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Where are we? 
“We have found a new particle”

we are living a privileged moment in the history of HEP

CMS
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Where are we? 
“We have found a new particle”

28 8 Conclusions

are allowed to vary independently. Thus the expected event yields in these channels are scaled
by independent factors, while the signal is assumed to be due to a particle with a unique mass
mX. The combined best-fit mass is mX = 125.3 ± 0.4 (stat.)± 0.5 (syst.)GeV.

7.3 Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the SM Higgs boson is provided
by examination of the best-fit value for the common signal strength s/sSM, obtained in a com-
bination of all search channels. Figure 18 shows a scan of the overall s/sSM obtained in the
combination of all channels versus a hypothesised Higgs boson mass mH. The band corre-
sponds to the ±1 s uncertainty (statistical and systematic). The excesses seen in the 7 TeV and
8 TeV data, and in their combination, around 125 GeV are consistent with unity within the ±1 s
uncertainties. The observed s/sSM value for an excess at 125.5 GeV in a combination of all
data is 0.87 ± 0.23. The different decay channels and data sets have been examined for self-
consistency. Figure 19 shows the measured values of s/sSM results obtained for the different
decay modes. These results are consistent, within uncertainties, with the expectations for a SM
Higgs boson.
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Figure 17: The 68% CL contours for the signal strength s/sSM versus the boson mass mX for the
untagged gg, gg with VBF-like dijet, 4`, and their combination. The symbol s/sSM denotes the
production cross section times the relevant branching fractions, relative to the SM expectation.
In this combination, the relative signal strengths for the three decay modes are constrained by
the expectations for the SM Higgs boson.

8 Conclusions
Results are presented from searches for the standard model Higgs boson in proton-proton col-
lisions at

p
s = 7 and 8 TeV in the CMS experiment at the LHC, using data samples corre-

sponding to integrated luminosities of up to 5.1 fb�1 at 7 TeV and 5.3 fb�1 at 8 TeV. The search

“this discovery came at half the LHC design energy, much more severe pileup, and one-
third of the integrated luminosity that was originally judged necessary” ATLAS

 Spin 0? Against naturalness: small mass only if protected by symmetry

 Couplings not dictated by gauge symmetry? Against gauge principle 
(elegance, predictivity, robustness, variety) which used to rule the world (gravity, 
QCD, QED, weak interactions)

What’s next?

Higgs is the most exotic particle of the SM
its discovery has profound implications

we are living a privileged moment in the history of HEP

 Symmetry breaking? ground state doesn’t share the full symmetry of interactions

CMS
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What does come with the Higgs?
We know that the Higgs is not the end of the story

 dark matter
 matter antimatter asymmetry
 hierarchy/naturalness problem
 ...

All these point towards an extended EW/Higgs sector
but so far this extension has been very elusive

 Direct searches @ LHC: Mnew >~ O(500 GeV) unless reduced couplings to fermions
 EW precision data: Mnew >~ O(TeV) unless some selection rules (eg R-parity)
 Flavor data: Mnew >~ O(1000 TeV) unless some protection (eg MVF...)
 ...

HEP future:
exploration/discovery era or consolidation/measurement era?

let’s use what we have at our disposal (the Higgs) to explore BSM sector 
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Effective Higgs from an extended sector

typical mass scale
M = g* f

NP
EW scale v=246GeV

g, g’, yt

SM

g2  /g*
SM

effective approach valid iff
mass gap: M >> gSM v

weakly coupled NP strongly coupled NP

MSSM in the decoupling limit composite Higgs models

in both cases, Higgs couples to NP with g*

g* ~ gSM  ie f ~ M g* >> gSM ie f << M

let’s assume that NP can be characterized by a unique scale and a coupling
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Assuming the NP flows towards the SM in the IR
we can describe it in terms of an effective field theory

X3 !6 and !4D2 "2!3

QG fABCGA!
µ GB"

! GCµ
" Q# (!†!)3 Qe# (!†!)(l̄per!)

Q !G fABC !GA!
µ GB"

! GCµ
" Q#! (!†!)!(!†!) Qu# (!†!)(q̄pur !!)
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µ W J"

! WKµ
" Q#D

"
!†Dµ!

#$ "
!†Dµ!

#
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! WKµ
"
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Q#G !†!GA
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Aµ! QeW (l̄p$µ!er)% I!W I
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#l (!†i
!

Dµ !)(l̄p&µlr)
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µ!G
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#l (!†i

!

D I
µ !)(l̄p%
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Q#W !†!W I
µ!W

Iµ! QuG (q̄p$µ!TAur)!!GA
µ! Q#e (!†i

!

Dµ !)(ēp&µer)

Q#"W !†!$W I
µ!W

Iµ! QuW (q̄p$µ!ur)% I !!W I
µ! Q(1)

#q (!†i
!

Dµ !)(q̄p&µqr)

Q#B !†!Bµ!Bµ! QuB (q̄p$µ!ur)!!Bµ! Q(3)
#q (!†i

!

D I
µ !)(q̄p%

I&µqr)

Q# !B !†! !Bµ!Bµ! QdG (q̄p$µ!TAdr)!GA
µ! Q#u (!†i

!

Dµ !)(ūp&µur)

Q#WB !†% I!W I
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µ! QdW (q̄p$µ!dr)% I!W I
µ! Q#d (!†i

!

Dµ !)(d̄p&µdr)

Q#"WB !†% I!$W I
µ!B
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Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Q!! = #jk#mn!
j!m(lkp)

TClnr ! (!!†lp)
TC(!!†lr), (3.1)

where C is the charge conjugation matrix.2 Q!! violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq " Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = i!2!0, with Bjorken and Drell [21] phase conventions.

3

CP-odd

28 CP+ operators 
(+ 25 4-Fermi operators)

only
14 of these 
operators 

can be generated 
at tree-level by NP

Lagrangian with higher dimensional ops invariant under SM gauge symmetry
pioneering work by Buchmuller-Wyler ’86

complete classification by Grzadkowski et al ‘1008.4884

Effective Higgs from an extended sector

mailto:christophe.grojean@cern.ch?subject=Buchmuller-Wyler%20reference
mailto:christophe.grojean@cern.ch?subject=Buchmuller-Wyler%20reference
http://arXiv.org/abs/1008.4884
http://arXiv.org/abs/1008.4884
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Higgs power counting
extra derivative: extra Higgs leg:  

custodial breaking

loop-suppressed strong dynamicsminimal coupling: 

Genuine strong operators (sensitive to the scale f)

Form factor operators (sensitive to the scale M = g* f) (gSM factors inside V)

6

cH
2f2

�
�µ |H|2

⇥2 cT
2f2

�
H†�⇥DµH

⇥2 c6�

f2
|H|6

cyyf
f2

|H|2f̄LHfR + h.c.

H/f ⇥/m�

h � �Z

Giudice, Grojean, Pomarol, Rattazzi ‘07

icW
2M2

⇣
H†�i !DµH

⌘
(D⌫Wµ⌫)

i icB
2M2

⇣
H† !DµH

⌘
(@⌫Bµ⌫)

icHW

M2

g2⇤
16⇡2

(DµH)†�i(D⌫H)W i
µ⌫

icHB

M2

g2⇤
16⇡2

(DµH)†(D⌫H)Bµ⌫

c�
M2

g2⇤
16⇡2

g2

g2⇢
H†HBµ⌫B

µ⌫ cg
M2

g2⇤
16⇡2

y2t
g2⇢

H†HGa
µ⌫G

aµ⌫

http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164


Christophe Grojean Extended Higgs Aspen, 13th.March 2o13

Higgs power counting
extra derivative: extra Higgs leg:  

custodial breaking

loop-suppressed strong dynamicsminimal coupling: 

Genuine strong operators (sensitive to the scale f)

Form factor operators (sensitive to the scale M = g* f) (gSM factors inside V)

6

cH
2f2

�
�µ |H|2

⇥2 cT
2f2

�
H†�⇥DµH

⇥2 c6�

f2
|H|6

cyyf
f2

|H|2f̄LHfR + h.c.

H/f ⇥/m�

h � �Z

Giudice, Grojean, Pomarol, Rattazzi ‘07

Goldstone sym.
(PGB Higgs)
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http://arXiv.org/abs/hep-ph/0703164
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Higgs power counting

While a complete classification of the operators is essential, having a power counting to

estimate their impact on physical observables, hence their relative importance, is equally

crucial. In this sense a simple yet consequential observation was made in Ref. [7]: when

expanding the e↵ective Lagrangian in the number of fields and derivatives, any additional

power of H is suppressed by a factor g⇤/M ⌘ 1/f , where g⇤  4⇡ denotes the coupling

strength of the Higgs to new physics states and M is their mass scales; any additional

derivative instead costs a factor 1/M . If the light Higgs is a composite state of the dynamics

at the scale M , it is natural to expect g⇤ � 1, hence f ⌧ M , which implies that operators

with extra powers of H give the leading corrections to low-energy observables. On the other

hand, in weakly-coupled completions of the Standard Model where g⇤ ⇠ 1, all operators with

the same dimension can be equally important. A proper analysis of the experimental results

through the language of the e↵ective Lagrangian can thus give indication on whether the

dynamics at the origin of electroweak symmetry breaking is weakly or strongly interacting.

According to the power counting of Ref. [7], one naively estimates 1

c̄H , c̄T , c̄6, c̄y ⇠ O

✓

v2

f 2

◆

, c̄W , c̄B ⇠ O

✓

m2
W

M2

◆

, c̄HW , c̄HB, c̄�, c̄g ⇠ O

✓

g2

16⇡2

v2

f 2

◆

c̄Hq, c̄
0
Hq, c̄Hu, c̄Hd, c̄Hud, c̄HL, c̄0HL, c̄Hl ⇠ O

✓

�2

g2
⇤

v2

f 2

◆

,

(1.4)

where y = u, d, l and we have denoted with � the coupling of a generic SM fermion to

the new dynamics. These estimates suggest that in the case of a strongly-interacting light

Higgs (SILH) the leading new physics e↵ects in Higgs observables are parametrized by the

operators OH,T,6,y, and, if the SM fermions couple strongly to the new dynamics, by the

fermionic operators of eq.(1.3) [7]. Notice that compared to the naive counting, c̄HW,HB,g,�

are suppressed by an additional factor (g2
⇤/16⇡2). This is because the corresponding operators

contribute to the coupling of on-shell photons and gluons to neutral particles and modify the

gyromagnetic ratio of the W , and are thus generated only at the loop level in a minimally

coupled theory.

1Notice that our normalization di↵ers from the one of Ref. [7], and it is more convenient than the latter

for a model-independent implementation of Eq. (1.2) in a computer program. The factor multiplying each

operator in the e↵ective Lagrangian has been conveniently defined such that the dependence on M and g⇤

is fully encoded into the dimensionless coe�cients c̄i.

3

generic new physics

A special and phenomenologically motivated case is represented by theories where the

Higgs doublet is a composite Nambu-Goldstone (NG) boson of a spontaneously-broken sym-

metry G ! H of the strong dynamics [8]. For those models the scale f must be identified

with the decay constant associated with the spontaneous breaking, and the naive estimate

of the Wilson coe�cients c̄i is modified by the request of invariance under G in the limit

of vanishing explicit breaking. At the level of dimension-6 operators, in particular, O� and

Og violate the shift symmetry H ! ↵ + H which is included as part of the G/H transfor-

mations. Their coe�cients thus carry an additional suppression factor (g2
SM/g2

⇤), where by

gSM we denote any weak coupling that breaks the Goldstone symmetry (one the SM weak

couplings in minimal models). Thus, in models where the Higgs doublet is a NG boson one

estimates [7]:

c̄�, c̄g ⇠ O

✓

g2

16⇡2

v2

f 2

◆

⇥ g2
SM

g2
⇤

. (1.5)

In writing eq.(1.2) we have assumed that each of the operators Ou,d,l is flavor aligned with

the corresponding fermion mass term, as required in order to avoid large Flavor-Changing

Neutral Currents (FCNC) mediated by the tree-level exchange of the Higgs (see for exam-

ple [9] for a natural way to obtain this alignment). This implies one coe�cient for the

up-type quarks (c̄u), one for down-type quarks (c̄d), and one for the charged leptons (c̄l).

Some of the coe�cients c̄i in eqs.(1.2),(1.3) are constrained by the electroweak precision

tests (EWPT) performed at LEP and SLD and by flavor data. For example, the operator

OT violates the custodial symmetry [10] and contributes to the EW parameter ✏1 [11]. The

corresponding bound,

�✏1 ⌘ �⇢ = c̄T , �1.1⇥ 10�3 < c̄T < 1.3⇥ 10�3 at 95% CL [12] , (1.6)

can be naturally satisfied by assuming that the dynamics at the scale M possesses an (at

least) approximate SU(2)c custodial invariance. In this case OT can be neglected, while

all the other dimension-6 operators are custodially symmetric and are not suppressed. 2

2 More precisely, for all the other operators the only violation of the custodial symmetry comes from

the explicit breaking due to the gauging of hypercharge. As such, this breaking is external to the EWSB

dynamics, since it comes from the weak gauging of its global symmetries. Formal invariance of the operators

can be restored by uplifting the hypercharge gauge field to a whole triplet of SU(2)R.

4

dynamics with Higgs as PGB 

1 E↵ective Lagrangian for a light Higgs doublet

The most general Lagrangian for a weak doublet H at the level of dimension-6 operators was

first classified in a systematic way by Buchmuller and Wyler [4]. Subsequent analyses [5]

pointed out the presence of some redundant operators, and a minimal and complete list of

operators was finally provided in Ref. [6]. As recently discussed in Ref. [7], a convenient

basis of operators relevant for Higgs physics is the following:

�L = �LB + �LF (1.1)

�LB =
c̄H

2v2
@µ

�

H†H
�

@µ

�

H†H
�

+
c̄T

2v2

⇣

H† !DµH
⌘⇣

H† !D µH
⌘

� c̄6�

v2

�

H†H
�3

+
c̄u

v2
yu H†H q̄LHcuR +

c̄d

v2
yd H†H q̄LHdR +

c̄l

v2
yl H

†H L̄LHlR + h.c.

+
ic̄W g

2m2
W

⇣

H†�i !DµH
⌘

(D⌫Wµ⌫)
i +

ic̄Bg0

2m2
W

⇣

H† !DµH
⌘

(@⌫Bµ⌫)

+
ic̄HW g

m2
W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HBg0

m2
W

(DµH)†(D⌫H)Bµ⌫

+
c̄�g02

m2
W

H†HBµ⌫B
µ⌫ +

c̄gg2
S

m2
W

H†HGa
µ⌫G

aµ⌫ ,

(1.2)

�LF =
ic̄Hq

v2
(q̄L�µqL)

�

H† !D µH
�

+
ic̄0

Hq

v2

�

q̄L�µ�iqL

� �

H†�i !D µH
�

+
ic̄Hu

v2
(ūR�µuR)

�

H† !D µH
�

+
ic̄Hd

v2

�

d̄R�µdR

� �

H† !D µH
�

+
ic̄Hud

v2
(ūR�µdR)

�

Hc † !D µH
�

+ h.c.

+
ic̄HL

v2

�

L̄L�µLL

� �

H† !D µH
�

+
ic̄0

HL

v2

�

L̄L�µ�iLL

� �

H†�i !D µH
�

+
ic̄Hl

v2

�

l̄R�µlR
� �

H† !D µH
�

,

(1.3)

where v = 246 GeV, yu,d,l and the c̄i in eq.(1.3) are matrices in flavor space and a sum over

flavors has been left understood. Similarly to Ref. [7], we will denote as Oi the operator

whose coe�cient is proportional to c̄i.

2

note: in decoupled MSSM, selection rule ⇒ cH ~ O(mW4/M4)  
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Effective Higgs phenomenology
are thus the following:

�( ̄ )

�( ̄ )SM
' 1� c̄H � 2 c̄ , (E.114)

�(h! W (⇤)W ⇤)

�(h! W (⇤)W ⇤)SM
' 1� c̄H + 2.2 c̄W + 3.7 c̄HW , (E.115)

�(h! Z(⇤)Z⇤)

�(h! Z(⇤)Z⇤)SM
' 1� c̄H + 2.0

�

c̄W + tan2✓W c̄B

�

+ 3.0
�

c̄HW + tan2✓W c̄HB

�

� 0.26 c̄� ,

(E.116)

�(h! Z�)

�(h! Z�)SM
' 1� c̄H + 0.12 c̄t � 5 · 10�4 c̄c � 0.003 c̄b � 9 · 10�5 c̄⌧

+ 4.2 c̄W + 0.19
�

c̄HW � c̄HB + 8 c̄� sin2✓W

� 4⇡p
↵2↵em

,
(E.117)

�(h! ��)

�(h! ��)SM
' 1� c̄H + 0.54 c̄t � 0.003 c̄c � 0.007 c̄b � 0.007 c̄⌧

+ 5.04 c̄W � 0.54 c̄�
4⇡

↵em
,

(E.118)

�(h! gg)

�(h! gg)SM
' 1� c̄H � 2.12 c̄t + 0.024 c̄c + 0.1 c̄b + 22.2 c̄g

4⇡

↵2
. (E.119)

F How to run eHDECAY: Input/Output Files

The program eHDECAY is self-contained, like the original code HDECAY on which it is based.

All the new features related to the Lagrangian parametrizations proposed in this paper are

encoded in the main source file, ehdecay.f, while other linked routines are taken over from the

original version. Of course eHDECAY, besides calculating Higgs branching ratios and decay

widths according to the non-linear, SILH or MCHM4/5 Lagrangian, also calculates the SM

and MSSM ones, exactly as HDECAY 5.10 does. The choice can be done through the flags

HIGGS and COUPVAR set in the input file. The input file for eHDECAY has been called

ehdecay.in and is based on the file hdecay.in of the o�cial version 5.10, supplemented by

further input values. Thus, with the flag LAGPARAM the user can choose between the

52

Giudice, Grojean, Pomarol, Rattazzi ‘07 Contino, Ghezzi, Grojean, Muhlleitner, Spira ‘to appear

http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
mailto:christophe.grojean@cern.ch?subject=Probing%20Higgs%20physics
mailto:christophe.grojean@cern.ch?subject=Probing%20Higgs%20physics
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Higgs power counting: SUSY vs Composite

While a complete classification of the operators is essential, having a power counting to

estimate their impact on physical observables, hence their relative importance, is equally

crucial. In this sense a simple yet consequential observation was made in Ref. [7]: when

expanding the e↵ective Lagrangian in the number of fields and derivatives, any additional

power of H is suppressed by a factor g⇤/M ⌘ 1/f , where g⇤  4⇡ denotes the coupling

strength of the Higgs to new physics states and M is their mass scales; any additional

derivative instead costs a factor 1/M . If the light Higgs is a composite state of the dynamics

at the scale M , it is natural to expect g⇤ � 1, hence f ⌧ M , which implies that operators

with extra powers of H give the leading corrections to low-energy observables. On the other

hand, in weakly-coupled completions of the Standard Model where g⇤ ⇠ 1, all operators with

the same dimension can be equally important. A proper analysis of the experimental results

through the language of the e↵ective Lagrangian can thus give indication on whether the

dynamics at the origin of electroweak symmetry breaking is weakly or strongly interacting.

According to the power counting of Ref. [7], one naively estimates 1

c̄H , c̄T , c̄6, c̄y ⇠ O

✓

v2

f 2

◆

, c̄W , c̄B ⇠ O

✓

m2
W

M2

◆

, c̄HW , c̄HB, c̄�, c̄g ⇠ O

✓

g2

16⇡2

v2

f 2

◆

c̄Hq, c̄
0
Hq, c̄Hu, c̄Hd, c̄Hud, c̄HL, c̄0HL, c̄Hl ⇠ O

✓

�2
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,

(1.4)

where y = u, d, l and we have denoted with � the coupling of a generic SM fermion to

the new dynamics. These estimates suggest that in the case of a strongly-interacting light

Higgs (SILH) the leading new physics e↵ects in Higgs observables are parametrized by the

operators OH,T,6,y, and, if the SM fermions couple strongly to the new dynamics, by the

fermionic operators of eq.(1.3) [7]. Notice that compared to the naive counting, c̄HW,HB,g,�

are suppressed by an additional factor (g2
⇤/16⇡2). This is because the corresponding operators

contribute to the coupling of on-shell photons and gluons to neutral particles and modify the

gyromagnetic ratio of the W , and are thus generated only at the loop level in a minimally

coupled theory.

1Notice that our normalization di↵ers from the one of Ref. [7], and it is more convenient than the latter

for a model-independent implementation of Eq. (1.2) in a computer program. The factor multiplying each

operator in the e↵ective Lagrangian has been conveniently defined such that the dependence on M and g⇤

is fully encoded into the dimensionless coe�cients c̄i.

3

generic new physics

weakly coupled NP

MSSM in the decoupling limit
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strongly coupled NP

composite Higgs models
g* >> gSM ie f << M
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Figure 2: The allowed parameter space of the e�ective theory given in Eq. (2.1), derived from

the combined ATLAS and CMS constraints for mh = 125 GeV. We display the 1⇤ allowed regions

generated from Higgs produced via gluon fusion (ggF) decaying to �� (pink), or to ZZ� � 4l (blue),

and Higgs produced via vector boson fusion (VBF) decaying to �� (beige). The “Combined” region

(green) shows the 90% CL allowed region arising from all channels. The dashed lines show the

SM values. The top left plot characterizes models in which loops containing beyond the SM fields

contribute to the e�ective 5-dimensional hGa
µ⇥G

a
µ⇥ and hAµ⇥Aµ⇥ operators, while leaving the lower-

dimension Higgs couplings in Eq. (2.1) unchanged relative to the SM prediction. The remaining

plots characterize top partner models where only scalars and fermions with the same charge and

color as the top quark contribute to the e�ective 5-dimensional operators, which implies the relation

⇥c� = (2/9)⇥cg. The results are shown for 3 di�erent sets of assumptions about the lower-dimension

Higgs couplings that can be realized in concrete models addressing the Higgs naturalness problem.

The top right plot was added in v2 to allow a direct comparison with the results of Refs. [27] and

[28]. 8
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Figure 9: Isocontours of 68%, 95% and 99% probability in the plane (a, c) for a 125 GeV Higgs

coming from CMS (left) and ATLAS (right). In each case the posterior probability has been

constructed using the method described in sec. 3.

channels performed by CMS also points to (see Fig. 4 of Ref. [24]). We thus find that such

a pattern of rates can be easily reproduced for c ⇤ �1, which ensures an enhanced ��

while predicting a gluon fusion production cross section close to its SM value. The second

maximum of the probability is for (a ⇧ 1.15, c ⇧ 1.0). It is smaller than the first peak, as

the shorter isocontours indicate. This solution roughly corresponds to the combined best fit

of CMS where all rates are 20% � 30% larger than their SM expectations (R�� ⇧ 1.4 and

RWW = RZZ ⇧ 1.3 for (a = 1.15, c = 1.0)). While the maximum at c ⇧ 1 already emerges

from the fit when including the channels WW , ZZ and �� alone, we find that the ⇥⇥ search

plays an important role in shaping the highest peak and excluding points with large and

negative c.

The plot on the right of Fig. 9 shows the best fit in the plane (a, c) obtained using the

full 2011 ATLAS data set (
�
dtL ⇥ 4.9 fb�1) [28]. Compared to the corresponding analysis

of CMS, the sensitivity of the h ⌅ WW inclusive search in ATLAS (in which the 2-jet VBF

category is not singled out) is much weaker in the fermiophobic region c ⇤ 0. This implies

a much broader region where the posterior probability is large, instead of two disconnected

smaller islands. Furthermore, the excess in the ZZ channel seen by ATLAS leads to a best
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Figure 4: Left: fit of the Higgs boson coupling parameters a, c to vector bosons and fermions,
respectively (assuming a common rescaling factor with respect to the SM prediction in both
cases). Right: fit to the t-quark and to b-quark and ⇥ -lepton Yukawa couplings assuming the
SM couplings to gauge bosons.

• the partonic cross sections for gg ⇤ h and for gg ⇤ tt̄h get rescaled by R2
t ;

• the partonic cross sections for qq̄ ⇤ qq̄h and for qq̄ ⇤ V h get rescaled by R2
V ;

• the decay widths h ⇤ V V � get rescaled by R2
V where V = {W,Z};

• the decay widhts h ⇤ ff̄ get rescaled by R2
f where f = {b, ⇥, . . .};

• the decay width h ⇤ ��, arising from the interference of one-loop diagrams mediated by
the top and by the W , gets rescaled by (1.28RW � 0.28Rt)2 for mh = 125GeV;

• similarly the decay width h ⇤ Z� (not yet measured) gets rescaled by (1.05RZ�0.05Rt)2.

A simplifying case considered in previous analyses [10, 11, 12] is a common rescaling factor
a for Higgs boson coupling to vectors and a common rescaling factor c for Higgs boson coupling
to fermions:

a = RV ⇥ RW = RZ , c = Rt = Rb = R� . (14)

We show in the left panel of Fig. 4 the resulting fit (continuous yellow contours). For comparison
the dashed contours show the result obtained ignoring the ��jj data from CMS and ATLAS, as
is also done in Fig. 2. This allows to compare our results with the ones of previous analyses [10,
11, 12] (although some other data has also been modified and added by experiments). Our
results essentially agree, up to the di�erence due to our use of more recent data.

We see that a negative RtRW < 0 is favoured because it implies a constructive interference
between the top quark and W boson loops in the decays h ⇤ �� increasing the corresponding

8
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Figure 7: The Tevatron constraints on the couplings (a, c) of a possible Higgs-like particle h
with mass ⇥ 125 GeV arising from the (left) b̄b and (centre) WW � final states, and (right)
their combination.

Figure 8: The constraints on the couplings (a, c) of a possible ‘Higgs’ h particle with mass
⇥ 125 GeV obtained from a global analysis of the available CMS, ATLAS, CDF and D0 data.

WW � and �� sub-channels discussed above.

The same features are visible in Fig. 9, where we see how the preference for the ‘anti-

dilaton’ scenario arises. As previously, the upper left panel is for the pseudo-dilaton scenario

with a = c, the upper right panel is for the anti-dilaton scenario with a = �c, the lower left

panel is for fermiophobic models, and the lower right panel is for the MCHM5 model. In the

case of the pseudo-dilaton scenario (which includes the Standard Model and the ⇥ ⇤ 0 limit

of the MCHM5 model when V = 246 GeV), we see that the values of V favoured by the

CMS, ATLAS and Tevatron data, while overlapping, do not coincide, whereas they coincide

perfectly in the ‘anti-dilaton’ case. The preference for a/c < 0 can be traced to the fact

that both CMS and ATLAS see �� signals that are somewhat enhanced compared to the

Standard Model, which can be explained by positive interference between the top and W±
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Figure 2: The allowed parameter space of the e�ective theory given in Eq. (2.1), derived from

the combined ATLAS and CMS constraints for mh = 125 GeV. We display the 1⇤ allowed regions

generated from Higgs produced via gluon fusion (ggF) decaying to �� (pink), or to ZZ� � 4l (blue),

and Higgs produced via vector boson fusion (VBF) decaying to �� (beige). The “Combined” region

(green) shows the 90% CL allowed region arising from all channels. The dashed lines show the

SM values. The top left plot characterizes models in which loops containing beyond the SM fields

contribute to the e�ective 5-dimensional hGa
µ⇥G

a
µ⇥ and hAµ⇥Aµ⇥ operators, while leaving the lower-

dimension Higgs couplings in Eq. (2.1) unchanged relative to the SM prediction. The remaining

plots characterize top partner models where only scalars and fermions with the same charge and

color as the top quark contribute to the e�ective 5-dimensional operators, which implies the relation

⇥c� = (2/9)⇥cg. The results are shown for 3 di�erent sets of assumptions about the lower-dimension

Higgs couplings that can be realized in concrete models addressing the Higgs naturalness problem.

The top right plot was added in v2 to allow a direct comparison with the results of Refs. [27] and

[28]. 8
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Figure 9: Isocontours of 68%, 95% and 99% probability in the plane (a, c) for a 125 GeV Higgs

coming from CMS (left) and ATLAS (right). In each case the posterior probability has been

constructed using the method described in sec. 3.

channels performed by CMS also points to (see Fig. 4 of Ref. [24]). We thus find that such

a pattern of rates can be easily reproduced for c ⇤ �1, which ensures an enhanced ��

while predicting a gluon fusion production cross section close to its SM value. The second

maximum of the probability is for (a ⇧ 1.15, c ⇧ 1.0). It is smaller than the first peak, as

the shorter isocontours indicate. This solution roughly corresponds to the combined best fit

of CMS where all rates are 20% � 30% larger than their SM expectations (R�� ⇧ 1.4 and

RWW = RZZ ⇧ 1.3 for (a = 1.15, c = 1.0)). While the maximum at c ⇧ 1 already emerges

from the fit when including the channels WW , ZZ and �� alone, we find that the ⇥⇥ search

plays an important role in shaping the highest peak and excluding points with large and

negative c.

The plot on the right of Fig. 9 shows the best fit in the plane (a, c) obtained using the

full 2011 ATLAS data set (
�
dtL ⇥ 4.9 fb�1) [28]. Compared to the corresponding analysis

of CMS, the sensitivity of the h ⌅ WW inclusive search in ATLAS (in which the 2-jet VBF

category is not singled out) is much weaker in the fermiophobic region c ⇤ 0. This implies

a much broader region where the posterior probability is large, instead of two disconnected

smaller islands. Furthermore, the excess in the ZZ channel seen by ATLAS leads to a best
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Figure 4: Left: fit of the Higgs boson coupling parameters a, c to vector bosons and fermions,
respectively (assuming a common rescaling factor with respect to the SM prediction in both
cases). Right: fit to the t-quark and to b-quark and ⇥ -lepton Yukawa couplings assuming the
SM couplings to gauge bosons.

• the partonic cross sections for gg ⇤ h and for gg ⇤ tt̄h get rescaled by R2
t ;

• the partonic cross sections for qq̄ ⇤ qq̄h and for qq̄ ⇤ V h get rescaled by R2
V ;

• the decay widths h ⇤ V V � get rescaled by R2
V where V = {W,Z};

• the decay widhts h ⇤ ff̄ get rescaled by R2
f where f = {b, ⇥, . . .};

• the decay width h ⇤ ��, arising from the interference of one-loop diagrams mediated by
the top and by the W , gets rescaled by (1.28RW � 0.28Rt)2 for mh = 125GeV;

• similarly the decay width h ⇤ Z� (not yet measured) gets rescaled by (1.05RZ�0.05Rt)2.

A simplifying case considered in previous analyses [10, 11, 12] is a common rescaling factor
a for Higgs boson coupling to vectors and a common rescaling factor c for Higgs boson coupling
to fermions:

a = RV ⇥ RW = RZ , c = Rt = Rb = R� . (14)

We show in the left panel of Fig. 4 the resulting fit (continuous yellow contours). For comparison
the dashed contours show the result obtained ignoring the ��jj data from CMS and ATLAS, as
is also done in Fig. 2. This allows to compare our results with the ones of previous analyses [10,
11, 12] (although some other data has also been modified and added by experiments). Our
results essentially agree, up to the di�erence due to our use of more recent data.

We see that a negative RtRW < 0 is favoured because it implies a constructive interference
between the top quark and W boson loops in the decays h ⇤ �� increasing the corresponding

8
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Figure 7: The Tevatron constraints on the couplings (a, c) of a possible Higgs-like particle h
with mass ⇥ 125 GeV arising from the (left) b̄b and (centre) WW � final states, and (right)
their combination.

Figure 8: The constraints on the couplings (a, c) of a possible ‘Higgs’ h particle with mass
⇥ 125 GeV obtained from a global analysis of the available CMS, ATLAS, CDF and D0 data.

WW � and �� sub-channels discussed above.

The same features are visible in Fig. 9, where we see how the preference for the ‘anti-

dilaton’ scenario arises. As previously, the upper left panel is for the pseudo-dilaton scenario

with a = c, the upper right panel is for the anti-dilaton scenario with a = �c, the lower left

panel is for fermiophobic models, and the lower right panel is for the MCHM5 model. In the

case of the pseudo-dilaton scenario (which includes the Standard Model and the ⇥ ⇤ 0 limit

of the MCHM5 model when V = 246 GeV), we see that the values of V favoured by the

CMS, ATLAS and Tevatron data, while overlapping, do not coincide, whereas they coincide

perfectly in the ‘anti-dilaton’ case. The preference for a/c < 0 can be traced to the fact

that both CMS and ATLAS see �� signals that are somewhat enhanced compared to the

Standard Model, which can be explained by positive interference between the top and W±
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RG-improved Higgs physics
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the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

h

W
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W
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Figure 1: One-loop diagrams contributing to h ! V V that feature the e↵ective vertex h(@µ�)2

implied by the dimension-6 operator OH . Their logarithmic divergence is associated to the running

of c̄W + c̄B and c̄HW + c̄HB, see text. The symbol ⌦ denotes the insertion of the e↵ective vertex.

will mix among each others. At leading order in the SM coupling ↵ (and in the number of

e↵ective vertices insertions), one has

c̄i(µ) '
✓

�ij + �(0)
ij

↵

8⇡
log

✓

µ2

M2

◆◆

c̄j(M) , (3.28)

where �(0)
ij is the leading-order coe�cient of the anomalous dimension. As usual, for µ⌧M

one can resum terms (↵ log(M/µ))n at all orders n by solving the renormalization group

equation for the ci.

In general, one-loop EW corrections mix all the operators of eqs.() except those with

gluon field strengths. In the case of a strongly-interacting Higgs, g⇤ � g, the leading e↵ects

– although with a few exceptions which we mention below – come from loops of only NG

and Higgs bosons. In this limit the (transversely polarized) gauge fields can be considered

as external classical sources, while the Yukawa couplings can be set to zero. This drastically

simplifies the matrix of anomalous dimensions, since there are only three operators which

mix among each other: OH , OW+B ⌘ OW + OB and OHW+HB ⌘ OHW + OHB. We find:

�(0)
ij =

0

B

B

@

0 0 0

1/12 0 0

?? 0 0

1

C

C

A

, i, j = H, (W + B), (HW + HB) . (3.29)

The only non-vanishing elements are those corresponding to a renormalization of c̄W + c̄B

and c̄HW + c̄BH due to c̄H . Considering for example the process h ! V V , the relevant

one-loop diagrams are shown in Fig. 1. From the estimates c̄H(M) ⇠ (v2/f 2), c̄W,B(M) ⇠
O(m2
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FIG. 1: Global fit results in the (a, c) plane for all reported best fit values given by ATLAS and CMS, left

(right) without EWPD (with EWPD). In both plots we take mh = 125 GeV for the Tevatron and CMS7/8

and mh = 126.5 GeV for ATLAS7/8. The green, yellow, gray regions corresponds to the allowed 1, 2, 3 �

spaces for a two parameter fit. The best fit point in each region is also labeled with a point. The thicker

point indicates the one with the smaller �2
min.

interference between the top and W boson loops. When EWPD is used as in Figure 1 (right) we

find that the SM is similarly residing at ⇠ 2 � (C.L. of 0.93) away from the best fit point which is

now (a, c) = (1.0, 0.67) and the best fit region where c > 0 now has a (significantly) lower global

minimum. The minima are no longer as degenerate with the addition of the most recent ATLAS

data, ��2
(min1, min2) ⇠ 4.

In view of the different masses of the signal-strength peaks in the various experiments (which

can be due to the statistical effects mentioned above) and of the subtleties we have neglected in

properly combining the results of these different experiments, it is also of interest to perform the

fit in the (a, c) space for each experiment individually. We show these results in Figure 2. The

CMS experiment has the SM point residing about ⇠ 2� from the best fit point, with the C.L. of

the SM case compared to the best fit point at 93%. For ATLAS, the SM point is now at a C.L. of

41%, within the ⇠ 1� region. The Tevatron results have the SM point within the 1� region with a

C.L. of the SM case (compared to the best fit point) of 50%.

The allowed fit region for CMS can be compared to the recently presented public results [1],
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Figure 1: One-loop diagrams contributing to h ! V V that feature the e↵ective vertex h(@µ�)2

implied by the dimension-6 operator OH . Their logarithmic divergence is associated to the running

of c̄W + c̄B and c̄HW + c̄HB, see text. The symbol ⌦ denotes the insertion of the e↵ective vertex.
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where �(0)
ij is the leading-order coe�cient of the anomalous dimension. As usual, for µ⌧M

one can resum terms (↵ log(M/µ))n at all orders n by solving the renormalization group

equation for the ci.

In general, one-loop EW corrections mix all the operators of eqs.() except those with

gluon field strengths. In the case of a strongly-interacting Higgs, g⇤ � g, the leading e↵ects

– although with a few exceptions which we mention below – come from loops of only NG

and Higgs bosons. In this limit the (transversely polarized) gauge fields can be considered

as external classical sources, while the Yukawa couplings can be set to zero. This drastically

simplifies the matrix of anomalous dimensions, since there are only three operators which

mix among each other: OH , OW+B ⌘ OW + OB and OHW+HB ⌘ OHW + OHB. We find:
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The only non-vanishing elements are those corresponding to a renormalization of c̄W + c̄B

and c̄HW + c̄BH due to c̄H . Considering for example the process h ! V V , the relevant

one-loop diagrams are shown in Fig. 1. From the estimates c̄H(M) ⇠ (v2/f 2), c̄W,B(M) ⇠
O(m2

W /M2), see eq.(1.4), it follows that in the case of c̄W+B the RG evolution down to

15

the case of !!
(no loop of Goldstone, need loops of weakly coupled fields)
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Figure 1.
fig:graphs
One-loop diagrams for the renormalization of the operators in Eq. (2.2). Graph (e)

has a partner graph where the loop is on the other gauge boson line. Graphs (g,h,i,j) have partner
graphs where the gauge bosons couple to the incoming scalar line. Wavefunction graphs have not
been shown.
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The only non-vanishing elements are those corresponding to a renormalization of c̄W + c̄B

and c̄HW + c̄BH due to c̄H . Considering for example the process h ! V V , the relevant

one-loop diagrams are shown in Fig. 1. From the estimates c̄H(M) ⇠ (v2/f 2), c̄W,B(M) ⇠
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One-loop diagrams for the renormalization of the operators in Eq. (2.2). Graph (e)

has a partner graph where the loop is on the other gauge boson line. Graphs (g,h,i,j) have partner
graphs where the gauge bosons couple to the incoming scalar line. Wavefunction graphs have not
been shown.
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the previous estimates were based on the values of the Wilson coefficients @ NP scale

RG effects can change the picture
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Figure 1: One-loop diagrams contributing to h ! V V that feature the e↵ective vertex h(@µ�)2

implied by the dimension-6 operator OH . Their logarithmic divergence is associated to the running

of c̄W + c̄B and c̄HW + c̄HB, see text. The symbol ⌦ denotes the insertion of the e↵ective vertex.

will mix among each others. At leading order in the SM coupling ↵ (and in the number of

e↵ective vertices insertions), one has

c̄i(µ) '
✓

�ij + �(0)
ij

↵

8⇡
log

✓

µ2

M2

◆◆

c̄j(M) , (3.28)

where �(0)
ij is the leading-order coe�cient of the anomalous dimension. As usual, for µ⌧M

one can resum terms (↵ log(M/µ))n at all orders n by solving the renormalization group

equation for the ci.

In general, one-loop EW corrections mix all the operators of eqs.() except those with

gluon field strengths. In the case of a strongly-interacting Higgs, g⇤ � g, the leading e↵ects

– although with a few exceptions which we mention below – come from loops of only NG

and Higgs bosons. In this limit the (transversely polarized) gauge fields can be considered

as external classical sources, while the Yukawa couplings can be set to zero. This drastically

simplifies the matrix of anomalous dimensions, since there are only three operators which

mix among each other: OH , OW+B ⌘ OW + OB and OHW+HB ⌘ OHW + OHB. We find:

�(0)
ij =

0

B

B

@

0 0 0

1/12 0 0

?? 0 0

1

C

C

A

, i, j = H, (W + B), (HW + HB) . (3.29)

The only non-vanishing elements are those corresponding to a renormalization of c̄W + c̄B

and c̄HW + c̄BH due to c̄H . Considering for example the process h ! V V , the relevant

one-loop diagrams are shown in Fig. 1. From the estimates c̄H(M) ⇠ (v2/f 2), c̄W,B(M) ⇠
O(m2

W /M2), see eq.(1.4), it follows that in the case of c̄W+B the RG evolution down to

15

the case of !!
(no loop of Goldstone, need loops of weakly coupled fields)

(a) (b)

(c) (d) (e) (f)

(g) (h) (i) (j)

Figure 1.
fig:graphs
One-loop diagrams for the renormalization of the operators in Eq. (2.2). Graph (e)

has a partner graph where the loop is on the other gauge boson line. Graphs (g,h,i,j) have partner
graphs where the gauge bosons couple to the incoming scalar line. Wavefunction graphs have not
been shown.

operators at one-loop split into two groups {rge}

µ
d

dµ
cG = !G cG (3.3a)

µ
d

dµ

!

"#
cB
cW
cWB

$

%& = !WB

!

"#
cB
cW
cWB

$

%& (3.3b)

– 5 –

c��(Mh) =


1�# log

Mh

⇤

�
c��(⇤)�#

g2

8⇡2
log

Mh

⇤

cHW+HB(⇤)}
g2

16⇡2

v2

f2

}
x Log

but screened by cH and ct contributions (unless large Log)cH and ct 

g2

g2⇤

contribution >> EW NLO and forgotten up to now
for strong PGB models

Elias-Miro, Espinosa, Masso, Pomarol ’13Grojean, Jenkins, Manohar, Trott ’13

c��(Mh) =


1�# log

Mh

⇤

�
c��(⇤)�#

g2

8⇡2
log

Mh

⇤

cHW+HB(⇤)

g2

16⇡2

g2

16⇡2

v2

f2

http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1302.5661
http://arXiv.org/abs/1302.5661
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1301.2588
http://arXiv.org/abs/1301.2588


Christophe Grojean Extended Higgs Aspen, 13th.March 2o1315

RG-improved Higgs physics
the previous estimates were based on the values of the Wilson coefficients @ NP scale

RG effects can change the picture

h

W

W
W

W

h

W

W

h
h

Figure 1: One-loop diagrams contributing to h ! V V that feature the e↵ective vertex h(@µ�)2

implied by the dimension-6 operator OH . Their logarithmic divergence is associated to the running

of c̄W + c̄B and c̄HW + c̄HB, see text. The symbol ⌦ denotes the insertion of the e↵ective vertex.

will mix among each others. At leading order in the SM coupling ↵ (and in the number of

e↵ective vertices insertions), one has

c̄i(µ) '
✓

�ij + �(0)
ij

↵

8⇡
log

✓

µ2

M2

◆◆

c̄j(M) , (3.28)

where �(0)
ij is the leading-order coe�cient of the anomalous dimension. As usual, for µ⌧M

one can resum terms (↵ log(M/µ))n at all orders n by solving the renormalization group

equation for the ci.

In general, one-loop EW corrections mix all the operators of eqs.() except those with

gluon field strengths. In the case of a strongly-interacting Higgs, g⇤ � g, the leading e↵ects

– although with a few exceptions which we mention below – come from loops of only NG

and Higgs bosons. In this limit the (transversely polarized) gauge fields can be considered

as external classical sources, while the Yukawa couplings can be set to zero. This drastically

simplifies the matrix of anomalous dimensions, since there are only three operators which

mix among each other: OH , OW+B ⌘ OW + OB and OHW+HB ⌘ OHW + OHB. We find:

�(0)
ij =

0

B

B

@

0 0 0

1/12 0 0

?? 0 0

1

C

C

A

, i, j = H, (W + B), (HW + HB) . (3.29)

The only non-vanishing elements are those corresponding to a renormalization of c̄W + c̄B

and c̄HW + c̄BH due to c̄H . Considering for example the process h ! V V , the relevant

one-loop diagrams are shown in Fig. 1. From the estimates c̄H(M) ⇠ (v2/f 2), c̄W,B(M) ⇠
O(m2

W /M2), see eq.(1.4), it follows that in the case of c̄W+B the RG evolution down to

15

the case of !!
(no loop of Goldstone, need loops of weakly coupled fields)

(a) (b)

(c) (d) (e) (f)

(g) (h) (i) (j)

Figure 1.
fig:graphs
One-loop diagrams for the renormalization of the operators in Eq. (2.2). Graph (e)

has a partner graph where the loop is on the other gauge boson line. Graphs (g,h,i,j) have partner
graphs where the gauge bosons couple to the incoming scalar line. Wavefunction graphs have not
been shown.

operators at one-loop split into two groups {rge}

µ
d

dµ
cG = !G cG (3.3a)

µ
d

dµ

!

"#
cB
cW
cWB

$

%& = !WB

!

"#
cB
cW
cWB

$

%& (3.3b)

– 5 –

c��(Mh) =


1�# log

Mh

⇤

�
c��(⇤)�#

g2

8⇡2
log

Mh

⇤

cHW+HB(⇤)}
g2

16⇡2

v2

f2

}
x Log

but screened by cH and ct contributions (unless large Log)cH and ct 

g2

g2⇤

contribution >> EW NLO and forgotten up to now
for strong PGB models

Elias-Miro, Espinosa, Masso, Pomarol ’13Grojean, Jenkins, Manohar, Trott ’13

c��(Mh) =


1�# log

Mh

⇤

�
c��(⇤)�#

g2

8⇡2
log

Mh

⇤

cHW+HB(⇤)

g2

16⇡2

g2

16⇡2

v2

f2

the mixing can even have larger effect in non-SILH dynamics
S oblique parameter can induce h ➛ !!

Grojean, Jenkins, Manohar, Trott ’13

http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1302.5661
http://arXiv.org/abs/1302.5661
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1301.2588
http://arXiv.org/abs/1301.2588
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1301.2588
http://arXiv.org/abs/1301.2588


Christophe Grojean Extended Higgs Aspen, 13th.March 2o1316

Light composite Higgs from “light” resonances

Impossible to compute the details of the potential from first principles 
but using general properties on the asymptotic behavior of correlators

 (saturation of Weinberg sum rules with the first few lightest resonances)
it is possible to estimate the Higgs mass  
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for the Higgs
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procedure does not depend on its quantum numbers. We then have

m2
h

� N
c

⇡2

m2
t

f 2
m2

Q

, (22)

that provides an upper bound for the resonance mass:

m
Q

. 700 GeV
⇣ m

h

125 GeV

⌘✓160 GeV

m
t

◆✓
f

500 GeV

◆
. (23)

To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term

of Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].

6

fermionic resonances below ~ 1 TeV
vector resonances ~ few TeV (EW precision constraints)

~ for a natural (<20% fine-tuning) set-up ~

Pomarol, Riva ’12 Marzocca, Serone, Shu ’12
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Light composite Higgs from “light” resonances

5 of SO(5)

Contino, Da Rold, Pomarol  ’06 De Curtis, Redi, Tesi ’11

Matsedonskyi, Panico, Wulzer ’12 Marzocca, Serone, Shu ’12

for similar results, see also

&

true spectrum in explicit realizations

Nice AdS/CFT interpretation

M = 1/2 $ dim[O ] = 3/2 $ light free field decoupled from CFT
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Rich phenomenology of the top partners

[Contino, Servant ’08]Search in same-sign di-lepton events
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 the resonant (tW) invariant mass can be reconstructed

        

















 














Figure 3: Production cross sections at the LHC for T5/3 as functions of its mass. The dashed line
refers to pair-production; the solid and the two dotted curves refer to single production for the
three values of the coupling (from highest to lowest) !T5/3

= Y! sin "R = 4, 3, 2. Cross sections for
B are given by the same curves for the same values of !B = Y! cos "L sin"R.

and M = MT5/3
(M = MB), ! = !T5/3

= Y! sin "R (! = !B = Y! cos "L sin "R) in the case
of T5/3 (B). For example, setting ! = 3 gives ! = 31 (82) GeV for M = 0.5 (1) TeV. Single
production proceeds via the diagram of Fig. 2, and becomes dominant for heavier masses,
see Fig. 3. For simplicity, although it is likely to be important for extending the discovery
reach to larger masses, we will neglect single production in the present work. We will argue
that this should not a"ect significantly our final results, and that it is in fact a conservative
assumption.

Finally, it is worth mentioning that no direct bounds on the heavy quark masses MT5/3
,

MB exist from Tevatron, as no searches have been pursued for new heavy quarks decaying
to tW . The CDF bound on heavy bottom quarks b", Mb! > 268 GeV, is derived assuming
that b" decays exclusively to bZ [25]. We estimate that for M = 300 GeV (500 GeV), the
pair-production cross section of T5/3 or B at Tevatron is 201 fb (1 fb). For M = 300 GeV
this corresponds to ! 35 events in the same-sign dilepton channel, before any cut, with an
integrated luminosity of 4 fb#1, suggesting that, although challenging, a dedicated analysis
at CDF and D0 could lead to interesting bounds on MT5/3

, MB.

3 Signal and Background Simulation

We want to study the pair production of B and T5/3 at the LHC focussing on decay channels
with two same-sign leptons. We consider two values of the heavy fermion masses, M =
500 GeV and M = 1 TeV, and set !T5/3

= !B = 3. As explained in the previous section,
such large values of the couplings are naturally expected if the heavy fermions are bound

5
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ground is the largest of all, but it is removed by the require-
ment on the minimum bb̄ invariant, since the !mistagged" cs
pair comes from W decay.11
Although each background in the 4b-tag analysis is com-

parable to the signal, there are only a few signal events with
30 fb!1. Therefore, there is little hope of observing a signal
in this channel, unless significantly more than 30 fb!1 can
be delivered while maintaining the same detector perfor-
mance. At high luminosity (L"1034/cm2/s), it is anticipated
that the minimum pT for jets must be raised to 30 GeV. In
Table V we study the signal and backgrounds in this scenario
!the b-tagging efficiency is also lowered to 50%". After all
cuts, the t t̄ bb̄ backgrounds are now each twice as large as
the signal, because these backgrounds involve missing a jet,
which is more likely with the increased jet pT threshold. The
number of signal events in 300 fb!1 is about 10, with about
55 background events. Significantly more integrated lumi-
nosity would be needed to see a signal in this channel.

IV. PRODUCTION OF SUPERSYMMETRIC HIGGS
BOSONS

It is interesting to ask whether there could be an enhance-
ment in the signal when the production of nonminimal Higgs
bosons is considered. With this aim we have investigated the
production of a light CP-even !h" and a CP-odd !A" Higgs
boson in the MSSM.
The Higgs boson sector of the MSSM is the same as the

2HDM presented in Appendix A except that it depends !at
tree level" on only two free parameters, which can be chosen
to be mA and tan# . The tree-level relations between the
Higgs boson masses are modified by radiative corrections
that involve the supersymmetric particle spectrum, mainly of
the top sector $3–5%. Since the analytical form of the correc-
tions is quite involved !see Ref. $39%" we used HDECAY $38%
to evaluate the Higgs boson masses and the mixing param-
eter & , given mA , tan# , and information on the top-squark
mixings and masses.

For large mA , the masses of the heavy Higgs bosons ap-
proximately coincide, mA!mH!mH#, while the CP-even
Higgs boson remains light. This is the so-called decoupling
limit, where the standard-model couplings and particle con-
tent are recovered. In the case of large tan# and small mA ,
one finds that mh!mA and the Higgs boson couplings to the
vector bosons and to the fermions are different from those
predicted by the standard model. In particular, there is a
strong enhancement of the bottom-quark coupling to both the
h and the A, which can give rise to interesting signatures at
the colliders $6,40–42%. We focus our attention in this area of
the parameter space, which is not excluded by the measure-
ments from the CERN e$e! collider LEP $2%, choosing
mA%120 GeV and 10%tan#%50.
In Fig. 13 we show the cross section for production of the

CP-even Higgs boson h and CP-odd Higgs boson A in as-
sociation with single top as a function of mA and tan# .
These are calculated using tree-level matrix elements gener-
ated by MADGRAPH $32% !and checked against those obtained
by COMPHEP $33%" convoluted with the parton distribution
function set CTEQ5L $34%, and with the renormalization and
factorization scales set equal to the Higgs boson mass. We
assume a simplified scenario where the third generation di-
agonal soft-supersymmetry-breaking squark masses are de-
generate, with a common value MSUSY"1 TeV, and the
mixing between the top squarks maximal, Xt"At!' cot#
"!6MSUSY , with '"!200 GeV !for an extensive discus-
sion on the other possible choices, see Ref. $6% and refer-
ences therein".
As shown in Fig. 13, for tan#&30, the cross sections are

indeed enhanced with respect to that for a standard-model
Higgs boson. However, the increase is never very large. This
is basically due to two reasons. First, from the arguments
presented in Sec. II and Appendix A, unitarity imposes large
cancellations among the various diagrams, even in the
MSSM Higgs boson sector. In this respect, the production of
the CP-odd state A is particularly instructive. Because of its
CP quantum numbers, this state cannot couple to two W’s
and therefore the contribution from the second diagram in
Fig. 1 vanishes. One might guess that the destructive inter-

11In actuality, some of this background will remain due to jet
resolution.

FIG. 11. Example of a Feynman diagram contributing to the
signal in the 4b-tag analysis.

FIG. 10. Reducible backgrounds in the 3b-tag analysis coming
from the production of a t t̄ pair and jets. The c quark coming from
the decay of a W is misidentified as a b quark. In t t̄ production !a"
the s quark is the forward jet while in t t̄ j production !b" the s-quark
jet is missed.

F. MALTONI, K. PAUL, T. STELZER, AND S. WILLENBROCK PHYSICAL REVIEW D 64 094023

094023-8

The region !q2!MW
2 dominates, in analogy to single top

production "23–25#. Since we also assume that the charge of
the b jet is not measured, the signature for this processes is

3b"1fwd jet"l#"p” T. $3%

In order to estimate the number of events in the detector, we
have chosen the acceptances as shown in Table II, corre-
sponding to low-luminosity running (L$1033/cm2/s). With
30 fb!1 we expect around 120 events. When the b-tagging
efficiency (&b$60%) and lepton efficiency (& l$90%) are
included, the number of expected events goes down to 23.7
Although the final tally is low, this is more than half of the
number of events expected for the t t̄ h process after branch-
ing ratios and reconstruction efficiencies are taken into ac-
count "30#. However, the impact of the backgrounds is more
severe for a Higgs boson plus a single top, as we discuss in
the following.
The largest sources of irreducible background are from

single top production in association with a bb̄ pair, coming
either from the resonant production of a Z boson (tZ) or
from a higher-order QCD process, such as the emission of a
gluon subsequently splitting into a bb̄ pair (tbb̄). Although
the final-state particles in the above processes are exactly the
same as in the signal, the typical invariant mass mbb̄ of the
b’s in the final state is quite different. Let us study the ide-
alized case where the t is reconstructed with 100% efficiency,
such that we know which b comes from top decay. For tZ the
distribution in mbb̄ is peaked around the Z mass, while for
tbb̄ it is largest at small invariant mass. We require that the
invariant mass of the bb̄ pair lies in a window mh#2' ,
where '$11 GeV is the expected experimental resolution
"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on

the invariant mass of the bb̄ applied $second row%. We see
that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄!(W"!l"()(W!! c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
10In actuality some of the background will pass the cut due to jet
resolution.

FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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severe for a Higgs boson plus a single top, as we discuss in
the following.
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distribution in mbb̄ is peaked around the Z mass, while for
tbb̄ it is largest at small invariant mass. We require that the
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where '$11 GeV is the expected experimental resolution
"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on

the invariant mass of the bb̄ applied $second row%. We see
that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄!(W"!l"()(W!! c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
10In actuality some of the background will pass the cut due to jet
resolution.

FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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We study the production of the Higgs boson in association with a single top quark at hadron colliders. The
cross sections for the three production processes (t channel, s channel, and W associated" at both the Fermilab
Tevatron and the CERN Large Hadron Collider !LHC" are presented. We investigate the possibility of detect-
ing a signal for the largest of these processes, the t-channel process at the LHC, via the Higgs boson decay into
bb̄ . The QCD backgrounds are large and difficult to curb, hindering the extraction of the signal. Extensions of
our analysis to the production of supersymmetric Higgs bosons are also addressed. The cross section is
enhanced for large values of tan # , increasing the prospects for extracting a signal.
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I. INTRODUCTION

The discovery of the Higgs boson as the culprit for elec-
troweak symmetry breaking !EWSB" is one of the most chal-
lenging goals of present and future high-energy experiments.
Within the standard model !SM", the mass of the Higgs bo-
son is basically unconstrained with an upper bound of mh
!600"800 GeV $1%. However, present data from precision
measurements of electroweak quantities favor a moderate
mass (113 GeV#mh!200"230 GeV) $2%. In addition, the
minimal supersymmetric version of the SM !MSSM", which
is one of its most popular extensions, predicts a Higgs boson
with an upper mass bound of about 130 GeV $3–5%. Thus the
scenario with an intermediate-mass Higgs boson (113 GeV
#mh!130 GeV) is both theoretically plausible and well
supported by the data.
Detailed studies performed for both the Fermilab Tevatron

and the CERN Large Hadron Collider !LHC" !see, for ex-
ample, Refs. $6% and $7%, respectively" have shown that there
is no single production mechanism or decay channel that
dominates the phenomenology over the intermediate-mass
range for the Higgs boson. Associated production of Wh or
Zh $8% and t t̄ h $9,10%, with the subsequent decay h!&&
$11–13% and h!bb̄ $14–18%, are presently considered the
most promising reactions to discover an intermediate-mass
Higgs boson at both the Tevatron and the LHC. In this case
one of the top quarks or the weak boson present in the final
state can decay leptonically, providing an efficient trigger.
The major difficulties in extracting a reliable signal from
either of these two channels are the combination of a small
signal and the need for an accurate control of all the back-
ground sources. In this respect, it would be useful to have
other processes that could raise the sensitivity in this range
of masses.
In this paper we re-examine the production of a Higgs

boson in association with a single top quark (th production"
at hadron colliders $19–22%.1 This process can be viewed as
a natural extension of the single top production processes
$23–28%, where a Higgs boson is radiated off the top or off

the W that mediates the bottom-to-top transition. As in the
usual single-top production, the three processes of interest
are characterized by the virtuality of the W boson in the
process: !i" t channel !Fig. 1", where the spacelike W strikes
a b quark in the proton sea, promoting it to a top quark; !ii"
s channel !Fig. 2", where the W is timelike; !iii" W associated
!Fig. 3", where there is emission of a real W boson.
There are two reasons a priori that make the above pro-

cesses worthy of attention. The first one is that, based on
simple considerations, one would expect Higgs boson plus
single top production to be relevant at the Tevatron and at the
LHC. While top quarks will be mostly produced in pairs via
the strong interaction, the cross section for single top, which
is a weak process, turns out to be rather large, about one-
third of the cross section for top pair production $29,30%. If a
similar ratio between '(th) and '(t t̄ h) is assumed, it is
natural to ask whether th production could be used together
with Wh , Zh , and t t̄ h as a means to discover an
intermediate-mass Higgs boson at the LHC. With this aim,
the t-channel process has been previously considered when
the Higgs boson decays into a pair of photons, with the result
that too few events of this type would be produced, even at
high-luminosity runs, at the LHC $20–22%. Since the domi-
nant decay mode of the Higgs boson in this mass region is
into bb̄ pairs, this suggests searching for it using one or more
b tags, in the same way as the t t̄ h analysis is conducted. This
possibility is pursued in the present paper.
The second reason for considering Higgs boson plus

single top quark production is that it gives a rather unique
possibility for studying the relative sign between the cou-
pling of the Higgs boson to fermions and to vector bosons
$22,31%. Measurements of Wh and t t̄ h production rates test,

1We always understand th to include both top quark and top an-
tiquark production.

FIG. 1. Feynman diagrams contributing to the t-channel produc-
tion of a Higgs boson plus a single top quark.
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ground is the largest of all, but it is removed by the require-
ment on the minimum bb̄ invariant, since the !mistagged" cs
pair comes from W decay.11
Although each background in the 4b-tag analysis is com-

parable to the signal, there are only a few signal events with
30 fb!1. Therefore, there is little hope of observing a signal
in this channel, unless significantly more than 30 fb!1 can
be delivered while maintaining the same detector perfor-
mance. At high luminosity (L"1034/cm2/s), it is anticipated
that the minimum pT for jets must be raised to 30 GeV. In
Table V we study the signal and backgrounds in this scenario
!the b-tagging efficiency is also lowered to 50%". After all
cuts, the t t̄ bb̄ backgrounds are now each twice as large as
the signal, because these backgrounds involve missing a jet,
which is more likely with the increased jet pT threshold. The
number of signal events in 300 fb!1 is about 10, with about
55 background events. Significantly more integrated lumi-
nosity would be needed to see a signal in this channel.

IV. PRODUCTION OF SUPERSYMMETRIC HIGGS
BOSONS

It is interesting to ask whether there could be an enhance-
ment in the signal when the production of nonminimal Higgs
bosons is considered. With this aim we have investigated the
production of a light CP-even !h" and a CP-odd !A" Higgs
boson in the MSSM.
The Higgs boson sector of the MSSM is the same as the

2HDM presented in Appendix A except that it depends !at
tree level" on only two free parameters, which can be chosen
to be mA and tan# . The tree-level relations between the
Higgs boson masses are modified by radiative corrections
that involve the supersymmetric particle spectrum, mainly of
the top sector $3–5%. Since the analytical form of the correc-
tions is quite involved !see Ref. $39%" we used HDECAY $38%
to evaluate the Higgs boson masses and the mixing param-
eter & , given mA , tan# , and information on the top-squark
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CP-even Higgs boson h and CP-odd Higgs boson A in as-
sociation with single top as a function of mA and tan# .
These are calculated using tree-level matrix elements gener-
ated by MADGRAPH $32% !and checked against those obtained
by COMPHEP $33%" convoluted with the parton distribution
function set CTEQ5L $34%, and with the renormalization and
factorization scales set equal to the Higgs boson mass. We
assume a simplified scenario where the third generation di-
agonal soft-supersymmetry-breaking squark masses are de-
generate, with a common value MSUSY"1 TeV, and the
mixing between the top squarks maximal, Xt"At!' cot#
"!6MSUSY , with '"!200 GeV !for an extensive discus-
sion on the other possible choices, see Ref. $6% and refer-
ences therein".
As shown in Fig. 13, for tan#&30, the cross sections are

indeed enhanced with respect to that for a standard-model
Higgs boson. However, the increase is never very large. This
is basically due to two reasons. First, from the arguments
presented in Sec. II and Appendix A, unitarity imposes large
cancellations among the various diagrams, even in the
MSSM Higgs boson sector. In this respect, the production of
the CP-odd state A is particularly instructive. Because of its
CP quantum numbers, this state cannot couple to two W’s
and therefore the contribution from the second diagram in
Fig. 1 vanishes. One might guess that the destructive inter-

11In actuality, some of this background will remain due to jet
resolution.

FIG. 11. Example of a Feynman diagram contributing to the
signal in the 4b-tag analysis.

FIG. 10. Reducible backgrounds in the 3b-tag analysis coming
from the production of a t t̄ pair and jets. The c quark coming from
the decay of a W is misidentified as a b quark. In t t̄ production !a"
the s quark is the forward jet while in t t̄ j production !b" the s-quark
jet is missed.
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The region !q2!MW
2 dominates, in analogy to single top

production "23–25#. Since we also assume that the charge of
the b jet is not measured, the signature for this processes is

3b"1fwd jet"l#"p” T. $3%

In order to estimate the number of events in the detector, we
have chosen the acceptances as shown in Table II, corre-
sponding to low-luminosity running (L$1033/cm2/s). With
30 fb!1 we expect around 120 events. When the b-tagging
efficiency (&b$60%) and lepton efficiency (& l$90%) are
included, the number of expected events goes down to 23.7
Although the final tally is low, this is more than half of the
number of events expected for the t t̄ h process after branch-
ing ratios and reconstruction efficiencies are taken into ac-
count "30#. However, the impact of the backgrounds is more
severe for a Higgs boson plus a single top, as we discuss in
the following.
The largest sources of irreducible background are from

single top production in association with a bb̄ pair, coming
either from the resonant production of a Z boson (tZ) or
from a higher-order QCD process, such as the emission of a
gluon subsequently splitting into a bb̄ pair (tbb̄). Although
the final-state particles in the above processes are exactly the
same as in the signal, the typical invariant mass mbb̄ of the
b’s in the final state is quite different. Let us study the ide-
alized case where the t is reconstructed with 100% efficiency,
such that we know which b comes from top decay. For tZ the
distribution in mbb̄ is peaked around the Z mass, while for
tbb̄ it is largest at small invariant mass. We require that the
invariant mass of the bb̄ pair lies in a window mh#2' ,
where '$11 GeV is the expected experimental resolution
"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on

the invariant mass of the bb̄ applied $second row%. We see
that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄!(W"!l"()(W!! c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
10In actuality some of the background will pass the cut due to jet
resolution.

FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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Tevatron and the CERN Large Hadron Collider !LHC" are presented. We investigate the possibility of detect-
ing a signal for the largest of these processes, the t-channel process at the LHC, via the Higgs boson decay into
bb̄ . The QCD backgrounds are large and difficult to curb, hindering the extraction of the signal. Extensions of
our analysis to the production of supersymmetric Higgs bosons are also addressed. The cross section is
enhanced for large values of tan # , increasing the prospects for extracting a signal.
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I. INTRODUCTION

The discovery of the Higgs boson as the culprit for elec-
troweak symmetry breaking !EWSB" is one of the most chal-
lenging goals of present and future high-energy experiments.
Within the standard model !SM", the mass of the Higgs bo-
son is basically unconstrained with an upper bound of mh
!600"800 GeV $1%. However, present data from precision
measurements of electroweak quantities favor a moderate
mass (113 GeV#mh!200"230 GeV) $2%. In addition, the
minimal supersymmetric version of the SM !MSSM", which
is one of its most popular extensions, predicts a Higgs boson
with an upper mass bound of about 130 GeV $3–5%. Thus the
scenario with an intermediate-mass Higgs boson (113 GeV
#mh!130 GeV) is both theoretically plausible and well
supported by the data.
Detailed studies performed for both the Fermilab Tevatron

and the CERN Large Hadron Collider !LHC" !see, for ex-
ample, Refs. $6% and $7%, respectively" have shown that there
is no single production mechanism or decay channel that
dominates the phenomenology over the intermediate-mass
range for the Higgs boson. Associated production of Wh or
Zh $8% and t t̄ h $9,10%, with the subsequent decay h!&&
$11–13% and h!bb̄ $14–18%, are presently considered the
most promising reactions to discover an intermediate-mass
Higgs boson at both the Tevatron and the LHC. In this case
one of the top quarks or the weak boson present in the final
state can decay leptonically, providing an efficient trigger.
The major difficulties in extracting a reliable signal from
either of these two channels are the combination of a small
signal and the need for an accurate control of all the back-
ground sources. In this respect, it would be useful to have
other processes that could raise the sensitivity in this range
of masses.
In this paper we re-examine the production of a Higgs

boson in association with a single top quark (th production"
at hadron colliders $19–22%.1 This process can be viewed as
a natural extension of the single top production processes
$23–28%, where a Higgs boson is radiated off the top or off

the W that mediates the bottom-to-top transition. As in the
usual single-top production, the three processes of interest
are characterized by the virtuality of the W boson in the
process: !i" t channel !Fig. 1", where the spacelike W strikes
a b quark in the proton sea, promoting it to a top quark; !ii"
s channel !Fig. 2", where the W is timelike; !iii" W associated
!Fig. 3", where there is emission of a real W boson.
There are two reasons a priori that make the above pro-

cesses worthy of attention. The first one is that, based on
simple considerations, one would expect Higgs boson plus
single top production to be relevant at the Tevatron and at the
LHC. While top quarks will be mostly produced in pairs via
the strong interaction, the cross section for single top, which
is a weak process, turns out to be rather large, about one-
third of the cross section for top pair production $29,30%. If a
similar ratio between '(th) and '(t t̄ h) is assumed, it is
natural to ask whether th production could be used together
with Wh , Zh , and t t̄ h as a means to discover an
intermediate-mass Higgs boson at the LHC. With this aim,
the t-channel process has been previously considered when
the Higgs boson decays into a pair of photons, with the result
that too few events of this type would be produced, even at
high-luminosity runs, at the LHC $20–22%. Since the domi-
nant decay mode of the Higgs boson in this mass region is
into bb̄ pairs, this suggests searching for it using one or more
b tags, in the same way as the t t̄ h analysis is conducted. This
possibility is pursued in the present paper.
The second reason for considering Higgs boson plus

single top quark production is that it gives a rather unique
possibility for studying the relative sign between the cou-
pling of the Higgs boson to fermions and to vector bosons
$22,31%. Measurements of Wh and t t̄ h production rates test,

1We always understand th to include both top quark and top an-
tiquark production.

FIG. 1. Feynman diagrams contributing to the t-channel produc-
tion of a Higgs boson plus a single top quark.
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