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tt asymmetries overview

@ Forward-backwards asymmetry measurements at the Tevatron
o Latest results
@ Charge asymmetry measurements at the LHC
o ATLAS and CMS results
o Measurements in multiple channels
o Differential measurements
@ CP violation asymmetries at the LHC

o ATLAS and CMS are using tt events to measure CP violation
o This has never been done before, 2016 sees the first 2 results
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Asymmetries
o

Forward-backward asymmetry - revmod phys. 87 (2015) 421455

3 /26

@ The Tevatron is a p — p machine

@ The forward-backward (FB) tt asymmetry is defined by the
rapidity, y, of the top- and anti-top-quarks, where Ay = y; — v

@ The FB asymmetry is expressed as:

_ N(Ay >0) - N(Ay < 0)
~ N(Ay >0)+N(Ay <0)

ArB

@ A Summary of the full Tevatron Run2 inclusive Arg results

CDF 1+j9.410" _ /—e—  0.164+0.045

DO [+ 9.7 fb” %—»—1 0.106 + 0.030

DO dil 9.7 fb™ g —e—1 0.180 +0.069
g

naive world avg é) o 0.130 +0.023
%)

-0.2  -041 0 0.1 0.2 0.3 0.4 0.5
FB




Asymmetries
(]

Charge asymmetry measurements at the LHC

At LHC, there is no forward-backward asymmetry

Not possible to define Arg:
o Due to symmetric initial state (p — p)

Top-quark predicted to have larger |y| than anti top-quark
e Valance quarks typically have larger momentum than sea anti-quarks
o This effect comes from the qG — tt process
o The dominant gg — tf process is symmetric and dilutes the effect

With rapidity, y, we may define A|y| = |y:| — |zl

The charge asymmetry is expressed as:

_ N(Aly[>0) = N(Aly| <0)

A =
N(Aly[>0) + N(Aly| <0)

Any observed deviation from SM could indicate BSM physics
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Asymmetries
o

Multiple measurements of A,

@ Complementary ATLAS and CMS results
@ A. has been measured in multiple channels
o Dilepton and /+jets tt channels
Ac has been measured differentially
o As a function of |y, pfpf, mez and |5+
Ac has been measured in the boosted regime

o Enriched with q§ — tt process
o Higher sensitivity to BSM physics

Measurement of A. requires the full reconstruction of the tt system
o Need to reconstruct 2 top quarks from observed detector objects
o Need to assign charge to each reconstructed top quark
o Need to determine the rapidity of each top quark
o Technically challenging with a probability of getting it wrong

Dilepton measurements also measure AP

o Analogous to Ac, but using the rapidity of the leptons
e Does not require full tf reconstruction
o Is not fully correlated to Ac, so provides extra information
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Dilepton
[ ]

CMS dilepton results - phys. Lett. B 760 (2016) 365

@ Event selection: S
o At least 2 jets: osboms 1:f§¢'éﬁ+sw; “Gata
o pr>30GeV, |n| < 2.4 s
@ One jet must be b-tagged
o 2 isolated leptons (e or u):
@ Opposite sign leptons
e pr >20GeV, |n| < 2.4
o In the case of same-flavour leptons:

e Veto My, within 15 GeV of Z mass
o EfMSS > 40 GeV i : alyy

195" (8 TeV)

05F

o dafd(Aly [}

04

03F

0.2f

01 E

Data/Simulation

T
---MC@NLO *Data
05(-CMS — NLO (QCD+EW) 7

@ tt reconstruction:
o Analytic solution for neutrinos
o Matrix weighting technique

e Unfolding via TUnfold

@ Inclusive results:

1/ dold(Am)

Variable | data §1°S’+%f T =

Qnssf H* 4
A. 0.011 + 0.011 + 0.007 e -
Alep 0.003 + 0.006 =+ 0.003 ‘
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Dilepton
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CMS dilepton results - phys. Lett. B 760 (2016) 365

@ A as a function of my, pffE and |y
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@ Results are consistent with the Standard Model
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Dilepton
[

ATLAS diIepton results - phys. Rev. D 94, 032006 (2016)

@ Event selection: e -
. 200005 ATLAS == == - i
o At least 2 jets: OME§-8TeV,203 1 R sheleton =
oo = B2 U™ =
e pr > 25GeV, |n| < 2.5 o e E
@ One jet must be b-tagged e E
o 2 isolated leptons (e or u): a0 :
@ Opposite sign leptons 3 e —
88 - 7 Y,
e pr > 25GeV, |n| < 2.5 5 o
o ES > 30GeV £ 3 : 3% 3
o Hr > 130 GeV - - p— v
o In the case of same-flavour leptons: E aras ==t E= Bioson
8000 —1\s =8 TeV,20.3 fb™! &= Single-top & NP & fake leptons

©=— Nonfiducial /777 Uncettainty

@ Veto My, within 10 GeV of Z mass -

@ tt reconstruction:
o KIN method solves for neutrinos and
picks solution with lowest tf mass

e Fully Bayesian Unfolding (FBU)

2000

.w‘rm""q‘
?)ym)fm+ “

Data
Expected

Variable | data e u o anl
Ac 0.021 + 0.016
Alep 0.008 + 0.006
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Dilepton

ATLAS diIepton results - phys. Rev. D 94, 032006 (2016

o A and AP for different bins of m, |53, .| and pt

ATLAS LR e ATLAS Lo romeonamvmus
E=8TeV, 203 b O cameuners 5 088, ooz Vs =8TeV, 20.3 fb O omraurs . pAD 85, 03028
Inclusive He— 0.021 £ 0.016 Inclusive 23] 0.008 = 0.006
. 000GV e oos0-o0m . osmcey Fe—  oomwoor2

" 5002000 Gev e 0016 + 0.024 5002000 Gev —Ee— 000920019

. 00s B—e—— oo 003 . oas Bee  oconozo0m0

* 0610 — -0.007 +0.025 B 0610 e 0.004 = 0.013

" 0-30 GeV' ————th -0.026 + 0.042 « 0-30 GeV e -0.002 + 0.025

T 30-1000 GeV. [ ——e—— 0053+0034 " 501000 Gev f—e— o015:0018
D P NI T a5

A{ in the full phase space Ay in the full phase space

o Ac Vs AP, shown for a selection of BSM theories

oosf ATLAS oos- ATLAS
1 1
Vs =8TeV, 20.3 fb Vs =8TeV, 20.3 fb
0,02 Inciusive- Parton tevel 0.02[ nctusive - Parton fevel
oo1f ooif-
e * -
of- of
001 001~
o ATLASGata A Borvouhors . PAD g6, 034026 o ATLASGala A Bomrouthors SiPRD 86, 034026
Tightocte, LEFT heavy octel, LEFT
002 [ —— ATLAS o X lghtccte, RIGHT 002 —— ATLAS 1o X heaw octot RIGHT
Az S odet AN ATLAS 20 ey e AN
00277001 0 001 002 003 004 005 006 0027001 0 001 002 003 004 005 006
A A

@ Results are consistent with the Standard Model
@ BSM models are not excluded
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CMS €+jets results - phys. Lett. B 757 (2016) 154

@ Event selection:

S ; ; 19.7 b (8 TeV)
o At least 4 jets: 8 soooo-clS aome
o pr >25GeV, || <25 E e
o One jet must be b-tagged @ " B
o 1 isolated lepton (e or p): ]
e e: pr >30GeV, |n| <25
o u: pr>26GeV, |n <21 .
_ i mY (GeV)
@ tt reconstruction: £ o
o Kinematic likelihood method Zfé 09
o 50 00 750
e Unfolding via generalized matrix . : 7B ETIY)
. . ? [ cMs 4 Data
inversion g“"“" I¥jets, m > 50 GeV =2 ..
. 2 aooool- Gvisers |
@ Inclusive results: 8 Ezvets
w4oooo DMulet |
Variable | data 20000
Ac 0.0010 £ 0.0068 £ 0.0037
O 200 400 600
M, (GeV)
.1
g 1.1 ’
% oSk vy L4 e
S o 200 700 500 0

10 / 26



£+jets
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CMS E+jets results - phys. Lett. B 757 (2016) 154

@ A, as a function of |y,

tt
. piE and me

1.7 b (8 TeV) 19.7 10" 8 Tev)
& o s 0.1 T T
r CMs + Data ! CMs + Data
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o — o } —
.05 l 1 1 ] 0,05 L |
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[ B 04 \
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@ Shown for 2 different binnings in m;;
e BSM Prediction not available for pit
@ New physics excluded at scales below 1.5 TeV at 95% C.L.
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£+jets
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ATLAS /+jets results - eur. phys. 1. c76 (20

o Event selection:
o At least 4 jets:
e pr >25GeV, |n| < 2.5
o 1 isolated lepton (e or u):
e e: pr >25GeV, |n| < 2.47
e p: pr >25GeV, |n| <25

o Events binned by 0,1,2 b-tags

@ tt reconstruction:
o Kinematic likelihood method

o Fully Bayesian Unfolding (FBU)

@ Inclusive results:

Variable
Ac

data
0.009 £ 0.005
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£+jets
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ATLAS /+jets results - eur. phys. 1. c76 (20

o Ac as a function of mez, |3,.¢| and pft

o
< s su ATLAS < M ATLAS
—  Light color octet VE=8TeV, 203 fb! 0151 Light color octet VE=8TeV, 203 10"
—  Heavy color octet —  Heavy color octet
12
o + Data 012 4+ Data
0.09 0.09
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o BSM Prediction not available for p&f
@ Results compatible with SM and BSM models
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£+jets
o

LHC A. Vs Tevatron A - Eur. phys. J. 76 (2016) 87

@ Inclusive ATLAS and CMS A, Vs CDF and DO Ag,
@ Various BSM models are shown:
o W' boson, heavy axigluon (G,), scaler isodoublet (¢)
o Colour-triplet scalar (w*), colour-sectec scalar (Q*)
@ Right plot is zoomed-in version of left plot

u_usiy.ulwy.q.ym.H.“.‘ 004
[ ATLAS preliminary - ATLAS prelimina
0.06 - - 0,03
0.04]- - 0021
r SM —,
< F < 001
0.02 - ATLAS | E
ol cMS
ok = L
CMS b
[ A Models from -0.01 w|  Models from
L =] PRD 84, 115013; _| L PRD 84, 115013;
-0.021- &8 © JHEP 1108, 087 [ 8 8| rer 1is, oo7
1 L L L .0.02C 1 I 1
0 0.1 0.2 0.3 04 05 0.05 0.1 0.15 0.2 0.25
Arg A

@ Phase-space for parameters of BSM models shown is limited
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CMS template
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CMS tem pIate method results - phys. Rev. b 93, 034014 (2016)

@ Symmetric and asymmetric = I T 3
component of MC template is e eren !
sensitive to: 150 1

o T =tanh A'ytf‘ .
.. . . 1o il

@ Similar event selection to /+jets [ i

o0 —logl (u) -

o More precise than /+jets 05 = (eontomrion, :

. . POWHEG
measurement with unfolding ':' For e i
. . ool
@ Larger modelling uncertainties v
cMs N 1961 ' (8Tev,
Variable | data i .
Ac 0.0033 £ 0.0026 £+ 0.0033 v—
(0.1040.68 +0.37)%

Kiihn and Rodrigo

Bernreuther and Si

POWHEG
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ATLAS boosted
°

ATLAS boosted results - phys. Lett. B 756 (2016) 756

@ Boosted /+jets analysis

o Greater sensitivity to BSM

@ Event selection - Leptonic t decay:
o1 isplated lepton pr > 25 GeV
o EF® > 20GeV
o EF"™ + mt > 60 GeV
o Highest pr jet(R = 0.4)

@ Event selection - Hadronic t decay:
o 1 large-R jet(R = 1.0)
e Trimmed : rsub=0.3
e pr > 300 GeV
o mii™ > 100 GeV

jet

@ m;; > 750 GeV
o Fully Bayesian Unfolding (FBU)
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ATLAS boosted
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ATLAS boosted results - phys. Lett. B 756 (2016) 756

T T
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© 03
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0 ATLAS 8Tev, 201" -
Tevaon: PROB7/092002: PRORAI 12005
Vodels: PRD 84115013; JHEP 1108037

o 0.1 0.2 03 0.4 05
Acg (PP, 1.96 TeV)

e my > 0.75TeV

ATLAS 8TeV,20fb
Tevatron: PRDB7/092002: PROBA/1 12005
Models: PRD 84/115013; JHEP 11081087 -
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o my > 1.3TeV




Ac Apg summary
o

Summary of A.

@ A summary of all inclusive measurements of A

ATLAS+CMS Preliminary LHCtopWG Vs=8TeV Sept 2016
ft asymmetry ot s A *(stat) +(syst)
ATLAS l+jets ] 0.009 + 0.004 + 0.005
PJC 76 (2016) 87

ATLAS dilepton A [ — 0.021+£0.011+0.012
PRD 94, 032006 (2016)

CMS I+ ets tembplate e 0.003 + 0.003 + 0.003
PRD 93, 0 4014 (201

CMS l+je e 0.001+0.007 + 0.004
PLB 757 ( 016) 154

CMS dilepton A —e— 0.011£0.011+0.007

PL8 76012016 365

ATLAS l+jets boosted b + + J
(M_>0.75TeV && [A Jy|| < 2) 0.042 +0.019 + 0.026
PLE756 (2016) 52

dilepton asymmetry

ATLAS dilepton A" H—‘-—H 0.008 + 0.005 + 0.003
PRD 94, 032006 (2016) C ‘

CMS dilepton A" f—e—ri 0.003 + 0.006 + 0.003
PLB 760 (2016) 365 C ‘

| |
-0.05 0 0.05
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CP-Violation
o

CP violation at CMS - cws Top-16.001

First measurement of CP violation using tt events

Based on the T-odd triple product correlations

Semi-leptonic tt event selection
o Similar event selection to CMS /+jets Ac analysis

4 CP-sensitive observables, O;.

CP-asymmetry expressed as:
N(O;>0)*N(O,‘<0)
A ) =

cr (1) N(O;>0)+N(0; <0

~

@ Any non-zero Acp (O;) would hint a BSM physics
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CP-Violation
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CP violation at CMS - cws Top-16.001

19.7 it (8TeV) 19.7 it (8TeV)
; E CMS I+jets channel ; 22 CMS I+jets channel
—~ Preliminary —— Data. “~ ook Preliminary — Data.
N EmsMi S 18t msMi
— [ SM non-tt — [0 SM non-tt
X [ 1o, Stat.+Syst. X :i: [ o, Stat.+Syst.
2 2 iz
] o 10
& & e
6
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b
05 q‘\ -0.5 0 0.5
0, o8
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E 20 cms I+jets channel g 25 cMms I+jets channel
= 185 Preliminary —+ galaﬂ = Preliminary —+ gi’;aﬂ
=] 16? ESM non-tl =] 20 E SM non-tl
x 14E [0 o, Stat +Syst. X [ 1o, Stat. +Syst.
o 12F w 15F
€ 105 1
Q 8 2 10F
AT i
aF sk
2
o <05 0 05
o, o,
Agp (O3) etjets Htjets ljets
[@)} —0.01£0.61£001 +050£0.56+0.02 +0.27+041+£0.01
[0} —034+0.61+002 -1.03+056+0.04 —0.71+041+0.03
[N —024+061+002 -049+056+0.04 —0.38+041+0.03
(o) —042+0.61£0.00 +046£056x0.01 —0.06=-=041+0.01
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CP-Violation
L]

CP violation at CMS - cws Top-16.001

CMS preliminary 19.7 167 (8 TeV) 3 CMS Preliminary 19.7 1o (8 TeV)
—4—tlevents £ 1o (stat.+syst.)

4~ Before background subtraction
~= Estimated background

4 events + 1 (stat.+syst)
F1a - Before background subtraction
~— Estimated background

Agp [%]
N
T

Acp [%]

T
-
T

2F ok
3 L L 3 L

e e ' il e 1
Oz 02 d2 oa oﬂ 03

5 CMS Preliminary 19.7 167 (8 Tev) 5 CMS Preliminary 19.7 16" (8 Tev)
i 4 flevents + 1o (stat ssyst) a_\"_ —4—flevents + 1o (stat.ssyst)

s 2fF - Before background subtraction o o 4 Before background subtraction
< 2 Estimated background < = Estimated background

;;—l_l_,i :7 i ‘ —+_

o™ 05 o, o7 o; o;
@ Measured asymmetries show no evidence for CP-violation
@ In agreement with Standard Model prediction
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CP-Violation
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CP violation at ATLAS - axiv:1610.07869 (Submitted to JHEP)

CP Violation occurs in neutral B-meson decays

tt events offer an alternative b-quark production mechanism
compared to b-factories such as BaBar and Belle

Hard lepton from W-boson decay in semileptonic tt allows

determination of b-quark charge (t — bW — b{Tv)

Charge of soft muon from (b — Xuv) probes decay chain
o Tag jets containing a soft muon (SMT algorithm)

@ Inclusive top decay chains which produce 2 leptons

@ Same Sign o Opposite Sign

@t~ tu(b—b) — £HetXx @ t—ltub— X

@t Tu(b—c)—LtetXx @t (ttu(b—>b—8) -t X
@ t > (v (b—b—ct) - £HetX @t LTu(b—ce) = LT X

@ These processes are sensitive to CPV in B, — B, (g = d, s) mixing,
semileptonic b and ¢ decays and b — ¢

@ Theory paper: PRL 110,232002 (2013)
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CP-Violation
(]

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

@ Use semileptonic tt events in which B-hadron decays to a muon
o Consider number of SMT muons, N2b, where:

e a: Charge of W-lepton = identifies initial charge of b

o b : Charge of SMT Muon = probes final state for CPV
@ Consider probability of initial b decaying to a lepton £

Pl et) - — C ng)j ;2 S N**NTN** ) g
PRI R
P(b>eT) = G qu(i’)iiv_(Z S N**Ni_"’** } N":
P(a—et) = G _)N(ggﬁ :,2 S N—iVTN—+ N g

@ Measure same- and opposite-sign charge asymmetries:
ASS:P(b—w*)—P(E—»r) AOS:P(b—»z*)—P(E—er)
P(bﬁe+)+P(Eﬂr) P(bﬂlf)+P(E~>é+)

<N++ N <N+’ N**)
g AN N7 gos - AN NT )

(52 (%5
4 £ 42
23 / 26 Nt N— N+ N—




CP-Violation
o

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

@ Perform a “standard” tf {+jets event selection
@ Double tag jets with displaced-vertex and SMT algorithm
@ Fully reconstruct tt event with KLFitter
o KLFitter tells us if an SMT muon is same- or different-top
o Allows a determination of initial charge of the b
o For same-top SMT muons : WE = bF
o For different-top SMT muons : W* = p+

o We get this correct with a purity of ~ 80%
@ Unfold data to a fiducial volume and measure CP asymmetries
@ Fit results to obtain limits on direct and mixing CP parameters

@ Same Top SMT Muon @ Different Top SMT Muon

” u 5
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CP-Violation
(]

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

1] E w 4
[) ATLAS [] ATLAS =
'E Vs=8 TeV, 20.3 b 'E ys=8 TeV, 203 fb” B
c e+jets channel = usjets channel ﬂ
1] L = |
t Data 4000(— t Data ;‘
[, m, =1725 GeV £ [, m=1725GeV
3000 — [ Single Top 3000 I singlé Top J
E i Wad £ . " Wad 3
2000=- 2::::;::metrv input = o'":’l;!‘“' 2000 g:ger;?:::’n::irv input = o'":rl:!‘“' ‘\1
1000 — BE Uncertalnty 1000 1 Uncertainty |
]
E 08— 4 E 05}» J‘
3 N* N~ N— N° 3 N* N~ N° N7
| Data (10-2)  MC (102) | Existing limits (20) (10-2) SM prediction (10~2)
As | —07 +08 005 +0.23 B <102 [19]
Acs 04 +05 —003 =+0.13 - <1072 (19]
Ab ] —25 +28 02 +0.7 <0.1 95] <1073 [96] [95]
A 05 405 003 +0.14 <12 94 <1073 (19] [94]
Ast 1.0 £1.0 —0.06 =+0.25 <6.0 [94] <1070 (19] [94]
Ak | -1.0 +£11 007 +0.29 - <1077 197]
@ All results are consistent with the Standard Model
@ Largest uncertainty on all results is statistical
o First ever measurement of AbS
. . Cf . . . be
o Strengthens 20 limit on AS;,, equivalent limit for A3;,
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Summary
o

Summary

e Multiple measurements of A, and Al

o Dilepton and /+jets
o Resolved and boosted
o Measured differential in many variables

o CP-violation using tf events is now producing results

o Very exciting future
o A new frontier for the CKM community?

@ All ATLAS and CMS measurements are at 8 TeV

o Statistical uncertainties are currently large
o Anticipate future 13 TeV measurements
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