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Remember Hinchliffe’s rule...

However, as physicists, we want to base 
our answers on experimental data and to 
keep challenging theoretical prejudices...
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For the first time in the history of physics,
we have a *consistent* description of the fundamental constituents of matter and their 
interactions and this description can be extrapolated to very high energy (up MPlanck?)

My key message

• The days of “guaranteed” discoveries or of no-lose theorems in 
particle physics are over, at least for the time being ....

• .... but the big questions of our field remain wild open (hierarchy 
problem, flavour, neutrinos, DM, BAU, .... )

• This simply implies that, more than for the past 30 years, future 
HEP’s progress is to be driven by experimental exploration, 
possibly renouncing/reviewing deeply rooted theoretical bias

• This has become particularly apparent in the DM-related 
sessions:

• Direct detection experiments and astrophysics are challenging the 
theoretical DM folklore as much as the LHC is challenging the 
theoretical folklore about the hierarchy problem.

• But great opportunities lie ahead, and the current challenges are 
simply hardening theorists’ ingenuity, creativity and skills

3

MLM@Aspen’14

We all have a Post higgs Depression

https://indico.cern.ch/event/276476/session/13/contribution/38/material/slides/0.pdf
https://indico.cern.ch/event/276476/session/13/contribution/38/material/slides/0.pdf
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We all have a Post higgs Depression

Where and how does the SM break down?
Which machine(s) will reveal this breakdown?

https://indico.cern.ch/event/276476/session/13/contribution/38/material/slides/0.pdf
https://indico.cern.ch/event/276476/session/13/contribution/38/material/slides/0.pdf
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Higgs compositeness means new fundamental interactions
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Why should you care about compositeness?
Higgs compositeness means new fundamental interactions

	�

38 years rule = new forces of nature are 
discovered every 38 years for the last 150 yrs 

1.  1860s – first papers of Maxwell on EM. Light is EM excitation. 
E & M unification.  

2.  1897 – Becquerel discovers radioactivity – first evidence of 
weak charged currents (in retrospect). 

3.  1935 – Chadwick gets NP for his discovery of neutron with 
subsequent checks that there exists strong n-p interaction. Strong 
force is established. 

4.  1973 – Gargamelle experiment sees the evidence for weak 
neutral currents in nu-N scattering 

5.  2011/2012 Discovery of the Higgs, i.e. new Yukawa force.  
6.  Prediction: Discovery of a new dark force – 2050?  
 
(+/- 2 years or so).  
 

Pospelov’s 38 years rule...

M. Pospelov, SHiP collab. meeting, Naples ’15

https://indico.cern.ch/event/355048/session/6/contribution/6/material/slides/1.pdf
https://indico.cern.ch/event/355048/session/6/contribution/6/material/slides/1.pdf
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Why should you care about compositeness?
All SM shortcomings are intimately linked to the Higgs elementary nature

LHiggs = V0 � µ2H†H + �
�
H†H

⇥2
+
�
yij⇤̄Li⇤RjH + h.c.

⇥
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}well described 
experimentally by CKM

(up to a few exceptions: AFB, ∆ACP...)
tt c

String?

}
SUSY?

TeV New Physics?

}
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All these problems because the Higgs 
boson would be the first elementary 
particle whose interactions are not 

endowed with a gauge structure

Higgs = Elementary or Composite?
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Probing the Higgs compositeness
Unlikely we’ll ever see the fundamental constituents of the Higgs

But we can infer that it is not an elementary particle 
by measuring its couplings to SM particles

Need to develop tools to understand the physics of a composite Higgs
use effective theory approach
rely on symmetries of the problem 
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But we can infer that it is not an elementary particle 
by measuring its couplings to SM particles

q

q

H

H

Rosenbluth-type cross-section 

elementary Higgs

SM Higgs

composite Higgs

q2

Ki
~

anomalous couplings
(accessible @ LHC with 20-10% accuracy)

{

LHC reach ?
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Need to develop tools to understand the physics of a composite Higgs
use effective theory approach
rely on symmetries of the problem 
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Which composite scenario?
Minimal Composite Higgs

PNGB Higgs 
(g*, f) (g, g’, yt )

g2  /g*SMStrong sectorStrong sector SMSMSILH
⇠ =

v2

f2
⌧ 1

ex: SO(5)/SO(4)
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Which composite scenario?
Minimal Composite Higgs

SILH
⇠ =
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Patterns of Higgs coupling deviations

hff hVV hγγ hγZ hGG h

MSSM √ √ √ √
NMSSM √ √ √ √ √

PGB Composite √ √ √ √
SUSY Composite √ √ √ √ √ √

SUSY partly-composite √ √ √ √
“Bosonic TC” √

Higgs as a dilaton √ √ √ √

Expected largest corrections to Higgs couplings:
expected largest relative deviations 

A. Pomarol, Naturalness ’15
see also 

Muehlleitner’s t
alk

http://indico.cern.ch/event/290373/session/12/contribution/16/material/slides/0.pdf
http://indico.cern.ch/event/290373/session/12/contribution/16/material/slides/0.pdf


Christophe Grojean Composite Higgs Toyama, Feb. 12, 2o1510

What is the Higgs the name of?
The SM Higgs couplings are fixed to restore unitarity with mass

For b=a2: perturbative unitarity in inelastic channels WW → hh

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW → WW

LEWSB =
v2

4
Tr

�
Dµ�

†Dµ�
⇥⇤

1 + 2a
h

v
+ b

h2

v2

⌅
� �⇥̄L�⇥R

⇤
1 + c

h

v

⌅

For ac=1: perturbative unitarity in inelastic WW → ψ ψ 

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10Cornwall, Levin, Tiktopoulos  ’73

Goldstone of SU(2)LxSU(2)R/SU(2)V� = ei⇥
a�a/v Dµ⌃ = gVµ

http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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Higgs couplings 
are proportional 

to the masses of the particles

Higgs

�� �SM

�SM
= O(1)

�� =
m�

v
, �V =

mV

v

�

3

“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
one naively expects:
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http://cms-higgs-results.web.cern.ch/cms-higgs-results/Comb/HIG-14-009/sqr_m6summary_fit.png
http://cms-higgs-results.web.cern.ch/cms-higgs-results/Comb/HIG-14-009/sqr_m6summary_fit.png
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Figure 1: The Standard Model predicts that the Higgs couplings to fundamental fermions
are linearly proportional to the fermion masses, whereas the couplings to bosons are pro-
portional to the square of the boson masses. Left: the CMS fit to the current Higgs data,
showing good consistency with this prediction, from [8]. Right: the expected improvement
in the precision in the measurement of the Higgs couplings at the ILC, from [1].

that any new physics that screens the Higgs mass from large quantum corrections
generically leads to deviations in the Higgs couplings to photons and gluons at least
as large as 1%. Supersymmetric and composite Higgs models are prime examples of
this general pattern.

However, the size of deviations in the Higgs couplings is limited by LHC exclusions
of new particles and by precision weak interaction measurements. The deviations
predicted in all of the models above are small, at the level of about 5%, varying as
m2

h/M
2, where M is the mass of the new particles predicted in the model.

At the LHC, the uncertainties in the Standard Model predictions for the rates of
Higgs processes are of the order of 5%, and systematic errors on detection probabilities
are of the same order. In addition, only a subset of the Higgs decays can be observed
directly. Because not all Higgs decays are observed, there are further ambiguities,
discussed below. Thus, the goal for Higgs boson experiments, the measurement of
the individual Higgs couplings to accuracies of better than 1%, can be met only by
experiments at an electron-positron collider. The improvement expected from the
ILC over the current measurements is shown in Fig. 1(b) [1].
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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Higgs group @ Snowmass ’13

~ Is this fit theoretically consistent? ~
can you generate a 500% deviations 

in the bottom coupling without generating other coupling 

structures not taken into account in the fit?

http://arxiv.org/abs/1310.8361
http://arxiv.org/abs/1310.8361
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What is the Higgs the name of?
The SM Higgs couplings are fixed to restore unitarity with mass

For b=a2: perturbative unitarity in inelastic channels WW → hh

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW → WW
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4
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For ac=1: perturbative unitarity in inelastic WW → ψ ψ 

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10Cornwall, Levin, Tiktopoulos  ’73

Goldstone of SU(2)LxSU(2)R/SU(2)V� = ei⇥
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are proportional 

to the masses of the particles
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“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
one naively expects:
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Figure 1: The Standard Model predicts that the Higgs couplings to fundamental fermions
are linearly proportional to the fermion masses, whereas the couplings to bosons are pro-
portional to the square of the boson masses. Left: the CMS fit to the current Higgs data,
showing good consistency with this prediction, from [8]. Right: the expected improvement
in the precision in the measurement of the Higgs couplings at the ILC, from [1].

that any new physics that screens the Higgs mass from large quantum corrections
generically leads to deviations in the Higgs couplings to photons and gluons at least
as large as 1%. Supersymmetric and composite Higgs models are prime examples of
this general pattern.

However, the size of deviations in the Higgs couplings is limited by LHC exclusions
of new particles and by precision weak interaction measurements. The deviations
predicted in all of the models above are small, at the level of about 5%, varying as
m2

h/M
2, where M is the mass of the new particles predicted in the model.

At the LHC, the uncertainties in the Standard Model predictions for the rates of
Higgs processes are of the order of 5%, and systematic errors on detection probabilities
are of the same order. In addition, only a subset of the Higgs decays can be observed
directly. Because not all Higgs decays are observed, there are further ambiguities,
discussed below. Thus, the goal for Higgs boson experiments, the measurement of
the individual Higgs couplings to accuracies of better than 1%, can be met only by
experiments at an electron-positron collider. The improvement expected from the
ILC over the current measurements is shown in Fig. 1(b) [1].
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%

C
o
m
m
u
n
i
t
y
P
l
a
n
n
i
n
g

S
t
u
d
y
:
S
n
o
w
m
a
s
s
2
0
1
3

Higgs group @ Snowmass ’13

~ Is this fit theoretically consistent? ~
can you generate a 500% deviations 

in the bottom coupling without generating other coupling 

structures not taken into account in the fit?

Y. Soreq FCC-ee 9

combining all constraints

16

Soreq @ TLEP-9, Pisa ’15

missing information to complete the picture

° width measurement?

° couplings to light particles?
inclusive (e.g. c-tagging) or exclusive (h → J/Ψ+γ)

° coupling to top?
known indirectly (gg→h) or via difficult tth channel

http://arxiv.org/abs/1310.8361
http://arxiv.org/abs/1310.8361
https://agenda.infn.it/getFile.py/access?contribId=26&sessionId=3&resId=0&materialId=slides&confId=8830
https://agenda.infn.it/getFile.py/access?contribId=26&sessionId=3&resId=0&materialId=slides&confId=8830


Christophe Grojean Composite Higgs Toyama, Feb. 12, 2o1511

1

Precision program in single Higgs processes
(assuming a mass gap between weak scale and new physics scale) 
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Higgs/BSM Primaries

e.g.

G G
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Effects that on the vacuum, H = v, give only !
a redefinition of the SM couplings:
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operator
is not visible in 

the vacuum
(redefinition of input parameter)

Several deformations away from the SM are harmless in the vacuum 
and need a Higgs field to be probed

http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
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Higgs/BSM Primaries

(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
3W =

1

3!
g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3G =
1

3!
gsfABCG

A ⌫
µ GB

⌫⇢G
C ⇢µ , (8)

and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
µ⌫ , OH eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O
3

fW =
1

3!
g✏abcfW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3

eG =
1

3!
gsfABC

eGA ⌫
µ GB

⌫⇢G
C ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and
gauge bosons, OWB = g0gH†�aHW a

µ⌫B
µ⌫ and OWW = g2|H|2W a

µ⌫W
µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths
and then their corresponding coe�cients should scale as c

3W ⇠ g2/g2⇤ and c
3G ⇠ g2s/g

2

⇤ respec-
tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to
begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,

Ou
R = (iH†

$
DµH)(ūR�

µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,
that when needed the Hermitian conjugate of a given operator is included in the analysis. In
the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
µuR) , O(8)u

LR = (Q̄L�
µTAQL)(ūR�

µTAuR) ,

Ou
RR = (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.
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|H|2|DµH|2

|H|6

|H|2f̄LHfR + h.c.

How many of these effects can we have? 

 As many as parameters in the SM: 8
(assuming CP-conservation)

g

g0

mW

gs

mh

mf

(custodial invariant)

for one family

hZγ coupling

h3 coupling
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Pomarol, Riva ’13
Elias-Miro et al  ’13

Gupta, Pomarol, Riva  ’14

http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
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Higgs/BSM Primaries
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How many of these effects can we have? 

 As many as parameters in the SM: 8
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yet to be measured
at the LHC

Pomarol, Riva ’13
Elias-Miro et al  ’13

Gupta, Pomarol, Riva  ’14

the 6 others have been measured (~15%) up to a flat direction 
between between the top/gluon/photon couplings
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Higgs/BSM Primaries

(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*
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µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,
that when needed the Hermitian conjugate of a given operator is included in the analysis. In
the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
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yet to be measured
at the LHC

Pomarol, Riva ’13
Elias-Miro et al  ’13

Gupta, Pomarol, Riva  ’14

the 6 others have been measured (~15%) up to a flat direction 
between between the top/gluon/photon couplings

Almost a 1-to-1 correspondence
with the 8 κ‘s in the Higgs fit

Coupling!fit!I!
• VH(>bb!included!in!ATLAS!
• Comparable!numbers!for!κW,κZ,!κt,!and!κγ!between!the!experiments!
• Couplings!can!be!determined!with!2(7%!precision!at!3000Z(1!!for!CMS!
Scenario!2!

!

10/17/14! 6!

ATLAS!ProjecDon!

Atlas projection

With some important differences:
1) width approximation built-in

2) κW/κZ is not a primary 
(constrained by Δρ and TGC)

3) κg, κγ, κZγ do not separate UV and IR 
contributions

http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
http://arxiv.org/abs/arXiv:1308.2803
http://arxiv.org/abs/arXiv:1308.2803
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1405.0181
http://arxiv.org/abs/arXiv:1405.0181
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The parameter ‘a’ controls the size of the one-loop 
IR contribution to the LEP precision observables 

Barbieri, Bellazzini, Rychkov, Varagnolo ’07

Don’t forget LEP!
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The parameter ‘a’ controls the size of the one-loop 
IR contribution to the LEP precision observables 

Barbieri, Bellazzini, Rychkov, Varagnolo ’07

Don’t forget LEP!
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EW fit: 
0.98  a2  1.12

Ciuchini et al ’13
see also Grojean et al ’13

Elias-Miro et al ’13

The LEP indirect constraints on the other 
BSM primaries are not competitive

/ Nuclear Physics B Proceedings Supplement 00 (2014) 1–7 5

68% 95%
V 1.025 ± 0.021 [0.985, 1.069]

Table 7: Fit results for the scale factor V at 68% and 95% probabili-
ties.
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Figure 4: Left: Probability distribution for the scale factor V . Right:
Two-dimensional probability distributions for V and ⇤. The dark and
light regions correspond to 68% and 95% probabilities, respectively.

4. Constraints on the Higgs-boson couplings from
the Higgs-boson and electroweak precision data

In this section we fit the Higgs-boson couplings to
the data for the Higgs-boson signal strengths and the
EWPO, where the former are taken from Refs. [31, 53]
for H ! ��, Refs. [54, 55] for H ! ZZ, Refs. [56, 57]
for H ! W+W�, Refs. [58, 59] for H ! ⌧+⌧�, and
Refs. [60–64] for H ! bb̄ (see also Ref. [65]). We
consider the scale factors V and  f for the Higgs-boson
couplings to the EW vector bosons and to fermions, re-
spectively, and do not introduce new couplings that are
absent in the SM. For the SM loop-induced couplings
(Hgg, H��, and HZ�) we assume that there is no contri-
bution from new particles in the loop. For the relations
between the scale factors and the Higgs-boson signal
strengths, we refer the reader to Ref. [66].

In Table 8 we summarize the fit results for V and  f

from the Higgs-boson signal strengths. Note that the-
oretical predictions are symmetric under the exchange
{V ,  f } $ {�V , � f }. In the left plot in Fig. 5, we
present two-dimensional probability distributions for V
and  f at 68%, 95%, 99%, and 99.9%, where only the
parameter space with positive V is presented. The re-
gion with negative  f is disfavored in the fit. The right
plot in Fig. 5 shows constraints from the individual de-
cay channels. The constraints from H ! bb̄ are weaker
than that from H ! ⌧+⌧� and are not presented for sim-
plicity. It is noted that because of the presence of flat
directions in the fit, the detailed shapes of the individual
constraints depend on the choice of the allowed ranges
of the scale factors. We also consider constraints from
the EWPO with the formulae in Eqs. (7) and (8), which
are valid under the assumptions given above Eq. (6). As

68% 95% Correlations
V 1.02 ± 0.05 [0.93, 1.11] 1.00
 f 0.97 ± 0.11 [0.76, 1.20] 0.22 1.00

Table 8: SM-like solution in the fit of V and  f to the Higgs-boson
signal strengths.
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Figure 5: Left: Two-dimensional probability distributions for V and
 f at 68%, 95%, 99%, and 99.9% (darker to lighter), obtained from
the fit to the Higgs-boson signal strengths. Right: Constraints from
individual channels at 95%.

68% 95% Correlations
V 1.02 ± 0.02 [0.99, 1.06] 1.00
 f 0.97 ± 0.11 [0.77, 1.20] 0.10 1.00

Table 9: Same as Table 8, but considering both the Higgs-boson signal
strengths and the EWPO.
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Figure 6: Two-dimensional probability distributions for V and  f at
68% (the dark region) and 95% (the light region), obtained from the
fit to the Higgs-boson signal strengths and the EWPO.

shown in Table 9 and Fig. 6, the constraint on V from
the EWPO is stronger than that from the Higgs-boson
signal strengths.

Next we consider the case where the coupling to
W+W�, parameterized by W , can di↵er from that to
ZZ, parameterized by Z . Note that theoretical predic-
tions are symmetric under the exchanges {W ,  f } $
{�W , � f } and/or Z $ �Z , where Z can flip the sign
independent of W , since the interference between the
W and Z contributions to the vector-boson fusion cross
section is negligible. Hence we consider only the pa-
rameter space where both W and Z are positive. Here
we do not consider the EWPO, since W , Z develops

Ciuchini et al ’13

http://arxiv.org/abs/arXiv:0706.0432
http://arxiv.org/abs/arXiv:0706.0432
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http://arxiv.org/abs/1306.4644


Christophe Grojean Composite Higgs Toyama, Feb. 12, 2o1515

CP violation in Higgs physics?

Can the 0+ SM Higgs boson have CP violating couplings?

Is CP a good symmetry of Nature?  2 CP-violating couplings in the SM: 
VCKM (large, O(1)), but screened by small quark masses) and θQCD (small, O(10-10))

Among the 59 irrelevant directions, 6 CP Higgs/BSM primaries6 BSM primary effects:

(f=b, !, t)�LBSM = i�g̃hff hf̄LfR + h.c.
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CP-violating Higgs couplings
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CP violation in Higgs physics?

3

⇠ hFF̃ �

h

S

FIG. 1. Left: the diagram that gives rise to fermionic EDMs via the insertion of the operator hF F̃ from Eq. (2). Right: the
two-loop diagram that leads to fermion EDMs in the model involving a VL lepton,  , coupled to a singlet, S, that mixes with
the Higgs. The cross on the scalar line indicates that this contribution is proportional to the mixing term, A, in the scalar
potential.
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which satisfies g(1) ⇠ 1.17 and g ⇠ 1

2

ln z for large z. We
show the Feynman diagram responsible for this contribu-
tion on the right of Fig. 1.

It is instructive to consider di↵erent limits of
(13). When mh ⌧ m ,mS , to logarithmic accuracy
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is the smaller of mS and m . In this limit, the heavy
fields can be integrated out sequentially, with S and  
first, and h second. The first step is simplified by the
use of the chiral anomaly equation for  , @µ ̄�µ�5 =
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Apart from a smaller value for the logarithmic cuto↵,
the result in this limit di↵ers little from the contact op-
erator case above. Even if the value of the logarithm is
not enhanced, ln(m2

min

/m2

h) ⇠ O(1), the corrections to
the Higgs diphoton rate will be limited to at most the
sub-percent level unless a fine-tuned cancellation of de is
arranged with some other CP -odd source.

We now consider a di↵erent near-degenerate limit,
|mh � mS | ⌧ mh, which turns out to be more inter-
esting as it allows the EDM constraints to be bypassed.
If the di↵erence between the masses is small, we can ap-
proximate
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and the EDM becomes
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where in the final step we made use of the large m limit.
The limiting case (17) receives no logarithmic enhance-

ment. Moreover, the value of the A parameter can be
very small, comparable to the mass splitting between h
and S or less. An O(1 GeV) mass splitting would nat-
urally place Av2/(m2

hm ) in the O(10�2 � 10�3) range,
suppressing the EDM safely below the bound.
At the same time, as explicitly shown in Ref. [5], mod-

ifications to the h ! �� rate can be significant, and
enhancement can come from the Fµ⌫ F̃µ⌫ amplitude. Un-
like corrections to the Fµ⌫Fµ⌫ amplitudes that can en-
hance or suppress the e↵ective rate, the CP -odd chan-
nel always adds to R�� . Assuming that the mass di↵er-
ence between the singlet and the Higgs is small enough
that they cannot be separately resolved (which requires
|mS � mh| ⇠< 3 GeV with current statistics [5]), the ap-
parent increase in the diphoton rate in this model is
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The rate for the weak eigenstate Ŝ to decay to two pho-
tons via its pseudoscalar coupling to the VL fermions is
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operators with γ: 
already severely constrained 

by e and q EDMs
McKeen, Pospelov, Ritz ’12 ΛCP > 25 TeV

̃�� ⇠ ̃�Z  10�4

operators with top: 
already severely constrained 

by e and q EDMs
Brod, Haisch, Zupan ’13 ΛCP > 2.5 TeV

Constrained indirectly: one-loop impact on Electric Dipole 
Moments (EDM): 

e.g.  de < 8.7 10-29 e cm  (ACME 13)

too strong to compete!

CP-violating Higgs couplings

HEFT2013, Oct 10 2013J. Zupan     Constraints on CPV Higgs...

electron EDM
• dominant contribution from 

2-loop Barr-Zee type diagram

• depends on electron yukawa

• setting ye=1 is then quite constraining

• the constraint vanishes, if the Higgs does not couple to electrons 

• e.g. if it only couples to the 3rd gen.

7

exp

δghtt ≲ 0.01~

Brod,Haisch,Zupan 13

�g̃htt  0.01

Among the 59 irrelevant directions, 6 CP Higgs/BSM primaries6 BSM primary effects:
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Caveats: h couplings to light particles can be significantly reduced

e,q e,q
h

see also 

Boudjema’s ta
lk

http://arxiv.org/abs/arXiv:1208.4597
http://arxiv.org/abs/arXiv:1208.4597
http://arxiv.org/abs/arXiv:1310.1385
http://arxiv.org/abs/arXiv:1310.1385
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Boosted and off-shell Higgs channels  
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Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale µ ≈ mH 
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Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale µ ≈ mH 

access to Higgs couplings @ mH 
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8 V and f

Note that theoretical predictions are symmetric under the exchange {V , f} $ {�V , �f}.
Hence we consider only the parameter space where V is positive.

68% 95% Correlations
V 1.02 ± 0.05 [0.92, 1.12] 1.00
f 0.96 ± 0.12 [0.73, 1.20] 0.29 1.00

Table 13: Positive f solution in the fit to the Higgs signal strengths.

68% 95% Correlations
V 1.02 ± 0.02 [0.99, 1.06] 1.00
f 0.95 ± 0.11 [0.75, 1.19] 0.12 1.00

Table 14: Fit results with both EW and Higgs data.
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See also, e.g., Bechtle, Heinemeyer, Stal, Stefaniak & Weiglein (14)
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Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale µ ≈ mH 

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

(important to check that the Higgs boson ensures perturbative unitarity)

access to Higgs couplings @ mH 

on-shell Z @ LEP1 off-shell Z @ LEP2

constraints on 
S and T oblique corrections

constraints on 
W and Y oblique corrections

(same order as S and T but cannot be probed @ LEP1)

Probing new corrections to the SM Lagrangian?

But... off-shell Higgs data do not probe new corrections 
that cannot be constrained by on-shell data
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Boosted Higgs
  inability to resolve the top loops

 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right

4

e.g. Grazzini, Sargsyan ’13 

the inclusive rate
doesn’t “see” the finite mass of the top 

(*) unless it doesn’t decouple 
(e.g. 4th generation)

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581
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Boosted Higgs
  inability to resolve the top loops

 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)
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on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right
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contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results
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code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
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modes.
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√
s = 8 TeV and we
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corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
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The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right
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panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.
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bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.
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p
s [TeV] pmin

T [GeV] �SM

pmin
T

[fb] � ✏ gg, qg [%]

14

100 2200 0.016 0.023 67, 31

150 830 0.069 0.13 66, 32

200 350 0.20 0.31 65, 34

250 160 0.39 0.56 63, 36

300 75 0.61 0.89 61, 38

350 38 0.86 1.3 58, 41

400 20 1.1 1.8 56, 43

450 11 1.4 2.3 54, 45

500 6.3 1.7 2.9 52, 47

550 3.7 2.0 3.6 50, 49

600 2.2 2.3 4.4 48, 51

650 1.4 2.6 5.2 46, 53

700 0.87 3.0 6.2 45, 54

750 0.56 3.3 7.2 43, 56

800 0.37 3.7 8.4 42, 57

100
500 970 1.8 3.1 72, 28

2000 1.0 14 78 56, 43

Table 1: Summary table of the cross sections for pp ! hj at proton-proton colliders with
p
s = 14TeV and

p
s = 100TeV. The third, fourth and fifth column show, for the given cut

on pT > pmin

T , the parameters of the semi-numerical formula in Eq. (2.4). The last column

shows the fraction of the SM cross section coming from the partonic subprocesses gg and qg.

The contribution of the qq̄ channel is always smaller than 2%.

6

Don’t think it is easy to produce a Higgs with high pT

x 1
00

0

re
du

cti
on

Grojean, Salvioni, Schlaffer, Weiler  ‘13

http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/hep-ph/0604156
http://arxiv.org/abs/hep-ph/0604156
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317


Christophe Grojean Composite Higgs Toyama, Feb. 12, 2o1520

Resolving top loop: Boosted Higgs

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops

panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.
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top partners contributions

inclusive rate: O(%)

with high-pT cut: O(x10’%)

high-pT tail “sees” the top partners that are missed by the inclusive rate
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(d) Scale variation

Figure 2: Figures (a)-(c) show the 95% CL contours obtained from the �2 in Eq. (2.11) for

di↵erent choices of the actual parameters 0

t and 0

g, or equivalently of µ0

incl

and R0. The

colors blue, red and black correspond to 0

t = 0.8, 1.0 and 1.2, respectively, or equivalently to

the indicated values of R0 = R(0

t ,
p
µ0

incl

� 0

t ). The gray band is obtained by considering

only the inclusive measurement. The SM point is indicated by the black star. Figure (d)

shows the variation of the 95% CL contours for di↵erent choices of the renormalization and

factorization scale µ. For all plots we assumed an integrated luminosity of
R L dt = 3 ab�1

and
p
s = 14TeV.
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21

Boosted Higgs
high pT tail discriminates short and long distance physics contribution to gg ➙ h

Are the NLOm QCD corrections (not known) going to destroy all the sensitivity?
Frontier priority: N3LO∞ for inclusive xs or NLOmt for pT spectrum?

competitive/complementary to htt channel 
for the measure the top-Higgs coupling

➾➾

G
ro

je
an

, S
al

vi
on

i, 
Sc

hl
af

fe
r,

 W
ei

le
r 

 ‘1
3

p
s = 14 TeV,

Z
dtL = 3ab�1, pT > 650 GeV
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(partonic analysis in the boosted “ditau-jets” channel)

10-20% precision on κt

see Schlaffer et al ’14 for a more complete analysis including WW channel 
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Off-shell Higgs: gg → h* → ZZ → 4l

Narrow width approximation for Higgs boson
How can it fail? 


ΓH / MH=1/30,000

!

It fails spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.

!

At least 15% of the cross section 
comes from m4l>130GeV.

!

3 phenomena happening in the 
tail.

Similar tail for H→WW.

12

Kauer, Passarino,arXiv:1206.4803
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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M++00
Higgs ⇠ log

2 ŝ

m2
t

M++00

box

⇠ � log

2

ŝ

m2

t

SM: cancelation forced by unitarity
BSM: deviations of Higgs couplings at large s will be amplified

Glover, van der Bij ’89

ˆ

CMS interpretation in terms of bounds of the Higgs width is limited
data can be better used to measure the structure of the couplings at high √s 
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and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and
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Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the

5

interfering gg ! ZZ background there is also a non-interfering irreducible background,

produced by the qq̄ ! ZZ process.The SM amplitude for gg ! ZZ was computed for the

first time in Ref. [22]. As pointed out in Ref. [23], the o↵-shell Higgs contribution is enhanced

for on-shell Z bosons, which makes the large
p
ŝ � 2mZ region particularly relevant for Higgs

couplings measurements. It is interesting to observe that the amplitude generated by the cg

coupling grows with partonic center-of-mass energy
p
ŝ like

M++00
cg ⇠ ŝ , (2.7)

to be compared to the triangle amplitude mediated by the top loop, which grows like

M++00
ct ⇠ log

ŝ

m2
t

, (2.8)

in the notation for helicity amplitudes of Ref. [22].4 Thus for ŝ � m2
t the discriminating

power of the o↵-shell Higgs production becomes stronger. However, at very high energies

the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
c8g2s

16⇡2v4
Gµ⌫G

µ⌫ (D�H)† D�H . (2.9)

The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as

M++00
c8 ⇠ ŝ2. (2.10)

Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale

p
ŝ ⇠

r
cg, cy
c8

v . (2.11)

Therefore, our analysis, based on Eq. (2.2), is valid only up to this scale and it would not

make sense to consider bins at higher energy in the analysis. Furthermore, when squaring

4Even though the amplitude for the Higgs-mediated diagram in Eq. (2.8) is logarithmically divergent at

large ŝ, in the SM unitarity is preserved thanks to the exact cancellation of the divergence against the box

diagram contribution [22,24].
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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Off-shell Higgs: gg → h* → ZZ → 4l

Narrow width approximation for Higgs boson
How can it fail? 


ΓH / MH=1/30,000

!

It fails spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.

!

At least 15% of the cross section 
comes from m4l>130GeV.

!

3 phenomena happening in the 
tail.

Similar tail for H→WW.

12

Kauer, Passarino,arXiv:1206.4803
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process
p
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Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be
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where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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CMS interpretation in terms of bounds of the Higgs width is limited
data can be better used to measure the structure of the couplings at high √s 
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process
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ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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interfering gg ! ZZ background there is also a non-interfering irreducible background,

produced by the qq̄ ! ZZ process.The SM amplitude for gg ! ZZ was computed for the

first time in Ref. [22]. As pointed out in Ref. [23], the o↵-shell Higgs contribution is enhanced

for on-shell Z bosons, which makes the large
p
ŝ � 2mZ region particularly relevant for Higgs

couplings measurements. It is interesting to observe that the amplitude generated by the cg

coupling grows with partonic center-of-mass energy
p
ŝ like

M++00
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to be compared to the triangle amplitude mediated by the top loop, which grows like
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in the notation for helicity amplitudes of Ref. [22].4 Thus for ŝ � m2
t the discriminating

power of the o↵-shell Higgs production becomes stronger. However, at very high energies

the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
c8g2s

16⇡2v4
Gµ⌫G

µ⌫ (D�H)† D�H . (2.9)

The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as

M++00
c8 ⇠ ŝ2. (2.10)

Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale

p
ŝ ⇠

r
cg, cy
c8

v . (2.11)

Therefore, our analysis, based on Eq. (2.2), is valid only up to this scale and it would not

make sense to consider bins at higher energy in the analysis. Furthermore, when squaring

4Even though the amplitude for the Higgs-mediated diagram in Eq. (2.8) is logarithmically divergent at

large ŝ, in the SM unitarity is preserved thanks to the exact cancellation of the divergence against the box

diagram contribution [22,24].
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where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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off-shell effects enhanced by the particular couplings of H to VL
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Figure 2: 68%, 95% and 99% probability contours in the ct,cg plane, using the 8TeV CMS

data set. A 10% systematic uncertainty was assumed on the qq̄ background.

only to compute the signal and the interfering background in gg ! ZZ, whereas for the

non-interfering background qq̄ ! ZZ the results presented by CMS were used.

The resulting constraints in the (ct, cg) plane are shown in Fig. 2. In order to explore

the power of resolving the ct vs. cg degeneracy, we assume that the inclusive measurement is

consistent with the SM and therefore we impose the condition ct+cg = 1. The resulting pos-

terior probability is presented in Fig. 3: with 68% probability the coupling ct is constrained

within [�4,�1.5] [ [2.9, 6.1]. These results were obtained using the nonlinear analysis. The

CMS bound allows cg,y to be of O(1), thus no interpretation of the results in terms of the

EFT can be made. The bounds we quote here should therefore be understood as holding

under the assumption that Eq. (2.4) fully encodes the e↵ects on gg ! ZZ of the new physics,

even though the latter is allowed to be at the weak scale. Finally, notice that our results

were obtained using only the four-charged lepton final state and without the MELA, so upon

a more refined analysis one can easily expect a factor of two improvement on the bounds on

the couplings.
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Figure 4: Prospects for a 14TeV analysis with an integrated luminosity of 3 ab�1 and for

the injected SM signal: 68%, 95% and 99% expected probability regions in the (ct, cg) plane.

The dashed and solid green lines indicate the 68% and 95% contours for the linear analysis,

respectively. No theoretical uncertainty is included.

3.3 Bounds on top partners

The ct vs. cg degeneracy arises in models with fermionic top partners, in particular it is

generic in the composite Higgs models [45–49]. As a prototype of the models with this

degeneracy we can introduce just one vector-like top partner T , transforming as a singlet of

SU(2)L

� L = yQ̄L
eHtR + Y⇤Q̄L

eHTR +M⇤T̄LTR + h.c. . (3.21)

In this model, loops of the heavy fermion T generate an e↵ective interaction of the Higgs

with the gluons, and at the same time the top Yukawa coupling is modified due to the mixing

with the top partner. Due to the Higgs low-energy theorem, the on-shell Higgs production

cross section is predicted to be the same as in the SM, since it can easily be checked [47,48]

that, after integrating out the heavy top partner, ct + cg = 1. Besides modifying the Higgs-

mediated amplitude for gg ! ZZ, the T also enters in the box diagrams, generating a

contribution to the interfering background which in the EFT must be parameterized by
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Direct searches of top partners
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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  

The interactions 
between the strong 
sector and the SM 

generate a potential 
for the Higgs

Pomarol, Riva ’12 Marzocca, Serone, Shu ’12
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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  

The interactions 
between the strong 
sector and the SM 

generate a potential 
for the Higgs

m2
h ⇡ 3

⇡2

m2
tm

2
Q

f2
G/H

where we have used the fact that the physical top mass is given by

m
t

=
|M t

1(0)|q
2⇧tL

0 (0)⇧̃tR
0 (0)

hs
h

c
h

i . (20)

The convergence of Eq. (19) requires the Weinberg sum-rule lim
p!1 M t

1(p) = 0. This can be

achieved with just one resonance, ����
M t

1(p)

M t

1(0)

���� =
m2

Q

p2 +m2
Q

, (21)

where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

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
p!1 pn⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain

⇧
tL,R

1 = |FL,R

Q4
|2 (m2

Q4
�m2

Q1
)

(p2 +m2
Q4
)(p2 +m2

Q1
)
,

M t

1(p) = |FL

Q4
FR ⇤
Q4

|mQ4mQ1(mQ4 �m
Q1e

i✓)

(p2 +m2
Q4
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✓
1 +

p2
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Q4mQ1
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◆
, (24)

where we have defined FL

Q4
FR ⇤
Q4

= ei✓|FL

Q4
FR ⇤
Q4

| and set by a field redefinition FL

Q1
FR

Q1
to be real.

Eq. (24) together with Eq. (20) gives 3
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h

' N
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"
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f 2
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Q1
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, (25)

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

http://arXiv.org/abs/1205.6434
http://arXiv.org/abs/1205.6434
http://arXiv.org/abs/1205.0770
http://arXiv.org/abs/1205.0770


Christophe Grojean Composite Higgs Toyama, Feb. 12, 2o1525

Light composite Higgs from “light” resonances

5 of SO(5)
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Matsedonskyi, Panico, Wulzer ’12 Marzocca, Serone, Shu ’12

for similar results, see also
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true spectrum in explicit realizations
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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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q
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b̄W�

W�
discovery potential (LHC14TeV) 

M5/3=500 GeV (σxBR≈100/fb) → 56 pb-1

M5/3=1 TeV (σxBR≈2/fb) → 15 fb-1

 tt+jets is not a background [except for charge mis-ID and fake e-]
 the resonant (tW) invariant mass can be reconstructed
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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) λT5/3

= Y∗ sin ϕR = 4, 3, 2. Cross sections for
B are given by the same curves for the same values of λB = Y∗ cos ϕL sinϕR.

and M = MT5/3
(M = MB), λ = λT5/3

= Y∗ sin ϕR (λ = λB = Y∗ cos ϕL sin ϕR) in the case
of T5/3 (B). For example, setting λ = 3 gives Γ = 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 affect 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 λT5/3

= λB = 3. As explained in the previous section,
such large values of the couplings are naturally expected if the heavy fermions are bound
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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.
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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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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
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.
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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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misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
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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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Figure 2: Constraints on the oblique EW parameters bS and bT [43]. The gray ellipses correspond
to the 68%, 95% and 99% confidence level contours for mh = 126 GeV and mt = 173 GeV.
The red lines show the contributions which arise in composite Higgs models as explained in the
main text. The IR contribution corresponds to the corrections due to non-linear Higgs dynamics,
approximately given in eqs. (3.2) and (3.7), and is obtained fixingm⇤ ⇠ 3 TeV. The UV contribution
is due to the EW gauge resonances (see eq. (3.1)).

ysis. As we will see, these corrections are typically large and including them is essential in order to
obtain a reliable fit of the EW parameters. Although these e↵ects have been already considered in
the literature, most of the previous analyses did not take into account the full non-linear structure
of the composite Higgs Lagrangian. Our analysis will show that the non-linearities are relevant and
their inclusion can significantly a↵ect the result and lead to new important e↵ects.

The

bS parameter

At tree level the bS parameter receives a correction due to the mixing of the elementary gauge fields
with the composite vector bosons. An estimate of this correction is given by [11]

�bS ' g2

g2⇤
⇠ ' m2

w

m2
⇤
. (3.1)

The UV dynamics can lead to deviations with respect to the above formula. However those devia-
tions are typically small and eq. (3.1) is usually in good agreement with the predictions of explicit
models. Assuming that the correction in eq. (3.1) is the dominant contribution to bS (or at least
that the other contributions to bS are positive), a rather strong upper bound on the mass of the
EW gauge resonances is found, m⇤ & 2 TeV (see the fit of the oblique parameters in fig. 2).

The other contributions to the bS parameter arise at loop level due to the non-linear Higgs
dynamics and to the presence of fermion resonances. The leading contribution due to the non-
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Figure 6: Constraints on the corrections to the Z boson couplings to the bottom quark. The ellipses
show the exclusion contours at 68% and 95% confidence level [49]. The vertical band shows the
expected size of the corrections to the gbR coupling.

at zero momentum [50]. The tree-level corrections induced at non-zero momentum are related to
operators of the form DµF

µ⌫qL�⌫qL and their size can be estimated as

�gbL
gSMbL

⇠ y2Lf
2

m2

m2
z

m2
⇤
' 8 · 10�4 f

m

✓
4⇡

g⇤

◆2

⇠ , (3.14)

where m is the mass scale of the composite fields mixed with the bottom, which in our scenario
correspond to the charge �1/3 state inside the 4-plet  4.

Notice that in our e↵ective Lagrangian we did not include an elementary bR state. For this reason
the bottom is massless in our theory. In a more complete scenario a chiral field corresponding to
the bR will be present together extra composite fermions which are needed to generate the bottom
mass. In this case the elementary qL doublet has additional mixing terms with the new resonances
and a tree-level correction to the ZbLbL vertex could be generated. For instance this happens in
the case in which the additional bottom partners are contained in a 5 of SO(5) with U(1)X charge
�1/3. The contribution to the ZbLbL vertex coming from these states can be estimated as

�gbL
gSMbL

' (ybLf)
2

m2
B

⇠ , (3.15)

where we denoted by ybL the mixing of qL to the new multiplet and by mB the typical mass scale
of the new bottom partners. We can relate ybL to the bottom Yukawa by assuming that ybL ' ybR,
in this case (ybL)

2 ' (ybR)
2 ' ybmB/f . The correction in eq. (3.15) becomes

�gbL
gSMbL

' yb
f

mB
⇠ ' 2 · 10�2 f
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at zero momentum [50]. The tree-level corrections induced at non-zero momentum are related to
operators of the form DµF
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where m is the mass scale of the composite fields mixed with the bottom, which in our scenario
correspond to the charge �1/3 state inside the 4-plet  4.

Notice that in our e↵ective Lagrangian we did not include an elementary bR state. For this reason
the bottom is massless in our theory. In a more complete scenario a chiral field corresponding to
the bR will be present together extra composite fermions which are needed to generate the bottom
mass. In this case the elementary qL doublet has additional mixing terms with the new resonances
and a tree-level correction to the ZbLbL vertex could be generated. For instance this happens in
the case in which the additional bottom partners are contained in a 5 of SO(5) with U(1)X charge
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�gbL
gSMbL

' (ybLf)
2

m2
B

⇠ , (3.15)

where we denoted by ybL the mixing of qL to the new multiplet and by mB the typical mass scale
of the new bottom partners. We can relate ybL to the bottom Yukawa by assuming that ybL ' ybR,
in this case (ybL)

2 ' (ybR)
2 ' ybmB/f . The correction in eq. (3.15) becomes

�gbL
gSMbL

' yb
f

mB
⇠ ' 2 · 10�2 f

mB
⇠ . (3.16)

15

higher-order mixing gives an extra power of the momentum). However the coe�cient of the kinetic
mixing, following our power counting in eq. (2.5), is suppressed by the UV cut-o↵, m⇤, so that the
final contribution is finite. Even though these diagrams can not give a logarithmically divergent
contribution, they induce a correction which is not suppressed by powers of the cut-o↵, thus they
can contribute at leading order to the ZbLbL vertex.

Notice that the presence of unsuppressed contributions of this kind also implies a non-decoupling
of the fermionic resonances. Even if we send the mass of a resonance to the cut-o↵, it can generate
a higher-order e↵ective operator in the low-energy Lagrangian which breaks the selection rule and
gives a sizable contribution to the ZbLbL vertex. We will discuss an example of this e↵ect in the
next section.

The above discussion clearly shows that, even in the absence of logarithmically divergent contri-
butions, the ZbLbL vertex is highly sensitive to the UV dynamics of the theory and can be reliably
computed in a low-energy e↵ective approach only if the logarithmically divergent contributions
dominate or if we assume that the contributions coming from the UV dynamics are (accidentally)
suppressed.

To conclude the general analysis of the ZbLbL vertex corrections we derive an estimate of the
size of the contribution due to the fermion loops. The logarithmically divergent contribution can
be estimated as
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Notice that we explicitly included a factor y2L4f
2/(m2

4 + y2L4f
2) which corresponds to the mixings

between the bL and the BL which appears in the external legs of the logarithmically divergent
diagrams. Using the relation between yL,R and the top Yukawa we get
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◆
' 2 · 10�2 ⇠ , (3.20)

where for the numerical estimate we set m⇤ ' 3 TeV and m4 ' 700 GeV. In the case in which the
logarithmically divergent contribution is not present or is suppressed the estimate becomes

�gbL
gSMbL

' y2L
16⇡2

y2Lf
2

m2
⇠ ' y2t

16⇡2
⇠ ' 6 · 10�3 ⇠ , (3.21)

with m the mass of the lightest top partner.
The corrections in eqs. (3.19) and (3.21) are typically larger than the tree-level contribution

generated at non zero momentum given in eq. (3.14). This is especially true if the mass of the
resonances is not too small, m & f , and the strong coupling is large, g⇤ & 5. The corrections due
to the bottom partners estimated in eq. (3.16) can in principle be comparable to the ones coming
from fermion loops if the scale of the bottom partner is relatively small mB ⇠ f . These corrections
crucially depend on the quantum numbers of the bottom partners. In minimal scenarios (bottom
partners in the fundamental representation of SO(5)) they are positive and some cancellation seems
required to pass the present bounds. For simplicity, in our explicit analysis we will neglect both
tree-level corrections.
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Figure 2: Constraints on the oblique EW parameters bS and bT [43]. The gray ellipses correspond
to the 68%, 95% and 99% confidence level contours for mh = 126 GeV and mt = 173 GeV.
The red lines show the contributions which arise in composite Higgs models as explained in the
main text. The IR contribution corresponds to the corrections due to non-linear Higgs dynamics,
approximately given in eqs. (3.2) and (3.7), and is obtained fixingm⇤ ⇠ 3 TeV. The UV contribution
is due to the EW gauge resonances (see eq. (3.1)).

ysis. As we will see, these corrections are typically large and including them is essential in order to
obtain a reliable fit of the EW parameters. Although these e↵ects have been already considered in
the literature, most of the previous analyses did not take into account the full non-linear structure
of the composite Higgs Lagrangian. Our analysis will show that the non-linearities are relevant and
their inclusion can significantly a↵ect the result and lead to new important e↵ects.

The

bS parameter

At tree level the bS parameter receives a correction due to the mixing of the elementary gauge fields
with the composite vector bosons. An estimate of this correction is given by [11]

�bS ' g2

g2⇤
⇠ ' m2

w

m2
⇤
. (3.1)

The UV dynamics can lead to deviations with respect to the above formula. However those devia-
tions are typically small and eq. (3.1) is usually in good agreement with the predictions of explicit
models. Assuming that the correction in eq. (3.1) is the dominant contribution to bS (or at least
that the other contributions to bS are positive), a rather strong upper bound on the mass of the
EW gauge resonances is found, m⇤ & 2 TeV (see the fit of the oblique parameters in fig. 2).

The other contributions to the bS parameter arise at loop level due to the non-linear Higgs
dynamics and to the presence of fermion resonances. The leading contribution due to the non-
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tree-level contribution

linear Higgs dynamics is given by [22]

�bS =
g2

192⇡2
⇠ log

✓
m2

⇤
m2

h

◆
' 1.4 · 10�3 ⇠ . (3.2)

where g denotes the SM SU(2)L gauge coupling. In the above formulae we identified the cut-o↵
with the mass scale of the EW gauge resonances and we chose m⇤ ⇠ 3 TeV and mh = 126 GeV to
derive the numerical estimate.

The contribution in eq. (3.2) arises from one-loop diagrams with gauge bosons and Goldstone
virtual states. The diagrams contributing to bS are superficially logarithmically divergent. However,
in the SM the logaritmic divergence exactly cancels due to the physical Higgs contribution. This
is no longer true when the Higgs couplings are modified and in composite Higgs models a residual
logarithmic dependence on the cut-o↵ scale is present. 3 As can be seen from the numerical estimate
the contribution in eq. (3.2) is much smaller than the absolute bounds on bS (compare fig. 2) and
is typically negligible.

Let us finally consider the contribution due to loops of fermionic resonances. The general
expression for the corrections to bS due to an arbitrary set of new vector-like fermion multiplets has
been derived in Ref. [45]. The final formula contains a divergent contribution to bS given by

�bSdiv
ferm =

Ncg
2

96⇡2
Tr

h
U †
LYL + U †

RYR

i
log(m2

⇤) , (3.3)

where UL,R and YL,R are the matrices of the couplings of left- and right-handed fermions to the W 3
µ

and to the Bµ gauge bosons respectively and Nc is the number of QCD colors. In a renormalizable
theory in which the couplings of the gauge bosons to the fermions are just given by the usual
covariant derivatives it is easy to see that the trace appearing in eq. (3.3) vanishes, so that no
logarithmically divergent contribution to bS is present. 4 This is no longer true when the Higgs
is a Goldstone boson. In this case higher order interactions of the gauge bosons mediated by the
Higgs are present in the Lagrangian. Interactions of this kind are contained in the eµ term in the
covariant derivative of the composite 4-plet  4 and in the dµ-symbol term. After EWSB a distortion
of the gauge couplings to the fermions is induced by these operators and a logarithmically divergent
contribution to bS is generated. The presence of a logarithmically enhanced contribution can be also
understood in simple terms as a running of the operators related to the bS parameter. We postpone
a discussion of this aspect to the end of this subsection.

The logarithmically divergent correction can be straightforwardly computed:

�bSdiv
ferm =

g2

8⇡2
(1� 2c2) ⇠ log

✓
m2

⇤
m2

4

◆
. (3.4)

It is important to notice that this contribution is there only if at least one SO(4) 4-plet is present in
the e↵ective theory. In fact, as we said, the only terms in the e↵ective Lagrangian that can lead to

3A more detailed analysis of the corrections to the bS parameter related to the Goldstone nature of the Higgs has
been presented in Ref. [44].

4To prove this one can notice that the sum of the W 3
µ couplings to the fermions in each SU(2)L multiplet is zero.

After EWSB the gauge couplings of the fermion mass eigenstates are obtained by unitary rotations of the initial
coupling matrices. These rotation clearly cancel out in the trace in eq. (3.3), so that the divergent term vanishes.
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Figure 5: Schematic structure of a fermion loop diagram contributing to the bT parameter at leading
order in the y expansion.

the mixings yL4,1 of the qL elementary doublet with the composite fermions.
The main correction due to the hypercharge coupling breaking comes from the IR contribution

associated to the Goldstone nature of the Higgs. This e↵ect is analogous to the one we already
discussed for the bS parameter. The leading logarithmically enhanced contribution is given by [22]

� bT = � 3g02

64⇡2
⇠ log

✓
m2

⇤
m2

h

◆
' �3.8 · 10�3 ⇠ . (3.7)

Di↵erently from the analogous contribution to bS which was negligible due to accidental suppression
factors, the contribution in eq. (3.7) gives a sizable correction to bT . In particular, if we assume
that this is the dominant correction to bT and that the shift in bS is non negative, a very stringent
bound on ⇠ is obtained, ⇠ . 0.1 (see fig. 2). 8

The second correction comes from fermion loops. As already noticed, in order to induce a con-
tribution to bT the corresponding diagrams must contain some insertions of the symmetry breaking
couplings yL4,1. Under SU(2)L ⇥ SU(2)R the yL4,1 mixings transform in the (1,2) representation,

thus at least 4 insertions are needed to generate a shift in bT [11]. This minimal number of insertions
guarantees that the fermion one-loop corrections to bT are finite. A typical diagram contributing at
leading order in the y expansion is shown in fig. 5.

It is straightforward to estimate the corrections to bT at leading order in the elementary–
composite mixing [11]:

� bT ' Nc

16⇡2

y4Lf
2

m2
⇠ , (3.8)

where we denoted by m the mass scale of the lightest top partners in our e↵ective Lagrangian. To
get a quantitative estimate we can extract the value of the yL mixing from the top mass. If we
assume that the elementary–composite mixings have comparable sizes, yL4 ' yL1 ' yR4 ' yR1 ' y,
the top Yukawa can be estimated as yt ' y2f/m. By using this expression we get the estimate

� bT ' Nc

16⇡2
y2t ⇠ ' 2 · 10�2 ⇠ . (3.9)

Notice that this contribution is usually dominant with respect to the one given in eq. (3.7). More-
over, as we will see in the next section with an explicit calculation, the sign of the fermion contri-
bution can be positive, so that it can compensate the negative shift in eq. (3.7). Notice that, if bS

8A similar bound has been derived in Ref. [24], where the phenomenological impact of the IR corrections to bS and
bT on the fit of the Higgs couplings has been analyzed.
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logarithmically divergent contribution to bS is present. 4 This is no longer true when the Higgs
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covariant derivative of the composite 4-plet  4 and in the dµ-symbol term. After EWSB a distortion
of the gauge couplings to the fermions is induced by these operators and a logarithmically divergent
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understood in simple terms as a running of the operators related to the bS parameter. We postpone
a discussion of this aspect to the end of this subsection.

The logarithmically divergent correction can be straightforwardly computed:

�bSdiv
ferm =

g2

8⇡2
(1� 2c2) ⇠ log

✓
m2

⇤
m2

4

◆
. (3.4)

It is important to notice that this contribution is there only if at least one SO(4) 4-plet is present in
the e↵ective theory. In fact, as we said, the only terms in the e↵ective Lagrangian that can lead to
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factors, the contribution in eq. (3.7) gives a sizable correction to bT . In particular, if we assume
that this is the dominant correction to bT and that the shift in bS is non negative, a very stringent
bound on ⇠ is obtained, ⇠ . 0.1 (see fig. 2). 8

The second correction comes from fermion loops. As already noticed, in order to induce a con-
tribution to bT the corresponding diagrams must contain some insertions of the symmetry breaking
couplings yL4,1. Under SU(2)L ⇥ SU(2)R the yL4,1 mixings transform in the (1,2) representation,

thus at least 4 insertions are needed to generate a shift in bT [11]. This minimal number of insertions
guarantees that the fermion one-loop corrections to bT are finite. A typical diagram contributing at
leading order in the y expansion is shown in fig. 5.

It is straightforward to estimate the corrections to bT at leading order in the elementary–
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where we denoted by m the mass scale of the lightest top partners in our e↵ective Lagrangian. To
get a quantitative estimate we can extract the value of the yL mixing from the top mass. If we
assume that the elementary–composite mixings have comparable sizes, yL4 ' yL1 ' yR4 ' yR1 ' y,
the top Yukawa can be estimated as yt ' y2f/m. By using this expression we get the estimate
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Notice that this contribution is usually dominant with respect to the one given in eq. (3.7). More-
over, as we will see in the next section with an explicit calculation, the sign of the fermion contri-
bution can be positive, so that it can compensate the negative shift in eq. (3.7). Notice that, if bS
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 large region of parameter 
space already disfavored by 
EW precision data

 complementarity between 
direct searches @ hadron 
machine and indirect higgs  
measurements @ lepton 
machine
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