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No Direct Sign of New Physics at the LHC

Can the Higgs provide an Indirect Signal ?

Important Implications 

Physics : See N.R. Shah and T. Liu talks this week
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I learned this subject through the collaboration 
with young people in the Chicago area:

M. Carena, S. Gori, N.R. Shah, L.T. Wang and C.W. ,  arXiv:1205.5842,  JHEP 1207:175, 2012

M. Carena, I. Low and C.E.M. Wagner,  arXiv:1206.1082, JHEP 1208:060, 2012

P.  Schwaller,  A. Joglekar and C.E.M. Wagner, arXiv:1207.4235, JHEP 1212:064, 2012

M. Carena, S. Gori, I. Low, N.R. Shah, and C.W. ,  arXiv:1211.8136

R. Huo, G. Lee,  A. Thalapillil and C.E.M. Wagner,  arXiv:1212.0560

M. Carena,  S. Gori, N. R. Shah and C.E.M. Wagner,  arXiv:1112.3336, JHEP 1203:014,2012.
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σ(PP → H → γγ)− σ(PP → H → γγ)SM

< 1.5 σ Howie wins bottle

1.5 to 2.5 σ Both win bottle

> 2.5 σ Carlos wins bottle

A bottle of wine is at stake
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Fitted signal strength 

Consistent results from various 
categories within uncertainties  
(most sensitive ones indicated) 

Normalized to SM Higgs expectation  
at given mH (μ) 

Best-fit value at 126.5 GeV:  
µ=1.9 ± 0.5  
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Fitted Signal Strength 

Combined best fit signal 
strength  
!/!SM = 1.56±0.43 x SM, 
consistent with SM. 

Best fit signal strength 
consistent between 
different classes 
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Best fit to diphoton production cross section is larger than the SM one in 
both experiments, but still consistent with it at the 2 σ level (july 4th)
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Figure 10: Measurements of the signal strength parameter µ for mH between 123.5 GeV and 126.5 GeV

for the individual channels and their combination.
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Figure 10: Measurements of the signal strength parameter µ for mH between 123.5 GeV and 126.5 GeV
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ATLAS shows a 2.4 σ excess

Excess pretty stable under mass variations
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What would be the Implications of an
Enhanced Diphoton Production Rate ?
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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

 In this talk, we shall concentrate on diphoton rate enhancement induced by a modified 
width of the Higgs decaying to diphotons. 

)

Paris
18/11/11 gigi.rolandi@cern.ch  HCP2011 /33

Higgs production pp@2TeV vs pp@7Tev

4

x 15 gg!H

x 3  qq!WH
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h

W±

t

γ(Z) γ(Z)

γ γ

h

FIG. 1: SM contributions to Higgs decays in the γγ and Zγ channel.

and yield new minima in the Higgs potential via radiative corrections. However, these

problems can be remedied in a complete model, and given that more data will be available

in the near future, we would like to work in a model-independent fashion and shall not be

concerned with these indirect constraints. Instead, we argue that indirect evidence for new

light particles in the γγ and Zγ channels would point to a rich structure of new particles at

the TeV scale.

This article is organized as follows : in Section II we develop a general understanding of

the deviations in the Higgs coupling to photons due to presence of new charged particles. In

Section III we discuss specific examples associated with particles of spin zero, spin one-half,

and spin one, while in Section IV we work out the correlations between γγ and Zγ partial

widths. Then we conclude in Section V. In the Appendix we collect expressions for the loop

functions used in the calculations.

II. GENERAL FEATURES OF THE HIGGS TO DIPHOTON DECAY WIDTH

In the SM the leading contribution to the Higgs coupling to diphoton is the W± boson

loop, which is at least four times larger than the next-to-leading contribution from the top

quark loop. The Feynman diagrams are shown in Fig. 1, where the same diagrams also

constitute the dominant contributions to the Higgs coupling to Zγ. The analytic expression

for the diphoton partial width reads [15, 16]

Γ(h → γγ) =
GFα2m3

h

128
√
2π3

∣

∣A1(τW ) +NcQ
2
tA1/2(τt)

∣

∣

2
, (1)

where GF is the Fermi constant, Nc = 3 is the number of color, Qt = +2/3 is the top quark

electric charge in units of |e|, and τi ≡ 4m2
i /m

2
h, i = t,W . Below the WW threshold, the

4

Dominant Contributions to the Diphoton 
Width in the Standard Model

Similar corrections appear from other scalar, fermion or vector particles. Clearly, similarly to 
the top quark, chiral fermions tend to reduce the vector boson contributions
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Higgs Diphoton Decay Width in the SM

narrow mass range around 125 GeV. A naive combination of the results of both experiments

seems to reveal a central value of ZZ production with a rate similar to the SM one, while

the central value of the diphoton production rate is enhanced by a factor close to two times

that Standard Model. Needless to say, more statistics would be needed to determine if these

results are significant or are just the product of a statistical fluctuation.

Motivated by these results, we shall investigate the possibility that the diphoton rate is

enhanced, and that this enhancement is entirely due to an increase of the partial diphoton

decay width of the photon, but that the total width or production cross sections remain

approximately at their Standard Model values. Such an enhancement of the diphoton decay

width demands the presence of charged particles with significant couplings to the Higgs

boson. The dominant contribution to the diphoton decay amplitude in the Standard Model

comes from W -gauge boson loops. Standard fermions tend to produce a cancellation of the

partial diphoton rate, and so do single scalars with couplings such that the contribution to

its mass induced by the Higgs vacuum expectation value is positive. Then, an enhancement

of the diphoton rate demands an interesting structure of the couplings of the Higgs boson to

fermion and scalar particles. Moreover, the LEP experiments tend to put a strong constraints

on the presence of charged particles with mass lower than about 100 GeV and these bounds

should be taking into account while studying the possible effects of new particles in the

diphoton rate. On the other hand, we shall ignore electroweak constraints on masses of new

particles; since they can be rectified through cancellations in complete models. We now live

in a world where the data rule. if anything, indirect confirmation of new light particles in

the γγ and Zγ channel would hint at a rich structure at a higher energy.

II. ENHANCING THE DIPHOTON WIDTH

In the standard model the leading contribution to the diphoton decay width of the Higgs is

the W boson loop, which is at least four times larger than the next-to-leading contribution

from the top loop. All other contributions are negligible. More specifically, the analytic

expressions for the partial width are

Γ(h → γγ) =
GFα2m3

h

128
√
2π3

∣

∣A1(τw) +NcQ
2
tA1/2(τt)

∣

∣

2
, (1)

3

where GF is the Fermi constant, Nc = 3 is the number of color, Qt = +2/3 is the top quark

electric charge in unit of |e|, and τi ≡ 4m2
i /m

2
h, i = t,W . Below the WW threshold, the loop

functions for spin-1 (W boson) and spin-1/2 (top quark) particles are given by Eqs. (49)

and (48) in the Appendix.

In the limit that the particle running in the loop has a mass much heavier than the Higgs,

we have

A1 → −7 , NcQ
2
t A1/2 →

4

3
NcQ

2
t . (2)

For a Higgs mass below the WW threshold, the W boson contribution is always dominant

and monotonically decreasing from A1 = −7 for very small Higgs masses to A1 ≈ −12.4

at the threshold, while the top quark contribution is well-approximated by the asymptotic

value of (4/3)2 ≈ 1.78. If we consider a Higgs mass at 125 GeV, the W and top contributions

are

mh = 125 GeV : A1 = −8.32 , NcQ
2
tA1/2 = 1.84 . (3)

We will consider under what circumstances adding new loop diagrams from particles of spin-

0, spin-1/2, and spin-1 could enhance the diphoton partial width significantly. To this end

it will be convenient to re-write the diphoton decay width in terms of the Higgs coupling to

the loop particles:

Γ(h → γγ) =
α2m3

h

1024π3

∣

∣

∣

∣

ghWW

m2
W

A1(τw) +
2ghtt̄
mt

NcQ
2
tA1/2(τt) +QS

ghSS
m2

S

A0(τS)

∣

∣

∣

∣

2

, (4)

where QS is the electric charge of the scalar in unit of e, and the scalar loop function is defined

in Eq. (50) in the Appendix. A0 approaches 1/3 for infinitely heavy loop mass. In the above

the notation W , t, and S refer to generic spin-1, spin-1/2, and spin-0 particles, respectively.

For the standard model W boson and top quark, ghWW = g2v/2 and ghtt̄ = λt/
√
2, and

ghWW

m2
W

=
2ghtt̄
mt

=
2

v
. (5)

Using Eq. (4) one could easily include new loop contributions in the diphoton decay width.

The discussion proceeds most clearly by using the low-energy Higgs theorems [1, 2] to

derive leading contributions to the diphoton decay width from new heavy particles. The

theorems relate the partial decay width to the γγ two point functions. As a result, the

leading contribution in the h → γγ partial width can be obtained from the knowledge of

one-loop QED beta functions. More specifically, in the presence of charged heavy particles,

4
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Using Eq. (4) one could easily include new loop contributions in the diphoton decay width.

The discussion proceeds most clearly by using the low-energy Higgs theorems [1, 2] to

derive leading contributions to the diphoton decay width from new heavy particles. The

theorems relate the partial decay width to the γγ two point functions. As a result, the

leading contribution in the h → γγ partial width can be obtained from the knowledge of

one-loop QED beta functions. More specifically, in the presence of charged heavy particles,

4

For particles much heavier than the Higgs boson

In the SM, for a Higgs of mass about 125 GeV 

Dominant contribution from W loops.  Top particles suppress by 40 
percent the W loop contribution.  One can rewrite the above 
expression in terms of the couplings of the particles to the Higgs as : 
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the QED effective Lagrangian at one-loop order is given by

Lγγ = −
1

4
FµνF

µν
∑

i

bie2

16π2
log

Λ2

m2
i

+ · · · , (6)

where mi is the mass of the ith particle, Λ is an ultraviolate cutoff, and the beta function

coefficients bi are [1, 2]

b =
4

3
NcQ

2 for a Dirac fermion , (7)

b = −7 for the W boson , (8)

b =
1

3
for a charged scalar . (9)

From the limiting behavior of the analytic expression we find full agreement with Eq. (2).

The −7 coefficient for the W boson can be understood as the sum of 22/3, which is the beta

function coefficient for non-abelian gauge bosons, and −1/3, which comes from the scalar

(longitudinal) components of the massive gauge bosons [1, 2].

Since we are interested in an enhanced γγ width without changing the Higgs production

rate, we only consider new particles carrying no color charges and set Nc = 1 henceforth.

Moreover, if the mass of the new particle depends on the Higgs expectation value,1 mi →

mi(h), and is much heavier thanmh, we can integrate out the heavy new particle and describe

the Higgs coupling to two photons using an effective Lagrangian in a 1/mi expansion. In the

end the hγγ coupling is readily obtained by making the substitution h → h + v in Eq. (6)

and expand to linear order in h:

Lhγγ = −
α

16π

h

v

[

∑

i

2bi
∂

∂ log v
logmi(v)

]

FµνF
µν . (10)

In terms of the notation in Eq. (5),
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m2
W
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∂

∂v
logm2

W (v) ,
2ghtt̄
mt

=
∂

∂v
logm2

t (v) . (11)

When there are multiple particles carrying the same electric charge, one can write down a

slightly more general expression

Lhγγ = −
α

16π

h

v

[

∑

i

bi
∂

∂ log v
log

(

detM†
iMi

)

]

FµνF
µν , (12)

1 The new particle does not have to receive all of its mass from the Higgs expectation value, but only some

of it is suffice.
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where in the Standard Model

This generalizes for the case of fermions with contributions to their masses independent 
of the Higgs field. The couplings come from the vertex and the inverse dependence on the 
masses from the necessary chirality flip (for fermions) and the integral functions.

For bosons one simply replaces the square of the mass matrix by the mass matrix of the 
square masses !  Since the Higgs is light and charged particles are   constrained 
by LEP to be of mass of order of, or heavier than the Higgs, this expression provides a good 
understanding of when particles could lead to an enhanced diphoton rate.
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In the limit of heavy masses, the exact result in Eq. (4) is in full agreement with Eq. (10).

When there are multiple particles carrying the same electric charge, one can write down

a slightly more general expression

Lhγγ =
α

16π

h

v

[

∑

i

bi
∂

∂ log v
log

(

detM†
F,iMF,i

)

+
∑

i

bi
∂

∂ log v
log

(

detM2
B,i

)

]

FµνF
µν ,

(12)

where MF,i and MB,i are the mass matrices of all particles carrying the same electric charge

and spin, and F and B denote fermions and bosons. This expression allows for the possibility

that there could be mass mixing between particles. In particular, we will be focusing on

scenarios where the mass mixing is induced after the electroweak symmetry breaking, which

occurs in many theories beyond the SM.

The form of the effective Higgs coupling to two photons in Eq. (12) makes it straight-

forward to understand the pattern of deviation from SM expectations in the presence of

extra particles running in the loop. As a simple example, we consider the addition of two

new fermions. The same consideration applies to scalars by simple substitutions of mass

matrices. In this case, the mass matrix is a 2× 2 matrix,

M†
fMf =





m2
11 m2

12

m∗ 2
12 m2

22



 , (13)

from which the hγγ coupling is determined from Eq. (12) by

α b1/2
16π

∂

∂v
log

(

detM†
fMf

)

=
α b1/2

16π
(

m2
11m

2
22 − |m2

12|
2
)

(

m2
11

∂

∂v
m2

22 +m2
22

∂

∂v
m2

11 −
∂

∂v

∣

∣m2
12

∣

∣

2
)

. (14)

A few comments are in order. First we assume no mass mixing, m2
12 = 0. In this case it

is interesting to consider the situation where both particles receive all of their masses from

electroweak symmetry breaking, m2
ii = div2, where di > 0 as required by the condition of

positivity of the mass. Then the first two terms in Eq. (14) contribute with the same sign.

This argument suggests that adding a fourth generation quark and/or lepton would always

amplify the effects of SM quarks and/or leptons in the loop-induced decay of the Higgs,

which implies a reduction in the diphoton decay width.2 When turning on the mixing

2 One can apply the same argument to gluon fusion production of the Higgs and arrive at the well-known

7
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A New Scalar with Q = 1

A W ′ boson with direct couplings to the SM quarks and leptons are severely constrained

by direct searches at the Tevatron and the LHC. Assuming SM coupling strengths, the

lower bound on the mass for decays into leptonic final states is in the multi-TeV region [5]

while searches in the dijet resonances have weaker bound at around 850 GeV [6]. Thus the

W ′ boson giving rise to the enhancement in the diphoton cannot couple to the SM quarks

and leptons directly. One possibility is to impose a new Z2 parity in the same fashion as

the KK-parity in universal extra-dimensions [7] and the T-parity in little Higgs theories

[8]. However, even with a new Z2 parity forbidding tree-level coupling to the SM particles,

constraints from precision electroweak measurements still require mW ′ ! 500 GeV, unless

additional particles are also present to cancel the W ′ contribution to the ρ parameter [8]. We

will see in the next section that the same W ′ boson in the loop of the diphoton width would

also modify the Higgs decay width in the Zγ channel. So if simultaneous measurements of

γγ and Zγ widths point to a light W ′ boson as the underlying mechanism, it would definitely

hint at addition structures and particles at the TeV scale.

B. New charged scalars

We start with one new scalar first. Again we parametrize the mass of the new electrically

charged scalar as

m2
S = m2

S0 +
1

2
cS v

2 , cS < 0 , (18)

where mS0 is independent of v. The operator giving rise to cS is

OS = cSH
†H |S|2 , (19)

which results in ghSS = cSv. To get an enhancement, we assume cS < 0 so that the scalar

contribution interferes constructively with the standard model W boson loop. Incidentally

this is also the sign preferred by naturalness arguments. The case of cS > 0 requires a

scalar mass that is lighter than the case we discuss. Considering QS = 1 as an example, the

enhancement factor is

Rγγ =

∣

∣

∣

∣

1 +
cS
2

v2

m2
S

A0(τS)

A1(τw) +NcQ2
t A1/2(τt)

∣

∣

∣

∣

2

, (20)

For a cS " −2, an enhancement of a factor of two is possible for mS ! 100 GeV, as can be

seen in Fig. 2. For a heavier scalar mass, mS ! 200 GeV, a strong enhancement requires a

very large hSS coupling: ghSS/v = cS " −10.
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New charged scalars, with significant couplings to the Higgs may also contribute to the loop                               

For a single scalar, if one does the ratio  of the diphoton width to the SM one, one gets

Negative values of the effective 
coupling cS are necessary

Enhancements of order fifty 
percent to factor 2 can be 
obtained for light particles.
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FIG. 2: Enhancement in the diphoton partial width due to a new charged scalar S.

In general a large ghSS coupling is not preferred because of the vacuum stability and

triviality considerations. However, when there is more than one new scalars and mass

mixing between the scalars exists, we will see that the lighter mass eigenstate could have a

large “effective” ghSS coupling. The canonical example is the mixing between an electroweak

doublet scalar and a singlet scalar carrying the quantum numbers of the left-handed and

right-handed leptons, respectively, which appear in supersymmetry. In this case the mass

mixing occurs only after the electroweak symmetry breaking and requires an insertion of the

Higgs vacuum expectation value, which implies the mass mixing not only affects the mass

eigenvalues, but also directly the coupling of the mass eigenstates to the Higgs boson. If

the two charged scalars have the same electroweak quantum number and the mixing does

not go through a Higgs insertion, then the Higgs coupling to the mass eigenstates depends

on the mixing parameter only implicitly through the mixing angles between the gauge and

mass eigenbasis, which is a rather weak dependence. Therefore, in the following we focus on

the canonical example of mixing between a doublet scalar and a singlet scalar.

Denoting the two charged scalars in the gauge basis by SL and SR, one can write down

the general mass-squared matrix,

M2
S =





m̃L(v)2
1√
2
vXS

1√
2
vXS m̃R(v)2



 , (21)

where XS is a dimensionful parameter characterizing the mass mixing. The mass matrix
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Battel, Gori, Wang’11

Rγγ �
����1−

cS
39

v2

m2
S

����
2

For scalars heavier than the 
Higgs. Coefficient 1/39 grows 
for lighter scalars, up to a 
value of about 1/30 for mS 
about 100 GeV

and Zγ widths point to a light W ′ boson as the underlying mechanism, it would definitely

hint at additional structures and particles at the TeV scale. Given current constraints on

direct searches, such a W ′ could decay into dijet plus a missing particle which is the lightest

parity-odd particle. A possible discovery mode in colliders would be pair-production of

the W ′ bosons decaying into four jets plus missing transverse energy, which has not been

searched for at the LHC.

B. New charged scalars

We consider one new scalar first, and by analogy to the W ′ boson case, we parametrize

the mass of the new electrically charged scalar as

m2
S = m2

S0 +
1

2
cS v

2 , (20)

where mS0 is independent of v. The operator giving rise to cS is

OS = cSH
†H |S|2 , (21)

which results in ghSS = cSv. Contrary to the W ′ case, to get an enhancement, we would

need to assume cS < 0 so that the scalar contribution interferes constructively with the SM

W boson loop. The case of cS > 0 requires a scalar mass that is lighter than the case we

discuss. Considering QS = 1 as an example, the enhancement factor is

Rγγ =

∣

∣

∣

∣

1 +
cS
2

v2

m2
S

A0(τS)

A1(τW ) +NcQ2
t A1/2(τt)

∣

∣

∣

∣

2

, (22)

For cS ! −2, an enhancement of a factor of two is possible for mS " 100 GeV, as can be seen

in Fig. 3. For a heavier scalar mass, mS " 200 GeV, a strong enhancement requires a very

large hSS coupling: ghSS/v = cS ! −10. A negative ghSS coupling implies the following

quartic couplings in the scalar potential:

V (S,H) ⊃ −|cS||H†H||S†S|+
λ

2
|H†H|2 +

λS

2
|S†S|2 , (23)

which could induces new charge breaking minima as well as problems with Higgs vacuum

stability, if |cS| is large. A full analysis of these issues for a singlet scalar and a doublet scalar

can be found in Ref. [22]. For example, the condition that the scalar potential is bounded

from below requires

|cS|2 < λSλ. (24)
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FIG. 3: Contours of constant diphoton partial width, normalized to the SM value, shown as a

function of cS = ghSS/v and the new scalar mass.

Since the Higgs quartic coupling is fixed by the Higgs mass (λ ! 0.25), a large value of |cS|

demands very large values of λS. Therefore, values of |cS| larger than a few units would

either lead to strong couplings or be in conflict with vacuum stability, unless additional

contributions are present to stabilize the potential.

One could achieve the strong enhancement with a heavier scalar mass by assuming a larger

charge, like the doubly charged scalar in an electroweak triplet, and/or a large number of

degrees of freedom, Ñc,S, associated with a “dark color” charge different from the SU(3)c

one. Since the contribution of the charged scalar to the amplitude grows with Ñc,SQ2
S/m

2
S

parametrically, then one can obtain the same enhancement for larger masses by scaling up

Ñc,S and/or QS, and the scaling goes like

m2
S !

√

Ñc,S |QS|
(

m2
S

)

Ñc=QS=1
. (25)

Still, unless unnatural values of the charges or colors are assumed, in order to get a significant

enhancement of the diphoton rate, the new scalars must have masses below the weak scale.

A natural way of obtaining negative couplings of the scalars to the Higgs boson is via

scalar mixing, which can be seen easily from the general arguments presented in Section II.

Basically it boils down to the observation that the Higgs coupling to photons is controlled

by the determinant of the mass-squared matrix and the mass mixing always reduces the

determinant. It is also possible to see the same effect by going directly into the mass

eigenbasis in the presence of mixing. We will see that in the mass eigenbasis the lighter

mass eigenstate could obtain an “effective” ghSS coupling which is negative. The canonical
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hint at additional structures and particles at the TeV scale. Given current constraints on

direct searches, such a W ′ could decay into dijet plus a missing particle which is the lightest

parity-odd particle. A possible discovery mode in colliders would be pair-production of

the W ′ bosons decaying into four jets plus missing transverse energy, which has not been

searched for at the LHC.

B. New charged scalars

We consider one new scalar first, and by analogy to the W ′ boson case, we parametrize

the mass of the new electrically charged scalar as

m2
S = m2

S0 +
1

2
cS v

2 , (20)

where mS0 is independent of v. The operator giving rise to cS is

OS = cSH
†H |S|2 , (21)

which results in ghSS = cSv. Contrary to the W ′ case, to get an enhancement, we would

need to assume cS < 0 so that the scalar contribution interferes constructively with the SM

W boson loop. The case of cS > 0 requires a scalar mass that is lighter than the case we

discuss. Considering QS = 1 as an example, the enhancement factor is

Rγγ =

∣

∣

∣

∣

1 +
cS
2

v2

m2
S

A0(τS)

A1(τW ) +NcQ2
t A1/2(τt)

∣

∣

∣

∣

2

, (22)

For cS ! −2, an enhancement of a factor of two is possible for mS " 100 GeV, as can be seen

in Fig. 3. For a heavier scalar mass, mS " 200 GeV, a strong enhancement requires a very

large hSS coupling: ghSS/v = cS ! −10. A negative ghSS coupling implies the following

quartic couplings in the scalar potential:

V (S,H) ⊃ −|cS||H†H||S†S|+
λ

2
|H†H|2 +

λS

2
|S†S|2 , (23)

which could induces new charge breaking minima as well as problems with Higgs vacuum

stability, if |cS| is large. A full analysis of these issues for a singlet scalar and a doublet scalar

can be found in Ref. [22]. For example, the condition that the scalar potential is bounded

from below requires

|cS|2 < λSλ. (24)
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Scalar Mass Bounds
The mass of the scalar necessary to produce a given enhancement depends on its 
charge and on the number of degrees of freedom. Due to the weak dependence of the 
amplitudes with the mass, it approximately scales like

Vacuum Stability

Negative couplings induce new charge color minima in the potential

For instance, the renormalizable potential becomes unbounded from below if.   

Therefore, values of    larger than one may lead to unstable or metastable vacuua.cS
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FIG. 2: Enhancement in the diphoton partial width due to a new charged scalar S.

In general a large ghSS coupling is not preferred because of the vacuum stability and

triviality considerations. However, when there is more than one new scalars and mass

mixing between the scalars exists, we will see that the lighter mass eigenstate could have a

large “effective” ghSS coupling. The canonical example is the mixing between an electroweak

doublet scalar and a singlet scalar carrying the quantum numbers of the left-handed and

right-handed leptons, respectively, which appear in supersymmetry. In this case the mass

mixing occurs only after the electroweak symmetry breaking and requires an insertion of the

Higgs vacuum expectation value, which implies the mass mixing not only affects the mass

eigenvalues, but also directly the coupling of the mass eigenstates to the Higgs boson. If

the two charged scalars have the same electroweak quantum number and the mixing does

not go through a Higgs insertion, then the Higgs coupling to the mass eigenstates depends

on the mixing parameter only implicitly through the mixing angles between the gauge and

mass eigenbasis, which is a rather weak dependence. Therefore, in the following we focus on

the canonical example of mixing between a doublet scalar and a singlet scalar.

Denoting the two charged scalars in the gauge basis by SL and SR, one can write down

the general mass-squared matrix,

M2
S =





m̃L(v)2
1√
2
vXS

1√
2
vXS m̃R(v)2



 , (21)

where XS is a dimensionful parameter characterizing the mass mixing. The mass matrix

9

Similar to light stau scenario,  
M. Carena, S. Gori, N. Shah, C.W.,  arXiv: 1112.3336, 
M. Carena, S. Gori, N. Shah, C.W., L.T.  Wang, arXiv:1205.5842 

Two Scalars with Mixing

∂ log(DetM2
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� − X2
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Lightest scalar, with 
mass below 200 GeV 
gives the dominant
contribution in this 
case.

Large mixing and small value of the 
lightest scalar mass preferred
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FIG. 4: Left panel: Diphoton partial width normalized to the SM as a function of the mixing

parameter between the two charged scalars. The solid (dashed) line in the Rγγ plots includes both

(only the lightest) mass eigenstates. They are almost on top of each other since the contribution

from the heavy mass eigenstate is tiny. Middle panel: Mass of the lightest (solid, red line) and

heaviest (dashed, blue line) scalar mass eigenstates as a function of the mixing parameter. Right

panel: Effective couplings of the lightest (solid, red line) and heaviest (dashed, blue line) scalar

mass eigenstates as a function of the mixing parameter.

which implies the enhancement is entirely due to the lighter eigenstate S1. An enhancement

by a factor of 1.5 is possible for XS ! 450 GeV, for which mS1
! 120 GeV and cS1

" −1.3.

In general, larger values of mL and mR require larger values of the mixing parameter

XS in order to get a significant enhancement. Parametrically the critical value of XS for a

large enhancement grows with mLmR, which is the positive contribution to the determinant

of the mass-squared matrix. It is easy to see that large values of XS " v induce the

presence of charge breaking minima, deeper than the electroweak one. Hence, scenarios

with XS
>
∼ 1 TeV require additional new physics at the weak scale to stabilize the vacuum.

In all realistic cases, a large enhancement of the Higgs diphoton width demands masses of

scalars below the weak scale.

Light charged scalars have been searched for at colliders. For example, LEP put a lower

bound on the mass of sleptons in supersymmetry that is of the order of 100 GeV [13]. Similar

to the W ′ case, one could postulate a new Z2 parity carried by the new scalar, much like

the R parity carried by the sleptons. While we have not specified a detailed production and

decay mechanism of the charged scalar under consideration, we note that a somewhat large

coupling to the Higgs boson is necessary in order to have a scalar mass heavier than the
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Light staus,  with large mixing, may induce a relevant enhancement of the branching ratio 
of the decay of a the SM-like Higgs into two photons, without affecting other decays

Light Staus, large tanβ and the BR(h → γγ)

Dashed lines represent the 
countors of equal stau mass

M. Carena, S. Gori, N. Shah, C.W.,  arXiv:1112.3336

M. Carena, S. Gori, N. Shah, C.W., 
L.T. Wang, arXiv:1205.5842

M. Carena’s talk
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Figure 2: Contour plots of the ratio of the σ(gg → h)× BR(h → V V ) to its SM value, in the (a) &
(c): µ–mL3 plane with me3 = mL3 , and (b) & (d): me3–mL3 plane with µ = 650 GeV.
tanβ = 60, mA = 1 TeV and Aτ = 0 GeV are kept fixed for all the plots. The relevant
squark parameters are At = 1.4 TeV and mQ3 = mu3 = 850 GeV giving mh ∼ 125 GeV.
Red dashed lines are contours of lightest stau masses. The yellow shaded area denotes the
region satisfying the LEP bound on the lightest stau mass. Enhanced branching ratios
are obtained for values of µ for which the lightest stau mass is close to its experimental
limit, of about (85-90) GeV.
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µ = 650 GeV, tanβ = 60
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Figure 4: Ratio of the σ(gg → h)× BR(h → V V ) to its SM value, for both V = γ and V = Z as

a function of me3 = mL3 , for tanβ = 60 varying µ such that mτ̃1 = 90 GeV for different
values of Aτ . The Higgs mass varies with me3 , but remains ∼ 125 GeV. (a): mA = 1.5
TeV, At = 2 TeV, mQ3 = 2.5 TeV, mu3 = 100 GeV leading to mt̃1 ∼ 140 GeV. (b):
mA = 1 TeV, At = 1.4 TeV, mQ3 = 1.5 TeV, mu3 = 500 GeV leading to mt̃1 ∼ 500 GeV.

8

mA = 1TeV

Combination with Modified bottom quark width
Correlation with other channels. 

Depending on the values of the CP-odd Higgs mass, models with 
enhanced Higgs diphoton and slightly (bottom) and suppressed ZZ and 
W rates may be obtained. 

M. Carena, S. Gori, N. Shah, C.W., 
L.T. Wang, arXiv:1205.5842

Wednesday, December 19, 2012



Vacuum stability constraints the allowed enhancement factors
                                     (see N.R. Shah talk)
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FIG. 3: Left panel: Metastability bound on µ tanβτ eff as a function of mτ̃1, for mL3 = mE3, Aτ = 0,

mA = 2 TeV, M1 = 55 GeV, M2 = 400 GeV and M3 = 1200 GeV. Right panel: Enhancement

in the diphoton partial width with respect to the SM expectation, as allowed by the metastability

condition, as a function of the lightest stau mass and for the same supersymmetry parameters as

in the left panel.

the absolute stability bound is unambigous. Thus in the left panel of Fig. 2 we also compare

the absolute stability bound, computed analytically, with the one obtained in Ref. [11],5 and

again find differences similar to those obtained from the metastability bound comparison.6

Our main goal is to study the tan β dependence of the vacuum metastability bound on

µ tan βτ eff . CosmoTransitions is a public code with the capability of handling the full scalar

potential, encompassing both the up- and the down-type Higgses, as well as the one-loop

effective potential. Therefore, in the following we choose to present our results based on

the outcome of CosmoTransitions using the full one loop effective potential, imposing stop

mass parameters consistent with a Higgs mass of about 125 GeV. It turns out that using

the one-loop effective potential instead of the improved tree-level potential only results in

a difference of a few percent on the bound on µ tan β, which explains the small differences

between Figs. 2 and 3.

5 We extrapolated the results presented in Fig. 4 of Ref. [11].
6 See footnote 1.
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Enhancement factors of order 40 to 50 percent possible
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A new W’ Gauge Boson

where Mi is the mass matrix of all particles carrying the same electric charge and spin.

This expression allows for the possibility that there could be mass mixing between particles

after electroweak symmetry breaking, which occurs in many theories beyond the standard

model.

The form of the Higgs coupling to two photons in Eq. (10) also makes it clear the connec-

tion between the interference pattern in the diphoton width and the cancellation of one-loop

Higgs quadratic divergence, which was studied in Ref. [3] in the context of gluon fusion pro-

duction of the Higgs boson. In particular, the one-loop quadratic divergence in the Higgs

mass can be computed from the Coleman-Weinberg potential [4],

1

16π2
Λ2 Str M†(v)M(v) , (13)

where we have used the super-trace notation. Assuming no mass mixing between parti-

cles, we see that a scalar worsening the quadratic divergence and a fermion canceling the

quadratic divergence will both interfere destructively with the SM top quark contribution

in the diphoton amplitude. The interference with the leading contribution, which comes

from the W boson loop, is thus constructive and tends to enhance the diphoton width. The

reason for the different pattern between scalar and fermion is due the fact that they have

opposite sign in the super-trace in Eq. (13) while in the QED one-loop beta functions they

have the same sign. From this argument it is also easy to see that a four-generation lepton

has the tendency to reduce the diphoton decay width, since it only worsens the quadratic

divergence in the Higgs mass.2

Next we consider specific examples where the h → γγ partial width can be enhanced

significantly over the SM expectations.

A. A new W ′ boson

Given that the SM contribution is dominated by the W boson loop, one could add a W ′

boson which has the following mass when turning on the Higgs expectation value,

mW ′(v)2 = m2
W0 + cW ′ m2

W , cW ′ > 0 , (14)

2 More specifically, this is because the one-loop quadratic divergence is proportional to |y|2, where y is the

Yukawa coupling. Therefore chiral fermions all contribute with the same sign.
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FIG. 1: Enhancement in the diphoton partial width due to a W ′ boson.

where m2
W = g2v2/4 is the mass of the W boson in the standard model and we assume m2

W0

is independent of v. The coefficient cW ′ parametrizes the coupling of the W ′ boson with

the Higgs, which we take as a free parameter. The only requirement is cW ′ > 0 so that

the W ′ boson loop interferes constructively with the W boson loop, leading to an enhanced

diphoton partial width. In the lagrangian cW ′ is the coefficient of the following operator:

OW ′ =
1

2
cW ′g2H†HW ′+

µ W ′−µ . (15)

For the standard model W boson we have cW = 1. Using the exact one-loop form factors

in Eqs. (49) and (48), we define the enhancement factor over the standard model diphoton

width:

Rγγ =

∣

∣

∣

∣

1 + cW ′

m2
W

m2
W ′

A1(τW ′)

A1(τw) +NcQ2
t A1/2(τt)

∣

∣

∣

∣

2

. (16)

In the limit mW ′ → ∞, the leading contribution from the W ′ loop becomes

cW ′

m2
W

m2
W ′

A1(τW ′) → −7 × cW ′

m2
W

m2
W ′

, (17)

in accordance with Eq. (10). From Fig. 1 we see that, for a positive cW ′, an enhancement

by a factor of two is possible for cW ′ ! 1 and mW ′ ! 130 GeV, while the same enhancement

can be achieved for a similar mass range only if cW ′ " −5.

Notice there is a correlation between the sign of cW ′ and the cancellation of, or the lack

thereof, the quadratic divergence in the Higgs mass-squared dur to the standard model W

boson [3]. For cW ′ > 0 (< 0), the W ′ boson adds to (cancels) the quadratic divergences.

7

The simplest way of enhancing the rate, although strongly constrained 
phenomenologically, is a new charged gauge boson with mass :

Relatively light  gauge bosons with couplings significantly larger than the SM ones are 
required.    Coupling of quarks and leptons would rule out these gauge bosons. 
 
A “parity” could be imposed, disallowing linear couplings of these gauge bosons. Precision 
measurements would still demand new physics for these bosons to be allowed.

M. Carena, I. Low, C.W., arXiv:1206.1082

in Eq. (15) while in the QED one-loop beta functions they have the same sign. From this

argument it is also easy to see that a four-generation lepton has the tendency to reduce the

diphoton decay width, since it only worsens the SM top quadratic divergence in the Higgs

mass.

III. SPECIFIC EXAMPLES

Next we consider specific examples where the h → γγ partial width can be enhanced

significantly over the SM expectations.

A. A new W ′ boson

Given that the SM contribution is dominated by the W boson loop, one could add a W ′

boson, defined as the T 3 = ±1 component of an SU(2)L triplet, which has the following

mass when turning on the Higgs VEV,

mW ′(v)2 = m2
W0 + cW ′ m2

W , cW ′ > 0 , (16)

where m2
W = g2v2/4 is the mass of the W boson in the SM and we assume m2

W0 is indepen-

dent of v. The coefficient cW ′ parametrizes the coupling of the W ′ boson with the Higgs,

which we take as a free parameter. The only requirement is cW ′ > 0 so that the W ′ bo-

son loop interferes constructively with the W boson loop, leading to an enhanced diphoton

partial width. In the lagrangian cW ′ is the coefficient of the following operator:

OW ′ =
1

2
cW ′g2H†HW ′+

µ W ′−µ . (17)

For the SM W boson we have cW = 1. Using the exact one-loop form factors in Eqs. (54)

and (55), we define the enhancement factor over the SM diphoton width:

Rγγ =

∣

∣

∣

∣

1 + cW ′

m2
W

m2
W ′

A1(τW ′)

A1(τW ) +NcQ2
t A1/2(τt)

∣

∣

∣

∣

2

. (18)

In the limit mW ′ → ∞, the leading contribution from the W ′ loop becomes

cW ′

m2
W

m2
W ′

A1(τW ′) → −7 × cW ′

m2
W

m2
W ′

, (19)

in accordance with Eq. (10). From Fig. 2 we see that, for a positive cW ′, an enhancement by

a factor of two is possible for cW ′ ! 1 and mW ′ ! 130 GeV. We note in passing that the same

9
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obtained for XS " 5000 GeV, for which mS1
! 400 GeV and cS1
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C. New charged leptons

Again we start with one new vector-like pair of charged leptons, whose mass term is

written as

mf = mf0 + cf
v2

2Λ
. (27)

Since the lepton is vector-like and has a Dirac mass term, cf can only originates from the

dimension-five operator,

Of =
cf
Λ
H†Hf̄f , (28)

giving rise to ghff̄ = cfv/Λ. Then the enhancement factor is

Rγγ =

∣

∣

∣

∣

1 + cf
v2

Λmf

A1/2(τf )

A1(τw) +NcQ2
t A1/2(τt)

∣

∣

∣

∣

2

, (29)

Similar to the scalar case we focus on cf < 0. In Fig. 4 we see a factor of two increase in

the diphoton width requires cf ! −2 (−5) for mf " 140 GeV with Λ = 500 GeV (1 TeV).

Next we discuss the possibility of fermion mass mixing. Reasonings similar to the discus-

sion of scalar mass mixing in the previous subsection lead us to introduce a vector-like pair
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New,  Vector like Fermion
Let us parametrize the mass by  

Negative effective couplings are necessary (as obtained from the integration of heavy fermion)

Again, relatively large 
effective couplings and 
light fermions necessary
in order to enhance the
diphoton width in a 
significant way.

Rγγ �
����1−

8cf
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����
2 For fermions heavier than 

the Higgs. Coefficient only 
10 percent larger for a 
fermion with mass about 
100GeV. 
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Vector pair of Doublets and Singlets

of charged fermions (!4, !c4) carrying the same quantum number as the left-handed charged

leptons, as well as a vector-like pair of fermions (L4, Lc
4) with the same quantum umber as the

right-handed charged leptons. The mass mixing is then induced by a Yukawa-like coupling

between (!4, Lc
4) and (L4, !c4) after electroweak symmetry breaking. We do not wish to intro-

duce a fourth-generation-like leptons, which would always interfere destructively with the

standard model W boson loop, much like the top quark does, and an overall enhancement

is difficult to obtain.

The fermion mass matrix is written as follows

(!c4, L
c
4)Mf





!4

L4



 = (!c4, L
c
4)





m!4(v) Yfv

Yfv mL4
(v)









!4

L4



 , (30)

where for simplicity we have assumed a single Yukawa coupling Xf controlling both the

(Lc
4, !4) and (!c4, L4) mass mixings, and

m!4(v) = m!40 + c!4
v2

2Λ
, mL4

(v) = mL40 + cL4

v2

2Λ
. (31)

To solve for the mass eigenvalues, we diagonalize the mass matrix-squared,

M†
fMf =





m2
!4 + Y 2

f v
2 (m!4 +mL4

)Yfv

(m!4 +mL4
)Yfv m2

L4
(v) + Y 2

f v
2



 (32)

which is in a form similar to the scalar case in Eq. (21). The mass eigenvalues and mixing

angles are

m2
f1,2 =

1

2

[

m2
!4 +m2

L4
+ 2Y 2

f v
2 ∓

√

(m2
!4
−m2

L4
)2 + 4(m!4 +mL4

)2X2
fv

2
]

, (33)

s2θf = −
2(m!4 +mL4

)Yfv

m2
f1
−m2

f2

, c2θf =
m2

!4 −m2
L4

m2
f1
−m2

f2

, . (34)

The ghfif̄i couplings are obtained from the relation,

ghf1,2f̄1,2 =
1

2mf1,2

∂m2
f1,2

∂v
. (35)

In Fig. 5 we show the enhancements in the diphoton width as a function of the mixing

parameter Xf for two scenarios:

(I) : c!4 = cL4
= 0 and m!40 = mL40 = Λ = 500 GeV

(II) : c!4 = cL4
= 0 and m!40 = mL40 = Λ = 1 TeV
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FIG. 5: Enhancement in the diphoton partial width due to fermion mass mixings. The solid

and dashed lines in Rγγ plots are for including only the lightest mass eigenstate and both mass

eigenstates, from which we see the contribution from the heavy mass eigenstate is small.

In both scenarios the solid and dashed lines in the Rγγ plots are for including only the lightest

mass eigenstate and both mass eigenstates. We see that the contribution from the heavier

f2 is small, which implies the enhancement is largely determined by the lighter eigenstate
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One can make the contribution of the extra fermions explicit. 

Lighter fermion contribution dominant
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Model with a four generation leptons 
and their vector pairs. 

to the SM prediction, Scenario II has regions of parameter space where the decay rate can

be enhanced. This will be discussed further in Sec. 4.

The spectrum of the model in Scenario I is can easily be derived from the Lagrangian.

After electroweak symmetry breaking, there are two charged leptons with masses Y �
cv and

Y ��
c v, where v = 174 GeV is the Higgs vacuum expectation value (VEV). In the neutral

sector the two massive neutrino states are further split when the Majorana masses are

nonzero, such that there are four neutrinos with masses ...

Put spectrum here

The spectrum for Scenario II is slightly more complicated, since now there is mixing

between the ordinary and the mirror leptons.

mass term structure

Since this it is of interest for Higgs phenomenology, we will here perform the mass

diagonalization for the charged lepton sector explicitly, and just note that the same can be

done for the neutral lepton sector. The mass term has the form

L ⊃
�
ē�L ē��L

�
M

�
e�R
e��R

�
+ h.c. where M =

�
Y �
cv m�

me Y ��
c v

�
. (2.2)

The matrix can be diagonalized by two unitary matrizes, MD = VLMV †
R. The couplings

of the mass eigenstates to the Higgs boson are then given by the diagonal entries of the

rotated Yukawa coupling matrix Ch = V †
LYcYR:

Ch11 = Y �
cV

∗
L11VR11 + Y ��

c V
∗
L21VR21 , (2.3)

Ch22 = Y �
cV

∗
L12VR12 + Y ��

c V
∗
L22VR22 . (2.4)

3 Experimental constraints

Precision tests -¿ done!

LEP limits

Lepton flavor violation (assume no mixing to avoid problems!)

Lepton number violation (when majoranas are nonzero. Refer to Lenz et al for now)

Comment on the LEP limits: The limit on the mass of additional charged leptons is

me� > 100.8 GeV. As usual, this limit assumes a very specific decay, e� → Wν, where ν is

a SM neutrino. It should be possible to weaken this bound by letting the charged lepton

decay to a new neutral lepton (i.e. the new neutrinos ν �). I don’t have much experience

with analyzing LEP data, and the LEP limit isn’t hurting us, but this might be something

to look at in the future.

– 3 –

∂ log(DetMf )

∂v
� −2

Y �
CYC”v

mLmE − Y �
CYC”v2

L

E

Model can lead to the presence of Dark Matter and an enhanced diphoton rate

M. Carena, I. Low, C. Wagner’12;    A. Joglekar, P. Schwaller, C.W.’12

Y �
C = YC” = 0.8

In the limit of heavy masses, the exact result in Eq. (4) is in full agreement with Eq. (10).

When there are multiple particles carrying the same electric charge, one can write down

a slightly more general expression

Lhγγ =
α

16π

h

v

[

∑

i

bi
∂

∂ log v
log

(

detM†
F,iMF,i

)

+
∑

i

bi
∂

∂ log v
log

(

detM2
B,i

)

]

FµνF
µν ,

(12)

where MF,i and MB,i are the mass matrices of all particles carrying the same electric charge

and spin, and F and B denote fermions and bosons. This expression allows for the possibility

that there could be mass mixing between particles. In particular, we will be focusing on

scenarios where the mass mixing is induced after the electroweak symmetry breaking, which

occurs in many theories beyond the SM.

The form of the effective Higgs coupling to two photons in Eq. (12) makes it straight-

forward to understand the pattern of deviation from SM expectations in the presence of

extra particles running in the loop. As a simple example, we consider the addition of two

new fermions. The same consideration applies to scalars by simple substitutions of mass

matrices. In this case, the mass matrix is a 2× 2 matrix,

M†
fMf =





m2
11 m2

12

m∗ 2
12 m2

22



 , (13)

from which the hγγ coupling is determined from Eq. (12) by

α b1/2
16π

∂

∂v
log

(

detM†
fMf

)

=
α b1/2

16π
(

m2
11m

2
22 − |m2

12|
2
)

(

m2
11

∂

∂v
m2

22 +m2
22

∂

∂v
m2

11 −
∂

∂v

∣

∣m2
12

∣

∣

2
)

. (14)

A few comments are in order. First we assume no mass mixing, m2
12 = 0. In this case it

is interesting to consider the situation where both particles receive all of their masses from

electroweak symmetry breaking, m2
ii = div2, where di > 0 as required by the condition of

positivity of the mass. Then the first two terms in Eq. (14) contribute with the same sign.

This argument suggests that adding a fourth generation quark and/or lepton would always

amplify the effects of SM quarks and/or leptons in the loop-induced decay of the Higgs,

which implies a reduction in the diphoton decay width.2 When turning on the mixing

2 One can apply the same argument to gluon fusion production of the Higgs and arrive at the well-known
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Figure 3. Contours of constant Rγγ (green, solid) for Y �
c = Y ��

c = 0.8 as a function of the explicit
mass terms m� and me. The blue (grey) shaded region indicates a mass for the lightest charged
lepton below 62.5 GeV, while the blue, dashed contours indicate a charged lepton mass mE1 of 62.5,
100, 150, and 200 GeV.

For order one Yukawa couplings, it is possible to obtain an enhancement of Γ(h → γγ)

up to 50% compared to the SM prediction. This is illustrated in Fig. 3, where we choose

Y �
c = Y ��

c = 0.8 and vary the Dirac mass terms to determine the regions where the di-photon

rate is enhanced or suppressed compared to the SM.

Larger enhancements can be obtained in two different ways. First, one could increase

the charged Yukawa couplings to values above one to get ratios Rγγ of two or larger. How-

ever as we will see in the next section, such large Yukawas destabilize the Higgs potential

below the TeV scale, such that an extension of the model would be required to realize such

a scenario. Second, it would be possible to lower the mass of the lightest charged lepton

below the LEP limit, and at the same time tune the mass of the lightest neutral state such

that the decay E1 → W (∗)N1 produces a very soft lepton that escapes detection. In that

case an enhancement of up to 70% can be obtained without further increasing the Yukawa

couplings.

To get a better idea about attainable values of Rγγ we have performed parameter

scans with random choices for the mass terms and Yukawa couplings. In particular, we

have varied m� and me between 0 GeV and 600 GeV and the Yukawa couplings Y �
c and

Y ��
c in the range 0 − 1.5. In Fig. 4 we show the correlation between the rate Rγγ and

the mass of the lightest charged lepton. Obviously the maximal value of Rγγ increases

– 9 –
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Figure 8. LEP limits, relic density and Rγγ in the co-annihilation regime, as function of the
lightest charged lepton mass me1 and ∆m = me1 − mν1 . The red shaded region is excluded by
LEP, the green area is consistent with the relic density constraint for two choices of the neutral
Yukawa coupling and the vertical lines are contours of constant Rγγ . See the text for details on the
parameter choices.

The mass of the lightest charged lepton is then simply given by

ME1 = |m� − Ycv| = |m� − 139.2 GeV| . (6.3)

The results of our analysis are displayed in Fig. 8, in the ME1 − ∆M plane, where

∆M = ME1−MN1 . For a neutral Yukawa coupling of order 0.1 the preferred mass difference

∆M is between 5 GeV and 10 GeV, in which case most of the limits on additional charged

leptons listed in [19] do not apply. An enhancement of the h → γγ rate of more than 50%

is now easily attainable in regions that are consistent with a thermal relic N1. The regions

outside of the green bands can be brought into agreement with the relic density constraint

by modifying the neutral Yukawa coupling Y �
n. For a fixed coupling, the region below the

green bands is allowed if other particles contribute to the dark matter relic density, since

ν1 is over-annihilated in these regions.

7 Conclusions

In this work, we have presented a compact extension of the SM by a vector-like family of

leptons, and shown that it can provide a viable dark matter candidate and a source for

– 16 –
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Figure 3. Evolution of the Higgs quartic coupling as a function of the scale Λ, for different values
of the charged lepton Yukawa couplings (Y �

c = Y ��
c = Yc), as indicated in the figure. Threshold

were taken as 100 GeV, 173 GeV and 400 GeV for the light charged lepton, top quark, and heavy

charged lepton respectively.
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Vacuum Stability Constraints
As happens with the top quark, once one adds further fermions with 
relevant couplings to the Higgs the quartic coupling becomes negative 
at high scales and new minima develop

The scales at which 
the instabilities occur
are somewhat small, 

meaning that an ultratiolet
completion (SUSY ?) is 

necessary at small scales
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Figure 2. Left: “vector-like lepton” model. Right: “wino-higgsino” model. The horizontal and vertical axes

correspond to the light and heavy mass eigenvalues, respectively. Pink bands denote the diphoton enhancement

µγγ . Gray bands denote the vacuum instability cut-off ΛUV . Dark is for y = yc; pale is for y = 2yc. The

width of the bands (for both µγγ and ΛUV ) correspond to varying the electroweak-conserving mass splitting

term ∆m (see Eq. (2.3)) from zero to one. Green dashed band, on the right, denotes the SUSY wino-higgsino

scenario.
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3 Collider signals and electroweak constraints

The light charged fermions discussed in the previous section are produced through electroweak pro-
cesses with appreciable rates at hadron colliders. In this section we consider constraints and detection
prospects from current and upcoming searches, assessing charchteristic detection channels and provid-
ing rough estimates of the experimental sensitivity. We stress that our analysis is simplistic, and can
by no means replace a full-fledged collider study. Nevertheless, our estimates provide solid motivation
and concrete guidelines for a more dedicated study in the future, should the diphoton enhancment be

precision constraints on this field content, in the context of modified Higgs couplings.

8
See Eqs. (2.2-2.3) and the discussion between them for the definition of y, yc, ∆m and φ.
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6

gPQ fPQ (GeV) fS/fPQ Aλ/fPQ λ
0.6 2500 0.4 0.1 0.3
tanβ δ Aγ̃ (GeV) Aγ̄ (GeV) γ̃, γ̄
6 0.6 1440 1000 0.5

mD (GeV) mX (GeV) m2
D̃,X̃,Ñ

(GeV2) At̃ (GeV) m2
Q̃3

,m2
t̃ (GeV2)

500 350 1002 1200 5002

a1 a2 a3 Bµ (GeV2) µeff (GeV)
0.06 0.07 −0.02 7.5× 104 300

mh (GeV) mψc
1
(GeV) mψ0

1
(GeV) mφc

1
(GeV) mφ0

1
(GeV)

125 325 325 104 233
R(h → γγ) ∆S ∆T

1.7 0.03 0.08

TABLE III: Benchmark scenario II, where the di-photon sig-
nal rate is mainly enhanced by light scalar spectators.

FIG. 2: mh, R(h → γγ), ∆S and ∆T contours in benchmark
scenario I. Red line gives the mh = 125 GeV contour. The
yellow stars correspond to benchmark scenario I, assuming for
simplicity γp

X = γp
N = γq

Xc = γq
Nc = γ̃, parameters other than

γ̃ and tanβ are fixed as shown in Table II. The red curves
show the region where mh = 125 GeV.

this model is given by

W = WH

+δNS1NN
c + βpq

SDpD
c
q + δXS1XX

c

+γp
XcHuDpX

c + γp
NcHdDpN

c

+γq
XHdD

c
qX+ γq

NHuD
c
qN

+WY(Hu ↔ Dk,Hd ↔ D
c
k)

+WLQ +WS (12)

with p, q = 1, 2. WH is presented in Eq. (3). We have
only displayed explicitly the interactions most relevant
for our discussion on the modification of the hγγ effec-
tive coupling. WY has the same form as the MSSM
Yukawa couplings, but with the replacements Hu ↔ Dp

and Hd ↔ D
c
q. WS includes all terms with only the PQ

symmetry breaking fields (S,Sc
,S1,S

c
1,S2). WLQ con-

tains the interactions involving the color triplets T(c)
1,2,3.

FIG. 3: mh, R(h → γγ), ∆S and ∆T contours in benchmark
scenario II. Red line gives the mh = 125 GeV contour, param-
eters other than Aγ̃ and tanβ are fixed as shown in Table III.
The yellow stars correspond to benchmark scenario II. The
red curves show the region where mh = 125 GeV.

It has the coupling of the form STT
c, and κrs

LrQsT3+
κrsp

N̄rūsTp with r, s = 1, 2, 3. After the U(1)PQ sym-
metry is broken, (Tr,T

c
s) and (Dp,D

c
q) obtain vector-

like masses by coupling with the supermultiplet S. An
important feature is that (Tr,T

c
s) and (Dp,D

c
q) decay

into the SM particles via the interactions in WLQ and
WY, respectively. This can help avoid the overproduc-
tion of the exotic particles in the Universe. From the
choice of the U(1)PQ charges displayed in Table I, the
only renormalizable couplings between the color triplets
and the Higgs bosons are of the form Hq̃�̃T̃ or HHT̃ T̃ .
Hq̃�̃T̃ will not contribute to the Higgs decay directly.
Furthermore, they can be suppressed by choosing small
leptoquark-type couplings. HHT̃ T̃ will enter hgg effec-
tive coupling. However, this contribution can be small if
the color triplets is heavy, mT ∼ TeV. For these reasons,
we will assume that the triplets are heavy and would not
discuss them further in this section.

Since the EWPT may give strong constraints on our
scenario, we begin with a more general discussion on this
issue before presenting the benchmark models. The T pa-
rameter is a measure of the breaking of the custodial sym-
metry, SU(2)c. Apart from the mixing between Z and
Z

�, in general, there are two contributions which break
SU(2)c explicitly. One is from the Yukawa coupling be-
tween the exotics and the Higgs fields in the superpo-
tential, such as the difference between the HuDpX

c and
HdDpN

c couplings, and the corresponding A-terms. In
this paper, we choose to preserve the explicit SU(2)c
by choosing the relevant Yukawa couplings to be equal.
Therefore, instead of four independent Yukawa couplings,

Masses are generated by non-decouplng U(1) D-terms and 
fermions give contribution to diphoton enhancement

An, Liu and Wang, arXiv:1207.2473
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Compared to the MSSM, the effective SU(2)L D-term is enhanced by this factor ∆. The tree-level

CP-even Higgs mass matrix becomes

M2
H0 =

�
1
4(g

2∆+ g�2)v2 cos2 β +M2
A
sin

2 β −(
1
4(g

2∆+ g�2)v2 +M2
A
) sinβ cosβ

−(
1
4(g

2∆+ g�2)v2 +M2
A
) sinβ cosβ 1

4(g
2∆+ g�2)v2 sin2 β +M2

A
cos

2 β

�
, (28)

where g� is the SM U(1)Y gauge coupling and MA is the mass parameter of the CP-odd Higgs. The key

observation of BDKT was that in the decoupling limit, with large MA, the mass of the light, neutral,

CP-even Higgs is not bounded at tree level by MZ | cos 2β|, but rather by

mh ≤ 1

2

�
g2∆+ g�2v| cos 2β|. (29)

The tree-level mass splitting between the charged and CP-odd Higgs is also modified [27]:

m2
H± −m2

A =
g2∆

4
v2. (30)

Here, as before, the weak coupling constant is defined as g = g1g2/
�

g21 + g22.

3.2 The Chargino Loop Contribution to the Higgs Diphoton Decay Rate

The Higgs diphoton decay is loop induced and may include contributions from bosons, fermions and

scalars (see for instance [19, 30,31])

Γ(h → γγ) =
α2m3

h

1024π3

����
ghV V

m2
V

Q2
V A1(τV ) +

2g
hff̄

mf

Nc,fQ
2
f
A1/2(τf ) +Nc,SQ

2
S

ghSS
m2

S

A0(τS)

����
2

, (31)

where τi = 4m2
i
/m2

h
and V , f , and S refer to spin-1, spin-1/2, and spin-0 fields. The corresponding ghii,

Qi and Nc,i denote the coupling, electric charge and number of colors of each particle contributing to the

amplitude. A1 , A1/2 andA0 are the related loop-functions.

For heavy particles in the loop, the Higgs diphoton partial width may also be quantified using Higgs

low-energy theorems [32,33]

Lhγγ � α

16π

h

v

∂

∂ log v

�
�

i

bV,i log
�
detM2

V,i

�
+

�

i

bf,i log
�
detM†

f,i
Mf,i

�

+

�

i

bS,i log
�
detM2

S,i

�
�
FµνF

µν , (32)

where Mi are the mass matrices and bi are the coefficients of the QED one-loop beta function [19].

In the SM, it is well known that the dominant contribution to the amplitude is from the W±
boson

loops. For a 125 GeV Higgs boson, the loop factor AW
1 in Eq. (31) is about −8.32 and destructively

interferes with the top-loop contribution, which gives a subdominant contribution NcQ2
tA1/2 � 1.84.

In general, the bi coefficients of all matter particles are positive. Hence if the determinant of the mass

matrix of some new matter sector has a negative dependence on v, then these new particles will contribute

additively to the W±
loop and they will enhance the Higgs-diphoton partial width. There are several

different ways to achieve this that have been explored in the literature [11–23]. In this work, we shall

assume that all sfermion masses are of at least a few hundred GeV and therefore their contributions to

Eq. (31) is suppressed.

The above situation applies in the MSSM to the charginos. Since the Higgs vev v appears only in the

off-diagonal entries of the mass matrix

M±
ij

=

�
M2

1√
2
gv sinβ

1√
2
gv cosβ µ

�
, (33)
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we have detM±
ij = M2µ− 1

4g
2
v
2 sin 2β. Therefore, in the low energy limit,

lim
p→0

M(Xh)MSSM ∝ ∂

∂v
log detM±

ij = − g
2
v sin 2β

2M2µ− 1
2g

2v2 sin 2β
� −g

2
v sin 2β

2M2µ
, (34)

and the chargino contribution to the amplitude constructively interferes with the dominant W
± loop

to enhance the Higgs diphoton decay rate. Note that the contribution is proportional to sin 2β and
therefore has a maximum near tanβ = 1. Unfortunately, the MSSM chargino alone cannot account for
the observed enhancement [23,34]. This can be understood as a limitation imposed by the size the weak
gauge coupling g. We can try to increase the effect by making the charginos lighter, but we are limited
by the experimental lower bound on their masses of about 103.5 GeV at low tanβ [35, 36].

In certain regions of parameter space of our model, the lightest chargino can have a large W̃2 com-
ponent. In this case, the above constraints can be overcome – the lightest chargino couples to the Higgs
with a factor enhanced by g2/g with respect to the MSSM. The estimation of the amplitude in our model
proceeds as in the MSSM case, with the added complication of the extended 4× 4 chargino mass matrix,
Eq. (15). For simplicity, we shall assume, that both MΣ̃ and MW̃1

are large; therefore, at low energies,

the lightest charginos are mostly admixtures of the Higgsino and the wino W̃2, which couples strongly to
the Higgs. The heavy charginos are then composed mostly of Σ̃ and W̃1, and decoupling them introduces
a seesaw-like correction to the effective 2× 2 mass matrix of the lightest charginos:

M
±,eff
ij ∼



 MW̃2
− 1

2
g22u

2

MΣ̃
− g21g

2
2

4
u4

M2
Σ̃
MW̃1

1√
2
g2vsβ

1√
2
g2vcβ µ



 , (35)

where we have neglected higher-order corrections from decoupling MW̃1
. We perform a detailed study of

the rate of the Higgs decay into diphotons, the electroweak constraints and the vacuum stability in the
SU(2)1 ⊗ SU(2)2 gauge extended model. To this end, we have used a modified version of the program
FeynHiggs [37] that incorporates the extended chargino and neutralino sectors.

3.3 Radiative Corrections to the Higgs Mass and Vacuum Stability Constraints

The tree-level Higgs mass enhancement from the non-decoupling D-term is also accompanied by a po-
tentially large loop correction. As motivated earlier, the diphoton enhancement calls for a light, strongly
interacting chargino in our model. As fermions, these charginos contribute to the renormalization group
equation (RGE) of the Higgs quartic coupling in a way similar to the top quark, i.e. they produce a large
negative beta function contribution. The chargino effects are small in the MSSM because the coupling g

is small, but they are potentially relevant in our model because their RGE contribution is proportional
to g

4
2.
This effect can be explained in two different ways. Fixing the low energy quartic coupling by the

measured Higgs mass Mh ∼ 125 GeV, the bottom-up RGE running of the quartic coupling drives it to
negative values. In this case, a new vacuum deeper than the physical one is generated and the physical
vacuum becomes unstable. This is generally the viewpoint adopted in non-supersymmetric models. To
solve this problem, we need new bosons at some intermediate scale that stabilize the potential via positive
contributions to the RGE and possible tree-level threshold corrections [28, 38–40].

On the other hand, in our model, we can inversely fix the quartic coupling by Eq. (29) at the scale

mW � =
�

1
2(g

2
1 + g

2
2)u, where SUSY is broken for the new W

� and W̃
� sector. The quartic coupling will

then be enhanced in its RG evolution to low energies via the effects of the charginos and the top quark and
its supersymmetric partners. Such effects may be strong enough to drive the Higgs mass to values larger
than 125 GeV, and therefore a detailed analysis of these effects is required. Working in the unbroken
phase of the electroweak interactions and with gauge eigenstates (W̃ , W̃

�
, H̃), the (overall) new chargino

8

Chargino Effects in the MSSM are very small

SU(2) x SU(2) Extension of the weak interactions

SU(2)1 × SU(2)2 → SU(2)L
Third generation and Higgs charged 

under strongly coupled SU(2)

Charginos of the strongly coupled

SU(2)1 may be light. For

tanβ � 1, they may provide

the dominant contribution to the

Higgs mass and enhance the

diphoton rate
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Figure 3: Chargino mass and diphoton decay BR contours, for the slice with g2/g1 = 2.08, u = 3160 GeV,

MW̃1
= 5 TeV and MΣ̃ = 10 TeV. The grey region is excluded by the LEP bound on the lightest chargino

mass Mχ̃±
1
> 103.5 GeV. The diphoton decay BR enhancement contours are blue curves. The effective

RGE starting scale Mχ̃± contours are red dashed curves. At the tangent point of the 103.5 GeV lightest

chargino mass bound and the Mχ̃± = 490 GeV curve, a Higgs diphoton decay BR of 3.75 × 10
−3

, or an

enhancement of about 61%, can be achieved.

In Fig. 4 we show the chargino and neutralino contributions to the electroweak precision measurement

S and T parameters, where we have also included the small contributions associated with the stop sector.

The total contributions to S and T are small and positive, and remain consistent with the allowed values

of these parameters obtained from a fit to the electroweak precision data [35]. We can see that at the

corresponding point for maximal Higgs diphoton decay BR enhancement, T = 0.075, S = 0.11.
As previously emphasized, in our benchmark scenario, we have employed light top squarks with

masses of about 550 GeV in order to minimize the value of the effective chargino mass Mχ̃± . Such

light stops enhance the gluon fusion rate by about 10% compared with the SM, and provide an additional

enhancement to all Higgs production rates in the gluon fusion channel. Larger stop masses will reduce this

rate enhancement, but due to their impact on the Higgs mass, they will reduce the possibility of having

light charginos with strong coupling to the Higgs, as is assumed in this work. Therefore, a prediction of

this model would be a slight enhancement of the gluon fusion Higgs production channels compared to the

SM ones. No such enhancement should be observable in the weak boson fusion channels, apart from the

obvious case of the diphoton decay rate, that was analysed in detail in this work.

In the MSSM, for tanβ � 1.2, the top Yukawa coupling is large and in the RGE running blows up

below the GUT scale. However, in our model, there are additional strong SU(2)2 gauge coupling effects
that induce a large negative contribution to the top Yukawa RGE. Using the modified RGE evolution of

the gauge and Yukawa couplings, and taking into account the breaking of SU(2)1 ⊗ SU(2)2 → SU(2)L

in a consistent way [26], we have checked that the top Yukawa coupling remains perturbative up to the

scales of the order of the Planck scale.

Relaxing the exact condition tanβ = 1 increases the tree-level contribution to the Higgs mass, Eq. (29),

and therefore reduces the possible chargino contributions to the running of the Higgs quartic coupling

RGE. The tree-level contribution depends on the value of ∆, which in turn depends on mΣ. Choosing

values of the scalar (and fermion) triplet mass to be of the order of the heavy gauge boson masses,
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The Higgs Zγ width

There is an interesting correlation between this width and the diphoton one. 
However, the coupling of scalars and fermions to the Z gauge boson is proportional to 

T3 −Q sin2 θW

which shows that unless the 
isospin quantum numbers 
are non-trivial the 
contribution is small. 

This is particularly true for 
models with standard scalars 
or (vector-like) fermions 
which transform as singlets 
and doublets of SU(2) and 
that mix via the Higgs v.e.v.

Here we show both for
the models we analyze 
before.
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FIG. 6: Enhancement in the Zγ partial width due to a new particle. We have overlaid the changes

in the diphoton width in the corresponding choices of parameters, which are shown as dashed curves.

enhancement in the Zγ channel for cW ′ > 0 and significant reduction for cW ′ < 0. Sizable

reduction is also present in the scalar and fermion cases we considered, when the increase

in the diphoton width is significant.
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and the same happens in the case of non-trivial mixing...
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FIG. 8: Enhancement in the Zγ partial width due to mass mixings. The left panel is for the scalar

mass mixing while the right panel is for the fermion mass mixing. The mixing parameters necessary

to induce large enhancements in the diphoton widths are shown in blue (vertical) lines.

while SR is assumed to be a singlet. The resulting couplings are

RT





TL
3 −QSs2w 0

0 −QSs2w



R =





TL
3 c

2
θS

−QSs2w s2θST
L
3 /2

s2θST
L
3 /2 TL

3 s
2
θS

−QSs2w



 , (53)

where R is the rotation matrix from flavor to mass eigenbasis defined in Eq. (27). Contrary

to the coupling to photons, there is now off-diagonal coupling gZS1S2
to the Z boson, which,

together with the off-diagonal coupling to the Higgs boson ghS1S2
, would give rise to a mixed

one-loop diagram with both heavy and the light mass eigenstates in the loop. While such a

contribution has been evaluated in Ref. [27], the analytic form of the loop functions are much

more complicated due to the presence of two mass scales, and will not be reproduced here.

Nevertheless, notice that the Z off-diagonal coupling in Eq. (53) is multiplied by s2θ while

the off-diagonal Higgs couplings in Eq. (32) are multiplied by either s2θ or c2θ. The large

Higgs off-diagonal contribution, proportional to XS, is proportional to c2θ, and hence the

dominant contribution to the mixed scalar diagram is proportional to s4θ. This observation

suggests that the mixed diagram is suppressed in the large mixing limit where s2θ ≈ 1. There

is also the additional suppression from the loop function containing one heavy mass scale,

relative to the contribution from the lightest mass eigenstate. Since a large contribution to

the diphoton rate can only come from the case in which the mixing between the two scalars

is large, one would expect a small contribution from the mixed diagram to the Higgs Zγ

decay width in this region of parameter space.
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An exception to the rule would be the case of the W’, transforms as a triplet of SU(2) 
(example : SU(2)_w proceeds from diagonal group in SU(2)xSU(2))

1.25

1.5
1.75

2

2.25

1.25

1.5

1.75

2

2.25

100 150 200 250 300
0.0

0.5

1.0

1.5

2.0

2.5

3.0

mW' !GeV"

c W
'

RZΓ

0.3

0.4

0.5

0.6

0.7

1

1.25

1.5

1.75
2

2.25

120 125 130 135 140 145 150
"7.0

"6.5

"6.0

"5.5

"5.0

mW' !GeV"

c W
'

RZΓ

1.041.06
1.1

1.14

1.25
1.5

1.75

2

2.25
60 80 100 120 140 160 180 200

"3.0

"2.5

"2.0

"1.5

"1.0

"0.5

0.0

mS !GeV"

c S

R!1"ZΓ

0.8

0.86

0.9

0.94
1.25

1.5

1.7522.25
60 80 100 120 140 160 180 200

"3.0

"2.5

"2.0

"1.5

"1.0

"0.5

0.0

mS !GeV"

c S

R!2"ZΓ

0.7
0.75

0.8
0.85

0.9

1.25

1.5

1.75

2

2.25

100 150 200 250 300
"3.0

"2.5

"2.0

"1.5

"1.0

"0.5

0.0

mf !GeV"

c f

R!1"ZΓ with #$500 GeV

1.005

1.01

1.021.03

1.25

1.5

1.75
2

2.25

100 150 200 250 300
"3.0

"2.5

"2.0

"1.5

"1.0

"0.5

0.0

mf !GeV"

c f

R!2"ZΓ with #$500 GeV

FIG. 6: Enhancement in the Zγ partial width due to a new particle. We have overlaid the changes

in the diphoton width in the corresponding choices of parameters, which are shown as dashed curves.

enhancement in the Zγ channel for cW ′ > 0 and significant reduction for cW ′ < 0. Sizable

reduction is also present in the scalar and fermion cases we considered, when the increase

in the diphoton width is significant.
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So, if one can measure this rate ( for a discussion see the article by 
J. Gainer, W.Y. Keung, I. Low and P. Schwaller, arXiv:1112.1405) 
and determine an enhanced rate, similar to the diphoton one, a 
way of achieving this is by the presence of extra gauge bosons. 

M. Carena, I. Low, C.W., arXiv:1206.1082
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Light, Weakly Interacting Charged Particles
If neutral, weakly interacting particles are present (Dark Matter),  

it is probably that charged particles are there, too.

They may contribute to the muon g-2

They may contribute to the enhancement of the rate of the Higgs 
decay to diphotons !

In SUSY, light staus may enhance the Higgs to di-photon rate.  Or 
vector like leptons, or charginos of a strongly coupled sector...

They are difficult to search for at the LHC

The Linear Collider may complement the LHC efforts to study       
the Higgs and search for these particles.  

Wednesday, December 19, 2012



  Final update on the ILC discussion in Cracow:  Japan may pay 
    50% of a 500 GeV machine. 

 The 250 GeV machine would cost about 70% of the 500 GeV
    machine, 

  One scenario could be that Japan finances a large part of the 
     Higgs factory 

  Further upgrades to 500 GeV or 1 TeV would have to be financed 
     by external partners. 
     All subject to governmental negotiations, of course !

Presentation at the European Strategy Meeting

International Linear Collider  in Japan ?
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• Allowed SM-Higgs mass window at the LHC is consistent with SM descriptionHiggs 
diphoton rate is somewhat large and it is interesting to study possible ways of enhancing it

• We have studied the properties that should be fulfilled for this rate to be enhanced in the 
presence of new scalar, vector and fermion particles

• In general, for couplings of order one, particles of mass of order of a few hundred GeV are 
necessary

• Scalars with negative couplings induced, for instance by large mixing effects lead to an 
enhanced photon rate.  A well motivated example is the case of light staus !

• Vector light fermions, with explicit masses and couplings are another simple example.  
Large Yukawa coupling make the Higgs potential unstable.

• We studied precision electroweak constraint on specific new scalar and fermion models. 
No serious constraints imposed. 

• New light gauge bosons, if allowed phenomenologically,  are another example, and (the only 
among the ones analyzed here) that can lead to an enhanced Z photon rate, with 
interesting phenomenological consequences.

Conclusions
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Comment on Scenarios with Enhanced Production rates or suppressed 
Higgs decay into bottom quarks.  Example : Electroweak Baryogenesis

Models of the kind that tend to enhance both the photon as well as the ZZ and WW widths.
If enhancements are significant, then models are disfavored.  

EWBG within the MSSM, where the light stop enhances the gluon fusion rate is strongly 
constrained by this property, unless new decay modes are present.  An example are light 
neutralinos.  Three body decay channel of stop should be dominant.
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Figure 6: The same as Fig. 3 but for point C and M2 = µ = 200 GeV. The Higgs mass is about

118 GeV.
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Figure 7: The same as Fig. 3 but for point F and M2 = µ = 200 GeV. The Higgs mass is about

118 GeV.

fusion rate. Rates of order 30% of the SM rate are obtained in the gluon fusion dominated

channels for the case of light neutralinos, which are not inconsistent with data at this time.
The decrease in the weak boson fusion production rates is even more significant. Let us

stress that at both points C and F there is a small enhancement of the diphoton branching
ratio, that makes the diphoton rate similar to the weak diboson rate. Notice that the

decrease of rates is larger for point F than for point C mainly due to the different values
of tan β for both points, as it exhibited in Tab. 2.

12

Proper Dark Matter density may be obtained in  the same region of 
parameters where gluon fusion  induced processes become SM-like

M. Carena, G. Nardini, M. Quiros, C.W.’12
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Higgs Mixing Cancellation

For large values of the Higgsino mass and (negative) stop 
mixing parameters, the off-diagonal element of the CP-even 
Higgs boson mass matrix is suppressed at low values of mA 
and tanbeta. 

Specifically, this happens when

This means that the mass eigenstate couples has reduced 
couplings to the down sector (taus and bottoms). 

We shall take  

m2
A

M2
Z

+O(1) � tanβ
h4
t v

2

16π2M2
Z

µ Xt

M2
S

�
X2

t

6M2
S

− 1

�

µ = 2.5MS and Xt = −1.5MS

Carena, Mrenna, C.W. ’98
Carena, Heinemeyer, Weiglein, C.W. ’02

Friday, August 19, 2011
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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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Table 5: Expected range and observed 95% CL upper limits on the cross section normalized to
the SM expectation as functions of mH, for the SM search.

SM Higgs Expected Limit [over σ(SM)]
mH −2σ −1σ Median +1σ +2σ Obs. Limit [pb]
110 GeV 1.44 1.83 2.56 3.73 5.29 3.48
115 GeV 1.25 1.54 2.19 3.13 4.42 2.86
120 GeV 1.22 1.61 2.27 3.33 4.73 3.15
125 GeV 1.37 1.72 2.34 3.39 4.75 3.55
130 GeV 1.46 1.94 2.63 3.79 5.34 4.03
135 GeV 1.86 2.37 3.28 4.7 6.58 4.55
140 GeV 1.94 2.6 3.59 5.19 6.99 4.89
145 GeV 2.7 3.41 4.77 6.89 9.35 6.28

Results did not change significantly with the data update.
Interestingly, the observed limit is somewhat weaker than the 
expected one.
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3 Production Rate of Higgs Decay into Photons

The production rate of two photons associated with a SM-like Higgs decay may be increased

by either increasing the gluon fusion production rate or by increasing the Higgs branching

ratio into photons. Modifications of these rates may come from mixing effects or from extra

particles running in the loops. We discuss these possibilities below.

3.1 Mixing Effects

The mixing in the Higgs sector can have relevant effects on the production rates and decay

branching ratios. Mixing effects become particularly relevant for small values of the non-

standard Higgs masses, mA. It is known, however, that in most regions of parameter space,

the mixing effects conspire to enhance the bottom decay width, leading to a suppression of

the total production of photons and gauge bosons (see, for instance Refs. [38],[39]). However,

the mixing in the Higgs sector may be modified for large values of the mixing parameters in

the sfermion sector [40]. Both stops, sbottoms and sleptons may have a relevant impact on

the Higgs branching ratios. A suppression of the bottom decay width through mixing effects
may have important consequences for the decay branching ratios of all the gauge boson decay

channels.

Let us clarify the mixing effects in the CP-even Higgs sector. The mass matrix is given

approximately by

M2
H
=

�
m2

A
sin

2 β +M2
Z
cos

2 β −(m2
A
+M2

Z
) sin β cos β + Loop12

−(m2
A
+M2

Z
) sin β cos β + Loop12 m2

A
cos

2 β +M2
Z
sin

2 β + Loop22

�
, (8)

where we have included the dominant mixing effects. The loop effects Loop22 are the loop

corrections appearing in the second term of Eq. 1, divided by sin
2 β. Indeed, in the decoupling

limit for large m2
A
,

m2
h
�

�
M2

H

�
11
cos

2 β +
�
M2

H

�
12
cos β sin β +

�
M2

H

�
21
sin β cos β +

�
M2

H

�
22
sin

2 β (9)

which reduces to Eq. (1).

The loop-corrections to the (M2
H
)12 matrix element are given approximately by [41, 40],

Loop12 =
m4

t

16π2v2 sin2 β

µÃt

M2
SUSY

�
AtÃt

M2
SUSY

− 6

�
+

h4
b
v2

16π2
sin

2 β
µ3Ab

M4
SUSY

+
h4
τv

2

48π2
sin

2 β
µ3Aτ

M4
τ̃

. (10)

The mixing in the CP-even Higgs sector may be now determined by

sin(2α) =
2 (M2

H
)12�

Tr[M2
H
]2 − det[M2

H
]
,

cos(2α) =
(M2

H
)11 − (M2

H
)22�

Tr[M2
H
]2 − det[M2

H
]

(11)

which reduce to − sin 2β and − cos 2β respectively, in the large mA limit. The convention

is such that 0 ≤ β ≤ π/2 (although generically values of β > π/4 are considered), while

−π/2 ≤ α ≤ π/2, and, in the large mA limit, α = −π/2 + β.
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The ratio of the tree-level couplings of the Higgs to W bosons, top and bottom-quarks

with respect to the SM ones are approximately given by

hWW : sin(β − α) ,

htt̄ :
cosα

sin β
,

hbb̄ : − sinα

cos β

�
1− ∆hb tan β

1 +∆hb tan β

�
1 +

1

tanα tan β

��
. (12)

As seen above, the coupling to bottom quarks is also affected by the ∆hb corrections [41, 43],

which, however, do not modify the overall dependence of the bottom quark coupling on the

mixing in the Higgs sector.

For moderate values of tanβ and mA, the loop effects are small and sinα is small and

negative while

|sin(2α)|> |sin(2β)| . (13)

Since cosα � sin β � 1, this implies that |sinα|> cos β, leading to an enhancement of the

bottom quark width which in turn leads to a suppression of the dominant SM Higgs decay

branching ratios at the LHC. The couplings to top and W bosons are not modified in this

regime, but there is also a small decrease of the gluon fusion rate induced by the bottom-quark

loop effects that have the opposite sign as the top quark loops and become enhanced in this

regime.

For large values of tanβ and moderate values of m
2
A
, the values of sinα tend to be very

small, of order cos β. A decrease of the bottom quark coupling can be obtained, for instance,

if |sin(2α)|< (sin 2β), which can be obtained by making the loop corrections Loop12 positive

and sizable. Since the tree-level contribution for (M2
H
)12 is suppressed by 1/tan β, the loop-

corrections may be significant in the large tanβ regime. It is well known that a suppression

of the Higgs mixing can be achieved for large values of µAt < 0 (µAt > 0) for At <
√
6MSUSY

(At >
√
6MSUSY), as follows from Eq. (11). Sizable values of At are necessary to achieve a

large modification of the Higgs mixing, what leads to values of the Higgs mass of about 120–

125 GeV for stops masses of about 1 TeV. A benchmark scenario for Higgs searches at hadron

colliders, named the “small αeff scenario”, has been constructed due to this property [43].

Large values of µ
3
Ab,τ > 0 may also lead to a significant effect for very large values of tan β.

Let us stress again that the overall effect of a suppression of the bottom quark width is an

enhancement of not only the photon decay rate, but also of the WW and ZZ rates. A

large suppression of the bottom-quark width, however, demands small values of mA and large

tan β, which are disfavored [38] by the search for non-standard Higgs bosons at the LHC

H → ττ [34]–[36]. For instance, only a narrow region of the small αeff scenario, for moderate

tan β and mA � 100 GeV, for which the heaviest CP-even Higgs has SM-properties with a

reduced bottom decay width, seems to survive these constraints [38].

3.2 Light Stop and Sbottom Effects

The Higgs decay rate into photons is induced by loops of charged particles. In the SM the main

contribution comes from W bosons and is partially suppressed by the contribution of the top

7

More on the CP-even Higgs boson Mixing

The neutral CP-even Higgs mass matrix is approximately given by 

Mixing is very sensitive to off diagonal terms. The tree-level effects 
may be suppressed for moderate CP-odd Higgs masses. The dominant 
loop effects are given by

From where the mixing angle, controlling the down fermion couplings is obtained
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where DL and DR are the D-term contributions to the slepton masses [1]. Another condition
that must be fulfilled is that the lightest stau is rather light, with a mass close to the LEP
limit. For instance, for a value of m2

L3
� m2

e3 � (350 GeV)2, Aτ � 500 GeV, these conditions
may be achieved for µ � 1 TeV and tan β � 60. For these values

BR(h → γγ) � 1.5 BR(h → γγ)SM (15)

may be obtained, together with no relevant effects in the Higgs gluon fusion production rate.
The dependence of σ(gg → h) × BR(h → γγ) in the mL3–mE3 parameter space, for

µ = 1030 GeV, Aτ = 500 GeV, as well as in themL3–µ parameter space formL3 = me3 is shown
in Fig. 4. Solid lines represent contours of equal photon rate, normalized to the SM value.
Dashed lines represent contours of equal values of the lightest slepton mass. The squark sector
was fixed at mQ3 = mu3 = 2 TeV and At = 2 TeV for tan β = 10 and mQ3 = mu3 = 1.5 TeV ,
At = 2.5 TeV, for tan β = 60, consistent with a Higgs mass of about 125 GeV. We have
checked, however, that the results are insensitive to the exact value of the Higgs mass in the
123 GeV–127 GeV range. For tan β = 10 (top panels in the figure) the stau mixing is small
and no enhancement is observed in the total photon rate associated with Higgs production.
On the contrary, for large values of tan β (bottom panels in the figure), for which the mixing
is relevant, a clear enhancement is observed in the region of parameters leading to light staus,
close to the LEP limit. As emphasized above, enhancements of the order of 50% in the total
photon rate production may be observed. The production rate of weak gauge bosons, instead,
as well as the branching ratio of the Higgs decay into bottom quarks, remain very close to the
SM one.

Let us mention in closing that large values of Aτ and moderate values of mA can lead to
a suppression of the width of the Higgs decay into bottom quark via Higgs mixing effects,
Eq. (11), and a subsequent enhancement of the photon and weak gauge boson production
rates. For instance, for tan β = 60, Aτ � 1500 GeV, mA � 700 GeV, µ = 1030 GeV and
me3 = mL3 = 340 GeV, one obtains a lightest stau mass of order 106 GeV, and

σ(gg → h)

σ(gg → h)SM

BR(h → γγ)

BR(h → γγ)SM
= 1.96

σ(gg → h)

σ(gg → h)SM

BR(h → V V ∗)

BR(h → V V ∗)SM
= 1.25 (V = W,Z) (16)

while BR(h → bb̄) � 0.8BR(h → bb̄)SM. The LHC and the Tevatron colliders will be able to
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Light staus not only affect the photon rate, but they can 
also induce relevant Higgs mixing effects. For instance, for

and the mixing effects lead to a reduced bottom rate

The consequence is a further enhancement  of the photon rate, 
together with an enhancement of all other gauge boson rates !

Light Stau Effects on CP-even Higgs boson Mixing
M. Carena, S. Gori, N. Shah, C.W.,  arXiv:1112.3336
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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
three–point integral
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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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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) = −
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2τ2 + 3τ + 3(2τ − 1)f(τ)
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τ−2 (11)
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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

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
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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-
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cause the loop effects on the WWH couplings are small
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creases the decay rate of H → gg. For Higgs masses
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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].

can be written as [32]

ΓH→γγ =
Gµα2m3

H

128
√

2π3

∣

∣

∣

∣

∣

∣

∑

f

NcQ
2
fAf (τf ) + AW (τW )

∣

∣

∣

∣

∣

∣

2

ΓH→gg =
Gµα2

sm
3
H

36
√

2π3

∣

∣

∣

∣

∣

∣

3

4

∑

f

Af (τf )

∣

∣

∣

∣

∣

∣

2

. (10)

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
three–point integral

f(τ) =











arcsin2√τ τ ≤ 1

−1
4

[

ln 1 +
√

1 − τ−1

1 −
√

1 − τ−1
− iπ

]2

τ > 1
(12)

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
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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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Tevatron Reach

More than 2 standard deviations in most of the
parameter space  

Conservative Estimate of 10 inverse fb combination 
of the two Experiments data
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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.
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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

Wednesday, December 19, 2012



Radiative Corrections to Flavor Conserving Higgs Couplings

• Couplings of down and up quark fermions to both Higgs fields arise 
after radiative corrections. 

 

• The radiatively induced coupling depends on ratios                                   
of  supersymmetry breaking parameters

L = d̄L(hdH
0
1 + ∆hdH
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Figure 1: SUSY radiative corrections to the self-energies of the d-quarks

We show that the usual approach of calculating tanβ enhanced FCNC (Flavor Changing
Neutral Currents) effects in the Kaon sector does not agree with the exact results one finds
in the limit of flavor independent masses. Thus, we develop a perturbative approach that
leads to agreement with the exact result in this limit. Finally we study the effects of the
phases of M1, M2, M3 and µ on ∆Ms, BR(Bs → µ+µ−) and εK in the cases of uniform and
split squark spectra.

We shall emphasize the implications of the present bounds on BR(Bs → µ+µ−) for future
measurements at the Tevatron collider, both in Higgs as well as in B-physics. In particular,
we shall show that the present bound on BR(Bs → µ+µ−) leads to strong constraints
on possible corrections to both ∆Ms and the Kaon mixing parameters in minimal flavor
violating schemes. Moreover, we shall show that this bound, together with the constraint
implied by the measurement of BR(b → sγ) leads to limits on the possibility of measuring
light, non-standard Higgs bosons in the MSSM.

This article is organized as follows. In section 2, we define our theoretical setup, giving
the basic expressions necessary for the analysis of the flavor violating effects at large values
of tan β. In particular, we show how the first order perturbative expressions in the CKM
matrix elements are inappropriate to define the corrections in the Kaon sector where higher
order effects need to be considered. In section 3 we show the implications of the constraint
on BR(Bs → µ+µ−) for the mixing parameters of the Kaon and B sectors in the large tanβ
regime. In section 4, we explain the implications for Higgs searches at the Tevatron. We
reserve section 5 for our conclusions and some technical details for the appendices.

2 Theoretical Setup

2.1 The resummed effective Lagrangian and the sparticle spec-
trum

The importance of large tan β FCNC effects in supersymmetry has been known for sometime.
The finite pieces of the one-loop self energy diagrams lead to an effective lagrangian for the

2

tanβ =
v2

v1

Xt = At − µ/ tanβ � At ∆b = (Eg + Eth
2
t ) tan β

Friday, August 19, 2011 Resummation : Carena, Garcia, Nierste, C.W.’00
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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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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
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Higgs Couplings to fermions

• At tree level, only one of the Higgs doublets couples to down-quarks 
and leptons, and the other couples to up quarks

• Since the up and down quark sectors are diagonalized 
independently, the interactions remain flavor diagonal. 

• h is SM-like, while H and A have enhanced couplings to down quarks

L = Ψ̄i
L (hd,ijH1dR + hu,ijH2uR) + h.c.

d̄L
m̂d

v
( h + tanβ (H + iA)) dR + h.c.

Friday, August 19, 2011
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