Top quark measurements at the LHC
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Introduction

Top Quark Production Cross Section Measurements Status: May 2021
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Top quark is abundantly
produced at the LHC. The
process cross sections range
from ~800 pb to ~20 fb.

More data makes possible
differential measurements,
such as EFT.

It decays before hadronization.
Can gain deep understanding of
its properties such as mass, CP
and polarizations.

Single production:

T+jets 15% q q b t
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Top pair production
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Measurements from ATLAS and CMS at 5, 7, 8 and 13 TeV. Good agreement
between measurements and theory (NNLO+NNLL QCD).



Top mass

ATLAS+CMS Preliminary

LHCtopWG

My, SUMmary, Vs = 7-13 TeV  September 2021

------- World comb. (Mar 2014) [2]

stat

total uncertainty

total stat

i m,,, = total (stat = syst) Vs Ref.
LHC comb. (Sep 2013) LHctopwa H5+— 173.29 = 0.95 (0.35 = 0.88) 7TeV [1]
World comb. (Mar 2014) HH 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [2]
ATLAS, l+jets H—=—td 172.33 + 1.27 (0.75 = 1.02) 7TeV [3]
ATLAS, dilepton = 173.79 = 1.41 (0.54 + 1.30) 7TeV [3]
ATLAS, all jets F—s—— 1751+ 1.8 (1.4 1.2) 7TeV [4]
ATLAS, single top —t——t 1722 2.1 (0.7 £ 2.0) 8 TeV [5]
ATLAS, dilepton H—-g-l 172.99 + 0.85 (0.41 = 0.74) 8 TeV [6]
ATLAS, all jets e 173.72 = 1.15 (0.55 = 1.01) 8TeV [7]
ATLAS, l+jets = 172.08 =+ 0.91 (0.39 = 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) H*H: 172.69 = 0.48 (0.25 = 0.41) 7+8 TeV [8]
ATLAS, leptonic invariant mass (*) H-=H 174.48 + 0.78 (0.40 = 0.67) 13 TeV [9]
CMS, l+jets e 173.49 = 1.06 (0.43 = 0.97) 7TeV [10]
CMS, dilepton et 172,50 = 1.52 (0.43 = 1.46) 7TeV [11]
CMS, all jets ——t— 173.49 = 1.41 (0.69 = 1.23) 7TeV [12]
CMS, l+jets e 18 172.35 = 0.51 (0.16 = 0.48) 8 TeV [13]
CMS, dilepton ot 172.82 + 1.23 (0.19 = 1.22) 8 TeV [13]
CMS, all jets HeE 172.32 + 0.64 (0.25 = 0.59) 8 TeV [13]
CMS, single top H—e 172.95 = 1.22 (0.77 = 0.95) 8 TeV [14]
CMS comb. (Sep 2015) e 172.44 = 0.48 (0.13 = 0.47) 748 TeV [13]
CMS, l+jets | 172.25 = 0.63 (0.08 = 0.62) 13 TeV [15]
CMS, dilepton ot 172.33 + 0.70 (0.14 = 0.69) 13 TeV [16]
CMS, all jets o | 172.34 + 0.73 (0.20 = 0.70) 13 TeV [17]
CMS, single top e 13 TeV [18]
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Monte Carlo mass is close
to the pole mass, but non-
perturbative effects etc.
introduce theory
systematics.

Direct (reconstruction of
top decay) and indirect
(inclusive or differential
cross sections) top quark
mass measurements are
carried out at LHC, with
uncertainty at ~0.5 GeV
(systematics dominated)



Top mass

[ CMS-TOP-19-009 |

Stat + prof CMS measured the top and anti-top
Total unc. masses independently using 2015-
---- SM prediction : 201 6 data_
ONIS, sngle t (1576 - Adata sample enriched with
oms, 1 jesTev) v Ieptonllc t-chann_el single top: 1
: e/\, 2 jets, 1 b-jet@55%,
ATLAS, ff / + jets (7 TeV) -—V-—- M>50 GeV.
- MVA approach with 2 BDTs
e T trained.
Am, (GeV) « Estimate QCD background from
m, = 172.62 + 0.37(stat-+prof) 097 (ext) GeV = 172.621% GeV, fit to My and subtract from data.

my = 171.79 + 0.58(stat+prof) *

Amy = my —my = 0.83 £ 0.69(stat+prof)

1.32
1.39

< =

m, = 172.13 £ 0.32(stat+prof) 7052 (ext) GeV = 172.137576 GeV

(ext) GeV = 171.79* 14 Gev. » Derive mass calibration to

correct fitted mass.

Results consistent with the

(ext) GeV = 0.831]72 GeV conservation of CPT
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Top pair differential search

[ ATL-CONF-2021-031 ]
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¢ Ctc
g C L.
tG * Reweighting MC to NNLO leads to
' better agreement.
« Top quark pt relevant for differential
q P EFT search.
c® * Limits on Wilson coefficients of dim-6
tq

EFT operators C;; and Ct(s).
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Top pair differential search

CMS 35.9 fb™ (13 TeV)
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[ Eur. Phys. J. C 80 (2020) 658 ]

 Combined OS ee, eu and
uu channels

» Unfolded kinematic
variables in bins of top
pair mass

» Double-differential and
triple-differential
measurement are made

Triple-differential
measurement is used to
extract values of the
strong coupling strength
as and the top quark pole
mass



Inclusive cross-section [pb]

Single top production

~ ATLAS+CMS Preliminary
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Single top-quark production
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tW: tt contribution removed
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tW-channel
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« Single top production is dominated by t-channel

(~200 pb @13 TeV).

« Theory and data agree within errors. Single top EW
production allows to probe the Wib vertex for new

physics

s [TeV]

s-channel



Top polarization

Dominant process (t-channel single top):

[ ATL-CONF-2021-027 ]

As opposed to top-pair production,

u - - d d g g . top quarks are expected to be
w polarized in single top production.
b t p——— t : : :
Signal region: octant variable
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Templates simulated with fully
polarized states (Py = +1)
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do
Gt dcos 6,

1.

Model/Data

Top polarization for EFT

[ ATL-CONF-2021-027 ]
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* Normalized differential cross section as a z T
: - © | ATLASPreliminary * Pt vale
function of the angular variables unfolded 13 Tey. 1ae Ok
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to particle level in a fiducial region. o9 .+ SM prediction
- Aprofile LH fit to cos 6, and cos 8, to 0: ]
. . . — S S —
describe the cross sections as a function i
of EFT coefficients Cyy, Cinw- sl ) 1

Stringent bounds obtained on the real and
imaginary coefficients of the tWb dipole
operator.
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b-fragmentation parameter

Determine the shape parameter r, of the
Lund-Bowler b-fragmentation function,
using c-mesons (Do & J/Y) inside b-jets
from ttbar decays.

Use single and dilepton ttbar
selections, search for displaced
vertices from Dy and J/.

Measure Xx,, the fraction of pr carried
by c-meson inside jet, and fit to
analytical expression to extract r,.

1, = 0.858 £ 0.037 (stat) £ 0.031 (syst)

1/N dN/dx,,

[ CMS-PAS-TOP-18-012 ]

CMS Preliminary 35.9 fb™' (13 TeV)
0.06—

I pp: tt — wwib
D e‘e:Z — bb

— Pythia 8

0.05/-

0.04/
0.03-
0.02

0.01

compare functional forms and
uncertainties from pp to e*e- result
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ulc

Top FCNC

ulc Z
/
ulc ) b
4 w

FCNC is forbidden in SM at tree level and

suppressed at NLO.
FCNCs active at production and top decay

are both explored.

Upper limits on :
top FCNC BRs:
6.2 x 107 for t — Zu

13 x 10~ fort — Zc

Data / Bkg.
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F SR2 VV+HF  liItZ

' D;>-0.7 or DS >-0.4 WFake lep. WOther bkg. J
F Post-Fit Bkg. uncertainty

E --- FCNC (u)tZ x 50

FE — FCNC tt(uz) x 50

%

[ ATL-CONF-2021-049 ]

ATLAS+CMS Preliminary

LHCtopWG

BR(t_> H U) ATLAS limits on t-> y g are valid for the case of a purely LH coupling.

Each limit assumes that all other processes are zero.

September 2021
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HERA: PLB 708 (2012 27), PLE 678 (2009) 450, PLB 668 (2008) 282
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590 (2004) 21, PLB 521 (2001) 181, PLB 549 (2002) 290, LEP Exotica WG 2001-01

ATLAS: JHEP 0:) (2019) 123 PLB 800 (2020) 135082, EPJC 76 (2018) 55, JHEF’ 0? I201 8) 176

CMS: JHEF 07

3, JHEP 04 (2016) 035, JHEP 02 (2017) 028, CMS-PAS
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Energy asymmetry

[ TOPQ-2019-28 ]

Use energy asymmetry Ag in ttbar+jet (driven by gg channel) to probe the EFT
parameters

TP(6;|AE > 0) — °P(6;|AE < 0)

AE = E, — E;
0P (6;|AE > 0) + o°P{(0;|AE < 0) ( e — Ea)

AE(HJ) =

o(8;) = a(8lyiij > 0) + o(m = 6;ly:z; <0), 6 € [0, 7]

* 0, is the angle between the jet and the positive z-axis. Both AE and 6; are
defined in ttj rest frame.

* Results unfolded to particle level in bins of AE and 6 .

« Event selection in /+jets final state:
le/u, MET>20 GeV, MET+MT>60 GeV, 21 b-jet@85%, 1 AR=0.4 jet with p;>100
GeV, 1 DNN top-tagged AR=1 jet with py>350 GeV.

- Sensitive to 4-quark operators, complementary to A,.
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Energy asymmetry

CVH 4 T I T I T I T
=) " ATLAS Preliminary s MadGraph5_aMC@NLO _
E - Vs=13 TeV, 139 fb"! —4— Data (stat only) .
< 2__ --4-- Data (stat + syst) -
L - _
< o nt
:\\\\\\\\g\\\\\\\\_ \
D N
_4:_ \\\\\\\\\\\ T \\\\\\\\\\\ _:
C | | | 7
0 /4 /2 3n/4 T
6, [rad]
, Agp + AAg[1072]
Scenario 0<0,<% Z<g,<3Z 3Z<g <n
Data -3.17+2.11 -429+204 -125+1.76
SM prediction | -1.27+£0.28 -3.66+0.33 -0.59+1.28
SM expectation | —1.27+2.05 -3.66+1.95 -0.59+1.61

[ TOPQ-2019-28 ]

High-purity region: 87%
ttbar for A measurement,
5% WH+jets, <2%
fakes+QCD.

Energy asymmetry shows
good agreement with SM.

Dominant sources of
uncertainty are data
statistics, followed by ttbar
modelling.

Inclusive energy
asymmetry Az =

— 0.043 + 0.020 agrees
with SM prediction of

— 0.037 £ 0.003.
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Ciy (TeVIN)?

Energy asymmetry

Six four-quark EFT operators are studied

I

0o = (QLyuT*QL)(GLy*T*qvL)
0%, = (trRyuT*tr) (ARrY"T*ur)
0;, = (GLyuTqL) (fry"T*tr)
05, = (OryuQ1)(Gry*qr)
Ot = (IRYutr) (ARY"uR)
0}, = (GLYuqL) (frRY"R) .

"ATLAS nternal 68% CL " ATLAS nternal

VS >13Tey, 13971

41 Vs=13TeV, 139fb"!

68% CL
95% CL

CE, (TeV/A)?
o

—— 68% CL expected
----- 95% CL expected

—— 68% CL expected

----- 95% CL expected

0 2 a 4 e

3l (TeV/A)?

0 2 4
ClE (TeV/A)?

[ TOPQ-2019-28 ]

ATLAS Preliminary wm A
VS =13TeV,139fb™? W Ac (expected)

—— 68%CL
---- 95%CL
Cll N F——ti
Qa H——t
S —
18 |
Caq b= =4
al et
fa F——tH
e
8 L
Cq AR S————

5 4 3 2 41 0 1 2 3 4 =5

C (TeV/A)?

Tighter bounds for color
singlets, because of color
factors in the amplitude
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CP violation 1n top pairs

Choose T-odd observables that are odd
under CP transformation if CPT is
conserved.

O3 = Que(Po, Po, P2 Pj,) < Qe - (P/g X P';)

Og = Que(P, pp — o, P Pj,) &< Qe(Po — P5) - (Pe X Pj,)
O12 =4 (po — P5)€e(P,q, o, P5) < (Po — Pp)z* (o X Pp)2
O14 = €(P, pp + Pp, P, Pj,) & (Po + P5) - (Pe X P,)-

CPV is manifested by a non-zero value of
the asymmetry

Nevents(oi > 0) — Nevents(oi <0
Nevents(oi > O) + Nevents(oi < 0)‘

N

Acp(0;) =

CP phase in CKM matrix too small to
produce visible SM CP violation in ttbar
decay, so any asymmetry is a sign of
BSM.

Events / 0.04

Data/MC

BSM/SM

[ CMS-PAS-TOP-20-005 ]

Chromo-electric dipole
moment (CEDM):

L= gZ—SfTﬂaW(af +iysd$)tGE,

1w, >4 jets (2bjets) 137fb™ (13 TeV)
108 T I 1 I T T I I T
1 DY+jets [l Single t | \AY
CMS ) - ) S )
107 o Wi+jets [l tt dileptonic [ tt semileptonic
Preliminary —+ Data [ |Stat. ® Syst.| Syst.
10°
10°
10
10°
1 :T..*' e S -o»...--“‘-&.._,::
05 SO RS .
1.2 ' E
1 E- (d =-3)/(d =0) —2
0.8f =996, =0
- 08 06 04 02 0 02 04 06 Q8

Oy / my [GeV]
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Asymmetry [%)]

CP violation 1n top pairs

[ CMS-PAS-TOP-20-005 ]

l+jets selection: 1e/u p1>30/38 GeV, =4 jets p1>30 GeV, 2 b-jets @68%.

Use x2-based top reconstruction + M(lb)<150 GeV to minimize incorrect I-
b pairing.

Template fit to M(lb) to measure signal and background normalizations.
Extract Acp by counting signal events.

11 Iep,z4jets(2lb jets ) | 1|37fb'1 (13TeV} . o

. cms \ A mons v Apipios « Correct Acp with dilution
0.65— Preliminary A’ in lepton+jets (8 TeV) A'cp in lepton+jets _E faC’[OI’ D to account fOI’
b E migration from detector and
02k { E top reconstruction effects.
0.2 { } } + — . Lt
sk E * No discrepancy within 20. A
ek E factor 3 improvement from 8
o8 E TeV measurement.

- 0, 0, | 0,, 0,, -
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Summary

LHC is a top factory. With more data accumulated, precision
measurements such as differential EFT search, rare production
(single and associated) and decay modes, top quark
polarizations, can be probed.

Some analyses are systematics dominated, precision
measurements would benefit from improvement on jet energy
scale uncertainty on the experimental side, and higher order as
well non-perturbative uncertainty on the theory side. Non-
perturbative parameters can be tuned to match data.

Currently, all measurements of top showed good agreement
with SM predictions, constraining BSM tighter with more data.

Not all top measurements results are included in this talk, and
focus is given to new results from ATLAS/CMS in the last year
or so.
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