
Higgs Physics in the SM and Beyond
Carlos E. M. Wagner

EFI and KICP,  University of Chicago
HEP Division, Argonne National Laboratory

GGI Conference, “Interpreting LHC Discoveries”, 
GGI, Florence, Italy, November 8th, 2011

Tuesday, November 8, 2011



CDF New Tevatron Combination 

7/27/11 29 

Observed Exclusion : 100-109 and 156-177 GeV/c2 

Expected Exclusion : 100-108 and 148-181 GeV/c2 

We are leaving in exciting times:

Experiments are starting to test the              
SM Higgs above the LEP limit, leading to 
interesting exclusion bounds on its mass.

A light SM-like Higgs, is beginning to be probed  
by present data. More information from the 
LHC may be available as early as next week.

2. Higgs mass bounds from collider searches.

From 1989–2000, experiments at LEP searched for e+e− → Z → h0Z

(where one of the Z-bosons is on-shell and one is off-shell). No significant

evidence was found leading to a lower bound on the SM Higgs mass

mh > 114.4 GeV at 95% CL.

Searches at the Tevatron and LHC extend the 95% excluded region of Higgs

masses.

 [GeV]Hm
200 300 400 500 600

SM
!/

!
95

%
 C

L 
Li

m
it 

on
 

-110

1

10

Observed
Expected

! 1 ±
! 2 ±

ATLAS Preliminary

-1 Ldt = 1.0-2.3 fb"
 = 7 TeVs

CLs Limits

)2Higgs boson mass (GeV/c
100 200 300 400 500 600

SM
!/

!
95

%
 C

L 
lim

it 
on

 

1

10

Observed
! 1±Expected 
! 2±Expected 

Observed
! 1±Expected 
! 2±Expected 

-1 = 1.1-1.7 fbintCombined, L
 = 7 TeVsCMS Preliminary,  Observed

! 1±Expected 
! 2±Expected 

-1 = 1.1-1.7 fbintCombined, L
 = 7 TeVsCMS Preliminary,  

2. Higgs mass bounds from collider searches.

From 1989–2000, experiments at LEP searched for e+e− → Z → h0Z

(where one of the Z-bosons is on-shell and one is off-shell). No significant

evidence was found leading to a lower bound on the SM Higgs mass

mh > 114.4 GeV at 95% CL.

Searches at the Tevatron and LHC extend the 95% excluded region of Higgs

masses.

 [GeV]Hm
200 300 400 500 600

SM
!/

!
95

%
 C

L 
Li

m
it 

on
 

-110

1

10

Observed
Expected

! 1 ±
! 2 ±

ATLAS Preliminary

-1 Ldt = 1.0-2.3 fb"
 = 7 TeVs

CLs Limits

)2Higgs boson mass (GeV/c
100 200 300 400 500 600

SM
!/

!
95

%
 C

L 
lim

it 
on

 

1

10

Observed
! 1±Expected 
! 2±Expected 

Observed
! 1±Expected 
! 2±Expected 

-1 = 1.1-1.7 fbintCombined, L
 = 7 TeVsCMS Preliminary,  Observed

! 1±Expected 
! 2±Expected 

-1 = 1.1-1.7 fbintCombined, L
 = 7 TeVsCMS Preliminary,  

Tuesday, November 8, 2011



!"#$%&%Λ'
()

*+,
- . / () (0 (- (. (/

%1
!
"
#
2

3
4

())

(5)

0))

05)

6))

65)

789%":;*<=>+?
@A%BC5D%E7

F"G@AH+?%":;*<=>+?%@A%BC5D%E7

%9"HA<HI@A>G>AJ%I+<?K
%LA@I>*>AJ%I+<?K
%M>?>A"NF%O"A@=A@I>*>AJ%I+<?K
%P"H+NF%O"A@=A@I>*>AJ%I+<?K

%"HH+H%I@?K=Q%R&+%AS"+H"A>;@*%"HH+H=σLS+R?%@H"%(

π%T%0λ
π%T%λ

!"#$%&%Λ'
()

*+,
- . / () (0 (- (. (/

%1
!
"
#
2

3
4

())

(5)

0))

05)

6))

65)

GeV)/(
10

log
4 6 8 10 12 14 16 18

 [
G

e
V

]
H

M

100

150

200

250

300

350

LEP exclusion
at >95% CL

Tevatron exclusion at >95% CL

LHC exclusion at >95% CL

LHC exclusion at >95% CL

GeV)/(
10

log
4 6 8 10 12 14 16 18

 [
G

e
V

]
H

M

100

150

200

250

300

350

 = 
 = 2

 Perturbativity bound
 Stability bound
 Finite T metastability bound
 Zero T metastability bound

 error bands, w/o theoretical errorsShown are 1

Harigaya, Matsumoto, HM
Sunday, August 28, 2011

Allowed region consistent with extrapolation of the SM description 
until very high energies

H. Murayama, SUSY 2011
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∆χ
2

Excluded Preliminary

∆αhad =∆α(5)

0.02758±0.00035
0.02749±0.00012
incl. low Q2 data

Theory uncertainty
March 2009 mLimit = 163 GeV

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02767
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01643
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1480
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1480
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.399 ± 0.025 80.378
ΓW [GeV]ΓW [GeV] 2.098 ± 0.048 2.092
mt [GeV]mt [GeV] 173.1 ± 1.3 173.2

March 2009

Allowed region also overlaps with the region preferred                          
by SM Precision Electroweak Data
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Let’s recall how the limits are derived:

     they are derived from a combination of 8 different channels for CMS

and 7 channels for ATLAS.

Let’s recall how the limits are derived:

     they are derived from a combination of 8 different channels for CMS

and 7 channels for ATLAS.

Higgs Limits obtained by combination
of multiple channels

Tuesday, November 8, 2011



Main production mechanisms of the Higgs at hadron colliders:

A. Djouadi, 0503172

Among them gluon fusion is the dominant mechanism!

Main Higgs Production channels at Hadron Colliders

Bσ(pp̄ → h → XSM ≡ σ(pp̄ → h)
Γ(h → XSM)

Γtotal

The event rate depends on three quantities

The three of them may be affected by the presence of new physics. If the SM rate is 
modified, of course, the total width is modified as well.  This is particularly true for             
the  WW rate at high Higgs masses and bb at low Higgs masses

A. Djouadi, hep-ph/0503172

)
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Figure 12: Top: The multiple of the cross-section of a Standard Model Higgs boson which can be

excluded using 1 fb
−1

of data at 7 TeV. At each mass, every channel giving reporting on it is used. The

plot at the bottom is the same as the top except truncated to 200 GeV. The green and yellow bands

indicate the range in which we expect the limit will lie, depending upon the data.

25

With 5 inverse fb (right  now) each experiment expects to be able to 
probe a SM Higgs in the whole range above 115 GeV and combination 
of ATLAS and CMS could lead to evidence on this mass range. 

Expected Significance(σ) = 2/Rexpected
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efficiency improvement of 50% in the bb̄ and W+W−
channels will be necessary to reach

the exclusion limit achieved with 10 fb
−1

and a 25% increase in efficiency. If only 25%

is gained in efficiency and 7 fb
−1

in luminosity, the same exclusions will apply at 90%

C.L.

We emphasize that our näıve combination leads to a conservative upper limit on

the R parameter, up to about 10% larger than that presented by the experimental

collaborations in some ranges of Higgs mass. Furthermore, it does not include the

possible effects of new search channels. For example, one channel not included in our

analysis is the h → γγ from D∅, which, from the results of Ref. [34], would improve the

näıve combined bound on R by up to 1.5% in the 120−140 GeV mass range. Therefore,

our improvement factors imply upper bounds on those required for large coverage of the

SM Higgs mass range.

 0.1
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R
9
5

mh (GeV)

h->WW
Wh->bbl!

Wh+Zh->bbMET
Zh->bbll

Combined bb
h->""

CDF Combination
Naive Combination

Figure 1: Individual channel and combined constraints on RSM at 95% C.L. from
CDF. The orange curve gives the näıve analytic combination.

It is clear from Figs. 1- 3 that Higgs masses near 125 GeV will be the most difficult to

probe. It is essential in this region to include constraints from both bb̄ and W+W−
decay

channels. As a test of the strength of the W+W−
limit in the low mass region, in Fig. 4

we plot the limit in the SM and in a modification of the SM where the Higgs coupling to

down-type fermions is highly suppressed, leading to an enhancement of the branching

ratio to W+W−
. This scenario arises in a certain window of MSSM parameters. We can

see from Fig. 4 that the bound is quite strong (R95 � 2 for 120GeV� mh � 170GeV)

even without any improvements in efficiency or luminosity.

6

Tevatron : Comparison of Simple Combination  of 
Channels with CDF Results. Ratio R for exclusion

At the Tevatron, the limits also arise from the combination of multiple channels. Main 
difference :  Dominated by decay into bottom quarks in the low mass region.

P. Draper, T. Liu and C. Wagner’09
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Figure 3: Combined constraints on RSM at 95% C.L. from CDF, D∅, and the com-
bination of the two. Also presented are projected limits after increasing
the luminosity to 10 fb−1 and including 25-50% efficiency improvements.

the bb̄ constraint. On the other hand, when the τ+τ− data is taken as a limit on the
gluon fusion production channel, the constraint from the CP-odd and nonstandard CP-
even Higgs bosons can be quite strong [25],[26]. These particles have tan2 β enhanced
production rates through loops of bottom quarks, and so the rescaling factor relative to
the SM can be significant if they are sufficiently light. In the following, when we refer
to the τ+τ− constraint, we mean this constraint coming from the nonstandard Higgs
search.

Our strategy will be as follows: we pick benchmark scenarios for all the MSSM
parameters except for tan β and mA, which are the dominant parameters affecting the
Higgs signal. We scan over the (mA, tan β) plane, calculating the spectrum and the scal-
ing factors σSM,iBrSM,i/(σMSSM,iBrMSSM,i) for all channels. The masses and branching
ratios are computed numerically using HDECAY [34], and in particular the numerator is
calculated at the Standard Model Higgs mass equal to the mass of the CP -even MSSM
Higgs in the intermediate state (we checked that similar results are obtained by using
CPsuperH [35]). Finally we read off the expected R

95
SM,i from the CDF and D∅ plots and

use Eqs. (4.13) and (3.12) to compute the value of R
95 at each point in the parameter

space.
As emphasized before, we will first present our results for the constraints from the

SM-like Higgs search channels and the gg → h, H → τ+τ− nonstandard search channel
separately. This will demonstrate the capabilities of the separate searches in covering
the MSSM parameter space. At the end we will combine the constraints to see the

8

Prospects for Higgs Searches at the Tevatron

P. Draper, T. Liu and C. Wagner’09

With the current run, and expected improvements, the
Tevatron should probe the Higgs mass region up to 190 GeV

Improvements
with respect
to Winter’09
25 percent

already achieved

Tuesday, November 8, 2011



New Physics at the Weak Scale

Tuesday, November 8, 2011



in general, there are three ways new physics could modify the SM

cross section: (Giudice et al, 0703164)

1. the higgs-fermion-fermion coupling could be modified:

(roughly) scale of

new physics

in general, there are three ways new physics could modify the SM

cross section: (Giudice et al, 0703164)

2. the definition of the higgs field may be modified:

when the new particle in the loop is heavy, the new contribution is

encoded in the parameter cg:

when the new particle in the loop is heavy, the new contribution is

encoded in the parameter cg:

amazingly, the sign of three parameters all go in the direction of
reducing the gluon fusion rate for PNGB Higgs models.

     (Low, Rattazzi, Vichi, 0907.5413)

summarizing these three effects, we have

amazingly, the sign of three parameters all go in the direction of
reducing the gluon fusion rate for PNGB Higgs models.

     (Low, Rattazzi, Vichi, 0907.5413)

summarizing these three effects, we have
in general, there are three ways new physics could modify the SM

cross section: (Giudice et al, 0703164)

2. the definition of the higgs field may be modified:

Modification of the main production rate : 
Effective Higgs coupling to gluons

f : Scale of new physics

Tuesday, November 8, 2011



• For PNGB Higgs, significant reduction is quite possible!

Low and Vichi, 1010.2753.

amazingly, the sign of three parameters all go in the direction of
reducing the gluon fusion rate for PNGB Higgs models.

     (Low, Rattazzi, Vichi, 0907.5413)

summarizing these three effects, we have

If the Higgs is a Pseudo Nambu-Golstone Boson,
the three effects tend to reduce the effective coupling

f :     Scale of new physics
fmin : Minimal scale consistent with
         present EWP tests.

Tuesday, November 8, 2011



Christophe Grojean Alternatives to SUSY SUSY, 29 August 2o11

1-
a2

1-
a2

15

fermiophobic
 Higgs

gaugephobic Higgs
MCHM4 MCHM5 c=(2a2-1)/ac=a

Espinosa, Grojean, Muehlleitner  ’10

Deformation of the SM Higgs: current constraints

SM ‘a=1’, ‘b=1’ & ‘c=1’
Current EW data constrain only ‘a’ (and marginally ‘c’)

Goldstone of SU(2)LxSU(2)R/SU(2)V

LEWSB =
v2

4
Tr

�
DµΣ

†DµΣ
��

1 + 2a
h

v
+ b

h2

v2

�
− λψ̄LΣψR

�
1 + c

h

v

�

DµΣ ≈ WµΣ = eiσ
aπa/v

SM limits

Grojean
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Christophe Grojean Alternatives to SUSY SUSY, 29 August 2o11

Deformation of the SM Higgs: LHC constraints
1-

a2

1-
a2

SM limits

MCHM4 MCHM5 c=(2a2-1)/ac=a

Espinosa, Grojean, Muehlleitner ’11

the SM exclusion bounds are easily rescaled in the (mH,a) plane

LHC is now a Higgs exploring machine 
(and it has quickly surpassed Tevatron)

Tuesday, November 8, 2011



Supersymmetry
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Loop Corrections to Higgs boson massesLoop Corrections to Higgs boson masses

!! Most important corrections come from the stop sector,Most important corrections come from the stop sector,

     where the off-diagonal term depends on the stop-Higgs trilinear     where the off-diagonal term depends on the stop-Higgs trilinear

     couplings,     couplings,

!! For large CP-odd Higgs boson masses, and withFor large CP-odd Higgs boson masses, and with

     dominant one-loop corrections are given by,     dominant one-loop corrections are given by,

!! After two-loop corrections:After two-loop corrections:
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            Okada, Yamaguchi, Yanagida; Ellis et al, Haber et al. ’90

Carena, Espinosa, Quiros, C.W.’95; Haber and Hempling ’96; Heinemeyer, Hollik, Weiglein’98 

M m mS Q U= =

M.Carena, J.R. Espinosa, M. Quiros, C.W. ‘95
M. Carena, M. Quiros, C.W.’95

Mass of the SM-like Higgs h 
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Figure 2. Comparison of the diagrammatic two-loop O(m2
t h

2
t αs) result for mh, to leading order

in mt/MS [eqs. (46) and (47)] with the “mixed-scale” one-loop EFT result [eq. (49)]. Note that

the latter now includes the threshold corrections due to stop mixing in the evaluation of mt(MS) in

contrast to the EFT results depicted in fig. 1. “Mixed-scale” indicates that in the no-mixing and

mixing contributions to the one-loop Higgs mass, the running top quark mass is evaluated at different

scales according to eq. (48). See text for further details. The two graphs above are plotted for

MS = mA = (m2
g̃ + m2

t )
1/2 = 1 TeV for the cases of tan β = 1.6 and tanβ = 30, respectively.

16

Standard Model-like Higgs Mass

Carena, Haber, Heinemeyer, Hollik,Weiglein,C.W.’00

Xt = At − µ/ tanβ, Xt = 0 : No mixing; Xt =
√

6MS : Max. Mixing

Long list of two-loop computations:  Carena, Degrassi, Ellis, Espinosa, Haber, Harlander, Heinemeyer, Hempfling, 
Hoang, Hollik, Hahn, Martin, Pilaftsis, Quiros, Ridolfi, Rzehak, Slavich, C.W., Weiglein, Zhang, Zwirner

mt = 180 GeV.
For mt = 173 GeV,
the maximum mh

shifts to 127 GeV.
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The state-of-the-art computation includes the full one-loop result, all the

significant two-loop contributions, some of the leading three-loop terms,

and renormalization-group improvements. The final conclusion is that

mh <
∼ 130 GeV [assuming that the top-squark mass is no heavier than

about 2 TeV].

Maximal mixing corresponds to choosing the MSSM Higgs parameters in such a way that

mh is maximized (for a fixed tan β). This occurs for Xt/MS ∼ 2. As tan β varies, mh

reaches is maximal value, (mh)max " 130 GeV, for tan β # 1 and mA # mZ.

H. Haber,
SUSY 2011

Minimal models, like the MSSM tend to lead to small Xt and 
relatively large CP-odd masses.  Both stops could be as light 

as a few hundred GeV if mixing parameter Xt is large. 
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Dermisek and Low, 0701235

Least fine-tuned

region of MSSM!

In this “golden region” of

MSSM, the gluon fusion

production of the Higgs is

also reduced!

Gluon Fusion Production Rate in the MSSM

Rate may be modified
for light stops and close to 
the large mixing senario.

For stop masses
of order of 1 TeV

the rate modifications
tend to be small

LHC Bound on stop masses depends on gluino mass
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Relatively light stops are naturally there, they can raise sufficiently the Higgs 
mass  and are not ruled out by current data ! 

They should be a priority in LHC searches (in all possible stop decay channels)
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H,A

Non-Standard Higgs Production

Associated Production

Gluon Fusion

gAbb � gHbb �
mb tanβ

(1 + ∆b)v
, gAττ � gHττ �

mτ tanβ

v

QCD:  S. Dawson, C.B. Jackson, L. Reina, D. Wackeroth, hep-ph/0603112
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σ(bb̄A)×BR(A→ bb̄) � σ(bb̄A)SM
tan2 β

(1 + ∆b)
2 ×

9
(1 + ∆b)

2 + 9

σ(bb̄, gg → A)×BR(A→ ττ) � σ(bb̄, gg → A)SM
tan2 β

(1 + ∆b)
2 + 9

• Searches at the Tevatron and the LHC are induced by production channels 
associated with the large bottom Yukawa coupling.

• There may be a strong dependence on the parameters in the bb search 
channel, which is strongly reduced in the tau tau mode.

Searches for non-standard Higgs bosons
M. Carena, S. Heinemeyer, G.Weiglein,C.W, EJPC’06

Validity of this approximation confirmed by  NLO computation by D. 
Noth and M. Spira, arXiv:0808.0087
Further work by Muhlleitner, Rzehak and Spira, 0812.3815
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MSSM SM-like Higgs Searches at the LHC

In the MSSM, one of the Higgs bosons has standard model like couplings to the top and 
gauge bosons

Relevant SM-like channels of production and/or decay are induced by loops, which are 
affected by new physics (mainly stops).  We shall assume all relevant supersymmetric 
particles to be heavy, with masses of order 1 TeV. 

Moreover,  the dominant width of Higgs decay into bottom quarks is enhanced due to 
mixing with non-standard Higgs bosons.  Top Yukawa tend to be somewhat reduced by 
same effect. This affects the main production and decay channels.

Figure 2: Rates for gg → h → γγ,WW (solid) and gg → H → γγ,WW (dashed) in the

MSSM, relative to the rates in the SM for a Higgs of mass mh or mH , respectively.

Four different curves are shown for each particle, demonstrating the relatively model-

independent nature of the suppression.

channel V h → bb̄ provide some reach in minimal mixing. Both of these channels grow

stronger with smaller mh, so the coverage in this region is stronger than in maximal

mixing. In both models, however, it is clear that overall the total reach is suppressed as

mA decreases. As mentioned in the introduction, this is due to tree-level mixing between

the CP -even Higgs bosons, which can result in an enhanced decay width of the SM-like

Higgs into bottom quarks. Such mixing is stronger for low values of the non-standard

Higgs boson masses and tends to suppress the Higgs decay into photons and W bosons,

rendering the searches at the LHC more challenging
1
.

The Higgs doublet mixing decreases as cot β for large values of tan β, but since the

coupling of the non-standard Higgs bosons to bottom-quarks is approximately propor-

tional to tan β for large values of tan β, the mixing effects on the BR(h → bb̄) remain

approximately constant. This property, as well as the overall magnitude of the suppression

effect on the rare decays, is demonstrated in Fig. 2 for the gg → h → γγ,WW channels.

We also display the suppression relative to the SM for the gg → H → γγ,WW channels,

since below mA ∼ 130 GeV the heavy Higgs becomes SM-like in its coupling to gauge

bosons, while h becomes nonstandard. However, H still retains an enhanced coupling to

bb̄ due to a small mixing with h, leading again to a suppression of the H → γγ,WW

rates.

The bb̄ enhancement has relevant consequences for searches at the LHC. For maximal

mixing, in which the SM-Higgs mass is close to 130 GeV, the most important search

channel is the decay into a pair of W -gauge bosons. This decay channel is suppressed for

small mA. As shown in Fig. 1, combining the two LHC experiments at 5 fb
−1
, for mA

below 200 GeV the LHC is not expected to probe the presence of a SM-like Higgs boson

in the standard Higgs search channels.

In the minimal mixing scenario, the SM-like Higgs boson has a mass close to 115 GeV

1
Note that although the h → bb̄ partial width can easily increase by an order of magnitude, since it

is the dominant contributor to the total Higgs width, the h → bb̄ branching fraction is only increased by

a factor � 2. For this reason V h → bb̄ does not compensate for the h → γγ,WW channels, where the

branching ratios can experience the full order of magnitude suppression.

4

P.  Draper, T. Liu,C.Wagner,  Phys.Rev.D81:015014,2010;  M. Carena, P. Draper, T. Liu, C. Wagner, arXiv:1107.4354
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7 TeV LHC MSSM Higgs Reach
P.  Draper, T. Liu,C.Wagner,  Phys.Rev.D81:015014,2010;  M. Carena, P. Draper, T. Liu, C. Wagner, arXiv:1107.4354

Suppression of

leads to reduced
reach at low values 
of the CP-odd Higgs 

mass

BR(h → γγ)

At sufficiently
large luminosity

are helpful in 
partially reducing

the reach suppression

V h, h → bb

WBF, h → ττ

Figure 1: Top row: Estimated median LHC reach for the light, SM-like Higgs boson in the

minimal mixing (left) and maximal mixing (right) benchmark scenarios of the MSSM

with 5 fb
−1

/experiment. Middle (Bottom) row: same, with 10 (15) fb
−1

/experiment.

4

mh � 115GeV mh � 130 GeV

Significance(σ) = 2/R
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The LHC sensitivity is somewhat 
complementary to that of the 
Tevatron, which becomes more 
sensitive for low Higgs masses.  

Combination of data from  
experiments at the end of 2011 
may be useful to find evidence 
for Higgs at an early stage. 

Combination of 5 inverse fb LHC with 10 inverse fb Tevatron data :
Evidence of SM-like Higgs presence in almost all parameter space

M. Carena, P. Draper, T. Liu, C.W.’11

Figure 3: Combined constraints on RSM at 95% C.L. from CDF, D∅, and the com-
bination of the two. Also presented are projected limits after increasing
the luminosity to 10 fb−1 and including 25-50% efficiency improvements.

the bb̄ constraint. On the other hand, when the τ+τ− data is taken as a limit on the
gluon fusion production channel, the constraint from the CP-odd and nonstandard CP-
even Higgs bosons can be quite strong [25],[26]. These particles have tan2 β enhanced
production rates through loops of bottom quarks, and so the rescaling factor relative to
the SM can be significant if they are sufficiently light. In the following, when we refer
to the τ+τ− constraint, we mean this constraint coming from the nonstandard Higgs
search.

Our strategy will be as follows: we pick benchmark scenarios for all the MSSM
parameters except for tan β and mA, which are the dominant parameters affecting the
Higgs signal. We scan over the (mA, tan β) plane, calculating the spectrum and the scal-
ing factors σSM,iBrSM,i/(σMSSM,iBrMSSM,i) for all channels. The masses and branching
ratios are computed numerically using HDECAY [34], and in particular the numerator is
calculated at the Standard Model Higgs mass equal to the mass of the CP -even MSSM
Higgs in the intermediate state (we checked that similar results are obtained by using
CPsuperH [35]). Finally we read off the expected R

95
SM,i from the CDF and D∅ plots and

use Eqs. (4.13) and (3.12) to compute the value of R
95 at each point in the parameter

space.
As emphasized before, we will first present our results for the constraints from the

SM-like Higgs search channels and the gg → h, H → τ+τ− nonstandard search channel
separately. This will demonstrate the capabilities of the separate searches in covering
the MSSM parameter space. At the end we will combine the constraints to see the

8

P. Draper, T. Liu and C. Wagner’09

Figure 6: Estimated median combined Tevatron+LHC reach for the light, SM-like Higgs boson

in the minimal mixing (left) and maximal mixing (right) benchmark scenarios of the

MSSM. Top: 5 fb
−1

/experiment for the LHC, 10 fb
−1

/experiment for the Tevatron;

Bottom: 10 fb
−1

/experiment for both the Tevatron and LHC.

8
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Complementarity with LHC non-standard Higgs searches

Non-standard Higgs searches allow to probe part of the parameter space for which 
standard reach is suppressed.  An excess at small CP-odd Higgs masses would mean a 

weaker reach for SM-like Higgs boson

M. Carena, P. Draper, T. Liu, C.W.’11
Figure 7: LHC reach for the light, SM-like Higgs boson and the nonstandard Higgs states in

the minimal mixing (left) and maximal mixing (right) benchmark scenarios of the

MSSM.

A second approach to studying the low mA parameter space is given by the LHC

searches for the nonstandard Higgs bosons H and A in their decays to τ leptons [16, 17].

These channels are most effective at low mA, where both H and A are lighter and easier

to produce, and at large tan β where the production in association with bottom quarks is

proportional to tan
2 β.

In Fig. 7 we overlay the estimated reach for the neutral MSSM Higgs bosons with

nonstandard gauge couplings in the maximal and minimal mixing scenarios. The 95% CL

limit is derived from the expected limits given in the recent CMS H/A → ττ search [17]

with 1.1 fb
−1
, using the tree-level approximation that the reach in tanβ scales like L1/4

and the useful property that the nonstandard Higgs expected reach is robust against

changes in the soft parameters [29] (although some weak dependence on µ can appear for

large values of µ [30].) This demonstrates the complementarity of the two types of Higgs

searches at the LHC: a statistical combination of the channels should be able to test the

parameter space of the model, even though none of the particles h,H,A can necessarily

be probed on all of the model space.

In the regions of parameter space for which the SM-like Higgs bottom and tau couplings

are suppressed, analyzed in the small-αeff scenario of Fig. 4, the LHC will also be able to

test the nonstandard Higgs sector. In fact, almost all of the interesting parameter space

of this particular model is already ruled out with the first 1.1 fb
−1

of data. This is shown

in Fig. 8, where the current CMS 95% CL limit on the CP -odd Higgs mass is drawn as

a dashed line. For the specific point we analyzed, the current bounds already heavily

constrain the region of parameters for which the branching ratio BR(h → γγ) may be

enhanced, leaving only a small window around tan β ∼ 10 and mA ∼ 100 GeV. This is

a generic feature. In Fig. 8 we also show the projected reach of the H/A → ττ channel

with 5 fb
−1

per experiment. Based on these results, we find that with the acquisition

9
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Figure 4: Enhancement of the h → bb decay branching ratio (left panel) and enhancement of

the h → γγ decay branching ratio (right panel) in the small α scenario of the MSSM.

Figure 5: LHC reach for the light, SM-like Higgs boson in the small αeff benchmark scenario

of the MSSM. Left: 5 fb
−1

/experiment; Right: 10 fb
−1

/experiment.

7

Figure 9: Same as Fig. 5, but with nonstandard searches overlaid, showing both the current
limits from H/A → ττ (dashed curve) and the projected reach with 5 fb−1 (shaded
region).

of 5 fb
−1
/experiment, either the LHC will find both the SM-like Higgs and evidence of

non-standard Higgs bosons, or the region in which the photon pair production is enhanced

will be ruled out by both channels.

5 Conclusions

In this article we have analyzed the 7 TeV LHC capabilities to exclude, provide evidence

for, or discover neutral Higgs bosons in the MSSM. At mA � 300 GeV, in the maximal

mixing scenario, for which the Higgs mass is about 125-130 GeV, the LHC is expected

to discover or find evidence of a SM-like Higgs boson (the state provided by the doublet

that is primarily responsible for electroweak symmetry breaking) in a combination of the

WW and γγ channels with 5 fb
−1
/experiment. In the same region of mA, evidence for

h is expected in the diphoton channel with � 10 fb
−1
/experiment in the minimal mixing

scenario, for which the Higgs mass is about 115-120 GeV. At lower values of mA, we have

emphasized that the SM-like Higgs can generically exhibit branching ratios different from
those of the SM Higgs in decays relevant for the main LHC search channels. In the most

generic models for the soft parameters, the h → γγ,WW modes are suppressed at low

to moderate mA by a large increase in the h → bb̄ width, an effect that is due to mixing

between the two Higgs doublets. In such cases we have shown that combinations with

Tevatron results and with nonstandard Higgs boson searches at the LHC can provide an

experimental handle on the parameter space. Furthermore, with other specific choices of

the soft parameters, the mixing can be such that the h → bb̄ width is strongly suppressed,

leading to an enhancement in the h → γγ,WW branching ratios, allowing the discovery

of the SM-like Higgs at 5 fb
−1
. Because this feature is present at low mA and large

11

µ and AtFor large values of

one can get suppression of the
Higgs decay into bottom quarks
and therefore enhancement of 
photon decay branching ratio 

Such scenario, however,  demands
small values of the the CP-odd 

Higgs mass and large tanbeta and
seems to be in conflict with 

non-standard Higgs boson searches

Carena, Mrenna, Wagner’99
                   Carena, Heinemeyer, Wagner, Weiglein’02

Carena, Draper, Liu, Wagner’11
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Non-standard Higgs Boson Searches 
at 7 TeV LHC with b-quark final states

Results obtained setting 
pT cuts of 150 GeV in the

leading b-jet and 
about 50 GeV in the 
subdominant ones. 

An invariant mass window
of about 50 GeV was used.
Angular kinematic variables 
tend to be similar in signal

and background, and further
cuts tend to reduce the rate  

Gori, Menon, Carena, Wagner, Wang, Juste’11
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Higgs Bosons Decaying to Bottom pairs
at the LHC 

• In the past the decay of Higgs into bottom quarks have been ignored due 
to overwhelming backgrounds

• However, the study of jet substructure has revealed new possibilities

• In particular, boosted Higgs bosons decaying to bottom pairs might be 
easily separated from the QCD background by the use of these 
techniques              

• This is true in the SM model, for a light Higgs produced in association 
with W bosons, where the proportion of boosted Higgs is small

• In the MSSM, there are new possibilities for boosted Higgs production, 

Butterworth, Davison, Rubin, Salam’08

Kribs, Martin, Roy, Sapnnowsky’10

Plehn, Salam, Spannowsky’09 (ttbar+H)
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Example 1: MSSM with Higgsino LSP
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SUSY

 = 14 TeVs, -1b invariant mass, L = 10 fbb

Results: Point #2

BR(χ̃0 → G̃ + γ) ∼ 43%
BR(χ̃0 → G̃ + Z0) ∼ 29%
BR(χ̃0 → G̃ + h) ∼ 28%

Candidate Higgs-jet mass

3rd generation squarks and gluinos 
play a bigger role in SUSY production, 

more b/t quarks in the events

same ino spectrum as previous,  
  but light squarks now 1 TeV

|µ|
M1

M2

750 GeV

600 GeV

300 GeV
−250 GeV

mQ̃3

1 TeVmQ̃1,2

35Thursday, February 18, 2010

150

BR(ũL, d̃L → h + X) ∼ 23%
BR(ũR, d̃R → h + X) ∼ 16%MET > 300 GeV, HT > 1 TeV, 3+ jets, 

no lepton, + 1 “tagged” Higgs

10 fb-1 @ 14 TeV

GK, Martin, Roy, Spannowsky; 1006.1656

Kribs, Martin, Roy, Spannowsky’10
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Kribs et al concentrated on the region of light Higgsinos, where 
the proportion of boosted Higgs bosons tends to be large.

The appearence of hard jets, b-tagging and large missing energy 
already provide interesting ways of suppressing the background

Highly boosted Higgs provide an additional tool

Light Higgsinos tend to be inconsistent with the standard 
neutralino relic density

It is therefore interesting to study what happens when one 
departs from these regions. 

Tuesday, November 8, 2011



Chargino and Neutralino Decays into Higgs
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Search for SM-like Higgs Boson from SUSY Particle Decays

Parameter space consistent with  Neutralino Relic Density: Heavy Sleptons

Green : tanβ = 50
Black : tanβ = 10

Gori, Schwaller,Wagner, Phys.Rev.D83:115022,2011

mA = 300 GeV

M2 = 2M1

mq̃ � 1 TeV
Mg̃ � 6M1

Countours of proper relic 
density

Blue regions :

Appreciable 
Branching 
Decay Fraction.

Darker means 
larger branching 
decay fraction.

X : energetic
quarks, leptons 
and missing 
energy

Good prospects of observing Higgs in the14 TeV run and, perhaps, even in the 7 TeV run.

(a) (q̃L → h+X) (b) (q̃R → h+X)

(c) (t̃1 → h+X) (d) (t̃2 → h+X)

Figure 4: Same as Fig. 3, for MA = 300 GeV. The yellow star and cross show the positions of the
benchmark points (II) and (III) respectively, discussed in Sec. 4.

13

σ[pb] σcut[pb] σh[fb] σboosted[fb]
(I) 1.11 0.52 78 31

(II) 0.73 0.34 116 31

(III) 2.59 0.90 360 135

(IV) 1.60 0.83 231 101

Table 1: Cross sections for SUSY production at the LHC with
√
s = 14 TeV. Shown are

the total production cross sections, and the cross sections of events that pass our simple

cuts. The fourth column shows the cross section for events that contain at least one Higgs

boson, while for the last column we require in addition that the Higgs has a transverse

momentum pT > 200 GeV.

In Tab. 1 we show the total production cross sections and the cross sections for events

that pass the basic cuts for the three benchmark points. The fourth column gives the cross

sections for events in the cut sample that contains at least one Higgs boson, analogously

the last column the cross section for boosted Higgs.

The large gluino mass inhibits larger production cross sections for the first two points.

The cross section for events containing a Higgs boson for scenarios (I) and (II) is in fact

of order 0.1 pb, corresponding to 1000 events with 10 fb
−1

. This signal will be challenging

to find at the LHC using conventional cut based analyses, but might be possible if one

properly makes use of the heavy spectrum of produced particles [37].

For the jet substructure based analyses to be applicable, at least a fraction of the events

must have Higgs bosons with pT > 200 GeV [17]. The transverse momentum distributions

of the Higgs bosons in our samples are shown in Fig. 9. Points (I) and (II) have O(30 fb)

cross sections for boosted Higgs bosons.

The third scenario (point (III)) has a larger production cross section for sparticles

thanks to a smaller gluino mass. Together with a large branching fraction for boosted

Higgs bosons, this leads to an enhanced cross section for boosted Higgs bosons.

The nonuniversal point (IV) has a production cross section after cuts similar to (III),

in spite of having a slightly heavier gluino. The reason is that, due to the very light Ñ1,

more jets from squark decays pass the cuts. Also note that the fraction of Higgs events

with a boosted Higgs boson is larger than for the other benchmark points. This feature is

again largely due to the small Ñ1 mass.

The total cross sections for SUSY cascades with Higgs bosons are comparable to those

obtained for the parameter points that were studied in [17]. The fraction of events with

strongly boosted Higgs bosons tends to be slightly smaller, around 30-40% compared to

50% in [17], since in our case some of the Higgs bosons originate from longer decay chains.

Despite the slightly reduced number of boosted Higgs bosons, the similarity with the

results of [17] suggests that the Higgs boson can be discovered in SUSY decay chains also

22

Boosted Higgs : pT > 200 GeV

Look for boosted SM-like Higgs bosons, decaying to bottom quarks
Butterworth, Davison, Rubin, Salam’08

Higgs from heavy sparticle decays tend to be boosted
Kribs, Martin, Roy, Spannowsky’10
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Direct Dark Matter Cross Section Constraints (post Xenon)

Gori, Schwaller, C.W. ’11 

MA = 300 GeV tanβ = 10 MA = 300 GeV tanβ = 50

MA = 1000 GeV tanβ = 10 MA = 1000 GeV tanβ = 50

Figure 1: Dark matter relic density in the M1 − µ plane for heavy squarks and sleptons and
MA = 300 GeV (top) and MA = 1000 TeV (bottom), for tanβ = 10 (left) and tanβ = 50 (right).
The thin region between the solid black lines is the region in which the predicted relic density is
in accordance with the experiments [20]. The gray hatched region is excluded by LEP bounds on
chargino masses. The green shaded regions are excluded by the latest Xenon 100 bounds on the
spin independent dark matter-nucleon cross section, when using the most recent determination of
the strange quark form factor fs = 0.020 (dark green) or the most conservative value for the strange
quark form factor fs = 0.118 (light green). They yellow symbols denote benchmark points chosen
for the collider analysis (see discussion in section 4).

6

For lower
values of

the CP-odd 
Higgs

mass, low 
values of 
tan(beta)
preferred

Slightly smaller
tan(beta) = 40
leads to same

signatures with
similar parameters

To see this in more detail, we simulate the signal for the points

(I) MA = 1000 GeV M1 = 220 GeV µ = 280 GeV tanβ = 10 ,

(II) MA = 300 GeV M1 = 280 GeV µ = 400 GeV tanβ = 50 ,

(III) MA = 300 GeV M1 = 135 GeV µ = 400 GeV tanβ = 10 .

The three points represent the several broad regimes in which one can get rather large

Higgs production branching ratios, compatibly with a correct relic abundance. Point (I)

is representative for the large MA regime, where sizable Higgs production is obtained for

M1 between 150 GeV and 400 GeV. The chosen value of M1 = 220 GeV is not particularly

optimized to maximize the production of Higgs bosons, but a good compromise, since larger

gaugino masses decrease both the gluino production cross section and the average boost of

the Higgs boson.

Points (II) and (III) are instead representative for the intermediate MA regime (see

Fig. 4). The first point is away from the resonant region, the second instead lies close to

the resonance. As a consequence, in this latter case, we had to choose a rather tuned value

for M1 (135 GeV) to obtain a correct dark matter relic abundance. Assuming gaugino

universality, this implies a rather light gluino with a mass of around 800 GeV, which is

only slightly above the most recent LHC constraints [18, 19].

In addition, we also simulate one point corresponding to a scenario with nonuniversal

gaugino masses. From Fig. 7 we find that the point

(IV) MA = 300 GeV M1 = 49 GeV M2 = 400 GeV µ = 300 GeV tanβ = 10

satisfies the relic density constraint, while offering a large Higgs production rate from

left-handed squark and stop decays. M3 is fixed to M3 = mq̃ = 1 TeV.

4.1 Higgs Signal Rates at the 14 TeV LHC

Production of supersymmetric particles at the LHC with
√
s = 14 TeV is simulated using

Pythia 8, version 8.145 [45]. The leading order cross sections for squark and gluino pro-

duction were in addition checked using Prospino [46]. Sparticle decays are simulated using

decay tables generated with SUSY-HIT [34]. Higgs decays are switched off to simplify the

analysis.

We impose a very elementary set of cuts, namely we require

• E/T > 200 GeV,

• at least two jets, with pT1 > 300 GeV and pT2 > 200 GeV.

The missing energy cut serves to suppress SM backgrounds from Z+jets and W+jets

production
3
and from jet energy mis-measurements in hard QCD events. Demanding hard

jets also reduces the supersymmetric backgrounds from direct neutralino and chargino pair

production which is sizable for small values of M1 and µ.
3In addition a veto on hard isolated leptons could be used to suppress this background.
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The EFT Approach

39SUSY 2011, Aug. 30th

Study extensions with ``heavy” BMSSM degrees of freedom that couple to the Higgs sector.
1− 2 TeV(``heavy” stands for heavier than MSSM Higgses, typically )

• Allows relatively model-independent survey: integrate-out and describe by

W = µHuHd +
ω1

2M
(HuHd)

2 +
ω2

3M3
(HuHd)

3 + · · ·
Brignole, Casas, Espinosa, Navarro, ‘03
Dine, Seiberg, Thomas, ’07
Antoniadis et. al. ’07 ...

• Matter sector more constrained, restrict here to Higgs sector “Z �s”,W �(e.g. singlets, triplets, )

1/M2Kähler potential starts at order . Also F-term SUSY.

Tuesday, November 8, 2011
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• Impose some ``sanity” checks:

- Higher orders in 1/M expansion should be expected to be small

1/MTechnical comment: both 1/M2and can be phenomenologically relevant,
without signalling breakdown of EFT expansion!

The EFT Approach

SUSY 2011, Aug. 30th

(Carena, Kong, EP & Zurita, 2009)

Tuesday, November 8, 2011
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• Impose some ``sanity” checks:

- Higher orders in 1/M expansion should be expected to be small

1/MTechnical comment: both 1/M2and can be phenomenologically relevant,
without signalling breakdown of EFT expansion!

The EFT Approach

SUSY 2011, Aug. 30th

(Carena, Kong, EP & Zurita, 2009)

λ1,λ2,λ3,λ4 ∼ g2 +O(1/M2)

λ5,λ6,λ7 ∼ O(1/M) + O(1/M2)

V ⊃ 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) + h.c.

�

Special structure of MSSM potential + SUSY higher-dimension operators:

can be relevant!
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Benchmark Models
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Figure 4: Scan over BMSSM scenarios, for tanβ = 2. Upper: Points not excluded by LEP or Tevatron

data at the 95% CL. We show points currently excluded by the LHC with 1 fb
−1

in green. The LHC

exclusion reach for 5 and 15 fb
−1

is shown in magenta and blue, while points outside the LHC-Run I

reach are plotted in red. Lower: Models that can be discovered (5σ) after 15 fb
−1

of collected data,

assuming an ATLAS/CMS combination in each separate channel. We include here those points that are

currently excluded at less than 3σ (most currently excluded points are excluded at more than 3σ). We

indicate the discovery mode: pp → h → WW (green), pp → H → WW (magenta), pp → h → ZZ (blue),

pp → H → ZZ (red), pp → h → γγ (brown) and t → H
+
b (orange). Note that the color code is different

in the two plots.

panel that the current bounds make sharp cuts on the parameter space: LEP rules out points

with mh � 114.4 GeV, while the Tevatron excludes the heavy mass points, effectively setting an

upper bound on our sample of around 160 GeV. The 7 TeV run of the LHC can exclude all of our

scanned points with a significance larger than 2σ for a total integrated luminosity of about 16 fb
−1
.

It is worth stressing that for tanβ = 20 there is a significant number of models being probed by

the τ+τ− decay mode (about half of the points tested at less than 3σ with the ATLAS and CMS

analyses of the Summer of 2011).

As for the discovery prospects (right panel), we observe that h → WW is an important discovery

mode for lightest CP-even Higgs masses heavier than 120 GeV, and for CP-odd masses larger than

200 GeV, and that the inclusive tau channel is useful for discovery at mH < 325 GeV. For light

values of mh (in the 115-130 GeV range) we have that the γγ channel becomes a discovery mode,

playing a more important role than in the tanβ = 2 case. This is due to the enhancement of the

Higgs signal in the diphoton channel, which in some cases can be as large as a factor of 8 above

the SM. However, such a large diphoton signal is excluded by the current LHC dataset, that is
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Figure 5: Scan over BMSSM scenarios, for tanβ = 20. Upper: Points not excluded by LEP and Tevatron

data at the 95% CL. We show points currently excluded by the LHC with 1 fb
−1

in green. The LHC

exclusion reach for 5 and 15 fb
−1

is shown in magenta and blue, while points outside the LHC-Run I

reach are plotted in red (there are none here). Lower: Models that can be discovered (5σ) after 15 fb
−1

of

collected data. We include here those points that are currently excluded at less than 3σ (see text). We also

indicate the discovery mode: pp → h → WW (green), pp → h → γγ (magenta), pp → h/H/A → τ+τ−

(blue). Note that the color code is different in the two plots.

able to test rates between 1.5-3 times the SM after combining the CMS and ATLAS limits. We

note also that here the H → WW channel does not play a role, mainly due to the fact that in

the large tan β regime the heavy CP-even Higgs coupling to electroweak vector bosons tends to be

suppressed with respect to the SM value. We emphasize that essentially all the points in our scan

for tan β = 20 can be tested with 15 fb
−1
. The couple of points marked as “not probed” in the left

panel of Fig. 5 can actually be probed in the τ+τ− channel at the 2σ level with the slightly larger

luminosity of ∼ 16 fb
−1
.

The LHC has great potential to discover Higgs bosons, but it is also possible to think of a

scenario where, by the end of the 7 TeV LHC run, the SM Higgs would be excluded in the whole

mass range, without any excess over the expectations in all search channels. In that case, almost

all of our points for tan β = 2 and tan β = 20 would be excluded as well with 15 fb
−1
. However,

for intermediate values of tan β, where the MSSM searches are less efficient and the search for

h is more challenging (with mh in the 114-120 GeV range), one would be left with a fraction of

parameter space not probed with 15 fb
−1
. Nevertheless, a sparse scan over tan β (using values of

4, 6 and 8) suggests that all such points can be probed with 20 fb
−1

of integrated luminosity. We

show these points in Fig. 6, in the mh-mA plane, indicating the exclusion channel in each case:

12

Green points and some old benchmarks have been excluded by LHC
Stops are light, with masses lower than 500 GeV. 

Carena, Ponton, Zurita ’11

Most recent LHC searches in WW,ZZ, γγ, ττ, t → H
+
b

Text

Tuesday, November 8, 2011



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. [7]. The rate of the
most sensitive channel is normalized to the SM.

the pp → h → γγ channel with 4.8 (30) fb
−1
, and in the pp → h → WW channel with 6.1 (38) fb

−1

In this example h is essentially SM-like, although it presents some enhancement in production

compared to a SM Higgs. The remaining Higgs bosons are likely hard to discover at the LHC run I

in this low tan β scenario. For instance, for the pseudoscalar Higgs A, one would need 23 fb
−1

for

a 2σ exclusion in the τ+τ− channel.

Point F is one of the benchmark points presented in Ref. [7] that have not been excluded (see

Table 4).
6

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.

Finally, there are a couple of low-tan β models labeled in the left panel of Fig. 4 as “not probed” (red

points). In some case, this is due to the presence of a relatively light CP-odd Higgs that provides

an additional decay channel for h and/or H, which suppresses the signal in the channels probed

so far, thus making them ineffective even with 15 fb
−1
. In other cases, the BR into bb̄ presents an

enhancement that also has the effect of reducing the signal in the most sensitive channels. However,

we find that all such models have a relatively light charged Higgs (∼ 115− 130 GeV) with a non-

6
The other point at low tanβ of Ref. [7] 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 Higgs bosons have masses of about 240 GeV, and are harder to find

at the LHC.

17

SM-like Higgs decays into lighter Higgs bosons

Carena, Ellis, Mrenna, Pilaftsis, Wagner’02 (CPX)
Dermisek and Gunion ’05 (nMSSM)

Carena, Ponton, Zurita ’11
It happens in many other models.  Standard decays suppressed

Associated production with gauge bosons present a clear LHC search opportunity           
Carena, Han, Huang, C.W.’07

Tuesday, November 8, 2011



•  Carachteristic CP violating scenarios    
-  3 Heavy Higgs bosons (mHi > 140 GeV)  
!  due to scalar- pseudoscalar mixing  
      a) all 3 Hi couple to WW (main search channel) 
      b) all 3 Hi decay mainly into bb; still with ~ 10 fb-1 can be seen in WW decays 

Atlas up to 2.3 fb-1 
CMS up to 1.7 fb-1 

Tevatron  
combined 

Altmanshoffer, Carena, Gori, de la Puente’11

Tuesday, November 8, 2011



Another Example of SUSY Model with heavy Higgs 

Model with enhanced SU(2) D-terms
Batra, Delgado, Kaplan, Tait’03

Enhanced D-term also split slepton sector. SUSY contribution to rho 
parameter compensate the one of the heavy Higgs.

Large coupling of Higgs to sneutrinos induced large decay rate. 
Sneutrinos decay subsequently into neutrinos and the DM particle

  

[GeV]hm
100 150 200 250 300 350

[G
eV
]

!"#
m

0

100

200

300

400

500

Figure 3: Range of preferred values of the tau-sneutrino mass [GeV] as a function of the Higgs
mass [GeV]. Sneutrinos below the black line have masses less than mh/2 and therefore are potential
candidates for Higgs decays.

These searches will become very efficient in the first years of the LHC run [14], and therefore
we expect these kind of models to be probed with the first few fb −1 of LHC running. Moreover,
if the Higgs mass is below 190 GeV, then even the Tevatron will be able to probe these models in
the coming years [15]. Indeed, the Tevatron has already excluded the existence of a SM-like Higgs
boson with mass between 160 and 170 GeV at the 95% confidence level, and is expected to probe
the whole range of masses, mh ∈ [150, 190] GeV, by the end of next year.

The Higgs boson searches would change if there would be new, supersymmetric decays of the
Higgs bosons. If we assume that the lightest superpartner of the SM particles is the light tau-
sneutrino discussed in the last section, there is only a small region of parameters where these
decays would be open, and only for masses below 190 GeV, that coincides with the range to be
explored by the Tevatron collider. As can be seen from Fig. 3, for larger values of the Higgs mass, the
tau-sneutrino is sufficiently heavy as to avoid any Higgs decay into light supersymmetric particles.

For Higgs boson masses below 190 GeV the sneutrinos may be light enough to allow on-shell
decays of the Higgs into two sneutrinos. Moreover, the coupling of third generation sneutrinos to
the Higgs boson is enhanced with respect to the one in the MSSM, due to the enhanced SU(2)

9
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Figure 4: Range of preferred values of the stau–sneutrino mass difference [GeV] as a function of
the Higgs mass [GeV].

D-term contribution and is given by

ghν̃τ ν̃τ ! −i
(g2∆ + g2

Y ) v

2
√

2
. (26)

Due to this enhanced coupling, the Higgs boson may have a significant decay branching ratio into
light sneutrinos, therefore avoiding the Tevatron bounds. More quantitatively, assuming masses
above the 2 mW threshold, the decay width for decays into two vector bosons is given by

Γ(h → V V ) !
GF (|QV | + 1) m3

h√
2 16 π

(

1 −
4m2

V

m2
h

+
12m4

V

m4
h

) (

1 −
4m2

V

m2
h

)1/2

(27)

where GF is the Fermi constant, QV is the charge of the massive gauge boson, V = W±, Z, and
MV is its mass. For the decay into sneutrinos, instead, the result is

Γ(h → ν̃τ ν̃τ ) !
(g2∆ + g2

Y )2 v2

128 π mh

(

1 −
4m2

ν̃τ

m2
h

)1/2

. (28)

For instance, for a Higgs mass mh ! 165 GeV and a sneutrino mass of about 70 GeV, the
branching ratio of the Higgs into a pair of W± gauge bosons is reduced to less than half of its SM

10
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the Higgs mass [GeV].

D-term contribution and is given by

ghν̃τ ν̃τ ! −i
(g2∆ + g2

Y ) v

2
√

2
. (26)

Due to this enhanced coupling, the Higgs boson may have a significant decay branching ratio into
light sneutrinos, therefore avoiding the Tevatron bounds. More quantitatively, assuming masses
above the 2 mW threshold, the decay width for decays into two vector bosons is given by

Γ(h → V V ) !
GF (|QV | + 1) m3

h√
2 16 π

(

1 −
4m2

V

m2
h

+
12m4

V

m4
h

) (

1 −
4m2

V

m2
h

)1/2

(27)

where GF is the Fermi constant, QV is the charge of the massive gauge boson, V = W±, Z, and
MV is its mass. For the decay into sneutrinos, instead, the result is

Γ(h → ν̃τ ν̃τ ) !
(g2∆ + g2

Y )2 v2

128 π mh

(

1 −
4m2

ν̃τ

m2
h

)1/2

. (28)

For instance, for a Higgs mass mh ! 165 GeV and a sneutrino mass of about 70 GeV, the
branching ratio of the Higgs into a pair of W± gauge bosons is reduced to less than half of its SM

10

[GeV]hm
100 150 200 250 300 350

[G
eV
]

!
"#

−m !#
m

0

20

40

60

80

100

120

140

Figure 4: Range of preferred values of the stau–sneutrino mass difference [GeV] as a function of
the Higgs mass [GeV].

D-term contribution and is given by

ghν̃τ ν̃τ ! −i
(g2∆ + g2

Y ) v

2
√

2
. (26)

Due to this enhanced coupling, the Higgs boson may have a significant decay branching ratio into
light sneutrinos, therefore avoiding the Tevatron bounds. More quantitatively, assuming masses
above the 2 mW threshold, the decay width for decays into two vector bosons is given by

Γ(h → V V ) !
GF (|QV | + 1) m3

h√
2 16 π

(

1 −
4m2

V

m2
h

+
12m4

V

m4
h

) (

1 −
4m2

V

m2
h

)1/2

(27)

where GF is the Fermi constant, QV is the charge of the massive gauge boson, V = W±, Z, and
MV is its mass. For the decay into sneutrinos, instead, the result is

Γ(h → ν̃τ ν̃τ ) !
(g2∆ + g2

Y )2 v2

128 π mh

(

1 −
4m2

ν̃τ

m2
h

)1/2

. (28)

For instance, for a Higgs mass mh ! 165 GeV and a sneutrino mass of about 70 GeV, the
branching ratio of the Higgs into a pair of W± gauge bosons is reduced to less than half of its SM
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Medina, Shah, C.W.’09

For Higgs masses between 150 GeV and 200 GeV, 
large invisible width, of order of or larger than the 
VV width may be obtained

Region consistent
with EWP tests
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Dark Matter and the Higgs Decay Width

If Dark Matter particles are lighter than half of the Higgs mass, Higgs can 
decay into them

This would induce a modification of the total width, which will affect all visible 
branching ratios

In such a scenario, it would be important to measure the invisible width

In the low mass region, the LHC can measure this width by looking in the 
weak boson fusion production (Zeppenfeld, Eboli, ‘00)

In the high mass region, one could get information by measuring the total 
width from the lineshape of H-> 4 lepton channel  

Tuesday, November 8, 2011
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FIG. 6: Relic density for scalar (orange/light grey) and fermion (blue/dark grey) dark matter as a

function of the dark matter mass. The curves are shown for Higgs masses of 200 GeV (solid) and

300 GeV (dashed), for a fixed couplings of λs = 1 and λ̃f = 1 respectively for scalars and fermions.

The light green band is the WMAP-7 measured [31] dark matter relic density.

be achieved for a scalar DM masses below mW and a fermionic DM mass above mW . We

therefore focus our attention to these two mass ranges.

We are now in a position to consider whether there is viable parameter space with mh �
200 GeV that could be consistent with the current LHC Higgs limits, the observed relic

density, and direct detection constraints on DM. The results are presented in the (mh, mDM)

plane in Fig. 7, where for each (mh, mDM) we determine the coupling λ by the relic density

constraint. In particular, we consider cases where the invisible decay product makes up

100% and 10% of the observed relic density, respectively. The different mass ranges for a

scalar and a fermionic DM are motivated by the relic density considerations in Fig. 6. Shown

in Fig. 7 are : 1) contours of invisible Higgs branching fraction ranging from 20% to 80%,

2) limits from Xenon 100 on the spin independent DM nucleon cross section [32], and 3)

ATLAS and CMS limits on σHiggs/σSM re-interpreted as lower bounds on the invisible Higgs

branching fraction. The plots shown are for the case of a complex scalar/Dirac fermion, but

the limits on the parameter space are very similar for the corresponding cases of real scalar

or Majorana fermion DM.

For scalar DM, the top panel in Fig. 7 suggests that the minimal scenario where the

DM annihilates solely through the virtual Higgs exchange is tightly constrained, except for
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IV. DARK MATTER CONNECTIONS

If the Higgs boson decays to invisible particles, the presence of new quasi-stable states

naturally leads to the question whether those particles could also be dark matter candi-

dates. Assuming this is indeed the case, we study in this section implications from Higgs

search limits, the observed relic density, as well as constraints from dark matter (DM) direct

detection experiments.
3

For simplicity we consider cases where the DM is either a scalar or a fermion which is a

singlet under SM gauge symmetries, and take as free parameters the DM mass, its coupling

to the Higgs boson, and the Higgs mass. The minimal models describing interactions of the

Higgs boson with a scalar and a fermionic DM are [4, 26]:

L = δc m
2
s|S|2 + δc λsH

†
H|S|2 , (18)

L = δc mf ψ̄ψ + δc
λf

Λ
H

†
Hψ̄ψ , (19)

where δc = 1/2 for a real scalar and a Majorana fermion and 1 otherwise.

The requirement that the invisible decay width of the Higgs is comparable to the visible

3
For related work on the impact of LHC Higgs limits on Higgs portal dark matter, see Refs. [8, 24], while

for more general DM features of Higgs portal models, see Refs. [25].
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3
For related work on the impact of LHC Higgs limits on Higgs portal dark matter, see Refs. [8, 24], while

for more general DM features of Higgs portal models, see Refs. [25].

12

Dark Matter Higgs Portal

Relatively light scalars and heavy
fermions are accomodated
naturally in this framework

Shaughnessy, Low, Schwaller, C.W.,  arXiv:1110.4405
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FIG. 7: Allowed parameter space for minimal scalar DM (top panel) and fermionic DM (bot-

tom panel), in the (mh, mDM) plane. The orange shaded region is excluded by direct dark matter

searches, while the blue shaded region is excluded by the ATLAS and CMS Higgs search limits. In

the left panel the couplings λs and λ̃f are fixed by requiring that ΩDMh2 = 0.11 while for the right

panel we require ΩDMh2 = 0.011. The direct detection rates are rescaled accordingly. The black

solid lines represent contours of invisible Higgs branching fraction ranging from 20% to 80%. The

red (thick) dotted line gives mh = 2mDM, above which the Higgs cannot decay to DM.
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Allowed parameter region for scalars and fermion Dark Matter cases

Scalars (fermions) lighter
(heavier) than the weak

bosons considered.

Couplings fixed to 
obtained desired

relic density.

Solid lines denote 
production rate 

compared
to the SM one.
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MSSM?

Note that our results are somewhat discrepant with [19].
This may originate from the fact that Ref. [19] did not take
into account the latest constraint on Bs ! !!. Indeed, we
do obtain many more points at low mass if we disregard
this constraint, as was also pointed out in Ref. [30].
However, all these ‘‘new’’ points are also excluded by
the Tevatron limits.

We have performed a similar analysis for the case
!< 0. However, we found that it is extremely difficult
to obtain a good starting point. Besides the total likelihood
of the points retained by the MCMC being much smaller
than that for !> 0, this is mainly due to the ðg" 2Þ!
constraint and to a lesser extent to the constraints from B
physics. Hence, MSSM-EWSB neutralinos lighter than
15 GeV are also ruled out in the case !< 0.2

Of course our lower bound on !"h
2 [see Eq. (3)] is

arbitrary. One could consider an even smaller fraction of
light neutralinos in the halo. In this case, not only would
they be a minor source of dark matter but also their energy
density distribution in the halo may be affected by the
nature of the main candidate; this is hard to estimate. We
have checked nevertheless that taking !" $ 10%!WMAP

does not change our results. This can be understood easily.
Taking !" $ !WMAP requires a large pair-annihilation

cross section (#v""). Yet #v"" is proportional to the

neutralino mass squared. Hence, the lightest the neutralino,
the smallest the pair-annihilation cross-section, that is the
largest value of!"h

2. Thus, one cannot take the neutralino

mass arbitrarily small. To enhance the cross section, the
sole viable option is to invoke neutralino pair annihilations

through the exchange of a relatively light pseudoscalar
Higgs (which is in agreement with our findings) since
neutralino coannihilations with the next-to-LSP is impos-
sible owing to the smallness of the neutralino mass.

B. Neutralino masses less than 50 GeV

Given our conclusion concerning light neutralinos, it is
interesting to derive the lower limit for the neutralino mass
in the MSSM. For this, we focus on scenarios where the
neutralino mass ranges from 1 to 50 GeV.

FIG. 4 (color online). Distribution of the points selected by our
MCMC analysis in the tan$-mA plane in the MSSM-EWSB
scenario with !> 0 and m" < 15 GeV. The Tevatron limits are

displayed for the case of no mixing (dashed line) or maximum
mixing (solid line) in the stop sector, same color code as in
Fig. 3.

FIG. 3 (color online). MSSM-EWSB scenario with !> 0 and
m" < 15 GeV. Spin-independent cross section on proton times

the fraction of neutralinos in the Milky Way dark halo (%) versus
the neutralino mass m". The dark (red) [light (pink)] points have

a likelihood greater than 99.4% (68%).

FIG. 2 (color online). Q=Qmax with respect to the neutralino
mass in MSSM-EWSB scenario for !> 0 and m" < 15 GeV.
We use the same color code as in Fig. 1.

2In Ref. [52] it was shown that the ðg" 2Þ! constraint could
be avoided if one takes opposite signs for gaugino masses with
both !< 0 and M2 < 0. We have not considered this class of
scenarios.
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These include B-physics observables, the anomalous
magnetic moment of the muon, ðg" 2Þ!, the Higgs and
sparticles masses obtained from LEP and the corrections to
the " parameter. For the MSSM case, only LEP mass limits
on new particles were taken as a sharp discriminating
criterion with L ¼ 0 or 1. Other criteria had some toler-
ance. For the NMSSM, limits on the Higgs sector, on the Z
partial width and on neutralino production as computed by
NMSSMTOOLS were also taken as a sharp discriminating
criterion.

We use a Gaussian distribution for all observables with a
preferred value !% #,

F2ðx;!;#Þ ¼ e"ððx"!Þ2=ð2#2ÞÞ (1)

and

F3ðx;!;#Þ ¼ 1

1þ e"ðx"!Þ=# (2)

for observables which only have lower or upper bounds.
The tolerance, #, is negative (positive) when one deals
with an upper (lower) bound.

Finally we also require that the neutralino relic density
satisfies

100%!WMAPh
2 >!$h

2 > 10%!WMAPh
2; (3)

with !WMAPh
2 ¼ 0:1131% 0:0034 [41]. The cases where

!$ <!WMAP should correspond to scenarios in which
there is either another (if not several) type of dark matter
particles in the galactic halo [42] or a modification of
gravity (cf., e.g., [43]). In case of a multicomponent
dark matter scenario, there could be either very light,
e.g., [44–47], or very heavy particles (including very heavy
neutralinos), depending on the findings of direct detection
experiments.

III. MSSM SCENARIOS

In what follows, we consider the MSSM with input
parameters defined at the weak scale. We assume minimal
flavor violation and equality of the soft masses between
sfermion generations. We further assume a common mass
m~l for all sleptons, and for all squarks m~q (but we have
checked that we found consistent results by relaxing this
universality assumption). We allow for only one nonzero
trilinear coupling, At. The gaugino masses M1 and M2 are
free parameters which, in particular, allows us to have
M1 ' M2 implying a light neutralino much below the
electroweak scale. The parameter M3 satisfies the usual
universality condition in the grand unified theory scale
model, that is, M3 ¼ 3M2. The Higgs bilinear term, !,
the ratio of Higgs vacuum expectation values, tan% and the
pseudoscalar mass MA are also free parameters.

This MSSM-EWSB model with only eight parameters
can reproduce the salient features of neutralino dark
matter. Indeed, apart from the mass of the lightest
supersymmetric particle (LSP), the most important

parameters are the gaugino/Higgsino content of the LSP,
determined by ! andM1,M2, tan%, as well as the mass of
the pseudoscalar which can enhance significantly neutra-
lino annihilations into fermion pairs.

A. Neutralino masses smaller than 15 GeV

To sample the low neutralino mass range, we take our
priors in the range

M1 2 ½1; 100) GeV; M2 2 ½100; 2000) GeV;
! 2 ½0:5; 1000) GeV; tan% 2 ½1; 75);
m~l 2 ½100; 2000) GeV; m~q 2 ½300; 2000) GeV;
At 2 ½"3000; 3000) GeV; mA 2 ½100; 1000) GeV:

We consider separately the cases !> 0 and !< 0. The
results of our MCMC simulations for !> 0 are displayed
in Figs. 1 and 2.
Figure 1 represents Q=Qmax, the weight normalized to

the best weight, with respect to the free parameters that we
have considered. The first plot shows that the bino mass is
peaked around M1 2 ½15; 19) GeV while the second
plot shows that ! is below 150 GeV. That is, it is near
the lower bound that satisfies the LEP limits on charginos.
Thus, the LSP is dominantly binolike with a small
Higgsino component.
The third and fourth plots in Fig. 1 show that tan% is

very large ( tan% 2 ½40; 60)) and mA is relatively small
(mA 2 ½120; 170) GeV). This basically indicates that the
main neutralino pair annihilation proceeds through the
s-channel exchange of a light pseudoscalar Higgs boson.
The results also show that the sleptons and squarks are
preferably heavy (m~l 2 ½500; 1200) GeV and m~q 2
½0:8; 2) TeV).
In Fig. 2, we display the same quantity but with respect

to the neutralino mass. As one can see, the preferred value
for the neutralino mass m$ lies in between 13 and 15 GeV.
We found no scenario where the neutralino mass would be
smaller than 10 GeV.
In Fig. 3, we display the (spin-independent) elastic

scattering cross section #SI
p times the fraction of neutralino

in the halo & versus the neutralino mass and the limits from
CDMS and XENON 100. Here (and in the following),
we have assumed values for the quarks coefficients in
the nucleon (defined by setting #'N ¼ 45 MeV, #0 ¼
40 MeV in MICROMEGAS [48]) that lead to rather low cross
sections in order to be conservative in our predictions.1

Since there are uncertainties on the escape velocity and
scintillation function of XENON 100, we also performed a
rescaling of Leff with the energy (see [49]) and kept a
conservative energy-dependent value for Leff . In principle,

1The elastic scattering cross section can be up to 1 order of
magnitude larger for other choices of the quark coefficients.
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0.05 � λ � 0.15, 0.001 � κ � 0.005,

|ε�| � 0.25, − 30GeV � Aκ � −15GeV,

5 � tanβ � 50, 100GeV � µ � 250GeV

0.09 � Ωh2 � 0.13

Numerical Results

!   The blue points fall in a 3 sigma 
range of the observed relic density.

!  All points have passed the 
current exp. bounds of flavor 
physics, meson decays, and 
collider exp. 

Thursday, September 1, 2011
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What is the ``Dark Light Higgs’’ Scenario?

Nearly PQ limit: kappa/lambda -> 0, 
A_kappa -> 0 

+ Moderate or small lambda: lambda < or ~ 0.1

P. Draper, T.L., C. Wagner, L.T. Wang and H. Zhang, Phys. Rev. Lett. 106 (2011)
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Dark Light Higgs (NMSSM near the PQ symmetry limit)

T. Liu
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Q1: How Does the SM-like Higgs Decay ?

!  b bar mode becomes dominant again? Sometimes, but not generic. 

!  As long as kinematically allowed, h2 -> chi_i chi_j (i, j = 1, 2) with chi2 
-> chi1 + (h1 or a1 -> ff) becomes dominant (chi2 is bino-like)

!  Not hard because chi1 is light 
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A strongly first order phase transition may be
obtained (red dots).  Consistency with COGENT 
demands SM-like Higgs mass mh2 closer to or 
smaller than the LEP limit value. 

Carena, Shah, C.W.’11

LEP limit may be avoided due to the existence
of additional decay modes

Liu, Huang, Zhang’11
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Figure 12: Values of mh2 vs. σSI(10−40cm2) for both EWSB (Green dots) and Baryogenesis (Red
crosses) for Parameter Set a.

allow for EWSB but would not lead to the preservation of the baryon asymmetry at the
electroweak phase transition.

Regarding the Dark Matter relic density, in the region under study it is obtained by
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Figure 13: Values of mh2 vs. σSI(10−40cm2) for both EWSB (Green dots) and Baryogenesis
(Red crosses) for Parameter Set b.
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Mixed Decays into Higgs and Dark Matter
Weiner,Chang’ 09

the non-standard MSSM-like CP-even and CP-odd Higgs bosons become very heavy and

the light non-standard CP-even and CP-odd Higgs bosons, h1 and a1, are mostly singlet-

like, leading to a very strong suppression of this production cross section, and therefore to

weak bounds from this channel. In addition, the decays of the SM-like Higgs boson, h2,

to h1h1 and a1a1 pairs are generically suppressed [25]. Thus h1 and a1 are hidden from

four-fermion searches at both LEP [56] and the Tevatron [57] designed to test a light a1

scenario. This also implies that, unless other light particles appear in the spectrum, the

bounds on the SM-like Higgs boson mass are similar to the SM Higgs bounds. However,

as mentioned before, lower SM-like Higgs masses make it easier to find stable solutions

with small values of mh1 as shown in Fig. 4. Hence, in our work we also considered values

of mh2 below the LEP SM-Higgs limits that could be avoided if additional non-standard

decays were present.

In this model, additional decay modes of the SM-like Higgs boson may appear, for

instance, for low values of the bino mass. In such a case the SM-like Higgs boson may

decay in the following way [58]

h2 → χ2χ1 → h1χ1χ1 (ff̄ +Miss.Energy) , (5.38)

or, for sufficiently low values of mχ2 ,

h2 → χ2χ2 → h1h1χ1χ1 (2× ff̄ +Miss.Energy) . (5.39)

This leads to a decay into missing energy and somewhat soft jets or leptons, for which the

limits on the SM-like Higgs may be relaxed [59]. Specifically, bounds on the SM-like Higgs

mass coming from the search of Higgs bosons decaying into bottom quark pairs may be

lowered if the branching ratio of its decay into bottom quarks is about 20 % or smaller [60].

A specific analysis of LEP data for the decay channels described in Eqs. (5.38) and (5.39)

is not available, and should be performed to determine the viability of this region of

parameter space.

We used NMSSMTools [61] to verify our zero temperature results. For the same

parameter values we used, this program requires somewhat different value of µ (S0) due to

a slightly different treatment of the zero temperature radiative corrections to the effective
potential. For the same value of the mh1 mass, however, the rest of the spectrum was at

most 10% away from the values we obtained. We verified that the branching fraction into
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The bottom quark decay branching ratio can 
be naturally smaller than 20 %. New decays
into mesons and leptons plus missing energy.

Many other decay possibilities exist. See, for instance, 
Chang, Dermisek, Gunion, Weiner, arXiv:0801.4554
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• Allowed SM-Higgs mass window at the LHC is consistent with precision 
measurements and with the extrapolation of SM description to very high 
energies.  The analysis of the current data will allow to test the SM in the 
whole allowed Higgs masss range. 

• New physics can modify the production and decay channels in a significant 
way.  No Higgs signal could point to many interesting possibilities beyond the 
absence of a Higgs. 

• Models with pseudo-Goldstone bosons tend to induce a smaller gluon fusion 
production rate.

• In the minimal supersymmetric model, rates may be modified by mixing or by 
presence of light stops.  For moderate CP-odd Higgs masses, the width of the 
SM-like Higgs tends to be enhanced, inducing a suppression of all relevant 
LHC branching ratios.

• Beyond the minimal model, there can be new decays as well as heavier Higgs 
bosons, implying very rich Higgs physics 

• Decays associated with Dark Matter particles are an interesting possibility 
that will be probed at the LHC

Conclusions
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Figure 7: Probability for a Higgs boson in squark decay chains, for MA = 200 GeV and tanβ = 10

and two different values for the slepton masses: m�̃ = 400 GeV (first row) and m�̃ = 200 GeV

(second row). From lightest to darkest blue, the probabilities are 5%, 10%, 15%, 20%, 25% and

30%. The grey hatched area is either excluded by LEP (at small values of µ) or excluded by a stau

LSP (at large values of µ). Superimposed are the regions of correct relic density.
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Regions of parameter space consistent with Neutralino 
relic density: Light CP-odd boson and light Sleptons
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Clear degradation 
of Higgs signal for 
light sleptons

mq̃ � 1 TeV
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and subject to the current direct search limits mν4,"4 >
100 GeV and mu4,d4

> 258 GeV. The other elements
of the CKM and PMNS matrix are not strongly con-
strained. The smallest contribution to the oblique pa-
rameters occurs for small Higgs masses. The leptons and
quark masses are not significantly split, in particular, the
two–body decays !4 → ν4W and d4 → u4W generally do
not occur. Finally, while there are strong restrictions on
the mass differences between the up-type and down-type
fields, there are much milder restrictions on the scale of
the mass.

IV. HIGGS SEARCHES

The set of mixing elements and mass hierarchies shown
in Eq.(9) has significant effects on Higgs searches at the
Tevatron and at the LHC. One clear observation is that
Higgs decays into fourth–generation particles, if possible
at all, are expected only into leptons, unless the Higgs
is exceptionally heavy which is disfavored by precision
data.

A fourth generation with two additional heavy quarks
is well known to increase the effective ggH coupling by
roughly a factor of 3, and hence to increase the produc-
tion cross section σgg→H by a factor of roughly 9 [31].
The Yukawa coupling exactly compensates for the large
decoupling quark masses in the denominator of the loop
integral [32]. This result is nearly independent of the
mass of the heavy quarks, once they are heavier than
the top. (Modifications to the Higgs production cross
section has also been considered in an effective theory
approach in Ref. [33].) This enhancement allowed CDF
and D0 to very recently rule out a Higgs in a four
generation model within the mass window of roughly
145 < mH < 185 GeV to 95% CL using the process
gg → h → W+W− [34, 35]. While over recent years
weak–boson–production has proven the leading discovery
channels for light Higgs bosons — in the Standard Model
as well as in extensions with more than one Higgs dou-
blet, like for example the MSSM [36] — these channels
are less promising in models with a fourth generation, be-
cause the loop effects on the WWH couplings are small
enough to be ignored in the Standard Model.

The increase in the ggH coupling dramatically in-
creases the decay rate of H → gg. For Higgs masses
lighter than about 140 GeV and no new two–body de-
cays, this decay dominates, but is probably impossible
to extract from the two-jet background at the LHC. The
presence of this decay effectively suppresses all other two–
body decays, including the light–Higgs discovery mode
H → ττ , by roughly a factor 0.6. Only once the tree-level
decay mode H → WW ∗ opens does this suppression van-
ish. More subtle effects occur for the loop–induced decay
H → γγ. The partial widths for H → γγ and H → gg

mH 115 200

AW −8.0321 −9.187 − 5.646i

At 1.370 1.458

Au4
1.344 1.367

Ad4
1.349 1.382

A!4 1.379 1.491

TABLE II: The dominant form factors for the decay H → γγ
and H → gg according to Eq.(10) for the parameter points (a)
and (b). For H → gg just the quark loops contribute. The
form factors are obtained from a modified version of Hde-
cay [37].
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where Af and AW are the form factors for the spin- 1
2

and
spin-1 particles respectively. These form factors are

Af (τ) = 2 [τ + (τ − 1)f(τ)] τ−2

AW (τ) = −
[

2τ2 + 3τ + 3(2τ − 1)f(τ)
]

τ−2 (11)

with τi = m2
H/4m2

i , (i = f, W ) and f(τ) defined as the
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From the numbers given in Table II we see that the
ggH coupling indeed consists of nearly identical contri-
butions from the SM top quark and the two additional
fourth–generation quarks. In particular, the contribu-
tions of the fourth–generation quarks in the parameters
points (a) and (b) are well described by the decoupling
limit in which we estimated the enhancement of the Higgs
production rate as a factor of 9. For a 200 GeV Higgs we
start to observe very small top–mass effects. This means
that the enhancement factor in σgg slowly decreases from
8.5 to 7.7 for Higgs masses between 200 and 300 GeV. Of
course, this scaling factor breaks down for the top thresh-
old region around 350 GeV and subsequent heavy-quark
thresholds. This corresponds to the absorptive imaginary
parts of the Ai listed in Table II.

In the Standard Model the Higgs decay to photons is
dominated by the W loop, which destructively interferes
with the smaller top–loop. In Table II we see how in
the fourth–generation model all additional heavy parti-
cles contribute to the loop. For a light Higgs boson this
implies a suppression of the branching ratio BR(γγ) by

5
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where Af and AW are the form factors for the spin- 1
2
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spin-1 particles respectively. These form factors are
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ggH coupling indeed consists of nearly identical contri-
butions from the SM top quark and the two additional
fourth–generation quarks. In particular, the contribu-
tions of the fourth–generation quarks in the parameters
points (a) and (b) are well described by the decoupling
limit in which we estimated the enhancement of the Higgs
production rate as a factor of 9. For a 200 GeV Higgs we
start to observe very small top–mass effects. This means
that the enhancement factor in σgg slowly decreases from
8.5 to 7.7 for Higgs masses between 200 and 300 GeV. Of
course, this scaling factor breaks down for the top thresh-
old region around 350 GeV and subsequent heavy-quark
thresholds. This corresponds to the absorptive imaginary
parts of the Ai listed in Table II.

In the Standard Model the Higgs decay to photons is
dominated by the W loop, which destructively interferes
with the smaller top–loop. In Table II we see how in
the fourth–generation model all additional heavy parti-
cles contribute to the loop. For a light Higgs boson this
implies a suppression of the branching ratio BR(γγ) by
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FIG. 3: Branching ratio of the Higgs with fourth–generation
effects assuming mν = 100 GeV and m" = 155 GeV. The loop
effects to H → gg and H → γγ are largely insensitive to the
fourth–generation quark masses. For the fourth–generation
masses we follow the reference point (b).

roughly a factor 1/9 [38]. Suppression of the h → γγ
mode has also been recently considered in a somewhat
different context in Ref. [39].

We show the complete set of branching ratios in Fig. 3.
All predictions for Higgs decays are computed with a
modified version of Hdecay [37] which includes radiative
corrections also to the fourth–generation decays, but no
off-shell effects for these decays. The two thresholds in
BR("4"̄4) and BR(ν4ν̄4) compete with the larger top de-
cay channel with its color factor Nc, but all of them are
small compared to the gauge boson decays. Higgs decays
to fourth–generation quarks are implemented in the ex-
tended version of Hdecay but only occur for larger Higgs
masses.

For a light Higgs below 200 GeV the effects on different
gluon–fusion channels are roughly summarized by
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In Figure 4 we show a set of naively scaled discovery
contours for a generic compact LHC detector, modify-
ing all known discovery channels according to fourth–
generation effects [40]. The enhancement of the pro-
duction cross section implies the the “golden mode”
H → ZZ → 4µ can be used throughout the Higgs mass
range, from the LEP II bound to beyond 500 GeV. Both
WW channels [41, 42] are still relevant, but again the
gluon–fusion channel (which in CMS analyses for a SM
Higgs tends to be more promising that the weak–boson–
channel, while Atlas simulation show the opposite [43])
wins due to the fourth–generation enhancement. As
mentioned above, the weak–boson–fusion discovery decay

1
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FIG. 4: Scaled LHC discovery contours for the fourth–
generation model. All channels studies by CMS are included.
The significances have naively been scaled to the modified
production rates and branching rations using the fourth–
generation parameters of reference point (b).

H → τ τ̄ becomes relatively less important, even though
its significance is only slightly suppressed. Weak–boson–
fusion production with a subsequent decay to photons
is suppressed by one order of magnitude compared to
the Standard Model and not shown anymore, while for
the gluon–fusion channel with a decay to photons the
corrections to the production rate and the decay width
accidentally cancel.

Measuring the relative sizes of the different produc-
tion and decay modes would allow an interesting study
of Higgs properties that should be easily distinguishable
from other scenarios (two Higgs doublet model, super-
symmetry, etc.). Moreover, there may be novel search
strategies for the Tevatron that would be otherwise im-
possible given just the SM Higgs production rate.

Weak–boson–fusion Higgs production has interesting
features beyond its total rate. Most importantly, it has
the advantage of allowing us to extract a Higgs sample
only based on cuts on the two forward tagging jets, allow-
ing us to observe Higgs decays to taus and even invisible
Higgs decays [36, 44]. Among the relevant distribution
for this strategy are the angular correlations between the
tagging jets: for two W bosons coupling to the Higgs pro-
portional to the metric tensor we find that the azimuthal
angle correlation between the tagging jets is flat, modulo
slight effects of the acceptance cuts. For a coupling to
the Higgs proportional to the transverse tensor the same
distribution peaks around ∆φjj = 0, π. This correlation
can be used to determine the Lorentz structure of the
WWH coupling [45].

The modification to the ggH coupling from a fourth
generation leads to a larger relative size of the gluon–
fusion process in the H+2 jets sample. This causes a

6

200 300 400 500100
MH        [GeV]

0.0001

0.001

0.01

0.1

1

Br
an

ch
in

g 
R

at
io

   
  B

R
(H

)

!!

Z!

ss

µ
+
µ
"

Z*Z*

W*W*

l4l4 t*t*

gg

bb

#
+
#
"

cc

$
4
$
4

FIG. 3: Branching ratio of the Higgs with fourth–generation
effects assuming mν = 100 GeV and m" = 155 GeV. The loop
effects to H → gg and H → γγ are largely insensitive to the
fourth–generation quark masses. For the fourth–generation
masses we follow the reference point (b).

roughly a factor 1/9 [38]. Suppression of the h → γγ
mode has also been recently considered in a somewhat
different context in Ref. [39].

We show the complete set of branching ratios in Fig. 3.
All predictions for Higgs decays are computed with a
modified version of Hdecay [37] which includes radiative
corrections also to the fourth–generation decays, but no
off-shell effects for these decays. The two thresholds in
BR("4"̄4) and BR(ν4ν̄4) compete with the larger top de-
cay channel with its color factor Nc, but all of them are
small compared to the gauge boson decays. Higgs decays
to fourth–generation quarks are implemented in the ex-
tended version of Hdecay but only occur for larger Higgs
masses.

For a light Higgs below 200 GeV the effects on different
gluon–fusion channels are roughly summarized by

σggBR(γγ)
∣

∣

∣

G4
" σggBR(γγ)

∣

∣

∣

SM

σggBR(ZZ)
∣

∣

∣

G4
" (5 · · · 8) σggBR(ZZ)

∣

∣

∣

SM

σggBR(ff)
∣

∣

∣

G4
" 5 σggBR(ff)

∣

∣

∣

SM
(13)

In Figure 4 we show a set of naively scaled discovery
contours for a generic compact LHC detector, modify-
ing all known discovery channels according to fourth–
generation effects [40]. The enhancement of the pro-
duction cross section implies the the “golden mode”
H → ZZ → 4µ can be used throughout the Higgs mass
range, from the LEP II bound to beyond 500 GeV. Both
WW channels [41, 42] are still relevant, but again the
gluon–fusion channel (which in CMS analyses for a SM
Higgs tends to be more promising that the weak–boson–
channel, while Atlas simulation show the opposite [43])
wins due to the fourth–generation enhancement. As
mentioned above, the weak–boson–fusion discovery decay

1

10

10 2

100 200 300 400 500 600

H % ZZ
H % WW
H % ##
H % !!

gg % H
qq % Hqq

Significance, 30 fb-1

mH[GeV]

FIG. 4: Scaled LHC discovery contours for the fourth–
generation model. All channels studies by CMS are included.
The significances have naively been scaled to the modified
production rates and branching rations using the fourth–
generation parameters of reference point (b).

H → τ τ̄ becomes relatively less important, even though
its significance is only slightly suppressed. Weak–boson–
fusion production with a subsequent decay to photons
is suppressed by one order of magnitude compared to
the Standard Model and not shown anymore, while for
the gluon–fusion channel with a decay to photons the
corrections to the production rate and the decay width
accidentally cancel.

Measuring the relative sizes of the different produc-
tion and decay modes would allow an interesting study
of Higgs properties that should be easily distinguishable
from other scenarios (two Higgs doublet model, super-
symmetry, etc.). Moreover, there may be novel search
strategies for the Tevatron that would be otherwise im-
possible given just the SM Higgs production rate.

Weak–boson–fusion Higgs production has interesting
features beyond its total rate. Most importantly, it has
the advantage of allowing us to extract a Higgs sample
only based on cuts on the two forward tagging jets, allow-
ing us to observe Higgs decays to taus and even invisible
Higgs decays [36, 44]. Among the relevant distribution
for this strategy are the angular correlations between the
tagging jets: for two W bosons coupling to the Higgs pro-
portional to the metric tensor we find that the azimuthal
angle correlation between the tagging jets is flat, modulo
slight effects of the acceptance cuts. For a coupling to
the Higgs proportional to the transverse tensor the same
distribution peaks around ∆φjj = 0, π. This correlation
can be used to determine the Lorentz structure of the
WWH coupling [45].

The modification to the ggH coupling from a fourth
generation leads to a larger relative size of the gluon–
fusion process in the H+2 jets sample. This causes a
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To calculate these fermion contributions to the hgg coupling, we assume that the masses

of the KK fermions ! mh, and therefore their form factors are approximately unity. Before

proceeding let us classify different effects contributing to the shift of hgg coupling from that

of the SM:

• relation between mass and Yukawa coupling of the lightest state (SM fermion) is

modified from the SM value ylightRS "= mf

vSM
;

• we have loop of KK fermion running in the triangle diagrams (see Fig. 1).

So we should calculate

ylightRS

mlight
A1/2(τlight) +

∑

heavy

Yi

Mi
= Tr(Ŷ M̂−1) +

ylightRS

mlight

(

A1/2(τlight)− 1
)

, (6)

where M̂ and Ŷ are the fermion mass and Yukawa matrices given in Eq. (4) and (5)2. The

first term on the LHS of the above equation gives the contribution from the SM fermion

(lightest mass eigenstate), and the second term comes from the contributions of heavy KK

fermions. Note that Ŷ = ∂M̂
∂ṽ , therefore, we can use the following trick to calculate the trace

[37]:

Tr(Ŷ M̂−1) = Tr

(

∂M̂

∂ṽ
M̂−1

)

=
∂ lnDet(M̂)

∂ṽ
, (7)

we also have

Det(M̂) = YqLuR
MQMU

ṽ√
2
+ YQLuR

YULQR
YqLUR

(

ṽ√
2

)3

− YqLuR
YQLUR

YULQR

(

ṽ√
2

)3

. (8)

Now we expand to first order in ṽ2

MQMU
:

Tr(Ŷ M̂−1) ≈
1

ṽ

[

1 +

(

YQLuR
YULQR

YqLUR

YqLuR

− YQLUR
YULQR

)

ṽ2

MQMU

]

. (9)

Note that the masses and Yukawa couplings of the SM fermions are also modified (see [32]

for details),

ylightRS

mlight
≈

1

ṽ

(

1 +
YQLuR

YULQR
YqLUR

YqLuR

ṽ2

MQMU

)

, (10)

2 Note that the real part of the Yukawa coupling will lead to the operator hGµνG
µν , and the imaginary

part will lead to the operator hGµνG̃
µν . For simplicity in this paper we everywhere will assume that we

have only hGµνG
µν operator.
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the sake of simplicity. A generalization to 3 generation quarks can be easily applied later.

For the quark fields, we consider the simple spinorial representation with the following field

contents:
(

Qu
L(+,+)Qu

R(−,−)

Qd
L(+,+)Qd

R(−,−)

)

,

(

U ′
R(−,+)U ′

L(+,−)

DR(+,+)DL(−,−)

)

,

(

UR(+,+)UL(−,−)

D′
R(−,+)D′

L(+,−)

)

. (12)

The first multiplet is a doublet of SU(2)L and the last two are doublets of SU(2)R. The

boundary conditions are denoted for the corresponding chirality. They have the following

Yukawa couplings 3

Y u
√
R(Q̄u

LUR + Q̄d
LD

′
R)H + Y d

√
R(Q̄u

LU
′
R + Q̄d

LDR)H + (L ↔ R) + h.c. (13)

Note that Y u, Y d are dimensionless and order one, and 1/R = k is the curvature

scale. After KK decomposition in the basis where Higgs vev is zero, we have zero modes

qu,(0)L , qd,(0)L , d(0)R , u(0)
R and the KK modes Qu,(i)

L,R , Qd,(i)
L,R , D(j)

L,R, U
(j)
L,R, U

′(k)
L,R, D

′(k)
L,R. For up-type

quarks, we have the following infinite dimensional mass matrix

(q̄u,(0)L , Q̄u,(i)
L , Ū (j)

L , Ū ′(k)
L )



















Y u
quṽ√
2

0
Y u
qUb

ṽ
√
2

Y d
qU′

c
ṽ

√
2

Y u
Qiu

ṽ
√
2

MQ
Y u
QiUb

ṽ
√
2

Y d
QiU

′
c
ṽ

√
2

0
Y u,∗
UjQa

ṽ
√
2

MU 0

0
Y d,∗

U′

k
Qa

ṽ
√
2

0 MU ′

































u(0)
R

Qu,(a)
R

U (b)
R

U ′(c)
R















+ h.c, (14)

where i, j, k, a, b, c are KK indices. The Yukawa couplings matrices are defined e.g. by

Y u
QiUb

= Y u
√
R

∫

dz

(

R

z

)5

h(z)qu,(i)L (z)u(b)
R (z), (15)

i.e. it is an integral of product of Higgs and fermion wavefunctions, where h(z) is a profile

of the Higgs field normalized in the following way

1 =

∫ R′

R

dz

(

R

z

)3

h(z)2. (16)

The KK mass matrices are diagonal, e.g. MQ = diag(MQ1
,MQ2

, · · ·). One naively might

think that the couplings YUjQa vanish in the limit of brane Higgs due to the odd boundary

conditions of UL and Qu
R, so it is safe to ignore them in this matrix. But these are precisely

the Z2 odd operators described in detail in [32] (detailed analysis without these operators

3 We consider here a general bulk Higgs [38] with vector-like Yukawa coupling for simplicity.

7

For the third generation quarks there will be an extra contribution to the formula in (Eq.

21) which we parameterize following [32] as (−∆t,b
2

mṽ ) (see Appendix C for details). This gives

us additional contribution relative to (Eq. 22)

∆t
2

mtṽ
+

∆b
2

mbṽ
. (27)

Also in this case contributions of the SM bottom and top qaurks are no longer negligible,

so we have to include them

yRS
b

mb
A1/2(τb) +

yRS
t

mt
A1/2(τt). (28)

Note that now Yukawa couplings of the top and bottom quarks are shifted( see discussion

in Appendix C).

It is simple to generalize the above result to three generations. The KK towers of the

quarks give a contribution proportional to Tr(YuY †
u + YdY

†
d ), and we have to combine them

with the effect coming from top and bottom quarks. To summarize, compared with SM, the

Higgs production cross-section from gluon fusion in RS is

σRS
gg→h

σSM
gg→h

=
(vSM

ṽ

)2

∣

∣

∣

∣

∣

∣

Tr(YuY †
u + YdY

†
d )ṽ

2R′2 + ∆t
2

mt
+ ∆b

2

mb
+ xtA1/2(τt) + xbA1/2(τb)

A1/2(τt) + A1/2(τb)

∣

∣

∣

∣

∣

∣

2

, (29)

where xt =
yRS
t ṽ
mt

and xb =
yRS
b ṽ

mb
, with yRS

t ,yRS
b the shifted top and bottom Yukawa couplings

in RS (reference [12] presented numerical results for the analysis of the brane Higgs model

including Z2 odd operators, however, it is hard to compare it with our result due to different

particle content of the models). We consider here the ratio
σRS
gg→h

σSM
gg→h

in order to reduce the

uncertainty coming from higher order QCD corrections. It is also important to notice that

in the case when the couplings of the SU(2)L and SU(2)R are not equal the ratio
(

vSM

ṽ

)

might be quite significant, see discussion and analysis in [13]. In the rest of the paper we will

assume that SU(2)L and custodial SU(2)R have the same gauge couplings (see appendix B

for discussion of VEV shift in this case).

It is also interesting to point out that the same diagrams that contribute to the gluon

fusion will also contribute to the modification of the di-Higgs production. This might become

an interesting option to disentangle new physics contribution (see discussion in the effective

field theory approach in [35]).
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Warped Extra Dimensions with Higgs in the Bulk
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FIG. 3: Dependence of
σRS
gg→h

σSM
gg→h

on the Higgs mass for different values of R′−1 in bulk Higgs scenario

with vector-like Yukawa couplings (Y1 = Y2). The dimensionless 5D Yukawa couplings are varied

between Y ∈ [0.3, 3]. The black “×” corresponds to KK scale R′−1 = 5 TeV, green “+” to R′−1 = 2

TeV, and red “#” to R′−1 = 1.5 TeV.

5D Yukawa couplings are order one. We can see from Fig. 4 that for order one Yukawa

couplings, we have sizable new physics contributions to σ(gg → h).

So far we have been assuming that the Higgs is the bulk field and 5D Yukawa couplings

are vector-like i.e.

L = Y1Q̄
u
LURH + Y2ŪLQ

u
RH with Y1 = Y2. (33)

In the case where the Higgs is a 5D bulk field this condition of Y1 = Y2 is forced by the

5D Lorentz symmetry. But the Higgs can be brane localized or even a bulk Higgs might

have brane localized couplings and these couplings do not have to respect 5D bulk Lorentz

symmetry. So generally speaking Y1 %= Y2, and they could be independent of each other. Let

us see how this might modify our results. The first thing to notice is that the contribution

of the tower of KK modes now has the following structure Y1Y
†
2 . Before proceeding further

we immediately see that the overall sign of the contribution is not fixed any more! So we

cannot predict in generic RS model the sign of the effect: whether it is enhancement or

suppression for both hgg and hγγ couplings. This is shown in Fig. 5. We can see that the
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Figure 1: Contribution to the gluon-gluon-higgs amplitude of the n-th fermionic KK
eigenstate. Because the QCD coupling of quark eigenstates to gluons is diagonal and the
eigenstates do not mix with each other, only diagonal Yukawa couplings are relevant.

Although it is not obvious at this point, the couplings ynm are real.
The objective is to compute the one-loop contribution of the fermionic eigenstates to

the gluon-gluon-higgs amplitude. The relevant Feynman diagram is depicted on fig. 2. In
the SM, this amplitude is dominated by the top quark who has the largest Yukawa coupling
to the higgs. Assuming the higgs boson is light enough, mhiggs < 2mt, the amplitude can
be written as

Mggh(SM) ≈ f(ε, p)
ytt

mt
= f(ε, p)

1

v
(2.7)

where f(ε, p) depends on the momenta and polarizations of the incoming gluons and its
precise form will be of no importance in the following. In the following we always assume
that mhiggs < 2mn, for the top quark as well as for all new physics quarks. This is a safe
assumption in the 5D pseudo-goldstone scenario: the higgs potential is generated at one
loop so that the higgs boson is expected to be light, not far from the present direct search
limit. Thus, the amplitude can be approximated by

Mggh(5D) ≈ f(ε, p)
∑

n

ynn

mn
(2.8)

where the sum goes over all heavy enough fermionic eigenstates (it includes the SM top
quark, but not the bottom or any of the lighter quarks).

Now we prove a remarkable sum rule. We first note that, using the equations of motion,
the profiles can be represented as:

fR,n(ṽ, y) = Ω(y)a−2(y)e−My

(

fR,n(ṽ, 0) + mn

∫ y

0

a(y′)eMy′

Ω−1(y′)fL,n(ṽ, y′)

)

fL,n(ṽ, y) = Ω(y)a−2(y)eMy

(

fL,n(ṽ, 0) − mn

∫ y

0

a(y′)e−My′

Ω−1(y′)fR,n(ṽ, y′)

)

(2.9)

where Ω(y) = eig5

R y
0
〈A5〉. Using the above expressions and the completeness relations one

can derive
∑

n

ynn

mn
= −ig5

[
∫ L

0

a−2

]1/2
∑

n

m−1
n f †

L,n(ṽ, 0)T âfR,n(ṽ, 0). (2.10)

To clean up, we introduce the global symmetry breaking scale f ,

f =

√
2

g5(
∫ L

0 a−2)1/2
. (2.11)

3

both branes, so that the fifth components of the corresponding gauge fields hosts scalar
fields identified with the SM higgs doublet. The vev is chosen along the T 4

C generator. The
electroweak breaking scale is v = f sin(ṽ/f), where f is defined in eq. (2.11).

There are several options for embedding the third generation quarks into SO(5) mul-
tiplets. The first model we consider here is a variation on that introduced in ref. [5]. The
top and bottom quarks are embedded into two 5D quarks in the spinorial representation
41/6:

Q1 = (q1, qc
1) = (t1, b1, tc1, bc

1) Q2 = (q2, qc
2) = (t2, b2, tc2, bc

2) (3.1)

The IR boundary conditions are the same for Q1 and Q2,

qR,i(L) = qc
L,i(L) = 0 (3.2)

The UV boundary conditions are chosen as1

θ2q1,R(0) − θ1q2,R(0) = 0

θ̄1q1,L(0) + θ̄2q2,L(0) = 0

tc1,L(0) = tc2,R(0) = 0

bc
1,R(0) = bc

2,L(0) = 0 (3.3)

The KK towers include two quark eigenstates that become massless in the limit of no
electroweak breaking. These are identified with the SM top and bottom quarks. The mass
splitting between the top and the bottom quark can achieved if |θ1/θ2| " 1 or if M1 > M2,
in which case m2

b/m
2
t ≈ |θ1/θ2|2

∫ L

0 a−1e−2M1y/
∫ L

0 a−1e−2M2y.
In this scenario, all the quark eigenstates couple to the higgs boson and contribute

to the gluon-gluon-higgs amplitude. We first compute the contribution of the top quark
tower. Using eq. (2.13),

∑

top

ynn

mn
=

1

2f

(

P
t1tc

1

RL (0, 0) + P
tc
1
t1

RL (0, 0) + P
t2tc

2

RL (0, 0)
)

|p2=0 (3.4)

We compute the UV propagators using the algorithm outlined in Appendix A. The final
result is very simple,

∑

top

ynn

mn
=

cos(ṽ/f)

f sin(ṽ/f)
(3.5)

The same result is obtained for
∑

bottom
ynn

mn
. In that case, however, the sum is almost

entirely dominated by the lightest bottom quark contribution. More precisely, starting
from eq. (2.6) one finds ybb/mb = f−1 cot(ṽ/f) + O(m2

b). Thus, by eq. (2.14), the bottom
quark tower does not contribute significantly to the gluon-gluon-higgs amplitude. We
conclude that in this model based on the spinorial representation

R1/2
g ≈ cos(ṽ/f) + O(m2

b/M
2
KK) ≈

√

1 − v2/f 2. (3.6)

1The peculiar UV boundary conditions for the electroweak doublets qi can be realized by mixing the
linear combination θ̄1q1,L + θ̄2q2,L with a UV boundary fermion q̃R through a boundary mass term, and
taking the boundary mass to infinity.
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(spinorial representation)

In this set-up, the contribution of the new shadow top quark tower to the gluon-gluon-higgs
amplitude is given by

∑

shadow

ynn

mn
= −

sin(ṽ/f)

f cos(ṽ/f)
(3.12)

The minus sign implies that the shadow tower interferes destructively with that of the top.
At the end of the day we find that in this model based on the fundamental representation

R1/2
g ≈

cos(2ṽ/f)

cos(ṽ/f)
≈

1 − 2v2/f 2

√

1 − v2/f 2
. (3.13)

The shadow multiplet can mix with Q1 and Q2 via IR boundary mass terms. Including
these mass terms does not change the above result. If another shadow multiplet is included,
for example 5−1/3 as in [6], it would further diminish the amplitude.

One could repeat the same procedure for other gauge-higgs unification models, e.g. for
SO(5) models with the the third generation embedded in the adjoint representation or
for models based on the SU(3) gauge group. The recurring feature of the gluon-fusion
amplitude is that the ratio Rg depends only on v/f and is not sensitive to the details of

the KK quark spectrum. Furthermore, in all cases one finds R1/2
g < 1.

4 4D effective description

The results for the gluon-gluon-higgs amplitude that were obtained in 5D, can be repro-
duced in a 4D framework. In the spirit of refs. [14, 15, 16], one can construct a 4D model
that mimics the low-energy dynamics of 5D gauge-higgs models. The gauge group is the
SM one, SU(3)C ×SU(2)L×U(1)Y , while the bulk gauge group of the 5D set-up is realized
as an approximate global symmetry, which is spontaneously broken by a vev of a scalar
field. The pseudo-goldstone higgs resides in that scalar field. The quark sector includes the
standard model quarks and a finite number of vector-like quarks. The 4D set-up can be
considered as an effective low-energy description of the 5D gauge-higgs unification setup
(or some 4D strong dynamics), with the cut-off identified with the resonance scale.

In 4D, Yukawa couplings of the higgs boson to the quarks are given by ynm = ∂Mnm

∂ṽ ,
where M is the quark mass matrix and ṽ is the higgs vev. Since we deal with a finite
number of quarks, it is more handy to adopt another sum rule to compute the quark
contributions to the gluon-gluon-higgs amplitude. We can rewrite:

∑ ynn

mn
= Tr(yM−1) = Tr

(

∂M

∂ṽ
M−1

)

=
∂Tr log M

∂ṽ
=

∂ log det M

∂ṽ
(4.1)

Thus, the gluon-gluon-higgs amplitude can be related to the determinant of the quark mass
matrix [19],

R1/2
g = v

∂

∂ṽ
log det M(ṽ) (4.2)

In fact, this formula can be also applied to 5D gauge-higgs models, in spite of the fact that
det M(ṽ) diverges in 5D due to infinite multiplicity of KK states.2 In the gauge-higgs case,

2This point was clarified in private discussions with Csabi Csaki and Andy Weiler.

7

(fundamental representation)

SO(5) Gauge Higgs Unification Models 

of several shadow multiplets, so that the cross section would be enhanced. The fact is,
however, that the simplest setups consistent with naturalness and electroweak precision
tests always predict suppression of the higgs production rate. In contrast, enhancement
can be achieved in the parameter space of 5D models in which the higgs potential is not
protected, for example in UED [20], or in the warped models based on the SU(2)L×SU(2)R

group [21]. Enhancement could also be achieved in the MSSM although, in that case, in
the most interesting parameter space region with the minimal electroweak fine-tuning one
also finds a suppression [23].

The most interesting result obtained in this paper is that, if mh < 2mn for the top
quark and all new physics quarks, the suppression factor Rg in 5D models depends very
little on the details of the spectrum. One could expect that the result depends on the
individual masses of the vector-like quarks, since the Yukawa coupling of the top quark
can be substantially modified in the presence of fairly light new physics states. However,
summing up the contributions of the whole KK tower leaves only the dependence on v/f
– the ratio of the electroweak breaking scale to the global symmetry breaking scale. Thus,
the prediction for the gluon-fusion amplitude is a very robust feature of the gauge-higgs
models.

The suppression factor Rg depends also on the embedding of the third generation into
SO(5) multiplets, of which several options exist in the literature [5, 6]. Given that we
identify the embedding by observing some of the fermionic resonances, a precise enough
measurement of the higgs production cross section could provide a simple way to determine
the scale f . The latter is very important phenomenologically, as it controls the growth of
the longitudinal gauge boson scattering amplitude below the resonance scale [13]; knowing
the scale f would provide an answer to the question if strong WW scattering occurs at the
energies accessible at the LHC.

There are two theoretical arguments concerning the actual value of f , that hint towards
a different range. One one hand, the little hierarchy problem suggests f should not be too
large because the fine-tuning needed to achieve v/f " 1 is proportional to v2/f 2 [5]. On
the other hand, electroweak precision tests suggest a larger value, as v/f of order unity
corresponds to an effectively heavy higgs [16], which is disfavoured by electroweak data.
Furthermore, we expect f ≥ 500 GeV, since a smaller value implies the existence of vector
resonances with masses below 3 TeV (to unitarize the WW scattering), which is disfavoured
by electroweak precision data. With the above facts in mind, I pick up two benchmark
points f = 500 GeV, f = 1 TeV corresponding to the fine-tuning of order 25% and 5%,
respectively, and to the effective higgs mass 250 GeV and 145 GeV (for the true higgs mass
115 GeV). The suppression factor in the two models we studied is given by

4 5
f = 500 GeV Rg = 75% Rg = 35%
f = 1000 GeV Rg = 95% Rg = 82%

For a reasonable choice of parameters, the suppression can be particularly large in the model
based on the fundamental (5) representation, the one that is favoured by the measurements
of the Zb̄b vertex. Using the diphoton channel at the LHC, the theoretical estimate of the
higgs production cross section may be confronted with experiment with ∼ 10% accuracy
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