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MOTIVATION

o The top quark couples to the
other SM fields through its
gauge and Yukawa
interactions.

o Sensitivity o new physics.

o BR(t=>Wb)~1 = Wtb vertex
probed at Tevatron and LHC

o tt+bosons (y,Z,H) becomes
available at the LHC.
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PROBING TOP COUPLINGS AT
THE LHC
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PROBING TOP COUPLINGS "
AT THE LHC

Associated production adds sensifivity o
neutral currents (Z/y) and Yukawa interactions

(Higgs).
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PROBING TOP COUPLINGS
AT THE LHC

The LHC is not only a top quark factory, it is
opening the door to a whole new process class

tt+y, tt+Z, tt+ WE tt+ H

August 2017 CMS Preliminary

N R A @ 7 TeV CMS measurement (L <5.0 fb™)
e S S A B 8 TeV CMS measurement (L < 19.6 fb™)
T 0 13 TeV CMS measurement (L < 35.9 fb')
Snjet®) ¢ bbb — Theory prediction
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All results at: http://cern.ch/go/pNj7

o(tt+B)/o(tt)

single top, top decay
(Wtb vertex)

.01

.005

.002

.001

.0005

.0002

.0001

el 2 02 1 52 13
- Top pair production -

| ——
—

— tt+2Z
tt+H—

5 \ t{-o-w'f

B

B

ti+W

B

arXiv:1309.1947
| T

8

10 12 14 16
Vs[TeV]




single top, top decay
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LHC SENSITIVITY

The LHC is not only a top quark factory, it is
opening the door to a whole new process class

tt+y, tt+Z, tt+ WE tt+ H
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TOP COUPLINGS: MOTIVATION

The experimental results point to a situation where My >> s > New
states too heavy to be resonantly produced.

GUTs? WIMPs ?

SM Dark Matter?
Particles Strings ?

—
- Technicolor ?
M
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by C. Grunwald

Assume production is dominated by SM.
Assume New physics is beyond direct reach.

Integrate out explicit mediator and have instead an effective
interaction.



SM EFFECTIVE FIELD THEORY

LHC
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SM works EFT description Resonant NP \/§
By D. Barducci
02(6) 02(6) O, = dim 6 gauge invariant

Lerr=Lsm + +O(A™%)

A2

operators

Ci=complex constants =
Wilson Coefficients

Powerful and model independent tool to guide experimental efforts.
Search for new physics indirectly through precision measurements of

SM observables.



SM EFFECTIVE FIELD THEORY

The effects of new physics at a scale A can be described by an effective
Lagrangian

C.(G)O@ _ O, = dim 6 gauge invariant
Lpsr=Lsm + Z : A2 L+ O(A™)  operators
' Ci=complex constants

These operators can induce corrections to SM couplings (e.g. may
originate anomalous couplings of the top quark to the gauge bosons).

Effective Vff; vertices, V=W, Z, v, g:

Higher precision on
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THE ULTIMATE GOAL

The goal is to find observables which are sensitive to the various

possible EFT operators coefficients (or equivalently anomalous
couplings).

O' = f(c},ch,...,ct)
y A

set of observables Dependence with the parameters
(anomalous couplings, effect. operators coefficients)

And then perform a global fit to all observables, considering proper
correlations of statistical and systematic uncertainties.

This requires a coordinated effort among theorists and experimentalists
(being followed up within LHC TOPWG):

Agree on conventions across the whole community.

Provide guidelines towards sound uses of SM EFT.

To establish useful ways to communicate experimental results.

Guidelines from theorists are being prepared in a document:
hitp://www.desy.de/~durieux/topbasis/basis_note.pdf




MANY INTERESTING CHALLENGES

There are many operators to consider.

Multiple measurements may be sensitive to the same operator and
the vice-versa (i.e. ttZ cross section sensitive to the coupling to the
gluon and to the Z boson).

EFT modelling and
uncertainties.

Multiple EFT
coefficients could be
Nnon-zero.

Correlations between
measurements.
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By F.Maltoni



WHAT HAS BEEN DONE SO FAR

A lot of work done so far though.
| will show you some examples of:

Measurements performed at the LHC sensitive to effective
operator coefficients (or top anomalous couplings).

Constraints obtained on the operators or couplings (even if
different notations are used, and different assumptions are
made).

The interpretations are sometimes done within the experimental
papers or a posteriori by phenomenologists.

Still a long way to go, but a lot of progress done so far as well by
both theoretical and experimental communities.

Can not cover all the results provided so far (will give examples
from either ATLAS or CMS).




TOP COUPLING TO GLUON

Strong interactions of the top quark are studied in top quark pair
production, including tt+jets processes.

Inclusive as well as differential cross section measurements.
Charge asymmetry measurements.
Top quark spin correlations.




TOP PAIR CROSS SECTION PREDICTIONS

Long standing theoretical effort on
fixed order calculations on
inclusive (NNLO+NNLL) and
differential cross sections (NNLO

recently provided)

Gluon-Gluon-Fusion
(LHC: 80-90%)
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Quark-Antiquark-
Annihilation (LHC: 20-10%)
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| " Fixed Order —— |
NLO+res ==
NNLO+res
LHC 8 TeV; my,,=173.3 GeV; A=0

MSTW2008 LO; NLO; NNLO

NLO > NNLO+NNLL
Precision improves from:

~12% >~3% (scales)
~ 8% = 5% (PDF)




TOP PAIR CROSS SECTION
MEASUREMENTS
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GCJ ATLAS [ ] D_ata 2012
5, 30000 \s=8TeV, 203" [ Uv tPowheg+PY
. . m
Measurements available in B3 Zsjets
25000 7 Diboson

various channels using different mm Mis-Dlepton -
techniques (e.g. cut and count) ™ — Pownegsy
~ MC@NLO+HW -
15000 0 Alpgen+HW —
N ' N 10000 [ _f
obs bkg 000 =
O = ———__ -
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Noos = Number of observed events after selection
B = Estimated number of background events
A = Acceptance (depends on modelling of the signal)

€ = Selection efficiency for events within acceptance
(affected by trigger and reconstruction performance)

L = Integrated luminosity
B = Branching ratio.




TOP PAIR CROSS SECTION MEASUREMENTS

The cross section can also be measured differentially.

Probe different regions of the phase space: Important test of pQCD,
constrain on MC models/PDFs and systematic effects, sensitive to new
physics.

Use unfolding tfechniques on background subtracted reconstructed
distributions to parton or particle level in fiducial region.
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TOP PAIRINCLUSIVE CROSS SECTION

ATLAS inclusive cross section measurement (ey channel)

Eur. Phys. J. C74 (2014) 3109

Simultaneous measurement of o and  —
b-tagging € counting events with 1 g B atias e Datazot2 ]
. o 30000 \s=8TeV,20.3f" [ it Powheg+PY —
and 2 b-jets. N3 N - E
] = I?Alig?lsglr:apton E
N — L — 2 1 C N bkg 20000 : Powheg+PY
1 — LOg ee,u, Gb( _ beb) + 1 N - I\A/IIC@NgLHOVJKIHW .
15000 pgen+ —]
_ _ 2 bkg 2 ]
N2 —_— Latt ee“CbEb —I_ N2 100002 | —;
50002— | —f
€.,= el preselection efficiency. m . . f
&= b-jet acceptance .cmd tagging efficiency. § 1; : h_i
Cy, = 1/2 b-tag correlation (=1.005) osE R

0 1 2 >3
Nb—tag
o = 1829+ 3.1+4.24+3.6£3.3pb (y/s=T7TeV)

o =2424+1.7£55£7.51+42pb (/s =8TeV) Precision achieved:

Vs= 13 TeV (Phys. Lett. B761 (2016) 136

o = 818 £ 8 (stat) £ 27 (syst) £ 19 (lumi) + 12 (beam) pb,

Dominant sources: Signal modelling, luminosity, PDF (Run-1 case).

3.5% @7 TeV

4% @ 8 TeV

4.1% @ 13 TeV

In addition, beam E
uncertainty (0.66%)




TOP PAIR INCLUSIVE CROSS SECTION
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Excellent agreement of NNLO+NNLL predictions and precise experimental
measurements over a large range of energies.

Experimental precision now challenging the theoretical predictions.




TOP PAIR DIFFERENCIAL CROSS SECTION

Same binning and same phase
space, same parton level
definition 2 “easy” to compare
side by side and combination
ongoing.

7/8 TeV aTLAs 0 CMS @;{[b
PRD 94(2016) 092003 EPJC 73(2013) 2339
" 7/8 TeV 7TeV
parton EPJC 75 (2015) 542
dilepton TOP-14-013 (Sub. to EPJC)
double differential
- JHEP 1609 (2016) 074
particle Jet activity
PRD 90 (2014) 072004 EPJC 73(2013) 2339
7TeV 7TeV
parton EPJC 76(2016) 538 EPJC 75 (2015) 542
PRD 93(2016) 032009 PRD 94(2016) 072002
Itiet boosted boosted
+ets EPJC 76(2016) 538
il JHEP 01(2015)020 PRD 94(2016) 052006
particle Jet activity event variables(no tt reco.)
PRD 93(2016) 032009 PRD 94(2016) 072002
boosted boosted
allhadronic  parton/particle EPJC 76(2016) 128
TR, 73R
0y & 57
13 TeV ATLAS - 250 cMS %@ﬁy{/p
parton PAS-TOP-16-011
article EPJC 77(2017) 299 PAS-TOP-16-007
dilepton P EPJC 77(2017) 220
jet activity
PRD 95(2017) 092001
parton 1D/2D
l+jets
ricl CONF-2016-040 PRD 95(2017) 092001
particie resolved/boosted 1D/2D
: PAS-TOP-16-013
allhadronic  P3™°" resolved/boosted
el CONF-2016-100 PAS-TOP-16-013
particie boosted resolved/boosted

By O.Hindrichs June 2017
(even more now!)

A plethora of measurements
available from ATLAS and CMS at 7,
8, 13 TeV, in various channels
(dilepton, lepton+jets, all hadronic)
and at both parton and particle
level in various fiducial regions.

The particle level fiducial
measurements are more precise (at
the level of few %). But not so
straight forward to make the
ATLAS/CMS comparison and
important to document the
definitions used in the form of code
(Rivet routines).




PARTICLE LEVEL DEFINITIONS

Parton level (full phase space):
Top defined after QCD radiation and before it decays.

Mimics definitions of bare quark widely used in fixed order theory
calculationes.

Particle level (fiducial phase space):

Based on stable particles after hadronisation (see exact definition used
hitps.//twiki.cern.ch/twiki/bin/view/LHCPhysics/ParticleLevelTopDefinitions).

Fiducial phase space defined according to detector level cuts.
Reduced effect from extrapolation.

Parton Level Particle Level
Closer to detector definition

Both measurements are important to provide, but particle level measurements
are less model dependent and therefore more precise.




TOP PAIR DIFFERENCIAL CROSS SECTION

Example: top p; . top pair invariant mass at parton level measurements from
ATLAS and CMS using 8 TeV data
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The recent NNLO predictions give a better description of the data (top pT).

CMS spectra seem to be softer than ATLAS measurements (might not be
significant, combination ongoing).




TOP PAIR DIFFERENCIAL CROSS SECTION

Example: ATLAS measurements at particle level in the lepton+jets
channel in both resolved and boosted regime, at Vs= 13 TeV.

E 1 02 =_|| LI L B L L L B ||_= E — : : : | : — | : — | — | : : : —
S = . . = T
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— _ - ] > = ;
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- damp . o 100 e PWG+PY6 hy,,,=m, radLo
° 1= —— EwngEYs Edamp:m[ E o = PWG+PY8 o= “boosted”
= E of%ea = mmm=s +H++ = E =
o cal e aMC@NLOsHar m } """ PWG+H++ Ny =my
© ™ Stat. unc “resolved” 5 0", T ZMC@NLO+H++
_1 [ ' : E tat. unc.
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e 10°E ez
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- 107 e e e e e e R R R R e 3
= = . =
.S o < C | | ——
ko = ) E—— PO Lol leeldeeSdoetoetiotdeebdeebieebieobieeiieetleetloetortdorbdeebdeobieebieeldee et
D ()] _6 8 — T e T N N TR S AT RN A AT -
v & S I =
o & 18 —
c - -
(o] = t + =
Bl S D e =
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o (o] S © C - B
T ;,__: o 1 :‘-==l#“"' o - ﬂ_
0—Z00 600 800 7000 1200 1400
ptT'had [GeV]

Dominant uncertainties: signal modelling and b-tagging, large-R jet JES uncertainty
becomes dominant at large high p;.

MC generators (NLO+PS) predict a harder top p; distribution at high values
than observed.




TOP PAIR DIFFERENCIAL CROSS SECTION

Example: First double differential measurement from CMS.

CMS 19.7 fb™ (8 TeV)
= T ] 1T T T L — 1 T CMS
> o[ 340<M()<400GeV | 400<M(tT)<500GeV | 500<M(t)<650GeV | 650<M(tf)<1500GeV | - L —
O, 10 ] ¢ g"(‘“as) N ‘?:0 al xg(x) p2=30000 GeV2 NLO
fray Lo 0. Te.a. Ol 3 04
_|E I . 19 o CT14 & - [_] HERA + CMS W* 8 TeV
= %\10-35_ ......... .k . l_;""---. ------ . lmcT14 p + POF §, T R ), y(t)] 8 TeV
£ ¢ 7TTFT HERAPDF2.0 J ook 22 +1yt). M8 Tev
sttt 1 T g S 0+ Iy, M 8 Tev
A i P |
ﬁ _ g o=
107 E ¥ 3 R I
i | N S T L | N I -0'2__ A
<t 1 T T T T T T T
= 1.2} 1 1 T 1 - 1
LN i -
s [ e e o "E"...I.., e i | ) i
E e L O YARTTIITIIITLY CITTITIIITY T 1 Lol 1 raanl 1 L1111 B
C‘CU 0.8f . 7 . o . i 1 R 10'3 10‘2 10‘1 1
1 2 1 2 1 2 1 2 X
ly(tH)]
ATLO: x = (M(tt)/+/3) exp [£y(tt)] Expected fo be sensitive fo the

region: 0,01 < x < 0.25,

Significant reduction of uncertainties when this measurements is
included in PDF fits.




CONSTRAINTS ON NEW PHYSICS - EFT

Some of the top pair inclusive and differential measurements provided have
been used to constrain top anomalous couplings (or effective operator

coefficients).

g

Litg = gst_'y‘“T"ltG;1 + Zto" (dy + idays) TAtGﬁU

me

dy = chromomagnetic dipole moment
d, = chromoelectric dipole moment

Pinning down top dipole moments with ultra-boosted tops

Juan A. Aguilar-Saavedra(®, Benjamin Fuks®° and Michelangelo L. Mangano()

Probing top-quark chromomagnetic dipole moment at next-to-leading order in QCD

Diogo Buarque Franzosi! and Cen Zhang?
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NLO corrections allow to constrain further dy,




CONSTRAINTS ON NEW PHYSICS - EFT

o Some of the top pair inclusive and differential measurements provided have been

used to constrain top anomalous couplings (or effective operator coefficients).
Constraints on top quark non-standard interactions TOp pOir ’roge’rher with Higgs produc’rion measurements
provide independent observables to bound non

from Higgs and ¢t production cross sections
D. Barduccif, M. Fabbrichesif, and A. Tonero® STGndGrd TOp-glUOﬂ inferGCﬂOhS'
Assumptions: CP even operators, flavour independence.

ot Expected |

3000 fb~" 1

----- 05F

0.0

e |

C,IN? [1/TeV?]

-15 -10 -05 00 05 10 15
C1/IN? [1/TeV?]

C4IN? [1/TeV?]

The current limits can be re-expressed in terms of bounds on New Physics scale:
Ci=0y=41 — A~5TeV 6




KUhn, Rodrigo, JHEP 1201 (2012) 063

CHARGCE ASYMMETRY Bernreuther, Si, Phys. Rev. Lett. D 86 (2012) 034026

At LO tops and anti-tops are symmetric.

AT higher orders: interference of diagrams
- connects the direction of top and initial
quark and direction of anti-top and initial
anti-quark.

Positive asymmetry Negative asymmetry
>«umm< + : ) W + M
4 [ 4 —=—4000000 4= | q {4 f

Only in q.qbor initial g’ro’re (noft for Measured Observables
the dominant gg fusion).
Relatively a small effect in the SM. A Nyl > 0) - N(Aly| < 0)
Ac: 1% A: 0.6% ©_ N(Alyl > 0) + N(Aly| < 0)
Can be enhanced in BSM Aly| = |y:| — lyzl. nLo acp:0.011120.0004
scenarios (axigluons, Z' bosons, KK In dilepton channel:
gluons). N(A
: : ALt — (Alnl > 0) — N(Aln| < 0)
Iv\.ec:sure.men’rs of mcluswe and C = N(Alnl > 0) + N(Aln| < 0)
differential observables in full and O D!
fiducial phase space available. Al = el = Ime-1 - 050 S50 o




CHARGE ASYMMETRY MEASUREMENTS

Measurements performed in +jets (including also boosted top specific
analysis) and dilepton channels.

Different methods to reconstruct the ttbar kinematics (e.g. likelihood fit in [+jets,
specific technique to deal with boosted top decays in |+jets boosted, KIN
method in dilepton).

Unfolding method used to correct to parton level or template method (CMS).

Inclusive and differenfial measurements as a function of invariant mass, p; and
longitudinal boost B, of the ttbar system provided.

2500 ATLAS 4 Daa

S § “LATLAS Simulation
< - o) -
£ Vs =8TeV, 20.3 fo! i =. _ ~O
G>J 2000 [ W+jets =1 _5__|epton+1ets,\s=8TeV 2 4 16 ﬂ
w ] B SingleTop | < - POWHEG+PYTHIA ~
¢ [ Others C 2
1500} ! - &
0.5 N
C N
1000} . ¢ S
V)
N
500 - ~0.5 «@
=
e — 9
® —] : — ® —
g g
a -1.5 Z
B 1 0 “““““““““““ o e T T T TTTTTT (a1}
+ — ++
B 06 anel T N T T T T B
— ‘ ‘ ‘ ‘ ] -2 -15 -1 -05 0 05 1 15 2
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CHARGE ASYMMETRY MEASUREMENTS

Ac

ATLAS+CMS Preliminary LHCfopWG Vs =8 TeV Sept 2016
tt asymmetry total st ' A *(stat) +(syst)
ATLAS l+jets H—a—t 0.009 + 0.004 + 0.005
PJC 76 (2016) 87

ATLAS dilepton A" —H—= | 0.021+ 0.011+ 0.012
PRD 94, 032006 (2016) C

CMS I+jets tem6plate o+ 0.003 £ 0.003 = 0.003
PRD 93, 034014 (2016)

CMS |+jets H—e—H 0.001+ 0.007 + 0.004
PLB 757 (2016) 154

CMS dilepton At H—e—H 0.011+ 0.011+ 0.007
PLB 760 (2016) 365 C

Theory (NLO+EW) 0.0111+ 0.0004

PRD 86, 034026 (2012)

ATLAS |+jets boosted I | : = : {
(M_>0.75TeV && A Jy|| < 2) 0.042 + 0.019 + 0.026
PLB{ 756 (2016) 52

Theory (NLO+EW) 0.0160 + 0.0004

JHEP 1201 (2012) 063

dilepton asymmetry

ATLAS dilepton A 0.008 + 0.005 + 0.003
PRD 94, 032006 (2016) C

CMS dilepton A’ 0.003 + 0.006 + 0.003
PLB 760 (2016) 365 C

Theory (NLOSEW) | 0064 0 00
-0.05 0 0.05




CHARGE ASYMMETRY MEASUREMENTS

0.1 19.7f07 (8 TeV) , , ,
O . T I T T T T T T I T <
< . i | SM ATLAS |
i CMS t Data | 015y _ Light color octet Vs =8TeV, 20.3 fb
l+jets, full PS —— EAG (1.5 TeV) —  Heavy color octet
I EAG(20TeV) | 912 4 paa S
— i —— QCD (NLO), B&S _ g
) 0.06} :g
=y N
& I 4 0.03f ‘ ¢ °
™~ Ll —/
S | - :
™~ 0.0 >
“ ] T
i 1 -0.03} -
s | - 2
g T 1 | 1 -0.06| | | | ]
|- 1 1 1 1 1 1 1 1
o 0.05 200 600 800 0.0 0.25 0.5 0.75 5 1:0
m, (GeV) 2t
g ATLA S —8— ATLAS data
(&) Vg _ 8 TeV, 203 fb_1 [m] POWHEG-hvg+PYTHIA6
= elusive = 0,006 - 0.005 Precmor) dominated by statistical
é _ 0-500GeV Fo— 0.010 + 0.011 uncertai n’ry
3 WO0GeV EeT 00900 All compatible with SM predictions.
o) . 006 [Ho— 0.008 + 0.009
q>)' P 0.6-1.0 —o— 0.007 +0.013
?: . 0-30 GeV Y T -0.004 + 0.024
aé: PT 30-1000 Gev H—e—  0.015 + 0.018
—0.15I = l—O|.1 — I—0.|05I — (l) — 0.!)5 — OI.1 — 0.15

AL in the fiducial region



CONSTRAINTS IN NEW
PHYSICS — BSM MODELS

Measurements can be used to constrain
specific BSM models or couplings within
EFT.

Dilepton analysis

=0 r
oosl. ATLAS

0 C .
N - Vs=8TeV, 2031
% 0_02:_ Inclusive - Parton level
(@]
) -
— 0.01—
Q C
S -
< o
0\ -
(A L
> —0.01—
) L
oz o ® ATLAS data A Bernreuther & Si. PRD 86, 034026.

3 R heavy octet, LEFT
§ -0.02- ATLAS 1o % heavy octet, RIGHT
- - ATLAS 20 heavy octet, AXIAL
0— _Ill\llll\lll\lII\IJII\I‘ILI\'III\'IIJ\

-0.02 -0.01 0 0.01 0.02 0.08 0.04 0.05 %06

Ac

Limits set on the parameters (i.e. mass and
couplings) of BSM models .

Measurement in events where top quark
pairs are produced with large invariant
mass (> 750 GeV) have a higher sensitivity
for the SM asymmetry and BSM models
that infroduce massive new states.

Standard |+jets analysis

0.08 T T T T I T T T T T T T T | T T T T T T T T
| ATLAS P i
- W/ ‘.'=:" .
0.06 N 1
. 3 N
N 0]
. )
0.04 - 10
[ M S
O o NG
< b O
0.02 ; atLas Y
________________________________ e
__________________________________________________________ %
or cMs 1%
o]
a) '\Pﬂlg%ezlasztfrﬂnsow- i
-0.02- g8 o JHEP 1109, 097" ]
1 1 1 1 [ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
Arg

©
N

o
w
|IIII|IIII|II
=
/

©
N

o
.

o

A (m:>1.3TeV)

e
RN,
0 0.1 0.2 0.3 0.4 0.5

A, (PP, 1.96 TeV)




CONSTRAINTS ON NEW PHYSICS - EFT

o The charge asymmetry in hadron colliders is sensitive to BSM 4-fermion
interactions.

o A fit fo a combination of Tevatron and LHC measurements leads to stringent
on the linear combinations of C, and C, of the 4-fermion effective operators

(assuming equal coefficients for the operators involving u-type and d-type
quarks).

Axi-/KK gluon, Z'... Effective
operator
CL=0%Y +CE3 + 0
c2=cd +c
_ 06, : ®)
Ci = 0 - 0 + ¢

arXiv:1512.07542

ci=cly+cfy

Cl=Cl=C"and C2 = C2 = C?
_z' = Cz X ’02//12‘

limits




TOP COUPLING TO W BOSON

Can be probed by looking at fop quark decays and single top EW
production

Measurements available:

R =B(t=>WDb)/B(t=>WQq)
in ttbar 2> V,,

Single top cross Vio
.I.
sections (t-channel, Wt- MEeEIrement
channel) > Vy,
. W helicity (ttbar, 1-
channel)
W spin observables in 1- Constraints on
channel Witb anomalous
Top polarisation in t- couplings within
channel EFT

Differential angular
decay rates



V., MEASUREMENTS

= Vekm

dl
sl
bl

d Vud Vus Vub
s with Vegy =| Vo Vs Ve
b

Vrd Vts @

From top decay
The ratio R is measured

R B(t — Wb) Vip|?

Assuming unitarity of the 3
generation CKM > R = | V,, |2

Most precise result from CMS (dilepton
ttbar channel using 8 TeV 19.7 fb! of
data)

Bt Wq) |Vl + [Vis|2 + | Vi |2

From single top cross section
Assuming:

The Wtb interaction is a SM like
left-handed weak coupling

| Vie| >> [ Vig|, | Vi |

g = Adl\/td|2 + Aslvtsl2 + Ab|th|2

Independent of assumptions on the
number of quark generations or
unitarity of CKM matrix

V| = 1.007£0.016 (stat.+syst.)




SINGLE TOP CROSS SECTION

Single top quark production @ 13 TeV

s-channel

t-channel

t
oNVO = 1013 (scale) + 3 (PDF) pb

tW-associated

W:I:
oNLO = 2177 (scale) + 6 (PDF) q

g t
oNLOFNNLL — 79 4 9 (scale) + 3 (PDF) pb

Golden t-channel:
Has the largest cross section.
Has the largest S/B.
First observed at the Tevatron in 2009.

Precise measurements at the LHC at 7, 8 and 13 TeV: Inclusive, fiducial,
top/anti-top cross section ratios and differential measurements.

tW-channel:
First observed at the LHC using 8 TeV data.
s-channel:
Observed at Tevatron.
First evidence observed at LHC using the 8 TeV dataset.



SINGLE TOP CROSS SECTION

o 015 4T as Simulation (s=8TeV ]
L [+ SR -
Ex: f-channel @ 8 TeV @ o
§ 0.1_~ -~ L, W, tb -
qg — Wtijets
S -
. - | § oosf T The
o Typically use multivariate techniques (NN, BDT): R S S IR S
. o o o . LL
Optimise $/B separation using full event properties, I N S
constrain systematic effects by simultaneously % 1 2 3 4
analysing S and B dominated regions. ullll
%10° CMS, Vs =8 TeV, L = 19.7 fb™, muon, 2-jet 1-tag g 6000F ,'41'-1_;'\3' o ' ;:s;s TeV I20'_2'fb"‘ .
& ¢ Data . o [ TSR ¢ Data -
o ] ~ I / B g
3 5 [ t-channel - n B (1 Wi th !
5 3 [, tW, s-channel T 4000F m W++iets -
@ B W/Z+jets, dibosons (] 0 Z,VV+ets
4 : [C]QCD multijet - |_|>J B Multijet
3 f#F Syst. uncertainty | ////, Post-fit unc.
| ] 2000
2| = '
1 —f 0
- ®g 1.2
05 1 15 2 25 3 35 4 45 5 S ;L_’ 0 g

In,.l

JHEP 06 (2014) 090

0 02
arXiv:1702.02859

04




SINGLE TOP CROSS SECTION

ATLAS, @ 8 TeV provides the
measurement in a fiducial region (with
reduced systematics) and then
extrapolates to the full phase space
using different MC generators.

Niot
o = 2.0
tot Neig fid
ATLAS Vs=8 TeV, 20.2 fb™
Total cross-section:
—e— Data
POWHEG-Box+PYTHIAB —
_— NLO npps 205 (2010) 10
POWHEG-BOox+PYTHIA8 —i GO 191 (2015) 74
o ) B H - scale unc.
LL OWHEG-BOX+HERWIG [ scale ® PDF @ o, unc.
1| POWHEG-BOX+HERWIG7 i
MG5 aMC@NLO+HERWIG I —— NLOWNNLL
MG5 aMC@NLO+HERWIG7  +— B scele unc
7| POWHEG-BOX+PYTHIAG ———1 || scale © PDF @ a, unc.
'8 POWHEG-BOX+PYTHIA8 — AN
2 MG5_aMC@NLO+HerwiG7 —— Pl e
E-‘%J l:l scale @ PDF @ a, unc.

50 55 60 65 70 S, (1) [pb]

The measured value of the top/anti-
top cross section compatible with
most PDF sefs.

R, = Otot (tQ)

—= = 1.72 £0.05 (stat.) & 0.07 (exp.) = 1.72 4 0.09.
Utot(tQ) ( ) ( )

L] L] L] L] l L] L} L] L] I L] L} L] L} l L] L} L] L] I L] L} L] L} I L] L} L] L] I L] L]
ATLAS Vs=8 TeV, 20.2 fb"

Measurement result
[Tstat. ® syst. [ |stat.

Predictions calculated in 5FS:
scale ® PDF + o, unc.

ABM (5 flav.) .
ATLAS epWz12 .

CT14 -

HERAPDF 2.0 .

JR14 (VF) .

MMHT2014 .

NNPDF 3.0 : "
PP B BIPELL B EME (EEEE B B
1.4 1.5 1.6 1.7 1.8 1.9 2




SINGLE TOP CROSS SECTION

Ex: t-channel @ 8 TeV

------ NLO (MCFM),

B scale uncertainty

ATLAS (), L _=5.0 fb!
ATLAS-CONF-2012-132
CMS ("), L _=5.8 fb™
CMS-PAS-TOP-12-011

ATLAS-CONF-2013-098,
CMS-PAS-TOP-12-002

ATLAS+CMS Preliminary
Data 2012, Vs =8 TeV, m,, = 172.5 GeV

LHC combined (Sep 2013)

I | I I I | I I I | I I I I I I | I I I | I
LHCtOopWG

May 2017

—t—
stat total

PDF4LHC (MSTW2008, CT10, NNPDF2.3)

scale ® PDF & ag uncertainty

Gt.channel T (stat) £ (syst) £ (lumi)

95.1+24+£17.6 £3.6 pb

80.1£5.7+£11.0£4.0 pb

85+ 4 +11=3pb

ATLAS, L _=20.2fb”
arXiv:1702.02859
CMS, L _=19.7 fo"
JHEP 06 (2014) 090

89.3+1.3+58+1.2pb

83.6+23+7.1+2.2pb

(*) superseded by results shown below the line

20 40

60 80 100

cyl‘-channel [pb]

120 140 160




Inclusive cross-section [pb]

Vtb FROM SINGLE TOP CROSS SECTION

|Vib| =

Omeas

Otheo

ATLAS+CMS Preliminary LHCtopWG

If Vil = V ’“heas from single top quark production
1

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

Acy..: scale ® PDF
Myp = 172.5 GeV

May 2017
—t——
total theo

If,, V! + (Mmeas) + (theo)

t-channel:
ATLAS 7 TeV' . e 1.02 £ 0.06 + 0.02
PRD 90 (2014) 112006 (4.59 o) :
" ATLAS+CMS Preliminary LHCIOPWG = A1iaS tchannel ] ATLAS 8 TeV” . Har 1.028 +0.042 + 0.024
. K PRD 90 (2014) 112006, arXiv:1702.02859, arXiv:1702. 02859 (20.2fb ") :
- - JHEP 04 (2017)086 - :
_ Single top-quark production . o 1 | cms7Tev B e 1.020 £ 0.046 £ 0.017
May 2017 JHEP12(2012)035 JHEP 06 (2014) 090, JHEP 12 (2012) 085 (1.17-1.56 o)
- arXiv:1610.00678 - CMS 8 TeV \ et 0.979 + 0.045 + 0.016
JHEP 06 (2014) 090 (19.7fb")
. , O ATLAS Wt 2
o PLB 716(2012) 142, JHEP01(2016) 064, E CMS combined 7+8 TeV ——1 0.998 +0.038 + 0.016
arXiv:1612.07231 JHEP 06 (2014) 090 :
O CMS Wt 2 :
PRL110 (2013022003, PRL 112(2014) 231802 g)'\(/il\ls1é?o-%%g78 (2 3t e 1.03+0.07 £0.02
21 * LHC combination, Wt —] :
10°E : m ATLAS 13 (IER— 1.07 £0.09 + 0.02
C _.....L.T._.. ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019 ] ‘HEP 04 (2017) 086 @321
:--;-4-- fr————— A ATLAS s-channel 7]
ATLAS-CONF-2011-118 95% CL, Wt: :
i PLB 756(2016) 228 ] ATLAS 7 TeV —_ 1.03 015 +0.03
- ¥ CMS s-channel - PLB 716 (2012) 142 (2.05fb" ) :
JHEP 09 (2016)027 95% CL : +0.16 +0.03
L X 7+8 TeV combined fit 95% CL . CMS 7 TeV ——t—e—t+— 1.01 20145 Zooa
PRL 110 (2013) 022003 (4.9 fb" ) ! ’
o L i’ 1 - == NNLO PLB 736(2014)58 i ATLAS 8 TeV"” —t—— 1.01+0.10 + 0.03
; - JHEP 01 (2016) 064 (20.3fb™") :
‘- LE--. I rtaint E
seelo unceriamty OMSBTEV o —f—t— 1.03+0.12 + 0.04
It - == NLO+NNLL PRD83 (2011)091503, @0 i ) 231802 ( 1 o)
10 L] PRD82(2010)054018, PRD81(2010)054028 ] LHC combined 8 TeV —— 1.02 £ 0.08 +0.04
o Wt: tf contribution removed - ATLAS-CONF-2016-023, i
r scale ® PDF @ o, uncertainty N CMS-PAS- TOP 15 019
B T ATLAS 13 I { 1.14+0.24 +0.04
[ imme —ti-- —— NLO NPPS205(2010) 10, CPC191(2015) 74 7 arXiv:1612. 07231 @2f™")
- o= H= Mg, b :
CT10nlo, l\‘/IDSTWZOOBnlo, NNPDF2.3nlo s-channel: : 018
o W: p? veto for tf removal=60GeV 1 ATLAS 8 TeV I - — 093" 2 £ 0.04
and i =65 GeV PLB 756 (2016) 228 (20.3fb™") : -020
B scale uncertainty 7 ! including top-quark mass uncertainty
scale ® PDF @ o, uncertainty 2 Gipeo: NLO PDFALHC11
M= 172.5 GeV 5 NPPS205 (2010) 10, CPC191 (2015) 74
\ \ | including beam energy uncertainty
1 7 8 13 PR T TSNS N WY T TN NN S S N M PR N ST T N R R |
Vs [TeV] 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
1y Vil

Best precision achieved on Vy, ~4% from CMS 7+8 TeV t-channel cross section measurements.
Most precise individual measurement from ATLAS 8 TeV (4.7%).

Combination of all Run-1 results ongoing.




Wtb ANOMALOUS COUPLINGS

o New physics can be parametrised in terms of an effective Lagrangian:

Lww = —%E v (VLPp + VrPr)t W }\ )\

g -1wotq, _
— b Pr +grPr)t W~ + h.c.
\/ﬁ MW (gL L gr R) 7

+ +
i )\
SM at tree level - A -

Vi=Vw~1land Vg = gL =gr=0

New physics can affect:
» Total single top cross section

o = Osu (Vf + KR Vi + KVEVR VL VR 4+ K- g7 + kIR ga+ K99 grar + .. )

» Top polarisation in single top production (via asymmetries)
» W polarisation observables (via asymmetries)
» Differential angular decay rates.




WITHIN THE STANDARD MODEL
®
@ LB © ® S

\t—>W+ \W+_)

See J.A. Aguilar-Saavedra

w ene,a, TAE 2013: http://benasque.org/2013tae/talks_contr/231_top.pdf

SM Lagrangian for
Wib interaction

we are using here
the narrow width
approximation

Using the helicity formalism of
Jacob and Wick :{> Atasrans = O aarabaons Dy (6,6,0) DY (67,67, 0)
Al

The angular dependence is given by the well known Wigner D functions.
BSM corrections to the Wtb vertex will modify the 1> Wb-> Iv angular distributions. 0

2 approaches: Measure asymmetries of angular distributions or measure the differential
angular decay rate.




TOP POLARISATION IN SINGLE TOP
PRODUCTION

In the t-channel, top quark is produced with a large degree of polarisation in
the direction of spectator quark momentum (Phys. Rev. D55 (1997) 7249) .

This direction is used to define the top quark spin axis.

Can be measured from angular distributions of the decay products

reconstructed in the top quark rest frame.

1 dar
I d(cosfy)

1
5 (1 + axP cosfy)

ape = +0.998

Apy

1
=N [N(cos8y > 0)

0= #(1,q’)intop
rest frame

1
— N(cosby < 0)] = —aeP

Other asymmetries also proposed in Phys. Rev. Lett. B 718 (2013) 983,

arXiv1404.1585.



TOP POLARISATION IN SINGLE TOP

PRODUCTION

CMS has measured one
asymmetry and finds some tension
with the SM prediction (20).

JHEP 04 (2016) 073

CMS I+ jets, t+1, 19.7 b (8 TeV)

G‘ :\ T ‘ T T ‘ 1T | T T ‘ T T ‘ 1T | T T ‘ T ‘ 1T | T I:
T 1 — POWHEG (5FS) + Pythia6 E
S 09f - aMC@NLO (4FS) + Pythia8 =
T g ~— COmpHEP + Pythia6 E
S ._b * Unfolded data $ -
© 07— T Stat. | Total T
X 060 E
o 06: $ # ]
= 050 =
— 1 -
0.4 # : 3
035 g
0.2F =
O:\ 11 ‘ L1 ‘ 111 | 111 L1 I\\l\\l‘\l\ I\Il\l 3

1 -0.8 -0.6 -04 -02 0 02 04 06 08 1

Unfolded cos6;

A, (t+1t) =0.28 +0.03 (stat) £ 0.1 (syst) = 0.28 £ 0.12.

NM-NE) 1 5.

4 NMH+NE) 2

1

ATLAS measured more precisely
two asymmetries sensitive to P and
finds results compatible with SM.

JHEP 04 (2017) 124

T T T I T T T I T T T | T T T I T T T | T

ATLAS
\s=8TeV,20.2fb" e AL
A AN

—e —i A
- Aec
Hor Afs

'_"'_._'_' A;B

@4 ¢ SM prediction
— Stat. uncertainty

) T0
——— — Total uncertainty Ars

-0.4 -0.2 0 0.2 0.4 0.6
Angular asymmetry

aeP =0.97 £0.05 (stat.) £ 0.11 (syst.) = 0.97 £ 0.12
P(Fr + Fp) = 0.25 £ 0.08 (stat.) £ 0.14 (syst.) = 0.25 £ 0.16




W BOSON SPIN OBSERVABLES

They can be determined from angular distributions of the charged lepton
reconstructed in the W rest frame.

The spin density matrix elements for the W components O, +1-1 from the decay of
polarised top quarks can be parametrised in terms of 6 independent observables

<S; 23>, <Ip>, <A, > which can be measured via asymmetries (Nucl.Phys.B840(2010)
349, Phys. Rev. D 93 (2016) 01301).

For un-polarised top quark decays, the only meaningful direction in the top quark rest
frame is the one of the W boson momentum - cos6* - Helicity fractions F, Fg, F,

e q: W momentum in the top quark rest (j‘ ( 2)
frame
¢ pi: lepton momentum in the W rest

Asymmetry Angular observable  Polarisation observable = SM prediction

frame Ars cos 0 2(S3y =3 (Fr - FL) -0.23
e s:: top quark spin direction (taken

along the spectator quark momentum - * 3 /3 _ 3 _ _

in the top quark rest frame) g AEC Cos 95 8 \/;<TO> — 16 ( 1 3F0) 0.20

L2 0% N Transverse diection Afg cos 6; 351 0.34
AN, cos 6 —3(S2) 0
AL cos 8 cos ¢ ~2(Ay) ~0.14
N Ag]’f cos & cos ¢y, %(Az) 0
Z v P "
T () E(T) App ==0.64-P-Im(V, gg)



W HELICY FRACTIONS FROM

TOP PAIRS

Top quarks are not polarised > W helicity fractions measured.

/
b ~ 9“\»

i

— W) ——

Measurements performed at 7 and 8 TeV by ATLAS and CMS in the lepton+jets and

dilepton channels.

Most precise measurement from ATLAS at 8 TeV lepton+jets.

I Theory (NNLO QCD)

PRD 81 (2010) 111503 (R)

~e—#—+ Data (F JF /F,)

ATLAS-CONF-2011-037

JHEP 1206 (2012) 088

CMS-PAS-TOP-11-020

LHC combination, {s=7 TeV
ATLAS-CONF-2013-033, CMS-PAS-TOP-12-025
EPJC 77 (2017) 264

JHEP 10 (2013) 167

JHEP 01 (2015) 053

PLB 762 (2016) 512

CMS-PAS-TOP-14-017

ATLAS+CMS Preliminary LHCIOPWG May 2017

ATLAS 2010 single lepton, Ys=7 TeV, L =35pb !
ATLAS 2011 single lepton and dilepton, Ys=7 TeV, L _1 04 1o

CMS 2011 single lepton, Ys=7 TeV, L_=2.21b™'*

ATLAS 2012 single lepton, {s=8 TeV, L_=20.2 fb”
CMS 2011 single lepton, {s=7 TeV, L =50 fo!
CMS 2012 single top, Ys=8 TeV, L =19.7 b
CMS 2012 single lepton, {s=8 TeV, L _=19.8 fo"

CMS 2012 dilepton, {s=8 TeV, L =19.7 fo’

* superseded by published result

L

Fr

total stat

FL
H—H H—&
HiH 4
HaH H——+H
HmH Hat
H-4
H
4
HaH

i

-'-i:l::

W boson helicity fractions

All measurements consistent with SM expectations, leading to
constraints on the real part of Vi, g, and ge.




W HELICY FRACTIONS

FROM TOP PAIRS

Ex: ATLAS lepton+jets @ 8 TeV

Eur. Phys. J. C. 77 (2017) 264

_— o
5 1.0 —
S  [ATLAS I 99.7% CL S
e p 95.5% CL 3
0.8 __/ Ldt=20.2 b= 68.3% CL €
- Osm o
0.6/s =8 TeV L
C EFTfitter
0.2 VR=0
0.0 C=D
- in
0.2 E
L ©
0 4_ 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 D
0.4 0.2 0.0 0.2 0.4
R
Coupling | 95 % CL interval eta
VR [-0.24,0.31]
gL [-0.14,0.11]
gRr [-0.02,0.06],[0.74,0.78]

(assuming SM couplings for the others)

7000 —
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5000

4000

3000

2000

1000

126 7

0.8

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, - o

)

c r ATLAS Simulation u+ > 4-jets, > 2 tag

2 0.16F ) Right handed

> s=8 TeV Leptonic Analyser ~ Left handed b [/ t
£ 014 — Longitudinal W+>

el =1

< 0.12

IRARA AR AR R R

T P L T
\i

Eot 1 1 | I 1 I 1 L
91 -0.8-06-04-02 0 02 04 06 08 1

(O —

:'l_l_l_l_l_ T | T T T T | T T T T
- ATLAS —— Best Fit
= Leptonic analyser [ Background
j Ldt=2021" \s=8TeV * Data
e+jets (= 2 b-tags) u+jets (= 2 b-tags)

TTTRTTTI IIIIIIIIIlIIIIlIlIIII

I

—_

MR

— L B L 5 S B S By B B e
% . R S SRS B R S R e
—1 -0.5 0 0.5 -0.5 0 0.5 1

cos 6*

Fit of the templates to data > W helicity
fractions.

Fo=0.709 + 0.012 (stat.+bkg. norm.) ’_’8:8{2 (syst.)

Fr, =0.299 + 0.008 (stat.+bkg. norm.) ’_’8:8}% (syst.)

Fgr = —0.008 + 0.006 (stat.+bkg. norm.) £0.012 (syst.)

« The anomalous couplings are assumed to be real.
* W helicity measurements allow to constrain ratios of couplings.
* The individual limits depend on assumptions made about other couplings.




W SPIN OBSERVABLES IN t-CHANNEL

SINGLE TOP

o Top quarks are polarised - sensitivity to complex phases of the anomalous
couplings (CP violation effects).
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— Stat. uncertainty
— Total uncertainty

— <S>
——o—t <T>
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AN 5 ~ 0.64PImgp
1

11 1 1 L1 | L1l 111 1
-06 -04 -02 0 02 04 06 08
W-boson spin observable

AL, = P
FB 204;

JHEP 04 (2017) 124

- Tmgg € [-0.18, 0.06] at95% CL

All measurements in agreement with SM predictions.

First constraints on imaginary part of gR (assuming SM values for all other couplings).




TRIPLE DIFFERENTIAL ANGULAR
DECAY RATE :

o A more complete approach was proposed in arXiv:1304.5639

to simultaneously constrain the full Wib parameter space by
measuring the triple-differential decay rate.

0(6,6",¢"; P) = %& = %{% |AL%|2 (1+ Pcos6)(1 + cos 82
+ % |A_L_% |2 (1 = Pcos)(1 — cos 6*)
+ g (|A0,% |2 (1-Peost) + |4, |2 (1 + Pcos 9)) sin2 6"
N T arXiv:1707.05393
- =5 Psinfsing (1+cos8")Re [e'*” AL%A;‘%]
- #PSinGSinG“(l—cosg*)Re [eﬂ"j"A_l,_%7 A;,_%]} — 02J TT T T [T T T T [T T T T [T T T T [ T T T T [T T T T[T T T T [ TTTTTJ]
SN g 0.6 < [ ATLAS X BestFit ]
P IIPITELCLEE S 0151 (5=8TeV, 20210 e SM
oA = - I 68%CL -
[ T T T T T m 0.1 . ]
o C  ATLAS ¢+ Data ] : 95% CL 4
3 008 Vs=8Tev,20210" —_sM . n 3
R S sl 005 -
§ 0.04;— _; Of— —f
0.02f— e L — : ]
. P Y S -
0,021 L = o1b E
~0.04— — C ]
0 06:— _: _0 15—[ o e b by by b b Ly 0 T
E = =0.2 -0.15 -01 005 0O 0.05 0414 0.15 0.2
-0.08 — Relg./V,]
_0_1— | | | | | | | | ] gR gR
10 Zo20 @100 B0 20 B Far Apn Ay Re V_ € [_012’ 017] and Im V_ € [_007, 006] at95% CL.
L L

Couplings are allowed to be complex. a

No assumptions made regarding the other couplings.




TOP COUPLING
TO PHOTON

Effective Lagrangian parametrising new physics effects:

1wt qy

L =—eQity't A, —et (d}, +id)ys)t A,

Wz

Measure of the top quark charge.
Can probe the ty electroweak coupling.

Deviations from SM could point to new physics through
anomalous dipole moments of the top quark.

Photons can be emitted from the top quark, top decay products or ISR, but the
selection enhances photons emitted by top quarks.

from top quarks from incoming partons from top decay products




tt+ y PRODUCTION MEASUREMENTS

First observation with 7 TeV
data by the ATLAS
experiment:

Observation with 5.3 o
Systematic limited.

Fiducial cross section
measured in good
agreement with SM
predictions (48 = 10 fb).

||||l|||||||ll|||||||l|l||||||l||

> 2 —
3 10° s aTLAS Electron channel 3
e E [ 4 —+Data .
J%) [ [Vs=7TeV, |Ldt=4.591b [ Signal i
qc) i 3y background |
S [ Hadron fakes
i 10 ___@ Total uncertainty from fit _|
- N ]
i \\\\ x :
=
1 0_1 N NN
0 2 4 6 8 10 12 14 16 18 20
p|so [GeV]

p;*°= scalar sum of p; of selected tracks in a
cone of AR=0.2 around the y candidate

fid
Ot~

x BR = 63 + 8(stat.) 111 (syst.) £+ 1 (lumi.) fb

(dominant sources: JES, photon, signal modelling, b-tagging)

New measurements from ATLAS and CMS at 8 TeV now available.
Selecting ttbar lepton+jets events with an additional photon.

Fiducial cross section.

First differential measurements from ATLAS in photon p;and n.



tt+ y PRODUCTION CMS MEASUREMENT

. " _ 19.7 b (8 TeV)
Two types of backgrounds: — arXiv:1706.08128 S CMS. iy
. ) Sot6 ohpe t
ttbar events with fake photon from jet. Borr W
§0.12; er backgrounds
Non-top events with real photons (Wy, Zy) 2 od
0.08F
. o.0sf [T
Strategy: il .
Use the invariant mass of the 3 jets with T AT =
. . . . 0 100 200 300 400 500 600
highest p; (M;) to discriminate ttbar 22000 19.7 10" (8 TeV)
events from other backgrounds. 51800 CMS ! lelated photons
T1600 e/u+ets =N p °
. . . . . 3 onprompt photons
Use the y isolation fo discriminate oo Uncertainty

genuine photons from signal and non-
prompt photons from background.

Measure ttbar+y cross section relative to

tHbar cross section. I e —
voE Phsotoniharl]%d-rljdro:ﬁisolﬁion1(%eV2)0
Category R (th%f,y (tb) ity B (£b)
etjets (5.7+1.8) x 10~* 138 +45 582 1187
u+ets (474+13) x107* 115+32 453 +124
Combination (52+1.1) x 107* 127 +£27 515+ 108
Theory — — 592 £+ 71 (scales) £ 30 (PDFs)

Measurement in good agreement with SM theoretical predictions.




tt+ y PRODUCTION ATLAS MEASUREMENT

Fiducial inclusive cross section
extracted from combined fit of
signal and background
templates to data:

I I T T | | I I T I | I T I I
ATLAS NLO prediction based on
PRD 83 (2011) 074013
stat total
: ————
_ 1 i
Vs=8 Tev 20.2 b .
This work :
Vs=7TeV 459 b’ L, . .
PRD 91 (2015) 072007 T ' i
| | | | | | | | | | |
0.5 1 1.5 ,
od/ oM
tty iy

Events / GeV

Data/Pred.

p7°= scalar sum of
p; of selected tracks
in a cone of AR=0.2

arXiv:1706.03046
2 UL S LA B B B BN BN BN
(0] 1 E ATLAS — Prompt y Template; Simulation =
E F s=8TeV,20.2fb" — e—y Fake Template; Data B
- — Hadronic Fake Template; Data
8:%._10_1 27 7 %% Uncertainty -
& 3

around the y 107 S 3
candidate.
10°%

0T e 0 12 14 16 18 20

| rrrrTt I pi° [GeV]
10 ATLAS o Data =
\s=8TeV,20.2fb" I iy i
Single lepton channel e—y Fakes ]

10°

[ Prompt y Bkg
Hadronic Fakes
Uncertainty

102 ——— i
E R PR 3
i i I .
oo b b b P 1y | [ |
1_2;| T ‘ L ‘ L ‘ L | T 1T | T | | T 1T ‘ ‘ E
1.1 : : 1
0.9t . 5
0_8:| | I RN I I [ BRI AR BN
0 2 4 6 8 10 12 14 16 18 20

pi° [GeV]

ol = 139 + 7 (stat.) = 17 (syst.) fb = 139 + 18 fb, NLO prediction of 151 + 24 fb

Measurement in good agreement with SM theoretical predictions and with similar level

of precision (relative unc. ~13%).

Limited by systematics (mainly JES, photon, signal modelling, b-tagging).



tt+ y PRODUCTION ATLAS MEASUREMENT

Parficle level fiducial differential cross sections wrt photon p; and |n| also
provided.

In an EFT, amplitudes typically grow with the energy of the process 2 the
tails of the distributions often provide improved sensitivity to a coupling.

But one must be careful about the validity of the EFT: the EFT breaks down at
E~A

arXiv:1601.08193 = I B B N
(O]
L t{Y’ LHCS8 pr(y) > 20 GeV ogm — 1 9 ATLAS 7
1 ‘ NLO, u=m;, Cig=4, A=1 TeV oo — a \s=8TeV, 20.2 b’ -
€ osu+Co'+C%% — 3 o Single lepton channel -
2 01k o i
Qo ~
= 2%
& il 8 EENLO Pred.
kel R =
I ¢ Data (Stat.)
- ¢ Data (Stat.+Syst.) -
0.001 C
z f : - E
S: 141 - C
‘_3 1—.Eu|l..||[.|||[..||[..||[..||I..||I|.|T 0:. PY
= 1.6 C 7 5 14
£ 12 . o 1.2F
[0 )7 31 P s Sl SFTA BT el BT ATar Ve A S o 081
0 50 100 150 200 250 300 350 400 % 0.6
pr(v) [GeV] o - 50 100 150 200 250 300

Photon P, [GeV]

First differential measurements provided by ATLAS.

Differential measurements very interesting (in particular tails) to search for anomalous
couplings.




TOP COUPLING TO Z BOSON

Top pair production in association with W/Z boson are rare processes
(predicted cross section NLO QCD ~ 200 flbo each @ 8 TeV).

! ‘
e S h R ‘
“wwesn " i)

L ' -r; ) .
Pofesssnd Direct measurement of

A4

& top coupling to Z gauge
v & \ 1 boson in tZ production
ttZ(FSR) via FSR.

Experimental signature: number of leptons (depending on the top and

W/Z quark decay channel), multiple jets and b-jets also required (2L OS,
3L, 4L (best for t1Z), 2L (SS), 3L (best for 11W)).

Strategy:

Most sensitive: 3L to t1Z, 2L SS to
HW.

MVA and cut-and count
techniques are used.

ATLAS
\s=8TeV,20.3fb" C R

@ Data N Total unc.

F 2LSSy> 3L

118

W Top [ Charge misID ]
w [l Fake leptons

M Rare SM [Jtiz

Wtw

Events / channel

noZ Z z 7z
1-2b  2b 2b
3 3 4

Z noZ noZ z
Ob 12b 1-2b 2b
3j 4§ 51+  5j+

0 DF DF DF SF  SF
Ob b 2b+ 1b  2b+

Z z Z noZ
1b  2b+ 2b+ 2b+
4+ 3 4+ 23]

ee en M
2b+ 2b+ 2b+

Process observed for the first time at 8 TeV.

Preliminary results now available at 13 TeV.




tt+Z PRODUCTION MEASUREMENTS @ 8 TeV

300

— 600 L e e ttW significance ttZ significance
£ - LAS *  ATLAS Best Fit - Channel | Expected Observed | Expected Observed
IS g —— ATLAS 68% CL - 2608 04 0.1 1.4 L1

5 500-1s=8TeV, 203 RSN ... ATLAS 95% CL ~ 2SS 2.8 5.0 - -

n — inti * -

@ - *+  NLO prediction ] 3t 1.4 1.0 37 33

€ - I ttZ Theory uncertainty -

© 400 = . — 4¢ - - 2.0

o B I ttw Theory uncertainty |

N L 4 Combined 3.2 5.0 4.5 4.2

1 ttw ttz
% ' Significance

200

O ] Significance
B _ Ch ] Expected | Ob: d
B | Channels | Expected | Observed anne® X serve
100 ] 0s 1.8 21
- .. - SS 34 49
L BTt ieaaeeeenTT _ 3¢ 4.6 51

* Madgraph5_aMC@NLO calculation

| 3¢ 1.0 PRT R, o - _
600 S5 +3¢ 35 48 OS+36+4¢ | 57

ttW cross section [fb]

EILAS e e CMS measurement

11 | L1 1 1 1 | L1 1 | | L1 1 1 | 11
100 200 300 400 500

o

JHEP 11 (2015) 172 JHEP 01 (2016) 096
oy = 176 T55(stat.) & 24(syst.) fb oy = 245718 1fb
oww = 369 T5)(stat.) &+ 44(syst.) fb oy = 382157 fb

4
SM: 045 = 2061357 fb and oy = 203759 fb.

First obbservation of ttZ observed using 8 TeV data.
Dominated by statistical uncertainties. a
Mild excess seen for ttW by both experiments in the SS 2L channels.




tt+Z PRODUCTION MEASUREMENTS @ 13 TeV

3IIIY|IIII|IIIIIIIIIIIIIlIITIlIIIIlIIIIlII
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5 L ATLAS *  ATLAS best fit 1 g =vC ' 'z " 2D bestfit | .
S 13 Tev. 320 —— ATLAS68% CL ] = - 8% contour -
3 251s= T ATLAS 95% CL ] b': i — 95% contour i
g’) B 4 NLO prediction ] 20— — 1-D best fit ]
2 L &KL HZ theory uncertainty | B =1 DtiZ+10 ]
S g LKL W theory uncertainty | L L 1{Dt{tW+1c _
N C T T e ] r W2 tiZ theory T
e - _: 1.5 :_ <44 ttW theory _:
1 " ' _ 1 - ;
eSSy B ;\\ \\W\\\E
0.5:— W T 05 L ]
0: Ll | T | E E
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#tW cross section [pb] 0 0 2 04 0 6 0 8 1 1.2 14 1 6 1 8
Oy [PD]
Aclo (%),
Significance Wilson coefficient 10 CL [TeV %] 20 CL [TeV 7]
ATLAS 2015 32%, 3.90 only uu 53%, 2.20 Cup/ N2 [0.0,1.5] [0.0,2.1]
) 0
S0 B o T €,/ A2 +10.9 TeV 2| [2.3,15.2] [0.0,18.6]
CMS 2015+2016 14%, 9.90 15%, 5.50 C_uW/Az [-1.6,1.5] [-2.2,2.1]
(52U = e L =S W) Crin/ N2 [-9.1,-6.5] and [-1.6, 1.1] [-10.1, 2.0]

CMS observation of both t1Z and ttW processes at 13 TeV using 2015+2016
data. Statistical and systematic uncertainties now at the same level.

All measurements in agreement with SM predictions 2 used to set constraints
on four EFT operators which would modify the t1Z and ttW cross sections.




tZ PRODUCTION

EW process not observed so far (800 fo @ 13

TeV).
Sensitive to tZ and WWZ couplings.

Trilepton channel most promising despite
small BR (2.2%).

NN used to enhance S/B.

Fit to the full NN distribution fo extract the
Cross section.

o174 = 600 £ 170(stat.) £ 140(syst.)fb

First clear evidence of tZ production
observed at 13 TeV by ATLAS:

Significance: 4.20 observed (5.40 expected)
Good agreement with the SM prediction.
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TOP COUPLING TO H BOSON

Higgs boson discovery in July 2012.

In the SM, fermion masses are proportional
to Higgs fermion Yukawa couplings -
Important to test this prediction.

ttH production provides direct sensitivity to
the top-Higgs Yukawa coupling

ttH (H> WW/Z1)
ttH (H-> bb) Significant BR (22%) ttH (H-> YY)

Largest BR (58%) Leptonic decays of W/Z Small BR (0.2%)
and taus can give
distinct multi-lepton
signatures (but difficult

Higgs boson can be
reconstructed as a narrow

Final state with multiple
b quarks (challenge to

reconstruct Higgs) , peak
to reconstruct the Higgs)
Large background from , Backgrounds from ttbar+Y
Hbar+ets Main background from || 4nq QCD multi-Y /jet final
ttbar+W/Z and non states

prompt leptons
t

§< H <W/Z
b

W/ Z

: £




RUN-1 RESULTS AND RUN-2
EXPECTATIONS

Run-1 ATLAS+CMS Higgs combination:
ttH significance of 4.4 o (2.0 o expected)
Excess in both ATLAS and CMS coming from ttH multilepton analysis.

JHEP08(2016)045
ATLAS and CMS -8-ATLAS+CMS
LHC Run 1 - ATLAS
-+ CMS
R -—t1c
—ip—— —+2c
uggF ——
n i
VBF B e ———
—*:—
Mok —
————
Han -
i .
lJ'ttH : *
o
u —d_:——-F_
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Parameter value

111 1
LHC HIGGS XS WG 2016

lzllllIIIIlllllllllllllllll[lllll llllllll IIIIII-E[
6 7 8 9 10 11 12 13 _14 15
s [TeV]

Vs=13TeVttHo
increased by x4

x 2 other main H
productions

x 3.5 ttbar
production

Increased potential for discovery at Run-2




RUN-2 STATUS

ttH(H—vy)
(13 Tev133fb')

tH(H—>WW/1t/ZZ)
(13 Tevi32fb™)

ttH(H—bb)
(13Tev13.2fb™)

ttH combination
(13 TeV)

ttH combination
(7-8TeV, 4.5-20.310™")

ATLAS Preliminary

AL N

s=13 TeV, 13.2-13.3 fb™
—total stat. (tot.) (stat., syst.)
[——— 1.2 12 102
-0.3 i1_0 (t1.0 y t0.2 )
1.3 0.7 +1.1
== 25 %7 (%7, %s )
+1.0 05 +0.9
—e=— 21 -0.9 (i0.5 ’ i’0.7 )
0.7 04 +06
H-e-H 1.8 jo.7 (i0.4 ) J—ro.5 )
0.8 05 +0.7
1.7 Y (o5 o6 )
PR RS SR A SN N TR TR TR RN TR SR NN ST ST S N S S
0 2 4 6 8 10

best fit uﬁH for m =125 GeV
Significance: 2.8 o observed (1.8 o expected)

ggF

VBF

VH

ATLAS Preliminary
Vs=13TeV, 36.1 fb"
v H—-yy and H—>ZZ*—4l
I mj, = 125.09 GeV, ly, [<2.5
g Measurement ko4
I ' I Stat. uncertainty
Syst. uncertainty D
I E " SM prediction I
L
1 1 1 1 | 1 1 1 1 l 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1
—1 0 1 2 3 4 5

Cross section normalized to SM

HitH — UtfH/USM

significance/upper limit

bb
12.9 fo'!
multilept
35.9 fb!
ThadTany
35.9 fb!
Yy

35.9 fb!
41

—0.2+£0.8

1.5+0.5

+0.6
0.75g'5

+0.9
22753

+1.2
0.00"}2

1 < 1.5(1.7)@95%CL
3.30(2.40)

1.40(1.80)

3.30(1.50)

Looking forward for all analyses to be completed using the full

2015+2016 data, and then combined.




CONCLUSIONS

Top quark physics studies are central for the LHC physics programme

Precise measurements of top quark properties and its interactions
allow for stringent tests of the SM, being at the same time sensitive to
new physics.

Shown here results for top mass and couplings.
So far, all measurements compatible with the SM.

Many of the top measurements performed at the LHC are already
dominated by systematics (e.g. jet energy scale, b-tagging, physics
modelling).

Some rare processes also becoming available with the increase of
statistics in Run2.

Reaching the ultimate precision requires a lot of effort and fime
from both experimentalists and theory community, but it is of
high importance (specially if no positive results from direct
searches).
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CMS APPROACH TO CONSTRAIN Wtb
VERTEX

A specific Wtb neural network (BNN) is trained for each coupling.  JHEP 02 (2017) 028
A 2D fit of Wb BNN and SM BNN gives exclusion limits.

Vo, W

_ 8 L R _ g9 no( L R
2—ﬁb'y}‘(fVPL+fVPR)tWF—\/§b Mo (FFPL+ fRPR) t+hec.

Ex: BNN frained to separate the contribution Ex: Exclusion limits obfained in fy* vs fit.
vector-left from that of tensor-left
%10° 5.0 fb™ (7 TeV) 5.0fb (7 TeV) + 19.7 fb'' (8 TeV)
S 1-5_CMS t DLata 4> M CMS [ 95% CL observed
(< L . fT 1.3 [ 68% CL observed
Z . 7 B ¢ channel -
o 1.0 [_1s channel 1'2;_ ---------- 95% CL expected
L [ JtW 1A  — 68% CL expected
tt v )
0.5r I W-light
B W+c 0.9F
B W+QQ E
o %0 1| W+QX (UE) 0.8
=500 [l Dibosons 0.7F
%2'0-1 R [ Drell-Yan e
a O 0.8 1.0/ Multijet 0-6 005 01 015 02 025 03
f-f- Wib BNN L
Il

Limits on pairs of couplings provided.




MEASUREMENT OF THE R RATIO

CMS has measured the R rafio in the dilepton fttbar channel using

8 TeV 19.7 fb! of data.

PLB 736 (2014) 33

CMS, Ys=8TeV, [Ldt=19.7 fb"
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o ~ ee events | uu events : 2jets eu events
w = e Data I I
10000 |— O | |
— tt | |
— ingl r
8000 - [] Single top quark | |
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b-tagged jet multiplicity

R B(t — Wb) Vip|?
B(t— Wq) |Via|? + |Vis|? + |Vis|?

Profile Likelihood fit to
the observed b-tagged
jet distribution:

L(R, fi, Ksts feorrects €b, €q Eqx, 6;)

Njets
=TT T1 TIPINe 00, Re™ @] [To (P, 6:,1),
i

£L Njets =2...4 k=0

(dominant systematics from b-

R = 1.014 & 0.003 (stat.) & 0.032 (syst.)

tagging efficiency)

Assuming 3x3 CKM matrix

unitarity

|Vip| =1.007x0.016 (stat.+syst.)




