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Why to go Beyond the MSSM?
• MSSM Higgs sector is strongly constrained:

• LEP search:

• MSSM 2 loops:

• Tension can be relaxed with new degrees of freedom 
like singlet(s) , triplets, extra gauge symmetries.

• Effective Field Theory (EFT): capture the features of 
MSSM extensions where supersymmetry breaking is 
treated as a perturbation and the extra physics 
“lives” at a scale M. B(eyond)MSSM.

Brignole, Casas, Espinosa, Navarro (2003), Dine, Seiberg, Thomas (2007).

mh < 135 GeV

mh > 90− 114 GeV
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Higgs @ LHC
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Figure 3: The combined 95% C.L. upper limits on the signal strength modifier µ = σ/σSM ,

obtained with the CLs method, as a function of the SM Higgs boson mass in the range

110-600 GeV/c2
. The observed limits are shown by solid symbols. The dashed line

indicates the median expected µ95%
value for the background-only hypothesis, while the

green (yellow) band indicates the range expected to contain 68% (95%) of all observed

limit excursions from the median.
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114 GeV < mh < 141 GeV (@ 95% C.L)Obs:

Something hiding there?

What about the 5/fb data?
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Figure 14: The 95% C.L. upper limits for each Higgs boson decay mode separately, and

combined, on the signal strength modifier µ = σ/σSM , obtained with the CLs method in

the asymptotic approximation, as a function of the SM Higgs boson mass in the range

110-600 GeV/c2
. The observed limits are shown by solid symbols. The dashed lines

indicate the median expected µ95%
value for the background-only hypothesis.
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• A broad excess
• (about 2   )σ
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Why Supersymmetry?

• Possible explanation the hierarchy problem.

• Gauge coupling unification.

• Provides a DM candidate.

• Includes gravity.

• Provides radiative electroweak symmetry breaking

• etc...
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MSSM

• Supersymmetrized version of the SM.

• Fermion                          Sfermion (scalar)

• Gauge boson                   Gaugino (fermion)

Since no scalar particle 
with the electron mass and 
charge has been detected...

SUSY is broken
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MSSM Lagrangian

L = LSUSY + Lsoft

L =
�

d2θd2θ̄ K +
��

d2θ W + c.c
�

Usually one writes down

Sparticle masses

Yukawa couplings 
Soft Terms

LMSSM
soft = −1

2

�
M3�gg + M2W

�W + M1
�B �B + c.c

�

−
�
�uau

�QHu − �dad
�QHd − �eae

�LHd + c.c
�

− �Q† m2
eQ Q− �L† m2

eL
�L− �um2

u �u† − �dm2
d d

† − �em2
e �e†

−m
2
Hu

H
∗
u
Hu −m

2
Hd

H
∗
d
Hd − (bHuHd + c.c) .

K: Kähler potential (kin. terms and gauge int.)
W: Super potencial (Yukawa-like interactions)

mt̃, mg̃

At, Ab
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tanβ = vu/vd mATree level: ,

V = m
2
11H

†
uHu + m

2
22H

†
dHd − [bHuHd + c.c]

+
1
2
λ1(H†

dHd)2 +
1
2
λ2(H†

uHu)2 + λ3(H†
uHu)(H†

dHd) + λ4(HuHd)(H†
uH

†
d)

+
�

1
2
λ5(HuHd)2 +

�
λ6(H†

dHd) + λ7(H†
uHu)

�
(HuHd) + c.c

�
.

Hu, Hd → h, H, A, H
± v2 = v2

u + v2
d

scalars pseudoscalar

Higgs in the MSSM

MSSM: λ1 = λ2 = (g2
1 + g2

2)/4, λ3 = (g2
2 − g2

1)/4, λ4 = −g2
2/4, λ5 = λ6 = λ7 = 0

2-loops:Tree level: m(0)
h ≤ mZ |cos(2β)|

mS , At, Ab

mh < 135 GeV
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Higgs in the MSSM
m(0)

h ≈ 0, tanβ ≈ 1

m(0)
h ≈ mZ , tanβ > 10

mS , At, Ab

2-loops:

Tree level:
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MSUSY=1 TeV
M2=200 GeV
µ=-200 GeV
mgluino=800 GeV
Stop mix: Xt=2MSUSY

m(0)
h ≤ mZ |cos(2β)|

mh < 135 GeV

Brignole, Carena, 
de Grassi, Diaz, 

Ellis, Haber, 
Hempfling, 

Heinemeyer, 
Hollik, Espinosa, 
Martin, Quiros, 
Ridolfi, Slavich, 

Wagner, Weiglein, 
Zhang, Zwirner,...

Tuesday, November 29, 2011



Higgs in the MSSM: 7 TeV LHC
LHC reach for the MSSM SM-like Higgs 

σ < 1
1 < σ < 2
σ ≥ 2
σ ≥ 3

σ < 1
1 < σ < 2
σ ≥ 2
σ ≥ 3

Critical dependence on the performances for VBF, h ! di-taus and Vh! Vbb modes for 
low mA. With 10 (15) fb-1 per experiment 2 sigma exclusion (3 sigma evidence) possible 

M.C., Draper, Liu, Wagner 

Carena, Draper, Liu, Wagner (2011)

“With 10 (15)/fb per experiment 2 sigma (3 sigma) possible”. 
Carena’s talk in HiggsDays (Santander, 2011)
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BMSSM Higgs sectors
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BMSSM

M. Dine, N. Seiberg, S. 
Thomas (2007)

Starting point: Effective theory (valid below scale M)

O(1/M) ≡ Dim5∆λ5 = α1ω1
mS

M
∆λ6 = ∆λ7 = ω1

µ

M

Only 2 parameters: ω1, α1 ∼ O(1) X = mS θ2Spurion:

W = µHuHd +
ω1

2M
(1 + α1X)(HuHd)2

Our choices: µ = mS = 200 GeV M = 1 TeV

tanβ = 2 (20) : Low (large)         regime.tanβ

•  

•  

and
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Related work in HDO
• MSSM: Antoniadis, Dudas, Ghilencea, Tziveloglou (‘08, ’09), Strumia (’99).

• Stability: Blum, Delaunay, Hochberg (’09).

• Fine tuning: Casas, Espinosa, Hidalgo (’04), Cassel, Ghilencea, Ross (’10), Cassel, Ghilencea (’11).

• DM: Cheung, Choi, Song (’09), Berg, Edsjo, Gondolo, Lundstrom, Sjors (’09), Bernal, Goudelis (’10).

• Cosmology: Bernal, Blum, Losada, Nir (’09).

• EW baryogenesis: Grojean, Servant, Wells (’05), Bodeker, Fromme, Huber, Seniuch (’05),                 
Delaunay, Grojean, Wells (’08), Noble, Perelstein (’08), Grinstein, Trott (’08), Blum, Delaunay, Nir, Losada, Tulin (’10).

• S(upersymmetric)EWSB vacua: Batra, Pontón (’09).

• Flavour: Bernal, Losada, Mahmoudi (’11).

• CP-violation: Altmannshofer, Carena, de la Puente, Gori (’11)
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Dimension 6 Lagrangian

K = H
†
de

V
Hd + H

†
ue

V
Hu

+
c1

M2
(1 + γ1(X + X

†) + β1XX
†)(H†

de
V

Hd)2

+
c2

M2
(1 + γ2(X + X

†) + β2XX
†)(H†

ue
V

Hu)2

+
c3

M2
(1 + γ3(X + X

†) + β3XX
†)(H†

ue
V

Hu)(H†
de

V
Hd)

+
c4

M2
(1 + γ4(X + X

†) + β4XX
†)(HuHd)(HuHd)†

+ {[ c6

M2
(1 + β6XX

† + γ6X + δ6X
†)H†

de
V

Hd

+
c7

M2
(1 + β7XX

† + γ7X + δ7X
†)H†

ue
V

Hu](HuHd) + h.c} ,

: 20 extra free parameters.O(1/M2)
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Are dim 6 operators necessary?

Therefore: Dimension 6 analysis is needed !

∆λ(5)
5,7 �= 0∆λ(5)

1,4 = 0

Recall: in the MSSM (dimension 4 operators only)

Turning on dimension 5 operators

λ(4)
1,4 ∼ g2 λ(4)

5,7 = 0

• Antoniadis, Dudas, Ghilencea, Tziveloglou (2009)

• Carena, Kong, Pontón, J.Z (2009)
For the Higgs sector, see:

Dimension 6: first corrections to all quartic couplings
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Lightest Higgs Mass
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• The lightest Higgs can be well above the LEP bound (specially for low tangent beta).

• The lightest Higgs mass is also larger than the MSSM theoretical upper bound.
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Heavy CP-even and charged Higgs masses
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• The other Higgs 
bosons follow the 

MSSM trend with the 
CP-odd mass.

•New decay channels, 
i.e:

• Large spreading at 
smaller       . mA

H → AZ

H
+ → AW

+

H/h → AA
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CP-even Higgs 
couplings to 
gauge bosons 
and fermions 
can change 

significantly w.r.t 
both SM and 

MSSM.

Important 
variations in the 

production 
processes and 

the decay 
branching ratios.
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Combining with radiative corrections

A. Djouadi, J. Kalinowski, M. Spira (1996)• BRs: Modifying HDECAY v 3.4

• Experimental Bounds: HiggsBounds v2.1.0  (LEP and Tevatron)
P. Bechtle, O. Brein, S. Heinemeyer, G. Weiglein, K. E. Williams

• Obtain masses and couplings of the Higgs sector 

+ Electroweak precision data + LHC data from EPS 2011, LP 2011.

λi = λ(4)
i +∆λ(5)

i +∆λ(6)
i +∆λ(1−loop−MSSM)

i
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LHC 
phenomenology
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Extended Higgs sector

• What is measured is XS x BR.

• SM is taken as the reference model.

• Extended Higgs sectors:

• a) H couplings to SM (modifies XS and  partial widths)

• b) new (non-SM) decay channels (change BRs)

• Parametrized by effective couplings: ghV V , ghff̄ , . . .

ghXX =
ΓBMSSM (h → XX)

ΓSM (h → XX)
Tuesday, November 29, 2011



SM Higgs at the 7 TeV LHC

E. Weihs, J.Z (2011)

• LHC data presented in summer 2011. 

• Combination of CMS and ATLAS data.
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• SM Higgs can be:

a) excluded    115-600 GeV

b) discovered 125-550 GeV
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Naïve combination
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List of channels
Channel

Lum. (fb
−1
) Mass range

Ref.
ATLAS CMS (GeV)

pp → Φ → WW 1.7 1.55 115-600 [8–10]

pp → Φ → ZZ 1.04 –2.28 1.1 –1.7 120-600 [11–14]

pp → Φ → γγ 1.08 1.7 110-150 [15,16]

pp → Φ → τ+τ− 1.06 1.6 90-600 [17,18]

V Φ,Φ → bb̄ − 1.1 110-135 [19]

qqΦ,Φ → τ+τ− 1 − 110-130 [28]

t → H
+
b,H

+ → τ+ντ − 1.1 80 - 160 [20]

Table 1: List of LHC channels used in this study, indicating the luminosity used by the collabora-

tions in the analysis. The “−” indicates that no data for that particular channel has been presented

by the corresponding collaboration. Here, Φ stands for any neutral Higgs boson. The production

mechanisms considered are gluon-fusion, vector-boson fusion, associated production with Z,W, tt̄

and also bb̄ → Φ (only relevant for large tanβ).

In the channels where both CMS and ATLAS have presented data, we combine their results

following the simple prescription described in Refs. [35,36]. Although this procedure may be overly

simplistic, and a careful combination by the experimental collaborations would be most welcome, it

allows us to get an idea of the present exclusion bounds with the information available. Therefore,

when applied to our scan over BMSSM scenarios, our current exclusion statements will refer to such

a combination of the observed limits by both experiment. For channels where only one collaboration

has presented an analysis, we will base our current exclusion on that analysis. The projections of

the LHC reach for a given luminosity, on the other hand, are computed using the method described

in Appendix B. For channels where only one collaboration has presented data, we assume that

the expected limit of the other collaboration will be similar, and “double” the expected projected

dataset (we call it CMS × 2 or ATLAS × 2).
2
Thus, our projections should always be interpreted

as what would be expected from a combination of both experiments. A summary of the various

datasets used in this work is presented in Table 1.

We present in Fig. 1 (taken from Ref. [24]) the expected 95 % C.L. exclusion limit on Higgs

production cross sections (including the corresponding decay rates) normalized to their SM values

as a function of the Higgs mass for a total integrated luminosity of 15 fb
−1
. We also show the sta-

2Given that, as explained above, the expected ATLAS sensitivity in the V Φ,Φ → bb̄ channel after improving
their analysis should be similar to the expected CMS exclusion limit, we employ the CMS x 2 prescription for the
projections in this channel.
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Charged Higgs 
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t → H
+
b, H

+ → τ+ντSearch channel: 
BMSSM effects in charged Higgs sector are smaller.

However they do constraint the parameter space, specially for low tan beta.

M. Carena, E. Pontón, J. Z (2011)

Analysis assumes BR(H+ → τ+ντ ) = 1 Bound applied if BR(H+ → τ+ντ ) = 0.9

CMS-PAS-HIG-11-008
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Charged Higgs reach
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• NLO QCD corrections included

• SUSY QCD corrections depend 
non trivially on SUSY spectrum (not 
shown, but included in our analysis).

• They can have a large impact 
on the bottom Yukawa coupling

• Exclusion is stronger for 
extreme values of tan beta.

M. Carena, E. Pontón, J. Z (2011)
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Tau-tau channel

• Important for large tangent beta.

• Low tangent beta: other channels.
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Figure 9: Expected and observed exclusion limits based on CLs in the mA − tan β plane of the MSSM.

The limits are shown for the eµ (upper left), "τhad (upper right),τhadτhad (lower center) final states. The

region above the drawn limit curve is excluded at the 95% confidence level. The dark grey (green) and

light grey (yellow) bands correspond to the ±1σ and ±2σ error bands, respectively.
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Figure 10: Expected and observed exclusion limits based on CLs in the mA − tan β plane of the MSSM

derived from the combination of the analyses for the eµ, "τhad and τhadτhad final states. The exclusion

limits from a previous result and from LEP are also shown (left). The contribution of the individual

channels to the combined limit is shown (right). The region above the drawn limit curve is excluded at

the 95% confidence level. The dark grey (green) and light grey (yellow) bands correspond to the ±1σ
and ±2σ error bands, respectively.
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• Lightest Higgs mass enhanced (especially for low tan beta). 

• H, H+ masses follow MSSM trend, except for low mA.

• CP-even Higgs couplings can vary significantly w.r.t both SM and 
MSSM.

• A and H+ couplings only corrected at 1/M2

• New decay channels open, like h/H     AA, H     AZ, H+     W+ A.

• At large mA (> 300 GeV) behaviour is similar to MSSM.

• Decoupling slower than in the MSSM (mA > 200 GeV).

General features

Tuesday, November 29, 2011



Low tan beta

Most important channels: di-bosons 

Charged Higgs and tau tau important for low mh values
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Low tan beta

Enhanced couplings to b’s dilutes di-boson signal.
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mH #GeV$
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$

tan Β & 20, M & 1 TeV, Μ & mS & 200 GeV, MSUSY & 300 GeV, At & Ab & 0
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H and or A can only be tested via taus (as in the MSSM).

BMSSM effects less relevant than for low tangent beta.
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Large tan beta

H and or A can only be tested via taus (as in the MSSM).

BMSSM effects less relevant than for low tangent beta.
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POINT A
�
(2067)

mA (GeV) mh (GeV) mH (GeV) mH± (GeV)

129 143 194 148

g
2
hWW

g
2
HWW

g
2
pp→h

g
2
pp→H

0.24 0.73 1.24 0.48

channel BMSSM (SM) channel BMSSM (SM)

h → bb̄ 0.62 (0.30) h → WW 0.21 (0.55)

H → WW 0.74 (0.75) H → ZZ 0.24 (0.25)

A → bb̄ 0.89 A → τ τ̄ 0.10

H
+ → τ̄ ντ 0.82 H

+ → tb̄ 0.15

pp → h → WW Q(15 fb
−1
) L2 (fb

−1
) L5 (fb

−1
)

0.46 2.8 1.9 11.9

POINT A
��
(570)

mA (GeV) mh (GeV) mH (GeV) mH± (GeV)

111 127 144 145

g
2
hWW

g
2
HWW

g
2
pp→h

g
2
pp→H

0.95 0.08 0.86 0.86

channel BMSSM (SM) channel BMSSM (SM)

h → bb̄ 0.62 (0.59) h → WW 0.21 (0.25)

H → bb̄/τ τ̄ 0.81 / 0.09 A → bb̄/τ τ̄ 0.90 / 0.10

H
+ → τ̄ ντ 0.81 H

+ → tb̄ 0.12

pp → h → WW Q(15 fb
−1
) L2 (fb

−1
) L5 (fb

−1
)

0.45 1.16 11.2 70

Table 1: Masses and branching fractions in the BMSSM (and in the SM for h and H) for scenarios
A

� and A
��. We only show the main decay modes. The rate of the most sensitive channel is normalized

to the SM.

H.

Point F is one of the benchmark points presented in Ref. [2] that have not been excluded (see

Table 4).
1

It has a rather light pseudoscalar Higgs, so that both BR(h/H → AA) are sizable.

Therefore, possible search channels are bb̄bb̄, bb̄τ+τ−, or τ+τ−τ+τ−. Aside from these options, which

we are not considering here, the model can be excluded (discovered) in the pp → H → WW channel

with 4.9 (30) fb
−1
. The charged Higgs search cannot be applied in a straightforward manner, since

BR(H
+ → τ+ντ ) = 0.56. A new interesting decay mode for the charged Higgs opens up in this case:

H
± → W

±
A.

1
The other point at low tanβ of Ref. [2] that has not been excluded was labeled A in that reference. It has

MSSM-like characteristics, with a SM-like Higgs with mh ≈ 118 GeV that could be excluded (discovered) in the γγ
channel with 14 (90) fb

−1
. The non-standard Higgses have masses of about 240 GeV, and are harder to find at the

LHC.

2

• Tested in the h->WW 
channel in spite of its 

suppression (enhanced bb)

• Can be tested at the 2 
sigma level with 2 (A’) 

11 (A’’) inverse fb.

• Such masses can not be 
obtained in the MSSM.

Benchmarks tb=2

Tuesday, November 29, 2011



POINT B
�
(1523)

mA (GeV) mh (GeV) mH (GeV) mH± (GeV)

133 117 156 156

g
2
hWW

g
2
HWW

g
2
pp→h

g
2
pp→H

0.90 0.10 0.71 0.94

channel BMSSM (SM) channel BMSSM (SM)

h → bb̄ 0.84 (0.73) h → τ τ̄ 0.09 (0.08)

H → bb̄ 0.64 (0.10) H → τ τ̄ 0.12 (0.01)

H → WW 0.23 (0.80) A → bb̄ / τ τ̄ 0.89 / 0.10

H
+ → τ̄ ντ 0.72 H

+ → tb̄ 0.24

pp → H → WW Q(15 fb
−1
) L2 (fb

−1
) L5 (fb

−1
)

0.27 2.8 1.9 12.0

POINT B
��
(663)

mA (GeV) mh (GeV) mH (GeV) mH± (GeV)

115 124 147 147

g
2
hWW

g
2
HWW

g
2
pp→h

g
2
pp→H

0.89 0.12 0.72 0.98

channel BMSSM (SM) channel BMSSM (SM)

h → bb̄ 0.80 (0.64) h → τ τ̄ 0.09 (0.07)

H → bb̄ 0.74 (0.22) H → τ τ̄ 0.08 (0.02)

H → WW 0.12 (0.64) A → bb̄ / τ τ̄ 0.89 / 0.10

H
+ → τ̄ ντ 0.81 H

+ → tb̄ 0.13

pp → H → WW Q(15 fb
−1
) L2 (fb

−1
) L5 (fb

−1
)

0.18 1.2 9.7 60

Table 2: Masses and branching fractions in the BMSSM for scenarios B� and B
��. We only show the

main decay modes. The rate of the most sensitive channel is normalized to the SM.

1.2 Benchmark scenarios for tan β = 20.

Point J in Table 5 corresponds to a model that can be excluded (discovered) in the pp → h → WW

channel with about 2 (13) fb
−1
. Note that it has an enhanced branching ratio into τ pairs (and

bb̄) compared to the SM, and can be excluded (discovered) with 4.2 (26) fb
−1

in this channel. The

non-standard Higgses (around 300 GeV) can be excluded (discovered) in the τ+τ− channel with

5.1 (32) fb
−1

for A and 10.2 (63) fb
−1

for H. Combining their signals, a total integrated luminosity

of 3.4 (21) fb
−1

is required for exclusion (discovery) . We also note that since BR(H → hh) ≈ 0.13,

one could also look for H by studying the bb̄bb̄, bb̄τ+τ−, τ+τ−τ+τ−. Maybe W
+
W

−
bb̄.

Point J � and J
��
in Table 5 correspond to models that are probed in the WW channel, but that

require an O(10 fb
−1
) compared to point J.

In point J
��
one requires 11.0 (69) fb

−1
for a 2 (5)σ exclusion in the h → WW channel. A and

H can be seached in the ττ final state, each of them requiring about 30 fb
−1

for a 2σ exclusion.

3

Benchmarks tb=2
• Tested in the H->WW 

(enhanced hbb strongly 
suppress the photon 

channel)

• Can be tested at the 2 
sigma level with 2 (B’) 

10 (B’’) inverse fb.

• Such masses can not be 
obtained in the MSSM for 

tan beta=2

Tuesday, November 29, 2011



• Tested in the diphoton 
channel.

• Can be tested at the 2 
sigma level with 5 (C’) 

11 (C’’) inverse fb.

• Such masses are difficult to 
obtain in the MSSM
(H, A are too light)

POINT C
� (964)

mA (GeV) mh (GeV) mH (GeV) mH± (GeV)
203 118 222 225
g
2
hWW

g
2
HWW

g
2
pp→h

g
2
pp→H

1.0 ≤ 10−3 1.22 0.4
channel BMSSM (SM) channel BMSSM (SM)
h → bb̄ 0.70 (0.72) h → τ τ̄ 0.07 (0.07)

h → WW 0.13 (0.12) h → γγ (×10−3) 2.1 (2.3)
H → bb̄ / τ τ̄ 0.81 / 0.10 H → WW 0.04
A → bb̄ / τ τ̄ 0.87 / 0.10 H

+ → tb̄ 1.0

pp → h → γγ Q(15 fb−1) L2 (fb−1) L5 (fb−1)
1.1 1.8 4.8 30

POINT C
�� (3699)

mA (GeV) mh (GeV) mH (GeV) mH± (GeV)
136 117.4 167 164
g
2
hWW

g
2
HWW

g
2
pp→h

g
2
pp→H

1.0 ≤ 10−3 1.11 0.53
channel BMSSM (SM) channel BMSSM (SM)
h → bb̄ 0.76 ( 0.73) h → τ τ̄ 0.08 (0.08)

h → WW 0.09 (0.11 ) h → γγ (×10−3) 1.6 (2.3)
H → bb̄ / τ τ̄ 0.80 / 0.09 H → WW 0.08
A → bb̄ / τ τ̄ 0.89 / 0.10 H

+ → τ̄ ντ/tb̄ 0.60 / 0.37

pp → h → γγ Q(15 fb−1) L2 (fb−1) L5 (fb−1)
0.76 1.18 10.7 67

POINT A (5233)

mA (GeV) mh (GeV) mH (GeV) mH± (GeV)
239 117.5 246 245
g
2
hWW

g
2
HWW

g
2
pp→h

g
2
pp→H

1.0 ≤ 10−2 1.05 0.49
channel BMSSM (SM) channel BMSSM (SM)
h → bb̄ 0.78 ( 0.73) h → τ τ̄ 0.08 (0.08)

h → WW 0.08 (0.11) h → γγ (×10−3) 1.4 (2.3)
H → bb̄ / WW 0.15 / 0.22 H → h 0.50
A → bb̄ / hh 0.65 / 0.24 H

+ → tb̄ 0.99

pp → h → γγ Q(15 fb−1) L2 (fb−1) L5 (fb−1)
0.66 1.03 14.1 88

Table 3: Masses and branching fractions in the BMSSM for scenarios C �, C �� and A. We only show
the main decay modes.

5

Benchmarks tb=2
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POINT F

mA (GeV) mh (GeV) mH (GeV) mH± (GeV)
64 135 155 125

g
2
hWW

g
2
HWW

g
2
pp→h

g
2
pp→H

≤ 10−2 0.99 0.59 1.14
channel BMSSM channel BMSSM
h → bb̄ 0.15 h → AA 0.84

H → WW 0.12 H → AA 0.84
H → bb̄ 0.02 A → bb̄ / τ τ̄ 0.91 / 0.09

H
+ → τ̄ ντ 0.56 H

± → W
± + A 0.40

pp → H → WW Q(15 fb−1) L2 (fb−1) L5 (fb−1)
0.18 1.8 4.9 30

Table 4: Masses and branching fractions in the BMSSM for scenario F of Ref. [2]. The rate of the
most sensitive channel is normalized to the SM.

6

Any ongoing LHC searches for                        ?bb̄bb̄, bb̄τ τ̄ , τ τ̄τ τ̄

h   AA and H   AA are the dominant decay modes.

Benchmarks tb=2

Exclusion requires about 5/fb, discovery about 30/fb.

Tuesday, November 29, 2011



POINT L (810)

mA (GeV) mh (GeV) mH (GeV) mH± (GeV)
256 129 278 275
g
2
hWW

g
2
HWW

g
2
pp→h

g
2
pp→H

0.99 0.02 1.6 0.86
channel BMSSM (SM) channel BMSSM (SM)
h → bb̄ 0.70 (0.56) h → τ τ̄ 0.12 (0.06)

h → WW 0.12 (0.28) H → bb̄ / τ τ̄ 0.68 / 0.11
H → hh 0.13 A → bb̄ / τ τ̄ 0.85 / 0.14
H

+ → τ̄ ντ 0.22 H
+ → tb̄ 0.73

σ(pp → X → τ τ̄) (pb) Q(15 fb−1) L2 (fb−1) L5 (fb−1)
A : 0.6 2.6 2.2 13.7
H : 0.3 1.6 5.9 37
h : 2.9 2.1 3.5 22.0

POINT L
� (231)

mA (GeV) mh (GeV) mH (GeV) mH± (GeV)
359 133 333 345
g
2
hWW

g
2
HWW

g
2
pp→h

g
2
pp→H

0.99 ≤ 10−2 1.09 0.57
channel BMSSM (SM) channel BMSSM (SM)
h → bb̄ 0.77 (0.48) h → τ τ̄ 0.10 (0.05)

h → WW 0.10 (0.36) H → bb̄ / τ τ̄ 0.71 / 0.12
H → hh 0.10 A → bb̄ / τ τ̄ 0.73 / 0.13
A → hZ 0.05 H

+ → tb̄/τ̄ ντ 0.57 / 0.18

σ(pp → X → τ τ̄) (pb) Q(15 fb−1) L2 (fb−1) L5 (fb−1)
H : 0.17 1.19 10.5 66
h : 1.49 1.17 10.9 68
A : 0.10 0.89 18.7 117

Table 7: Masses and branching fractions in the BMSSM (and in the SM for h) for scenario L. We
only show the main decay modes.

9

•All neutral Higgs bosons are 
tested in the tau tau channel.

• Masses are well separated: 
they can be distinguished

Benchmarks tb=20

• Can be around the 
corner (2/fb) or require 
more data (10/fb) for a 

2 sigma exclusion
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Intermediate tan beta region

!!

!

!

!
!

!

!

!
!!

!

!

! !

"
""

"

"
"

"
"
"

"
"#

#
#

#

#
#

"

"
"

" "

! pp $ h $WW

!pp $ h $ ΓΓ
" Vh, h $ bb#qqh, h $ ΤΤ
" pp $ h $ ΤΤ

200 220 240 260 280 300 320 340
114

115

116

117

118

119

120

121

mA !GeV"

m
h
!GeV

"

M ' 1 TeV, Μ ' mS ' 200 GeV, MSUSY ' 300 GeV, At ' Ab ' 0

• Probed at the 2     
level with 20/fb.

σ

• “Wedge region”: 
where the large 

tan beta tau reach 
is ineffective, and 

the diboson 
search modes are 

not enough.
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Benchmark for tan beta=6
POINT M

mA (GeV) mh (GeV) mH (GeV) mH± (GeV)
200 115 193 203
g
2
hWW

g
2
HWW

g
2
pp→h

g
2
pp→H

0.99 ≤ 10−2 1.12 0.37
channel BMSSM (SM) channel BMSSM (SM)
h → bb̄ 0.82 (0.75) h → τ τ̄ 0.09 (0.08)

h → WW 0.05 (0.09) H → bb̄ / τ τ̄ 0.85 / 0.11
A → bb̄ / τ τ̄ 0.88 / 0.12 H

+ → τ̄ ντ/tb̄ 0.25 / 0.74
V h, h → bb̄ Q(15 fb−1) L2 (fb−1) L5 (fb−1)

1.08 0.98 15.6 98
qqh, h → τ τ̄ Q(15 fb−1) L2 (fb−1) L5 (fb−1)

1.12 0.94 17 106
pp → h → γγ Q(15 fb−1) L2 (fb−1) L5 (fb−1)

0.56 0.83 22 137

Table 8: Masses and branching fractions in the BMSSM (and in the SM for h) for scenario M .
We only show the main decay modes.

up to 1/M2, where M is the scale of the physics being integrated out. As mentioned in the

introduction, our formalism assumes that these are nearly supersymmetric thresholds, thus treating

SUSY breaking in the heavy sector as a perturbation (included via a spurion superfield). We

emphasized in Ref. [6] that the generic EFT operators can be obtained from extensions of the

MSSM involving massive singlet and triplet superfields, as well as massive gauge fields (W � and/or

Z
�). However, there are two classes of operators that seem hard to induce at tree-level [those with

coefficients proportional to c6 and c7 in Eq. (3)], but that are allowed by supersymmetry. Although

we allowed in our scan that all of these operators have order-one coefficients, it often happens that

turning-off c6 and c7 results in changes to the spectrum that are within the uncertainties expected

in the EFT. One can therefore get an idea of the type of new physics that could be associated

with a given EFT benchmark point by using the relations derived in [6] between such UV examples

and the EFT. We have done this explicitly for the benchmark points of the previous section, and

present some of the details (and caveats) in Appendix A. This serves as a “proof of existence” that

the qualitative physics studied within the EFT can be obtained in specific (even if complicated)

UV completions.7

In this section we illustrate a somewhat orthogonal aspect. We focus on specific “simple” UV

extensions of the MSSM, and perform a study of the corresponding bounds from the 7 TeV run of

7
Such UV completions may in turn have Landau poles at some intermediate scale, which would indicate the

presence of additional, much heavier physics. Such issues do not concern us in this work, since their effects on the

Higgs sector can be expected to be suppressed.

21

Discovery is possible with about 100/fb, 7 TeV LHC.
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UV completions (tanb=2)
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Conclusions 
• We have studied BMSSM extensions with an EFT 

approach up to the second order in the 1/M expansion.

• Modified phenomenology with respect to MSSM.

• Great rise of the lightest Higgs mass, specially for low 
tangent beta (relax the MSSM tension).

• LHC strongly constraints parameter space.

• Intermediate values of tan beta can avoid exclusion with 
15/fb, but can be tested with 20/fb.

• Discovery might have to wait until 14 TeV Run.

Tuesday, November 29, 2011



Backup slides

Tuesday, November 29, 2011



Production cross sections

• VBF, HS: scale by 

• Gluon fusion:

(ghV V )2

σmodel(gg → h)
σSM (gg → h)

�
�

gmodel
ggh

gSM
ggh

�2

≡
Γmodel

h→gg

ΓSM
h→gg

holds at LO

40 100 200 300

K(pp ! h/H + X)

"s = 14 TeV

tg# = 1.5

tg# = 30

tg# = 1.5

tg# = 30

Q+Q
$

Q

M
h/H

 [GeV]

h H! !

1

1.2

1.4

1.6

1.8

2

2.2

2.4

Figure 48: K factors of the cross sections σ(pp → h/H+X) with [solid lines] and without
[dashed lines] squark loops as a function of the corresponding scalar Higgs mass for two
values of tgβ = 1.5, 30. The common squark mass has been chosen as M

Q̃
= 200 GeV.

The top and bottom masses have been set to Mt = 175 GeV, Mb = 5 GeV, and the NLO
cross sections are convoluted with CTEQ4M parton densities using αs(MZ) = 0.116 as the
normalization of the NLO strong coupling constant. The LO cross sections are evaluated
with CTEQ4L parton densities with the LO strong coupling αs(MZ) = 0.132.

Soft gluon resummation. Recently soft and collinear gluon radiation effects for the
total gluon-fusion cross section have been resummed [91]. In complete analogy to the SM
case, the perturbative expansion of the resummed result leads to a quantitative approxi-
mation of the three-loop NNLO corrections of the partonic cross section in the heavy top
mass limit, which approximates the full massive NLO result with a reliable precision for
small and medium values of tgβ [see Fig. 46]. Owing to the low-energy theorems discussed
before [see the gluonic decay modes Φ → gg], the unrenormalized partonic cross section
factorizes in the same way as the SM cross section. The scalar factors κh/H coincide with
the SM values of eq. (66) and the pseudoscalar factor is equal to unity, because of the
non-renormalization of the ABJ anomaly [105],

κA = 1 . (165)

The resummation of soft and collinear gluon effects proceeds along the same lines as in
the SM case. The final results for the scalar correction factors ρh/H are identical to the

83

bottom loop (NLO):
K factors from

HIGLU (SM vs MSSM)

M. Spira, Fortsch.Phys. 46 (1998) 

Sparticles:

Effect tanβ = 2 tanβ = 20
sparticles 3 % negl.

bottom loop < 5 % 20 %
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Numerical Scan

Μ � ms � 200 GeV

M � 1 TeV
tan Β � 2

max mh for �pars� � 1

∆v�v � 0.05
∆v�v � 0.1
∆v�v � 0.2

∆v�v arbitrary
0 100 200 300 400
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50

100

150

200

250

300

350

mA �GeV�

m
h
�GeV

�

Μ � ms � 200 GeV

M � 1 TeV
tan Β � 20

max mh for �pars� � 1

∆v�v � 0.05
∆v�v � 0.1
∆v�v � 0.2

∆v�v arbitrary
0 100 200 300 400

0

50

100

150

200

250

300

mA �GeV�
m
h
�GeV

�

• Keep if                  and                                   .

• Retain only global CP conserving minima.

δv/v < 10% 1.5(15) < tanβ < 2.5(25)
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• Parameter region:

• Convergence criteria:

Solve (with fixed params) for             .

Keep if                  and                                   .

• Only retain CP and charge conserving global minima.

• EW constraints:

Numerical scan

∼ 0.2

δv/v < 10%

|ω1|, |c1|, |c2|, |c3|, |c4|, |c6|, |c7| ∈ [0, 1].

|α1|, |βi|, |γi|, |δ6|, |δ7| ∈ [1/3, 1] for i = 1, 2, 3, 4, 6, 7.

λi → λi ± 2 Max {|ω1|, |c1|, |c2|, |c3|, |c4|, |c6|, |c7|}
� µ

M

�3
, i = 1, . . . 7 ,

−0.2 < T tree + THiggs + TSUSY < 0.3

Medina, Shah, Wagner (’09)

v, tanβ

1.5(15) < tanβ < 2.5(25)
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