
On the way to Maroon Lake

– Typeset by FoilTEX – 1



The reward was/is the same for all.

– Typeset by FoilTEX – 2



The first paper with Howie; “Heavy Particle Production At The Ssc” S. J. Brodsky,
H. E. Haber and J. F. Gunion. (Mar 1984)

The most cited paper: “Higgs Bosons in Supersymmetric Models. 1.”
J. F. Gunion and H. E. Haber. 10.1016/0550-3213(86)90340-8 Nucl. Phys. B
272, 1 (1986), [Erratum-ibid. B 402, 567 (1993)]. (Aug 1984): 1156 citations

The book:

– Typeset by FoilTEX – 3



HEP :: Search ::  Help ::  Terms of use ::  Privacy policy
Powered by Invenio v1.0.0+
Problems/Questions to feedback@inspirehep.net

find a gunion and a haberCitesummary Search Easy Search
Advanced Search

find j "Phys.Rev.Lett.,105*"  :: 
more

Sort by: Display results:

latest first  desc.  - or rank by - 25 results  single list

Citations summary
Generated on 2013-01-05

66 papers found, 45 of them citeable (published or arXiv)

Citation summary results Citeable papers Published only
Total number of papers analyzed: 45 31
Total number of citations: 6,706 5,377
Average citations per paper: 149.0 173.5
Breakdown of papers by citations:
Renowned papers (500+) 3 3
Famous papers (250-499) 5 3
Very well-known papers (100-249) 13 9
Well-known papers (50-99) 9 7
Known papers (10-49) 9 5
Less known papers (1-9) 4 3
Unknown papers (0) 2 1
hHEP index [?] 32 24

See additional metrics

Exclude self-citations or RPP

Warning: The citation search should be used and interpreted with great care. Read the
fine print

This site is also available in the following languages:
Български  Català  Deutsch  Ελληνικά  English  Español

 Français  Hrvatski  Italiano  日本語  Norsk/Bokmål  Polski
 Português  Slovensky  Svenska  中文(简)  中文(繁)

find a gunion and a haber - Search Results - INSPIRE-HEP http://inspirehep.net/search?ln=en&ln=en&p=find+a+gunion+a...

2 of 2 1/5/13 2:33 PM

– Typeset by FoilTEX – 4



HEP :: Search ::  Help ::  Terms of use ::  Privacy policy
Powered by Invenio v1.0.0+
Problems/Questions to feedback@inspirehep.net

find a gunion and a haber and ti higgsCitesummary Search Easy Search
Advanced Search

find j "Phys.Rev.Lett.,105*"  :: 
more

Sort by: Display results:

latest first  desc.  - or rank by - 25 results  single list

Citations summary
Generated on 2013-01-05

35 papers found, 29 of them citeable (published or arXiv)

Citation summary results Citeable papers Published only
Total number of papers analyzed: 29 21
Total number of citations: 4,240 3,396
Average citations per paper: 146.2 161.7
Breakdown of papers by citations:
Renowned papers (500+) 2 2
Famous papers (250-499) 3 1
Very well-known papers (100-249) 6 5
Well-known papers (50-99) 9 7
Known papers (10-49) 6 3
Less known papers (1-9) 3 3
Unknown papers (0) 0 0
hHEP index [?] 22 17

See additional metrics

Exclude self-citations or RPP

Warning: The citation search should be used and interpreted with great care. Read the
fine print

This site is also available in the following languages:
Български  Català  Deutsch  Ελληνικά  English  Español

 Français  Hrvatski  Italiano  日本語  Norsk/Bokmål  Polski
 Português  Slovensky  Svenska  中文(简)  中文(繁)

find a gunion and a haber and ti higgs - Search Results - INSPI... http://inspirehep.net/search?ln=en&ln=en&p=find+a+gunion+a...

2 of 2 1/5/13 2:30 PM



Determining the nature of the 126 GeV ‘Higgs’ signal

Jack Gunion
U.C. Davis

The Search for Fundamental Physics: Higgs Bosons & Supersymmetry, January, 6

2013

NMSSM Collaborators: G. Belanger, U. Ellwanger, Y. Jiang, S. Kraml, J. Schwarz

1. “Higgs Bosons at 98 and 125 GeV at LEP and the LHC” G. Belanger, U. Ellwanger, J. F. Gunion,

Y. Jiang, S. Kraml and J. H. Schwarz. arXiv:1210.1976 [hep-ph]

2. “Two Higgs Bosons at the Tevatron and the LHC?” G. Belanger, U. Ellwanger, J. F. Gunion,

Y. Jiang and S. Kraml. arXiv:1208.4952 [hep-ph]

3. “Diagnosing Degenerate Higgs Bosons at 125 GeV” J. F. Gunion, Y. Jiang and S. Kraml.

arXiv:1208.1817 [hep-ph]

4. “Could two NMSSM Higgs bosons be present near 125 GeV?” J. F. Gunion, Y. Jiang and

S. Kraml. arXiv:1207.1545 [hep-ph]

5. “The Constrained NMSSM and Higgs near 125 GeV” J. F. Gunion, Y. Jiang and S. Kraml.

arXiv:1201.0982 [hep-ph] Phys. Lett. B 710, 454 (2012)

2HDM Collaborators: Alexandra Drozd, Bohdan Grzadkowski, Yun Jiang

J. Gunion, The Search for Fundamental Physics: Higgs Bosons & Supersymmetry, January, 6 2013 1



1. “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]

Higgs couplings Collaborators: Belanger, Beranger, Ellwanger, Kraml

1. “Higgs Couplings at the End of 2012” G. Belanger, B. Dumont, U. Ellwanger, J. F. Gunion and

S. Kraml. arXiv:1212.5244 [hep-ph]

J. Gunion, The Search for Fundamental Physics: Higgs Bosons & Supersymmetry, January, 6 2013 2



Higgs-like LHC Excesses at 125− 126 GeV

• Experimental Higgs-like excesses: define

R
h
Y (X) =

σ(pp→ Y → h)BR(h→ X)

σ(pp→ Y → hSM)BR(hSM → X)
, R

h
(X) =

∑
Y

R
h
Y , (1)

where Y = gg, V V , V h or tth. The notation µ ≡ R is sometimes employed.

Experimental results are now available for many channels, where the experimental channel
is usually a mixture of the theoretical channels.

µk =
∑

T
i
kµ̂i (2)

where the T ik give the amount of contribution to the experimental channel k coming from
the theoretically defined channel i and µ̂i is the prediction for a given theoretical channel.
The observed µk values and T ik values are summarized in the following tables.
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Channel Signal strength µ mH (GeV) Production mode
ggF VBF VH ttH

H → γγ (4.8 fb−1 at 7 TeV + 13.0 fb−1 at 8 TeV) [?]

µ(ggF + ttH, γγ) 1.85± 0.52 126.6 100% – – –
µ(VBF + VH, γγ) 2.01± 1.23 126.6 – 60% 40% –

H → ZZ (4.6 fb−1 at 7 TeV + 13.0 fb−1 at 8 TeV) [?, ?]

Inclusive 1.01+0.45
−0.40 → 0.97+0.45

−0.40 125 87% 7% 5% 1%

H →WW (13.0 fb−1 at 8 TeV) [?, ?]

eνµν 1.42+0.58
−0.54 125.5 95% 3% 2% –

H → bb̄ (4.7 fb−1 at 7 TeV + 13.0 fb−1 at 8 TeV) [?, ?]

VH tag −0.39± 1.02 125.5 – – 100% –

H → ττ (4.6 fb−1 at 7 TeV + 13.0 fb−1 at 8 TeV) [?]

µ(ggF, ττ ) 2.41± 1.57 125 100% – – –
µ(VBF + VH, ττ ) −0.26± 1.02 125 – 60% 40% –

Table 1: ATLAS results as employed in this analysis. The correlations included
in the fits are ρ = −0.37 for the γγ and ρ = −0.50 for the ττ channels.
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Channel Signal strength µ mH (GeV) Production mode
ggF VBF VH ttH

H → γγ (5.1 fb−1 at 7 TeV + 5.3 fb−1 at 8 TeV) [?, ?, ?]

µ(ggF + ttH, γγ) 0.95± 0.65 125.8 100% – – –
µ(VBF + VH, γγ) 3.77± 1.75 125.8 – 60% 40% –

H → ZZ (5.1 fb−1 at 7 TeV + 12.2 fb−1 at 8 TeV) [?, ?]

Inclusive 0.81+0.35
−0.28 125.8 87% 7% 5% 1%

H →WW (up to 4.9 fb−1 at 7 TeV + 12.1 fb−1 at 8 TeV) [?, ?, ?]

0/1 jet 0.77+0.27
−0.25 125.8 97% 3% – –

VBF tag −0.05+0.74
−0.55 125.8 17% 83% – –

VH tag −0.31+2.22
−1.94 125.8 – – 100% –

H → bb̄ (up to 5.0 fb−1 at 7 TeV + 12.1 fb−1 at 8 TeV) [?, ?, ?]

VH tag 1.31+0.65
−0.60 125.8 – – 100% –

ttH tag −0.80+2.10
−1.84 125.8 – – – 100%

H → ττ (up to 5.0 fb−1 at 7 TeV + 12.1 fb−1 at 8 TeV) [?, ?, ?]

0/1 jet 0.85+0.68
−0.66 125.8 76% 16% 7% 1%

VBF tag 0.82+0.82
−0.75 125.8 19% 81% – –

VH tag 0.86+1.92
−1.68 125.8 – – 100% –

Table 2: CMS results as employed in this analysis. The correlation included
for the γγ channel is ρ = −0.54.
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Channel Signal strength µ mH (GeV) Production mode
ggF VBF VH ttH

H → γγ [?]

Combined 6.14+3.25
−3.19 125 78% 5% 17% –

H →WW [?]

Combined 0.85+0.88
−0.81 125 78% 5% 17% –

H → bb̄ [?]

VH tag 1.56+0.72
−0.73 125 – – 100% –

Table 3: Tevatron results for up to 10 fb−1 at
√
s = 1.96 TeV, as employed

in this analysis.

Note: general enhancement of γγ final states in both ggF (not CMS) and
especially VBF.

Note: R(ZZ,WW ) >∼ 1 for ATLAS, whereas R(ZZ,WW ) < 1 for CMS.

• The big questions:

1. If the deviations from a single SM Higgs survive what is the
model?

2. If they do survive, how far beyond the ”standard” model
must we go to describe them?
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Higgs coupling fits

• Suppose the signal derives from just one Higgs boson — we
assume 0+.

• The structure we will test is

L = g
[
CV

(
mWWµW

µ +
mZ

cos θW
ZµZ

µ

)
−CU

mt

2mW

t̄t− CD
mb

2mW

b̄b− CD
mτ

2mW

τ̄ τ
]
H . (3)

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

• We will be fitting the data given earlier.

• In addition to the tree-level couplings given above, the H has
couplings to gg and γγ that are first induced at one loop and
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are completely computable in terms of CU , CD and CV if only
loops containing SM particles are present.

We define Cg and Cγ to be the ratio of these couplings so
computed to the SM (i.e. CU = CD = CV = 1) values.

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

• The largest set of independent parameters in our fits is thus

CU , CD, CV , ∆Cg, ∆Cγ . (4)
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• Fit I: CU = CD = CV = 1, ∆Cg and ∆Cγ free.

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1

∆Cγ

∆
C

g

Figure 1: Two parameter fit of ∆Cγ and ∆Cg, assuming CU = CD = CV = 1 (Fit I).

The red, orange and yellow ellipses show the 68%, 95% and 99.7% CL regions, respectively.

The white star marks the best-fit point ∆Cγ = 0.426, ∆Cg = −0.086. It has χ2 = 12.3

vs. SM χ2 = 20.2. i.e. SM is ∼ 2σ worse.
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• Fit II: varying CU , CD and CV (∆Cγ = ∆Cg = 0)
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Figure 2: Two-dimensional χ2 distributions for the three parameter fit, Fit II, of CU , CD,

CV with Cγ = Cγ and Cg = Cg as computed in terms of CU, CD, CV . Details on the

minima in different sectors of the (CU ,CD) plane can be found in Table 5. Note strong

preference for negative CU = −1 (γγ t-loop adds to W loop). Negative CU is hard in

most models. But, χ2 = 11.6 is much better than for SM.
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• Fit II: varying CU , CD and CV (∆Cγ = ∆Cg = 0) requiring
CU , CD > 0 (and CV > 0 by convention)
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Figure 3: Two-dimensional χ2 distributions for the three parameter fit, Fit II, as in Fig. 2

but with CU > 0, CD > 0, CV > 0. The upper row of plots allows for CV > 1, while in

the lower row of plots CV ≤ 1 is imposed. The best fit point has χ2 = 18.66, a value that

is not much lower than that for the SM.
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• Fit III: varying CU , CD, CV , ∆Cγ and ∆Cg
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Figure 4: Two-dimensional distributions for the five parameter fit of CU , CD, CV , ∆Cγ

and ∆Cg (Fit III). Details regarding the best fit point are given in Table 4. Note from top

middle plot how ∆Cg can be traded for CU .
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Fit I II III, 1st min. III, 2nd min.

CU 1 −0.864+0.142
−0.163 −0.06± 1.3 0.06± 1.3

CD 1 0.991+0.277
−0.261 0.996+0.284

−0.264 −0.996+0.263
−0.284

CV 1 0.947+0.119
−0.132 0.934+0.124

−0.140 0.934+0.124
−0.140

∆Cγ 0.426+0.167
−0.157 – 0.164+0.380

−0.360 0.210+0.372
−0.389

∆Cg −0.086+0.102
−0.103 – 0.830+0.24

−1.17 0.828+0.24
−1.17

Cγ 1.426+0.167
−0.157 1.431+0.165

−0.173 1.364+0.263
−0.225 1.364+0.263

−0.225

Cg 0.914+0.102
−0.103 0.918+0.173

−0.153 0.948+0.26
−0.23 0.948+0.26

−0.23

χ2
min 12.31 11.95 11.46 11.46

χ2
min/d.o.f. 0.648 0.664 0.716 0.716

Table 4: Summary of results for Fits I–III. For Fit II, the tabulated results are from the best

fit, cf. column 1 of Table 5.
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Sector CU < 0, CD > 0 CU , CD < 0 CU , CD > 0

CU −0.864+0.142
−0.163 −0.911+0.150

−0.171 0.847+0.152
−0.133

CD 0.991+0.277
−0.261 −0.980+0.258

−0.273 0.851+0.221
−0.213

CV 0.947+0.120
−0.132 0.943+0.119

−0.133 1.055+0.109
−0.118

Cγ 1.431+0.165
−0.173 1.425+0.163

−0.173 1.110+0.145
−0.159

Cg 0.918+0.173
−0.153 0.909+0.168

−0.150 0.847+0.159
−0.128

χ2
min 11.95 12.06 18.66

χ2
min/d.o.f. 0.66 0.67 1.04

Table 5: Results for Fit II in different sectors of the (CU ,CD) plane.
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Figure 5: Graphical representation of the best fit values for CU , CD, CV , ∆Cγ and ∆Cg

of Table 4. The labels refer to the fits discussed in the text. The dashed lines indicate the

SM value for the given quantity. The ×’s indicate cases where the parameter in question

was fixed to its SM value. If the γγ mode excesses persist, it would appear necessary to

have Cγ ∼ 1.4 by some means or other (CU negative with ∆Cγ small, or CU normal with

∆Cγ ∼ 0.4.) Note that Cg ∼ 1 and CV ∼ 1 for all fits.
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Impact on Two-Higgs-Doublet Models

• Only α and β needed to describe a single Higgs. So good fit
is not exactly guaranteed.
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Figure 6: 2HDM fits for the h in the Type I (left) and Type II (right) models. Note:

β−π/2 = α− 2π is SM limit. Fit is far from SM limit and requires small tanβ, the latter

being problematical for perturbativity of top-quark coupling. If we require tanβ > 1, must

move to ‘long valley’ which is near SM-like limit and has much higher χ2.
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Fit THDM-I THDM-II THDM-I, tanβ > 1 THDM-II, tanβ > 1

α [rad] 4.5+0.093
−0.081 4.56+0.148

−0.136 5.374+1.113
−0.131 6.275+0.165

−0.825

β [rad] 0.237+0.069
−0.097 0.17+0.124

−0.170 [π/4, π/2] 1.562+0.009
−0.776

cosα −0.211+0.092
−0.078 −0.147+0.147

−0.133 0.614+0.386
−0.108 1.0−0.673

tanβ 0.241+0.075
−0.101 0.172+0.131

−0.172 [1, +∞] [1, +∞]

CU −0.899+0.166
−0.192 −0.869+0.116

−0.134 0.869+0.168
−0.154 1.02+0.05

−0.07

CD −0.899+0.166
−0.192 1.004−0.01 0.869+0.168

−0.154 0.94+0.13
−0.11

CV 0.901+0.069
−0.073 0.950+0.048

−0.115 0.992+0.008
−0.040 1.0−0.047

Cγ 1.369+0.094
−0.097 1.436+0.081

−0.130 1.025−0.062 1.005+0.009
−0.088

Cg 0.899+0.188
−0.162 0.924+0.132

−0.113 0.869+0.164
−0.149 0.99+0.08

−0.04

χ2
min 12.20 11.95 19.43 19.88

Table 6: Summary of fit results for the h in 2HDMs of Type I and Type II.

Summary of Fitting Results

Best χ2’s are achieved pretty far from SM limit and would have
to involve exotic parameters. Only cure: light charged Higgs,
but then other constraints become a problem.
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Enhanced Higgs signals in the NMSSM

• NMSSM=MSSM+Ŝ.

• The extra complex S component of Ŝ ⇒ the NMSSM has
h1, h2, h2, a1, a2.

• The new NMSSM parameters of the superpotential (λ and κ)
and scalar potential (Aλ and Aκ) appear as:

W 3 λŜĤuĤd +
κ

3
Ŝ3 , Vsoft 3 λAλSHuHd +

κ

3
AκS

3 (5)

• 〈S〉 6= 0 is generated by SUSY breakng and solves µ problem:
µeff = λ〈S〉.
• First question: Can the NMSSM give a Higgs mass as large as

125 GeV?

Answer: Yes, so long as it is not a highly unified model. For our
studies, we employed universal m0, except for NUHM (m2

Hu
,
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m2
Hd

, m2
S free), universal At = Ab = Aτ = A0 but allow Aλ

and Aκ to vary freely. Of course, λ > 0 and κ are scanned
demanding perturbativity up to the GUT scale.

• Can this model achieve rates in γγ and 4` that are >SM?

Answer: it depends on whether or not we insist on getting
good aµ.

• 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 γγ couplings are less affected.

• Typically, this requires mh1 and mh2 to have similar masses (for
singlet-doublet mixing) and large λ (to enhance Higgs mass).

Large λ (by which we mean λ > 0.1) is only possible while
retaining perturbativity up to mPl if tanβ is modest in size.

In the semi-unified model we employ, enhanced rates and/or
large λ cannot be made consistent with decent δaµ. (J. F. Gunion,

Y. Jiang and S. Kraml.arXiv:1201.0982 [hep-ph])
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• The ”enhanced” SM-like Higgs can be either h1 or h2.

R
hi
gg(X) ≡ (C

hi
gg)

2 BR(hi → X)

BR(hSM → X)
, R

hi
VBF(X) ≡ (C

hi
V V )

2 BR(hi → X)

BR(hSM → X)
, (6)

where hi is the ith NMSSM scalar Higgs, and hSM is the SM
Higgs boson. C

hi
Y = gY hi/gY hSM and RV h for V ∗ → V hi

(V = W,Z) with hi → X is equal to RhiVBF(X) in doublets +

singlets models.

Some illustrative Rgg results from (J. F. Gunion, Y. Jiang and S. Kraml.

arXiv:1207.1545):
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Wide Scan Range
0 ≤ m0 ≤ 3000
100 ≤ m1/2 ≤ 3000, in particular one more scan for 100 ≤ m1/2 ≤ 1000
1 ≤ tanβ ≤ 15
−6000 ≤ A0 ≤ 6000
0.1 ≤ λ ≤ 0.7
0.05 ≤ κ ≤ 0.7
−1000 ≤ Aλ ≤ 1000
−1000 ≤ Aκ ≤ 1000
100 ≤ µeff ≤ 500

Combined λ Scan Range
500 ≤ m0 ≤ 3000
500 ≤ m1/2 ≤ 3000
1 ≤ tanβ ≤ 40
−2000 ≤ A0 ≤ −1000
0.3 ≤ λ ≤ 0.7
0.05 ≤ κ ≤ 0.5
−700 ≤ Aλ ≤ −500
−400 ≤ Aκ ≤ −200
110 ≤ µeff ≤ 130

Figure Legend
LEP/Teva B-physics Ωh2 > 0 δaµ(×1010) XENON100 Rh1/h2(γγ)

• √ √
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• If we ignore δaµ, then Rgg(γγ) > 1.2 (even > 2) is possible
while satisfying all other constraints provided h1 and h2 are
close in mass, especially in the case wheremh2 ∈ [123, 128] GeV

window.

• This raises the issue of scenarios in which both mh1 and mh2

are in the [123, 128] GeV window where the experiments see
the Higgs signal.

Supporting reasons:

– If h1 and h2 are sufficiently degenerate, the experimentalists
might not have resolved the two distinct peaks, even in the
γγ channel.

– The rates for the h1 and h2 could then add together to give
an enhanced γγ, for example, signal.

– The apparent width or shape of the γγ mass distribution
could be altered.

– There is more room for an apparent mismatch between the

J. Gunion, The Search for Fundamental Physics: Higgs Bosons & Supersymmetry, January, 6 2013 23



γγ channel and other channels, such as bb or 4`, than in
non-degenerate situation.
In particular, the h1 and h2 will generally have different gg
and V V production rates and branching ratios.

– The general coupling analysis suggests that suppressing the
V V coupling and the bb coupling through mixing does not
provide a wonderful fit if only one of the h1 or h2 is identified
as the 126 GeV resonance.
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Degenerate NMSSM Higgs Scenarios:
(arXiv:1207.1545, JFG, Jiang, Kraml)

• For the numerical analysis, we use NMSSMTools version 3.2.0,
which has improved convergence of RGEs in the case of large
Yukawa couplings.

• 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: BR(Bs→ Xsγ), ∆Ms, ∆Md, BR(Bs→ µ+µ−)

(old upper limit), BR(B+→ τ+ντ) and BR(B → Xsµ
+µ−)

at 2σ as encoded in NMSSMTools-3.2.0, plus updates.
3. Dark Matter: Ωh2 < 0.136, thus allowing for scenarios in

which the relic density arises at least in part from some other
source.
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However, we single out points with 0.094 ≤ Ωh2 ≤ 0.136,
which is the ‘WMAP window’ defined in NMSSMTools-3.2.0.

4. 2011 XENON 100: spin-independent LSP–proton scattering
cross section bounds implied by the neutralino-mass-dependent
XENON100 bound. (For points with Ωh2 < 0.094, we
rescale these bounds by a factor of 0.11/Ωh2.) (2012
XENON 100 has little additional impact.)

5. δaµ ignored: impossible to satisfy for scenarios we study
here.

• Compute the effective Higgs mass in given production and final
decay channels Y and X, respectively, and Rhgg as

m
Y
h (X) ≡

R
h1
Y (X)mh1 + R

h2
Y (X)mh2

R
h1
Y (X) + R

h2
Y (X)

R
h
Y (X) = R

h1
Y (X) + R

h2
Y (X) . (7)

• The extent to which it is appropriate to combine the rates from
the h1 and h2 depends upon the degree of degeneracy and the
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experimental resolution.

Very roughly, one should probably think of σres ∼ 1.5 GeV or
larger. The widths of the h1 and h2 are very much smaller
than this resolution.

• We perform scans covering the following parameter ranges:

0 ≤ m0 ≤ 3000; 100 ≤ m1/2 ≤ 3000; 1 ≤ tanβ ≤ 40;

−6000 ≤ A0 ≤ 6000; 0.1 ≤ λ ≤ 0.7; 0.05 ≤ κ ≤ 0.5;

−1000 ≤ Aλ ≤ 1000; −1000 ≤ Aκ ≤ 1000; 100 ≤ µeff ≤ 500 . (8)

We only display points which pass the basic constraints,
satisfy B-physics constraints, have Ωh2 < 0.136, obey the
2011 XENON100 limit on the LSP scattering cross-section off
protons and have both h1 and h2 in the desired mass range:
123 GeV < mh1,mh2 < 128 GeV.

• In Fig. 10, points are color coded according to mh2 −mh1.

Circular points have Ωh2 < 0.094, while diamond points have
0.094 ≤ Ωh2 ≤ 0.136 (i.e. lie within the WMAP window).
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• Many of the displayed points are such thatRh1
gg(γγ)+Rh2

gg(γγ) >

1.

• A few such points have Ωh2 in the WMAP window.

These points are such that either Rh1
gg(γγ) > 2 or Rh2

gg(γγ) >

2, with the Rhgg(γγ) for the other Higgs being small.

• However, the majority of the points with Rh1
gg(γγ)+Rh2

gg(γγ) >

1 have Ωh2 < 0.094 and the γγ signal is often shared between
the h1 and the h2.
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Figure 10: Correlation of gg → (h1, h2) → γγ signal strengths when both h1 and h2

lie in the 123–128 GeV mass range. The circular points have Ωh2 < 0.094, while diamond

points have 0.094 ≤ Ωh2 ≤ 0.136. Points are color coded according to mh2 − mh1.

Probably green and cyan points can be resolved in mass.

Now combine the h1 and h2 signals as described above. Recall:

J. Gunion, The Search for Fundamental Physics: Higgs Bosons & Supersymmetry, January, 6 2013 29



circular (diamond) points have Ωh2 < 0.094 (0.094 ≤ Ωh2 ≤
0.136). Color code:

1. red for mh2 −mh1 ≤ 1 GeV;
2. blue for 1 GeV < mh2 −mh1 ≤ 2 GeV;
3. green for 2 GeV < mh2 −mh1 ≤ 3 GeV.

• For current statistics and σres >∼ 1.5 GeV we estimate that the
h1 and h2 signals will not be seen separately for mh2−mh1 ≤
2 GeV.

• In Fig. 11, we show results for Rhgg(X) for X = γγ, V V, bb̄.
Enhanced γγ and V V rates from gluon fusion are very
common.

• The bottom-right plot shows that enhancement in V h 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 11: Rh
gg(X) for X = γγ, V V, bb, and Rh

VBF(bb) versus mh. For application to

the Tevatron, note that Rh
VBF(bb) = Rh

V ∗→V h(bb).
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Figure 12: Left: correlation between the gluon fusion induced γγ and V V rates relative

to the SM. Right: correlation between the gluon fusion induced γγ 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.

• Comments on Fig. 12:

1. Left-hand plot shows the strong correlation between Rhgg(γγ)

and Rhgg(V V ).
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Note that if Rhgg(γγ) ∼ 1.5, as suggested by current

experimental results, then in this model Rhgg(V V ) ≥ 1.2.
2. The right-hand plot shows the (anti) correlation between
Rhgg(γγ) and RhV ∗→V h(bb) = RhVBF(bb).

In general, the larger Rhgg(γγ) is, the smaller the value of

RhV ∗→V h(bb).
However, this latter plot shows that there are parameter
choices for which both the γγ rate at the LHC and the
V ∗ → V h(→ bb) rate at the Tevatron (and LHC) can
be enhanced relative to the SM as a result of there being
contributions to these rates from both the h1 and h2.

3. It is often the case that one of the h1 or h2 dominates
Rhgg(γγ) while the other dominates RhV ∗→V h(bb). This is
typical of the diamond WMAP-window points.
However, a significant number of the circular Ωh2 < 0.094

points are such that either the γγ or the bb signal receives
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substantial contributions from both the h1 and the h2.
We did not find points where the γγ and bb final states both

receive substantial contributions from both the h1 and h2.
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Figure 13: Left: effective Higgs masses obtained from different channels: mgg
h (γγ) versus

mgg
h (V V ). Right: γγ signal strength Rh

gg(γγ) versus effective coupling to bb̄ quarks

(Ch
bb̄

)2. Here, Ch
bb̄

2 ≡
[
Rh1
gg(γγ)C

h1
bb̄

2
+ Rh2

gg(γγ)C
h2
bb̄

2]
/
[
Rh1
gg(γγ) + Rh2

gg(γγ)
]

.

J. Gunion, The Search for Fundamental Physics: Higgs Bosons & Supersymmetry, January, 6 2013 34



Comments on Fig. 13

1. The mh values for the gluon fusion induced γγ and V V

cases are also strongly correlated — in fact, they differ by
no more than a fraction of a GeV and are most often much
closer, see the left plot of Fig. 13.

2. The right plot of Fig. 13 illustrates the mechanism behind
enhanced rates, namely that large net γγ branching ratio is
achieved by reducing the average total width by reducing the
average bb coupling strength.
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Two Higgs separated by 3 GeV or so

Let us take seriously the ATLAS preference of a lower apparent
mass in the 4` channel compared to γγ channel.

Can this be accommodated in nearly degenerate scenarios?

• Return to scenarios of previous section and analyze more closely.

• h1 should have ZZ rate not too much smaller than SM-like
rate, but suppressed γγ rate.

• h2 should have enhanced γγ and somewhat suppressed ZZ

rate.

The basic issue is encapsulated in the following plots. The green
and cyan points have mh2 −mh1 > 3 GeV and mh2 −mh1 ∈
[2, 3] GeV, respectively. So, pay most attention to these colors.

J. Gunion, The Search for Fundamental Physics: Higgs Bosons & Supersymmetry, January, 6 2013 36



0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 0.5 1 1.5 2 2.5

R
h

1

g
g
 (

Z
Z

)

R
h

1

gg
 (γγ)

123<m
h

1

,m
h

2

<128

0

0.5

1

1.5

2

2.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

R
h

2

g
g
 (

γ
γ
)

R
h

2

gg
 (ZZ)

123<m
h

1

,m
h

2

<128

• Left-hand figure shows that Rh1(γγ) <∼ Rh1(ZZ) along lower
part of upper branch (the best branch).
• Right-hand figure shows that Rh2(γγ) > Rh2(ZZ) by a

substantial amount along the upper branch.
• Net result would be to shift ZZ mass lower and γγ mass

higher.
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• Detailed fit needed to see if ATLAS mass discrepancy can be
described.
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Diagnosing the presence of degenerate Higgses
(J. F. Gunion, Y. Jiang and S. Kraml. arXiv:1208.1817)

• Given that enhanced Rhgg is very natural if there are degenerate
Higgs mass eigenstates, how do we detect degeneracy if closely
degenerate? Must look at correlations among different Rh’s.
• In the context of any doublets plus singlets model not all the
Rhi’s are independent; a complete independent set of Rh’s
can be taken to be:

R
h
gg(V V ), R

h
gg(bb), R

h
gg(γγ), R

h
V BF (V V ), R

h
V BF (bb), R

h
V BF (γγ) .

(9)

• Let us now look in more detail at a given RhY (X). It takes the
form

RhY (X) =
∑
i=1,2

(C
hi
Y )2(C

hi
X )2

C
hi
Γ

(10)

where ChiX for X = γγ,WW,ZZ, . . . is the ratio of the hiX
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to hSMX coupling and ChiΓ is the ratio of the total width of
the hi to the SM Higgs total width.
• 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:

I):
RhV BF (γγ)/Rhgg(γγ)

RhV BF (bb)/Rhgg(bb)
, II):

RhV BF (γγ)/Rhgg(γγ)

RhV BF (V V )/Rhgg(V V )
, III):

RhV BF (V V )/Rhgg(V V )

RhV BF (bb)/Rhgg(bb)
, (11)

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. (10), are generally expected to deviate from 1 if two (or
more) Higgs bosons are contributing to the net h signals.

• 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.

• 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 Rh’s for different initial/final states can be measured.

E.g measurements of Rh for the bb final state may continue
to be somewhat imprecise and it is then double ratio II) 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 Rh’s involved are
not measured with great precision.

• In Fig. 14, we plot the numerator versus the denominator of
the double ratios I) and II), [III) being very like I) due to
the correlation between the Rhgg(γγ) and Rhgg(V V ) values
discussed earlier].

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

• The probability of such deviation increases dramatically if we
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require (as apparently preferred by LHC data) Rhgg(γγ) > 1,
see the solid (vs. open) symbols of Fig. 14.

• This is further elucidated in Fig. 15 where we display the double
ratios I) and II) as functions of Rhgg(γγ) (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 γγ rates.

Note in particular that I), being sensitive to the bb final state,
singles out degenerate Higgs scenarios even when one or the
other of h1 or h2 dominates the gg → γγ rate, see the top
right plot of Fig. 15.

In comparison, double ratio II) is most useful for scenarios with
Rhgg(γγ) ∼ 1, as illustrated by the bottom left plot of Fig. 15.
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• Thus, as illustrated by the bottom right plot of Fig. 15, 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 14: 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 < mh2 −mh1 ≤ 3 GeV,

blue for 1 GeV < mh2 −mh1 ≤ 2 GeV, and red for mh2 −mh1 ≤ 1 GeV. Large

diamond points have Ωh2 in the WMAP window of [0.094, 0.136], while circular points

have Ωh2 < 0.094. Solid points are those with Rh
gg(γγ) > 1 and open symbols have

Rh
gg(γγ) ≤ 1. Current experimental values for the ratios from CMS data along with their

1σ error bars are also shown.
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Figure 15: Double ratios I) and II) of Eq. (11) as functions of Rh
gg(γγ) (on the left).

On the right we show (top) double ratio I) vs. max
[
Rh1
gg(γγ), Rh2

gg(γγ)
]
/Rh

gg(γγ) and

(bottom) double ratio I) vs. double ratio II) for the points displayed in Fig. 14. Colors and

symbols are the same as in Fig. 14.
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• What does current LHC data say about these various double
ratios?

The central values and 1σ error bars for the numerator and
denominator of double ratios I) and II) obtained from CMS
data (CMS-PAS-HIG-12-020) are also shown in Fig. 14.

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 ≥ 100 fb−1

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.

• Degeneracy has significant probability in model contexts if
enhanced γγ rates are indeed confirmed at higher statistics.
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The pure 2HDM

• “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. Ferreira,
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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Conclusions

• It seems likely that the Higgs responsible for EWSB has
emerged.

• Perhaps, other Higgs-like objects are emerging.

• 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.

• >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.

• 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, I will continue watching and waiting
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