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top quark properties
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charge asymmetry

SM predicts a charge asymmetry in tt production: » LO no asymmetry
_ » NLO: interferences of the qg diagrams
t t Born and box diagrams

et Ht q t q— — 1
@ i < p } > 2 < p > & ) positive
e mn 1 asymmetry
t q < <
doa  doy doz

dcost;  dcosb, B dcosb,

q
L . N8 negative
Large asymmetry would indicate new physics: 5 & | asymmetry

additional axial couplings, W'... q

e |LHC has a symmetric initial state (pp)
e ( is mostly from sea quarks: g carry more momentum LHC
e tops are more forward than anti-quarks

do/dy

asymmetry in terms of top rapidity differences:

_ N(yel > |yil) = N(ye| <lyzl)
N(lye| > |yi]) + N(Jye| < |yzl) e

arXiv:1207.0331 |

) >

= N

FNI(\QEEII?\ISTITEIT‘ Deniz Poyraz, Top quark properties at CMS 3




charge asymmetry

lepton + jets events 8 TeV 19.7 fb-1
arXiv:1507.03119, accepted by PLB

o fully reconstructed tt in each event
e differential and inclusive measurements
e data unfolded to parton level

Ac = [0.10 = 0.68(stat) + 0.37(syst)]%
NLO [Kuhn, Rodrigo] = [1.02 + 0.05]%
NLO [Bernreuther,Si] = [1.11 = 0.04]%

» dominant systematic uncertainties: JES and unfolding

19.7 b (8 TeV)
T T I T T T I T I T T
CMS ¢ Data
l+jets, full PS — EAG (1.5 TeV)

—— EAG (2.0 TeV)
— QCD (NLO), B&S

0.2

|AA|||||

coupling gluons

i :

| 1 | 1 | 1 1 | ] 1 I 1
0 500 1000
m (GeV)

0.1_— EAG: effective axial-vector

>

i Emidio Gabrielli and Martti Raidal [Phys. Rev. D 84, 054017]

Werner Bernreuther and Zong-Guo Si [Phys. Rev. D 86, 034026]
Johann H. Kiihn, Germén Rodrigo [10.1007/JHEP01(2012)063]
E. Gabrielli, M. Raidal, and A. Racioppi [Phys. Rev. D 85, 074021]
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lepton + jets events 8 TeV 19.7 fb-1
template measurement
Phys.Rev. D93 (2016) no.3, 034014

e sensitive variable: Y= tanh(A]yls)
e symmetric and anti-symmetric
templates of Y

most precise inclusive measurement

Ac = [0.33 + 0.26(stat) + 0.33(syst)]%

19.6 i (8 TeV)
< § | | | ]
S 800f-CN B =
£ 600F | =
c S S .
Q 400" =
L B ]

200 -
o =
—200F =
—400 _‘L .............. —— Fit model _
—600% — Upper 68% CL -
_gooEt Lower 68% CL -
C I | | I =

-1 -0.6 0.2 0.2 0.6

1
rec
th
» dominant systematic uncertainties:

Data sideband and simulation stat. unc.,
JES, renormalization and factorization scales




charge asymmetry

dilepton + jets events 8 TeV 19.7 fb-1 arXiv:1603.06221 , submitted to PLB
e asymmetry of the reconstructed ttand wavewy sy
leptons 3 OtToMs w5 05 OMS N aceew -
. . . g oSt 3
e differential measurements in msg, pi, Yyl S oa &
* data unfolded to parton level o3

Alep _ N(A|ng| > 0) — N(A|ns| < 0) of
C 7 N(Al7e| > 0) + N(Alp[ <0) - ] g

Data/Simulation
o
—_ [4)]
T
+——t
4—+——+—
++_+
I
Data/Simulation

.................

Ac(lep) = [0.3 = 0.6(stat) + 0.3(syst)]|%

NLO(lep) = [0.64 + 0.03]% L 195B'@TeV) | 195" (3TeV)
0.08] e Nl
— o) O - CMS MC@NLO +Data - o 0.06- CMS ---MC@NLO OData ]
AC _ [1 1 1 1(Stat) + O7(Sy8t)] A) < 006_— —NLO (QCD+EW) __ 9<O i —NLO (QCD+EW) :
NLO =[1.11 £ 0.04]% T 1 0.04- .
0.04-4 T . ] :
i N 1002} I -
0.02f - L e
E—-—'J_‘ """"""""""""""""" 0 1 -
» dominant systematic uncertainties: o | ! B !
Ac: Unfolding,hadronization, renormalization o t 1 00z ]
and factorization scales i 1 004l E
. : At 004 L1 i S R R R
Ac(lep): Unfolding, renormalization 200 600 800 1000 120 200 600 800 1000 1200
and factorization scales M; (GeV) M, (GeV)
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charge asymmetry

CIMIS T T | T T 196 fb_ll (8| TleV)

| I
CMS, template
(0.33£0.26 £0.33)%

CMS, unfold |,
(0.10 +0.68 £0.37)%

Kiihn and Rodrigo

Bernreuther and Si

POWHEG
MCQ@QNLO
| | | | | | |
-2 -1 2
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spin correlations

e top quarks decay before their spin de-correlate

t
1M < 1/N < m/A2 ‘ -
A Za
- - | =P =t 1=
® spin correlation properties propagate '/,: 4R
to the decay products t t
e in SM spins are correlated
* spin correlation strength: A = (Nt + Nyy) — (Nyy + Ny)
(Ni+ + Nyy) + (Nyy + Niy)
Ntf
_ SM — SM
A = ASM f f NE + Nfor

= N

in helicity basis: ASM= 0.31
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spin correlations

X! 03 19.7 o (8 TeV)
: - +jets
muon + jets events 8 TeV 19.7 fb- £ 4E CMS M Data
> 8 Total fit
arXiv:1511.06170, submitted to PLB S 70 — Corr. (SM) tt
- ‘= Uncorr. tt
. ~ gE M - Background
e matrix element method to calculate event £ F et
and sample likelihoods S OSf
W g4F
discriminating variable: of
)\ _ P(Huncor) 1;_ . .--_ ........ - -
event — P(Hcor) 0 e T L L L L L L T T e e
-06-04-02 0 0204 06 08 1 1.2
_2In}“event
fit event likelihood ratio: 197 fb" (8 TeV
-2 1IN Aevent @ 307 iet . o
T | CMS HHe
> i —— CMS Data
> 251 —— Corr. (SM) (stat + syst)
005 S ---- Uncorr. (stat + syst)
Ameasured — ()22 + (0.03) (stat.) Ty0q (sys.) 8 2of v 72% SM + 28% UNCOTT.
015 < [ (stat + syst)
f=0.72 £ (0.08)(stat.) "y 13(sys.) -
10}
5|
» dominant systematic uncertainties: scale, - \
JES 0 | | po 29 | R | !
9000 10000 11000
P '2ln>“sample
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using angular distribution and asymmetries: 0.5

AAcp, Acice, Acoscb s O \ -------------------- @

- - 19.5 ™" (8 TeV)
spin correlations S A o b
a A NLO+EW,  --MC@NLO |

. ) S i no spin corr. ’
dilepton + jets events 8 TeV 19.7 fb- o 15 .
(@] - _

Phys. Rev. D 93, 052007 T 0 E
b Z il

e direct measurement of correlation coefficient ~ - = :

T
|

c O % } g
g 11 ; I -
A — N(c1ca > 0) — N(c1c2 < 0) R ; ; 1 z
12 N(C1C2 > O) -+ N(61C2 < O) ig 0.9F | I | | -
8 1 05 0 05 1
0* 0* A 4A cos 6, cos 0’

c1co = cosb;, cost;— = —

1C2 [+ l hel. C1C2 0 19.5 b (8 TeV)
. T I T T T I T T T | T T T | T T ]
N " CMS — NLO+EW, SM e Data ]
© 0 05:_ -------- lr;lcl)_g+iEl1V\c’:’orr o MC@NLO_:
Variable fom £ (stat) & (syst) & (theor) Total uncertainty << VU P ' )
Apg 1.144+0.06 £0.13 70 o N E
Acos ¢ 0.90 4 0.09 +0.10 4 0.05 +0.15 S R
Acyc, 0.87 +0.17 +0.21 4 0.04 +0.27 K 1
Apgp (vs. Mg) 1.12+£0.06+0.08 799 o2 '0-05:_ * 1 * B
01" |? -
Ae e, = —0.069 & 0.013(stat.) & 0.016(sys.) ; 15? """ T :
Aper. = 0.278 £ 0.084 K :

1 I | | 1 I | | 1 | | | 1 | | | | B

400 600 800 1000 1200

» dominant systematic uncertainties: M. (GeV)
top quark pr, top quark mass, Unfolding (simulation stat.), JES L
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spin correlations

tt Spin Correlation Measurements Summary Mar 2016

Standard Model :===----
foy =(stat) =(syst)

DO, dilepton + e/u+jets

PRL 108 (2012) 032004, : 0.851 =

\5=1.96 TeV,L_=5.4fb" : & : i

CMS, dilepton

PRL 112 (2014) 182001, 1.02 = 0.10 = 0.22

s=7TeV,L_=51b" l —— l

ATLAS, e/u+jets

PRD 90 (2014) 112016, 1.12+0.11+ 0.22

s=7TeV, L _=4.61b" I +—a—F {

ATLAS, dilepton

PRD 90 (2014) 1120186, : 1.19+0.09+ 0.18

s=7TeV, L _=4.61" F——a— |

ATLAS, dilepton

PRL 114 (2015) 142001, E 1,20+ 0.05+ 0.13

s=8TeV, L =203 fb P —

CMS, u+jets .

arXiv:1511.06170, : 0.72 = 0.08 = 0.15

s=8TeV,L =19.61b’" ——e—— :

CMS, dilepton

arXiv:1601.01107, : 1.12 + 0.06 + 0.11

{s=8 TeV,L _=19.51b" I-'—I—0—1I—-|

|||||||||||||||||||¥|||||||||||

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
SM Spin Correlation Fraction fSM
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CP violation

first measurement in tt production

* no observable CP violation in tt production in SM
e CP violation sign of new physics

e search with effective asymmetric parameter Acp
based on T-odd triple product observables

lab = = - -
O2 =€ (P, py + pp, pe, pjn) — < (By + Pp) - (Pe < )
O3 = Que (v, Py P Pi1) PEM, QuPp - (Pe x Pj1)
O4 = Que (P, py — Py, P Pit) I« Q (Pb — P5) - (Pe < Pin)

8 TeV 19.7 fb''  TOP-16-001

Acp (0)) e+jets j+jets l+jets
Oz —0.01 =0.61 £0.01 +0.50=x0.56+0.02 +0.27 +0.41+0.01
O3 —0.34+0.61£0.02 —-1.03£056+0.04 —-0.71+0.41+0.03
Oy —-024+0.61+0.02 —-049=x056=+=0.04 —-0.38=+=0.41=+0.03
Oy —0.42+0.61 £0.00 +0.46+0.56+0.01 —0.06+0.41+0.01

» dominant systematic uncertainties: theoretical

in agreement with SM

>

= N

Nevents (Oi > O) - Nevents (Oi <0
Nevents (Oi > O) + Nevents (Oi <0

N—"

Acp (0;) =

N—"

19.7 b (8TeV)

g 22%— CMS l+jets channel
~ 9o0F Preliminary —+— Data
B 18t mEsME
— 16 SM non-tt
X q4E £ 10, Stat.+Syst.
2 120
g) 10
8
L 6;—
4E
2
0t
-1 -0.5 0 0.5 1
O3
3 CMS Preliminary 19.7 6 (8 TeV)
'o\_ol —4- tt events = 1o (stat.+syst.)
I_g 2 —$— Before background subtraction
< —— Estimated background

|
T

o
IIII|IIII|IIIIlIIII|IIII|IIII
i
i
s o

i
1
i

0" 0, 0,
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Hv

e top quark coupling with EW bosons

e cxtension of SM modifies the couplings

e pbackground for ttH and many BSM processes
e ttZ: direct measurement of the top quark coupling to Z q
e ttV: limits to dimension-six operators

g t
— 1 T 1 ' 1 ' 1 1 1 T T
Top pair associated production in lowest order
ttZ —
ttH
%3
. d q t
tEW | \\
_ t
. Ad
— u
I ] ///\/\/\/\/\/\/\/\/ W—I—
20|||||||||||||||
7 8 9 10 11 12 13 14 15
Vs[TeV]
Campbell, Ellis
P> - 10.1007/JHEP07(2012)052
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ttv
8 TeV 19.7 fo

10.1007/JHEP01(2016)096

e full-event reconstruction by using
Matching Linear Discriminant as input to BDT
e ttW: SS, 3| final states
e ttZ: OS, 3l, 4l final states

first observation of ttZ!

Oty = 242+ = tb with 6.40

Constraints on new physics:

Data/Pred.

10

el + >4 jets + b tags

19.5 o' (8 TeV)

- B ttz
- Post-fit

— | Nonprompt [l Ch. misiD [fWz  Other
Biiw e Data

CMS
(e)

o o N
T B e

» dominant systematic uncertainties:
signal modelling, b-tagging efficiency

e Constraints on the axial and vector components of the tZ coupling

e Constraints on dimension-six operators

Operator | Best fit point(s) 1 standard deviation CL 2 standard deviation CL
CuB —0.07 and 0.07 [-0.11, 0.11] [—0.14, 0.14]
Caw —0.28 and 0.28 | [—0.36, —0.18] and [0.18, 0.36] [—0.43, 0.43]
C"HQ 0.12 [—0.07, 0.18] [—0.33, —0.24] and [—0.02, 0.23]
CHu —0.47 and 0.13 | [-0.60, —0.23] and [—0.11, 0.26] [-0.71, 0.37]
CHQ —0.09 and 0.41 [—0.22, 0.08] and [0.24, 0.54] [—0.31, 0.63]
=
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0.2

04 06
ttw BDT

Events

Data/Pred.

31 + 23 jets + tags + BDT

19.5 o' (8 TeV)

25_—

2

o

- BaH
[ Pre-fit

150

10F

Nonprompt Fwz
Biw

ZZ Other
ttz ¢ Data

CMS
(a)

////

_ll

S a N

"85 90 95 100
Z candidate mass (GeV)

% SM
.77 Bestfit e




Hv

CMS Experiment at LHC, CERN

CMS | Rt e s 2o oo zois cer
_1 _ N Lumi section: 358
13 TeV 2-7 fb TOP 16 009 ETmiss
T Electron pT = 68.20 GeV
T : Jet T=12289 GeV & =2.382
e ttZ: 3lepton, 4lepton final states =914 Gey 7T 00 O et
: : : =-1.822 _ pr = 37.26 Ge
e 8 + 2 signal regions to extract signal b= 1706 _ ©=2683 ]J n = 0354
: : Tt 1@ =0483
e data driven estimates for the non-prompt leptons 060 Gev |
* pinned likelihood fit to all categories n: ;gjf; /_ o ~
Channel Expected significance | Observed significance Muon Jet \ Jet 271 Bl
30 analysis 2.9 3.5 )\/ pr=5951 GeV  pr=30.22 GeV P.;:||32 )
4¢ analysis 1.2 0.9 n =-2217 n = 1.036 Il | e
3¢ and 4/ combined 3.1 3.6 O = -1.487 ® = -0.805
M = 95.83 GeV
_ +352 68
oz = 10657575 (stat.) " 5 (sys.) b
25 evidence of ttZ at 13 TeV
aMCatNLO = 839.375)(scale) " 25(p(ilf)jL%(ozS) fb
. 9(O:MSPlre/imlinary| |2.7ft|>'1 (13|TeV) ) CMS Preliminary 2.7 (13 TeV) CMS Preliminary 2.7 b (13 TeV)
= i 15 o -+-Data 12 S =L
ya 40 I - ] 7r .
0 80, 3 lepton s |2 t 4lepton iz 1 o | Oz 1
W 20 4  5r Mirare Lﬁ 6F .WZ =
: ] i I itX ] - ]
60 ER Wz 5- E
50 3 i ] - ]
] 3 - 4 2 . data-driven -
40 1 E . ] - ]
20 Z n_: 2: _: 35_ +Data _E
20 1 0 Y _ % E
. 1= = ] 1E ]
10 % § : D 207
2j(=0b) 2i(>1b) 3j(=0b) 3j(=1b) 3j(>2b) 4j(=0b) 4j(=1b) 4j(>2b) 2j(=0b) 2j(=1b) %
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conclusions

e many interesting top properties measurements from Run
» all results are in good agreement with SM
» first observation of ttZ at 8 TeV
» uncertainties mostly systematically dominated

e RunZ at 13 TeV: higher precision, higher energy, higher statistics!!
» already some Run 2 top measurements
» ttZ measurement at 13 TeV
» new exciting top properties measurements will arrive very soon!

For more:

CMS Top publications page
CMS Top preliminary results page

>

= N
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP/index.html
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W helicity

e the tWb coupling can be studied in tt Vip~ 1 E *’
td 1 1
b l h 1 b

e No right-handed W in the b-quark massless limit

FL=0.31 Fo= 0.68 Fr<0.01

* helicity states are extracted fitting the cos©” Theoretical Cosé" distributions
1
0.9E- —— Standard Model
osé— —— Longitudinal
' - — Left-handed
Fo+Fr.Fo=1 *TE — Right-handed
. 0.6:—
Z §o.sf—
1 da _3 (1 —cos6*)* F, + . (1 + cos 6*)* Fr + 3(sin@’")zl-" U:::
Fdcosf* 8 L8 R4 ° sk
o1t -
0-11 J LOJ‘SI.P .lbl'Gl. .1.10[41 l l012l l l(l)l l I012l l l0I4l l l06 018I | 1
coso*
P> -
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W helicity

muon + jets events 8 TeV 19.7 b CMS Preliminary 19.7 fo" (8 TeV)
TOP-13-008 I SM
B i muontiets e Data
- reliminary, 8 TeV, 4 | I ok
SOOOTCMSP fiminary, 8 Tev, 196 f -Wﬂ'e?s CMS prel. ti (ee) ot . ——e—tt
- = Single Top TOP-14-017
L DY+jets
4000F o Muonsjets CMS prel. tf (uy) o ot et
_% C TOP-14-017
53000
Q2 - CMS prel. tt (ep) -t o Heo-h
-E - TOP-14-017
w2000
- CMS prel. tt (dilepton) A ] e
- TOP-14-017
1000
Ly CMS single-t signature rod . H——+
o JHEP 01 (2015) 053
§ l | wﬂ.v” L | | L L CMS prel. ti (I+jets) e o= HeH
= 08 -06 -04 02 0 02 04 06 08 1 TOP-13-008
] . cos(®) ATLAS tt (I+jets, dilepton) —tot—t . MDY
dilepton + jets events 8 TeV 19.7 b1 i T T
TOP-14-017 0.6 -04 -0.2 l(% 0.2 F 0.4 0.6 F 0.8
) 19.7 fb" (8 TeV) R I 0
0.5+ .
- cus - SM Predictor Agreement with SM!
- Preliminary % Data
0.45— mm Stat(20)
oal TOP-13-008 Fr = —0.009 + 0.006(stat.) + 0.020(syst.)
Tl
0.35 TOP-14-017 Fr =0.018 + 0.008(stat.) + 0.026(3yst.)
0.3
- » dominant systematic uncertainties:
0256 Ll L L top-quark mass, tt scales, tt matching scales
PR 0.5 0.55 0.6 - 0.65 0.7

0
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FC N C SM QS

2HDM FC 2HDM MSSM R SUSY

e Flavour changing currents are suppressed in SM i~ uZ 8x1070 - 1.1x107
t—uy 3.7x10 7.5 x 10

* in BSM enhanced by many order of magnitude toug 37x10°% 1.5x 10~
t—uH 2x10717 41x107°

t—cZ 1x107% 11x107*

t—ecy 46x107% 7.5x107°

t b t C t—cg 46x10712 15x107
t—cH 3x1071% 41x107°

w Z, 9 Vv H

CC FCN
8 TeV 19.7 fb

TOP-14-020 L leTETey)

_ - CMS-----? ---------------------- ---------------------- ------------------ hadron|c+lepton|c channels |
t >qH,H — bb

TOP-14-019
t —qH, H — vy
10.1103/PhysRevLett.112.171802

t % Z 10-1 Lo l TR l L1 l T l T l L1 l L1
q 0 0.2 0.4 0.6 0.8 1 1.2 1.4
B (t — cH) [%]
TOP-13-017

t —qH,H — VV, 71 * Sensitivity to some BSM
e No significant excess of events

over the SM background

observed

10 = : - X e~
: TOP 14- 019 ---e pected ::-::::3

signal strength r at 95% CL

>
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- - 2x107% 3x10°°
— — 2x107% 1x10°°
— - 8x107° 2x10~4
5.5 x 106 - 10—5 ~ 106

~ 1077 ~10719 2x107% 3x10°°
~ 1076 ~107? 2x107% 1x10°°
~10~% ~107% 8x107° 2x107*
1.5x 1073 ~ 1075 10—5 ~ 106

ACTA Phys. Pol. B 35 (2004)

CMS Preliminary, 8 TeV March 2016

Phys.Rev.Lett 112 (2014) 171802

i, Br(t— Z q) '

ar¥iv:1511.03951

single top, Br(t— vy u) i
single top, Br(t— y¢) - 1y

CMS PAS TOP-13-017
ft, Br{t— H ¢), H— WW,ZZ,tt b

CMS PAS TOP-14-020

ff, Brit— H u), H —» bb B
sl

i, Brit—+Heg), H = bb

CMS PAS TOP-14-019

i, Brit—sHu), H =y ik B
fl, Brit—Hc), H =y 2=

----- 95% CL Observed Limit [l +1o Exp.Limit
— 95% CL Expected Limit [__] +20 Exp.Limit
1 1 IIIIII| 1 IIIIIIII 1 IIIIIII| || IIIIIII

|

10 107 107" 1

Top decay Br (%)
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charge asymmetry

lepton + jets events 8 TeV 19.7 fb-1

arXiv:1507.03119, accepted by PLB

19.7 fb (8 TeV)
T | T

(@] 01 T I T T T T T

< - CMS ¢ Data -
- l+jets, full PS —— EAG (1.5 TeV) -
i — EAG (2.0 TeV) |
0.05— —— QCD (NLO), K&R |
L —— QCD (NLO), B&S _
0_ [ ] ]
) _. | . \ . | . . . | |

0.05 400 600 800
m. (GeV)
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