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The Top Quark

" The most massive particle known to date
s very short lifetime

T =L~O.5x10_24s< : < 3%107s <<7, ~107"s

T A A2

t OCD OCD

T, < ‘L'(hadronization) < ‘L'(spin — decorrelation) <<T,

-~ N

No hadronic bound states Spin effects propagate to
decay products.

—>Behaves like a bare quark
—>Top quark properties “directly”
accessible (mass, V,,, spin, charge, ..)



The Top Quark

The largest Yukawa coupling among the fermions — special
role in electroweak symmetry breaking?




Higgs quartic coupling A(u)

The

Top Quark

Degrassi et al. JHEP 08 (2012) 098,

arXiv:1405.6852
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The measured values of the top quark and the higgs boson mass

¢ SMis consistent and could
+ Vacuum may be Meta-stab

be valid up to Planck scale.
le.



SM predictions, Top Quark and Higgs Boson
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Most critical tests of the standard model!




Top pair production through QCD interactions.
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grmA+ t gm t g%®< t Q_>®< t

o(ff)~830 ppb @ 13TeV 0, ~3x0;"

Powheg+Pythia8 {s=13 TeV
8 = Sensitive to PDFs, a,, m,

S
7% = Backgrounds to Higgs and
many new physics searches




Top pair production through QCD interactions.
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Electroweak single top production

'u((i) d(i) b ¢ u t
W e Wib b W
b t g W d b
t-channel tW-channel s-channel
~220 pb ~72 pb ~10 pb

CTI3T?V ”“jzuf;)(CTSTéV

t—chan t—chan

= Sensitive to Wtb vertex (V-A coupling), b- and u/d-PDFs.

+ V-A coupling: cross sections, W boson and top quark
polarizations.

= Backgrounds to Higgs and many searches



Outline

CMS Integrated Luminosity, pp
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= This talk: recent results on top physics using
13 and 8 TeV CMS data

¢ Production and modelling,

+ Spin correlation and polarization
o Couplings

¢ Mass



Top Quark Production Cross Sections
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Top Pair Cross Section at Vs = 13 TeV in the en Channel
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= Cutand count
+ Select eu pair with >= 2 jets and >=1 b-tag

TOP-16-005

o (mt =172.5 GeV) =793+ 8(stat) =38 (syst) = 21(lumi) pb

- Consistent with NNLO+NNLL prediction and other measurements from ATLAS and CMS.

- Already dominated by systematic uncertainties:
- Luminosity, efficiencies, jet energy scale
— Effect of generator choice on acceptance (POWHEG vs MG5_aMC@NLO)
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Cross Sections fromvVvs=2to 13 TeV
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= euchannel

o 13 TeV top pair cross section measurements: already at NNLO + NNLL
precision: ~5.5%.

¢ Run | legacy measurement precision: ~3.5%. | arXiv:1603.02303




LSP mass [GeV]

Top Squark Pair Production [

~0
) =~ m()(1 ) + M, ——— O (and ttbar spin correlations)

more sensitive than standard SUSY searches
for low m()?lo) and m(t) ~ m

t
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Improving Uncertainties

= Contributions to total uncertainty spread over many
different sources

= Some experimental uncertainties will improve with time
+ Lepton id and isolation
+ Jet energy scale
® ...
" Theory uncertainties can partially be tested and improved
with measurements
+ Hadronization
+ Top quark pr modelling

* ...

14



Top Pair Differential Cross Sections

= Test QCD description of the top quark (both as signal and background)
= Test and tune new MCs (NLO ME + LO PS MC)

107
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= Differential distributions described reasonably well.
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Jet Multiplicity at Vs =13 TeV

= Low jet multiplicities = Sensitive to Matrix element and matching to
parton shower.

* High jet multiplicities = parton shower
= tt+jets important background to ttH.
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additional jets

= New ME generator + PS codes in Run |l

" Predictions overshoot the data for jet large multiplicities when out
of the box parameters are used (in Monash-based tunes) .

Monash Tune: Skands, Carrazza, Rojo, EPJ C 74 (2014) 1




Shower o,

Tuning

= Discrepancies at high Njets 2
e.g. non-optimal parton shower a..

= Use N.

jets

> 3 where jets predominantly

originate from the parton shower.
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Underlying Event in ttbar Events at Vs =13 TeV

" |nvestigate and improve ttbar event modeling.

TOP-15-017

= Charged particle activity through N°", 3p., <p">vs p(ttbar) and N
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- Not necessary to have separate heavy-quark UE tunes.

- UE is sensitive QCD scales.
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Boosted Top Pair Production [

High top p; or high my, .,

Resolved topology: W
t
Each parton matched —— Boosted topology:
to a single jet. W —> Decay products collimated

= Measurements at parton and particle levels.

“fat jet”, R=0.8

Available in

= Best description with MC@NLO+Herwigé. RIVET
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Single Top Production
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o [pb]
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Single Top Cross Sections

éingie tolp-qulark |cl>rodl|1ctio|n ! |

Inclusive cross sections §
tW (pp or pp)

s-channel (pp)

s-channel (pp)

NLO+NNLL, PRD 83, 091503 (2011) &
v Tevatron, arXiv:1503.05027 [hep-ex] =
A CMS, JHEP 12, 035 (2012)

(
CMS, PRL 110, 022003 (2013)
CMS, PRL 112, 231802 (2014)

NLO+NNLL, PRD 82, 054018 (2010)

& NLO+NNLL, PRD 81, 054028 (2010)

®E  CMS, JHEP 06, 090 (2014) v Tevatron, PRL 112, 231803 (2014)
® CMS, TOP-16-003 (prel.) B CMS, arXiv:1603.02555 [hep-ex]
| | | | | | | | | | | |
2 3 4 5 6 7 8 9 10 11 12 13 14
Vs [TeV]

All single top quark
production modes
measured at Run |

Latest ATLAS+CMS
tW combination at
8 TeV.

TOP-15-019

o, =231=x1 .l(stat) * 3.3(syst)

iO.8(lumi)pb

= Single top t-channel cross section at NNLO precision
+ Theory uncertainty ~1%
¢ Measurement uncertainty

e ~10% at 8 TeV (with 20 fb)
 ~15% at 13 TeV (with 2.3 fb?)
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Single Top Cross Section at Vs =13 TeV  [forisos
= Eventselection: 1y, 2 or3jets, 1or 2 b-

. 231" (13 TeV)
YY[YYY[ [YYY[YY[ [ITT[YYY[YYY‘TTY
oo o Data
jetS 5000 CMS Preliminary mi-channel |
2j1t region mtt, tW

= Signal from binned likelihood fits to MVA
discriminators with n;, my,,, m;,, m{(W), ...
in different categories.

mW/Z+jets ]
[JQCD (DD) -
N Post-fit unc.

Events /0.2

I

1 -08-06-04-02 0 02 04 06 08 1
MVA output

ot E . B
g s e

O, (14+7)=22789.1(stat) 14 O(e‘,)(p)+287 (theo)%6.2(lumi) pb=227.8"; pb

330
V.. | |
Result dominated by signal
o, modelling and QCD scale
‘fv tb Gt - =1.02+0 07(6XP) 0.02(theo) uncertainties.

\ 7+8 TeV > &y, =4%

M. Aliev et al. arXiv:1007.1327 23




Differential Single-Top t-Channel at Vs =13 TeV

TOP-16-004

= Already enough statistics to make differential measurements.
= 1e/y,1b-jet, 1relatively forward jet, E;™S,
= Maximum likelihood fit to m{(W) for m(W)< 50 GeV and multivariate

discriminant for m(W) > 50 GeV.

¢ Observables in the discriminant selected to have minimum correlation with

top prandY.
CMS Pre//m/nary 2. 3fb (1 3TeV)
= 7000
o) 2jets 1b- tag . Data ]
B 6000 @ ¢-channel
qu> 5000 [ttaw E
> BW/Z+ets 7
L 4000 [IMultijet
30006 Total syst. -
2000F '
1000F
o O
S 1.2}
S 1
S 08
0.6-

(Events / GeV)

Data/MC

CMS Prel/m/nary 2 3fb1(13 TeV)

= 2jets 1b-tag

; m+(W)>50GeV & BDT> 0.6 B t-channel

e Data

[Ctitw

BW/Z+jets

[ IMultijet
Total syst.

cbv bbb b b b by e e bena Las

|||||||||

Dominant uncertainties: Data statistics, QCD scales,
top quark mass, jet energy scale corrections

top quark pr (GeV)
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Differential Single-Top t-Channel at Vs =13 TeV

TOP-16-004

12, CMS Preliminary 2.3fo" (13TeV) CMS Preliminary 2.3fb (1 3TeV)

0 L ] e 12 T

s e Data _: H_F F . ]
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Bp——wk] e aMC@NLO (5FS) A S 08 aMC@NLO (5FS) -
7E + Pythia8 3 X 07 T + Pythia8 E

g aMC@NLO (4FS) : o | aMC@NLO (4FS)
6F + Herwig E > 0.6 i T | +Herwig 3
50 L : 0.5F e ;
4 L E 0.4F ]
3b T E 0.3F E
2F E 0.2F ) ]
1;_ .T.T.T.T.T.T.T.T.T.T.IT.T.T.T.T.T.T.T.T.T._. 01;_ E
o 100 200 300 O 05 1 15 2
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= First Run Il measurement of differential single-top cross
sections.

= Many more and precise measurements to come.



Top Quark Properties
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ttbar production: Tops are unpolarized but heavy
quark spins are correlated

Angles with or without top quark reconstruction:

Helicity angle
\O/ \Q/ i W
ttbar rest frame Lab frame Top rest frame  antitop rest frame

Or a multivariate method using more information from
the events; e.g. Matrix Element Method:

oaY M (v.H)
P(xi|H)=LffPDF(ql)fPDF(qz)dqldqz( JT) | (y )|

W(x,y)dCI)6
Gobs Q1QZS
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Top Quark Polarization in ttbar
Dllepton Channel PRD 93 (2016) 052007

Helicity angle 19.5 16 (8 TeV)
o s N STy THASAA
0, g 0F CMS --MC@NLO |
S _
o)

ttbar rest frame = 0.55~ . ]
lpi=A =N(cosﬁgt>0)—N(cosﬁgi<O) 0_5:__. ______ - $ I | |_:
2 P* N(cosHZi>O)+N(cos0;<O) - 1 # F -
0.45- -

pSH(Choconsening) _ (A1 A, ) ==0.0220.058 -
CP-violatin ]
P ¢ = (A, —A,)=0.00020.016 5 105t ¥ -
A I SR S i
d | 1 ! ! 1 ]
_'c\g 0.95:— | | =
8 4 05 0o 05 1
cos6;



Top Quark Spin Correlation in Dilepton

A 2

oy

Channel

PRD 93 (2016) 052007

Ad distribution becomes flatter when tops are correlated.

N(Ag,. |>7/2)-N(Ag, |<m/2) N, _
Ap = f = ’ fSM =
Lab frame N(‘A(I)Fg_‘>.717/2)+N(‘A¢(+£_‘<.7'L’/2) Ng,+N, o
19517 (8 TeV) 19.5 b (8 TeV)
oS s niosm | epad
s [oMs 7 NLO, " McenLo ] ¢ [ CMS -—NLO,SM  eData |
§ 0.45— no spin corr. ] < llllllllll NLO, . --MC@NLO
3 - w5 B no spin corr. .
2 o4 o 0.41 .
T : —'j—'_i_, B SRRy
0.35[ + : - - i
B E 0.2 """""""" =
H ’ I :
é 105;‘ ‘ i 1 { = 1 1 1 E ok 1
E 1i ¥ IR } $ - 9 |
S 0.95) | | | | | i ol
3 o0 6 w3 w2 273 5n/|6A A T 400 600 800 1000 1200
I*i-

M, (GeV)

ey (from Ay, VS Mn) =1.12« 0.06(Stat) 10.08(syst)ig:?? (theor)
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Top Quark Spin Correlation in Dilepton
ChannEI PRD 93 (2016) 052007

Helicity angle
f+ « T 2
6, do o
dcosf dcosf 4

(1 +a,P cosf, +a_P cosO +Aa,a_cost, cos H_)

ttbar rest frame

19.5fb™ (8 TeV)

o oF T T~ T T T T T =
=) - CM —— NLO, SM e Data
8 i cms - — NLO, --MC@NLO
]V(CIC2 > O) - N(C102 < O) o+ i no spin corr.
Aclcz - o 1.5 N
N(c¢c,>0)+N(cc, <0) g
¢, =cosO 3 i
1= + - o} 1 _|
i Chel - 4Aclc2 -g i
c, =cosb (spin correlation - A = T e

coefficient) 0-5} | *
e e

i =0.87+0.27 A

o b1 T _

SM ; fSM=1 -1 -0.5 0 0.5 1
Ny, +N,,. ou cos 67, cos 6,*

Data/Simulation

f
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Top Quark Spin Correlation in Dilepton

Channel ey —

- 19.5b" (8 TeV

r ¢ 4 5 T o b
hre " CMS —— NLO, SM e Data i

\ S o7 NLO, --MC@NLO _]
= L no spin corr. 4

O B _

o) - i

Top rest frame  antitop rest frame > ol * B
0_5} ...................................................... ; .................... i ...................................................... .E

_ N(cosg>0)-N(cosp<0)
o N(cosg>0)+N(cosp <0) 0.4+ -

D=-2A___ (spin correlation coefficient)

cosQ

-5105— 11;;‘_
R
fCi]S\/; =090=0.15 §°-9;‘ Voo ‘ i ¥ E
8 a1 w05 0 05 1
Cos o
N
fE SM fSM—l



Anomalous Top-Gluon Interaction

PRD 93 (2016) 052007

= SM: dipole moments generated radiatively and are very small.
= BSM: dipole moment couplings can occur at tree level.

Anomalous interaction from a heavy-particle exchange (M >m,) :

['eff = —'@t(ﬂwTatG;v

3
3
3
.

2

Chromo magnetic dipole moment
CP conserving

D=Dy, +Re<]’/\tt)DNP
A

~0.053<Re(j,)<0.026 @95% C.L.

-0.068<1m(d,) <0.067 @95% C.L

Chromo electric dipole moment
CP violating

CP-violating

PCP—violating _ Im (&t ) P

NP
o

Bernreuther & Si,
PLB 725 (2013) 115
PLB 744 (2015) 413
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tt Spin Correlations — Lepton+Jets Channel

Leading order ME method to calculate event likelihoods for SM and uncorrelated

hypotheses (H) using MadWeight

P(x.

1

obs

W
o

19.7 fb’ (8 TeV)

Arbitrary units

i utjets
- CMS — CMS Data
25 — Corr. (SM) (stat + syst)
i ---- Uncorr. (stat + syst)
o0l - 72% SM + 28% uncorr.
, (stat + syst)
151
10
5 !
L s J . [
9000 10000 11000
2In A

sample

Events / ( 0.14 units )

H) = O‘LffPDF (%)fPDF (%)dqld%

—
o

JHEP 12 (2010) 068

(27)'|M (3. H)

W (x,y) dd,

— 2InA=-2In —P(H"O"'SM)

O o N W Hd O O N O ©
TT

2.2 SD agreement w/ SM hypothesis.
2.9 SD agreement w/ uncorrelated hypothesis.

4,9, P(Hg,)
x10° 19.7 fb™ (8 TeV)
= u+jets
- CMS * Data
- - Total fit
— Corr. (SM) tt +0.15
E T oot | | f=0.72=0.08(stat)’,  (syst)
F S e Background :
3 Most precise result in
3 |+jets to-date
E: .-..-4,.-;'f~-f~f'l"l“'1 P I A I I O W RO T2 ey PLB 758 (2016) 321
-0.6-0.4-0.2 0 0.2 0.4 0.6 0.523I 1& 1.2
-2ln

event

Dominated by:
JES, QCD scale, top quark mass

Hypothesis testing and template fit results consistent.
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tt Spin Correlation Measurements Summary May 2016

Standard Model :===----
fgy =(stat) =(syst)
CMS, dilepton

PRL 112 (2014) 182001, 5 1.02 +£0.10 £ 0.22
s=7TeV,L =51 . —io— I

ATLAS, e/utjets

PRD 90 (2014) 112016, : 112 +0.11+0.22
{s=7 TeV,L_=4.61b" I —— /

ATLAS, dilepton

PRD 90 (2014) 112016, 1.19 = 0.09 + 0.18
s=7TeV,L_=4.610" ——a— ]

ATLAS, dilepton '
PRL 114 (2015) 142001, : 1,20 = 0.05 + 0.13

is=8 TeV, L =203 b P

CMS, u+jets

PLB 758 (2016) 321, i 0.72:0.08=0.15
{s=8 TeV,L =196 b’ ——e—— :

CMS, dilepton :

PRD 93 (2016) 052007, 1.12 + 0.06 = 0.11

(s=8TeV, L _=19.5 fb”

0

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

f

NSM

N SM + N non-SM

) fSM=1
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Top Quark Couplings

* ttZ and tty = Direct access to top-electroweak couplings.

= ttW and ttZ: important backgrounds for top-Higgs coupling
measurements.

" ttZ/W and tty measured and limits on anomalous couplings, four-top
production and ttH have been placed at 8 TeV.
= Runll:
o O(ttZ)@13 TeV > ~4 x o(ttZ) @8 TeV
o ttZ cross section from 3-lepton and 4-lepton final states.
+ Exploit jet and b-jet multiplicities to enhance the signal.

TOP-16-009

CMS Preliminary 2.7 6" (13 TeV) CMS Preliminary 2717 (13 TeV)
@ 90 I I I I I I ] £ ¢ ‘ 3
C th j o) r +Qata ] . o o
2 E I otz Expected significance: 3.1 SD
wz 4 » [Hrare . . g
] i mix Observed significance: 3.6 SD
B ] ar mzz ]
Drare E i ]
E 3r = +352 +168
77 I cate-criven ] : | O = 1065_313 (Sfat)_142 (SySt) fb
-3 2 —
+Data ] r D ”
— Voryo0000005055% ?%%%%%%%%Z;Fg &
,/;;/ 2 E 1 &’: ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Z ] NLO +80
i e - - 839.3'% (scale) +25(pdf) = 25(a, ) fb
2j(=0b) 2j(=1b) 3(=0b) 3j(=1b) 3j(=2b) 4j(=0b) 4j(=1b) 4j(=2b) 2j(=0b) 2j(=1b)
3-lepton 4-lepton
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W Boson Polarization

= Witb vertex = electroweak V-A structure.
= W helicity fractions (Fy) sensitive to the Wtb vertex structure.

d-type fermion

do 3 A2 3. 2, 3 2
- z—(l—cosﬁ ) FL+—(sm9 ) F0+—(1+c0s0 ) F, "
dcosf” 8 4 3 0,
F~0.3 th0-7 Fr™0 W rest frame
,,,,,,,, t
T ( prefers to coupl t ¢ o
op quark prefers to couple more to
longitudinally polarized W bosons. :‘; "

Top quark decay to a right-handed W
boson is forbidden € angular momentum
conservation (when m_=0).

Higher orders and m, z0 modify the helicity fractions by ~2%.
(at NNLO QCD)
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W Boson Polarization

19.8 fb™' (8TeV)
B e o R BN I e
- CMS Bt uets
i bkg
B W+ets
Single top
.DY+jets
B Multijet

Entries/bin

T
1 ‘ LI ‘ [ ‘ LI ‘ LI ‘ [ ‘ T ‘ LI ‘ [ ‘ L=
V-, ¥

E =
ir\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\é
-1 1

-0.8 -06 -04 -02 0 02 04 06 0.8
Leptonic cos(6%)

LR R -y

vvvvvv

vvvvvv

111
04 05 06 07 08 09 1
Hadronic Icos(6)!

CMS-PAPER-TOP-13-008, submitted to PLB

e/u+ 4 jets (2 b-tagged)

19.8 b (8TeV)

-l
L 0.38

— CMS 0 e+tjets
B O u+ets
0.36— ® Il+jets combined
I N * SM
0.34— N\ N el
0.32—
0.30—
T —95%CL
- e 68% CL
0.28—
i Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il
0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76
Fo

F, =0.681x0.012(star) =0.023(syst)
F, =0.323+x0.008(star)=0.014(syst)
F, =-0.004 =£0.005(star) =0.014(syst)

Dominant uncertainties: Top quark mass and QCD scales.

Most precise measurement of helicity fractions to date.
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—— SM expectations [PRD 81 (2010) 111503]
Uncertainty: +— total, === stat. only

o D@, 5.4fb~L tt — £(0) + jets
: [PRD 83 (2011) 032009]
o+ CDF, 2.7fb= !, tt — £ + jets
: [PRL 105 (2010) 042002]
- CDF, 5.1fb~ !, tt — £0 + jets
: [PRB 722 (2013) 48-54]
> Tevatron combination
[PRD 85 (2012) 071106]
CDF, 8.7fb~ !, tt — £ + jets
[PRD 87 (2013) 031104]
- ATLAS, 35pb~1 (7TeV), tt — £ + jets
: [ATLAS CONF-2011-037]
 ATLAS, 1.04fb™1 (7TeV), tt — £(£) + jets
: [JHEP 06 (2012) 088]
- CMS, 2.2fb~1 (7TTeV), tt — u + jets
: [CMS PAS TOP-11-020]
> LHC combination, 7 TeV
[ATLAS CONF-2013-033]
CMS, 5.0fb=1 (7TeV), tt — £ + jets
[JHEP 10 (2013) 167]
CMS, 4.6th~1 (7TeV), tt — €0 + jets
[CMS PAS TOP-12-015]
CMS, 19.7fb~1 (8 TeV), single top
[JHEP 01 (2015) 053]
CMS, 19.7fb=1 (8 TeV), tt — £/ + jets
[CMS PAS TOP-14-017]
CMS, 19.6fb~1 (8 TeV), tt — £ + jets
[submitted to PLB]

Andreas Meyer

-0.2

0.1
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W Boson Polarization

=  Wtb: magnitude determined by |V,,|.
= BSM contributions to Wtb vertex modify helicity fractions.
" |n the effective operative framework:

_ _ 97 -
Lww = — \/ﬁb’Y” (VLPr + VrPr)t W, SM: V, =V, =1
-_— ] [l.l/ — — —
_9 bZO’ L (9. Pr + grPgr)t W#"—Fh.c. Ve=8.=8=0

V2 My

19.8 fb' (8TeV)

0.10

Foosf CMS PescL
R Towcr | | Do
0'04? Combined u+jets and e+jets * SM
0.02—
o.oof— 3
-0.04;
-o.osf—
-0.08i
-o.1o£ww‘HH\HH\HH\HH\HH
-0 -0.2 -0.1 0.0 0.1 0.2 0.3

Re(g,)



Flavor Changing Neutral Currents

SM: Forbidden at tree level

Suppressed at higher orders due to GIM
mechanism.

Occurs only at the level of loop
corrections with B(t=>Xq)~10-1>-10-10%

BSM B(t>Xq)~107-10"%

Measurements~102-1%

No sign of FCNC in ttbar and single top
Measurements statistics dominated.

CMS Preliminary, 8 TeV March 2016

Phys.Rev.Lett 112 (2014) 171802
tt, Br(t— Z q) : |

JHEP04(2016)035
single top, Br(t— v u)
single top, Br(t— y c)

CMS PAS TOP-13-017
tt, Br(t— H c), H— WW,ZZ xt ;

CMS PAS TOP-14-020

ff, Br(t— H u), H — bb |
tf, Br(t— H c), H — bb | ;

CMS PAS TOP-14-019
tt, Br(t— Hu), H — vy 7
tt, Br(t— Hc), H — vy |

‘‘‘‘‘‘ 95% CL Observed Limit [ +10 Exp.Limit
— 95% CL Expected Limit [ ] +20 Exp.Limit

1072 107" 1

Top decay Br (%)

107 10
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FCNC vs Data in Some Particular Models

aat L RERRERET REND

t-gu t—gc t—yu t—=yc t—-Hu t—=Hc t—2Zq

B ATLAS

m CMS

mm S|\

Warped
Extra Dimensions

s 2HDM (FV)

mem 2HDM (FC)
MSSM
(1 TeV Squarks)

R Parity
violating MSSM

Andreas Meyer
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CP Violation in ttbar Production

= Search for an anomalous top-gluon coupling using T-odd
observables - CP(0O,)=-0..

e.g.
O4 = Qe (P, Pv — Pbs Pt P}l) ﬂ) o Qp (ﬁb - ﬁf)) ) (ﬁf X ﬁ]l)

CP violation > 20 asymmetry in A (0,)=

Anomalous couplings can give rise to asymmetries up to ~7-8%.

Hayreter & Valencia
PRD 93 (2016) 014020
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CP Violation in ttbar Production

TOP-16-001
- 19.7 b (8TeV) 5 CMS Preliminary 19.7 fb™ (8 TeV)
o 22FCMS = I+jets channel i - —¢— tt events = 1o (stat.+syst.)
~ 20f Preliminary —+ Data o ol —4— Before background subtraction
O 18F B S\ < | % Estimated background
ot - [ SM non-ti < : stimated backgroun
x 12: 77 1o, Stat.+Syst. 1= |
N = B '
-IE 12:— O Il S S Rt ST
o 108 : + % +
8 -1
- 6 C
4- -2
2F -
O- o e 3t | |
)3 05 0 05 1 ot e M
O, o, 0, o,
Acp (O;) e+jets p+jets (+jets
O, —0.01 £0.61 £0.01 +0.50+40.56 +0.02 +0.27 4+ 0.41 + 0.01
O3 —034+0.61 £0.02 —1.034+056+0.04 —0.71+4+0.41+0.03
Oy —024+0.61 £0.02 —-049+0.56+0.04 —0.38+4+0.41+0.03
Oy —0.42+0.61 £0.00 +0.46+0.56+0.01 —0.06-+0.41 +0.01

- No evidence for CP violation in ttbar.
- Measurement dominated by statistical uncertainties.
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Top Quark Mass
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Direct Top Quark Mass Measurements

CMS 2010, dilepton
JHEP 07 (2011) 049, 36 pb'

CMS 2011, dilepton
EPJC 72 (2012) 2202, 5.0 o’

CMS 2011, all-jets
EPJC 74 (2014) 2758, 3.5 o’

CMS 2011, lepton+jets
JHEP 12 (2012) 105, 5.0 fb"

CMS 2012, dilepton
This analysis, 19.7 fb”’

CMS 2012, all-jets
This analysis, 18.2 fb”!

CMS 2012, lepton+jets
This analysis, 19.7 fb!

175.50 + 4.60 + 4.60 GeV
(value + stat + syst)

172.50 £ 0.43 £ 1.43 GeV
(value + stat + syst)

173.49 + 0.69 = 1.21 GeV
(value + stat + syst)

173.49 £ 0.43 + 0.98 GeV
(value = stat + syst)

172.82 + 0.19 £ 1.22 GeV
(value + stat + syst)

172.32 £ 0.25 + 0.59 GeV
(value =* stat + syst)

172.35 + 0.16 + 0.48 GeV
(value + stat + syst)

CMS combination

Tevatron combination (2014)
arXiv:1407.2682

World combination 2014
ATLAS, CDF, CMS, DO
arXiv:1403.4427

172.44 + 0.13 + 0.47 GeV
(value + stat + syst)

174.34 + 0.37 £ 0.52 GeV
(value + stat + syst)

173.34 £ 0.27 £ 0.71 GeV
(value = stat * syst)

165 170

175

180

m, [GeV]

arXiv:1509.04044

Run | combination:
7+8 TeV in lepton
+jets, dilepton, and
all-hadronic channels

Precision 0.3%

Dominant systematic
uncertainties: flavor-
dependent JEC and b
jet modeling.
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Improving Top Mass Measurements

= Major uncertainties

+ b hadronization modelling (and effect on
jet energy scale)

+ Modelling of hard scattering
+ Jet energy calibration and pile-up.

— Dedicated measurements and theory studies to improve modelling.

- Alternative measurements displaying different aspects of
systematics

— Use observables with a well-defined mass definition in pQCD:
o(ttbar), m(lb), m(tt,jet), ...

- And alternative topologies.

46



(non-)perturbative effects that have different
kinematic dependences?

arXiv:1509.04044

= Study 8 variables sensitive to color reconnections, ISR/FSR, b-quark kinematics.

CMS Lepton+jets, 19.7 b (8 TeV)

Measurement calibrated in each bin —

---- Color connection
Color reconnection

| o | _I T T T T T T | T T T T T T T T T | T T T T T T T T T l
. . > = e Data ¢ Powheg, Pythia Z2* -
Average from the inclusive measurement. 8 3F . MGsMS Pythiazz*  © Powheg, Herwig 6 —
S —_— B o MG, Pythia P11 * MC@NLO, Herwig 6]
Mo A 5 L A MG, Pythia P11noCR Sherpa

N o) —

M 2. T

\\\ E K

—— Color flow VY 1= =
I C
s

1
—

hyb

mt,cal
II|IIII|I |o

—%o—
II|IIII|IIII|IIII|IIII|I

o

’ | T I N A | | N I NN N N I N | | N T I S Y B |

2 4

0000

SN

(0))

AR

o)
el

- No indication of a kinematic bias.
N —> Statistics not yet enough to constrain
further some of the alternate ttbar models.
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Recent Alternative Top Quark Mass Measurements

Invariant mass of the secondary
vertex w/ >= 3 tracks + lepton.

PRD 93 (2016) 092005 y
- 4
I )/
L [ 2
- "?
N
Sy
V a do
CMs 19.7 b (8 TeV)
© 18000F- e Data
3 oo m, = 166.5 GeV
© 16000 . m, =172.5 GeV
; 14000 ® o —m,=178.5 GeV
& 12000 3 aa
= .
& 10000 o
2 8000 " m, = 1‘%3 68
o
5 ’
8 =

Ratio wrt
172.5 GeV

g0 608000 150 40 ied 186500
m, [GeV]

Minimal experimental uncertainties.

Large dependence on fragmentation modeling.

M., mass:

b fragmentation
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Recent Alternative Top Quark Mass Measurements

Invariant mass of the secondary

vertex w/ >= 3 tracks + lepton. J/W+lepton mass

PRD 93 (2016) 092005 b TOP-15-014 7
~ ‘
| /'//
. ,// /// v
\ (
L,
v
s
o .
V a4 d, i/v

CMS 1 97 fb-1 (8 Tev) _ CTM§ ’:JreTI,n’{lnTar}/T T T { T T T T { T T T ;‘9{7 fTb-1T (BY TeYV)
) 18000; o Data E 100 j e/w/ee/up/eu + Jets channel "é T i
= Ciat m, = 166.5 GeV o L S 1
(o)} 16000E . 0‘ m,=172.5 GeV A L J o i

~ 140007 u b — m=1785 GeV < , 2
2 E | =] b2} 80— [‘ N
o 12000 | % = i
T j0000= 3 i i i
£F 4 Im, =1%3.68 - ‘ 4
8000[— o 60 — 170 180 —
§ - +158 L M (GeV)
O 6000 10.20(5‘?@)_0 v (syst) GeV L e ]
4000 = 3 10§ M, =(173.53 = 3.04) GeV |

C %o, 40 B

n
o
o
o O
L]
T T
T |

£3
(;Do 205 \ + N
ER oo 7. . +
30408080100 120140 60189 00 oL L L e BT
My, [GeV] M, (GeV)
Minimal experimental uncertainties.
Large dependence on fragmentation modeling.
M.,., mass: J/W+lepton mass:

b fragmentation Result statistically limited



Recent Alternative Top Quark Mass Measurements

Invariant mass of the secondary
vertex w/ >= 3 tracks + lepton.

: iO.ZO(safaJI;:Zj(syst) GeV,
"0,

PRD 93 (2016) 092005 b
- pd
1 ~ 4
o~
\\ /.
\\ /) S
N b
4
V & do
CMS 19.7 167 (8 TeV)
© 18000 e Data
3 oo m, = 166.5 GeV
o 16000E . . m, =172.5 GeV
; 14000 j o im‘:178.5GeV
& 12000 3 a;
= = o
T 10000F- . “
2 8000 d m, =193 68
8 6000

Events /(10 GeV )

100

80

60

40

20

0

J/W+lepton mass

TOP-15-014

i’

CMS Preliminary
T T T T

19.7 fo' (8 TeV)
T T T T T T

T { T T T { T T
— e/u/ee/unw/eu + Jets channel

T

] 5 ]
L ! 3 i
L + [‘+ k3 i
- 170 0 |
L + M, (GeV) |
- i N M =(173.53 = 3.04) GeV |
- Y |
E --r"‘x T B R 1 T‘"‘r. I B |
0 50 100 200

Minimal experimental uncertainties.
Large dependence on fragmentation modeling.

.
2000E" M
0 ol b b b b b by Ly O
t:%1.2r
EYO] ¢+
S 1 o%e000,0%° ¢
T F
™ o8F
vt v b b b b b b by by
20 40 60 80 100 120 140 160 180 200
m, [GeV]
M., mass:

b fragmentation

J/W+lepton mass:

250
My (GEV)

Result statistically limited

M, in single top topology

TOP-15-001

19.7 b (8 TeV)

> T T T T T -] @ data
8600 - c MS —| [l cnannel
2500l Preliminary H"'
~ tW-channel
” |
Ea00}- 0
o m, =172.60 | e
w | |

300 +0.77(stat)">" | .

200 *U. (S a )—0493 i .dlboson

- DQCD
100
250 300 350 400

m,,, (GeV)
O 2
S 1. ]
E b ° *e0°%0 . . est T [§T
§ tfppeeereteeetenta sty ot
0.5 ¢
900 150 200 250 300 350

Alternative event topology
Partially uncorrelated systematics
Different color flow—> check for

“unknown” syst.



Top Quark Pole Mass Measurements

0, Vs mp°€ from NNLO+NNLL prediction with

different PDF sets with a fixed o,

arXiv:1603.02303

107 T

5.0 fo! (7 TeV)

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

171 172 173 174 175 176 177 178
m, [GeV]

m, =173.8".GeV

- No MC calibration 2
Top quark pole mass @ NNLO

- Dominant uncertainties:
Luminosity, beam energy

Invariant mass of tt+jet system

_ 340 GeV Alioli et al.
s E— EPJ C73 (2013) 2438
.y \/m(tt,]et)
© 19.7 "' (8 TeV)
ol &° AR AR AR RN AR LRI RRN RARRN RARRRARES
§6 'O,% 2.5; CMS ] *
@ 1o 2:, Preliminary ——— —e— Data ]
_|Q' r — —mk":c 166.5 GeV 1
B ©=169.5GeV ]
1.5;di|epton —mk":C 172.5 GeV |
- -- C=175.5GeV |
s - —th 178.5 GeV
g = @ ____ I
0 —
: Lo
I Stat. ® Syst. "
> Stat. 3
8|® .
|-E o
TOP-13-006 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 |01

S

=1699=1. l(stat) (Syst)+3 °GeV

- Compare unfolded distribution to NLO

predictions (POWHEG+PYTHIAS).
- Dominated by scale uncertainties.
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Summary of Alternative (Indirect) Top
Mass Measurements

CMS Preliminary May 2016

b hadron lifetime e @—e— 17350 + 150 = 2.91 GeV
TOP-12-030 (2013)

Kinematic endpoints 173.90 + 0.90 +1-70 GeV
EPJC 73 (2013) 2494 -0~ e -2.10

b-jet energy peak — @ 17229 = 1.17 = 2.66 GeV
TOP-15-002 (2015)

Lepton+J/W

——e @ 173.50 + 3.00 + 0.90 GeV
TOP-15-014 (2016)

Lepton+SecVix o 173.68 = 0.20 +1.58 GeV
arXiv:1603.06536 (2016) R -0.97

Dilepton kinematics S 171.70 + 1.10 +2-68 GeV
TOP-16-002 (2016) -3.09

Single top enriched 172.60 = 0.77 +0-97 GeV
TOP-15-001 (2016) "ot oY= -0.93

TOP-13-006 (2016) ®

o(tt) 7+8 TeV
arXiv:1603.02303 (2016)

CMS 7+8 TeV (2015) PN 172.44 + 0.13 = 0.47 GeV
arXiv:1509.04044

—@— 17380 *170 . Gev

World combination

ATLAS, CDF, CMS, DO -@- 173.34 = 0.27 = 0.71 GeV
arXiv:1403.4427 (2014)
| | | | | | | | l | | | | | | | |
160 170 180 190
m, [GeV]

So far, all the top mass definitions
tested with CMS data look
consistent within uncertainties

+ Many different techniques and

observables have been explored at
8 TeV in all channels.

Looking forward to further
understand this parameter with
LHC Run |l data.
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Summary

" Top quark plays an important role in precision
measurements and new particles searches.

" Most CMS Run | measurements dominated by
systematic uncertainties.

¢ 0, < 4% better than NNLO accuracy
+ m,with ~500 MeV precision.

¢ Precise properties measurements and constraints on
anomalous couplings.

" So far, all results in agreement with SM
predictions.
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CMS Run I

Top rediscovered with 13 TeV data.
Inclusive ttbar cross section already at NNLO precision.
Single top t-channel precisely established.

In both cases starting to probe differential spectra to
understand new MCs

Evidence for ttZ at 13 TeV.
Looking forward to establishing couplings to all bosons in Run II.
Direct or indirect indications of new physics?

http://cms-results.web.cern.ch/cms-results/public-
results/publications/TOP/index.html
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ttbar Charge Asymmetry

CMS 19.6 fb~' (8 TeV)
T T T T [ T T T T LIRS oo el T T T
CMS. t lat ~ Confidence
, template i
(0.33£0.26 £0.33)% o o 68%
i 95%
CMS, unfold ® . o
(0.104+0.68 £0.37)% g
Kiihn and Rodrigo : l—| :
Bernreuther and Si e
POWHEG o
MC@NLO i
1 1 1 1 I lv 1 1 I 1 1 1 1
-2 -1 0 1 2
Al (%)
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CMS Preliminary IthI Summary

August 2014

CMS tW, 7 TeV, 4.9 fb™', PRL110 (2013) 02203

+0.160 +0.030
1.010* 0_130(exp) - o.o4o(th)

CMS tW, 8 TeV, 12.2 fb™", PRL 112 (2014) 231802

1.030 = 0.120(exp) + 0.040(th)

CMS t-ch., 7 TeV, 1.17/1.56 fo™!, JHEP12 (2012) 035
1.029 = 0.046(exp) = 0.017(th)

CMS t-ch., 8 TeV, 19.7 fo™!, JHEPO6 (2014) 090
0.979 =+ 0.045(exp) = 0.016(th)

CMS t-ch., 7 and 8 TeV combined, JHEP06 (2014) 090
0.998 + 0.038(exp) = 0.016(th)

CMStiR,, 8 TeV, 19.7 fb™', PLB 736 (2014) 33
1.007 = 0.016(stat+syst)
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Top Polarization in Single Top Production

= Single tops are produced left-handed polarized in SM (V-A coupling)
+ BSM particles or interactions can modify the top polarization to be < 100%.

= Signal and background are extracted by a boosted decision tree (BDT) fit
to the data.

= Unfolding to parton-level.
stOPp 0,~>between I+ and untagged jet

Ir r i in the top frame.

=—(1+Paycost, )=T|—+A, cos, o
dcosf, 2 2 o oMS L Rrlets te1,19.7 (8 TeV)
T 1= POWHEG (5FS) + Pythia6 E
S 09 - aMC@NLO (4FS) + Pythia8 =
— S B Com + ia g
A=lpog- NET; NE¢; f
2 N 1\ + N \l, _2 0'7? T stat. | Total * —
0.6 | =
§ o.5§ i 'T' E
A (1+7)=0.260.03(star)=0.10(sysr) o # E
Agy =0.44 20 away from SM prediction. 02* E
0.15 E
Dominant uncertainties: W+jets modelling, QCD scales %1 0506 04 02 0 02 04 06 08 1

Unfolded cosoy;

arXiv:1511.02138
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