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Constraining New Physics with the 
Higgs

• *based on work with

– Alper Hayreter, ISU postdoc, now Ozyegin University (Istanbul)

• **based on work with

– Han Phoon, ISU student

– Xiao-Gang He, NTU Taipei

– Yong Tang, NTHU Taiwan

Will discuss two cases:
I. Anomalous fermion-gauge boson couplings (dipole 
operators) in processes with a Higgs*

II. New physics in one-loop Higgs couplings hgg and hγγ: 
color octet scalars and the top-quark Yukawa coupling**
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cmdm and cedm couplings 

• consider new physics in the form of anomalous color magnetic 
(CMDM) and electric (CEDM) dipole moments

• as it stands, this is not fully gauge invariant under the SM

• there are a few ways to think about this:
– this is just the unitary gauge version of a Lagrangian in which 

the spontaneously broken gauge symmetry is nonlinearly 
realized 

– we need to fix gauge invariance using a scalar doublet with a 
vev as in the SM

L =
gs

2
dqG f̄L T aσµν fR Ga

µν + h.c.
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gauge invariance - related couplings

L = q̄L T aσµνΣ
(

0
1

)
qR Gaµν

w+

w−

z

z

· · ·

H

L = gs
duG

Λ2
q̄σµνT au φ̃Ga

µν + gs
ddG

Λ2
q̄σµνT ad φGa

µν + h.c.

L =
gs

2
f̄ T aσµν

(
ag

f + iγ5d
g
f

)
f Ga

µν .

with H

with
out

 H
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top-quark couplings at LHC

• start from 
• usual constraints from processes without Higgs

• but they also appear and can be constrained in 
Higgs production associated with a top-quark 
pair

• here we compare the two

L = gs
dtG

Λ2
q̄3LσµνT atR φ̃Ga

µν + h.c.

L =
gs

2
t̄ T aσµν (ag

t + iγ5d
g
t ) t Ga

µν

ag
t =

√
2 v

Λ2
Re(dtG)

dg
t =

√
2 v

Λ2
Im(dtG)

cmdm: CP conserving

cedm: CP violating
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top quark pair production

• SM at LO for LHC

• receives new contributions from modified couplings

• the resulting cross-section is a quartic polynomial in 
the new couplings with only even powers of the CP-
odd coupling

+

CP violation in the production vertex

• We consider that CP violation arises in the 

production vertex and let the decay vertices be  

standard model.

• CP violation arises due to an effective dipole 

moment anomalous coupling of the top quark (a 

Chromo-electric dipole moment).
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FIG. 2: Decomposition of tt̄ production and decay vertices with helicity amplitudes.

where we have defined the helicity factors

Tt(λ
′, λ) ≡

(

ūtλ′γ0Γ†
Dγ0/pbΓDutλ

)

Tt̄(σ, σ′) ≡
(

v̄t̄σΓD̄/pb̄γ
0Γ†

D̄
γ0vt̄σ′

)

TP (λ, σ, σ′, λ′) ≡
(

ūtλΓP vt̄σ v̄t̄σ′γ0Γ†
Pγ0utλ′

)

(3)

To proceed, we consider several cases separately in what follows.

III. CP VIOLATION IN THE PRODUCTION VERTEX

We first study CP violation in the production vertex, taking the decay vertices to proceed
as in the standard model. CP violation will be due to an effective dipole moment anomalous
coupling of the top-quark defined via the Lagrangian

Lcdm = −igs

d̃

2
t̄σµνγ5 Gµν t (4)

where gs is the strong coupling constant and Gµν is the usual field strength tensor. This La-
grangian modifies the standard model top-quark couplings to gluons as follows (for incoming
gluons that carry momentum q)

gtt̄ → −igs
λa

2

(

γµ + d̃σµνq
νγ5

)

ggtt̄ → i π αs [λb, λc] d̃σµνγ5. (5)

The production factor becomes, summing over the gluon helicity λ1,2,

TP (λ, σ, σ′, λ′) =
1

4

g4
sCij

64

∑

λ1,λ2

MPi(λ1, λ2, λ, σ)M$
Pj(λ1, λ2, λ

′, σ′) (6)
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Lagrangian for chromo-electric dipole moment  of top quark

Chromo-electric dipole moment

gluon field strength tensor

This langrangian modifies the SM couplings between top quark and gluons
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are well suited for implementation in simulations that use the narrow width approximation
for both the top-quark and W propagators.

II. MIXED HELICITY FRAMEWORK FOR gg → tt̄ → bb̄WW .

The dominant mechanism for production of tt̄ pairs at the LHC is gluon fusion and we
concentrate on it now. For this source of tt̄ pairs there are four relevant diagrams shown
in Figure 1 that we will consider. The first three diagrams are the usual s, t, u channels in
the SM. We will also consider the possibility of CP violation in the ttg vertex as described
below. In general, there is also a CP violating effective ttgg vertex, the fourth diagram. A

FIG. 1: Diagrams responsible for CP asymmetry in top-quark pair production via gluon fusion:

s-channel, t-channel, u-channel and seagull.

convenient way to calculate the CP asymmetry is to consider the process as in Figure 2 in
the parton CM frame and use a mixed method of helicity amplitudes and traces of Dirac
matrices as we described in Ref. [3]. The top-quark pair production by the four diagrams in
Figure 1 is represented by ΓP in Figure 2. The t and t̄ decays into bW are represented by
ΓD,D̄. We will consider two cases: first, we treat the W as a final state, an approximation
useful to describe hadronic W decays where no correlations involving the decay products of
the W are observed; and second, we allow the W to decay into !ν with a standard model
vertex. The amplitude can then be written schematically as

M = −
ūbΓD(/pt + mt)ΓP (−/pt̄ + mt)ΓD̄vb̄

(p2
t − m2

t )(p
2
t̄ − m2

t )
. (1)

We now split the production and decay processes using helicity amplitudes and replace the
numerator of the top-quark (and anti-top-quark) propagator with a sum over polarizations.
We work within the narrow-width approximation for the t and t̄ decays; and, therefore,
these polarization sums refer to on-shell tt̄ states. Notice, however, that this procedure
preserves the full spin correlations. As it turns out, the CP odd observable arises from the
interference of amplitudes in which the intermediate states have different helicities. Since the
b and the b̄ polarizations are not observable, we sum over them immediately after squaring
the amplitude. Similarly, we sum over the W polarization for the case of W final states or
over the ! and ν polarizations for the case when the W decays leptonically. We thus write

|M|2 =
(

π

mtΓt

)2

δ(p2
t − m2

t )δ(p
2
t̄ − m2

t )
∑

λ,λ′,σ,σ′

Tt(λ
′, λ)Tt̄(σ, σ′)TP (λ, σ, σ′, λ′) (2)
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bounds from the cross-section

• Use SM NLO calculation from the literature but treat the 
NP as well as its interference with SM at LO (FeynRules + 
Madgraph)

• For 8TeV we extract constraints from comparing the ATLAS 
lepton plus jets cross-section to the theoretical expectation  
ATLAS-CONF-2012-149 + Aliev et. al  Comput. Phys. Commun. 182, 1034 (2011) (HATHOR)

• For 14 TeV we use the NLO theoretical cross-section                                     
(M. Beneke, P. Falgari, S. Klein, C. Schwinn arXiv:1112.4606)  

– and we assume experiment will agree with SM and theory error will 
dominate 

– really comparing a 17% error at 8 TeV with a 14% error at 14 TeV

σ(tt̄)Exp

σ(tt̄)TH
=

(241± 32) pb
(238+22

−24) pb
= 1.01± 0.17

σ(NLO) = (884+125
−121)pb
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top quark pair production

8TeV Im(dtG)

Re(dtG)
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−0.029 < mta
g
t < 0.024 or −0.478 < mta

g
t < −0.402,

and |dg
t | < 0.10/mt.

−0.034 < mta
g
t < 0.031 or −0.55 < mta

g
t < −0.46,

and |dg
t | < 0.12/mt

see also Hioki, and Ohkuma [Phys. Rev. D 83, 114045 (2011)
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Higgs production associated with top-quark pair

• affected by the same NP couplings

• cross-section is again a quartic polynomial in NP 
with only even powers of the CEDM

• constrain by comparing to SM at NLO (15%-18%)

+ · · · + · · · + · · ·

SM NP NP

σ(pp→ tt̄h)NLO = (611+92
−110)fb S. Dittmaier et al. (LHC Higgs Cross Section 

Working Group Collaboration), arXiv:1101.0593.
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14TeV Im(dtG)
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pp→ tt̄ pp→ tt̄h

• better for “natural” CMDM (values near 0)

• much better overall (allowing cancellation with SM)

• much better for CEDM (imaginary part)

pp→ tt̄ vs pp→ tt̄h

−0.06 < mta
g
t < 0.03 or −0.016 < mta

g
t < 0.008,

and |dg
t | < 0.02/mt.
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Decay distributions

• The cross-sections would allow at 1σ (LHC14)

– 0.1/mt  CEDM and 0.03/mt  CMDM  (top pairs)
– 0.02/mt CEDM and 0.01/mt  CMDM (top pairs + h)

• It may be possible to improve the bounds by 
measuring asymmetries
– CEDM of top from literature: 5σ statistical sensitivity 

with 10 fb-1 to dgt  of order 0.1/mt possible Gupta, Mete, G.V. Phys.Rev. D80 
(2009) 034013, J Sjolin J.Phys. G29 (2003) 543-560, Hioki, and Ohkuma,  ...

– CEDM and CMDM at the 0.05/mt , 0.03/mt possible with 
20 fb-1  of LHC8 data at 2σ using spin correlations Baumgart 

and Tweedie, JHEP 1303 (2013) 117
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T-odd asymmetries

• Compare 
– take muonic decay for all top quarks
– construct T-odd asymmetries with momenta of muon, 

beam and top (b-jet)
– impose basic acceptance and separation cuts for muons 

and b, as well as require missing ET but do nothing about 
Higgs

• 1σ statistical sensitivity to CEDM

• a bit better than cross-sections but very hard in the second 
case (with h) as at least 104 events to measure an asymmetry 
at the % level and the cross section is tiny.

pp→ tt̄, pp→ tt̄h

!pb · (!pµ+ × !pµ−) → 0.009/mt with 10fb−1 in tt̄

!pbeam · (!pµ+ × !pµ−) !pbeam · (!pµ+ − !pµ−) → 0.007/mt with 1000fb−1 in tt̄h
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b-quark couplings

• NP effects in pair production are overwhelmed by QCD

• need b-pair production in association with Higgs 

• compare to SM NLO prediction    (Phys.Rev. D70 (2004) 074010: Dittmaier, Kramer, Spira)

• require NP corrections to remain below 1σ (17%)

σ(pp→ bb̄hX)SM = (5.8± 1.0)× 102 fb

14TeV Im(dbG)

Re(dbG)

1.510.50-0.5-1
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0
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−1.3× 10−4 < mba
g
b < 2.4× 10−4

|dg
b | < (1.7× 10−4)/mb
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light quarks including charm

• NP is again buried in QCD background, only hope in 
processes with a higgs

• look for NP in pp → hX (                                 )

• in SM these subprocesses are dominated by charm
– interference between NP and SM is negligible 

• could look in higgs plus one jet mode ... not now
• require NP to fall below theoretical uncertainty of 

dominant gluon fusion SM process

qg → qh and qq̄ → hg
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Results for LHC 14 TeV

• From 

•

qg → qh and qq̄ → hg

σ(pp→ hX) = (49.97+7.3
−7.0) pb

14TeV Im(dqG)

Re(dqG)

151050-5-10-15
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-10
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s
c

• whereas SM at NLO for mh=125 
(Handbook of LHC Higgs Cross Sections: 1. 
Inclusive Observables , Dittmaier et. al.)

• require NP < 1σ theory error

σ(pp→ hX)NP ≈ 0.7
[
Re(duG)2 + Im(duG)2

]

+ 0.4
[
Re(ddG)2 + Im(ddG)2

]
+ 0.1

[
Re(dsG)2 + Im(dsG)2

]

− 0.034 Re(dcG) + 0.07
[
Re(dcG)2 + Im(dcG)2

]
pb.
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Summary

asymmetries at both 8 and 14 TeV. The results in this
subsection are not new but will serve as comparison points
for our study of constraints from t!th processes. The latter
possibility was first discussed in Ref. [19] and has been
revisited recently [20,21]. Our results for the top-quark
couplings are in agreement with these recent papers, and
we expand on them by considering the T-odd correlations
that would allow one to separate the effect of a CEDM
from that of a CMDM and by extending the study to
include light quarks.

A. t !t production and decay

We first consider t!t production at the LHC at 8 TeV in
order to compare with recent experimental results. Both
CMS [22] and ATLAS have results that have not yet been
combined. Since all the existing results are compatible, we
will use one of them to illustrate the constraints on the new
couplings. Taking the ATLAS cross section in the lepton
plus jets channel [23] with errors added in quadrature (but
dominated by systematic error)

!ðt!tÞ ¼ ð241$ 32Þ pb (4)

and comparing with the theoretical expectation obtained
from HATHOR [24] as quoted by ATLAS,

!ðt!tÞ ¼ ð238þ22
&24Þ pb; (5)

we find a representative ratio between the measured and
expected cross sections

!ðt!tÞExp
!ðt!tÞTH

¼ 1:01$ 0:17: (6)

In this section we will interpret the error in this ratio as the
room that remains for new physics that can affect top-quark
pair production.

We begin our calculation by implementing the
Lagrangian of Eq. (2) into MadGraph5 [25] with the aid
of FeynRules [26]. We use the resulting model10 UFO file to

generate top-quark pair events for different values of agt
and dgt in a range that changes the SM cross section by
factors of a few. We then fit the numerical results to obtain
approximate expressions for cross sections and asymme-
tries in terms of the new couplings. The results of our
simulations are presented in the Appendix in Fig. 8, and
the corresponding fit to these points is given in Eq. (A1).
In Fig. 1 we compare the fit to the current measurement

in the form of Eq. (6), and from this comparison we extract
the current LHC exclusion region. The central value (for
which the measured cross section is approximately equal to
the SM) is reproduced along the curve that goes through
the origin. Along this curve there is a cancellation between
pure NP contributions and interference between NP and the
SM. The shaded region shows the parameters allowed by
Eq. (6) at the 1! level.

TABLE I. Summary of results for 1! bounds that can be placed on the CEDM and CMDM couplings of quarks at the LHC. 18The last
column shows the effective new physics scale than can be probed by the LHC with the given process, the two numbers corresponding
to the CMDM and the CEDM respectively.

Process CMDM CEDM " (TeV)

!ðpp ! t!tÞ 8 TeV &0:034 & mta
g
t & 0:031 jmtd

g
t j & 0:12 (1.5, 0.7)

!ðpp ! t!tÞ 14 TeV &0:029 & mta
g
t & 0:024 jmtd

g
t j & 0:1 (1.5, 0.7)

A1ðpp ! t!tÞ 14 TeV ' ' ' jmtd
g
t j & 0:009 (-, 2.5)

!ðpp ! t!thÞ 14 TeV &0:016 & mta
g
t & 0:008 jmtd

g
t j & 0:02 (2, 1.7)

A1;2ðpp ! t!thÞ 14 TeV ' ' ' jmtd
g
t j & 0:007 (-, 3)

!ðpp ! b !bhÞ 14 TeV &1:3( 10&4 & mba
g
b & 2:4( 10&4 jmbd

g
bj & 1:7( 10&4 2.7

!ðpp ! hXÞ 8 TeV jaguj & 3:5( 10&4 GeV&1 jdguj & 3:5( 10&4 GeV&1 1
!ðpp ! hXÞ 14 TeV jaguj & 1:2( 10&4 GeV&1 jdguj & 1:2( 10&4 GeV&1 1.7
!ðpp ! hXÞ 14 TeV jagdj & 1:6( 10&4 GeV&1 jdgdj & 1:6( 10&4 GeV&1 1.5
!ðpp ! hXÞ 14 TeV jags j & 3:3( 10&4 GeV&1 jdgs j & 3:3( 10&4 GeV&1 1
!ðpp ! hXÞ 14 TeV jagc j & 3:9( 10&4 GeV&1 jdgc j & 3:9( 10&4 GeV&1 1

FIG. 1 (color online). dtG parameter space allowed by the
measurement of the t!t production cross section at the LHC at
8 TeV. The center curve (blue) corresponds to the central value
of Eq. (6), and the shaded region is that allowed at 1!.

ALPER HAYRETER AND GERMAN VALENCIA PHYSICAL REVIEW D 00

2

constraints can be translated into saying that the LHC can reach 
1σ sensitivity to a new physics scale between 1 and 3 TeV
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compared to neutron edm

asymmetries at both 8 and 14 TeV. The results in this
subsection are not new but will serve as comparison points
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possibility was first discussed in Ref. [19] and has been
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that would allow one to separate the effect of a CEDM
from that of a CMDM and by extending the study to
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to the CMDM and the CEDM respectively.

Process CMDM CEDM " (TeV)

!ðpp ! t!tÞ 8 TeV &0:034 & mta
g
t & 0:031 jmtd

g
t j & 0:12 (1.5, 0.7)

!ðpp ! t!tÞ 14 TeV &0:029 & mta
g
t & 0:024 jmtd

g
t j & 0:1 (1.5, 0.7)

A1ðpp ! t!tÞ 14 TeV ' ' ' jmtd
g
t j & 0:009 (-, 2.5)

!ðpp ! t!thÞ 14 TeV &0:016 & mta
g
t & 0:008 jmtd

g
t j & 0:02 (2, 1.7)

A1;2ðpp ! t!thÞ 14 TeV ' ' ' jmtd
g
t j & 0:007 (-, 3)

!ðpp ! b !bhÞ 14 TeV &1:3( 10&4 & mba
g
b & 2:4( 10&4 jmbd

g
bj & 1:7( 10&4 2.7

!ðpp ! hXÞ 8 TeV jaguj & 3:5( 10&4 GeV&1 jdguj & 3:5( 10&4 GeV&1 1
!ðpp ! hXÞ 14 TeV jaguj & 1:2( 10&4 GeV&1 jdguj & 1:2( 10&4 GeV&1 1.7
!ðpp ! hXÞ 14 TeV jagdj & 1:6( 10&4 GeV&1 jdgdj & 1:6( 10&4 GeV&1 1.5
!ðpp ! hXÞ 14 TeV jags j & 3:3( 10&4 GeV&1 jdgs j & 3:3( 10&4 GeV&1 1
!ðpp ! hXÞ 14 TeV jagc j & 3:9( 10&4 GeV&1 jdgc j & 3:9( 10&4 GeV&1 1

FIG. 1 (color online). dtG parameter space allowed by the
measurement of the t!t production cross section at the LHC at
8 TeV. The center curve (blue) corresponds to the central value
of Eq. (6), and the shaded region is that allowed at 1!.
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2

2× 10−4

2× 10−8

1.8× 10−11 GeV−1

1.8× 10−11 GeV−1

0.1 GeV−1

4.6× 10−10 GeV−1

neutron edm

– using neutron edm for u,d, Λ edm for s and quark model

– using Weinberg three gluon operator for c,b,t (Nucl.Phys. B357 (1991) 

311-356, De Rujula et al)

– existing estimates for top-quark case vary by an order of 
magnitude  
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Same thing may be possible for leptons

• consider again the dipole-type couplings

• which gauge invariance turns into

• and a dimension 8 coupling that is enhanced

L =
e

2
!̄ σµν (aγ

# + iγ5d
γ
# ) ! Fµν +

g

2 cos θW
!̄ σµν

(
aZ

# + iγ5d
Z
#

)
! Zµν

L = g
d!W

Λ2
!̄σµντ ie φW i

µν + g′ d!B

Λ2
!̄σµνe φBµν + h.c.

L =
g2

s

Λ4

(
dτG GAµνGA

µν !̄L!Rφ + dτG̃ GAµνG̃A
µν !̄L!Rφ

)
+ h. c.
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Possible observables (for tau-lepton)

• deviation from Drell-Yan cross section in the high invariant 
mass region

• Assume a comparison at the 14% level will be possible 
(current main systematic uncertainty in high invariant mass 
di-tau pairs at CMS, > 300 GeV, is from estimation of 
background and in the range 6-14% Phys.Lett. B716 (2012) 82-102, CMS Collaboration)

• Limit on the                   cross section. Perhaps this can be 
set from the searches for pp → Zh with a di-tau 

reconstruction of Z? 

m!! > 120 GeV

pp→ τ+τ−h
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constraints from Drell-Yan

• Typical NP scale probed is ~ TeV, with Λ = 1 TeV we find a 

1σ sensitivity 

• slightly better for the dimension 8 coupling!

• In the γ,Z basis requiring deviations in high invariant mass 

Drell-Yan pairs to be at most 14%

• Whereas existing bounds are

−0.0064 (mτdγ
τ , mτdZ

τ ) 0.0064
−0.0061 mτaγ

τ 0.0068
−0.0063 mτaZ

τ 0.0066

−0.002 < mτdγ
τ < 0.0041 Belle

−0.026 < mτaγ
τ < 0.007 Delphi

−0.00067 < mτdZ
τ < 0.00067 Aleph

−0.0016 < mτaZ
τ < 0.0016 Aleph

|dτW | < 6, |dτB | < 10, |dτG| < 0.96
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Does h help?

• a constraint                             with                 
(50 times larger than SM) would result in 
comparable constraints to a 14% measurement 
of Drell-Yan for 

• For the gluonic couplings          one gets similar 
sensitivity to a 14% measurement of Drell-Yan 
with a bound                              (500 times 
larger than SM)

σ(pp→ τ+τ−h) < 5 fb mττ > 120 GeV

dγ,Z
τ

dτG,G̃

σ(pp→ τ+τ−h) < 50 fb
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II. Higgs couplings hgg and hγγ

• constraints on new scalars (color octet 
electroweak doublet) from partial wave 
unitarity

• constraints from effective one-loop higgs 
couplings
– constraints on parameters of scalar color octet
– constraints on top-quark Yukawa coupling 
– interplay between the two
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New color octet scalars

• One of first examples of NP ruled out by the 
Higgs observation was the fourth generation

• gluon fusion production of h would be ~ 10 times 
bigger with extra, heavy, t’ and b’ in the loop

• Can `fix’ this by changing the scalar sector, one 
way is to add new, colored, scalars that might 
reduce Higgs production
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color octet scalars
• Scalar sector of SM extended with a color-octet 

electroweak-doublet (motivated by MFV) Phys.Rev. D74 (2006) 035009, Manohar 
and Wise

• Yukawa sector

• Scalar potential

– 14 new parameters...
– custodial symmetry relates some of the parameters

L = −
√

2
v

ηU eiαU ŪRTAM̂uUL SA0 + h.c. + · · ·

V = λ

(
H†iHi −

v2

2

)2

+ 2m2
sTr S†iSi + λ1H

†iHiTr S†jSj + λ2H
†iHjTr S†jSi

+
[
λ3e

iα3H†iH†jTr SiSj + λ4e
iα4H†iTr S†jSjSi + λ5e

iα5H†iTr S†jSiSj + h.c
]
+ λ6Tr S†iSiS

†jSj

+ λ7 TrS†iSjS
†jSi + λ8 TrS†iSi TrS†jSj

+ λ9 TrS†iSj TrS†jSi + λ10 TrSiSj TrS†iS†j + λ11 TrSiSjS
†jS†i.
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A few features

• custodial SU(2)

• scalar masses constrained by non-observation of these 
states

• S parameter 

• gluon fusion production of Higgs

2λ3 = λ2, 2λ6 = 2λ7 = λ11, λ9 = λ10, λ4 = λ!
5.

m2
S± = m2

S + λ1
v2

4
,

m2
S0

R
= m2

S + (λ1 + λ2 + 2λ3)
v2

4
,

m2
S0

I
= m2

S + (λ1 + λ2 − 2λ3)
v2

4
,

S =
λ2

6π

v2

m2
S

S = −0.07± 0.09

−0.49± 0.64

L = (
√

2GF )1/2 αs

12π
GA

µνGAµνh

(
nhf +

v2

m2
S

3
8
(λ2 + 2λ1)

)
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partial wave unitarity at high energy

h, w±, z

h, w±, z

Sa
i

Sb
j

Sb
j

Sa
i Sc

k

Sd
l

tr
ee

 le
ve

l 
on

ly
!

h, w±, z

Sb
j

Sc
k

Sd
l

color singlet, zeroth partial wave with I =0

s >> m2
s → |2λ1 + λ2| < 18

s >> m2
s → |λ4 cos φ4 + λ5 cos φ5| < 26

symmetric color octet, J=0,  I =0

s >> m2
s →

∣∣∣∣
1

32π
(17λ8 + 13λ9 + 13λ11)

∣∣∣∣ <
1
2

color singlet, zeroth partial wave with I =0

 Lee Quigg and Thacker: J=0, I =0 ww scattering in SM Higgs mass bound

5λ

16π
<

1
2
, λ =

GF m2
h√

2
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running couplings

• compute beta functions and consider partial sets 
of RGE

• for example: scalar couplings that appear at one-
loop in h g g and hγγ in with custodial symmetry

dλ1

d lnµ
=

1
8π2

(
λ2

1 + λ2
2 + 2λ(3λ1 + λ2)

)

dλ2

d lnµ
=

1
8π2

λ2 (2λ + 2λ1 + 3λ2)

dλ

d lnµ
=

1
8π2

(
12λ2 + 2λ2

1 + 2λ1λ2 + 2λ2
2

)
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RG improved unitarity

J
H
E
P
0
5
(
2
0
1
3
)
0
2
6

Figure 3. The left plot shows the region in the λ1 − λ2 (at 1TeV) plane that satisfies the
unitarity constraint, eq. (3.4) at 1TeV in red, up to 100TeV in green and up to 1010 GeV in blue.
The dashed lines show the conditions a± = 0. In the right plot, this region is further reduced by
requiring unitarity up to 100TeV in green and up to 1010 GeV in blue for the λ − λ1,2 coupled
system.

In figure 3 we show the region in the λ1 − λ2 (at 1TeV) plane that satisfies the unitarity

constraint, eq. (3.4) up to different energy scales. The red region corresponds to eq. (3.4) for

the couplings at 1TeV indicating how there is no constraint along the direction λ2 = −2λ1.

In the green shaded region we require that the unitarity constraint be satisfied up to

100TeV and in the blue shaded region up to 1010GeV. We see that as we require the

theory to remain perturbative to higher scales, the allowed region for positive λ1,2 shrinks

as expected. On the other hand this does not happen for a region where one or both

λ1,2 are allowed to be negative. In figure 3 we also show the conditions a± = 0 with

the dashed lines.

Next we recall that λ1,2 contribute to the running of λ as in eq. (4.1). We can solve

numerically the coupled equations for λ and λ1,2 by ignoring the other couplings and

taking the custodial limit. If we then require that λ also satisfy its unitarity constraint [34]

5λ/(16π) ≤ 1/2, we further restrict the allowed parameter space. The area in the λ1 − λ2

plane that is allowed in this case is shown in the right side of figure 3.

In the above discussion we have neglected the gauge coupling contributions to the

RGE. The effects of the gauge couplings, dominated by the strong coupling, tend to slow

down the raising of λ1,2 which in turn slows down the growing rate for λ. Therefore one

expects that inclusion of the gauge couplings will delay the reach of the unitarity bounds.

In figure 4 we use two sets of typical initial values from the blue region in figure 3 as

illustration, to show the running behavior of λ and λ1,2. We see that indeed λ and λ1,2 are

below the unitarity bounds all the way up to a scale higher than 1010GeV.

– 11 –
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best fit to h ➞ γγ and h ➞ gg

The universal Higgs fit,
P. Giardino et.al. 
arXiv:1303.3570

MS ! 1000 GeV

MS ! 1750 GeV

0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

2.5

BR!h"gg"#SM

BR
!h"Γ

Γ"#SM

MS ! 500 GeV

MS ! 1750 GeV

0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

2.5

BR!h"gg"#SM
BR
!h"Γ

Γ"#SM

1σ

2σ

λ1,2 satisfying tree unitarity λ1,2 satisfying RGI unitarity
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as constraints on λ1, λ2

tree unitarity

RGI to 1010 GeV

Br!gg,ΓΓ" for MS " 800 GeV

!15 !10 !5 0 5 10 15

!10

!5

0

5

10

Λ1

Λ
2

FIG. 2: Allowed λ1 −λ2 parameter space from Ref. [9] (yellow and blue regions as discussed in the

text), superimposed with the regions allowed by the BR(h → γγ) and BR(h → gg) at 1σ (dark

red) and 2σ (light red).

level, the data permits a 20% excursion from the SM value, as the range 0.8 <∼ rt
<∼ 1.2

is allowed. Notice that for rt = 1, which is the SM, the values for BR(h → γγ) and
BR(h → gg) are not the closest point to the best fit values to data. In the SM (no color
octet), the amplitude for h → γγ has contributions from a W loop and a top loop with
different signs and with the latter being proportional to rt. Allowing rt to be smaller than 1,
the cancellation between W and top-quark loops is reduced resulting in a larger branching
ratio for h → γγ and therefore in a better fit to the data. If one only considers this decay
mode, rt ∼ 0.6 corresponds to the central value of the fit. However, varying rt will also
modify h → gg whose amplitude is proportional to it. Taking both rates into account, the
best fit is closer to rt ∼ 0.95.

New physics contributing to the loop amplitudes, such as the color-octet scalars, modifies
the allowed rt range and we illustrate this with the green and blue curves in Figure 3. Values
of λ1,2 satisfying the RGI condition up to 1010 GeV result in minimal modifications, so we
show two cases in which λ1,2 are only required to satisfy the tree-level unitarity bound. A
reversal of sign in rt is not allowed at the 2σ level.

We collect in Figure 4 three views of the allowed parameter space in the color-octet model
as a function of rt such that the one-loop rates stay within the 1σ region of the fit. The
larger regions (yellow) span the λ1 − λ2 parameter space allowed by tree level unitarity and
the smaller regions (blue) span the λ1 − λ2 parameter space allowed by the RGI unitarity

6

assume top-Higgs
coupling as in SM

constructive interference
between SM and octet scalars

destructive
 interference

• effective one-loop 
couplings are more 
restrictive than tree 
unitarity but less 
restrictive than RGI 
unitarity for λ1,2

for scalars only:
hγγ ~ λ1

 h g g ~ (2 λ1+ λ2)
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the top-quark Yukawa

• In general the mechanisms of EW symmetry breaking and 
fermion mass generation need not be the same

• Even with a SM-like Higgs, new physics can spoil the relation 
between the top-quark mass and its Yukawa

• what values of rt are still allowed by h g g and hγγ?

– direct measurement not yet very restrictive:

Lhtt = ytq̄ t φ̃ +
guφ

Λ2
(φ†φ)q̄ t φ̃ + h.c.

ghtt̄ =
yt√
2

+ 3guφ
v2

2
√

2Λ2

mt = yt
v√
2

+ guφv
v2

2
√

2Λ2

ghtt̄ → (ghtt̄)SM rt

σ(pp→ tt̄h) < 5.8σSM CMS, JHEP 05 (2013) 145
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arbitrary      coupling htt̄
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with only SM 
particles in loop: 
at 1σ
rt ~ (0.8-1.2)

with color 
octets
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another view of parameter space

tree unitarity

RGI to 1010 GeV

!1.0 !0.5 0.0 0.5 1.0 1.5 2.0

600

800

1000

1200

1400

1600

1800

2000

rt

M
S
!GeV

"

• without color octet 
scalars 0.8 < rt < 1.2 
is allowed at 1σ 

• allowing λ1,2 and Ms 

to vary while 
satisfying RGI 
unitarity up to 1010 
GeV relaxes this to 
0.6 < rt < 1.4 
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arbitrary      coupling htt̄

!0.9!0.9

!0.6

!0.3

0.

0.3

0.6

0.9

1.2

!0.9

!0.6

!0.3

0.

0.3

0.6

0.9

!0.3

0.

0.3

0.6

0.9

1.2

1.5

1.8

2.1

MS ! 800 GeV, Λ1 ! 5, Λ2 ! 8

Λ1 ! 0, Λ2 ! 0

MS ! 800 GeV, Λ1 ! #10, Λ2 ! 1

0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

2.5

BR!h$gg"#SM

BR
!h$ΓΓ

"#SM
(−0.88,−0.75)

(0.73, 1.07)

Atlas all channels 
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ATLAS-CONF-2013-034
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Summary

• The effective h g g and hγγcouplings are in agreement with 

the SM, but there is still room for new physics at the ~50% 
level.

• We considered the h t t coupling and see that 20% deviations 
from SM are allowed at 1σif there is no other new physics

• We considered a new multiplet of color octet scalars and 
found that the Higgs one-loop effective couplings place 
constraints on the model that fall between those that follow  
from tree level unitarity and those from RGI unitarity.

• Finally we considered the interplay between these two cases 
finding that a color octet significantly relaxes the constraint 
on h t t
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