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Introduction 
• Why CP violation (CPV) ? 

- it could bring new physics that may explain asymmetry of matter over anti-matter 
in our universe

• CPV in Standard Model (SM) effects can be accommodated is in the 
weak interactions of quarks and leptons (Cabibbo–Kobayashi–
Maskawa matrix)

• The first experimental observation is a non-vanishing rate for the decay 
 (Christenson, Cronin, Fitch and Turlay, 1967)KL → 2π

• Barbar exp., Belle exp, LHCb measured CPV (CP asymmetry)  
eg. at LHCb, measured “  decay” in 2021 (Phys. Rev. D 104, L031102)Acp = D0 → K0

SK0
S

• However, the level of CPV in the SM is insufficient to accommodate the 
observed matter-antimatter asymmetry in the universe
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Introduction 

• In the standard model, the CPV is not large enough, so different CPV 
sources and models are needed  
- Multi-Higgs doublet models  
- Supersymmetric models 
- Top dipole moments (CEDM) 
- etc…

• Within the CMS (especially Top group), efforts for CPV are going a lot

Title Description Journal

Search for CP violating top quark couplings in pp collisions at sqrt(s) = 13 TeV Asymmetry & 
CEDM

https://arxiv.org/
abs/2205.07434

Search for CP violation using ttbar events in the lepton+jets channel in pp 
collisions at sqrt(s) = 13 TeV

Asymmetry https://arxiv.org/
abs/2205.02314

Measurement of the top quark polarization and ttbar spin correlations using 
dilepton final states in proton-proton collisions at sqrt(s) = 13 TeV

CMDM & CEDM 
(EFT model)

PRD 100 (2019) 
072002

Measurements of ttbar Spin Correlations and Top-Quark Polarization Using 
Dilepton Final States in pp Collisions at sqrt(s) = 8 TeV

CMDM & CEDM 
(EFT model)

PRD 93 (2016) 
052007

Higgs with CPV are listed in backup slide

https://arxiv.org/abs/2205.07434
https://arxiv.org/abs/2205.02314
https://journals.aps.org/prd/references/10.1103/PhysRevD.100.072002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.052007
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Introduction TOP Quarks

-In the SM, the top quark is the 
heaviest particle and it was 
discovered in 1995 by the D0 and 
CDF collaborations at the 
Tevatron 


-Since the top quark has the 
heaviest mass, it can decay 
before its hadronization process


- It allows us to measure 
properties of the bare quark 
through the decay products
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Introduction TOP Quarks

• According to CKM matrix, the top quark decays almost exclusively to a 
b-quark and a W boson, as the value of |Vtb| is almost 1

- Full hadronic channel : W bosons from ttbar are decaying to quark-
antiquark pairs(branching ratio :45.7%)

- Semi leptonic channel : One W boson decays lepton and neutrino, 
another one decays hadronically(branching ratio : about 43.8%)  

- Dileptonic channel W bosons are decaying to leptons and 
neutrinos(branching ratio : about 10.5%)
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Overview of LHC and CMS
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CEDM in Top quark (i)

• CEDM (chromoelectric dipole moment) 
- CP violating new physics from top quarks can be occurred in the production 
and/or decay vertices 

• CPV for top quark in SM 
- In the SM, CPV in the production and decay of top quark-antiquark (tt) pairs is 
predicted to be very small (if find out CPV in top quark, it would be evidence of 
new physics)

 is CEDM (CP-odd)d̃

CEDM 

=
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• Electrical dipole moment of the elementary particles shows electrical can 
shows the CP and T violations 
- For a spin 1/2 particle, the spin indicates an orientation 
- Then an electric dipole moment is a charge polarization in the direction of the spin 
- T reverses the spin but does not reverse the polarization. Then an electric dipole 
moment is a T-violating effect 

8

CEDM in Top quark (ii)

: Magnetic Dipole Moment : Electric Dipole Moment

Time reversal 
violation

 - The upper limits on the 
electric dipole moments of the 
electron and neutrons 
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CEDM in Top quark (iii)

• We first study CP violation in the production vertex, taking the decay 
vertices to proceed as in the standard model

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)

3

ΓP

ΓD

ΓD̄

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

•   This Lagrangian modifies the standard model top-quark couplings to 
gluons as follows
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4

https://arxiv.org/abs/0807.1295v3

https://arxiv.org/abs/0807.1295v3
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CEDM in Top quark (iiii)

pD ! pµ+ , pD̄ ! pµ�

product correlations involving the momenta in the t (t̄) decay chains as well as the beam
direction p1 − p2. Moreover, the asymmetries are quadratic in this beam direction, ensuring
their independence from the choice of p1 between identical particles in the initial state.

We express our results for the triple products with a generic structure involving the
parton four-momentum sum and difference P ≡ p1 + p2 and q ≡ p1 − p2; the top anti-top
momenta; and one momentum vector pD and pD̄ from the t and t̄ decay products respectively.
From the invariant matrix element squared, we show only those terms that lead to triple-
product correlations. All such terms arise from the interference between the standard model
amplitude and the CP violating anomalous couplings3:

|M|2CP = C1(s, t, u) q · (pt̄ − pt) ε(pt, pt̄, pD, pD̄)

+ C2(s, t, u) (P · pt ε(pD, pD̄, pt̄, q) + P · pt̄ ε(pD, pD̄, pt, q))

+ C3(s, t, u) (P · pD ε(pD̄, pt, pt̄, q) + P · pD̄ ε(pD, pt, pt̄, q)) (10)

This form exhibits explicitly the symmetry between t and t̄ momenta, but it is also possible
to simplify it further. For example, the factor in front of C1 is just q · (pt̄ − pt) = t − u;
and similarly the factor multiplying C2 can be written as s ε(pD, pD̄, P, q)/2. The three form
factors that appear in Eq. 10 are independent as we have verified both with the use of all
relevant Schouten identities [11] and by explicitly constructing them in the parton center
of mass frame. Using Schouten identities such as the one in the appendix, it is possible to
rewrite them in different ways. For the case discussed in this subsection, the decay momenta
entering Eq. 10 are

pD → pb, pD̄ → pb̄. (11)

There are s, t, u channel contributions to the correlations, and we present results sepa-
rately for three different cases. All the form factors include the overall factor

Kbb ≡ (π2α2
sg

4)

(

2 −
m2

t

M2
W

)2 (
π

mtΓt

)2

δ(p2
t − m2

t ) δ(p2
t̄ − m2

t ). (12)

The contribution from the s channel amplitude squared is

Cs
1(s, t, u) = Cs

2(s, t, u) = Cs
3(s, t, u) =

3

2
d̃ Kbb mt

(t − u)

s2
. (13)

Notice that both the form factors in Eq. 13 and the correlations they multiply in Eq. 10
are odd under the interchange of p1 ↔ p2. The combined effect being even under this
interchange will not vanish after convolution with the parton distribution functions.

The second contribution is that of the t and u channels. Adding up their squared ampli-
tudes as well as the interference between them, we obtain

Ctu
1 (s, t, u) =

1

48
d̃ Kbb

mt

s2(t − m2
t )2(u − m2

t )2

[

9(t − u)5 − 2(5s − 36m2
t )s(t − u)3

3 Here we use the Levi-Civita tensor contracted with four vectors ε(a, b, c, d) ≡ εµναβaµbνcαdβ with the sign

convention ε0123 = 1.
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t− u between the form factors and the correlations to ensure that both the form factor and
the correlation are even under the interchange of the two initial protons. We concentrate
initially on W decaying into muons, for which the T -odd correlations are1:

O1 = ε(pt, pt̄, pµ+ , pµ−)

O2 = (t − u) ε(pµ+ , pµ−, P, q)

O3 = (t − u) (P · pµ+ ε(pµ− , pt, pt̄, q) + P · pµ− ε(pµ+ , pt, pt̄, q)) (3)

with q = p1 − p2 and P = p1 + p2 being the difference and sum of the incoming parton mo-
menta. The spin and color averaged matrix element squared that contains these correlations
is given by,

|M|2CP = C1(s, t, u)O1 + C2(s, t, u)O2 + C3(s, t, u)O3, (4)

where the form factors C1,2,3 were computed in Ref. [12] and we reproduce them in the
appendix for convenience.

We begin by studying each of the three terms in Eq. 4 separately, considering the lab
frame distributions dσ/dOi for the three correlations. In each case we isolate the CP odd
form factor Ci by constructing the integrated counting asymmetry

Ai ≡
Nevents(Oi > 0) − Nevents(Oi < 0)

Nevents(Oi > 0) + Nevents(Oi < 0)
. (5)

The observables used to construct the Ai are not realistic in that not all the momenta
appearing in them can be reconstructed. To address this issue we replace those observables
assuming that for each event it is only possible to reconstruct the momenta of the two muons
µ±, the two b, b̄ jets, and the beam direction. The correlations under this assumption can
be obtained from Eq. 3 with the substitutions

pt → pb + pµ+ pt̄ → pb̄ + pµ−

P → pb + pµ+ + pb̄ + pµ− q → q̃ ≡ P1 − P2. (6)

We have defined a four-vector q̃, as the difference between the two beam four-momenta. The
factor t− u could get modified by writing it as (t− u) = q · (pt̄ − pt) with the substitutions
implied by Eq. 6. However, all one needs is a factor linear in q̃ so we choose the simpler
form (t − u) → q̃ · (pµ− − pµ+).

All this results in the correlations Õ,

Õ1 = ε(pb, pb̄, pµ+ , pµ−)

Õ2 = q̃ · (pµ+ − pµ−) ε(pµ+ , pµ−, pb + pb̄, q̃)

Õ3 = q̃ · (pµ+ − pµ−) ε(pb, pb̄, pµ+ + pµ− , q̃), (7)

and their associated counting asymmetries Ãi. It is easy to see that the correlation O3 gives
rise to both Õ2 and Õ3. From the experimental perspective, Õ2 is most desirable as it is
the only one that does not require distinguishing between the b and b̄ jets.

1 Here we use the Levi-Civita tensor contracted with four vectors ε(a, b, c, d) ≡ εµναβaµbνcαdβ with the sign

convention ε0123 = 1. We also use s, t, u to refer to the parton level Mandelstam variables for gg → tt̄.
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the sum and difference of parton four-momenta

•  Top-quark anomalous couplings  
- arise from the interference between the SM amplitude and the CP violating 
anomalous coupling : 

- example of di-muon channel :

,
,

, ,
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Physics Observable & Asymmetry

• Asymmetries :

• Physics Observable -Theory paper: 10.1103/PhysRevD.93.014020

• Allow to infer the CEDM of top quark (linearly correlated)

• These physics observables have CP-odd correlation, and allow us 
to test CP violation in top-quark pair events

- TOP-18-007 paper (Accepted by JHEP): https://arxiv.org/abs/2205.07434

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.014020
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Analysis Procedure : TOP-18-007
• Selection of events top pair events in the di-lepton final state

In the analysis, CMS 2016 data set(35.9 fb-1) is used
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• Extraction of Asymmetry of O1 & O3 
- Using a maximum likelihood fit

• Extraction of CEDM (O1 & O3)

      - Using the generated CP-violation events
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Signals & Backgrounds
• Signal :  

- 2 charged leptons (e+e− or e±μ∓ or μ+μ−) originating from W boson decays, but not from tau 
decays 
- 2 jets originating from the hadronization of b-quarks (b-jets) 
- large MET from undetected neutrinos 


• Main backgrounds :  
- ttbar events with leptonically decaying tau leptons (ttbar other) 
- single top quarks produced in association with a W boson (tW) 
- Z/gamma* bosons produced with additional jets (Z+jet)  
  - estimated using data driven method (everything else using simulation)


• Other backgrounds :  
- W boson production with additional jets (W+jets) 
- diboson events (WW, ZZ,WZ) 
- production of ttbar in association with W or Z boson (ttbar+W/Z)  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Object Selection
• Object Selection

Muon
Tight ID 

PFIso < 0.15

Leading Lepton pT > 25 GeV &  
Sub Leading Lepton pT > 20 GeV,  |η| < 2.4

Rochester Correction

Electron

Cut-based Tight ID

Leading Lepton pT > 25 GeV &  
Sub Leading Lepton pT > 20 GeV,  |η| < 2.4

Veto of transition region 1.4442 < | Super Cluster η | < 
1.5660

Scale / Smear Correction

Jet
PFJetID Loose

pT > 30 GeV,  |η| < 2.4

JEC (Summer16_23Sep2016V4)

JER  
(Spring16_25nsV10a  

(Spring16_25nsV10(central) + Summer16_25nsV1(systematic))

MET
Type-1 Corrected MET 

Phi Correction

B-Tagging 
CombinedSecondaryVertexv2

Medium Working Point ( disc.> 0.8484 )
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Event Selection

Cut flow Dimuon Dielectron Muon-electron

Trigger & MET Fileters [1] O O O

Lepton requirement & Mll> 20 GeV & 
Third Lepton Veto

O O O

 Z Mass Veto 
(76 GeV < Mll <106 GeV)

O O -

# of Jet ≥ 2 O O O

MET > 40 GeV O O -

Num. b-tagged Jet ≥ 1 
(CSVv2, Medium working point)

O O O

Top Reconstruction 
(Kinematic solver)

O O O

• Event Selection
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• Events with 76 < mll < 106GeV are rejected for the e+e− and μ+μ− 
channels. This cut rejects around 90% of Z+jets events in those channels

16

Event Selection
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•  The t ̄t final state includes two jets from the b quark hadronization

17

Event Selection
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•   Missing transeverse energy(MET) > 40GeV for the e+e− and μ+μ− 
channels 
-  This MET cut rejects more than 65% MC Drell-Yan events with a loss of signal 
efficiency of about 10% giving the best compromise between the signal efficiency and 
the signal over signal plus background


•  This requirement is not applied in the μe channel

18

Event Selection
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• To require at least one b-tagged jet is enough to reject most of the 
remaining Drell-Yan background maintaining a high number of signal 
events 

19

Event Selection
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Determination of Drell-Yan Background
• To determine DY background, we follow the method (Rout/in) suggested in 

[1,2,3].

μ+μ- e+e- e±μ∓

SF 1.1 1.1 1.2

[1] E. P. J. Cuevas, J. R. Gonzalez, “Measurement of the Top-Quark Pair Production Cross Section in the Dilepton Channel with 35.9 fb−1 of 13 TeV data using the Cut and Count Method”, CMS Note 2017/039, 2017 
[2] W. Andrews and et al., “A Method to Measure the Contribution of DY → l+l− to a di-lepton + MET Selection”, CMS Note 2009/023, 2009.  
[3] S. Chenarani and et al., “Measurement of the cross-section for tW production in dilepton final states at 13 TeV using 2016 data”, CMS Note 2017/132, 2017.

-µ+µM
0 50 100 150 200 250 300

En
tri

es

210

310

410 DATA 

-µ+µ → *γZ/

in outout

http://cms.cern.ch/iCMS/jsp/openfile.jsp?tp=draft&files=AN2017_039_v4.pdf
http://cms.cern.ch/iCMS/jsp/openfile.jsp?tp=draft&files=AN2009_023_v3.pdf
http://cms.cern.ch/iCMS/jsp/openfile.jsp?tp=draft&files=AN2017_132_v5.pdf
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Reconstruction of Top Quarks
• Since physics observables need the kinematic information of top quarks, we 

should reconstruct top quarks.

• There are eight equations describing the kinematics of ttbar dilepton events.

• In these equations, Missing Transverse Momentum is the important kinematic 
constraint to obtain the momenta of two neutrinos. 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Reconstruction of Top Quarks
Standard Kinematic Solver

1. Input Object :  
reconstructed jets, leptons, MET

2. Top mass Scan:  
100-500 GeV

3. Weighted average:  
Weight-> neutrino energy(gen.) 2D. 

       Find best solution.

 Updated Kinematic Solver
1. Input Object :  
reconstructed jets, leptons, MET

2. Input to kinematic reconstruction : 
    - Correction for detector effects: 
      Jet & lepton energies smeared
    - Directional smearing

3. Top Mass Fixed:  172.5 GeV

4. W mass on the reco level is smeared 
according to the true W mass distribution.

5. Combinatorics solved: ONLY the Lepton-
Jet
combination with the largest sum of solution
weights according to true m(bl) spectrum is 
taken
 
6. Solution ambiguities: solution with 
smallest m(tt) is taken.
 
7. weighted average solution is taken.
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Reconstruction of Top Quarks
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Event Yield

• Simulated and observed event yields with their statistical uncertainties for 
the three dilepton channels.

• The discrepancy between observed and simulated events is lower than 
~3%.  
( μ+μ- : ~3% ,  e+e- : ~2.9%,  e±μ∓ : ~0.8% )
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Kinematics of Object ( )e±μ∓
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 Distribution of O1 and O3  ( )e±μ∓

• Distribution of O1 and O3

We extracted asymmetries with maximum likelihood fit
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Asymmetry Extraction (MLE)
• Often in HEP, we make a series of measurements and wish to deduce 

the value of a fundamental parameter (mass…) 

• Or we might measure the efficiency for detecting such events as a 
function of momentum and then wish to derive a functional form 

• P(X|α) ≡ Probability of measuring X on a given event 
- Suppose we make a series of measurements, yielding a set of Xi’s. 
The likelihood function is defined as  
 
 

• The value of α that maximizes L is known as the Maximum Likelihood 
Estimator (MLE) of α, which we will denote as α*
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Asymmetry Extraction

made A and x-section float
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Underflow Bin Overflow  Bin

• Definition of the likelihood fit function 

• By minimizing the negative log-likelihood function, we extract asymmetry
- Only statistical uncertainty
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Combination of Asymmetry 

Best Linear Unbiased Estimator

Linear Combination 

Constrain

Error Matrix

By the defintion, the weights that minimize the variance.
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Combination of Asymmetry 

All uncertainties are uncorrelated.

BLUE Method

Weighted Method

The results are compatible to each other. But we think the uncertainties with weighted 
average method are underestimated, since they are similar to the results for case of 
uncorrelated uncertainties using BLUE method.

All uncertainties are correlated.
(Statistics,BGNorm, BGStat are uncorrelated, other unc. 100%) 
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Systematic Uncertainties

• Dedicated ttbar sample : ISR, FSR, ME-PS matching, Color 
reconnection, Underlying Event, Hadronization

• Limited number of simulated BG events, JES, JER 
- Especially, for Limited number of simulated BG events, if we can 
suppress the BG process, we can expect that the size of 
uncertainty can be reduce
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Asymmetries vs dtG
• We used Madgraph5_aMC@NLO(v2.5.3) to generate CP violating 

event.

• And we followed all the standard procedure to generate CMS Monte 
Carlo events.

•  Points (Dimensionless, 7 points) 
For each  input, 3 million events were generated, and they 
contain top and anti-top quark pairs decaying into the dilepton final 
states.

dtG
dtG

dtG -2.6 -1.0 -0.5 0.0 0.5 1.0 2.6

Asymmetry (O1) (10−2) −5.9 ± 0.2 −2.5 ± 0.2 −1.1 ± 0.2 −0.0 ± 0.2 1.2 ± 0.2 2.5 ± 0.2 5.5 ± 0.2 

Asymmetry (O3) (10−2) −5.5 ± 0.2 −2.0 ± 0.2 −1.0 ± 0.2 −0.1 ± 0.2 1.1 ± 0.2 2.4 ± 0.2 5.4 ± 0.2 
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Asymmetries vs dtG
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dtG and asymmetries have linear correlation. 

Muonelectron channel
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Asymmetries vs dtG
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We will extract the CEDM with measured asymmetries.

Combined channel
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Extraction of CEDM
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a , b can be obtained from linear fitting.

(eq.1)

(eq.2)

(eq.3)
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• Asymmetries & CEDM  
 
 
 
 
 

• The measured asymmetries of observables are consistent with the SM 
prediction 

• The CEDMs( ) we extracted are consistent with the SM predictionIm(dtG)

36

Results (Asymmetry & CEDM)
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Summary

• CP violating asymmetries and CEDM of top quark have been 
presented  

• 2016 data set (CMS, 35.9 fb-1) was analyzed  

• Measured asymmetries and CEDM are consistent with the Standard 
Model prediction within uncertainties 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Backup
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DY invariant mass
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Introduction

: Magnetic Dipole Moment

: Electric Dipole Moment

Time reversal 

  ℒ =
gs

2 t̄Taσμν(ag
t + iγ5 dg

t )tGa
μν

• Search the new source of CP violation using Top-quark pair events in the 
dilepton channels. (chromoelectric dipole moment ,CEDM)

• CP violation is a candidate to explain the matter-antimatter but it has not 
been observed beyond the expectation of the SM. (we need additional 
source) 

 is CEDMdg
t

• In the SM, CPV in the production and decay of top quark pairs is 
predicted to be very small 
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Form factors

product correlations involving the momenta in the t (t̄) decay chains as well as the beam
direction p1 − p2. Moreover, the asymmetries are quadratic in this beam direction, ensuring
their independence from the choice of p1 between identical particles in the initial state.

We express our results for the triple products with a generic structure involving the
parton four-momentum sum and difference P ≡ p1 + p2 and q ≡ p1 − p2; the top anti-top
momenta; and one momentum vector pD and pD̄ from the t and t̄ decay products respectively.
From the invariant matrix element squared, we show only those terms that lead to triple-
product correlations. All such terms arise from the interference between the standard model
amplitude and the CP violating anomalous couplings3:

|M|2CP = C1(s, t, u) q · (pt̄ − pt) ε(pt, pt̄, pD, pD̄)

+ C2(s, t, u) (P · pt ε(pD, pD̄, pt̄, q) + P · pt̄ ε(pD, pD̄, pt, q))

+ C3(s, t, u) (P · pD ε(pD̄, pt, pt̄, q) + P · pD̄ ε(pD, pt, pt̄, q)) (10)

This form exhibits explicitly the symmetry between t and t̄ momenta, but it is also possible
to simplify it further. For example, the factor in front of C1 is just q · (pt̄ − pt) = t − u;
and similarly the factor multiplying C2 can be written as s ε(pD, pD̄, P, q)/2. The three form
factors that appear in Eq. 10 are independent as we have verified both with the use of all
relevant Schouten identities [11] and by explicitly constructing them in the parton center
of mass frame. Using Schouten identities such as the one in the appendix, it is possible to
rewrite them in different ways. For the case discussed in this subsection, the decay momenta
entering Eq. 10 are

pD → pb, pD̄ → pb̄. (11)

There are s, t, u channel contributions to the correlations, and we present results sepa-
rately for three different cases. All the form factors include the overall factor

Kbb ≡ (π2α2
sg

4)

(

2 −
m2

t

M2
W

)2 (
π

mtΓt

)2

δ(p2
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Once again notice that this contribution is even under the interchange of p1 ↔ p2 and will
not vanish after convolution with the parton distribution functions. The last term for C1

appears to have a factor of (t−u) in the denominator, but notice that this is just an artifact
of the notation in Eq. 10.

Finally, we compute the interference between the s channel amplitude and the amplitudes
for the t and u channels. We find
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The form factors that appear in Eq. 10 are thus the sum of the three contributions:

Ci(s, t, u) = Cs
i (s, t, u) + Ctu

i (s, t, u) + Ctu−s
i (s, t, u), (16)

for i = 1, 2, 3.

B. Leptonic W decay

Instead of summing over the W polarization, we now allow it to decay leptonically with a
standard model vertex. Using the narrow width approximation for the W±, Eq. 2 is trivially
modified into
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The decay vertex is given by
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(the index ν now denotes the neutrino) and a corresponding SM vertex ΓD̄. The helicity
factors for the decay then become, after summing over the spin of both leptons,

Tt(λ
′, λ) = g4pb · pν ūtλ′/p%+(1 − γ5)utλ

Tt̄(σ, σ′) = g4pb̄ · pν̄ v̄t̄σ/p%−(1 − γ5)vt̄σ′ (19)
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T-odd correlation Physics Observables  
(also CP-odd)

t− u between the form factors and the correlations to ensure that both the form factor and
the correlation are even under the interchange of the two initial protons. We concentrate
initially on W decaying into muons, for which the T -odd correlations are1:

O1 = ε(pt, pt̄, pµ+ , pµ−)

O2 = (t − u) ε(pµ+ , pµ−, P, q)

O3 = (t − u) (P · pµ+ ε(pµ− , pt, pt̄, q) + P · pµ− ε(pµ+ , pt, pt̄, q)) (3)

with q = p1 − p2 and P = p1 + p2 being the difference and sum of the incoming parton mo-
menta. The spin and color averaged matrix element squared that contains these correlations
is given by,

|M|2CP = C1(s, t, u)O1 + C2(s, t, u)O2 + C3(s, t, u)O3, (4)

where the form factors C1,2,3 were computed in Ref. [12] and we reproduce them in the
appendix for convenience.

We begin by studying each of the three terms in Eq. 4 separately, considering the lab
frame distributions dσ/dOi for the three correlations. In each case we isolate the CP odd
form factor Ci by constructing the integrated counting asymmetry

Ai ≡
Nevents(Oi > 0) − Nevents(Oi < 0)

Nevents(Oi > 0) + Nevents(Oi < 0)
. (5)

The observables used to construct the Ai are not realistic in that not all the momenta
appearing in them can be reconstructed. To address this issue we replace those observables
assuming that for each event it is only possible to reconstruct the momenta of the two muons
µ±, the two b, b̄ jets, and the beam direction. The correlations under this assumption can
be obtained from Eq. 3 with the substitutions

pt → pb + pµ+ pt̄ → pb̄ + pµ−

P → pb + pµ+ + pb̄ + pµ− q → q̃ ≡ P1 − P2. (6)

We have defined a four-vector q̃, as the difference between the two beam four-momenta. The
factor t− u could get modified by writing it as (t− u) = q · (pt̄ − pt) with the substitutions
implied by Eq. 6. However, all one needs is a factor linear in q̃ so we choose the simpler
form (t − u) → q̃ · (pµ− − pµ+).

All this results in the correlations Õ,

Õ1 = ε(pb, pb̄, pµ+ , pµ−)

Õ2 = q̃ · (pµ+ − pµ−) ε(pµ+ , pµ−, pb + pb̄, q̃)

Õ3 = q̃ · (pµ+ − pµ−) ε(pb, pb̄, pµ+ + pµ− , q̃), (7)

and their associated counting asymmetries Ãi. It is easy to see that the correlation O3 gives
rise to both Õ2 and Õ3. From the experimental perspective, Õ2 is most desirable as it is
the only one that does not require distinguishing between the b and b̄ jets.

1 Here we use the Levi-Civita tensor contracted with four vectors ε(a, b, c, d) ≡ εµναβaµbνcαdβ with the sign

convention ε0123 = 1. We also use s, t, u to refer to the parton level Mandelstam variables for gg → tt̄.

3

Lorentz Scalar form of the triple product 
(can be evaluated in any reference frame)

CP violation in top-quark pair production and decay. German Valencia

vertices is required to separate CP violation from signals induced by unitarity phases.

2. CP-odd correlations

We first consider a simple example in the dimuon channel as illustration: pp ! tt̄ ! bb̄µ+nµ�n̄ .
A T-odd correlation that is also CP odd for this case is

O1 = e(pb, p
b̄
, pµ+ , pµ�)

(bb̄)C.M.����! µ ~pb ·
�
~pµ+ ⇥~pµ�

�

CP�! �~p
b̄

·
�
�~pµ� ⇥�~pµ+

�
= �~pb ·

�
~pµ+ ⇥~pµ�

�
. (2.1)

In Eq. 2.1 we first write the Lorentz scalar form of the triple product which can be evaluated in
any reference frame. To understand its CP properties we next go to the (bb̄) center of mass frame
as indicated by the arrow in the first line. This results in the familiar triple-product form. The
second line sketches the proof that this correlation is indeed CP odd. Notice that this happens even
though the LHC is a pp collider because we have treated it as a gluon collider (or qq̄ collider) as is
appropriate for top-quark pair production. This picture fails only for qq initiated processes which
have been estimated to contribute a negligible background to tt̄ production [11]. Once we have a
correlation such as Eq. 2.1, we can look for CP violation in two ways: by finding asymmetries in
the distributions ds/dO1, or by constructing an integrated counting asymmetry of the form:

ACP =
Nevents(~pb ·

�
~pµ+ ⇥~pµ�

�
> 0)�Nevents(~pb ·

�
~pµ+ ⇥~pµ�

�
< 0)

Nevents(~pb ·
�
~pµ+ ⇥~pµ�

�
> 0)+Nevents(~pb ·

�
~pµ+ ⇥~pµ�

�
< 0)

. (2.2)

We have constructed the counting asymmetry Eq. 2.2 in the bb̄ center of mass frame, but we could
have done it in any frame, including the lab frame, by using the original Lorentz covariant form of
O1. At first glance, O1 appears to require distinguishing the b-jet from the b̄-jet. This is not the
case, as it suffices to associate each b-jet with a given muon using any CP-blind scheme. A detailed
study of a correlation proportional to O1 for Atlas has been performed by J. Sjölin [2].

Many correlations can be constructed that are appropriate for different situations. Below we
give examples appropriate for dilepton, lepton plus jets, and hadronic top-decay channels; as well
as for detecting CP violation or unitarity phases. We will only use the following momenta: lepton
(pµ±); b-jet (p

b,b̄); beam momentum (q̃ ⌘ P1 �P2); non-b jet momenta ordered by pT (p j1, p j2 · · · ).
Any other CP blind ordering of the non-b jets will also work.

• Dimuon events at LHC: CP-odd correlations O1 given above and

O2 = q̃ · (pµ+ � pµ�)e(pµ+ , pµ� , pb + p
b̄
, q̃) (2.3)

In this example it is explicitly not necessary to distinguish the b and b̄ jets; it is also quadratic
in q̃ as needed for identical particles in the initial state.

• Dimuon events at LHC: CP-even T-odd correlation to study absorptive phases (so this one
does not signal CP violation):

Ob = q̃ · (pµ+ � pµ�)e(pµ+ , pµ� , pb � p
b̄
, q̃). (2.4)

3

ACP =
Nevents(✏(pb, pb̄, pµ+ , pµ�) > 0)�Nevents(✏(pb, pb̄, pµ+ , pµ�) < 0)

Nevents(✏(pb, pb̄, pµ+ , pµ�) > 0) +Nevents(✏(pb, pb̄, pµ+ , pµ�) < 0)

OR

Null-Test: vanish in the limit of CP conservation
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Any other CP blind ordering of the non-b jets will also work.

• Dimuon events at LHC: CP-odd correlations O1 given above and

O2 = q̃ · (pµ+ � pµ�)e(pµ+ , pµ� , pb + p
b̄
, q̃) (2.3)

In this example it is explicitly not necessary to distinguish the b and b̄ jets; it is also quadratic
in q̃ as needed for identical particles in the initial state.

• Dimuon events at LHC: CP-even T-odd correlation to study absorptive phases (so this one
does not signal CP violation):

Ob = q̃ · (pµ+ � pµ�)e(pµ+ , pµ� , pb � p
b̄
, q̃). (2.4)

3

t− u between the form factors and the correlations to ensure that both the form factor and
the correlation are even under the interchange of the two initial protons. We concentrate
initially on W decaying into muons, for which the T -odd correlations are1:

O1 = ε(pt, pt̄, pµ+ , pµ−)

O2 = (t − u) ε(pµ+ , pµ−, P, q)

O3 = (t − u) (P · pµ+ ε(pµ− , pt, pt̄, q) + P · pµ− ε(pµ+ , pt, pt̄, q)) (3)

with q = p1 − p2 and P = p1 + p2 being the difference and sum of the incoming parton mo-
menta. The spin and color averaged matrix element squared that contains these correlations
is given by,

|M|2CP = C1(s, t, u)O1 + C2(s, t, u)O2 + C3(s, t, u)O3, (4)

where the form factors C1,2,3 were computed in Ref. [12] and we reproduce them in the
appendix for convenience.

We begin by studying each of the three terms in Eq. 4 separately, considering the lab
frame distributions dσ/dOi for the three correlations. In each case we isolate the CP odd
form factor Ci by constructing the integrated counting asymmetry

Ai ≡
Nevents(Oi > 0) − Nevents(Oi < 0)

Nevents(Oi > 0) + Nevents(Oi < 0)
. (5)

The observables used to construct the Ai are not realistic in that not all the momenta
appearing in them can be reconstructed. To address this issue we replace those observables
assuming that for each event it is only possible to reconstruct the momenta of the two muons
µ±, the two b, b̄ jets, and the beam direction. The correlations under this assumption can
be obtained from Eq. 3 with the substitutions

pt → pb + pµ+ pt̄ → pb̄ + pµ−

P → pb + pµ+ + pb̄ + pµ− q → q̃ ≡ P1 − P2. (6)

We have defined a four-vector q̃, as the difference between the two beam four-momenta. The
factor t− u could get modified by writing it as (t− u) = q · (pt̄ − pt) with the substitutions
implied by Eq. 6. However, all one needs is a factor linear in q̃ so we choose the simpler
form (t − u) → q̃ · (pµ− − pµ+).

All this results in the correlations Õ,

Õ1 = ε(pb, pb̄, pµ+ , pµ−)

Õ2 = q̃ · (pµ+ − pµ−) ε(pµ+ , pµ−, pb + pb̄, q̃)

Õ3 = q̃ · (pµ+ − pµ−) ε(pb, pb̄, pµ+ + pµ− , q̃), (7)

and their associated counting asymmetries Ãi. It is easy to see that the correlation O3 gives
rise to both Õ2 and Õ3. From the experimental perspective, Õ2 is most desirable as it is
the only one that does not require distinguishing between the b and b̄ jets.

1 Here we use the Levi-Civita tensor contracted with four vectors ε(a, b, c, d) ≡ εµναβaµbνcαdβ with the sign

convention ε0123 = 1. We also use s, t, u to refer to the parton level Mandelstam variables for gg → tt̄.

3

CP Property
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Physics observable 

O1 and O3 are described in 
this theory paper.[1]

According to theory paper, O1 
and O3 are very sensitive. 

[1] https://journals.aps.org/prd/pdf/10.1103/PhysRevD.93.014020
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Dist. O1 (dielectron & dimuon)
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Dist. O3 (dielectron & dimuon)
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What we learned by TOP-18-007 
Kinematic Solver (dtG vs Asym)

t
Gd

2− 1− 0 1 2

1
As

ym
m

et
ry

 o
f O

0.08−

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

0.08

Measured Asymmetry Stat.+Syst.

Sig.Asym w dtG

68% expected

95% expected

 channel-l+l

 (13 TeV)-135.9 fb

CMS
Preliminary

t
Gd

2− 1− 0 1 2

3
As

ym
m

et
ry

 o
f O

0.08−

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

0.08

Measured Asymmetry Stat.+Syst.

Sig.Asym w dtG

68% expected

95% expected

 channel-l+l

 (13 TeV)-135.9 fb

CMS
Preliminary

Gtd
2− 1− 0 1 2

1
As

ym
m

et
ry

 o
f O

0.08−

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

0.08

with total unc.
Measured Asymmetry

 samplesGtdasymmetry from 

68% expected

95% expected

 channel-l+l

 (13 TeV)-135.9 fb

CMS

Gtd
2− 1− 0 1 2

3
As

ym
m

et
ry

 o
f O

0.08−

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

0.08

with total unc.
Measured Asymmetry

 samplesGtdasymmetry from 

68% expected

95% expected

 channel-l+l

 (13 TeV)-135.9 fb

CMS

KinSolver O1 O3

Old

New

New kinematic 
solver has more 
sensitivity (dtG 
vs Asym.)

T h e 
reconstruction 
of top quarks 
are important. 
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Resolution of O1 and O3
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Dimuon channel

Changed kinematic solver allows us more improved resolution of 
Observable. 

Resolution of Oi =
Oiof Reco. − Oiof Gen.)

(Oiof Gen.)
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Systematic Uncertainty (Top Mass Variation)

 Top Mass (GeV)
170 171 172 173 174 175

 A
sy

m
m

et
rie

s 
of

 O
1

0.02−

0.015−

0.01−

0.005−

0

0.005

0.01

0.015

0.02

Asymmetries of O1 Vs Top Mass
Asym w Top Mass

Asym (172.5 GeV)

Unc. of Asym (172.5 GeV)

Linear Fit

Asymmetries of O1 Vs Top Mass

 Top Mass (GeV)
170 171 172 173 174 175

 A
sy

m
m

et
rie

s 
of

 O
3

0.02−

0.015−

0.01−

0.005−

0

0.005

0.01

0.015

0.02

Asymmetries of O3 Vs Top Mass
Asym w Top Mass

Asym (172.5 GeV)

Unc. of Asym (172.5 GeV)

Linear Fit

Asymmetries of O3 Vs Top Mass

Channel Variable 1-sig. up (Topmass) 1-sig. down (Topmass)

Dimuon O1 0.0003 -0.0003
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Dielectron O1 0.0003 -0.0003
O3 0.0003 -0.0003

Muon-electron O1 0.0003 -0.0003
O3 0.0003 -0.0003

Combined Channel O1 0.0001 -0.0001
O3 0.0002 -0.0002

Samples Top Mass Variation (GeV)

TT_TuneCUETP8M2T4_mtop1695_13TeV-powheg-pythia8 3

TT_TuneCUETP8M2T4_mtop1715_13TeV-powheg-pythia8 1

TT_TuneCUETP8M2T4_13TeV-powheg-pythia8 0

TT_TuneCUETP8M2T4_mtop1735_13TeV-powheg-pythia8 1

TT_TuneCUETP8M2T4_mtop1755_13TeV-powheg-pythia8 3

Muon-Electron Channel

https://twiki.cern.ch/twiki/bin/view/CMS/GeV
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Measured cross section
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Conversion of unit of CEDM

dimensionless CEDM

Since  has units of 1/Mass ( ),  can be obtained by 
multiplying by (hbar c) in units of GeV-cm.

dg
t GeV−1 GeV−1

• Theory paper :10.1103/PhysRevD.93.014020

GeV−1 = 1.974 × 10−14

dg
t =

0.1137 × 246GeV × 2

(1000GeV)2 = 3.96 × 10−5GeV−1

= > 3.96 × 10−5 × 1.974 × 10−14cm = 0.78 × 10−18/1.2172 gscm

gs = 1.2172

= 0.64 × 10−18gscm

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.014020
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CPV in Higgs Sector (CMS)

Title Journal

Analysis of the CP structure of the Yukawa coupling between the Higgs boson and tau leptons in proton-proton collisions at 
sqrt(s)


= 13 TeV

Phys. Rev. Lett. 
125 (2020) 

061801

Search for a light charged Higgs boson decaying to a W boson and a CP-odd Higgs boson in final states 
with emumu or mumumu in proton-proton collisions at sqrt(s) =13 TeV

Phys. Rev. Lett. 
123 (2019) 

131802

Measurement of the top quark polarization and ttbar spin correlations using dilepton final 
states in proton-proton collisions at sqrt(s) = 13 TeV

PRD 100 (2019) 
072002

Measurements of ttbarH production and the CP structure of the Yukawa interaction 
between the Higgs boson and top quark in the diphoton decay channel

Phys. Rev. Lett. 
125 (2020) 

061801

https://journals.aps.org/prd/references/10.1103/PhysRevD.100.072002

