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Bl Observation of tf production in the lepton+jets
and dilepton channels in p+Pb collisions
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B Observation of tf production in the electron—-muon
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Quark-gluon plasma

7

** Quark-gluon plasma (QGP) is
created in heavy-ion collisions
at LHC and RHIC energies.

** QGP is short-lived with a lifetime
of ~ 10 fm/c.

** Top quarks are expected to
interact with the pre-equilibrium
stage of the QGP.

%* The time structure of the QGP
can be studied via hadronically
decaying W bosons.

Nucl.Phys.A 1047 (2024) 122874
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Nuclear PDFs

. HP 2024 B. Gilbert
<> Top quarks provide novel probes of

nuclear modifications to parton ‘\'% 106? T WSL\A\CH[\JI\‘S T 1T \HH‘ T 1T \HH‘ T 1T \HH‘ T 1T \HLE
distribution functions (nPDF). ©  F owhaicos _/m\
~ [ » CHORUS vA DIS p+Pb Dijets

o o 105; :?1/: B:Z'I'Ii::: 'CMS 5 TeV p+Pb Dijets _
%* Selection of world data constraining nPDFs
H 2 L ATUAS p+Pb i ]

is shown on the (x, Q?) plane. ol . / ] /

E LHCW &Z [ '_| Vit

+¥* Recent ATLAS measurements cover J — 7
a large phase-space region: 10 ’_@g;gmv i F 3

L / ]

e UPC dijets 5.02 TeV 105 s E
(arXiv:2409.11060), g prFPremeRo E

« dijets 8.16 TeV p+Pb 104 : m:%
(PRL 132 (2024) 102301), E AR .. ]

— 1! Ll ol LA L
o 1t8.16 TeV p+Pb 107 1074 1073 1072 107! 1
(JHEP 11 (2024) 101). X
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Top-quark pair production

** Top quarks can serve as novel probes of
the QGP and the nPDF. e
up 1%
—
*® ft production is measured in the combined -
£+jets and dilepton channel in p+Pb
q
+

collisions.

et 2%

e +jets \ uT 2%
15% |
w

X production is observed for the first time in

the ep channel in Pb+Pb collisions.

* {f measurements by CMS:

p+Pb collisions (PRL 119, 242001 (2017))
Pb+Pb collisions (PRL 125, 222001 (2020)).
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Observation of tt production

in the lepton+jets and dilepton
channels in p+Pb collisions
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p+Pb data in ATLAS

X p+Pb data at \/syny = 8.16 TeV
collected in 2016 by ATLAS.

% The luminosity of 165 nb™,
split into 57 nb™! (p+Pb)
and 108 nb™! (Pb+p).

* Final luminosity calibration with a
relative uncertainty of 2.4%.

Event display of a p+Pb collision containing
a tt candidate in the ep channel.
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Object reconstruction

** Electrons must have pr > 18 GeV
and |n| < 2.47, pass Medium Lepton py Jet pr
identification and be isolated.

8 Faras T T e § phamas T T
‘:' Muons must have pr > 18 GeV é 10 5';:;"@]:8216Tev, 165 nb Eg.ngﬂe o —% g ?;:;nﬁjeilﬂew 165 nb E(S[mgm(up
and ‘77| < 2.5, pass Medium L Post-Fit =a:: é Post-Fit =a::
. R Ew+ight ] I wight
requirements and be isolated. . mze 2o
Wz +light E W Z+ight
% Jets are required to have 10 oo opion M Fase opon
pPr > 20 GeV and |’I’]| < 25, N 7 Uncertainty i 7/ Uncertainty
¢ b-jets are tagged using the DL1r  _ ,! .
algorithm (EPJ C 79 (2019) 970). by h ¢ {” Wf* éM - "’M”f”i’%%%f/%
o OIJZO 40 60 80 100 120 140 160 180 o 05 250 300
¢ Fake-lepton background is Leptonp,(Gev] et eV
estimated from data using the JHEP 11 (2024) 101

matrix-method technique.
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Signal regions

e+jets u+jets dilepton

5 ! e 5 [T TR PR R = ! !
@, - 8 ATLAS Data E & 400F ATLAS #-Data El 8 gl ATLAS Da!a
‘0‘ Slgnal strength 3 %0 pePb 5= 8.16 TeV, 165 nb* In 2 P#Pb |5, =8.16 TeV, 165 nb” T 2 p+Pb [y = 8.16 TeV, 165 nb” g
§ so0f M1betiets Dsngletop § 5 3500 1116 et Msngeop § 5 70f 2110 Esingle top
o O.measured / O.theory & PostFit Wb I PostFit Wb H PostFit
= 300
tt tt 600} -
is determined by a ER =
rofile-likelihood fit B L Boutn
- [CIbiboson [CDiboson
p . 300} Fake lepton 150 W Fake lepton
7/ Uncertainty 100 7 Uncertainty J
50] -
o, 0. 0
% H. is the scal : ;
+ M7 1S Ine scalar sum Bl T D P~ S T Fask ) ]
of lepton and jet pr v ; i S ¥% i
- e 0'100 200 300 400 500 600 700 800 900 1000 e 0100 200 300 400 500 600 700 800 900 1000 L] DJOO 200 300 400 500 600 700 800 900 1000
HY' [GeV] Hy' [GeV] Hy' [GeV]
3 T \ T 3 T 3 LA AR A \ T
[v] ATLAS Data — o ATLAS Dala Q90| ATLAS Data
o 3 p+Pb (5= 8.16 TeV, 165 nb .“ 3 250 p+Pb (5= 8,16 Tev, 165 nb* -" 1 3 P+PD (50, = 8.16 TeV, 165 nb* .‘.
" N B . ] 1£2bincl e+ets Dsingletop 3 H 1426incl pjets [ Single top £ 80F 2¢2bincl Isingle top
** Six signal regions: & %0 postr i & f pore o & postre
mw+c E 200| Ew+c 4 Wz
MW +ight W +light Wz +ight
. Z+b E . Wz [CIbiboson
[ ] 1[1 b e+JetS, Wz 150 Mzt 3 B Fake lepton
i | ; W z+ight W Z+ight 7/ Uncertainty
1 2 Cpiboson [CIpiboson
e 1/2bincl e+jets, S BT e
. 77 Uncertanty 77 Uncertanty
e 1/1b u+jets, @ ]
e 1/2bincl u+jets,
5 L 5 5
e 2/1b L T - T 1
’ E 075‘? L 1 F 5075 b
e 2/2bincl S e e e e S N

Hy [Gev] Hy' [GeV] Hy [Gev]
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Systematic uncertainties

JHEP 11 (2024) 101
Pre-fit impact on p: Dm

*®* The main systematic uncertainties: =08 _6=040 02 01 0 01 02
jet energy scale and signal modelling. POt s | arLas
o . i —e— Nuis. Param. Pull p+Pb sy =8.16 TeV, 165 nb
** The total systematic uncertainty amounts to 8%. ke epton ackground et 15 I
tt acc. aMC@NLO
Fake-lepton background e+jets 16 -
Aogz/oz  acc. PhH7
Source unc. up [%] ! unt(t:. down [%)] _ Luminosity
Jet energy scale +4.6 4.1 ftmodeling ::
tt generator +4.5 -4.0 JES srosecabra
Fake-lepton background +3.1 -2.8 bagging SF
Background +3.1 -2.6 Wec background 15 —
Luminosity +2.8 2.5 Zb
Muon uncertainties +2.3 -2.0 Muon identification SF
W jets +22 20 S
b-tagging +2.1 -1.9 Wb background 26
Electron uncertainties +1.8 -1.5 Single top DS
MC statistical uncertainties +1.1 -1.0 Fake-lepton background g+jets
Jet energy resolution +0.4 -0.4 Muon isolation SF
tt PDF +0.1 -0.1 JES intercalbat
Electron reconstruction SF
Systematic uncertainty | +8.3 -7.6 bbb

(6-6,)/06
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Cross-section measurement

JHEP 11 (2024) 101

7 i . . . ATL‘A‘S T ‘ pLF‘l‘: ﬁ:‘&ﬂ‘sT‘ev
** The tt production cross section is measured to be e
o4 = 58.1 £2.0 (stat.) T45 (syst.) nb. T tpeasane
@, . . . MCFM nCTEQ15HQ
** The total uncertainty amounts to 9%, which makes it the
most precise tt measurement in HI collisions.
CMS 8.16TeV p+Pb PRL 119 (2017) 242001
9, . . . ATLAS+CMS 8TeV pp (extrap. JHEP 07 (2023) 213
%* The result is consistent with the CMS measurement and MRS |1 N
scaled cross section in pp collisions, extrapolated to N R L
\/E =8.16 TeV. ATLAS %sp:b@:me Tev
° _— . 8 oo st un
** The nuclear modification factor is measured to be
Rpa = 1.090 + 0.039 (stat.) T3 (syst.). o
K/ . N =
** Good agreement with MCFM NNLO calculations g
(PRD 94, 093009 (2016)) based on four nPDF sets. i
‘0}6“‘0.‘8“‘ 1‘4“ 1‘6“
RpA
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Observation of tt production

in the electron—muon channel
in Pb+PDb collisions
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Pb+Pb data in ATLAS

% Pb+Pb data at \/syx = 5.02 TeV
collected in Run 2 (2015, 2018)
by ATLAS.

% The luminosity of 1.9 nb™:
0.49 nb"' (2015)
1.4 nb™ (2018).

+®* Final luminosity calibration with a
relative uncertainty of 1.5%.

Event display of a Pb+Pb collision containing
a tt candidate in the en channel.
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Object reconstruction

** Electrons must have pr > 18 GeV
and || < 2.47, pass Loose

identification and be isolated. Dilepton py Jet multiplicity

= R e e @ T T T T T -
o g 18 ATLAS —e— Data S 60 ATLAS —e— Data -
- 3 = v I 1

L. %4 Muons must have pr > 15 Gev Q 1 Pb+Pb |5, =5.02 TeV, 1.9 nb* w I Pb+Pb |5, =5.02 TeV, 1.9 nb* R 3
S Cemhramy tl}ao% =hv 50 Cen:ahly ?780% =V 1

£ j4F enchannel - ets ey channel —J 3

and |n| < 2.5, pass Loose R - soLProFt e

o

/722 Uncertainty

/727 Uncertainty

requirements and be isolated.

30

8
. 6| 20|
% Jets are required to have 4 o
pr > 35 GeV and |5 < 2.5. L e f, N b,
5 17 T T T T 5 17
& 135 1 o £ 135 0
“* No b-tagging requirements are E 06%5/ //////////////// s 1///////}////%/// %é 2
. . 8 oes Z oes
imposed on jets. B T T R T =
Piu [GeV] Jet multiplicity
* Fake-lepton background is arXiv:2411.10186
estimated from data using the
ABCD method.
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Signal regions

+* Two signal regions are
defined using invariant
mass Me,:

e SR1: p?* > 40 GeV,
e SR2: p{ <40 GeV.

+* Signal strength
definition:

_ __ _measured / _theory
Mt = 0 /o g -

*® g is determined by a
profile-likelihood fit to
me,, data distributions.

Events

Data / Pred.

tt production in p+Pb collisions
00000

Signal region 1

L L e Y

ATLAS ¢ Data 4 &
_ >

Pb+Pb {syy=5.02 TeV, 1.9 nb™ [l tt J w

Centrality 0-80% Otw E

SRy Z+jets, W

Post-Fit L E

[l Fake lepton
77 Uncertainty 3

77 <
a
50 100 150 200 250 300
me, [GeV]

tt production in Pb+Pb collisions
[e]e] le]e]

Signal region 2

T B e AL A B B e T A RN
16—~ ATLAS ¢ Data 4

Pb+Pb {sxw=5.02 TeV, 1.9 nb™" [t ]
14 Centrality 0-80% Otw -
SR, W Z+ets, vV
1o Post-Fit [l Fake lepton

77 Uncertainty 1

57777
| //(%///%//////////////// 00
m,, [GeV]
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Systematic uncertainties

arXiv:2411.10186
+* Main systematic uncertainties: signal Pre-fitimpact on p: _ A
modelling and jet reconstruction. - 0=0+48 | =608 415 51005 0 005 01 015
o . . Post-fit impact on p: A”“”‘“‘”“””‘””‘””‘””‘”
** The total systematic uncertainty of 18%. mo=686+08 mo=8-08 | ATLAS

— Nuis. Param. Pull | Pb+Pb {syy =5.02 TeV, 1.9 nb™

tf matrix-element matching

Muon Pb+Pb Iso SF

Systematic uncertainty +18.4 -13.2 TR PR I NV BT P
-2 -15 -1 -05 0 05 1 15 2

(6-6,)/00

Ao/ akeoconecion|
Source 1/ 0t tf fake-jet correction
unc. up [%] unc. down [%] tt PS/hadronization —_]*
Signal modeling +14.4 -8.7 Fake-lepton norm. stat. —-—_—
‘ljzeL lent +gg _23 Fake-lepton shape : —_—.—‘-1
ake-lepton +6. -6. . ; . 3 §
Electron 136 23 Z+jets,VV fake-jet co-rrecuon —-—_— :
Muon +3.4 22 JES effective NP1 —
Luminosity +2.3 -1.6 JES flavor response ——
Background modeling +2.2 2.2 Electron Pb+Pb Iso SE —
MC statistics +1.9 -1.6 =
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Cross-section measurement

7
L X4

7
%

The top-quark pair production
cross-section is measured to be

o5 = 3.6 759 (stat.) *48 (syst.) ub.

The total uncertainty of 31% is dominated
by the statistical component of 26%.

The first observation of ft production in
Pb+Pb collisions with 5.0 o significance.

Good agreement with MCFM NNLO
calculations (PRD 94, 093009 (2016))
based on four nPDF sets.

arXiv:2411.10186

MCFM TuJu21

MCFM nNNPDF30

MCFM nCTEQ15HQ

MCFM EPPS21

CMS 5.02TeV Pb+Pb

ATLAS 5.02TeV pp (scaled)
1 | P

T

e oy

—O0—5

o

y

P i

T

R B
ATLAS
Pb+Pb |5, = 5.02 TeV
1.9 nb*

|¥ Data total unc.
| Data stat. unc.
© PDFunc.

PRL 125 (2020) 222001

JHEP 06 (2023) 138
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Summary

Observation of tt production in p+Pb collisions JHEP 11 (2024) 101
. e . . . ‘ ‘ ‘ ‘+ m:é.we @
o The first {f observation using the dilepton ATLAS et
channel in p+Pb collisions at the LHC. :- I
e The tt cross section is measured to be e : z
o =58.1 2.0 (stat.) T35 (syst.) nb. °°°° '?l
e The most precise tt cross-section cusseravpn o]
measurement in HI collisions at the LHC. rusasmvmons |l seowo
20 40 60 80 |Oﬂoﬁ [nb]
H Observation of tf production in Pb+Pb collisions _arXiv:2411.10186
o The first observation of tt production in Pb+Pb o i 522 T
collisions at the LHC. t 1;9:"’ .
e The tt cross section is measured to be B g Lo
_ +1.0 +0.8 reTene
og=3.6 Tg (stat.) Tz (syst.) ub. B
e The observed significance in the ey channel cwssomevrnrn ot e s o
amounts to 50 0. ‘ Armss‘uzrevpp(s‘l.a\em ‘ te ‘ JH‘EPDE(2023‘]JSS ‘
-4 -2 o 2 4 6 8 El,l:i[ub]
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Selection CMS measurements
e0 [e]e]

Event selection in p+Pb collisions

L+jets Background
e+jets p+jets % Single top,
e 1 electron, e 1 muon, & Wijets,
e 0 muons, e 0 electrons, o Wa4b,
o atleast 4 jets. o atleast 4 jets. o W+c,
e W-light,
Dilepton < Zijets,
ee e o Z+b,
ol H o Z+C,
e 2 electrons, e 2 muons, e 1 electron, o Z+light,
e 0 muons, e 0 electrons, e 1 muon, % Diboson
e opposite sign leptons, e opposite sign leptons, e opposite sign leptons,
*%* Fake lepton.
e my, > 45 GeV and e my, > 45 GeV and e My > 15 GeV,
mye ¢ (80—100) GeV, mye ¢ (80—100) GeV,
e atleast 2 jets. e atleast 2 jets. e atleast 2 jets.

Patrycja Potgpa Polish Workshop on Relativistic Heavy-lon Collisions 2024



Selection
oe

Event selection

Dilepton

e 0-80% collision centrality
e primary vertex

ee Hp ep
(control region) (control region) (signal region)
e 2 electrons, e 2 muons, e 1 electron,
e 0 muons, o 0 electrons, e 1 muon,

opposite sign leptons, e opposite sign leptons, e opposite sign leptons,
Mee € (66-116) GeV, e my, € (66-116) GeV, e Mg, > 30 GeV,
no jet requirement. e no jet requirement. e atleast 2 jets.
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[e]e]

Background
“* Single top (tW),
¢ Diboson (VV),
& Zijets,

o Z— ee,

o Z — up,
o Z =TT,

“* Fake lepton.



Selection CMS measurements
[o]e]

tt in p+Pb collisions by CMS

*® First observation of tf production in 2016 PRL 119, 242001 (2017)
p+Pb collisions by CMS.
pp, 19.6 fb, (15=8 TeV) cT10 CMS
Data scaled by A Fuonn (816 Te)v) NNLO+NNLL Top++
Fynomni B TV, CT14

+* Total integrated luminosity of 174 nb™. [+jets EPICT7 (2017)15 1gg NNLO*NNLL Top++

el JHEP 1608 (2016) 029 HH
0

** Measurement done in the £+jets (¢ = e, i)

- 1 (o= ; .
channel of it decay. PO T4 (B 10Te) B - (CTEER) o0
s e b (STEEEER) e
) . . jet:
%* Combined cross-section: priets ——

o = 45 + 8 nb. etjets '_""—'__‘ Exp. unc.: stat_stat Lisyst

Th.unc.: pdf pdf (scales

o e b e L L

0 20 40 60 80 100
o [nb]

** Total relative uncertainty of 18%.
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Selection CMS measurements
[o]e]

tt in Pb+Pb collisions by CMS

* First evidence of tf production in 2018 Pb+Pb

collisions by CMS. PRL 125, 222001 (2020)
% Total integrated luminosity of 1.7 nb™. ; CMS
PbPb, 1.7 nb™, (S, = 5.02 TeV)
255Ny 4ag H—e—H CT14 NNLO x EPPSI6NLO
** Measurement done in the dilepton " ANLOsLL TTLANLO

(ee, puy, ep) channel of tf decay. Zos 1

** Observed significance for two methods:

3.8 (dilepton-only), Akt SIS 1op
4.0c (dilepton + b-jets). D grietseN A NNLONNLL TOP++
JHEP 03 (2018118 s st ot
%* Measured cross-sections: Lo
og=25413% ub  (dilepton-only), | | | l |
os =2.03 107 b (dilepton + b-jets). 0 2 4 3
ft 0.64 1

* Available back then PDF (CT14) and
nPDF (EPPS16) used.
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