the CERN LHC adds credence to supersymmetric
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models (SUSY) of particle physics in that the mass value
my ~ 125 GeV falls squarely within the narrow window
predicted by the Minimal Supersymmetric Standard Model
(MSSM): my, ~ 115 — 135 GeV.

e At the same time, the lack of a SUSY signal at LHC7 and LHCS8
implies m; R 1.4 TeV (for ms ~ my) and my 2 0.9 TeV (for
mg <K mg).

e While weak scale SUSY provides a solution to the gauge
hierarchy problem via the cancellation of quadratic divergences,

the apparently multi-TeV sparticle masses required by LHC
searches seemingly exacerbates the little hierarchy problem (LHP):

— how do multi-TeV values of SUSY model parameters conspire
to yield a Z-boson (Higgs boson) mass of just 91.2 (125) GeV?

e Models of natural supersymmetry address the LHP by positing
a spectrum of light higgsinos X 200 GeV and light top- and
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bottom-squarks with mg L6 < 600 GeV along with very heavy

first /second generation squarks and TeV-scale gluinos.

Such a spectrum allows for low electroweak fine-tuning (EWFT)

while at the same time keeping sparticles safely beyond LHC

search limits.

Because third generation scalars are in the few hundred GeV

range, the radiative corrections to my, which increase only

logarithmically with m%i, are never very large and these models

have great difficulty in accommodating a light SUSY Higgs

scalar with mass m;, ~ 125 GeV.

Thus, we are faced with a new conundrum:

— how does one reconcile low EWFT with such a large value of
mh?

A second problem occurs in that

— the predicted branching fraction for b — s~ decay is frequently
at odds with the measured value due to the very light third
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generation squarks.
A third issue appears in that

— the light higgsino-like WIMP particles predicted by models
of natural SUSY lead to a thermally-generated relic density
which is typically a factor 10-15 below the WMAP measured
value of Qcpash? ~ 0.11.

e One solution to the fine-tuning/Higgs problem is to add extra
fields to the theory, thus moving beyond the MSSM.

For example, adding an extra singlet as in the NMSSM permits

a new quartic coupling in the Higgs potential thus allowing for
an increased value of my,.

e Alternatively, one may add extra vector-like matter to increase
my, while maintaining light top squarks.

e In the former case of the NMSSM, adding extra gauge singlets

may lead to re-introduction of destabilizing divergences into
the theory.
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In the latter case, one might wonder about the ad-hoc
introduction of extra weak scale matter multiplets and how
they might have avoided detection.

e A third possibility, which is presented below, is to re-examine
EWFT and to ascertain if there do indeed exist sparticle spectra
within the MSSM that lead to mj, ~ 125 GeV while maintaining
modest levels of electroweak fine-tuning.

Electroweak fine-tuning

e One way to evaluate EWFT in SUSY models is to examine the
minimization condition from the Higgs sector scalar potential
which determines the Z boson mass. (Alternatively, one
may examine the mass formula for m; and arrive at similar
conclusions.)

Minimization of the one-loop effective potential V... + AV,
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leads to

M%_m%id—l—zg—(quu—l—ﬁx)tanzﬁ ) 288
2 tanZ 3 — 1 —H, (388)

where ZZ and Eg are radiative corrections that arise from the
derivatives of AV evaluated at the minimum.

Eq. (388) reduces to the familiar tree-level expression for M2
when radiative correction terms are ignored.

As you know, X* and X2 include contributions from various
particles and sparticles with sizeable Yukawa and/or gauge
couplings to the Higgs sector.

e To obtain a natural value of Mz on the left-hand-side, one
would like each term C; (with : = Hy, H,, p as well as
>“(k), X%(k), where k denotes the various contributions to
the Xs that we just mentioned) on the right-hand-side to have
an absolute value of order M?Z /2.
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Traditionally, EWFT has been quantified using the Barbieri-
Giudice measure[710, , , : : : : : :

, 120, 721, 722, 723, 724]

8lnmzz

Olna;

(389)

Apc = max;

where a; represents various fundamental parameters of the
theory, usually taken to be some set of soft SUSY breaking
parameters defined at some high energy scale A ;s below which
the theory in question is posited to be the correct effective
field theory description of nature. 1/A is the % of fine tuning.
The value of Apgg then answers the question: how stable is
the fractional Z-boson mass against fractional variation of high
scale model parameters?

Depending on which parameters are included in the set a;, very
different answers emerge[724].
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In addition, theories which are defined at very different values
of Ags, but which nonetheless lead to exactly the same weak
scale sparticle mass spectra, give rise to very different values
of ABg.

e To understand how the underlying framework for superpartner
masses may be relevant, consider a model with input parameters
defined at some high scale A > mgsysy, where mgy sy is the
SUSY breaking scale ~ 1 TeV and A may be as high as Mgyt
or even the reduced Planck mass Mp. Then

m%__[u(mSUsy) = m%iu(A) + 5"73{“, (390)

A
~ 2t (2 2 2
dmy ~ (mQ3 + my;, + At) log (mSUsy> . (391)
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2
e Requiring dm3%; < A x =& then leads for m;, = 125 GeV to,

—1/2
sin log -2 AN /2
\/mg~1 +m?2 X 600 GeV o ( ° TeV) (—) :

V1+ R; 3 5
(392)
where R; = At/\/m%1 - m%z. Taking A = 10 and A as low

as 20 TeV corresponds to

— |u| < 200 GeV,

- mg, mg ~ 600 GeV,

—mg ~ 1.5 — 2 TeV.

The last of these conditions arises because the squark radiative
corrections 5m%i ~ (2g;/37%)mZ X log A. Setting the log to

) s = ) ° <
unity and requiring 6m: < m7 then implies mz ~ 3m;, or
y/ 4

ms ~ 1.5 — 2 GeV for A X 10.
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e Taking A as high as Mgy leads to even tighter constraints:

mg ., Mg, < 200 GeV and mg X 600 GeV, almost certainly in
violation of LHC sparticle search constraints.

e Since (degenerate) first /second generation squarks and sleptons
enter into (388) only at the two loop level, these can be much
heavier: beyond LHC reach and also possibly heavy enough to

provide a (partial) decoupling solution to the SUSY flavor and
C P problems.

e In gravity mediation where mg ~ mg3/,, then one also solves
the cosmological gravitino problem and in GUTs one also
suppresses proton decay. Then we may also have

—mq-érv 10 — 50 TeV.

9

e The generic natural SUSY (NS) solution reconciles lack of a
SUSY signal at LHC with allowing for electroweak naturalness.
It also predicts that the 51,2 and 131 may soon be accessible
to LHC searches. New limits from direct top- and bottom-
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squark pair production searches, interpreted within the context
of simplified models, have begun to bite into the NS parameter
space. Of course, if M, ,, My XMz, then the visible decay
products from stop and sbottom production will be soft and
difficult to see at the LHC.

e A more worrisome problem comes from the newly discovered
value of the Higgs mass m; ~ 125 GeV. In the MSSM, one
obtains (assuming that the t-squarks are not very split),

3g2 m* | m?2 X2 X2 |
mi:M§c05226l g L | t(l— t)

S In
87 miy m

Y (VIS B V)

_ 2~ ; 2
where X; = A; — pcot 3 and ms &~ mqQ,;muys. For a given msz,

this expression is maximal for large mixing in the top-squark
sector with X% = \/6m;.

With top-squark masses below about 500 GeV, the radiative
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corrections to m,, are not large enough to yield m; ~ 125 GeV
even with maximal mixing.

e This situation has been used to argue that additional multiplets
beyond those of the MSSM must be present in order to raise
up my while maintaining very light third generation squarks.

Added to these are the two issues mentioned earlier:

1. the very light third generation squarks endemic to NS lead
to a predicted branching fraction for b — s+ decay which is
frequently much lower than the measured value, and

2. that the relic abundance of higgsino-like WIMPs inherent
in NS, calculated in the standard MSSM-only cosmology, is
typically a factor 10-15 below measured values.

e These issues have led to increasing skepticism of weak scale
SUSY as realized in the natural SUSY incarnation described
above.

e A possible resolution to the above issues associated with a NS
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spectrum is to simply invoke a SUSY particle spectrum at the
weak scale (or some other nearby scale), as in the pMSSM
model so that large logarithms associated with a high value of
A are absent.

In this case, A ~ mgsysy and dm?2, is not enhanced by large
H, y larg

logarithms and we may select parameters m7; ~ pu? ~ M7 ~

mi. Of course, heavy top squarks are needed to obtain the

observed value of m;y,.

While a logical possibility, this solution loses several attractive
features of models which are valid up to scales as high as
A ~ Mcgut, such as gauge coupling unification and radiative
electroweak symmetry breaking driven by a large top quark
mass.

e Another alternative is to use A gw discussed below as a fine-
tuning measure even for models defined at the high scale.

Small Agzw will be simply the statement that we only use the
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weak scale parameters appearing in Eq. (388) to define the
fine-tuning criterion. This approach is a weaker condition since
it allows for possible cancellations in (390).

Indeed this is precisely what happens in what is known as the
hyperbolic branch or focus point region (HB/FP) where

My, (A) +0myy, ~ my (msusy) ~ p* ~ Mz, (394)

The HB/FP region of mSUGRA occurs, however, only for small
values of Ay/my and yields m; < 120 GeV, well below the
Atlas/CMS measured value of m; ~ 125 GeV.

Scans over parameter space show that the HB/FP region

is nearly excluded if one requires both low |u| and m;, ~
123 — 127 GeV.

e To obtain a viable high scale model we see that we clearly need
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to go beyond mSUGRA.

AEW and AHS

Let us now define more precisely the two different measures of
EWFT- Agw and A gs— that have been proposed to answer
the following question:

how is it possible that m z has a value of just 91.2 GeV while
gluino and squark masses exist at TeV or even far beyond
values?

As we have discussed, the answer should be: those independent
contributions which enter the scalar potential and conspire to
build up the Z-boson mass should all be comparable to m .
Minimization of the scalar potential in the MSSM[704] leads
to the well-known relation that

m2, m%ld + Zg — (m%{u + XY) tan? 3 )
™7 = 2 —uE, (395)
2 tan“ 3 — 1
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where m7; and mi; are soft SUSY breaking (not physical)
Higgs mass terms, p is the superpotential Higgsino mass term,
tan 3 = v, /v4 is the ratio of Higgs field vevs and ¥ and X4
include a variety of independent radiative corrections|[725].

Agpw

Noting that all entries in Eq. 395 are defined at the weak scale,
the electroweak fine-tuning parameter

Agw = maz; |C;| /(m7/2) , (396)

may be constructed, where Cpy, = m%; /(tan’ 8 —1), Cp,, =
i tan*3/(tan*3 — 1) and C,, = —p®. Also, Csu) =
>%(k)/(m?%/2) and Cya(y = 34(k)/(m?/2), where k labels
the various loop contributions included in Eq. 395.

A low value of Agw means less fine-tuning, ec.g. Agpw =
20 corresponds to AE%,V = 5% finetuning amongst terms
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contributing to m?%/2. Since Cpg, and Cyag, terms are

suppressed by tan®* 3 — 1, for even moderate tan 3 values the
expression Eq. 395 reduces approximately to

2
mz

5 = —(my, + 25 —p’ (397)
In order to achieve low Agw, it is necessary that —m7; , —pu?
and each contribution to —X* all be nearby to m?%,/2 to within

a factor of a few.

We note that Agy coincides with Agg when M2 depends
linearly on input parameters (such as u? m3%; or m%; using
electroweak scale parameters) but differs when the parameter
dependence is non-linear.

For electroweak scale parameters, the non-linear dependence
only occurs in the radiative correction terms X7’ and Zg and in
tan 3.
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A scan over mSUGRA/CMSSM parameter space, requiring
that LHC sparticle mass constraints and m; = 125 = 2 GeV
be obeyed, finds a minimal value of Agw ~ 102%, with more
common values being Agw ~ 10° — 10%. Thus, one may
conclude that the Z mass is rather highly finetuned in this
paradigm model.

In the case of mMSUGRA, the value C|, becomes low only in
the hyperbolic branch/focus point[716, ] (HB/FP) region.
In this region, however, m, and consequently m;  are very

large, so that 23(51,2) are each large, and the model remains
finetuned.

Alternatively, if one moves to the two-parameter non-universal
Higgs model (NUHM2)[726], with free parameters

Mo, Mq/2, Ag, tanB, pu, ma (398)

then
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1. 1 can be chosen in the 100 — 300 GeV range since it is now
a free input parameter,

2. a value of m%; (mgur) ~ (1.3 — 2.5)mo may be chosen so
that m7; is driven only slightly negative at the weak scale,
leading to m?; (weak) ~ —m%/2, and

3. with large stop mixing from Ay ~ +1.6mg, the top-squark
radiative corrections are softened while my, is raised to the
~ 125 GeV level[725].

In the NUHM2 model, Agw as low as 5 — 10 can be
generated. For such cases, the Little Hierarchy Problem
seems to disappear. The low Agw models are typified by
the presence of light higgsinos m‘j%l, mz , "~ 100 — 300 GeV
which should be accessible to a linear e™e™~ collider operating
with /5 < 2|u|. Also, mz ~ 1 — 5 TeV while m; ~ 1 — 2

J. Gunion 250Higgs, U.C. Davis, 334



TeV and m;, ~ 2 — 4 TeV.

Aps

To include explicit dependence on the high scale A at which
the SUSY theory may be defined, we may write the weak scale
parameters miIud and p? in Eq. (395) as

my; ,=my (A)+omy 5 p’=pi(A)+op*, (399)

where mﬁiu,d(A) and p?(A) are the corresponding parameters
renormalized at the high scale A. It is the dm3, _ terms that

will contain the log A dependence emphasized in constructs of
natural SUSY models|[727, : ]. In this way, we write

™ (miay(8) F Orminy Eg)t_ (i, () ¥ gy +H) RNB ) Ly
an“ 3 — 1

(400)

In the same spirit used to construct A gyw, we can now define

a fine-tuning measure that encodes the information about the
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high scale origin of the parameters by requiring that each of
the terms on the right-hand-side of Eq. (400) (normalized
again to m%/2) be smaller than a value Aygs. The high scale
fine-tuning measure Ayg is thus defined to be

Ayps = maz;|B;|/(m5,/2) , (401)

with By, = m%; (A)/(tan” 8 — 1) etc., defined analogously
to the set C,;.

As discussed above, in models such as mMSUGRA whose domain
of validity extends to very high scales, because of the large
logarithms one would expect that (barring seemingly accidental
cancellations) the Bsp,, contributions to Aps would be much
larger than any contributions to Agw because the term m7,
evolves from large m? through zero to negative values in order
to radiatively break electroweak symmetry. Thus, Agyg is
numerically very similar to the EWFT measure advocated by
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Kitano-Nomura[727] where Agn = dm73; /(mj} /2)
Scans of the mSUGRA/CMSSM model in Ref. [730] found

Aps ~ 103, In Ref. [725], scans over NUHM2 model similarly

found Ags < 10%. Thus, both the mSUGRA and NUHM?2
models would qualify as highly EW finetuned under Ags.

e A perhaps surprising result is that A g values far below the
NUHM2/mSUGRA minimal value of 10° can now be found.
In fact, the lowest A gs point from a broad scan has a value
of 32, or 3.1% EWFT, even including the effect of high scale
logarithms.

There are several features of the input parameters which lead
to low Agys.

First, the GUT scale value of m%;, = (314 GeV)?, so our high
scale starting point for myy,, is not too far from mz.

Second, the GUT scale gaugino masses NM; and M, are ~
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3Mj3 ~ 3 TeV. The RG running of m7; is governed by

dt 1672

——giM} — 3g; M}

2 2
S+ 3f°X

(402)

dm%{u 2 ( 3 3

where t = log(Q?/u?),

S:m%{u—m%{d‘l‘TT {mé—m%—Zm%]—l—sz—l—sz}

and
Xi = m§(3) + mg(3) + my; + A7
At Q = mgur, the large gaugino masses provide a large

negative slope (green curve of Fig. 38) for m%{u, causing its
value to increase while running towards lower mass scales.

As the parameters evolve, X; increases due to the increasing
squark soft terms so that the Yukawa coupling term grows (red
curve from Fig. 38) and ultimately dominates; then m7; is

driven towards negative values, so that electroweak symmetry
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is finally broken.

4 I T T I T | - |
d mHu."dt

2 2 a4l 2 42
20607 (-0.6g ME-3gEME)
26T (36%,)

2/16n°(3g}'S)

(GeV</s)

-3 | | | | | | |
10 10 10 10" 10 10 10 10

Q (GeV)

Figure 38: Plot of a) slope dm7; /dt vs. Q from model HS1 with Ay g = 32.

The total slope (black curve) passes through zero around
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Q ~ 10'° GeV, indicating large cancellations in the RG running
of my, .

Ultimately, the value of m%; (Myear) ~ —(185 GeV)? so that
both the starting and ending points of m%iu remain not too
far from m7, and hence §m7; is not too far from m7, thus

fulfilling the most important condition required by low A gs.

The RG running of gaugino masses and selected soft scalar
masses for HS1 are shown in Fig. 39.

We see that indeed M, and M, start at ~ 3 TeV values and
decrease, whilst M3 starts small at Q = mgyT and sharply
increases.

The gaugino mass boundary conditions then influence the
running of the soft scalar masses shown in Fig. 40.
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Figure 39: Plot of running gaugino masses vs. Q from model HS1 with A s = 32.
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Figure 40: Plot of running scalar masses vs. Q from model HS1 with Aggs = 32.

Most important is the running of m?, , as shown in Fig. 40,
which starts near mzz at mqguyr, runs up to about the TeV
scale at Q ~ 10'° GeV, and then is pushed to small negative

values by QQ ~ mecak-
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Also, my(3) and mg(3) start small, which aides the high Q
gaugino dominance in the running of m%,u.

By Q ~ myeak, these third generation squark soft terms have
been pushed to the TeV scale. Thus, top squarks are not so
heavy and the radiative corrections >%(¢, ) are under control.

e To contrast the above to how a low value of m%iu(msysy)
is obtained in the previously discussed RNS models, in Fig. 41
we show the running of various SUSY parameters versus the
renormalization scale () for the RNS2 benchmark point.

The RNS2 point has parameters mo = 7025 GeV, m,
568.3 GeV, Ay = —11426.6 GeV, tan3 = 8.55 with u
150 GeV and m 4 = 1000 GeV.

The gaugino and matter scalar mass parameters evolve from
my /2 and my to their weak scale values, resulting in a pattern
of masses very similar to that in mSUGRA. The parameters
and m3%; hardly evolve.
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Figure 41: Evolution of SSB parameters from Myt to Myeqr for the RNS2 benchmark
point taken from in Ref. [?] whose parameters are given in the text. The graph extends to

values below Q? = mg mg, where the Higgs mass parameters are extracted.
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Of most interest to us here is the RG evolution of m%{u. As
is well known, the SUSY breaking parameters m{, , mg, and
m%iu of the scalar fields that couple via the large top quark
Yukawa coupling are driven down with reducing values of the
scale ().

The reduction is the greatest for m%{u which, in fact, is driven
negative, triggering the radiative breakdown of electroweak
symmetry. We see from the figure that the weak scale value
of —m7%; has a magnitude ~ M7, and is much smaller than

the weak scale value of other mass parameters.

In this way, small Agw becomes possible if 1 is also of order
M.

In this kind of RNS model, small A gw is thus not an accident
because the NUHM2 model provides us the flexibility to adjust the
GUT scale value of m%lu so that it barely runs to negative values
at the weak scale. Since miIu is driven radiatively to ~ — M2 at
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the weak scale, this was why this scenario was dubbed Radiative
Natural SUSY, or RNS for short.

Some Conclusions

e In previous studies, the radiative natural SUSY model had
emerged as a way to reconcile low EWFT with lack of SUSY
signals at LHC8 and the presence of a light Higgs scalar with
mass my, ~ 125 GeV.

The RNS model cannot be realized within the restrictive
mSUGRA/CMSSM framework, but can be realized within
the context of NUHM2 models (which depend on 6 input
parameters) and where © can be a free input value.

In RNS models, Agw as low as ~ 10 can be generated while
Ars as low as 10° can be found.

However, if one does scans over the most general minimal
flavor- and minimal C P-violating GUT scale SUSY model —
SUGRA19, which is like the pMSSM, but defined at high scale)
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— the conclusions change.

e The first question is if the additional freedom of 13 extra
parameters allows for much lower A gy solutions. In previous
work— by proceeding from mSUGRA to NUHM2 models— a
reduction in the minimum of Agw of at least a factor of 10
was found[730, ]-

In fact, one does not find any substantial reduction in the
minimal Agw value by proceeding from the NUHM2 model
to SUGRA19. The parameter freedom of NUHM2 appears
sufficient to minimize A gw to its lowest values of ~ 5 — 10.

e The second question is whether the additional parameter
SUGRA19 freedom can improve on the high scale EWFT
parameter Ags.

In this regard, one does find improvements by factors ranging
up to ~ 150!

In order to generate low values of Ap g, one must generate
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i ~ 100 — 300 GeV as usual, but also one must start with
m37; ~ my at the GUT scale, and then generate relatively
little change 6m%1u during evolution from mgyT to Myeak-

Small values of dm3; can be found if one begins with
electroweak gaugino masses M; » ~ 3M3; at the GUT scale
so that gaugino-induced RG evolution dominates at high
Q ~ mgur-

Then at lower (Q values approaching the weak scale, top-
Yukawa terms dominate the running of m?; , leading to broken
electroweak symmetry, but also to not much net change in
miIu during its evolution from mgyT to Myeak-

The solutions with low A s are characterized by the presence
of four light higgsinos lel: and 21,2 similar to RNS models.

However, in contrast to RNS models, the third generation
squarks tend to be lighter (although not as light as generic

natural SUSY which favors m; | < 500 GeV).
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The lighter third generation squarks lead to significant SUSY
contributions to the decay b — s+, and seem to be disfavored
by the measured value of this branching fraction.

In the case of low A s models, the lightest neutralino is more
higgsino-like than in RNS models, leading to even lower values
of predicted relic density and low direct detection rates.

The remaining CDM abundance may be augmented by scalar
field or axino/saxion production and decay in the early universe,
and in the latter case, the additional presence of axions is
expected.
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Fine Tuning in the NMSSM

There are a number of recent relevant papers.

1. arXiv:1212.5243 (Gherghetta et. al.) shows that you can
get small fine-tuning if you use an upper cutoff of order
A ~ 20 TeV.

Well, | regard this as no big deal since this was already true in
the MSSM

2. There is generalized version of the NMSSM which gets you to
smaller fine-tuning using GUT scale boundary conditions, but
it is kind of messy: see arXiv:1205.1509 (Graham Ross, et.
al.).

3. | claim that my work with Kraml and Yun (arXiv:1201.0982)
is actually more relevant to this question when GUT scale
boundary conditions are employed.
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Let us recall some defining equations for the NMSSM.
The parameters in the Higgs sector are chosen as follows:

a) Apart from the usual quark and lepton Yukawa couplings, the
scale invariant superpotential is

AN T T,

K ~
A\ SH,H; + 3 Ok (403)

depending on two dimensionless couplings A\, x beyond the
MSSM. (Hatted capital letters denote superfields, and unhatted
capital letters will denote their scalar components).

b) The associated trilinear soft terms are
K
ANANSH, H, + gA,QS?’ : (404)

c) The final two input parameters are

tan 8 = (Hy) /(Ha) 5 pesr = A(S) - (405)
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These, along with M 7z, can be viewed as determining the three
SUSY breaking masses squared for H,,, H; and S through the
three minimization equations of the scalar potential.

Thus, as compared to two independent parameters in the Higgs
sector of the MSSM (often chosen as tan 3 and M 4), the Higgs
sector of the NMSSM is described by the six parameters

A, Kk, Ax, A, tan3, p.g - (406)

We will choose sign conventions for the fields such that A and
tan 3 are positive, while k, A, A, and pu.g should be allowed
to have either sign. For any choice of these parameters — as
well as of the values for the gaugino masses and of the soft
terms related to the squarks and sleptons that contribute to the
radiative corrections in the Higgs sector

The three models we considered are defined in terms of grand-
unification (GUT) scale parameters as follows:
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I) a version of the constrained NMSSM (CNMSSM) in which
we adopt universal mg, my /2, Ag = A¢p,~ values but require
Ay = A, = 0, as motivated by the U (1)g symmetry limit of
the NMSSM;

I1) the non-universal Higgs mass (NUHM) relaxation of model |
in which mg,, and mpg, are chosen independently of m, but
still with A, = A,. = 0; and

I11) universal mg, m; /2, Ag with NUHM relaxation and general
A)\ and An.

We used NMSSMTools-3.0.2 [126][162][?] for the numerical

analysis, performing extensive scans over the parameter spaces
of the models considered.

The precise constraints imposed were the following.

1. Our ‘basic constraints’ were to require that an NMSSM
parameter choice be such as to give a proper RGE solution,
have no Landau pole, have a neutralino LSP and obey Higgs
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and SUSY mass limits as implemented in NMSSMTools-3.0.2
(Higgs mass limits are from LEP, TEVATRON, and early LHC
data; SUSY mass limits are essentially from LEP).

2. Regarding B physics, the constraints considered were those on
BR(Bs — Xsv), AM,, AMy, BR(B; — utu~), BR(BT —
7%v,) and BR(B — X,ut ™) at 20 as encoded in NMSSMTools
3.0.2, except that we updated the bound on the radiative B,
decay to 3.04 < BR(B; — X,v) X 10* < 4.06; theoretical
uncertainties in B-physics observables are taken into account
as implemented in NMSSMTools-3.0.2. These combined
constraints we term the ‘B-physics contraints’.

3. Regarding a,,, we required that the extra NMSSM contribution,
da,,, falls into the window defined in NMSSMTools of 8.77 X
1071 < da, < 4.61 x 10~? expanded to 5.77 x 1071Y <
da, < 4.91 x 10~ after allowing for a 1o theoretical error in
the NMSSM calculation of £3 x 10717,
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In fact, points that fail to fall into the above o0a, window
always do so by virtue of 0a, being too small.

4. For 2h?, we declare that the relic density is consistent with
WMAP data provided 0.094 < Qh? < 0.136, which is the

‘WMAP window’ defined in NMSSMTools-3.0.2 after including
theoretical and experimental systematic uncertainties.

We also considered the implications of relaxing this constraint
to simply Qh? < 0.136 so as to allow for scenarios in which
the relic density arises at least in part from some other source.

5. A “perfect” point is one for which all constraints are satisfied
including requiring that da, is in the above defined window
and Qh? is in the WMAP window.

Results

e We find that only in models Il and Ill is it possible for a
“perfect” point to have a light scalar Higgs in the mass range

J. Gunion 250Higgs, U.C. Davis, 355



123 — 128 GeV as consistent with the hints from the recent
LHC Higgs searches. The largest m,, achieved for perfect
points is about 125 GeV.

However, relaxing the a,, constraint vastly increases the number
of accepted points and it is possible to have m;, 2 126 GeV
in both models Il and Ill even if 0a, is just slightly outside
(below) the allowed window.

Comparing with [?], the tension between obtaining an ideal or
nearly ideal J0a, while predicting a SM-like light Higgs near
125 GeV appears to be somewhat less in NUHM variants of

the NMSSM than in those of the MSSM.
In the plots shown in the following, the coding for the plotted

points is as follows:

e grey squares pass the ‘basic’ constraints but fail B-physics

constraints (such points are rare);

e green squares pass the basic constraints and satisfy B-physics
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constraints;

e blue plusses (+) observe B-physics constraints as above and
in addition have Qh? < 0.136, thereby allowing for other
contributions to the dark matter density (a fraction of order
20% of these points have 0.094 < Qh? < 0.136) but they do
not necessarily have acceptable da,,;

e magenta crosses (X ) have satisfactory da,, as well as satisfying
B-physics constraints, but arbitrary Qh?;

e golden triangle points pass all the same constraints as the
magenta points and in addition have Qh? < 0.136;

e open black/grey* triangles are perfect, completely allowed
points in the sense that they pass all the constraints listed
earlier, including 5.77 x 107! < da, < 4.91 x 107* and
0.094 < Qh? < 0.136;

e open white diamonds are points with m;, > 123 GeV that pass

32For perfect points, we will use black triangles if mMp, > 123 GeV and grey triangles if mp, < 123 GeV in plots
where mp,, does not label the z axis.
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basic constraints, B-physics constraints and predict 0.094 <
Qh?* < 0.136 but have 4.27 x 107 < da, < 5.77 x 10719,
that is we allow an excursion of half the 1o theoretical
systematic uncertainty below the earlier defined window. We
will call these “almost perfect” points.

e We begin by presenting the crucial plots of Fig. 42 in which we
show R"(~+) as a function of m;, for cases I, Il and III.

e Only in cases |l and 11l do we find points that pass all constraints
(the open black triangles) with m;, ~ 124 — 125 GeV.
These typically have R"'(~~) of order 0.98.

e Somewhat surprisingly, such points were more easily found by
our scanning procedure in case |l than in case lll.

e Many additional points with my, ~ 125 GeV emerge if we
relax only slightly the d0a,, constraint.
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Figure 42: Scatter plots of R"(v~) versus my, for boundary condition case
l. See text for symbol/color notations.
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Figure 43: Scatter plots of R" (v~) versus my, for boundary condition case
Il. See text for symbol/color notations.
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Figure 44: Scatter plots of R"'(~~) versus my, for boundary condition case
I11. See text for symbol/color notations.
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e The white diamonds show points for cases for which 4.27 X
1071 < da, < 5.77 x 10719 having my, > 123 GeV.

e The parameter choices that give the largest m;, values are
ones for which the h; is really very SM-like in terms of its
couplings and branching ratios.

e These scans did not find parameter choices for which R"1(~~)
was significantly larger than 1 for m;, = 123 — 128 GeV, as
hinted at by the ATLAS data.
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Figure 45: Scatter plot of squark versus gluino masses for model Il. Here we use black

(grey) open triangles for perfect points with m;, > 123 GeV (my,; < 123 GeV). See text

for remaining symbol/color notations.
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Figure 46: As above, but for model IlI.
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Given that the LHC data is consistent with a rather SM-
like Higgs in the vicinity of mj, ~ 125 GeV (rather than one
with an enhanced ~~ rate), it is of interest to know the nature
of the parameter choices that yield the perfect, black triangle
and almost perfect white diamond points with m;, ~ 125 GeV
and what the other experimental signatures of these points are.
We therefore present a brief summary of the most interesting
features.

First, one must ask if such points are consistent with current
LHC limits on SUSY particles, in particular squarks and gluinos.
To this end, Fig. 45 shows the distribution of squark and gluino
masses for the various kinds of points for models |l and Ill.
Interestingly, all the perfect, black triangle and almost perfect,
white diamond points with m;, 2 123 GeV have squark and

gluino masses above 1 TeV and thus have not yet been probed by
current LHC results. (Note that since we are considering models
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with universal my and m,,, for squarks and gauginos, analyses
in the context of the CMSSM apply.) It is quite intriguing that
the regions of parameter space that are consistent with a Higgs

of mass close to 125 GeV automatically evade the current limits
from LHC SUSY searches.

In order to further detail the parameters and some relevant
features of perfect and almost perfect points we present in
Tables 2-5 seven exemplary points with m;, 2 124 GeV from

Y

models |l and Ill. Some useful observations include the following:

e Because of the way we initiated our model Il MCMC scans,
restricting |Ay .| < 1 TeV, most of the tabulated model IlI
points have quite modest A, and A,.. However, a completely
random scan finds almost perfect points with quite large A,
and A, values as exemplified by tabulated point #7. The
fact that the general scan over A, and A, did not find any
perfect points with m;, 2 124 GeV, whereas such points were

Y
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fairly quickly found using the MCMC technique, suggests that
such points are quite fine-tuned in the general scan sense. See
Table 2 for specifics.

e In Table 3, we display various details regarding the Higgs bosons
for each of our exemplary points. As already noted, for the
perfect and almost perfect points the h; is very SM-like when
mp, 2 123 GeV. To quantify how well the LHC Higgs data is
described for each of our exemplary points, we use a chi-squared
approach. In practice, only the ATLAS collaboration has
presented the best fit values for R"(v~v,ZZ — 44, WW —
fvlyr) along with 10 upper and lower errors as a function of
my. ldentifying h with the NMSSM h,, we have employed
Fig. 8 of [?] to compute a x?(ATLAS) for each point in the
NMSSM parameter space (but this was not included in the
global likelihood used for our MCMC scans). From Table 3 we
see that the smallest x?(ATLAS) values (of order 0.6 to 0.7)
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are obtained for my, ~ 124 GeV. This is simply because at
this mass the ATLAS fits to R"?(v~) and R"(4¢) are very close
to one, the natural prediction in the NMSSM context. For
myp ~ 125 GeV, the R"'s for the ATLAS data are somewhat
larger than 1 leading to a discrepancy with the NMSSM SM-
like prediction and a roughly doubling of x*(ATLAS) to values
of order 1.3 to 1.6 for our exemplary points. In this context,
we should note that at a Higgs mass of 125 GeV the CMS data
is best fit if the Higgs signals are not enhanced and, indeed,
are very close to SM values.

e The mass of the neutralino LSP, X9, is rather similar, My &2
300 — 450 GeV, for the different perfect and almost perfect
points with m;, 2 124 GeV. For all but pt. #5, the X is
approximately an equal mixture of higgsino and bino. There
iIs some variation in the primary annihilation mechanism, with

7171 and x99} annihilation being the dominant channels except
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for pt. #2 for which 7. and v.-v.- annihilations are dominant.
In the case of dominant 7;7; annihilation, the bulk of the 5("1)’5
come from those 7’'s that have not annihilated against one
another or co-annihilated with a 3.

e All the tabulated points yield a spin-independent direct detection
cross section of order (3.5 — 6) x 10~° pb. For the above mgo
values, current limits on ogq; are not that far above this mark
and upcoming probes of og; will definitely reach this level.

e The 7 points all have m; and m; above 1.5 TeV and in some
cases above 2 TeV. Detection of the superparticles may have
to await the LHC upgrade to 14 TeV.

e Only the t; is seen to have a mass distinctly below 1 TeV for
the tabulated points. Still, for all the points m; is substantial,
ranging from ~ 500 GeV to above 1 TeV. For such masses,
detection of the t; as an entity separate from the other squarks
and the gluino will be quite difficult and again may require the
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14 TeV LHC upgrade.

e The effective superpotential p-term, p.g, is small for all the
exemplary points. This is interesting regarding the question of
electroweak fine-tuning.
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Model I Model IlI
Pt. # 1% 2% 3 4% 5 6 7
tan B(mz) 17.9 17.8 21.4 15.1 26.2 17.9 24.2
A 0.078 0.0096 0.023 0.084 0.028 0.027 0.064
K 0.079 0.011 0.037 0.158 | —0.045 | 0.020 0.343
™My /9 923 1026 1087 842 738 1104 1143
my 447 297 809 244 1038 252 582
Ay —1948 | —2236 | —2399 | —1755 | —2447 | —2403 | —2306
Ay 0 0 0 —251 —385 | —86.8 | —2910
A, 0 0 0 —920 883 —199 | —5292
My (2942)% | (3365)% | (4361)% | (2481)% | (935)% | (3202)* | (3253)?
mi; (1774)% | (1922)% | (2089)% | (1612)% | (1998)% | (2073)% | (2127)3
Table 2: Input parameters for the exemplary points. We give tan 3(myz)

and GUT scale parameters, with masses in GeV and masses-squared in GeV2,
Starred points are the perfect points satisfying all constraints, including
da, > 5.77 x 10719 and 0.094 < Qh? < 0.136. Unstarred points are the
almost perfect points that have 4.27 x 107'° < §a,, < 5.77 x 107'° and
0.094 < Qh? < 0.136.
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Model II Model 111
Pt. # 1% 2% 3 4% 5 6 7
M, 124.0 | 125.1 | 125.4 | 123.8 | 1245 | 125.2 | 125.1
M, 797 1011 1514 | 1089 430 663 302
Mg, 66.5 9.83 3.07 1317 430 352 302
C. 0.999 | 0.999 | 0.999 | 0.999 | 0.999 | 0.999 | 0.999
Cy 1.002 | 1.002 | 1.001 | 1.003 | 1.139 | 1.002 | 1.002
Cvy 0.999 | 0.999 | 0.999 | 0.999 | 0.999 | 0.999 | 0.999
C.,. 1.003 | 1.004 | 1.004 | 1.004 | 1.012 | 1.003 | 1.001
Cyg 0.987 | 0.982 | 0.988 | 0.984 | 0.950 | 0.986 | 0.994
T (h1) [GeV] 0.0037 | 0.0039 | 0.0039 | 0.0037 | 0.0046 | 0.0039 | 0.0039
BR(h1 — v7) 0.0024 | 0.0024 | 0.0024 | 0.0024 | 0.002 | 0.0024 | 0.0024
BR(h: — gg) 0.056 | 0.055 | 0.056 | 0.056 | 0.043 | 0.055 | 0.056
BR(h; — bb) 0.638 | 0.622 | 0.616 | 0.643 | 0.680 | 0.619 | 0.621
BR(hy - WW) | 0.184 | 0.201 | 0.207 | 0.180 | 0.159 | 0.203 | 0.201
BR(h, — ZZ) 0.0195 | 0.022 | 0.023 | 0.019 | 0.017 | 0.022 | 0.022
R™M (~~) 0.977 | 0.970 | 0.980 | 0.980 | 0.971 | 0.768 | 0.975
R"(ZZ,WW) | 0971 | 0.962 | 0.974 | 0.974 | 0.964 | 0.750 | 0.969
X ATLAS 0.59 1.27 1.47 0.72 1.57 1.34 1.20

Table 3: Upper section: Higgs masses. Middle section: reduced h; couplings
to up- and down-type quarks, V = W, Z bosons, photons, and gluons. Bottom
section: total width in GeV, decay branching ratios, R"1(v~), R"(VV) and

Xt aq Of the lightest CP-even Higgs for the seven exemplary points.

J. Gunion

250Higgs, U.C. Dauvis,




Model 11 Model 111

Pt. # | 1% 7% 3 4% 5 6 7
Hett 400 | 447 | 472 | 368 | 421 | 472 | 477
mg | 2048 | 2253 | 2397 | 1876 | 1699 | 2410 | 2497
Mg 1867 | 2020 | 2252 | 1685 | 1797 | 2151 | 2280
m; | 1462 | 1563 | 1715 | 1335 | 1217 | 1664 | 1754
m; | 727 | 691 | 775 | 658 | 498 | 784 | 1018
Mes, 648 581 878 520 1716 653 856
me, | 771 | 785 | 1244 | 581 | 997 | 727 | 905
mz | 535 | 416 | 642 | 433 | 784 | 443 | 458
mfili 398 446 472 364 408 471 478
™50 363 410 438 328 307 440 452
5 0.506 | 0.534 | 0.511 | 0.529 | 0.914 | 0.464 | 0.370
W 0.011 | 0.009 | 0.008 | 0.012 | 0.002 | 0.009 | 0.009
7 | 0.483 | 0.457 | 0.482 | 0.459 | 0.083 | 0.528 | 0.622
5 107 | 107°® | 107% | 107* | 107° | 107* | 107°

Table 4: Top section: u.g and sparticle masses at the SUSY scale in GeV.
Bottom section: LSP decomposition. mg is the average squark mass of the
first two generations. The LSP bino, wino, higgsino and singlino fractions are
fz = N2, fviy = N3, fg = Ni+ Ni, and fg = N7, respectively, with N

the neutralino mixing matrix.
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Pt. # | da, | Qh° Prim. Ann. Channels ost [pb]
1% 6.01 | 0.094 XiXy — WTW = (31.5%), ZZ(21.1%) 4.3 X 107°
2% 5.85 | 0.099 | v, v, — v, (11.4%), 0,0, — WTW(8.8%) | 3.8 x 107
3 4.48 | 0.114 X1xXe — WTW—(23.9%), ZZ(17.1%) 3.7 X 1078
4% 6.87 | 0.097 XiXy — WTW(36.9%), ZZ(23.5%) 4.5 X 1078
5 | 531 |0.135 X0 — bb(39.5%), hia1(20.3%) 5.8 X 1078
6 4.89 | 0.128 | 77 — TT(17.4%), X1x) — WTW ~(14.8%) | 4.0 X 10~°
7 4.96 | 0.101 X1xe — WIW-(17.7%), ZZ(12.9%) 4.0 X 1078

Table 5: da, in units of 107'%, LSP relic abundance, primary annihilation
channels and spin-independent LSP scattering cross section off protons.

Our second study

e NMSSM=MSSM+S. R

e The extra complex S component of S = the NMSSM has
hla h27 h27 a, az.

e The new NMSSM parameters of the superpotential (A and k)
and scalar potential (A, and A, ) appear as:

AN T — ’{,/\

W S ASHqu + ESS ’ ‘/;oft > )\A)\SHqu + gAK,SS
(4Q07)
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(S) # 0 is generated by SUSY breakng and solves p problem:
Meff — )\(S)
First question: Can the NMSSM give a Higgs mass as large as

125 GeV? o . .
Answer: Yes, so long as it is not a highly unified model.

For our studies, we employed universal m,, except for NUHM
(m%iu, m%id, my, free), universal A, = A, = A, = Aj but
allow A, and A, to vary freely. Of course, A > 0 and  are
scanned demanding perturbativity up to the GUT scale.

Can this model achieve rates in v~ and 4¢ that are >SM?
Answer: it depends on whether or not we insist on getting
good a,,.

The possible mechanism (arXiv:1112.3548, Ellwanger) is to reduce the

bb width of the mainly SM-like Higgs by giving it some singlet
component. The gg and ~~ couplings are less affected.
In the semi-unified model we employ, enhanced rates and/or

large A cannot be made consistent with decent d0a,,. (J. F. Gunion,
Y. Jiang and S. Kraml.arXiv:1201.0982 [hep-ph])

In this lecture we want to focus on the green points that have
SM-like rates and good da,, — the LHC data may be headed

in the direction of a quite SM-like Higgs.
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Some illustrative R, results from (J. F. Gunion, Y. Jiang and S. Kraml.
ag
arXiv:1207.1545):

Figure Legend

LEP/Teva | B-physics | QA% >0 | da,(x10'0) | XENON100 | RM/h2 ()
. v v 0—0.136 X V [0.5,1]
O V V 0—0.094 X V (1,1.2]
A i i 0—0.094 X WV >1.2
A v v 0.094-0.136 X V >1.2
123<m;, <128 123<m), <128
3 T T T T . 2.4 T
R 22
2 L
1.8
— ~ 1.6 |
_5“: QNS 14
= S 12t
) _
0.8
¢ 0.6 s
0.5 . 0.4 ' ' ' ' '
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1 0.2 0.3 04 0.5 0.6 0.7
A A

Figure 47: Observe the clear general increase in maximum R, (~~) with increasing .
Green points have good da,, my, > 1 TeV BUT Rg4(vy) ~ 1.
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123<m,, <128 123<m), <128

3 I I I I | I 24 T
22 .
25 . 2+ .
1.8 F .
~ 2t . =~ 16 .
5 E 14+ & -
= 1S - I -
1 - -
1t . 0.8 F .
. 0.6 F .

05 1 04 | | | | | | | |

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 500 1000 1500 2000 2500 3000 3500 4000 4500
my 1GeV] my [GeV]

Figure 48: The lightest stop has mass ~ 300 — 900 GeV for green " perfect” points.
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123<mh<l28

I I T I I

£ .
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_ _
n H m .
I | 1 I I
100 150 200 250 300 350 400 450 500
Hegr [GeV]
2
123<m,.1<1-8
‘m |l I 1 1 1 1 1
450 + -
o
400 o i
= 350 .
% 3m ~ o -
£ 250 Pk S 5 :
e T
A
150 F * & A Wy ol ’A v, A -
“ A
l(l) .‘ 1

0 S5e+06 1e+07 L5e+07 2e+07 2.5¢+07 3¢+07 3.5¢+07 4e+07

m’y (GUT) [GeV7]

123<m,, <128

3 T 1 I 1 1 I I

£
x
‘ 100 150 200 250 300 350 400 450 500
| 23<m,,‘< 128
1
; -1
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3
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0 le+07 2e+07 Je+)7 4e+07 Se+07 6e+07
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Figure 49: Plots involving . and m%iu(GUT). For the green ”perfect” points, g
ranges from 350 — 470 GeV while m g, (GUT) is of order <, 1.5 TeV.
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e Well, of course we need mp, (msysy) but this will require
reprocessing the data files.

But given modest p.g, and the usual formulate for m?,/2,
mpy,(Mmsysy) cannot be that different.

e So, from our work, | would claim that the simple NMSSM
with rather unified boundary conditions comparable to NUHM
MSSM boundary ccz)nditions will have very modest A gy .

Hefr
(m%/2)
this would give Agw ~ 55, which is quite comparable to the
best values obtained in the more complicated MSSM scenarios
and to the best values obtained in the lower A NMSSM or

generalized NMSSM scenarios.

If we just use , t.e. the C,, estimator part of Agw,
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