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The	top	quark	is	special!	
•  May	be	not	a	normal	quark…	
•  Top	decays	before	it	feels	non-perturbaUve	strong	interacUon	
•  	LHC	is	a	top	quark	factory:	at	13	TeV	about	2	tops	every	second!	

(not inc. τ) BR background
dilepton ~5% low
lepton + jets ~30% moderate
all hadronic ~44% high



Top	quark	pair	cross-secUons	
Introduc2on	

Arun	Nayak	 3	

Measurement	of	the	.bar	cross-sec2on	is	
important:	

•  Test	of	the	SM	QCD	predic2ons	

•  Help	constraining	the	PDFs,	especially	
gluon	

•  Improve	modeling	and	parameters	in	MC	
generator	

•  Main	background	to	Higgs	(in	par2cular	
.H)	and	many	other	new	physics	searches	

•  May	also	provide	indirect	evidence	for	
BSM	physics	

Dominated	by	gluon	fusion	at	LHC	

NNLO+NNLL	cross	sec@ons	with	mt	=	172.5	GeV	

@	7	TeV:			177.31	+4.56-5.99	(scale)	±	9.02	(PDF+αs)	+5.44-5.26	(mass)	

@	8	TeV:			252.89	+6.39-8.64	(scale)	±	11.67	(PDF+αs)	+7.58-7.33	(mass)	

@	13	TeV:	831.76	+19.77-29.2	(scale)	±	35.06	(PDF+αs)	+23.18-22.45	(mass)	
(using	Top++v2.0	program)	

LHC	Top	X-Sec2on	working	group	
h.ps://twiki.cern.ch/twiki/bin/
view/LHCPhysics/LHCTopWG	
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Partonic cross section

• Partonic cross sections are perturbatively calculable order by order in αs

σ̂i j→tt̄(αs , µF , µR) = αs(µR)
2
{

σ̂LO +
αs

2π
σ̂NLO(µF , µR)

+
(αs

2π

)2
σ̂NNLO(µF , µR) +O(α3

s )
}

• full NNLO

d σ̂NNLO = d σ̂VV + d σ̂RV + d σ̂RR O(α4
s )

• NNLO cross sections beyond the known threshold expansions was essential
and the missing ingredients involved

◦ double-real ◦ real-virtual

• LO i j → tt̄ ij ≡ qq̄; gg O(α2
s )

• NLO i j → tt̄ + X1 ij ≡ qq̄; gg ; q(q̄)g O(α3
s )

• NNLO i j → tt̄ + X2 ij ≡ qq′(q̄′); gg ; q(q̄)g O(α4
s )

X1 one additional parton X2 two additional parton

• New channels open up, as one goes higher up in the perturbative order

• Important development is the development of sector-improved residue

subtraction scheme (STRIPPER) to handle the NNLO computations.

Czakon (2010); (2011); Czakon, Heymes (2015)
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ptT and mtt̄ distribution to NNLO

• Scale variation for each perturbative order, with NLO, NNLO K-factors

PP → tt-+X(8TeV)
mt=173.3 GeV
MSTW2008
µF,R/mt∈{0.5,1,2}

Czakon, Heymes, Mitov (2015)
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• Consistent reduction in scale variation with successive perturbative
order and NNLO corrections are contained within the NLO error band
• Result includes all partonic channels contribution to NNLO and does
not resort to leading color approximation

21 / 36Prof	Prakash	Ma]hews	



Summary	

Arun	Nayak	 31	

Good	agreement	with	SM	predic2ons	
More	precision	expected	at	13	TeV	with	2016	data	



.W,	.Z		@	13	TeV	

Arun	Nayak	 28	

ATLAS:arXiv:1609.01599	(Submi.ed	to	EPJC)		 3.2	{-1	of	2015	data	

ATLAS	Results:	
σ.Z	=	0.9	±	0.3	pb	
	σ.W	=	1.5	±	0.8	pb	

CMS	Results:	
	σ.Z	=	0.7	+0.16-0.15	(stat)	
+0.14

0.12	(syst)	pb		
σ.W	=	0.98	+0.23-0.22	(stat)	
+0.22

-0.18	(syst)	pb	

Signal	Significance:	
.W:	3.9σ	(obs)	/	
2.6σ	(exp)	
.Z		:	4.6σ	(obs)	/	
5.8σ	(exp)	

CMS:	CMS-PAS-TOP-16-017	 12.9	{-1	of	2016	data	

Arun	Nayak	



R. Di Sipio CKM2016 - Mumbai, Nov 28 - Dec 02, 2016

Top quark pT, y
• Top pT probably the most important observable 

• Sensitive to final state radiation 

• Measurement up to ~1 TeV spans different kinematic 
regimes, thus reconstruction methods 

• Many sources indicate data/theory disagreement at high-pT 

17

b-jet
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R. Di Sipio CKM2016 - Mumbai, Nov 28 - Dec 02, 2016 20

Run 1 
ATLAS+CMS legacy

NNLO corrections 
are important! 

Good agreement 
up to high pT

ℓ+jets, Parton level



R. Di Sipio CKM2016 - Mumbai, Nov 28 - Dec 02, 2016 27

Boosted 
all-had

Resolved 
ℓ+jets

tt ̅system invariant mass 

Data/MC seems well-modelled 
Resolution limits bump hunting 
All-Hadronic boosted promising  
(no neutrinos, only two jets)

CONF-2016-100

PRD90, 092006 (2014)



R. Di Sipio CKM2016 - Mumbai, Nov 28 - Dec 02, 2016 30

tt ̅system rapidity 

Double-differential measurement  
constrains gluon PDF

Fit PDF

TOP-14-013 TOP-14-013



Single	top	producUon	and	Vtb	

Single top @ colliders

• Discovered in 2009 @Tevatron ( PRL 103 092002 , PRL 103 092002 ) 

• It is one of the important electroweak processes for the following reasons: 

➛ allows measurement of the CKM matrix element |Vtb|  

➛ can reveal anomalies in the structure of tWb coupling

➛ allows study of top quark polarization and b-quark PDF

➛ sensitive to new physics via s-channel (new resonances like H±, W′) and t-channel (FCNC processes)

• t-channel has the highest cross-section among the three production modes 

➛ σt-ch ≈ 1/3 σtt¯ 

➛ already entered a precision regime at the LHC

t - channel tW - channel s - channel

Single top quark production occurs via electroweak interactions:  

 3
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 4

 Vtb using single top
• Vtb appears in production and decay of the top quark

� _ |Vtb|2

|V
tb

|meas. =
r

�
exp.

�
theory

• σtheory in SM ➛ |Vtb| ≈1, |Vtb| >> |Vtd|, |Vts|

• Questions regarding CKM matrix:
➛ Is it a 3x3 matrix? Why not 4x4 or even 
larger?
➛ Is it unitary?
|Vtd|2 + |Vts|2 + |Vtb|2 = 1?

Soureek	Mitra	&	Jyothsana	Rani	Komaragiri	



Summary of Vtb measurements

 15|tbVLV|f
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

ATLAS+CMS Preliminary WGtopLHC

  from single top quark production
theoσ

measσ
| =  tbVLV|f

MSTW2008nnlo: NLO+NNLL theoσ
PRD 83 (2011) 091503, PRD 82 (2010) 054018,       
PRD 81 (2010) 054028       

 PDF⊕: scale theoσ∆

 = 172.5 GeVtopm

November 2016

 including top-quark mass uncertainty1 

: NLO PDF4LHC11 theoσ 2 

    NPPS205 (2010) 10, CPC191 (2015) 74
 including beam energy uncertainty3 

total  theo

 (theo)± (meas) ±| tbVLV|f

t-channel:

Wt:

s-channel:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 

 1,2ATLAS 8 TeV
 )1−Paper in preparation  (20.2 fb

 0.024± 0.042 ±1.028 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combined 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 

 2CMS 13 TeV
 )1−arXiv:1610.00678  (2.3 fb

 0.02± 0.07 ±1.03 

 2ATLAS 13 TeV
 )1−arXiv:1609.03920  (3.2 fb

 0.02± 0.09 ±1.07 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb  0.04− 0.13  −

 0.03+ 0.16  +1.01 

 1,3ATLAS 8 TeV
 )1−JHEP 01 (2016) 064  (20.3 fb

 0.03± 0.10 ±1.01 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 

 1,3LHC combined 8 TeV

CMS-PAS-TOP-15-019
ATLAS-CONF-2016-023,

 0.04± 0.08 ±1.02 

 2ATLAS 13 TeV
 )1−ATLAS-CONF-2016-065  (3.2 fb

 0.04± 0.24 ±1.14 

 3ATLAS 8 TeV
 )1−PLB 756 (2016) 228  (20.3 fb

 0.04±  0.20−
 0.18+0.93 

Soureek	Mitra	



Summary of cross-section measurements
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Single top-quark production
November 2016

t-channel

Wt

s-channel

ATLAS t-channel
arXiv:1609.03920

112006, paper in preparation, (2014) PRD90

CMS t-channel
arXiv:1610.00678

090, (2014) 035, JHEP06 (2012) JHEP12

ATLAS Wt

ATLAS-CONF-2016-065
064, (2016) 142, JHEP01 (2012) PLB716

CMS Wt
231802 (2014) 022003, PRL112 (2013) PRL110

LHC combination, Wt
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
228 (2016) PLB756

ATLAS-CONF-2011-118 95% CL,

CMS s-channel
     7+8 TeV combined fit 95% CL×

arXiv:1603.02555 95% CL

58 (2014) PLB736NNLO 
scale uncertainty

091503, (2011) PRD83NNLL  + NLO
054028 (2010) 054018, PRD81 (2010) PRD82

 contribution removedtWt: t
 uncertaintysα ⊕ PDF ⊕scale 

74 (2015) 10, CPC191 (2010) NPPS205NLO 
,top= m

F
µ= 

R
µ

CT10nlo, MSTW2008nlo, NNPDF2.3nlo
VeG 60 =  removalt veto for tb

T
Wt: p

VeG 65 =
F

µ                              and 
scale uncertainty

 uncertaintysα ⊕ PDF ⊕scale 
VeG = 172.5topm

stat  total

Soureek	Mitra	



Top	quark	properUes	



Top Properties and BSM. Top polarization

Properties of the top produced in the processes involving the new

BSM particles can be different from the top quarks produced via the

SM processes and can carry the imprint of the BSM.

Since all the BSM options address the issue of EWSB, in many of

them, the couplings of the top quark to the new particles can have a

different chiral structure than the SM case.

Recall that at the LHC all the SM tt̄ production via QCD will produce

unpolarized top quarks! Only the single top will be polarized and the

polarization completely predicted!

Hence polarization of the produced top quarks can be a very important

discriminator of BSM physics.

Nov. 30, 2016. CKM-2016 TIFR,Mumbai.

Prof	Rohini	Godbole	



Top polarization in t - channel

• !X* = Angle between muon and light quark in 
top rest frame

• Pt : Top polarization , "X = 1 in SM
• 2J1T event selection
• Fit BDT discriminant to determine signal and 

background normalization
• Cut on BDT output to select signal enriched 

region
• Unfolding to correct for detector effects    

Aμmeas = 0.26 ± 0.03 (stat.) ± 0.10 (syst) = 0.26 ± 0.11
AμSM = 0.44
=> Measured value ~2σ away from SM prediction 

• JES, JER, W+ heavy flavor jets modeling, Q2 scale, 
PDF etc.  are the main source of uncertainties 

 17

JHEP 04 (2016) 073
Soureek	Mitra	



Spin Correlation

Spin Correlations
Top lifetime is less than the timescale of QCD interaction

I Top spin at production is conserved through to the decay

1
N

d2N
d cos ✓1d cos ✓2

=
1
4
(1 + B1 cos ✓1 + B2 cos ✓2 + Chelicity cos ✓1 · cos ✓2)

Chelicitiy = �Ahelicity↵1↵2

↵ Spin analyzing power:
↵`+ = +0.998, ↵d = �0.966,
↵b = �0.393

Ahelicity = Nlike�Nunlike
Nlike+Nunlike

NLO QCD Prediction A = 0.31
(dilepton)

Sensitivity also through ��

between leptons

t

�
W

+

`

+
⌫

b

`

�
`

+

��

Michael Homann (TU Dortmund) Top Properties CKM 2016 3 / 26



Spin Correlation

ATLAS: Spin correlation at 8TeV in Dilepton
Phys Rev Lett 114, 142001 (2015)

Fit to �� Distribution:

�� = fSM · SM + (1 � fSM) · no corr.

Final Result:

fSM = 1.20 ± 0.05(stat.) ± 0.18(syst.)
Ahelicity = 0.38 ± 0.04

Search for stops with t̃1 ! t�̃0
1

Assuming BR(̃t1 ! t�̃0
1) = 100%:

top squark masses are excluded be-
tween top mass and 191 GeV at
95%C.L.
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Top width

CMS: Measurement of the top width at
p

s = 8 TeV
CMS-TOP-16-019

Using t t̄ and tW decay events with 2 charged leptons
Reconstruct M`b distribution and use for hypothesis tests
Nsignal = µ[(1 � x) · NSM + x · Nalt]

Measure hypthesis seperation with CLs criterium

-2 ln [ L(alt)/L(SM) ]
150− 100− 50− 0 50 100 150

 T
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 (13 TeV)-112.9 fb
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SMΓ/ΓAlt: 0.2 

Observed →

-2 ln [ L(alt)/L(SM) ]
150− 100− 50− 0 50 100 150

 T
oy

s

0

50

100

150

200

250

300

350

400

Pre-fit model (SM) Pre-fit model (alt.)

Post-fit model (SM) Post-fit model (alt.)

Preliminary CMS

 (13 TeV)-112.9 fb

SMΓ/ΓNull: 1.0 

SMΓ/ΓAlt: 2.6 

Observed →
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 (13 TeV)-112.9 fb

Binary hypothesis test: 0.6  �t  2.5 GeV at the 95% C.L., with expected
bounds of 0.6  �t  2.4 GeV with mt = 172.5 GeV
First direct measurement at LHC and most precise direct bound on top width

Michael Homann (TU Dortmund) Top Properties CKM 2016 19 / 26



Top	quark	mass	



OLEG BRANDT 

MOTIVATION 

l  Special role in EW symmetry breaking? 
-  MW related to mt & MHiggs: 

-  Overconstrain MW, mt, Mhiggs                 

 Consistency check              
 of the SM! 

Gfitter Coll., EPJC, 74 3046 (2014) 

4 



Top Properties and BSM. Mh needs to be large!

Vacuum stability bounds imply that unless Mh is large

enough SM will become inconsistent at some large scale

Λ!

The mass is just large enough to make us suspect that

SM is all there is! ie. it may remain consistent all the way

to Planck scale!

Mh = 125GeV is really critical, in all senses of the word.
Knowledge of Mt crucial here.

Nov. 30, 2016. CKM-2016 TIFR,Mumbai.

Prof	Rohini	Godbole	



Top Properties and BSM. Need to know Mt precisely!

Mh value indeed critical.

Nov. 30, 2016. CKM-2016 TIFR,Mumbai.
Prof	Rohini	Godbole	



OLEG BRANDT 

l  In-situ calibration of JES: 

l  Result: 

l  Dominant uncertainties: 
-  Hadronisation and underlying event (0.26 GeV) 
-  Residual JES (0.21 GeV) 
-  b-quark JES (0.16 GeV) 

18 

LETPON+JETS CHANNEL (DØ) [1] 

mW 

MWà kJES 

�mt/mt = 0.43%!
Most precise  

Tevatron result 



OLEG BRANDT 

l  Result: 

l  Dominant uncertainties: 
-  b-quark JES (0.32 GeV) 
-  JES (0.16 GeV) 
-  tt event generator (0.12) 

21 

LEPTON+JETS CHANNEL (CMS) [1] 

“Hybrid”: 
in-situ JES and 
standard JES 
constraints 

�mt/mt = 0.30%!

[1] PRD 93, 072004 (2016) 

Most precise  
LHC result: 



OLEG BRANDT 

-  mt is not an observable but a SM parameter  
l  à inferred from its effect on kinematic observables 
l  à not well-defined concept at LO 

-  Pole mass concept:  

-  Not exact (but hadronisation effects small, o(ΛQCD)) 
-  Direct measurements (shown so far): 

l  mMC (neither MS, nor pole mass) 

l  “Close” to pole mass (≈0.5 GeV) 
l  True also for “NLO generators”,                                                                

e.g. Powheg 
-  Top decay not simulated at NLO 

l  Next slides: 
-  Measurements of mt in the pole mass scheme 

ΛQCD à 

“Pole” in the top  
quark propagator 

TOP QUARK MASS IN THE POLE MASS SCHEME 
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OVERVIEW OF POLE MASS SCHEME MEASUREMENTS 
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CHARGE ASYMMETRY FOR PEDESTRIANS
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FIG. 1. Origin of the QCD charge asymmetry in hadroproduction of heavy quarks: interference of final-state (a) with
initial-state (b) gluon bremsstrahlung plus interference of the box (c) with the Born diagram (d). Only representative diagrams
are shown.
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FIG. 2. Origin of the QCD charge asymmetry in hadroproduction of heavy quarks through flavor excitation.

Let us briefly discuss a few important aspect of this calculation. The box amplitude for qq̄ → QQ̄ is ultraviolet
finite and the asymmetric contribution to the cross section of order α3

s is therefore not affected by renormalization, an
obvious consequence of the symmetry of the lowest order reaction. The same line of reasoning explains the absence
of initial state collinear singularities in the limit mq → 0 which would have to be absorbed into the (symmetric)
lowest order cross section. Infrared singularities require a more careful treatment. They are absent in the asymmetric
piece of the process in eq. (3). However, real and virtual radiation (Fig. 1), if considered separately, exhibit infrared
divergences, which compensate in the sum, corresponding to the inclusive production cross section.

The charge asymmetry in the partonic reactions (1) and (3) implies for example a forward-backward asymmetry
of heavy flavor production in proton-antiproton collisions. In particular, it leads to a sizeable forward-backward
asymmetry for top production which is dominated by reaction (1), and can, furthermore, be scrutinized by studying
tt̄ production at fixed longitudinal momenta and at various partonic energies ŝ. However, the charge asymmetry can
also be observed in proton-proton collisions at high energies. In this case one has to reconstruct the tt̄ restframe and
select kinematic regions, which are dominated by qq̄ annihilation or flavor excitation gq → tt̄X . Alternatively, one
may also study the difference in the one-particle inclusive rapidity distribution of top versus antitop, which again
integrates to zero.

The analysis of these effects allows to improve our understanding of the QCD production mechanism. At the same
time it is important for the analysis of single top production through Wb fusion. This reaction is charge asymmetric

2
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A gt
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Test strong interactions	
beyond leading order:

Test new interactions	
at leading order:
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Figure 2: Not to scale rapidity distributions of top and antitop quarks at the Tevatron (left) and the LHC (right).

rections. The relative factor between QCD and QED asymmetries amounts to
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fQED =
4fQED

u + fQED
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=

αQED

αS

56

25
≈ 0.18 , (2)

after convolution with the PDFs if one considers as a first approximation that the relative
importance of uū versus dd̄ annihilation at the Tevatron is 4 : 1. Thus, to an enhancement
of nearly twenty percent of the QCD asymmetry, in good agreement with the more detailed
numerical studies of 26,27. At the LHC, the relative importance of uū versus dd̄ annihilation
is approximately 2 : 1, thus reducing fQED down to 0.13. Similarly, weak contributions with
the photon replaced by the Z boson should be considered at the same footing. However, as a
consequence of the cancellation between up and down quark contributions, and the smallness
of the weak coupling, the weak corrections at the Tevatron are smaller by more than a factor
10 than the corresponding QED result. For proton-proton collisions the cancellation between
up and down quark contributions is even stronger and the total weak correction is completely
negligible.

3 SM predictions of the charge asymmetry at the Tevatron and the LHC

The charge asymmetry at the Tevatron is equivalent to a forward–backward asymmetry. In the
laboratory frame it is given by either of the following definitions

Alab =
N(yt > 0)−N(yt < 0)

N(yt > 0) +N(yt < 0)
=

N(yt > 0)−N(yt̄ > 0)

N(yt > 0) +N(yt̄ > 0)
, (3)

requiring to measure the rapidity of either the t or the t̄ for each event. The most recent
experimental analysis measure both rapidities simultaneously, and define the asymmetry in the
variable ∆y = yt−yt̄, which is invariant under boosts, and thus equivalent to measure the charge
asymmetry in the tt̄ rest-frame:

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
. (4)

The size of the charge asymmetry in the tt̄ rest-frame is about 50% larger than in the laboratory
frame2 because part of the asymmetry is washed out by the boost from the partonic rest-frame
to the laboratory.
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after convolution with the PDFs if one considers as a first approximation that the relative
importance of uū versus dd̄ annihilation at the Tevatron is 4 : 1. Thus, to an enhancement
of nearly twenty percent of the QCD asymmetry, in good agreement with the more detailed
numerical studies of 26,27. At the LHC, the relative importance of uū versus dd̄ annihilation
is approximately 2 : 1, thus reducing fQED down to 0.13. Similarly, weak contributions with
the photon replaced by the Z boson should be considered at the same footing. However, as a
consequence of the cancellation between up and down quark contributions, and the smallness
of the weak coupling, the weak corrections at the Tevatron are smaller by more than a factor
10 than the corresponding QED result. For proton-proton collisions the cancellation between
up and down quark contributions is even stronger and the total weak correction is completely
negligible.

3 SM predictions of the charge asymmetry at the Tevatron and the LHC

The charge asymmetry at the Tevatron is equivalent to a forward–backward asymmetry. In the
laboratory frame it is given by either of the following definitions

Alab =
N(yt > 0)−N(yt < 0)

N(yt > 0) +N(yt < 0)
=

N(yt > 0)−N(yt̄ > 0)

N(yt > 0) +N(yt̄ > 0)
, (3)

requiring to measure the rapidity of either the t or the t̄ for each event. The most recent
experimental analysis measure both rapidities simultaneously, and define the asymmetry in the
variable ∆y = yt−yt̄, which is invariant under boosts, and thus equivalent to measure the charge
asymmetry in the tt̄ rest-frame:

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
. (4)

The size of the charge asymmetry in the tt̄ rest-frame is about 50% larger than in the laboratory
frame2 because part of the asymmetry is washed out by the boost from the partonic rest-frame
to the laboratory.

Tevatron: �y = yt � yt̄ LHC: �y = |yt|� |yt̄|

Ay =
�(�y > 0)� �(�y < 0)

�(�y > 0) + �(�y < 0)

Ay ⇡ 12% Ay ⇡ 1%

rapidity asymmetries
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FIG. 2. Di↵erential leptonic rate asymmetry as a function of
lepton pseudorapidity at 14 TeV. The choice of analysis cuts,
and PDFs used for the computation of the numerator and
denominator are highlighted.

asymmetry. This is mainly a consequence of the di↵er-
ence in the behaviour of the gluon PDF for values of x >

0.1 for LO and NLO PDFs. In this region, the considered
NLO gluon PDF is substantially softer in comparison to
both LO 119 and LO 130 gluon PDFs. When comput-
ing the symmetric NLO cross section, higher-order cor-
rections and the presence of the qg-initiated subprocess
compensate this e↵ect. The absence of these e↵ects in the
computation of the LO cross section results in an under-
estimation of the symmetric cross section �

s
s(0) — hence

an overestimation of the asymmetry. As a conservative
approach, the resultant asymmetry in all three cases is
provided. Recent work [25, 41] has shown that this un-
certainty is reduced with the inclusion of higher-order
terms.

The central di↵erential leptonic rate asymmetry is pre-
sented as function of lepton pseudorapidity in Fig. 2. The
dependence of the resultant asymmetry on the choice of
PDFs used for the computation of the denominator has
also been highlighted. The uncertainty due to scale vari-
ation is negligible and therefore not included.

The signal contribution to the asymmetry is signif-
icant, particularly at large ⌘l where the asymmetry
reaches (3-8)%. To experimentally extract this signal,
it is however necessary to precisely know the background
contribution to the asymmetry. This is demonstrated
in Fig. 3, where the contributions from both signal and
background processes to the numerator of the asymmetry
are shown.

The background contributions depend on the b-tagging
mis-tag rate and associated e�ciency in a non-trivial way,
which will ultimately limit the precision of an asymme-
try measurement in this channel. In principle, an ex-
perimental background fit performed across several dif-
ferent final states — such as lj, lbj, lbb — should pro-
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FIG. 3. Stacked signal and background contributions to the
numerator of the total leptonic rate asymmetry at 14 TeV.

vide adequate knowledge of the backgrounds for the con-
sidered lb final state. Assuming these experimental un-
certainties are under control, the statistical feasibility of
such a measurement can be estimated by considering the
background-subtracted tt̄ sample. This is computed ac-
cording to �A =

p
(1�A

2)/N , where the number of
events N is found by applying a lepton e�ciency of 75%
(an approximate trigger e↵ect), a b-tagging e�ciency of
70%, and assuming an integrated luminosity of 50 fb�1

— the expected data collected by 2030 [42]. The statisti-
cal significance is large-xcomputed for the three scenarios
considered in Table II by computing the expected num-
ber of events for the scale choice µ = mt. Even in the
worst case scenario (the lower cross section), the expected
number of signal events is ⇠ 1e5. In all three cases, the
statistical significance (A/�A) of measuring a non-zero
asymmetry exceeds ⇠ 5�. It should be noted that this
analysis is rather naive, in that perfect background sub-
traction has been assumed. However, it indicates that
such an asymmetry measurement is statistically possible
with the expected data if backgrounds can be controlled.

DI-LEPTON ASYMMETRY

With the large amount of data expected by 2030, mea-
surements in the di-lepton channel at LHCb also be-
come feasible. As previously mentioned, by consider-
ing the partially reconstructed final state tt̄ ! µebX,
it becomes possible to measure the rapidity di↵erence of
reconstructed leptons on an event-by-event basis. A dif-
ferential asymmetry can then be inferred by measuring a
forward-backward asymmetry as

dA

ll
fb

d�y
=

�
d�

µeb(�y > 0)� d�

µeb(�y < 0)
�
/d�y

d�

µeb
/d�y

, (4)

[Gauld, 2014]

[Kagan, Kamenik, Perez, Stone, 2011]
dA`

d⌘`
=

d�`+b/d⌘` � d�`�b/d⌘`
d�`+b/d⌘` + d�`�b/d⌘`

Charge asymmetry of                 leptons in forward region:t ! b `+⌫`

Need to tame background from (mistagged) Wj, Zj, single top.

Top-pair cross section	
just measured with	

4.9 sigma significance.
[LHCb collaboration, 2016]
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approach, the resultant asymmetry in all three cases is
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terms.

The central di↵erential leptonic rate asymmetry is pre-
sented as function of lepton pseudorapidity in Fig. 2. The
dependence of the resultant asymmetry on the choice of
PDFs used for the computation of the denominator has
also been highlighted. The uncertainty due to scale vari-
ation is negligible and therefore not included.

The signal contribution to the asymmetry is signif-
icant, particularly at large ⌘l where the asymmetry
reaches (3-8)%. To experimentally extract this signal,
it is however necessary to precisely know the background
contribution to the asymmetry. This is demonstrated
in Fig. 3, where the contributions from both signal and
background processes to the numerator of the asymmetry
are shown.
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vide adequate knowledge of the backgrounds for the con-
sidered lb final state. Assuming these experimental un-
certainties are under control, the statistical feasibility of
such a measurement can be estimated by considering the
background-subtracted tt̄ sample. This is computed ac-
cording to �A =

p
(1�A

2)/N , where the number of
events N is found by applying a lepton e�ciency of 75%
(an approximate trigger e↵ect), a b-tagging e�ciency of
70%, and assuming an integrated luminosity of 50 fb�1

— the expected data collected by 2030 [42]. The statisti-
cal significance is large-xcomputed for the three scenarios
considered in Table II by computing the expected num-
ber of events for the scale choice µ = mt. Even in the
worst case scenario (the lower cross section), the expected
number of signal events is ⇠ 1e5. In all three cases, the
statistical significance (A/�A) of measuring a non-zero
asymmetry exceeds ⇠ 5�. It should be noted that this
analysis is rather naive, in that perfect background sub-
traction has been assumed. However, it indicates that
such an asymmetry measurement is statistically possible
with the expected data if backgrounds can be controlled.

DI-LEPTON ASYMMETRY

With the large amount of data expected by 2030, mea-
surements in the di-lepton channel at LHCb also be-
come feasible. As previously mentioned, by consider-
ing the partially reconstructed final state tt̄ ! µebX,
it becomes possible to measure the rapidity di↵erence of
reconstructed leptons on an event-by-event basis. A dif-
ferential asymmetry can then be inferred by measuring a
forward-backward asymmetry as
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Top-antitop energy difference in top-pair + jet production: 
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[Berge, SW, 2013] 
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energy asymmetry in qg frame = angular asymmetry in tt frame
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Forward-backward asymmetry - Rev.Mod.Phys. 87 (2015) 421-455

The Tevatron is a p � p̄ machine
The forward-backward (FB) tt̄ asymmetry is defined by the
rapidity, y , of the top- and anti-top-quarks, where �y = y

t

� y
t̄

The FB asymmetry is expressed as:

A
FB

=
N (�y > 0)� N (�y < 0)

N (�y > 0) + N (�y < 0)

A Summary of the full Tevatron Run2 inclusive A
FB
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ATLAS dilepton results - Phys. Rev. D 94, 032006 (2016)
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z,tt̄ | and ptt̄T
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, shown for a selection of BSM theories

Results are consistent with the Standard Model
BSM models are not excluded
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CP violation at CMS - CMS TOP-16-001

First measurement of CP violation using tt̄ events

Based on the T-odd triple product correlations

Semi-leptonic tt̄ event selection
Similar event selection to CMS `+jets A

c

analysis

4 CP-sensitive observables, O
i

.

CP-asymmetry expressed as:
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Any non-zero A
CP

(O
i

) would hint a BSM physics
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1

1 Introduction
The combined charge conjugate and parity (CP) symmetry violation is implemented in the
standard model (SM) using an irreducible phase in the Cabibbo-Kobayashi-Maskawa quark-
mixing matrix. Experimental investigation of CP violation in the strange and bottom quark
sectors have been carried out in the past few decades. The observed asymmetries are well
described by the SM, but are too small to explain the observed matter-antimatter asymmetry
in the universe [1]. Thus, searches for CP-violation phenomena have the potential to provide a
signal for beyond the SM physics. In the SM, the CP-violation effects in the pair production of
top quarks (tt) at the LHC are predicted to be vey small. However, if a source of new physics
such as a chromo-electric dipole moment (CEDM) is present, sizable CP-violation effects can
be observed. Given the large top quark production cross section at the LHC, a measurement of
CP asymmetries in the top quark sector may shed light on the origin of the baryon asymmetry
in the universe.

In this manuscript, we present the first measurement of CP violation asymmetries in top quark
pair production and decay. We exploit the T-odd triple-product correlations, where T is the
time-reversal operator. Several new observables, as proposed in Refs. [2–4], take the form of
p1 · (p2 ⇥ p3), where piis a spin or momentum direction. These triple-product observables are
odd under T transformation, and are also odd under CP transformation if CPT conservation is
assumed, i.e. CP (Oi) = �Oi. Presence of CP violation would be manifested by measuring a
non-zero value of the asymmetry

ACP (Oi) =
Nevents (Oi > 0)� Nevents (Oi < 0)
Nevents (Oi > 0) + Nevents (Oi < 0)

, (1)

where Oi are the proposed observables. Four observables that can be measured in the lep-
ton+jets final state of tt production in ppcollisions are defined as:

O2 = e
�

P, pb + pb̄, p`, pj1
� lab�! µ (~pb + ~pb̄) ·

�
~p` ⇥ ~pj1

�
(2a)

O3 = Q`e
�

pb, pb̄, p`, pj1
� bb̄ CM���! µ Q`~pb ·

�
~p` ⇥ ~pj1

�
(2b)

O4 = Q`e
�

P, pb � pb̄, p`, pj1
� lab�! µ Q` (~pb � ~pb̄) ·

�
~p` ⇥ ~pj1

�
(2c)

O7 = q · (pb � pb̄) e (P, q, pb, pb̄)
lab�! µ (~pb � ~pb̄)z (~pb ⇥ ~pb̄)z . (2d)

The symbol ! indicates the spatial frame chosen to simplify the triple product; symbol µ indi-
cates a simplification of the triple product obtained by only considering the sign of observable,
which is the only information needed to measure ACP; e indicates the Levi-Civita tensor which
is contracted with four vector e (a, b, c, d) ⌘ eµnabaµbncadb and e0123 = 1. In these expressions
P is the sum of the four-momenta of the two incoming protons; q is the difference of the four-
momenta of the two incoming protons; p and ~p are the four- and three-momentum of the final
state objects; b or b refer to the b jet; ` refers to the isolated lepton that stems from the elec-
troweak decay of a W boson; j1 and j2 refer to non-b jets, ordered by transverse momentum i.e.
pT,j1 > pT,j2, that reconstruct a hadronically decaying W boson. The Q` is the electric charge
of the isolated lepton. The z subscript indicates a projection along the z direction of the CMS
coordinate system. The observables O2, O4 and O7 are calculated in the laboratory (lab) frame,
and O3 in the bb centre-of-mass frame (bb CM).
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CP violation at CMS - CMS TOP-16-001

Measured asymmetries show no evidence for CP-violation
In agreement with Standard Model prediction
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CP violation at ATLAS - arXiv:1610.07869 (Submitted to JHEP)

CP Violation occurs in neutral B-meson decays

tt̄ events o↵er an alternative b-quark production mechanism
compared to b-factories such as BaBar and Belle

Hard lepton from W -boson decay in semileptonic tt̄ allows
determination of b-quark charge (t ! bW+ ! b`+⌫)

Charge of soft muon from (b ! Xµ⌫) probes decay chain
Tag jets containing a soft muon (SMT algorithm)

Inclusive top decay chains which produce 2 leptons

Same Sign
t ! `+⌫

�
b ! b̄

�
! `+`+X

t ! `+⌫ (b ! c) ! `+`+X

t ! `+⌫
�
b ! b̄ ! cc̄

�
! `+`+X

Opposite Sign

t ! `+⌫b ! `+`�X

t ! `+⌫
�
b ! b̄ ! c̄

�
! `+`�X

t ! `+⌫ (b ! cc̄) ! `+`�X

These processes are sensitive to CPV in B
q

� B̄
q

(q = d , s) mixing,
semileptonic b and c decays and b ! c

Theory paper: PRL 110,232002 (2013)
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FB

summary CP-Violation Summary

CP violation at ATLAS - arXiv:1610.07869 (Submitted to JHEP)

Use semileptonic tt̄ events in which B-hadron decays to a muon
Consider number of SMT muons, Nab, where:

a : Charge of W -lepton ) identifies initial charge of b
b : Charge of SMT Muon ) probes final state for CPV

Consider probability of initial b decaying to a lepton `
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Measure same- and opposite-sign charge asymmetries:

A
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FB

summary CP-Violation Summary

CP violation at ATLAS - arXiv:1610.07869 (Submitted to JHEP)

Data

�
10

�2

�
MC

�
10

�2

�
Existing limits (2�)

�
10

�2

�
SM prediction

�
10

�2

�

Ass �0.7 ± 0.8 0.05 ± 0.23 - < 10

�2

[19]

Aos

0.4 ± 0.5 �0.03 ± 0.13 - < 10

�2

[19]

Ab
mix

�2.5 ± 2.8 0.2 ± 0.7 < 0.1 [95] < 10

�3

[96] [95]

Ab`
dir

0.5 ± 0.5 �0.03 ± 0.14 < 1.2 [94] < 10

�5

[19] [94]

Ac`
dir

1.0 ± 1.0 �0.06 ± 0.25 < 6.0 [94] < 10

�9

[19] [94]

Abc
dir

�1.0 ± 1.1 0.07 ± 0.29 - < 10

�7

[97]

All results are consistent with the Standard Model
Largest uncertainty on all results is statistical
First ever measurement of Abc

dir
Strengthens 2� limit on Ac`

dir, equivalent limit for Ab`
dir
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BFF:	Top	&	Higgs	



Jelena Jovicevic - CKM 2016, Mumbai, India 28.11 - 02.12, 2016

Hunting the Higgs-top Yukawa coupling

11

Direct measurement 

• Direct measurement in ttH̄  
production

2

Motivation

● A�er the Higgs discovery the main focus is on the measurement of its proper�es

● couplings to fermions and gauge bosons

● Top quark is the most strongly-coupled SM par�cle with Yt ~ 1

● Already indirect constraints on the top-

Higgs Yukawa coupling 

● assumes no new par�cles in the loop

● Direct measurement of Yt in tH 

produc�on 

● allows probing new physics in ggH 

and γγH e&ec�ve ver�ces

Higgs produc�on Higgs decay

t,b,? t,W,?

tH produc�on

Indirect constraints:

• loops in ggF and H ➔ γγ vertices;

• assuming only SM particles 
contributing to the loops.

Search for ttHMark Owen

Backgrounds

6

t̄

t

H
yt

b

b̄

W�

W+

b

b̄
t

t̄

• Background from ttbar+jets estimated using 
MC, corrected to match differential ttbar 
measurements.

• Classification is done using truth level 
information, small differences CMS / ATLAS:

11

• H ➔ γγ: interference between top 
quark and W boson in the loop;

• ZH production and H->Zγ: 
interference between top quark and 
W-boson contribution in the loop.

• tH production:  interference 
between top-mediated and  
W-mediated diagrams;

Sensitive to yt2 

Sensitive to yt 
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Coupling measurement methodology

12

Assumptions:
• Observed signal originates from the single resonance;

• Narrow width approximation:

• Parametrise deviations with only coupling strength modifiers {κx}.

Procedure:
• Scale SM cross-section and partial widths as a function of parameters {κx}:

• In case of loop processes κx can be expressed as a function of more fundamental κy;

• If BSM decays are allowed, scale down all SM decays uniformly.

! Coupling deviation from SM predictions are defined as multiplicative modifiers �: 

 

•   Allow possible BSM contributions in: 
   -  the total decay width, �2

H  (SM only: �H
2  ~ 0.25�V

2 + 0.75�F
2 )  

   -  gluon and photon vertex loops coupling modifiers (�g ,�y) 

    →�g
2 ~ 1.06 �t

2 - 0.07 �t�b +0.01 Kb
2     

     → ��2 ~  1.59 �W
2 – 0.66 �W�t +0.07 �t 

Disentangling H Couplings 

•  The production × decay are always sensitive at LO to a linear combination 
    of products of two couplings ⇔ model assumptions required to disentangle 

e.g. Prescription from HXSWG in arXiv:1209.0040   

! i
2 =

" i

" i
SM

! !"i =
! i !"i

"H

! j
2 =

! j

! j
SM

Consider a narrow width approximation 

Introduce SM modifiers for production                 and decay 

And  

•  Define benchmark scenarios: 

!H
2 =

!
j

2! "SM
j

"H
SM

!WZ =
"W

"Z

( λWZ = 1 in SM ) 

- Assume either only SM particles in the loops,  
  or  
  “new physics” in width or loops (allowing or not invisible decay) 

- Test custodial symmetry :    

- Test bosonic & fermionic couplings: consider                    & !V (=!W =!Z ) ! f (=! l =!q )
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ggF+ttH
µ / 

VBF
µ

-0.5 0 0.5 1 1.5 2 2.5 3 3.5

Λ
-2

 ln
 

0

2

4

6

8

10

12

14

, ZZ*, WW*γγ→Combined H
SM expected

ATLAS 
-1Ldt = 4.6-4.8 fb∫ = 7 TeV  s

-1Ldt = 20.7 fb∫ = 8 TeV  s

 = 125.5 GeVHm

Figure 9: Likelihood curve for the ratio µVBF/µggF+ttH for the combi-
nation of the H → γγ, H→ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν chan-
nels and a Higgs boson mass mH = 125.5 GeV. The parameter
µVH/µggF+ttH is profiled in the fit. The dashed curve shows the SM
expectation. The horizontal dashed lines indicate the 68% and 95%
CL.

σ · B (gg→ H → γγ)
σSM(gg→ H) · BSM(H → γγ)

=
κ2
g · κ

2
γ

κ2
H

(7)

In some of the fits, κH and the effective scale factors
κγ and κg for the loop-induced H → γγ and gg → H
processes are expressed as a function of the more fun-
damental factors κW , κZ , κt, κb and κτ (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:

κ2
g(κb, κt) =

κ2
t · σ

tt
ggH + κ

2
b · σ

bb
ggH + κtκb · σ

tb
ggH

σttggH + σ
bb
ggH + σ

tb
ggH

κ2
γ(κb, κt, κτ, κW) =

∑

i, j κiκ j · Γ
i j
γγ

∑

i, j Γ
i j
γγ

(8)

κ2
H =

∑

j j=WW∗ , ZZ∗ , b  b, τ−τ+,

γγ, Zγ, gg, t  t, c c, s  s, µ−µ+

κ2
jΓ

SM
j j

ΓSM
H

where σi jggH , Γi jγγ and ΓSM
f f are obtained from theory [14,

15, 119].
Results are extracted from fits to the data using the

profile likelihood ratio Λ(κ), where the κ j couplings are
treated either as parameters of interest or as nuisance
parameters, depending on the measurement.

The assumptions made for the various measurements
are summarised in Table 10 and discussed in the next
sections together with the results.

Figure 10: Likelihood contours (68% CL) of the coupling scale fac-
tors κF and κV for fermions and bosons (benchmark model 1 in Ta-
ble 10), as obtained from fits to the three individual channels and their
combination (for the latter, the 95% CL contour is also shown). The
best-fit result (×) and the SM expectation (+) are also indicated.

7.4.1. Couplings to fermions and bosons
The first benchmark considered here (indicated as

model 1 in Table 10) assumes one coupling scale fac-
tor for fermions, κF , and one for bosons, κV ; in this sce-
nario, the H → γγ and gg → H loops and the total
Higgs boson width depend only on κF and κV , with no
contributions from physics beyond the Standard Model
(BSM). The strongest constraint on κF comes indirectly
from the gg→ H production loop.

Figure 10 shows the results of the fit to the data for
the three channels and their combination. Since only
the relative sign of κF and κV is physical, in the follow-
ing κV > 0 is assumed. Some sensitivity to this relative
sign is provided by the negative interference between
the W-boson loop and t-quark loop in the H → γγ de-
cay. The data prefer the minimum with positive relative
sign, which is consistent with the SM prediction, but
the local minimum with negative sign is also compati-
ble with the observation (at the ∼ 2σ level). The two-
dimensional compatibility of the SM prediction with the
best-fit value is 12%. The 68% CL intervals of κF and
κV , obtained by profiling over the other parameter, are:

κF ∈ [0.76, 1.18] (9)
κV ∈ [1.05, 1.22] (10)

with similar contributions from the statistical and sys-
tematic uncertainties.

In this benchmark model, the assumption of no con-
tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling κF ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio λFV = κF/κV can be measured
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Disentangling H Couplings 

•  The production × decay are always sensitive at LO to a linear combination 
    of products of two couplings ⇔ model assumptions required to disentangle 

e.g. Prescription from HXSWG in arXiv:1209.0040   

! i
2 =

" i

" i
SM

! !"i =
! i !"i

"H

! j
2 =

! j

! j
SM

Consider a narrow width approximation 

Introduce SM modifiers for production                 and decay 

And  

•  Define benchmark scenarios: 

!H
2 =

!
j

2! "SM
j

"H
SM

!WZ =
"W

"Z

( λWZ = 1 in SM ) 

- Assume either only SM particles in the loops,  
  or  
  “new physics” in width or loops (allowing or not invisible decay) 

- Test custodial symmetry :    

- Test bosonic & fermionic couplings: consider                    & !V (=!W =!Z ) ! f (=! l =!q )

15 

Factorizing

I Production Modes

I Fermions v. Bosons

I Up v. Down

I Leptons v. Quarks

I W v. Z : Custodial Sym.

I Photon, Gluon Loops

I Unobs. or Invisible

g

g

t,b
h

q

q q

q
h

q

q
W/Z

h

W/Z

Production Modes
h

W

h
W/Z

W/Z

b,τ
h

b,τ

h
t,bt,b

Decays
γ

γ
γ

γ

Saxon (UPenn) Combined Higgs Measurements May 5, 2014 6 / 18

Couplings Measurement Methodology 
Basic assumptions: 

•  Observed signals originated from a single resonance at 
m =125.5 GeV  

•  Narrow-width approximation is used: 

•  L tensor structure is the same as SM (0+): 
•  Only modification of the coupling strength are taken into account 

9 

Disentangling H Couplings 

•  The production × decay are always sensitive at LO to a linear combination 
    of products of two couplings ⇔ model assumptions required to disentangle 

e.g. Prescription from HXSWG in arXiv:1209.0040   

! i
2 =

" i

" i
SM

! !"i =
! i !"i

"H

! j
2 =

! j

! j
SM

Consider a narrow width approximation 

Introduce SM modifiers for production                 and decay 

And  

•  Define benchmark scenarios: 

!H
2 =

!
j

2! "SM
j

"H
SM

!WZ =
"W

"Z

( λWZ = 1 in SM ) 

- Assume either only SM particles in the loops,  
  or  
  “new physics” in width or loops (allowing or not invisible decay) 

- Test custodial symmetry :    

- Test bosonic & fermionic couplings: consider                    & !V (=!W =!Z ) ! f (=! l =!q )
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May%5C7,%2014%

Coupling%SF:%assump.ons/defini.ons%
•  Assump.ons:%

–  Observed%signals%originate%from%a%single%narrow%resonance%
–  ZeroCwidth%approxima.on%is%used%
%
%

–  Only%modifica.ons%of%couplings%strengths%are%taken%into%account%

•  Defini.ons:%Example:%gg�H�γγ%
%
%
•  In% some% cases% (e.g.% loop% processes),% κi% are% treated% as% a% func.on% of%more%

fundamental%κj%
–  κγ2%~%1.59%.%κW2%C%0.66%.κWκt%+%0.07%.%κt2%

–  κg2%~%1.06%.%κt2%C%0.07%.%κtκb%+%0.01%.%κb2%

–  κVBF2%~%0.74%.%κW2%+%0.26%.%κZ2%

–  κH2%~%0.57%.%κb2%+%0.22%.%κw2%+%0.09%.%κg2%+%0.06%.%κτ2%+%0.03%.%κZ2%+%0.03%.%κc2%

Pheno2014%C%G.%Halladjian% 12%

σ ⋅BR( ) gg→H→ γγ( ) =σ SM gg→H( ) ⋅BRSM H→ γγ( ) ⋅
κg
2 ⋅κγ

2

κH
2

σ ⋅BR( ) i→H→ f( ) =
σ i ⋅ Γ f

ΓH

Ref%[14,15]%

05/06/14 L. Aperio Bella (PLHC 2014) 

Tested many scenarios:
• Fermion versus vector boson couplings, up quark VS down quark couplings: also provide 

constraints on BSM 

• Generic model - simultaneous fit of all modifiers, etc…

Predrag Milenovic, University of Florida LHC Physics Conference, New York, 2014

Search for deviations - Couplings

• Search for deviations from SM in the scalar couplings (LHC XS WG benchmarks)"

• Assumptions:"
• Observed signals originate from a single narrow resonance"

• Parametrise deviations only with couplings strengths modifiers {!x}"

• Procedure: 
• Scale SM x-sections & SM partial widths as function of parameters {!x}.  
 
 "

• If BSM decays are allowed - scale down all SM decays uniformly"

• Scenarios: 
• Fermion vs. vector boson couplings and asymmetries in couplings"

• Searches for new physics in loops and decays"

• Simultaneous fit of coupling modifiers

8

In cases of loop processes, !x can be expressed as a function of more fundamental !y

arXiv:1307.1347
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Top Yukawa coupling - ATLAS+CMS Run1

13

• parameterisation assuming the 
absence of BSM particles in the 
loops, BRBSM = 0, κj > 0;

Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

µκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±

Figure 17: Best-fit values of parameters for the combination of ATLAS and CMS and separately for each experiment,
for the parameterisation assuming the absence of BSM particles in the loops, BRBSM = 0, and  j � 0. The
uncertainties are not indicated when the parameters are constrained and hit a boundary, namely  j = 0.

6.3.1. Probing the up- and down-type fermion symmetry

The parameterisation for this test has as free parameters �du = d/u , �Vu = V /u and uu = u ·u/H .
The up-type fermion couplings are mainly probed by the ggF production process, the H ! �� decay
channel and to a certain extent by the ttH production process. The down-type fermion couplings are
mainly probed by the H ! bb and H ! ⌧⌧ decays and a small sensitivity to the relative sign comes from
the interference between top and bottom quarks in the gluon fusion loop.

The results of the fit are reported in Fig. 19 and in Table 16. The corresponding likelihood scan for the
�du parameter and for the combination of ATLAS and CMS is shown in Fig. 20. The p-value of the
compatibility between the data and the SM predictions is 67%.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that in Section 6.3.1 which probes the up- and down-type
fermion symmetry. In this case, the free parameters are �lq = l/q , �Vq = V /q and qq = q · q/H .

39

Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

BSMBR

γκ

gκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS

 1≤ Vκ
=0BSMBR

σ 1±
σ 2±

Figure 14: Fit results for the two parameterisations allowing BSM loop couplings, with V  1, where V stands
for Z or W , or without additional BSM contributions to the Higgs boson width, i.e. BRBSM = 0. The measured
results for the combination of ATLAS and CMS are reported together with their uncertainties. The error bars
indicate the 1� (thick lines) and 2� (thin lines) intervals. The uncertainties are not indicated when the parameters
are constrained and hit a boundary, namely V = 1 or BRBSM = 0.

35

• two parameterisations allowing 
loop couplings, with either 
κV(W,Z) ≤ 1or BRBSM = 0;

κt strongly depends 
on the assumptions
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ttH̄ - final states

16

Dao Valerio TU Dresden seminar
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t tH̄: which final states?

�9

✦ bb̄ (57%): largest branching ratio 
[problems with combinatorics]

✦ ττ (6%): use both leptonic and 
hadronic τ decay modes

✦ WW* (22%): further penalties from leptonic 
BR decays, no mass peak reconstruction

✦ ZZ* (2.8%): excellent mass resolution, very 
low branching ratio in fully leptonic 
channels

Higgs boson decay

purity & 
precision

large BR &!
large bkgd

✦ γγ (0.23%): excellent mass resolution

Dao Valerio TU Dresden seminar

t tH̄: which final states?

�10

τ+τ   1%

τ+µ   2%

τ+e   2
%

µ+µ   1%

µ+e  
 2%

e+e 
  1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions

tt̄ decay

“all hadronic”: difficulties to trigger 
over the event. No neutrinos in the 
final state.

“lepton+jets”: exploit lepton for 
triggering/background reduction. Good 
compromise between purity and statistics. 

“di-lepton”: very clean final state, 
large penalty from small leptonic BR, 
difficult to perform ttbar reconstruction 
with neutrinos

[can also consider final states with hadronically decaying τ]

purity & 
precision

large BR &!
large bkgd

✕✕

Large BR  
Large background

Small BR  
Purity and precision

Broad spectrum of analyses covering multiple final states:

• generally combine low BR Higgs decay with high BR t t ̄decay and vice-versa;

• t t ̄decay products help selection of signal and the reduction of non-t t ̄backgrounds, but 
combinatorics increased when attempting to reconstruct the Higgs boson candidate.

�(tt̄H) = 507fb�1 @ 13TeV

1%�(H)

ttH production BR(H) BR(tt)̄
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ttH̄ combination and summary

25

Run1 precision already reached with ~13fb-1 of Run 2 data!  
No significant deviations from the SM observed at both experiments. 

Stay tuned for the new results from CMS and ATLAS using full 
2015+2016 statistics ~ 35fb-1



New	Physics	searches:	FCNC	



Introduction

Flavor-Changing Neutral Current (FCNC) changes the flavor of a fermion
current without altering its electric charge.
In the top quark sector :

FCNC decays:
t ! u + �
t ! c + �
t ! u + Z
t ! c + Z
t ! u + g
t ! c + g
t ! u + H
t ! c + H

Charged current decays:
t ! b + W (BR ⇠ 100%)
t ! s + W (BR ⇠ 0.18%)
t ! d + W (BR ⇠ 0.02%)

3 / 25 FCNC in top quark sector @ CKM 2016, TIFR, Mumbai, India Sandeep @ NISER
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FCNC in BSM

Many models for new physics predict new contributions to top FCNCs that are orders of

magnitude in excess of SM expectations.

Process SM 2HDM(FV) 2HDM(FC) MSSM RPV RS

t ! u + � 4⇥ 10�16 - -  10�8  10�9 -

t ! c + � 5⇥ 10�14  10�7  10�9  10�8  10�9  10�9

t ! u + Z 7⇥ 10�17 - -  10�7  10�6 -

t ! c + Z 1⇥ 10�14  10�6  10�10  10�7  10�6  10�5

t ! u + g 4⇥ 10�14 - -  10�7  10�6 -

t ! c + g 5⇥ 10�12  10�4  10�8  10�7  10�6  10�10

t ! u + H 2⇥ 10�17 6⇥ 10�6 -  10�5  10�9 -

t ! c + H 3⇥ 10�15 2⇥ 10�3  10�5  10�5  10�9  10�4

The branching ratio (BR) : the ratio of the flavor-violating partial width relative to the

dominant top quark partial width, t ! b + W.

Reference: Snowmass 2013 Top quark working group report, arXiv:1311.2028
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RPV SUSY Results - 𝑡 → 𝑐 𝑍

Bounds (@ 20 𝐟𝐛−𝟏)

Projections (@ 3000 𝐟𝐛−𝟏)

Br
an

ch
in

g 
Ra

tio

• Range of parameters for which top to charm and Z-boson would be visible

• Detection would be signal for RPV-SUSY – but not uniquely

𝐵 𝑡 → 𝑐𝑍 < 5.0 × 10−4

𝐵 𝑡 → 𝑐𝑍 < 7.0 × 10−5

hep-ex/1311.2028

DebjyoU	Bardhan	
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New	Physics	searches:	Resonances	



Physics

• Many(BSM(predict(high(mass(particles(decaying(
to(ttbar(because(of(its(yukawa coupling(~1

• Experiments(search(for(resonances(on(top(of(
nonMresonant(standard(model(backgrounds
– Analysis(is(a(generic(bumpMhunt(looking(for(

significant(deviations(from(the(SM

• Interpret(in(terms(of(physics(models(to(establish(
limits:
– Techicolour Z’(M spinM1(colour singlet(
– Extra(dimension(models(KaluzaMKlein(gluons(– spin(M1(

colour octet
– Extra(dimensions(KaluzaMKlein(gravitons(– spinM2(

colour singlets
– Heavy(Higgs(– spinM0(scalar

• In(general(interference(is(not(implemented(in(
the(models,(except(for(search(for(heavy(Higgs’(
bosons
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Revisiting(the(search(for(heavy(scalars:(
including(interference

• Interference(between(gluon(initiated(signal(and(background
• Previous(analyses(assume(no(interference,(but(processes(with(gluon(

initial(state(will(interfere(with(SM(top(production
• New(analysis(reinterprets(in(terms(of(2HDM(typeMII(H/AM>ttbar
• Probe(mass(range(400<M<800(GeV(and(low(tan$

– Events(are(tested(against(boosted(and(resolved(categories,(if(both(treat(as(
resolved

SM

!"#$%&'()*+(!)

+
./%)"0+(.)

ATLAS2CONF220162073
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Effect(of(interference

• Modify(Madgraph5_aMC@NLO(to(generate(events(without(SM(ttbar(
background(i.e.(generate(signal+interference only
– Keep(good(description(of(background(at(NLO((Powheg+Pythia)
– Efficient(generation
– Cross(check(with(full(S+I+B(generation
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Scalar(limits

• Limits(are(set(parameterising S+I(and(S(as(function(of(√2
– 2. + 2+� 5 + ! = + 2� (. + 5) + 2 − 2� . + !
– (µ=1(for(2HDM(type(II)

MH/A=500GeV
Excluded(region(
for(
pseudoscalar:
tan$<0.85
For(scalar
tan$<0.45

No(limit(on(
tan$ for(
MH/A=750GeV
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Results(at(8TeV

95%(CL(upper(limits(on(crossMsection(X(branching(
ratio(for(Z’(and(KK(gluon
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A(tale(of(two(topologies

• Two(topologies:(high(mass(
and(low(mass

• High(mass:(
– jets(from(hadronic(decays(of(

highly(boosted(top(quarks(
merge(and(are(treated(as(
single(largeMR(jets

• Low(mass:
– Match(jets(to(tMdecay(using(
!2Mfunction

• Lepton(isolation(is(pt
dependent

• Handling(LargeMR((fat)(jets
• Identify(jets(using(antiMkt algorithm
• Recluster using(kt or(CambridgeM

Aachen((CA)(algorithms((to(measure(
jet(substructure

• Use(substructure(within(jets(to(tag(as(
tMjets(and/or(reject(jets(not(
associated(with(a(top
– "32(subjettiness:(measures(whether(a(

jet(is(well(described(by(2Msubjets(or(3M
subjets:(a(value(!1(indicated(two(
subjets,(lower(indicates(3(jets

– d12,(last(splitting:(large(value(indicates(
two(high(mass(jets,(small(value(
indicated(light(quark/gluon(jets(with(
radiation.

– Pairwise(jet(mass
– Mass(drop

4Searches(for(resonances(in(the(ttbar(final(state(at(the(LHC(with(ATLAS(and(CMS,(CKM16
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RunM2(at(13TeV

• 2015(very(successful(for(rebooting(
LHC(at(13TeV,(and(ATLAS(&(CMS(after(
long(shutdowns
– 2016(luminosities:(

ATLAS:(36fbM1

CMS:32.87fbM1 (preliminary)

• Significant(increase(in(parton
luminosity(of(heavy(particles
– >10(increase(for(~3TeV(mass(object Day in 2015
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Summary(of(results(at(8(and(13(TeV

13TeV Mass(limit((95% CL(upper(limit(on(*xBr)

ATLAS(3.2fbM1 semiMleptonic Z’(1.2%(width 0.7<M<2.0(TeV

CMS(2.6fbM1(allMhadronic Z’(1% width 1.2<M<1.6 TeV

RS(KKMgluon 1.0<M<2.5 TeV((17pb(@(1TeV– 0.25pb(@(4TeV)

CM(2.6fbM1 semiMleptonic Z’(1% width 0.6<M<2.1 TeV

RS(KKMgluon 0.5<M<2.9 TeV(73.4pb(@(0.5TeV– 0.22pb(@(4TeV)

8TeV

ATLAS(20.3fbM1 semiMlpetonic Z’(1.2%(width M<2.0(TeV

RS KKMgluon M<2.3TeV((4.8pb @(0.4TeV(– 0.09(pb @(3TeV

CMS(19.7fbM1 (Combined) Z’(1% width M<2.4TeV(

RS(KKMgluon M<2.7 TeV((17pb(@(0.7TeV– 0.059pb(@(3TeV)

CMS(result(at(8TeV,(combination(of(diMleptonic,(semiMleptonic,(allMhadronic(channels
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Other	New	Physics	searches	



Search for VLQs 
✤ Pair produced VLQs decaying via TT->Ht+X, TT->Wb+X, BB->Hb+X in the 

lepton plus jets final state.

12

ATLA
S

MT > 730-950 GeV
MB > 575-813 GeV

Refer: JHEP 08 (2015) 105, JHEP 02 (2016) 110

Mb* > 1.5 TeV
b

q

Z

B

q

t

W

λ

b

g
b∗

t

W
fg

 [GeV]Bm
600 800 1000 1200

 W
t) 

[p
b]

 
BR

(B
 

 
 B

q)
 

(p
p 

 

-110

1

10

210
Expected 95% CL limit

  1 Expected 

  2 Expected 
Observed 95% CL limit

=2 B theory 

=3 B theory 

 

ATLAS
-1 = 8 TeV, 20.3 fbs

✤ Singly produced VLQs or excited quarks decaying through top quark.

T

T̄
W−, H, Z

b̄, t̄, t̄

b

W+

g

g

T

T̄
W−, H, Z

b̄, t̄, t̄

t

H

g

g

B

B̄
W+, H, Z

t̄, b̄, b̄

b

H

g

g

- - -

Pallabi	Das	



Search for VLQs CMS
✤ Z’->T’t->WbWb, where T’ is a heavy vector like top partner.


✤ T’ and Z’ invariant mass reconstructed in all hadronic final state.


✤ Pair produced VLQs decaying via TT->Ht+X.
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Conclusions

Conclusions

Two ways to distinguish between MSSM and NMSSM through B � B̄ observables:

1. Di↵erent predictions - common parameter space:
Squarks, charginos, gluinos and e↵ectively charged Higgs diagrams are identical in the
two-models. Thus there are only two sources, both e↵ective for large tan�:

Neutralinos: Neutralino-gluino diagrams can be important at large tan �,�(⇠ ) and
small µeff in models with significant gluino-gluino MSSM-background.

Double Penguins: Neutral Higgs diagrams can be significant obviously at large tan � and
light singlet masses (CP-even/odd).

Both e↵ects decouple for � ! 0 and/or large µeff since this is e↵ectively the MSSM-limit.

2. Common predictions - di↵erent allowed parameter space:
Translate Higgs and Heavy Higgs measurements into di↵erent bounds on the
tan� �MA(MH± ) planes of the two models. Using these planes for low tan� MFV one can
distinguish between the two models through their maximal NP-contribution in �Mq .

J. Kumar (TIFR, Mumbai) JHEP10(2016)134, 1504.00960 29 / 29

Jacky	Kumar	



EffecUve	Field	Theory	in	top	sector	



The Standard Model EFT

Why bother with Effective Field Theory?

• Resurgence of model-independent frameworks to go 
beyond SM

(κ framework, anomalous couplings, form factors…)

• completely general
• can be matched to UV completions
• radiative corrections calculable
• allows contact interactions 
• allows power counting
• keeps gauge invariance manifest
• differential distributions
• …

4

EFT: Which Lagrangian best describes the currently available data?

L = LSM +
X

i

ciOi

⇤2
(+ . . .)

Michael	Russell	



Relevant operators

8

A handful of operators

And many measurements…

GLOBAL FIT

Michael	Russell	
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Most sensitivity in the tails

Michael	Russell	
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SM a good fit everywhere?

No significant deviations at 
this stage

Early days in the LHC 
programme

BUT

Many more measurements to come!

Run 1 SUMMARY
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Many measurements 
statistics dominated

Michael	Russell	



Wouter	Dekens,	CKM2016,	30/11
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• Real parts contribute mainly to the branching ratio 

• Imaginary parts mainly contribute to the CP asymmetry
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Conclusions	
•  High-Energy	flavor	physics	in	top	and	Higgs	is	

complementary	way	of	looking	for	NP		
•  Also	interplay	with	precision	probes	like	EDMs	
•  Some	measurements	are	staUsUcs	limited		

–  Run	2	(&	3	&	4	(HL-LHC))	will	help	
•  Some	are	systemaUcs	limited	

–  More	stats	will	also	help	here	
•  Some	Examples	relevant	to	flavor:	

–  Look	for	rare	decays:	measure	Vts	directly!	
–  Measure	top	Chromoelectric	&	

ChromomagneUc	dipole	moment!	
–  CPV	in	b	physics	using	top:		

•  With	Run	2	will	be	systemaUcs	dominated	
•  Can	trade	stats	for	syst	reducUon	
•  Might	be	able	to	do	a	Ume	dependent	
analysis!	

 4

 Vtb using single top
• Vtb appears in production and decay of the top quark

� _ |Vtb|2

|V
tb

|meas. =
r

�
exp.

�
theory

• σtheory in SM ➛ |Vtb| ≈1, |Vtb| >> |Vtd|, |Vts|

• Questions regarding CKM matrix:
➛ Is it a 3x3 matrix? Why not 4x4 or even 
larger?
➛ Is it unitary?
|Vtd|2 + |Vts|2 + |Vtb|2 = 1?



WG	1	

WG	2	

WG	3	

WG	4	

WG	5	

WG	6	

WG	7	

The	CKM	2016	Indian	TasUng	Menu!	

Shikanji	sorbet	

A	big	thank	you	to	all	the	
speakers!	
And	to	the	audience	for	the	
interesUng	discussions!	
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP/2016-266
2016/11/29

CMS-TOP-16-001

Search for CP violation in tt production and decay in
proton-proton collisions at

p
s = 8 TeV

The CMS Collaboration⇤

Abstract

The results of a first search for CP violation in the production and decay of top quark-
antiquark (tt) pairs are presented. The search is based on asymmetries in T-odd, triple-
product correlation observables, where T is the time-reversal operator. The analysis
uses a sample of proton-proton collisions at

p
s = 8 TeV collected by the CMS ex-

periment, corresponding to an integrated luminosity of 19.7 fb�1. Events are selected
having one electron or muon and at least four jets. The T-odd observables are mea-
sured using four-momentum vectors associated with tt production and decay. The
measured asymmetries exhibit no evidence for CP-violating effects, consistent with
the expectation from the standard model.

Submitted to the Journal of High Energy Physics

c� 2016 CERN for the benefit of the CMS Collaboration. CC-BY-3.0 license

⇤See Appendix A for the list of collaboration members
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1 Introduction
Violation of the combined operation of charge conjugation and parity (CP) is introduced in
the standard model (SM) via an irreducible phase in the Cabibbo–Kobayashi–Maskawa quark-
mixing matrix [1]. Detailed experimental investigation of CP violation (CPV) in the strange
and bottom quark sectors has been conducted over the past few decades [2]. The measured
asymmetries are well described by the SM, but are too small to explain the observed matter-
antimatter asymmetry of the universe [3]. In contrast to the strange and bottom quark sectors,
CPV in the top quark sector is relatively unexplored. In the SM, CPV in the production and
decay of top quark-antiquark (tt) pairs is predicted to be very small [4]. However, in many
theories of physics beyond the SM (see, for example, Refs. [5, 6] and references therein) sizable
CP-violating effects could be observed, which have the potential to shed light on the matter-
antimatter asymmetry of the universe.

In this paper, the first measurements of CP-violating asymmetries in tt production and de-
cay are presented. One of the top quarks is presumed to decay to a bottom (b) quark and a
hadronically decaying W boson. The other top quark is required to decay to a b quark and a
W boson that decays leptonically to an electron or muon and its associated neutrino. The anal-
ysis exploits T-odd, triple-product correlations, where T is the time-reversal operator. Several
observables are measured, as proposed in Refs. [5–7], that take the form ~v1 · (~v2 ⇥~v3), where
~vi (i = 1, 2, 3) are spin or momentum vectors. These triple-product observables are odd under
the T transformation, and are thus also odd under the CP transformation if CPT conservation is
valid, i.e. CP(Oi) = �Oi, where Oi are the proposed observables. The presence of CPV would
be manifested by a nonzero value of the asymmetry

ACP(Oi) =
Nevents(Oi > 0)� Nevents(Oi < 0)
Nevents(Oi > 0) + Nevents(Oi < 0)

. (1)

The measurements of the asymmetry corrected for the effects of the detector (ACP) and also
without these corrections (A0

CP) are presented. The reason to present both ACP and A0
CP values

is that the corrections, called dilution factors (Section 8.1), could themselves be affected by
physics beyond the SM [7]; no particular such new-physics process is considered in this paper.

Four observables that can be measured in the single-lepton + jets final state of tt production
and decay in proton-proton (pp) collisions are defined as:

O2 = e(P, pb + pb, p`, pj1)
lab�!µ (~pb + ~pb) · (~p` ⇥ ~pj1),

O3 = Q` e(pb, pb, p`, pj1)
bb CM���!µ Q` ~pb · (~p` ⇥ ~pj1),

O4 = Q` e(P, pb � pb, p`, pj1)
lab�!µ Q` (~pb � ~pb) · (~p` ⇥ ~pj1),

O7 = q · (pb � pb) e(P, q, pb, pb)
lab�!µ (~pb � ~pb)z(~pb ⇥ ~pb)z.

(2)

The symbol ! indicates the spatial frame chosen to simplify the triple product. The observ-
ables O2, O4, and O7 are calculated in the laboratory (lab) frame, and O3 in the bb centre-of-
mass frame (bb CM), where b and b indicate the bottom quark and antiquark jets from the t
and t decays, respectively. The symbol µ indicates proportionality. The symbol e denotes the
Levi–Civita symbol with e0123 = 1, which is contracted with four-vectors a, b, c, and d, i.e.
e(a, b, c, d) ⌘ eµnabaµbncadb. In these expressions, P is the sum of, and q the difference between,



2 3 Data and simulated samples

the four-momenta of the two initial-state protons; p and ~p are the four- and three-momenta,
respectively, of the final-state particles; the subscript z indicates a projection along the direc-
tion of the counterclockwise rotating proton beam, defined to be the +z direction in the CMS
coordinate system; ` refers to the electron or muon from the leptonically decaying W boson;
j1 refers to the non-b quark jet originating from the hadronically decaying W boson with the
highest transverse momentum (pT); and Q` is the electric charge of `. Note that the sign of the
observable is the only information needed to measure ACP.

The asymmetries ACP computed from the above observables are predicted to be zero in the
SM [5, 6]. However, in some new-physics scenarios [7], the effects of CPV can be sizable:
ACP(O3) and ACP(O4) could be as large as 8%, while ACP(O2) and ACP(O7) are less sensitive
to new physics and can reach 0.4% [7]. The sensitivity of the observables to CPV depends on
whether distinguishable final-state objects are involved in their definition. For instance, the
b quark jet charges need to be distinguished for O3 and O4, but not for O2 and O7.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons
are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the
solenoid. A more detailed description of the CMS detector, together with a definition of the
coordinate system and relevant kinematic variables, is given in Ref. [8].

3 Data and simulated samples
This analysis uses data from

p
s = 8 TeV pp collisions collected with the CMS detector in 2012,

corresponding to an integrated luminosity of 19.7 fb�1.

Monte Carlo (MC) simulations are used to model the SM processes of relevance for this analy-
sis. Top quark-antiquark events are generated at leading order using the MADGRAPH (v5.1.3.30)
program [9] with the CT10 [10] parton distribution functions (PDFs). The MADGRAPH gener-
ator accounts for the spin correlations between the top quark and antiquark. The mass of the
top quark in the simulation is set to mt = 172.5 GeV. The MADGRAPH generator is interfaced
with the PYTHIA (v6.426) generator [11] with Tune Z2* [12] to simulate parton showering and
hadronization. The tt production cross section is calculated with the TOP++ 2.0 package [13]
and estimated up to next-to-next-to-leading order (NNLO). It has been observed in CMS mea-
surements [14, 15] that MADGRAPH exhibits a mismodelling of the top quark pT in tt events.
To rectify this deficiency, an additional top quark pT reweighting is applied at generator level
to obtain agreement in the pT spectra between data and simulation. The weighting factors are
derived from the results of Ref. [14].

Several background processes are considered in the analysis. Single top quark production is the
main background, and is simulated with the POWHEG (v1.0) program [16–21]. The cross section
is calculated with the HATHOR (v2.1) program [22, 23] at next-to-leading order (NLO). Drell–
Yan (DY) and W + jets processes are generated with MADGRAPH, and diboson events (WW,
WZ, and ZZ) with PYTHIA. The cross sections of W + jet and DY production are calculated
with the FEWZ (v3.1) [24, 25] program at NNLO, while the MCFM (v6.6) [26] program is used
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where N+ ⌘ N++ + N+� and N� ⌘ N�+ + N�� represent the total number of positively and negatively
charged W-boson leptons respectively. Observable same- and opposite-sign charge asymmetries may be
formed from the probabilities:

Ass =
P

�
b! `+� � P

⇣
b! `�

⌘

P (b! `+) + P
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b! `�

⌘ , Aos =
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b! `+

⌘

P (b! `�) + P
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b! `+

⌘ , (11)
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The charge asymmetries, Ass and Aos, are expressed as ratios of probabilities as this ensures that the meas-
urements are independent of any asymmetry that could lead to a di↵erent rate of positively or negatively
charged W-boson leptons being reconstructed. These e↵ects can come about due to tt̄ pair production
asymmetries, reconstruction asymmetries or background asymmetries. Non- tt̄ backgrounds, estimated
from simulation and by data-driven techniques, are subtracted from the data. The data are then unfolded
to a well-defined fiducial region from which the charge asymmetries are measured. The use of a fiducial
region provides a prescription, described below, in which the CP asymmetries may be extracted from
the charge asymmetries, as well as reducing the experimental uncertainties by minimising the extrapol-
ation from the reconstruction-level selection to the particle level. A more traditional dilution approach
would, in this case, be able to measure the charge asymmetries but would then be unable to extract the
CP asymmetries.

The charge asymmetries are related to the CP asymmetries [Equations (18)–(22)] via:

Ass = rbAb`
mix + rc

⇣
Abc

dir � Ac`
dir

⌘
+ rcc

⇣
Abc

mix � Ac`
dir

⌘
(13)

Aos =erbAb`
dir +erc

⇣
Abc

mix + Ac`
dir

⌘
+erccAc`

dir (14)

where the decay-chain fractions, ri and eri, represent the relative rates of each channel. The decay-chain
fractions are dependent on the fiducial region chosen and are calculated as:

rb =
Nrb

Nrb + Nrc + Nrcc

, erb =
Nerb

Nerb + Nerc + Nercc

, (15)

rc =
Nrc

Nrb + Nrc + Nrcc

, erc =
Nerc

Nerb + Nerc + Nercc

, (16)

rcc =
Nrcc

Nrb + Nrc + Nrcc

, ercc =
Nercc

Nerb + Nerc + Nercc

. (17)

The CP asymmetries related to Bq � Bq mixing and direct CP-violating b- and c-decays are defined as:
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Ab`
mix =

�
⇣
b! b! `+X

⌘
� �
⇣
b! b! `�X

⌘

�
⇣
b! b! `+X

⌘
+ �
⇣
b! b! `�X

⌘ , (18)

Abc
mix =

�
⇣
b! b! cX

⌘
� �
⇣
b! b! cX

⌘

�
⇣
b! b! cX

⌘
+ �
⇣
b! b! cX

⌘ , (19)

Ab`
dir =

�
�
b! `�X

� � �
⇣
b! `+X

⌘

� (b! `�X) + �
⇣
b! `+X

⌘ , (20)

Ac`
dir =

�
�
c! `�XL

� � � �c! `+XL
�

� (c! `�XL) + � (c! `+XL)
, (21)

Abc
dir =

� (b! cXL) � �
⇣
b! cXL

⌘

� (b! cXL) + �
⇣
b! cXL

⌘ , (22)

where X (XL) denotes an inclusive hadronic final state with no leptons, and with both light and charm
quarks (with light quarks only).

2 The ATLAS detector

The ATLAS detector at the LHC covers the pseudorapidity1 range |⌘| < 4.9 and the full azimuthal angle
�. It consists of the following main subsystems: an inner tracking system immersed in a 2 T magnetic
field provided by a superconducting solenoid, electromagnetic (EM) and hadronic calorimeters, and a
muon spectrometer incorporating three large superconducting toroid magnets composed of eight coils
each. The inner detector (ID) is composed of three subsystems: the pixel detector, the semiconductor
tracker and the transition radiation tracker. The ID provides tracking information in the pseudorapidity
range |⌘| < 2.5, calorimeters measure energy deposits (clusters) for |⌘| < 4.9, and the muon spectrometer
records tracks within |⌘| < 2.7. A three-level trigger system [24] is used to select interesting events.
It consists of a level-1 hardware trigger, reducing the event rate to at most 75 kHz, followed by two
software-based trigger levels, collectively referred to as the high-level trigger, yielding a recorded event
rate of approximately 400 Hz on average, depending on the data-taking conditions.

3 Object and event selection

The results are based on proton–proton collisions collected with the ATLAS experiment at the LHC at a
centre-of-mass energy of

p
s = 8TeV in 2012. The total integrated luminosity available for the analysis

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of
�R ⌘ p(�⌘)2 + (��)2.
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(a) e+jets channel. (b) µ+jets channel.

Figure 3: Same-top-like charge-pairings distributions. The hashed area represents all experimental systematic un-
certainties as well as the b-hadron production and hadron-to-muon branching ratio uncertainties. The lower panel
of the distributions show the ratio of the data divided by the simulation. (a) shows the e+jets channel while (b)
shows the µ+jets channel.

(a) e+jets channel. (b) µ+jets channel.

Figure 4: Di↵erent-top-like charge-pairings distributions. The hashed area represents all experimental systematic
uncertainties as well as the b-hadron production and hadron-to-muon branching ratio uncertainties. The lower
panel of the distributions show the ratio of the data divided by the simulation. (a) shows the e+jets channel while
(b) shows the µ+jets channel.

Ab
mix =

Ass

rb + rcc
= �0.025 ± 0.021 (stat.) ± 0.008

�
expt.
� ± 0.017 (model) , (31)

Ab`
dir =

Aos

erb
= 0.005 ± 0.004 (stat.) ± 0.001

�
expt.
� ± 0.003 (model) , (32)

Ac`
dir =

�Ass

rc + rcc
= 0.009 ± 0.007 (stat.) ± 0.003

�
expt.
� ± 0.006 (model) , (33)

Abc
dir =

Ass

rc
= �0.010 ± 0.008 (stat.) ± 0.003

�
expt.
� ± 0.007 (model) . (34)

with the systematic uncertainties shown in Table 6. The predictions of the MC simulation are:
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Ab
mix,sim = 0.002 ± 0.005 (stat.) ± 0.005 (model) , (35)

Ab`
dir,sim = 0.000 ± 0.001 (stat.) ± 0.001 (model) , (36)

Ac`
dir,sim = �0.0006 ± 0.0017 (stat.) ± 0.0019 (model) , (37)

Abc
dir,sim = 0.0007 ± 0.0019 (stat.) ± 0.0022 (model) , (38)

and are found to be in good agreement with the data. Both the data and the MC simulation are compatible
with zero and with the SM predictions, as shown in Table 7.

rb rc rcc erb erc ercc
Nominal 0.200 0.715 0.085 0.882 0.069 0.048
Relative uncertainty in %
Hadron-to-muon branching ratio +3.8 �3.2 +2.9 �2.3 +23 �30 +1.6 �1.3 +3.3 �3.3 +25 �31
b-hadron production +1.8 �1.8 +0.5 �0.5 +0.3 �0.3 +0.2 �0.2 +1.9 �1.9 +0.2 �0.2
Additional radiation ±2.4 ±0.6 ±0.4 ±0.1 ±0.9 ±1.1
MC generator ±0.2 ±0.1 ±0.1 ±0.1 ±0.5 ±0.7
Parton shower ±6.8 ±2.2 ±2.6 ±0.6 ±12 ±6.1
Parton distribution function ±0.1 ±0.1 ±0.9 ±0.0 ±0.3 ±0.2
Total uncertainty +8.4 �8.1 +3.7 �3.3 +23 �30 +1.7 �1.4 +13 �13 +25 �31

Table 5: Decay-chain fractions obtained from MC simulation at the particle level. Uncertainties are in percent.

The anomalous dimuon asymmetry observed by the D0 experiment may be interpreted in terms of both
mixing and direct CP asymmetries separately, as discussed in Ref. [94]. If that asymmetry is considered to
be caused only by CP violation in mixing, it is calculated that Ab

mix ⇡ �0.008±0.003 would be required to
explain such a result. This is at odds with the SM but is not currently excluded by existing measurements
of the flavour specific mixing asymmetries ad

sl and as
sl (which combine as described in Ref. [19] with B0

s,d
fragmentation fractions ( fd, fs) [95] to build Ab

mix). The world averages for ad
sl and as

sl are currently at a
precision of the order of 10�3 [95]. The result presented here for Ab

mix does not have the precision to shed
more light in this area. Alternatively, the dimuon asymmetry may be considered to be caused exclusively
by CP violation in direct decays. This interpretation requires that either the true Ab`

dir ⇡ (0.003 ± 0.001)
or the true Ac`

dir ⇡ (0.009 ± 0.003), whereas the SM predictions for these parameters are of the order
|Ab`

dir| < 10�7 and |Ac`
dir| < 10�11 [19] [94].

The results presented here for direct CP violation and CP violation in mixing are compatible with both
the SM predictions and the dimuon asymmetry observed by the D0 measurement, within 1�.

For comparison with existing experimental limits on these parameters the discussion presented in
Ref. [94] may be considered, where it is stated that only limits from exclusive channels on some dir-
ect asymmetries presently exist. These limits are extrapolated (extrap.) to inclusive limits by considering
uncertainties on the relevant branching ratios. They are evaluated in decay modes insensitive to the other
direct CP asymmetries respectively and therefore make no assumptions on their values. The limits set at
the 2� level are Ab`

dir
�
extrap.

�  0.012 and Ac`
dir
�
extrap.

�  0.06. No limits are set on Abc
dir.

A full comparison of the experimental results with the SM predictions and with existing experimental
limits may be found in Table 7. In particular, the 2� limits inferred by this analysis are stronger than
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Ass
⇣
10�2
⌘

Aos
⇣
10�2
⌘

Measured value �0.7 0.41
Statistical uncertainty ±0.6 ±0.35
Sources of experimental uncertainty
Lepton charge misidentification +0.002 �0.002 +0.001 �0.001
Lepton energy resolution +0.09 �0.11 +0.07 �0.06
Lepton trigger, reco, identification +0.004 �0.004 +0.002 �0.002
Jet energy scale +0.10 �0.14 +0.08 �0.06
Jet energy resolution +0.019 �0.019 +0.009 �0.009
Jet reco e�ciency +0.010 �0.010 +0.006 �0.006
Jet vertex fraction +0.09 �0.09 +0.05 �0.05
Fake lepton estimate +0.05 �0.05 +0.025 �0.025
Background normalisation +0.002 �0.002 +0.001 �0.001
W+jets estimate (statistical) +0.003 �0.002 +0.001 �0.002
Single-top production asymmetry +0.016 �0.002 +0.001 �0.009
b-tagging e�ciency +0.008 �0.008 +0.004 �0.004
c-jet mistag rate +0.020 �0.020 +0.013 �0.013
Light-jet mistag rate +0.022 �0.023 +0.013 �0.012
SMT reco identification +0.004 �0.004 +0.004 �0.004
SMT momentum imbalance +0.06 �0.06 +0.04 �0.035
SMT light-jet mistag rate +0.010 �0.009 +0.005 �0.005
Sources of modelling uncertainty
Hadron-to-muon branching ratio +0.04 �0.05 +0.026 �0.022
b-hadron production +0.013 �0.008 +0.003 �0.008
Additional radiation ±0.4 ±0.23
MC generator ±0.05 ±0.025
Parton shower ±0.04 ±0.017
Parton distribution function ±0.22 ±0.13
Total experimental uncertainty +0.19 �0.22 +0.13 �0.11
Total modelling uncertainty +0.5 �0.5 +0.27 �0.27
Total systematic uncertainty +0.5 �0.5 +0.30 �0.29

Table 4: Measurements Ass and Aos, in units of 10�2, and breakdown of absolute uncertainties.

and is hereafter referred to as Ab
mix. For any CP asymmetries appearing in both charge asymmetries, the

tighter of the constraints is taken. For Ab
mix the tighter measurement comes solely from the Ass charge

asymmetry. This technique results in the following CP asymmetries:
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