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VALIDITY:

 must be used as an effective Lagrangian: some quantities are 
calculable, some others are not

 no problem to use it at loop-level
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= a · gSM
hWW

Controls the hWW, hZZ couplings
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Effective Lagrangian for a light Higgs-like bosonContributes to WW→hh
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Benchmark scenario:  composite Higgs

Ex: a =
�

1− ξMCHM5 for

 Analyticity and crossing symmetry imply a sum rule on a

Falkowski, Rychkov, Urbano, JHEP 1204 (2012) 073
Low, Rattazzi, Vichi, JHEP 1004 (2010) 126

          only if I=2 channel dominates.  
Ex: doubly charged scalar resonance   



g = e
iαT 4̂

∈ SO(5) h(x)→ h(x) + α f
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Benchmark scenario:  composite Higgs

 Leading local contributions to ggh and γγh suppressed due to 
the Higgs shift symmetry

[ NG bosons couple derivatively ]
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Benchmark scenario:  composite Higgs

 Low energy theorems for ggh and γγh:
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Shifman et al., Sov. J. Nucl. Phys. 30 (1979) 711

...
Kniehl, Spira Z. Phys. C69 (1995) 77

Gillioz et al. arXiv:1206.7120
In the limit of soft Higgs emissions
(soft Higgs = vanishing Higgs mass and momentum )
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Benchmark scenario:  composite Higgs

 Low energy theorems for ggh and γγh:

Ellis, Gaillard, Nanopoulos, NPB 106 (1976) 292
Shifman et al., Sov. J. Nucl. Phys. 30 (1979) 711

...
Kniehl, Spira Z. Phys. C69 (1995) 77
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In the limit of soft Higgs emissions
(soft Higgs = vanishing Higgs mass and momentum )

In minimal composite Higgs models with partial compositeness

Falkowski,  PRD 77 (2008) 055018 
Rattazzi, Vichi,  JHEP 1004 (2010) 126 

Azatov, Galloway,  PRD 85 (2012) 055013
No dependence upon masses of heavy fermions
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Benchmark scenario:  composite Higgs

with partial compositeness: loops of 
heavy fermions exactly cancel the 

wave function correction



A(h→ γγ) = A(h→ γγ)(t)SM × ct(ξ) + A(h→ γγ)(W )
SM × a(ξ)

A(gg → h) = A(gg → h)SM × ct(ξ)

 In the case of gg→h and h→γγ the soft limit is a good 
approximation (                     )mh � 2mt, m∗
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Benchmark scenario:  composite Higgs

shifts in gg→h and h→γγ controlled by tree-level couplings
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Benchmark scenario:  MSSM  (Type II 2HDMs)

 Shifts to tree-level couplings due to mixing with heavier Higgs
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We discuss the role that Higgs coupling measurements can play in differentiating supersymmetric

extensions of the Standard Model. Fitting current LHC data to the Higgs couplings, we find that the

likelihood fit is consistent with Standard Model values, but has a shallow gradient in the direction

of suppressed (enhanced) bottom (top) quark couplings. In the minimal supersymmetric Standard

Model, we demonstrate that for tanβ > 1, there is tension in achieving such fermion couplings

due to the structure of the Higgs quartic couplings. In anticipation of interpreting supersymmetric

models with future data, we determine a single straightforward condition required to access this

region of coupling space, which current data allow and may favor with increased statistics.

I. INTRODUCTION

The LHC is poised to discover the mechanism of elec-

troweak symmetry breaking, with hints of a new Higgs-

like state near 125 GeV [1, 2]. Should this new state

prove to be an elementary scalar, supersymmetry (SUSY)

remains the principal candidate for stabilizing the elec-

troweak hierarchy. However, the minimal supersymmet-

ric Standard Model (MSSM) is somewhat strained to ex-

plain a Higgs at 125 GeV, requiring significant enhance-

ment of the tree-level Higgs mass that is in tension with

naturalness. Here, we emphasize that the structure of the

MSSM also tightly constrains the possible tree-level cou-

plings of the Higgs. If the production and decay modes

of the Higgs deviate from Standard Model predictions, it

would not only be an indication of new physics, but may

also decisively favor or disfavor the MSSM well before

other states are discovered. To this end, the measure-

ment of Higgs couplings provide a sensitive and immedi-

ate probe of physics above the weak scale.

In this work we perform a model-independent fit of

Higgs couplings using current LHC data, focusing on im-

plications for theories with two Higgs doublets. We find

that the MSSM is facing tension with certain elements of

the data. At issue is the structure of its quartic Higgs po-

tential, leading to a generic preference for enhanced cou-

pling to down-type fermions. Indeed, the tree-level po-

tential mandates such enhancement whenever tanβ > 1

and we find even at loop-level that achieving significant

suppression is atypical. By analyzing the quartic terms

in full generality, we show that this conclusion can be

avoided and pinpoint parameter space for the MSSM and

simple alternatives to accommodate suppressed couplings

to down-type fermions.

II. STATUS OF HIGGS MEASUREMENTS

We begin by establishing the relevant conventions for a

type-II two Higgs doublet model (2HDM) like the MSSM.

The mass eigenstates of the neutral CP-even states are

�
h
0

H
0

�
=

√
2

�
− sinα cosα

cosα sinα

��
ReH

0
d

ReH
0
u

�
, (1)

with mixing angle α ∈ [−π/2,π/2]. The couplings of the

light eigenstate h
0
to SM fields are then given by

a ≡ ghV V

g
SM
hV V

= sin(β − α), (2)

ct ≡
ghtt̄

g
SM
htt̄

=
cosα

sinβ
, cb ≡

ghbb̄

g
SM
hbb̄

= − sinα

cosβ
, (3)

which we will refer to as the gauge coupling, and the up

and down-type Yukawa couplings, respectively. A full

discussion can be found for instance in [3]. Thus the

2HDM has access to two distinct regions in the positive

quadrant of Yukawa couplings, as illustrated in Fig. 1.

''Up�Suppressed''

''Down�Suppressed''

Shaded:
General
tan Β � 1
tan Β � 2.5
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Yukawa Couplings: General Type�II 2HDM

FIG. 1: The two regions accessible in a generic type-II 2HDM.

Down-type couplings are enhanced when up-type are sup-

pressed and vice versa. For the MSSM and simple extensions,

the lower region is largely inaccessible when tanβ > 1.

We now discuss the current experimental status of

these Higgs couplings, which we will show can have an
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α→ β − π/2 (a, ct,b → 1)Decoupling limit:



By virtue of the low energy theorem (                  )
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if mixing is small: enhanced

suppressed

large mixing can flip the sign Γ(gg → h)

Γ(h→ γγ) enhanced

suppressed



(a− 1), (c− 1) ∼ O(ξ)

cgg, cγγ � 0

cgg, cγγ �= 0

a, c � 1
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 Composite Higgs models:

 Natural SUSY:

Naive expectation:



 Several theoretical studies have discussed what can be the best ways to 
determine the Higgs properties and understand its role in EWSB  

16

Higgs couplings: present status

Ideas put forward include:

.....
Zeppenfeld et al. PRD 62 (2000) 013009

Duhrssen et al. PRD 70 (2004) 113009
Giudice, Grojean, Pomarol, Rattazzi, JHEP 0706 (2007) 045

Lafaye et al. JHEP 0908 (2009) 009
R.C. et al. JHEP 1005 (2010) 089

Bock et al. PLB 649 (2010) 44
Englert, Plehn, Rauch, Zerwas, Zerwas, PLB 707 (2012) 512
Carmi, Falkowski, Kuflik, Volansky, JHEP 1207 (2012) 136

Azatov, R.C., Galloway JHEP 1204 (2012) 127
Espinosa, Grojean, Muhlleitner, Trott, JHEP 1205 (2012) 097
Giardino, Kannike, Raidal, Strumia JHEP 1206 (2012) 117

Ellis, You JHEP 1206 (2012) 140
Azatov et al. JHEP 1206 (1021) 134

Klute et al. arXiv:1205.2699
Azatov, Chang, Craig, Galloway, arXiv:1206.1058

Corbett, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, arXiv:1207.1344
Low, Lykken, Shaughnessy, arXiv:1207.1093

Giardino, Kannike, Raidal, Strumia arXiv:1207.1347
Baglio, Djouadi, Godbole, PLB 716 (2012) 203

Ellis, You, arXiv:1207.1693
Espinosa, Grojean, Muhlleitner, Trott, arXiv:1207.1717

Espinosa, Grojean, Sanz, Trott, arXiv:1207.7355
Djouadi, arXiv:1208.3436

.....

 Use of effective Lagrangians for a model-
independent determination of the Higgs 
couplings

 Use of exclusive analyses as a way to 
increase the sensitivity on individual 
couplings

 Study of systematic uncertainties

 Operative definition of quantities of 
interest

 After the discovery, the main goal now is to understand the properties of the 
new particle
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Figure 10: Values of µ̂ = σ/σSM H for the combination (solid vertical line) and for contributing

channels (points) for the 7 and 8 TeV datasets separately (left) and for their combination (right).

The vertical band shows the overall µ̂ value 0.80 ± 0.22. The horizontal bars indicate the

±1σ uncertainties on the µ̂ values for individual channels; they include both statistical and

systematic uncertainties.
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Figure 11: Values of µ̂ = σ/σSM H for the combination (solid vertical line) and for sub-

combinations (points) grouped by decay mode (left) and by a signature enhancing a specific

production mechanism (right). The vertical band shows the overall µ̂ value 0.80 ± 0.22. The

horizontal bars indicate the ±1σ uncertainties on the µ̂ values for individual channels; they

include both statistical and systematic uncertainties.
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... not quite apparently, just values scattered around 1 ? Is there a pattern ?

Only ‘feature’: mild excess in γγ channel. Too early to say if interesting
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Figure 11: Values of µ̂ = σ/σSM H for the combination (solid vertical line) and for sub-

combinations (points) grouped by decay mode (left) and by a signature enhancing a specific

production mechanism (right). The vertical band shows the overall µ̂ value 0.80 ± 0.22. The

horizontal bars indicate the ±1σ uncertainties on the µ̂ values for individual channels; they

include both statistical and systematic uncertainties.

... not quite apparently, just values scattered around 1 ? Is there a pattern ?

Only ‘feature’: mild excess in γγ channel. Too early to say if interesting

 Warning: much more elaborate and complex analyses behind these plots
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event class.

Figure 6: The best fit signal strength relative to the SM Higgs boson cross section. Left: scan as

a function of the Higgs boson mass hypothesis. Right: the combined fit to the eleven classes.

(vertical line) and for the individual contributing classes (points) for the hypothesis of a SM

Higgs boson mass of 125.0 GeV. The band corresponds to ±1σ uncertainties on the overall

value. The horizontal bars indicate ±1σ uncertainties on the values for individual classes.

of the Higgs boson mass hypothesis and compared to the best fit signal strengths in each of the

event classes at mH=125 GeV. Since a fluctuation of the background could occur at any point

in the mass range, there is a look-elsewhere effect [76]. When this is taken into account, the

probability under the background only hypothesis of observing a similar or larger excess in

the full analysis mass range (110 < mH < 150 GeV) is 7.2 × 10
-4

, corresponding to a global

significance of 3.2σ.

In order to visualize the significance yielded by the statistical methods in the mγγ distribution,

it is necessary to take into account the large differences in the signal-to-background ratio be-

tween the event classes. Figure 7 shows the result of performing a weighted sum over all event

classes, where the weights are the ratio of signal to background as derived from Table 2. The

weighted data, the weighted signal model, and the weighted background model are normal-

ized such that the integral of the weighted signal model matches the number of signal events

from the best fit. The bin size of the weighted distributions is chosen to match the σeff of the

weighted signal model and the bins are centered at the best fit mH value. Figure 7 shows the

weighted data after subtracting the background model. The uncertainty shown around the

horizontal axis corresponds to the sum in quadrature of the estimated uncertainties on the

weighted background model and the weighted data.
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Figure 4: Fits for 2-parameter benchmark models probing different coupling strength scale factors for

fermions and vector bosons: (a) Correlation of the coupling scale factors κF and κV , assuming no non-

SM contribution to the total width; (b) Correlation of the coupling scale factors λFV = κF/κV and

κVV = κV · κV/κH without assumptions on the total width.

The confidence intervals on κV and κF are reduced by approximately 20% when removing all theoretical

systematic uncertainties and further reduced by approximately 5% when removing the experimental

systematic uncertainties on the signal. The (2D) compatibility of the SM hypothesis with the best fit

point is 21%.

6.1.2 Relaxing the assumption on the total width

Without the assumption on the total width, only ratios of coupling scale factors can be measured. Hence

there are now the following free parameters:

λFV = κF/κV (28)

κVV = κV · κV/κH (29)

λFV is the ratio of the fermion and vector coupling scale factors, and κVV an overall scale that includes

the total width and applies to all rates. Figure 4(b) shows the results of this fit. The 68% confidence

interval of λFV when profiling over κVV yields:

λFV ∈ [−1.1,−0.7] ∪ [0.6, 1.1] (30)

(31)

The 95% confidence intervals are:

λFV ∈ [−1.8,−0.5] ∪ [0.5, 1.5] (32)

(33)

The confidence interval on λFV is reduced by approximately 10% when removing all theoretical system-

atic uncertainties and further reduced by 10% when removing the experimental systematic uncertainties

on the signal. The (2D) compatibility of the SM hypothesis with the best fit point is 21%. It should

be noted that the assumption on the total width gives a strong constraint on the fermion coupling scale

factor κF , since it is dominated in the SM by the b-decay width. The measurement of κVV , profiling the

λFV parameter yields: κVV = 1.2+0.3
−0.6

.
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Figure 6: Fits for benchmark models probing for deviations within the vector or fermion sector: (a) prob-

ing the ratio λWZ = κW/κZ; (b) probing the ratio λdu = κd/κu; (c) probing the ratio λlq = κl/κq

.

In the measurement of the ratio λWZ the theoretical and experimental systematic uncertainties have a

very small effect. The (3D) compatibility of the SM hypothesis with the best fit point is 33%. Fits to

the two additional parameters of the model yields κZZ = 1.3+0.9
−0.6

and λFZ ∈ [−1.1,−0.5] ∪ [0.6, 1.2] at

68% CL.

6.2.2 Probing the up- and down-type fermion symmetry

In many extensions of the SM the couplings of the light Higgs boson to up-type and down-type fermions

differ. The ratio κd/κu between down- and up-type fermions is probed with the same assumptions as in

Section 6.1.2 on κV (κV = κW = κZ); then κu = κt and κd = κb = κτ. The free parameters are:

κuu = κu · κu/κH (38)

λdu = κd/κu (39)

λVu = κV/κu (40)

Figure 6(b) shows the likelihood distribution for the ratio λdu = κd/κu. The 68% CL interval of λdu when

profiling the κuu and λVu observables is:

λdu ∈ [−1.2, 1.2] (41)

at 68% CL. The 95% confidence interval is

λdu ∈ [−2.0, 1.8] (42)
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ATLAS made a 3-parameter fit: 
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ing the ratio λWZ = κW/κZ; (b) probing the ratio λdu = κd/κu; (c) probing the ratio λlq = κl/κq

.

In the measurement of the ratio λWZ the theoretical and experimental systematic uncertainties have a

very small effect. The (3D) compatibility of the SM hypothesis with the best fit point is 33%. Fits to

the two additional parameters of the model yields κZZ = 1.3+0.9
−0.6

and λFZ ∈ [−1.1,−0.5] ∪ [0.6, 1.2] at

68% CL.

6.2.2 Probing the up- and down-type fermion symmetry

In many extensions of the SM the couplings of the light Higgs boson to up-type and down-type fermions

differ. The ratio κd/κu between down- and up-type fermions is probed with the same assumptions as in

Section 6.1.2 on κV (κV = κW = κZ); then κu = κt and κd = κb = κτ. The free parameters are:

κuu = κu · κu/κH (38)

λdu = κd/κu (39)

λVu = κV/κu (40)

Figure 6(b) shows the likelihood distribution for the ratio λdu = κd/κu. The 68% CL interval of λdu when

profiling the κuu and λVu observables is:

λdu ∈ [−1.2, 1.2] (41)

at 68% CL. The 95% confidence interval is

λdu ∈ [−2.0, 1.8] (42)
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Figure 6: Fits for benchmark models probing for deviations within the vector or fermion sector: (a) prob-

ing the ratio λWZ = κW/κZ; (b) probing the ratio λdu = κd/κu; (c) probing the ratio λlq = κl/κq

.

In the measurement of the ratio λWZ the theoretical and experimental systematic uncertainties have a

very small effect. The (3D) compatibility of the SM hypothesis with the best fit point is 33%. Fits to

the two additional parameters of the model yields κZZ = 1.3+0.9
−0.6

and λFZ ∈ [−1.1,−0.5] ∪ [0.6, 1.2] at

68% CL.

6.2.2 Probing the up- and down-type fermion symmetry

In many extensions of the SM the couplings of the light Higgs boson to up-type and down-type fermions

differ. The ratio κd/κu between down- and up-type fermions is probed with the same assumptions as in

Section 6.1.2 on κV (κV = κW = κZ); then κu = κt and κd = κb = κτ. The free parameters are:

κuu = κu · κu/κH (38)

λdu = κd/κu (39)

λVu = κV/κu (40)

Figure 6(b) shows the likelihood distribution for the ratio λdu = κd/κu. The 68% CL interval of λdu when

profiling the κuu and λVu observables is:

λdu ∈ [−1.2, 1.2] (41)

at 68% CL. The 95% confidence interval is

λdu ∈ [−2.0, 1.8] (42)
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Figure 7: Fits for benchmark models probing for contributions from non-SM particles: (a) Probing only

the gg → H and H→ γγ loops, assuming no sizable extra contribution to the total width; (b) Probing in

addition to (a) for a possible invisible or undetectable branching ratio BRinv.,undet..

6.3.1 Assuming only SM particles contributing to the total width

A fit is shown in Figure 7(a) which assumes that there are no sizeable extra contributions to the total

width caused by the non-SM particles. The free parameters are κg and κγ .

Figure 7(a) shows the 68% and 95% CL contours for the two parameters. The best fit values and

uncertainties when profiling over the other parameter are

κg = 1.1+0.2
−0.3 (48)

κγ = 1.2+0.3
−0.2 (49)

at 68% CL. When removing the theoretical systematic uncertainties on the measurements of κg and κγ ,

the uncertainty is reduced by O(15 %). It is further reduced by O(5%) when removing the experimental

systematic uncertainties. The compatibility of the SM hypothesis (2D) with the best fit point is 18%.

6.3.2 No assumption on the total width

By constraining some of the factors to be equal to their SM values, it is possible to probe for new non-SM

decay modes that might appear as invisible or undetectable final states. The free parameters are κg, κγ

and BRinv.,undet.. In this model the modification to the total width is parametrized as follows:

ΓH =
κ2

H(κi)

(1 − BRinv.,undet.)
ΓSM

H (50)

Figure 7(b) shows the likelihood as a function of BRinv.,undet. when κg and κγ are profiled. The

best fit values and uncertainties, and confidence level interval at 68% CL when profiling over the other

parameters are

κg = 1.1+1.4
−0.2 (51)

κγ = 1.2+0.3
−0.2 (52)

BRinv.,undet. < 0.68 (53)

The 95% confidence level interval on the invisible or undetectable branching fraction is BRinv.,undet. <

0.84. The 68% CL interval for the invisible or undetectable branching fraction without theory systematic
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Figure 7: Fits for benchmark models probing for contributions from non-SM particles: (a) Probing only

the gg → H and H→ γγ loops, assuming no sizable extra contribution to the total width; (b) Probing in

addition to (a) for a possible invisible or undetectable branching ratio BRinv.,undet..

6.3.1 Assuming only SM particles contributing to the total width

A fit is shown in Figure 7(a) which assumes that there are no sizeable extra contributions to the total

width caused by the non-SM particles. The free parameters are κg and κγ .

Figure 7(a) shows the 68% and 95% CL contours for the two parameters. The best fit values and

uncertainties when profiling over the other parameter are

κg = 1.1+0.2
−0.3 (48)

κγ = 1.2+0.3
−0.2 (49)

at 68% CL. When removing the theoretical systematic uncertainties on the measurements of κg and κγ ,

the uncertainty is reduced by O(15 %). It is further reduced by O(5%) when removing the experimental

systematic uncertainties. The compatibility of the SM hypothesis (2D) with the best fit point is 18%.

6.3.2 No assumption on the total width

By constraining some of the factors to be equal to their SM values, it is possible to probe for new non-SM

decay modes that might appear as invisible or undetectable final states. The free parameters are κg, κγ

and BRinv.,undet.. In this model the modification to the total width is parametrized as follows:

ΓH =
κ2

H(κi)

(1 − BRinv.,undet.)
ΓSM

H (50)

Figure 7(b) shows the likelihood as a function of BRinv.,undet. when κg and κγ are profiled. The

best fit values and uncertainties, and confidence level interval at 68% CL when profiling over the other

parameters are

κg = 1.1+1.4
−0.2 (51)

κγ = 1.2+0.3
−0.2 (52)

BRinv.,undet. < 0.68 (53)

The 95% confidence level interval on the invisible or undetectable branching fraction is BRinv.,undet. <

0.84. The 68% CL interval for the invisible or undetectable branching fraction without theory systematic
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Figure 7: Fits for benchmark models probing for contributions from non-SM particles: (a) Probing only

the gg → H and H→ γγ loops, assuming no sizable extra contribution to the total width; (b) Probing in

addition to (a) for a possible invisible or undetectable branching ratio BRinv.,undet..

6.3.1 Assuming only SM particles contributing to the total width

A fit is shown in Figure 7(a) which assumes that there are no sizeable extra contributions to the total

width caused by the non-SM particles. The free parameters are κg and κγ .

Figure 7(a) shows the 68% and 95% CL contours for the two parameters. The best fit values and

uncertainties when profiling over the other parameter are

κg = 1.1+0.2
−0.3 (48)

κγ = 1.2+0.3
−0.2 (49)

at 68% CL. When removing the theoretical systematic uncertainties on the measurements of κg and κγ ,

the uncertainty is reduced by O(15 %). It is further reduced by O(5%) when removing the experimental

systematic uncertainties. The compatibility of the SM hypothesis (2D) with the best fit point is 18%.

6.3.2 No assumption on the total width

By constraining some of the factors to be equal to their SM values, it is possible to probe for new non-SM

decay modes that might appear as invisible or undetectable final states. The free parameters are κg, κγ

and BRinv.,undet.. In this model the modification to the total width is parametrized as follows:

ΓH =
κ2

H(κi)

(1 − BRinv.,undet.)
ΓSM

H (50)

Figure 7(b) shows the likelihood as a function of BRinv.,undet. when κg and κγ are profiled. The

best fit values and uncertainties, and confidence level interval at 68% CL when profiling over the other

parameters are

κg = 1.1+1.4
−0.2 (51)

κγ = 1.2+0.3
−0.2 (52)

BRinv.,undet. < 0.68 (53)

The 95% confidence level interval on the invisible or undetectable branching fraction is BRinv.,undet. <

0.84. The 68% CL interval for the invisible or undetectable branching fraction without theory systematic
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FIG. 2: The projection into stop parameter space of the best-fit regions from a global fit to Higgs signal

strength data. Here δm = (m2
t̃2
−m2

t̃1
)1/2

. Colour convention is the same as in previous plots. The inset

zooms into the low mass best-fit region (ruled out by LHC monophoton searches). We have varied tanβ

in the range (2, 20) and taken the overlap of the best fit spaces, slightly increasing the allowed parameter

space. The three plots show the cases of no mixing (θt̃ = 0), intermediate mixing (θt̃ = π/12) and maximal

mixing (θt̃ = π/4). The dashed line corresponds to the second minimum in the one parameter χ2
shown in

the previous figure.

In the limit of a single field contributing to the Wilson coefficients, the c̃g/c̃γ ratio is dictated by

the quantum numbers of the field integrated out.
12

Clearly, the study of the possible intersections

of such lines with the best-fit regions in the space (c̃g, c̃γ) for any model (including NSUSY) will

become much more important with further refinements in the measurement of Higgs properties.

We discuss some prospects for the improvement of these fits in Section VI.

For the NSUSY case, the light stop best-fit region occurs for Fg ∼ 2; one can see how this

space relates to the (c̃g, c̃γ) plane in Fig. 1, and it corresponds to stops significantly lighter than in

the region of small Fg. This space is already strongly constrained by monophoton searches, as we

discuss further below. NSUSY hopes in light of current global Higgs data (when our assumptions

are adopted) are based on the consistency of NSUSY in the (c̃g, c̃γ) parameter space near the SM

point (c̃g, c̃γ) = (0, 0), for larger mt̃1 and small Fg. Translating the allowed fit space to the space

of the stop parameters is very convenient to discuss the interplay with further constraints and direct

stop discovery prospects. When we translate the results of the global fit to Higgs signal-strengths

to the stop space, we find the best-fit regions shown in Fig. 2. The three plots show the cases

12
See Ref. [45] for a recent study that also emphasizes this point.
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Figure 7: Fits for benchmark models probing for contributions from non-SM particles: (a) Probing only

the gg → H and H→ γγ loops, assuming no sizable extra contribution to the total width; (b) Probing in

addition to (a) for a possible invisible or undetectable branching ratio BRinv.,undet..

6.3.1 Assuming only SM particles contributing to the total width

A fit is shown in Figure 7(a) which assumes that there are no sizeable extra contributions to the total

width caused by the non-SM particles. The free parameters are κg and κγ .

Figure 7(a) shows the 68% and 95% CL contours for the two parameters. The best fit values and

uncertainties when profiling over the other parameter are

κg = 1.1+0.2
−0.3 (48)

κγ = 1.2+0.3
−0.2 (49)

at 68% CL. When removing the theoretical systematic uncertainties on the measurements of κg and κγ ,

the uncertainty is reduced by O(15 %). It is further reduced by O(5%) when removing the experimental

systematic uncertainties. The compatibility of the SM hypothesis (2D) with the best fit point is 18%.

6.3.2 No assumption on the total width

By constraining some of the factors to be equal to their SM values, it is possible to probe for new non-SM

decay modes that might appear as invisible or undetectable final states. The free parameters are κg, κγ

and BRinv.,undet.. In this model the modification to the total width is parametrized as follows:

ΓH =
κ2

H(κi)

(1 − BRinv.,undet.)
ΓSM

H (50)

Figure 7(b) shows the likelihood as a function of BRinv.,undet. when κg and κγ are profiled. The

best fit values and uncertainties, and confidence level interval at 68% CL when profiling over the other

parameters are

κg = 1.1+1.4
−0.2 (51)

κγ = 1.2+0.3
−0.2 (52)

BRinv.,undet. < 0.68 (53)

The 95% confidence level interval on the invisible or undetectable branching fraction is BRinv.,undet. <
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Additional interesting processes

 Double Higgs Production via gluon fusion

 Double Higgs production via Vector Boson Fusion
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Double Higgs Production via gluon fusion

 σ(gg→hh) much more sensitive on new 
tthh couplings c2 than on trilinear d3

[  First noticed by:
   Dib, Rosenfeld, Zerwekh,  JHEP 0605 (2006) 074
   Grober and Muhlleitner,  JHEP 1106 (2011) 020  ]
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Double Higgs Production via gluon fusion
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Contribution from heavy fermions 
can be numerically important

Figure 10: The cross section for double Higgs production through gluon fusion normalised to the SM as
function of the mass of the lightest resonance of the heavy top sector, for mh = 125 GeV. The compositeness
parameter has been chosen ξ = 0.25. Green/dark gray (gray) dots denote points which pass (do not pass)
all current constraints, whereas orange/fair gray dots correspond to points that will be tested by LHC8.
The left panel shows points for which X2/3 is the lightest top partner (as a consequence of tL being largely
composite), whereas for points in the right panel the lightest top partner is typically the singlet T̃ . The black
solid (dashed) line corresponds to the result in the limit of heavy top partners keeping the full top mass
dependence (to the LET result as in Fig. 3). The expected number of events in the hh → bb̄γγ final state
after all cuts at LHC14 with L = 300 fb−1 is also shown, along with the 3σ evidence threshold (dot-dashed
line), see text for details.

6.4 Numerical analysis

For the numerical analyis we have performed a scan in the parameter set (φL,φR, R) and retained
only the points which fulfill the constraints from EWPT. By this we mean that there exists a value
of mρ ∈ [1.5TeV, 4πf ] such that the configuration (f,φL,φR, R,mρ) passes EWPT at 99% CL. For
this set of points we show in Fig. 10 for mh = 125 GeV and ξ = 0.25 the double Higgs production
cross section normalised to the SM as a function of the lightest top partner mass. The dependence
on the masses of the loop particles has been fully taken into account. The black solid line shows the
result in the limit of heavy partners, keeping only the top contribution (with full mass dependence)
in the loop, while the black dashed line corresponds to the LET result in Fig. 3. The green (gray)
dots are points which pass (do not pass) the current constraints from Tevatron and LHC data,
whereas orange points will be tested by LHC8.

Some comments are in order. First of all, we find a sizeable dependence of the cross section
on the spectrum of the heavy fermions with 2.7 � σ/σSM � 3.7. We recall that both the LET
cross section and the cross section in the limit of heavy partners only depend on ξ. The LET
approximation, however, severely underestimates the ratio σ/σSM , and this effect is even worse if
we refer directly to the cross section, since we are consistently normalizing the LET cross section
for MCHM5 to σSM (mt → ∞), which is ∼ 20% smaller than the full result. On the other hand, the
result in the limit of heavy partners, while keeping the full top mass dependence [17], overestimates
the cross section in the region mlightest � 1TeV, which is compatible with a Higgs as light as
125GeV. For large values of the partner masses, of course, the cross section tends to the value
obtained including only top loops (with top couplings following the ‘trigonometric’ rescalings given
in Table 1).

It should be noted that we have not taken into account higher-order QCD corrections. They
have been calculated at NLO for SM and MSSM Higgs pair production in Ref. [55] in the heavy
top mass limit. However, they cannot be taken over here as we have the additional diagram with

27

Gillioz, Grober, Grojean, Muhlleitner, Salvioni 
arXiv:1206.7120
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Double Higgs Production via VBF

σ(pp→ hhjj) [fb] MCHM4 MCHM5

ξ = 1 9.3 14.0

ξ = 0.8 6.3 9.5

ξ = 0.5 2.9 4.2

ξ = 0 (SM) 0.5 0.5

dilaton v/fD = 1.5 3.3

mh = 180GeV

V (h) =
1
2
m2

hh2 + d3
1
6

�
3m2

h

v

�
h3 + d4

1
24

�
3m2

h

v2

�
h4 + . . .

Coupling MCHM4 MCHM5

a = ghWW /gSM
hWW

√
1− ξ

√
1− ξ

b = ghhWW /gSM
hhWW 1− 2ξ 1− 2ξ

c = ghff/gSM
hff

√
1− ξ

1− 2ξ√
1− ξ

d3 = ghhh/gSM
hhh

√
1− ξ

1− 2ξ√
1− ξ



mh = 180GeV

31

Double Higgs Production via VBF
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Double Higgs Production via VBF
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