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• Many studies looking for new CP violation in top physics 
• CEDM is a `benchmark’ scenario for these searches 
• gauge invariance implies anomalous Higgs couplings which 
can be constrained by Higgs production

Higgs production and dipole-type 
anomalous couplings

• based on work with 
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• BSM with a SM Higgs: since 1986- Buchmuller-
Wyler, Grzadkowski- Iskrzynski -Misiak-Rosiek 
… 

• each operator completely gauge invariant under 
the SM gauge group 

• with recent Higgs discovery at 126 GeV, Λ could 
be almost any scale up to MP 

• large number of operators at 1/Λ 2 . 
• LHC14 sensitive to Λ a few TeV

effective Lagrangians

L = LSM +
1

⇤
L5 +

1

⇤2
L6 + · · ·
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cmdm and cedm couplings 

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

• not fully gauge invariant under the SM with fundamental 126 
GeV Higgs we fix

L = gs
duG

�2
q̄�µ⇥T au ⇥̃Ga

µ⇥ + gs
ddG

�2
q̄�µ⇥T ad ⇥Ga

µ⇥ + h.c.

L =
gs

2
f̄ T a⇥µ⇥

�
ag

f + i�5d
g
f

⇥
f Ga

µ⇥ .

with H

cmdm: anomalous (color)  
magnetic moment

cedm: (color)  
electric moment

L =
gs

2
dqG f̄L T a�µ⌫ fR Ga

µ⌫ + h.c.
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• SM at LO for LHC 

• receives new contributions from modified couplings 

• and is followed by decay 

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

• T-odd correlations can be linear in CP-odd couplings

top quark pair production

+

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)

4

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 ℓν 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 ℓ 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
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Tuesday, February 2, 2010

4 

… and decay   

M. Aldaya 

dileptons (µ/e) ~ 6% 
2l + 2 b-jets + 2" 
Low rate, low background  
Main bkg: Drell-Yan 

µ/e + jets ~ 34% 
1l + 2 b-jets + 2 light-jets +1" 
Good rate, manageable bg  
Main background: W+jets 

all-hadronic ~ 46% 
High rate, huge bg 

Main background: QCD 

taus ~ 14% 
Low rate, high bg  

Main bkg: W+jets, QCD 

In Standard Model: 

~100% 

W decay modes define 
top final states 

XXVI Rencontres de la Vallee d'Aoste, 01.03.12 



German Valencia, Monash University, NCTS theory meeting 2015

ΓP

ΓD

ΓD̄

FIG. 2: Decomposition of tt̄ production and decay vertices with helicity amplitudes.

states or over the ℓ 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 )
∑
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Tt(λ
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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′

)
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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
t̄σµνγ5tG

µν (5)

where gs is the strong coupling constant and Gµν is the usual field strength tensor. This
Lagrangian leads to the following vertices (for incoming gluons that carry momentum q)

gtt̄ → −igs
λa

2

(

γµ + d̃σµνq
νγ5

)

ggtt̄ → i π αs [λb, λc] d̃σµνγ5. (6)

4

spin correlations

• underlying T-odd correlations are spin correlations 
• different observables correspond to different spin 

analysers 

• covariant form of triple products

CP violation in the 
production vertex

CP violation in the 
decay vertex

�(pt, pt̄, p⇧+ , p⇧�) � �µ⌅�⇥pµ
t p⌅

t̄ p�
⇧+p⇥

⇧�

✏(pt, pt̄, st, st̄)
✏(pt, pb, p`+ , st)

✏(pt̄, pb̄, p`� , st̄)

~pb · (~p`+ ⇥ ~p`+)
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• dσ/dΩ contains the CP-odd correlations: 

• where the sum and difference of beam momenta are denoted 
by P and q. 
• for lepton plus jets:  lepton         d-jet momenta  

• Notice that the T-odd observables are quadratic in q (beam 
direction)  

• only the first one is CP odd at LHC 

gg or qq̄ � tt̄� (bµ+⇥µ)(b̄µ�⇥̄µ)

Decay distributions

O1 = �(pt, pt̄, pµ+ , pµ�)
O2 = q · (pt̄ � pt) �(pµ+ , pµ� , P, q)
O3 = q · (pt̄ � pt)

�
P · pµ+ �(pµ� , pt, pt̄, q) + P · pµ� �(pµ+ , pt, pt̄, q)

⇥
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dilepton vs lepton plus jets
pp ! t¯t ! b¯b`+`� 6 ET pp ! t¯t ! b¯b`±jj 6 ET

O1 ✏(t, ¯t, `+, `�) q` ✏(t, ¯t, `, d)

A1 -0.1540 �0.1535
pt!pt�vis�������! �0.1114

O2 ✏(t, ¯t, b,¯b) ✏(t, ¯t, b,¯b)

A2 -0.0358 �0.0311
pt!pt�vis�������! �0.0527

O3 ✏(b,¯b, `+, `�) q` ✏(b,¯b, `, d)
A3 -0.0902 -0.0838

O4 ✏(b+, b�, `+, `�) ✏(b`, bd, `, d)
A4 -0.0340 -0.0319

O5 q · (`+ � `�)✏(b,¯b, `+ + `�, q) q`q · `✏(b,¯b, `, q)
A5 -0.0309 -0.0115

O6 ✏(P, b� ¯b, `+, `�) q` ✏(P, b� ¯b, `, d)
A6 0.0763 0.0742

O7 q · (t� ¯t)✏(P, q, `+, `�) q` q · (t� ¯t)✏(P, q, `, d)

A7 -0.0373 �0.0325
pt!pt�vis�������! �0.0257

O8 q · (t� ¯t)(P · `+✏(q, b,¯b, `�) + P · `�✏(q, b,¯b, `+)) q · (t� ¯t)(P · `✏(q, b,¯b, d) + P · d✏(q, b,¯b, `))
A8 0.0074 0.0113

pt!pt�vis�������! 0.0094
O9 q · (`+ � `�)✏(b+¯b, q, `+, `�) q · `✏(b+¯b, q, `, d)
A9 0.0089 0.0051

O13 ✏(P, b+¯b, `+, `�) q`✏(P, b+¯b, `, d)
A13 0.0032 0.0025

Table 1: Comparison of asymmetries in the dilepton and semileptonic chan-

nels for dtG = 3, ⇤ = 1 TeV. The latter do not yet correspond to observable

asymmetries and serve only for this comparison.
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need jet momenta

Oi j ci

1 qℓ ϵ(t, t̄, ℓ, j)

1 -0.0094

2 -0.0159

3 -0.0163

4 -0.0160

2 ϵ(t, t̄, b, b̄) - -0.0160

3 qℓ ϵ(b, b̄, ℓ, j)

1 -0.0148

2 -0.0157

3 -0.0198

4 -0.0160

4 ϵ(bℓ, bj , ℓ, j)

1 -0.0041

2 -0.0055

3 -0.0057

4 -0.0048

5 qℓ q · ℓϵ(b, b̄, ℓ, q) - -0.0022

6 qℓ ϵ(P, b− b̄, ℓ, j)

1 0.0095

2 0.0120

3 0.0140

4 0.0117

7 qℓ q · (t− t̄)ϵ(P, q, ℓ, j)

1 -0.0023

2 -0.0039

3 -0.0032

4 -0.0036

Oi j ci

9 q · ℓϵ(b+ b̄, q, ℓ, j)

1 0.0017

2 0.0008

3 0.0026

4 0.0014

10 q · (b− b̄)ϵ(b, b̄, q, j)

1 -0.0012

2 -0.0011

3 -0.0011

4 -0.0012

11 qℓ q · (b− b̄)ϵ(P, q, b+ b̄, j)

1 0.0037

2 0.0021

3 0.0042

4 0.0041

12 q · (b− b̄) ϵ(P, q, b, b̄) - 0.0018

13 qℓϵ(P, b+ b̄, ℓ, j)

1 0.0000

2 0.0002

3 0.0000

4 0.0001

8 q · (t− t̄)(P · ℓϵ(q, b, b̄, j) +P · jϵ(q, b, b̄, ℓ))

1 0.0017

2 0.0021

3 0.0020

4 0.0019

TABLE II: Asymmetry coefficient ci for Eq. 7 for the four different ways to pick the jet.
Note that t or t̄ denote the visible top (or anti-top) momenta as defined in Eq. 6.

• Table I shows that the sensitivity of the lepton plus jets channel is in principle
as good as that of the dimuon channel. There is substantial dilution in going
from an unobservable d quark to a jet. As Table II shows, however, a judicious
choice of the jet to go in the asymmetry can improve sensitivity by factors of
two. The only condition in choosing this jet is that it should be CP blind: the
probability should be the same in t or t̄ hadronic decay.

• To arrive at the true sensitivity it will be necessary to simulate events at the
hadron level and try different jet definitions, this task is better suited for the
experimental collaborations.

6

Ai = ci dtG

✓
1 TeV

⇤

◆2

• j1 hardest non-b jet

• j2 second hardest non-b jet

• j3 closest to the b (�R)

• j4 W jet
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• For LHC at 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 eventually agree with SM and theory error 
will dominate  

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

bounds from the cross-section σ(tt)

�(NLO) = (884+125
�121)pb

�(tt̄)Exp

�(tt̄)TH
=

(241± 32) pb
(238+22

�24) pb
= 1.01± 0.17

how much NP “fits” here

http://arxiv.org/find/hep-ph/1/au:+Beneke_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Falgari_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Klein_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Schwinn_C/0/1/0/all/0/1
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• 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 (for 14 
TEV), (15%-18%)

Higgs production associated with top-
quark pair: σ(tth)

+ · · · + · · · + · · ·

SM NP NP

�(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)

Re(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)

top pairs at LHC: σ(tt) vs σ(tth)

�0.48 ⇠ mta
g
t ⇠< �0.4

�0.029 ⇠ mta
g
t ⇠< 0.024

�0.06 ⇠ mta
g
t ⇠< 0.03

�0.016 ⇠ mta
g
t ⇠< 0.008

|dgt | ⇠<
0.02

mt

|dgt | ⇠<
0.10

mt

pp! tt̄h
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• constraints based only on a limit on the cross-section 
• vertical lines are CMS 2015 from 8 TeV data 

• (1.2+1.6-1.5) 
• horizontal dashed lines are the +15% contours of 

previous slide (no lower bound here)

constraints from limits on σ(tth)

Eur. Phys. J. C 75 (2015) 251
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• So far at 1σ and at 14 TeV we found 
• 0.1/mt  CEDM and 0.03/mt  CMDM from  σ(tt) 
• 0.02/mt CEDM and 0.01/mt  CMDM from σ(tth) 

• For top-pairs it is possible possible to improve the bounds by 
measuring T-odd asymmetries: 
• CEDM at 5σ with 10 fb-1 0.1/mt with T-odd asymmetry at 14 TeV * 

• CEDM and CMDM at the 0.05/mt , 0.03/mt possible with 20 fb-1  

of LHC8 at 2σ using spin correlations ** 

• asymmetries in tth are also somewhat better than cross-sections 
but very hard to get: more than 104 events needed to measure an 
asymmetry at the % level, ~ 1000 fb-1 

J Sjolin J.Phys. G29 (2003) 543-560 ,Gupta, Mete, G.V. Phys.Rev. D80 (2009) 034013, and many others * 
Baumgart and Tweedie, JHEP 1303 (2013) ** 

comparison
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•NP effects in bb pair production are overwhelmed by QCD 
•not so much in b-pair production in association with Higgs: bbh 
•should get bounds from non-SM Higgs searches (large tanβ) 
•compare to SM NLO prediction    (Phys.Rev. D70 (2004) 074010: Dittmaier, Kramer, Spira) 

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

b-quark couplings

�(pp! bb̄hX)SM = (5.8± 1.0)⇥ 102 fb

14TeV Im(dbG)

Re(dbG)

1.510.50-0.5-1

1.5

1

0.5

0

-0.5

-1

-1.5

|dgb | ⇠<
1.7⇥ 10�4

mb

�1.3⇥ 10�4
⇠< mb agb ⇠< 2.4⇥ 10�4
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• NP is again buried in QCD background, only hope is 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 
• cross section is only quadratic in NP 

• require NP to fall below theoretical uncertainty of dominant 
gluon fusion SM process 

• This picture fails beyond LO where heavy quark loops give larger 
SM contributions 
• could try higgs plus one jet mode 
• better as NP/SM increases at high pT 

• too hard for now

light quarks including charm

qg ! qh and qq̄ ! hg
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• From  

Results for light quarks

qg ! qh and qq̄ ! hg

14TeV Im(dqG)

Re(dqG)
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summary of constraints for quarks

constraints can be translated into an effective new physics scale 
that the LHC can reach at 1σ sensitivity: between 1 and 3 TeV

Table 1: Summary of results for 1� bounds that can be placed on the CEDM
and CMDM couplings of quarks at the LHC.

Process CMDM CEDM ⇤ (TeV)
�(pp ! tt̄) 8 TeV �0.034 <⇠ mta

g
t
<⇠ 0.031 |mtd

g
t | <⇠ 0.12 (1.5, .7)

�(pp ! tt̄) 14 TeV �0.029 <⇠ mta
g
t
<⇠ 0.024 |mtd

g
t | <⇠ 0.1 (1.5, .7)

A1(pp ! tt̄) 14 TeV - |mtd
g
t | <⇠ 0.009 (-, 2.5)

�(pp ! tt̄h) 14 TeV �0.016 <⇠ mta
g
t
<⇠ 0.008 |mtd

g
t | <⇠ 0.02 (2, 1.7)

A1,2(pp ! tt̄h) 14 TeV - |mtd
g
t | <⇠ 0.007 (-, 3)

�(pp ! bb̄h) 14 TeV �1.3⇥ 10�4 <⇠ mba
g
b
<⇠ 2.4⇥ 10�4 |mbd

g
b | <⇠ 1.7⇥ 10�4 2.7

�(pp ! hX) 8 TeV |agu| <⇠ 3.5⇥ 10�4 GeV�1 |dgu| <⇠ 3.5⇥ 10�4 GeV�1 1

�(pp ! hX) 14 TeV |agu| <⇠ 1.2⇥ 10�4 GeV�1 |dgu| <⇠ 1.2⇥ 10�4 GeV�1 1.7

�(pp ! hX) 14 TeV |agd| <⇠ 1.6⇥ 10�4 GeV�1 |dgd| <⇠ 1.6⇥ 10�4 GeV�1 1.5

�(pp ! hX) 14 TeV |ags | <⇠ 3.3⇥ 10�4 GeV�1 |dgs | <⇠ 3.3⇥ 10�4 GeV�1 1

�(pp ! hX) 14 TeV |agc | <⇠ 3.9⇥ 10�4 GeV�1 |dgc | <⇠ 3.9⇥ 10�4 GeV�1 1
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° ® 
Fig. 3. A CEDM (o) generates a neutron F D M  via the three-gluon operator (4.2). 

violation can be obtained by retaining only the effects of these d = 5 couplings. 
This naive conclusion is threatened by three facts. First, the equality between the 
"conventional" CP-odd dipoles of expression (1.1) and their "convective axial 
current" counterparts of eq. (1.2) is an on-shell result: the existence of both forms 
cannot be ignored off-shell. Second, the (C)EDMs are, as we have seen, d = 6 
operators in disguise, and there are polyp CP-odd operators of the same dimen- 
sion: neither can the polyps of expressions (2.19) to (2.21) be simply ignored. 
Finally, some of the quantum corrections we are led to consider are plagued by 
anomalies reminiscent of the Steinberger-Adler-Bell-Jackiw one. In spite of all 
this, the end result emerging from a maremagnum of technicalities that we 
relegate to a large extent to appendix A, is that, had we ignored all of the 
complications, we would have obtained results that are, in practice, the correct 
ones. A bonus to our efforts is that we establish bounds on the two types of 
CP-odd dipoles, as well as on some of the polyp operators. 

Consider a specific theory of C P  violation that generates quark EDMs or 
CEDMs at a scale A close to or above M z. Focus now on a quark q that is n o t  a 
valence constituent of the neutron. An EDM or a CEDM of one of these 
medium-weight or heavy quarks* can induce [8] a non-zero neutron electric dipole 
moment via quantum effects whose contributions are not chirally suppressed by 
light-quark masses. 

Examples of loop diagrara~ that may transmit the CP-odd infection are given in 
fig. 3 and fig. 4, in which the original CPoviolating vertices are depicted as heavy 
dots. Since the (C)EDM is the lowest-dimension CP-odd vertex operator, it is 
adequate, in the limit A >> mq, to "integrate out" the heavier degrees of freedom 
and to embody all CP-violating effects in these single operator(s). For a t quark 
this approximation is dubious and complete satisfaction may require a two-loop 
calculation. If the quark in the loop is much heavier than the inverse of the 
neutron's radius R, ,  it can in turn be integrated out to generate new "local" 
effective interactions involving only the photon and gluon fields that propagate 

* In ref. [30] the limits of ref. [29] on multi-Higgs models were also re-analyzed in terms of the 
CEDM of the top quark as a "signet" of CP violation. 

– for u,d (s) using neutron (Λ) edm and quark model 
– for c,b,t using Weinberg three gluon operator                                

(Nucl.Phys. B357 (1991) 311-356, De Rujula et al) 
– more recent estimate for |mtdtg| ~ 2 x 10-3 

– more recent estimate for |mcdcg| ~ 6.7 x 10-9

compared to neutron edm

Phys.Rev. D85 (2012) 071501, Kamenik, Papucci, Weiler

Table 1: Summary of results for 1� bounds that can be placed on the CEDM
at LHC and indirect constraints from neutron edm.

Process CEDM neutron (⇤) edm
�(pp ! tt̄) 8 TeV |mtd

g
t | <⇠ 0.12 2.4⇥10�4⇤

�(pp ! tt̄) 14 TeV |mtd
g
t | <⇠ 0.1

A1(pp ! tt̄) 14 TeV |mtd
g
t | <⇠ 0.009

�(pp ! tt̄h) 14 TeV |mtd
g
t | <⇠ 0.02

A1,2(pp ! tt̄h) 14 TeV |mtd
g
t | <⇠ 0.007

�(pp ! bb̄h) 14 TeV |mbd
g
b | <⇠ 1.7⇥ 10�4 2⇥10�8

�(pp ! hX) 8 TeV |dgu| <⇠ 3.5⇥ 10�4 GeV�1 1.8 ⇥10�11 GeV�1

�(pp ! hX) 14 TeV |dgu| <⇠ 1.2⇥ 10�4 GeV�1

�(pp ! hX) 14 TeV |dgd| <⇠ 1.6⇥ 10�4 GeV�1 1.8 ⇥10�11 GeV�1

�(pp ! hX) 14 TeV |dgs | <⇠ 3.3⇥ 10�4 GeV�1 0.1 GeV�1 (⇤� edm)

�(pp ! hX) 14 TeV |dgc | <⇠ 3.9⇥ 10�4 GeV�1 4.7 ⇥10�10 GeV�1

JHEP 1403 (2014) 061, F. Sala
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Case of the 𝜏-lepton

• why the 𝜏-lepton? 
• decays analyse the spin so spin correlations 

are observable as they are for top (almost) 
• existing constraints for electron and  muon 

are very strong so start with possible new 
physics for 𝜏-lepton only

d = 6 d = 8

Z, �

g

g

⌧� ⌧�

⌧+ ⌧+
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CP violation at dimension 6

• consider again the dipole-type couplings 

• which gauge invariance with a light Higgs turns 
into 

• existing bounds for electron and  muon are very 
strong so look at tau only

L =
e

2
⌃̄ ⇤µ⇤ (a�

⌃ + i�5d
�
⌃ ) ⌃ Fµ⇤ +

g

2 cos ⇥W
⌃̄ ⇤µ⇤

�
aZ

⌃ + i�5d
Z
⌃

⇥
⌃ Zµ⇤

L = g
d⇧W

�2
⌥̄�µ⇥⇥ ie ⇤W i

µ⇥ + g� d⇧B

�2
⌥̄�µ⇥e ⇤Bµ⇥ + h.c.



German Valencia, Monash University, NCTS theory meeting 2015

power counting and Leff

• LHC is a gluon factory, power counting of Leff may be 
misleading if ΛNP is sufficiently low (few TeV) 

• operators of dimension 8 are suppressed by an additional Λ2 
with respect to those of dimension 6, so we usually ignore 
them 

•  but look at this dimension 8 term for example:

L =
g2

s

�4

�
d⇤G GAµ⇥GA

µ⇥ ⌅̄L⌅R� + d⇤G̃ GAµ⇥G̃A
µ⇥ ⌅̄L⌅R�

⇥
+ h. c.

L6 = a
g2

⇤2
ūu ¯̀̀

compare to

d = 6d = 8
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parton luminosity for gluon gluon

• Body Level One 
• Body Level Two 

• Body Level Three 
• Body Level Four 

• Body Level Five

MadGraph 5 [11] using FeynRules [12]. We use MadGraph 5 [11] for our event gen-
eration with CTEQ6L-1 parton distribution functions [13], and we apply the basic
acceptance cuts: pTℓ

> 20 GeV, |ηℓ| < 2.5, and∆Rℓℓ > 0.4. We also assume the LHC
is running at

√
S = 14 TeV center-of-mass energy, with an integrated luminosity of

10 fb−1 per year to estimate the sensitivity.2

In Figure 2 we illustrate the invariant mass distributions dσ/dmℓℓ for pp → ℓ+ℓ−

at the LHC and pp̄ → ℓ+ℓ− at the Tevatron. The blue (dotted) curve corresponds to
the SM; the red (solid) curve adds the dimension eight operator of Eq. 2 with c = 5
and Λ = 1 TeV to the SM; and the green (dashed) curve adds the dimension six
operator of Eq. 4 with a = 5 and Λ = 1 TeV to the SM. For the parameters chosen,

FIG. 2: dσ/dmℓℓ for the SM; the SM plus new physics in the gluon fusion process (c = 5);
and the SM plus new physics in the uū annihilation process (a = 5). The scale of new

physics is taken to be Λ = 1 TeV. The figure on the left corresponds to pp → ℓ+ℓ− at the
LHC and the figure at the right to pp̄ → ℓ+ℓ− at the Tevatron.

Figure 2 indicates that the gluon fusion initiated process results in a larger correction
to the SM than the uū initiated process at the LHC even though the former originates
in a higher dimension operator. The reverse is true for the Tevatron, where the
dimension eight correction to gluon fusion is negligible.

To estimate the sensitivity to these new couplings we need to compare the num-
ber of events to those expected in the SM. It is therefore advantageous to first remove
most of the SM events with a cut mℓℓ ≥ 120 GeV and to concentrate on the region
above the Z peak. Recalling that the effective theory is only valid below the scale
Λ, we consider two cases:

• A relatively low new physics scale Λ ∼ 1 TeV. In this case we limit the
comparison to the range 120 ≤ mℓℓ ≤ 300 GeV. The cross-section for these

2 We have also performed some elementary checks on our use of FeynRules and MadGraph 5 by

comparing with a direct implementation of the vertices in Comphep [14].

5

LHC Tevatron
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single spin asymmetry

�, Z �, Z

⌧

⌧

�µ

�µ�5
�µ⌫�5

• interference with SM proportional to m𝜏  
• double spin correlation proportional to m𝜏, or quadratic in NP 

• single spin correlation not zero as m𝜏 ￫ 0

to obtain the constraints in Table I, are approximately quadratic in the anomalous
couplings indicating that the interference with the SM is very small. This is, of
course, due to the fact that the interference between the SM and the dipole-type
couplings is suppressed by the τ -mass.

In this paper we extend our previous study considering constraints that arise
from spin correlations. These spin correlations evade the helicity suppression of
the interference terms in the cross-section and produce observables linear in the new
physics couplings. In this way it is possible to improve the constraints on the electric
dipole moments and to study their CP violating nature through T -odd asymmetries.

II. SPIN CORRELATIONS

Spin correlations in τ -pair production including anomalous dipole type couplings
have been studied in Ref. [21]. In that paper, the spin density matrix for production
of τ -pairs in e+e− colliders in the CM frame was constructed and combined with
the decay matrix for polarized τ in its rest frame. That formalism exhibits the spin
correlations explicitly but is not suited for our calculation. We want to construct
(Lorentz scalar) correlations in terms of observable momenta at the LHC, namely,
the muon (or electron) momenta and the beam momentum. Furthermore, we want
to measure the correlations with event simulations using MadGraph5 [30]. The main
advantage of this approach is the ease in introducing different types of new physics
with the aid of FeynRules [31]. In this paper we limit ourselves to dilepton decays
of the τ pairs, but in a future publication we will address the hadronic decay modes.

A. CP violating couplings

The imaginary part of the effective couplings gives rise to electric and weak
dipole moments of the τ -lepton. These dipole moments are known to produce a
double spin correlation linear in the anomalous coupling, of the form

O2s ∼ mτd
Z,γ
τ ϵµ,ν,α,β pµτ+p

ν
τ−s

α
τ+s

β
τ− (7)

This correlation originates in the interference between the CP violating edm ampli-
tude and the CP conserving SM amplitude. In this case, however, the interference
requires a fermion helicity flip and is therefore proportional to the τ -lepton mass,
resulting in a large suppression at the LHC. On the other hand, contributions that
are quadratic in the new physics couplings do not suffer from this suppression, and
Eq. 7 is useful to probe terms of the form ∼ Re(dτV ) Im(dτV ), that is,

O2s ∼ dZ,γτ aZ,γτ ϵµ,ν,α,β pµτ+p
ν
τ−s

α
τ+s

β
τ− (8)

and similar terms proportional to both the real and imaginary parts of the couplings
dτG and dτG̃.
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With the muons (or electrons) in leptonic tau decay acting as spin analyzers
this is measurable as

Oss = ϵµ,ν,α,β pµτ+p
ν
τ−p

α
µ+p

β
µ−

(9)

which requires at least partial reconstruction of one τ -momentum direction and may
be better suited for hadronic decay channels.

To probe the anomalous couplings that violate CP with terms in the differential
cross-section that are linear in Im(dτV ), but not proportional to the τ mass, we resort
to single spin correlations. For example, for the parton level process qq̄ → τ+τ− one
finds that the Z exchange diagram leads to the CP -odd correlation

O1s ∼ dZτ gA(t̂− û) ϵµ,ν,α,β(p1 − p2)
µpντ+p

α
τ− (sτ− − sτ+)

β (10)

where t̂, û and ŝ are the parton level Mandelstam variables, gA is the axial vector
coupling of the Z to the charged leptons and we have neglected the smaller vector
coupling, gV . Note that the parton momenta p1,2 appear in a symmetric combination
(from the two antisymmetric factors, (t̂− û), and the explicit (p1−p2)) and therefore
this correlation does not vanish after the symmetrization of p1,2 that follows from
the convolution with the parton distribution functions for the LHC pp initial state.

In order to write T -odd correlations that are sensitive to Eq. 10 and are expressed
only in terms of observable momenta we note that:

• In leptonic τ decay, the spin is analyzed by the muon (or the electron) mo-
mentum. The simplest way to compute this is using the method of Ref. [32],
which shows that for leptonic τ decay, Eq. 10 becomes

Oℓℓ
1s ∼ (t̂− û)

(

pτ− · pµ−ϵµ,ν,α,βp
µ
1p

ν
2p

α
τ−p

β
µ+ + pτ+ · pµ+ϵµ,ν,α,βp

µ
1p

ν
2p

α
µ−p

β
τ+

)

(11)

• In the lab frame at the LHC the τ -leptons are highly boosted so their three-
momenta are very close to that of the muons. Further, in leptonic τ decay it is
not possible to reconstruct the τ momentum completely. We then replace the
τ momenta with the corresponding muon momenta in the lab frame obtaining

Oℓℓ
1s

lab−→∝ (t̂− û)ϵµ,ν,α,βp
µ
1p

ν
2p

α
µ−p

β
µ+ (12)

• In the lab frame, the sum and difference of the proton momenta are just the
center of mass energy and the beam direction, and the two parton momenta
appearing in Eq. 12 have to be expressed in terms of these:

P1 =

√
S

2
(1, 0, 0, 1) , P2 =

√
S

2
(1, 0, 0,−1)

P ≡ P1 + P2 =
√
S(1, 0, 0, 0) , qbeam ≡ P1 − P2 =

√
S(0, 0, 0, 1) (13)

• This leaves us with two possibilities:

O1 = [q⃗beam · (p⃗µ+ − p⃗µ−) q⃗beam · (p⃗µ+ × p⃗µ−)]lab
O2 = [q⃗beam · (p⃗µ+ + p⃗µ−) q⃗beam · (p⃗µ+ × p⃗µ−)]lab (14)
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(from the two antisymmetric factors, (t̂− û), and the explicit (p1−p2)) and therefore
this correlation does not vanish after the symmetrization of p1,2 that follows from
the convolution with the parton distribution functions for the LHC pp initial state.

In order to write T -odd correlations that are sensitive to Eq. 10 and are expressed
only in terms of observable momenta we note that:

• In leptonic τ decay, the spin is analyzed by the muon (or the electron) mo-
mentum. The simplest way to compute this is using the method of Ref. [32],
which shows that for leptonic τ decay, Eq. 10 becomes

Oℓℓ
1s ∼ (t̂− û)
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From cross-sections

• deviation from Drell-Yan cross section in the high invariant 
mass region                          at LHC14 (or in the Z region 
which gives very similar results) 

• Assume a comparison at the 14% level will be possible  
 why 14%? the 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 

• For the Z region assume a 7% comparison which is the 
current systematic error

m`` > 120 GeV
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cross-sections
Im(dτV )

Re(dτV )
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FIG. 1: Regions of dτV (left) and the corresponding dγ,Zτ , aγ,Zτ (right) allowed by a maxi-
mum 14% deviation from the SM cross-section with the cuts described in the text.

or equivalently,

|mτd
Z
τ | <∼ 0.0015 , |mτd

γ
τ | <∼ 0.004

−0.0016 <∼ mτa
Z
τ
<∼ 0.0018 , −0.0068 <∼ mτa

γ
τ
<∼ 0.0076 (23)

These constraints are similar to those quoted in Table I, which is not surprising
because in both cases they correspond to assuming that the cross-section will
be measured to 14% accuracy.4.

• A glance at the Feynman diagrams for qq̄ → τ+τ− → µ+µ−ντ ν̄τνµν̄µ reveals
that the cross-section should be quadratic in dτB and a polynomial of order
6 in dτW because the latter also appears in the τ decay vertex as implied by
the gauge invariant form of the operators, Eq. 3. Our numerical calculation
indicates that the cross-section has a sensitivity to dτW at most quadratic,
in other words the precision of our simulations makes it difficult to allow
for the higher order terms. This is because our procedure is a form of the
narrow width approximation (but keeping spin correlations): the dependence
of σ(pp → τ+τ−) on dτW is quadratic, and the τ -lepton branching ratios
remain approximately independent of dτW .

Interestingly, the τ -width itself depends on dτW and we could use that to find
an additional constraint. In the approximation in which we treat the hadronic
τ -decay as decay into free quarks, we find

Γτ (dτW ) ≈ Γτ−SM (1 + 0.00126 Re(dτW ) + · · · ) (24)

where · · · stands for much smaller quadratic corrections, and this is the precise
factor we use in Eq. 20. Of course this approximation does not calculate the

4 This precision corresponds to the largest systematic error in the CMS analysis of high invariant

mass τ -pairs [3]

9

B. Dilepton pairs in the Z-resonance region

The Z-resonance region is selected with the cut 60 < mττ < 120 GeV, with
the same caveats as before. Keeping the remaining cuts unchanged and generating
additional samples we obtain the following approximate fits.

σZ

σSM
= 1 + 0.0069 Re(dτW )2 + 0.0066 Im(dτW )2 + 0.0006 |dτB|2 + 0.0024 Re(dτW )

A1 = −0.013 Im(dτW )− 0.0038 Im(dτB)

A2 = 0.0016 Im(dτW ) + 0.0005 Im(dτB)

Ass = 0.0011 Re(dτW ) Im(dτW ) + 0.001 Re(dτG) Im(dτG) + 0.001 Re(dτG̃) Im(dτG̃)

AC = −0.0279− 5.4× 10−4 Re(dτW )

ApT = −0.0251− 4.7× 10−4 Re(dτW ) (27)

We have not included Re(dτB) for the asymmetries due to the smaller sensitivity
already observed in the previous case. Our main observations in this case are:

• Constraints arising from the cross-section are shown in Figure 2. In this case
we have assumed the cross-section can be measured to 7% accuracy, the current
systematic uncertainty, following Ref. [35]. Taking only one parameter to be
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FIG. 2: Regions of dτV (left) and the corresponding dγ,Zτ , aγ,Zτ (right) allowed by a maxi-

mum 7% deviation from the SM cross-section with the cuts described in the text.

non-zero at a time we find,

|Im(dτW )| <∼ 3.3 , |Im(dτB)| <∼ 10.7

−3.5 <∼ Re(dτW ) <∼ 3.0 , |Re(dτB)| <∼ 10.6 (28)

or equivalently,

|mτd
Z
τ | <∼ 0.0018 , |mτd

γ
τ | <∼ 0.005

−0.0018 <∼ mτa
Z
τ
<∼ 0.0021 , −0.0078 <∼ mτa

γ
τ
<∼ 0.0093 (29)

which are between 20-25% weaker than those that can be obtained from high
energy pairs and at best comparable to the existing constraints from LEP.

11

m`` 6ET > 120 GeV

pT ` > 15 GeV

|⌘`| < 2.4

60 < m`` 6ET < 120 GeV

high energy

Z region
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constraints

m⌧d�⌧ m⌧dZ⌧
pre-LHC (-0.002,0.0041) Belle (-0.00067,0.00067) Aleph

�(m⌧⌧ > 120) to 14% (-0.004,0.004) (-0.0015,0.0015)
A1 100 fb�1 (-0.001,0.001) (-0.0002,0.0002)

�(60 < m⌧⌧ < 120) to 7% (-0.005,0.005) (-0.0018,0.0018)
A1 100 fb�1 (-0.0002,0.0002) (-0.00004,0.00004)

m⌧a�⌧ m⌧aZ⌧
pre-LHC (-0.026,0.007) Delphi (-0.0016,0.0016) Aleph

�(m⌧⌧ > 120) to 14% (-0.0068,0.0076) (-0.0016,0.0018)
AC 100 fb�1 (-0.019,0.019) (-0.0043,0.0043)

�(60 < m⌧⌧ < 120) to 7% (-0.0078,0.0093) (-0.0018,0.0021)
AC 100 fb�1 (-0.0045,0.0045) (-0.001,0.001)

�(m⌧⌧ > 120) to 14%

⇣
|d⌧G|2 + |d⌧G̃|

2
⌘
< 0.9

Ass 100 fb

�1
���Re(d⌧G,G̃)Im(d⌧G,G̃)

��� < 0.16

• These numbers correspond to a NP scale Λ ～ 0.5 TeV


• For comparison, for the dimension 8 gluonic couplings the reach 


is Λ ～ 1 TeV
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Does h help?

• measuring 𝜏+ 𝜏- h  will be very hard  
• what would be necessary to compete with a 14% 

measurement of Drell-Yan? 
• For       one would need   

       or 

• For the gluonic couplings          one needs 

        or

�(pp! ⌧+⌧�h) < 5 fb m⌧⌧ > 120 GeV

d�,Z
⌧

d⌧G,G̃

�(pp! ⌧+⌧�h) < 50 fb

�

�SM
< 50

�

�SM
< 500
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CP properties

• the single spin asymmetry does not have definite CP for LHC, 
although it does for the parton level process

A1(pp)
CP��! �A1(p̄p̄)

A2(pp)
CP��! A2(p̄p̄)

Collider �(fb) A1 A2 Atest

pp 276.0 -0.15 0.10 0.00

p̄p̄ 275.8 -0.14 -0.10 0.00

pp̄ 313.6 -0.15 0.00 0.17

Table 1: Comparison of T -odd and T -even asymmetries with Re(d⌧W )=0,

Im(d⌧W )=10 for di↵erent colliders to exhibit their transformation properties

under CP .

With the muons (or electrons) in leptonic tau decay acting as spin analyzers
this is measurable as

Oss = ϵµ,ν,α,β pµτ+p
ν
τ−p

α
µ+p

β
µ−

(9)

which requires at least partial reconstruction of one τ -momentum direction and may
be better suited for hadronic decay channels.

To probe the anomalous couplings that violate CP with terms in the differential
cross-section that are linear in Im(dτV ), but not proportional to the τ mass, we resort
to single spin correlations. For example, for the parton level process qq̄ → τ+τ− one
finds that the Z exchange diagram leads to the CP -odd correlation

O1s ∼ dZτ gA(t̂− û) ϵµ,ν,α,β(p1 − p2)
µpντ+p

α
τ− (sτ− − sτ+)

β (10)

where t̂, û and ŝ are the parton level Mandelstam variables, gA is the axial vector
coupling of the Z to the charged leptons and we have neglected the smaller vector
coupling, gV . Note that the parton momenta p1,2 appear in a symmetric combination
(from the two antisymmetric factors, (t̂− û), and the explicit (p1−p2)) and therefore
this correlation does not vanish after the symmetrization of p1,2 that follows from
the convolution with the parton distribution functions for the LHC pp initial state.

In order to write T -odd correlations that are sensitive to Eq. 10 and are expressed
only in terms of observable momenta we note that:

• In leptonic τ decay, the spin is analyzed by the muon (or the electron) mo-
mentum. The simplest way to compute this is using the method of Ref. [32],
which shows that for leptonic τ decay, Eq. 10 becomes

Oℓℓ
1s ∼ (t̂− û)

(

pτ− · pµ−ϵµ,ν,α,βp
µ
1p

ν
2p

α
τ−p

β
µ+ + pτ+ · pµ+ϵµ,ν,α,βp

µ
1p

ν
2p

α
µ−p

β
τ+

)

(11)

• In the lab frame at the LHC the τ -leptons are highly boosted so their three-
momenta are very close to that of the muons. Further, in leptonic τ decay it is
not possible to reconstruct the τ momentum completely. We then replace the
τ momenta with the corresponding muon momenta in the lab frame obtaining

Oℓℓ
1s

lab−→∝ (t̂− û)ϵµ,ν,α,βp
µ
1p

ν
2p

α
µ−p

β
µ+ (12)

• In the lab frame, the sum and difference of the proton momenta are just the
center of mass energy and the beam direction, and the two parton momenta
appearing in Eq. 12 have to be expressed in terms of these:

P1 =

√
S

2
(1, 0, 0, 1) , P2 =

√
S

2
(1, 0, 0,−1)

P ≡ P1 + P2 =
√
S(1, 0, 0, 0) , qbeam ≡ P1 − P2 =

√
S(0, 0, 0, 1) (13)

• This leaves us with two possibilities:

O1 = [q⃗beam · (p⃗µ+ − p⃗µ−) q⃗beam · (p⃗µ+ × p⃗µ−)]lab
O2 = [q⃗beam · (p⃗µ+ + p⃗µ−) q⃗beam · (p⃗µ+ × p⃗µ−)]lab (14)

5

The CP properties of these two forms merit discussion. Since these correlations
involve the beam momentum, a property of the initial state, they do not have definite
transformation properties under CP . In fact, CP transforms LHC correlations
into anti-LHC (p̄p̄ collider) ones. If we consider the same correlations for a pp̄
collider instead, we see that in this case the first one is CP -odd and can only be
produced by the electric dipole moments. The second one, however, is CP -even
and cannot be produced by electric dipole moments at a pp̄ collider. This is a novel
feature for colliders, that does not occur at the parton level where the pre-factor
q · (pτ+ + pτ−) = (p1 − p2) · (p1 + p2) vanishes. We illustrate this with an example in
Table VIII.

Noting again that the symmetry of the initial pp state at the LHC forbids terms
linear in qbeam, we use the correlation

Otest = [q⃗beam · (pµ+ × pµ−)]lab (15)

to gauge the statistical significance of our asymmetries. Interestingly, as seen in
Table VIII, this asymmetry does not vanish in pp̄ colliders and would in fact be the
most sensitive one to use in that case.

B. CP conserving couplings

The CP conserving dipole couplings interfere with the SM but this contribution
to the cross-section is suppressed by the τ lepton mass as well. It is also possible
to find terms that are linear in the CP conserving anomalous couplings and that
are not helicity suppressed by looking at single spin correlations. One such term is
given by

O1spin ∼ aZτ gA
(

ŝ(t̂− û) (p1 − p2) · (sτ− + sτ+) + (t̂− û)2 (pτ+sτ− − pτ−sτ+)
)

(16)
To study Eq. 16 using only the beam and muon momenta we found the following
two observables: the first one is the muon charge asymmetry [33] defined by

OC = ∆|y| ≡ |yµ+ |− |yµ−| (17)

The charge asymmetry is C-odd and therefore changes sign at p̄p̄ collider and van-
ishes at a pp̄ collider as seen in the example in Table VIII. The second possibility is
simply

OpT = q⃗beam · (p⃗µ+ − p⃗µ−) q⃗beam · (p⃗µ+ + p⃗µ−) (18)

which can also be written as the difference in transverse momentum of the two
muons.

To measure any of the correlations discussed above we use the fully integrated
counting asymmetries normalized to the standard model cross-section,

Ai =

(

N+ −N−

N+ +N−

)(

σ

σSM

)

(19)

6
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Summary

• We propose the use of processes with a Higgs to constrain  
anomalous couplings between SM fermions and gauge bosons 

• we discussed the quark cedm and tau-lepton edm as well as a 
dimension 8 lepton gluonic coupling 

• With a fundamental, 126 GeV Higgs, gauge invariance relates 
these anomalous couplings to others between the same SM 
fermions and gauge bosons + h 

• we presented simple estimates for the constraints that can 
be expected at 14 TeV. 
• T-odd correlations are useful for top and tau 
• for quarks other than top, associated production with 

Higgs yields constraints that would be very hard to obtain 
otherwise at LHC.


