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Top quork studies @ LHC: 4 V'sy & 2 systems!

+
@ Top quark is multifaceted - I", q
L andd
@ A wealth of top pair (tt) production measurements
® At5,7,8,and 13 TeV b

® In pp and pPb collisions

@ So far elusive in nucleus-nucleus collisions
Phys. Rev. Lett. 119 (2017) 242001
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® Initial state
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s To probe nuclear PDFs at high (x, Q2 ) values
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® Final state

Inclusive tf cross section [pb]

s Novel tool for parton energy loss
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= NNLO+NNLL (Top++)
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Measurement of tt cross section: general opproach

@ Choose the cleanest final states

o dileptons (+jets): ee, uy, and ey
JHEP 03 (2018) 115

@ Define the “visible” phase space

5 27.4 pb™ (5.02 TeV)

® Kinematic requirements on physics objects S | CMS e&F e
i PP o\

» Split in bins of (b) jet multiplici m =w

® Split in bins o et multiplicit
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@ Apply MVA techniques on

® b tagging and signal extraction

® optimized in 1/3 of the available data (“blind” approach)
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Number of jets

@ Perform likelihood fits to distributions

@ The cross section (o) is extracted



The first search for tt using PbPb collisions

@ Dilepton final states have the best S/B but what about the event count?

[Phys. Lett. B 746 (2015) 64]
@ perturbative QCD cross section (3.2 pb) X luminosity (1.7 /nb in 2018): 0(100) candidate events

s accounting for signal acceptance and detection efficiency
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The first search for tt using PbPb collisions

@ Dilepton final states have a distinct event signature

@® Leptons are of high pr, isolated, and opposite charge

® Main background from prompt (e.g., Z/9") or nonprompt leptons
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The sighal and bkg modeling

@ NN (N=p,n) — tt, bkg processes at next-to-leading order (NLO) in pQCD

® LEPPS16 nPDFs, embedded to HYDJET

® Nonprompt (e.g., QCD multijet, W+jets) bkg from event mixing
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Optimizing the tt extraction with lepton-only MVA

@ Boosted Decision Trees (BDTs): kinematics from the two leading-p- leptons

® Easy to calibrate and robust against QGP effects

@ Bkg and tt signal populate low- and high-BDT scores, respectively
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Measuring the tt cross section with leptons only

@ The cross section is measured 2.56 + 0.69 (stat) + 0.43 (exp) + 0.13 (theo) ub

@ The statistical uncertainty is dominant

@ Total number of signal events from all three final states: 43

® compatible with that we initially expected
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The first evidence of top quarks in PbPb!
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Including the information from jets

@ Enriching the final-state topology with the b jet info: phase space regions with difterent signal purity

@ Jets (anti-ky, 0.4) are also of high pr with falling n distribution

s An optimized algorithm successfully tags 60-70% of the b jets
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b-tagged jet
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The signal and bkg b jet multiplicity

@ We count the number of events in the three final states with 0, 1, and 2 b-tagged jets

® sclecting the jets with the highest b tagging score

@ Additional systematic uncertainties well under control

(Phys. Rev. Lett. 119 (2017) 062302]
® Experimental (b-tagging efhiciency, JES/JER) @ jet quenching parametrization uncertainty in signal
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Measuring the tt cross section with leptons+b-tags

@ We extracted ¢ with a similar precision relative to the lepton-only measurement
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@® compatible with each other
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Measuring the tt cross section with leptons+b-tags

@ We extracted ¢ with a similar precision relative to the lepton-only measurement

@® compatible with each other £=1.7+£0.1 /nb
oc=202+0.69 pb

@ b tagging is a powerful tool to flag tt production

do /o =35 %
A\

® tt provides a pure sample of b jets throughout the QGP evolution
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Up-to-date compilation: 4 v'sww & & systems @ LHC!

@ Experimental evidence of the top quark in nucleus-nucleus collisions

® using either leptons only or leptons+b jets

@ It establishes a new tool for probing nPDF's as well as the QGP properties
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The significance of the lepton-only measurement

@ Basic ingredients: acceptance (), efliciency (¢), and total (stat ® syst) unc

® Aat NLO; ¢ from MC with data-driven correction

@ The bkg-only hypothesis is excluded at 3.8¢
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The significonce of the leptons+b-tags measurement

@ We fit the lepton-only BDT classifier simultaneously at all three final states

@® correlating the number of events with 0, 1, and 2 b-tagged jets
@ This boosted our expected significance > 50

@ The bkg-only hypothesis excluded at a similar level, i.e., 40
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Splitting uncertainty in a stat & syst component

@ There is no unique method

@ stat: fix nuisances to post-fit values and refit with floating ot

syst: fix nuisances once at a time to post-fit unc and refit with

Table 2: Observed impact of each source of uncertainty in the signal strength y, for the leptonic-
only and leptonic+b-tagged analyses. The total uncertainty is obtained from the covariance

matrix of the fits. The values quoted are symmetrized.

Source

Au/p

leptonic-only

leptonic+b-tagged

Total statistical uncertainty

Total systematic experimental uncertainty
Background normalization
Background and tt signal distribution
Lepton selection efficiency
Jet energy scale and resolution
b tagging efficiency
Integrated luminosity

Total theoretical uncertainty
nPDF, iy, py scales, and g (1)
Top quark and Z boson p; modeling
Top quark mass

Total uncertainty

0.27

0.17
0.12
0.07
0.06

0.05

0.05
<0.01
0.05
<0.01

0.32

0.28

0.19
0.12
0.08
0.06
0.02
0.06
0.05

0.05
<0.01
0.05
<0.01

0.34



leptonic

1 Nonprompt
2 Integrated luminosity
3 Zyr
4 twW
s p,(@)
6 VvV
7 Shapes (ep.,8)
8 W isolation
9 e trigger/identification
10 Shapes (ep,6)
1 Shapes (up,9)
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Impacts and post-fit nuisance values obtained after the leptonic-only (left) and the leptonic+b-tagged (right) fits. Only the 15 leading
nuisance parameters are shown.
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Per-channel sentitivity

Table 3: Signal strength p and significance in standard deviations including only the
ey Tchannel in the fit and compared to the ete ,u*u~, and e*u™ measurements. The ob-
served (expected) results of the fits are reported.

Fit alternative Signal strength #  Significance
e (leptonic only) 0.66™ 55 (1.007532 3.3 (4.7)
ete ,u"u",and e*uT (leptonic only) 0.81F7353 (1.007 355 3.8 (4.8)
e (leptonic+b-tagged) 0.61f8§8 (1.001“8:%2) 3.8 (6.3)

ete ,u"u~,and e*uT (leptonic+b-tagged) 0.647735 (1.007)3; 4.0 (6.0)



Event yields

Table 1: Number of expected background and signal events, and observed event yields in the
eTe”, uTu~, and e* uT event categories for the three b jet multiplicities (Ob, 1b, 2b) after all

selection criteria and the signal extraction fit.

Final state
Process efe” s eut
Ob 1b 2b Ob 1b 2b Ob 1b 2b
Z/y* 389.8+154 40.4£2.7 4408 10275273 136157 14117 351x1.7  4.4+09 0.7+0.2
Nonprompt 17.3+£2.2 1.440.2 <0.1 7.6x1.0 0.8£0.1 <0.1 17.1£1.9 4.0x£0.4 <0.1
tW 1.1+0.2 0.9+0.2 <0.1 1.8+0.4 1.3£0.3 0.2£0.1 34+0.7  25+05 0.4+0.1
\AY 1.9£0.3 0.2+0.1 <0.1 3.3£0.6 04=£0.1 <0.1 5.4+0.9 0.6+0.1 <0.1

Total background  410.2£15.1 42.8+2.7  4.5+0.8 1040.2+27.1 138.6+5.7 144+18 61.1+£29 11.5£1.3 1.1+0.2

tt signal 2.8£0.8 3.2+0.8 1.3+0.4 45+1.2 51x1.2 1.9+£0.6 9.7£25 10724 4.0£1.2

Observed (data) 410 48 9 1064 139 8 70 14 6



Signal separation: measuring tt with leptons only

@ Use the kmematlcs of the two leading-p; leptons to train a BDT

pr(€y), the pr of the highest-pr lepton,

[

)—pr(f)
H+pr(ls)’

A, , the asymmetry in the lepton-py’s, namely f,‘l

PT(E (), the pr of the dilepton system,

5(£¢)|, the absolute 5 of the dilepton system,
|A¢p(£1)], the absolute value of the separation in ¢ of the two leptons, and

Z|#;|, the sum of the absolute 7’s of the leptc:-ns

..... . oS Frofiminary [y A [ OMS Prelminan, 17 (502 ey
i — @
s o + Data .tW ] S 50 e s Data. ltW
o 50 - pref [ [ mvv . o [ mi mVV
C [MZ/y*  [INonprompt | C [z [INonprompt-

E#Norm. unc. 40 E&Norm. unc. ]

S o' ST T
g 2 g 2 T I
15 - S15- I .
P 5 ! R
w05 * ; { n *@'05—+ * + T T T l + -
D 0 O 0 L L L L 1 L L L L
0.1 02 03 04 05 06 07 08 09 1

020 40 60 80 100 120 140 160 180 200
p_(IT) [GeV] 1 - AG(IT)/n




Dilepton sphericity: prefit (left) ond postfit (right)

%) e R R R RN R RN RAREE RN R 2 - A
€ 40 e ¢ Data  [EtW - c 401 eu f ¢ Data MW -
- . = 7 -~ postfit f 7
Lﬁ 35__'5“3{'rr Mt A% - Lﬁ 35| (lptonic+b-tagged) Wt . mvv -
- [0Z/y*  [INonprompt ] - 2ty [JNonprompt 4
300 ggNorm. unc. = 30 &4 Norm. unc. -
o5 = 25/ =
20 = 20F- =
15:_ RS B 15:_ __________________ T 02 04 05 08 B
10 ________________ . L el 10 |y R
5? T
O_ o b b b b e B b g 0 e b e b b e P b P
. 2 . D ‘ .
ie]
Q151 : 51.5— 4 l -
S od P e S o S
% 01702 03 04 05 06 0.7 08 09 1 O 0 03 04 05 0% 07 08 09 1

B, (MO / [P (1)+p (1] B, (FI / [p,(M+p (1]



GEN aond RECO level b jet distributions

CMSpPrefiminary 1.7 nb™ (5,,,=5.02 TeV) CMSPreliminary 1.7 nb’ (5,,=5.02 TeV)
L 07t e L 0.7 e e e e e e e
2 r o 18 r e ]
06 £ 0.6 3
g ] ; -
0.5 v - 0.5 v —
045 4 04F 5
Oozwlwwl‘\lw‘lwwlwwl\\l“'\\|\7 J OOZ\MHI.HMHM.M.HM 3
"~ 40 60 80 100 120 140 160 180 200 " 40 60 80 100 120 140 160 180 200
Generator level p _[GeV] Generator level p T [GeV]
L 0.6 CMSPrelimnary 1700 (foyz502TeV) L 0.30 SMSPreliminary 1.7 nt5" ([5,,,=5.02 Tev)
g : — 16 : ’ ]
B 1 ® N —tt .
0.5; N 0.25F 7
F Za |_ 1 ¥ /.
0.4; 7: 0.20} E
03p B 0.15F ]
02p E 010 =
01 = 0.051 =
00,0 02 05 04 05 06 05 0808 0.00 B i Ll ]
s e M MR S A L Ve 0 010203040506070809 1

b-tag disciminator b-tag disciminator

Distributions for the two reconstructed jets with highest b-tag discriminator value in tt and DY simulations. The generator level
transverse momentum is shown on the top, while the b-tag discriminator is shown on the bottom. The left (right) distributions
correspond to the best (second-best) ranked jet in the b-tag discriminator.
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@ A profile likelihood method is used to extract the signal strength
@ Systematic uncertainties are encoded as nuisance parameters

@® Log-normal for rate-related or Gaussian nuisances for shapes
@ Experimental

® Luminosity

® centrality/prn-dependent trigger/ID/isolation scale factors

@ Nonprompt normalization based on same-sign data counts
@ Shape statistical uncertainties (Barlow-Beeston)
@ Theory

® Nuclear PDFs/QCD scales
® Top p; based on pp prescription
® Amt=t1 GeV

® Zprmodeling based on data/MC uncertainty



Identification of heavy-flavour jets

Table 1: Input variables used for the Run 1 version of the CSV algorithm and for the CSVv2
algorithm. The symbol “x” (“—”) means that the variable is (not) used in the algorithm

Input variable Run1CSV (CSVv2

SV 2D flight distance significance X X
Number of SV =
Track #7,e1

Corrected SV mass
Number of tracks from SV
SV energy ratio

AR(SV, jet) —
3D IP significance of the first four tracks X
Track pr el —
AR (track, jet) —
Track prye ratio s
Track distance —
Track decay length —
Summed tracks Et ratio —
AR (summed tracks, jet) —
First track 2D IP significance above c threshold —
Number of selected tracks —
Jet pr -
Jet —

XX X X

iiiii

jet

avy-flavour
jet

jet

JINST 13 (2018) P05011
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Surpassing the baseline luminosity goals

@ LHC collided more types of beam, than originally foreseen, with better performance

® In practice, we've come close to the “HL-LHC” performance with PbPb and pPb collisions

s In 2018 the peak luminosity at IP1/5 reached %6 the design without magnet quenches
@ Opens up further opportunities for high-density QCD studies

® For probes not accessible so far due to lower luminosity or energy

= All 4 experiments participate — complementary phase space regions, cross checks
MS Integ

ted Luminosity Delivered, PbPb+pPb

Data included from 2015-11-25 09:59 to 2018-12-02 16:09 UTC

= 2015, PbPb 5.02 TeV/nucleon, 25.7 pb
2016, pPb 8.16 TeV/nucleon, 39.2 pb ! 4100

— 2018, PbPb 5.02 TeV/nucleon, 78.0 pb !

J.M. Jowett, Evian (2019)
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Theoretical setup for cross section calculation

@ Rely on the two fundamental concepts of QCD

@ factorization (calculable) and universality (input from PDFs)

- OAA:AXAXOpp

@ top++(v2.0) NNLO+NNLL calculator with state-of-the-art (n)PDFs

@ bound nucleons' PDF: EPPS16 NLO ; baseline free proton PDF: CT14 NLO

s NnPDF net effects result in a small +6% modification (Rropb) of Ottt
NPDF® PDF uncertainty from the provided 56+40 eigenvalues — 10%

@ full calculation repeated with nCTEQ1S

s considering the 33 error sets
@ QCD scales choice: yr = pr=172.5 GeV

‘= _scale variations by halving/doubling the pr, pr

; . i )
- Hadronization
P,

cross secﬂon ~
PDF © hard-scattering ® Hadronization

@ V'sxw=5.02 TeV

+79 +2.0
ot = /3.1_73(PDF).2 5 (scale) pb

ot EPPS16
b s e 2l ) o
ot = 73.5 77 | )_2.5 (scale) p

nCTEQIS




Key characteristics of the lotest fits of nPDFs

(in chronologicol order from left to right)

i XIVEIT04.04056

EPs09 DSsz12 KAlS NCTEQ1S EPPS16
Order in a, LO & NLO NLO @71,9 NLO NLO
Neutral current DIS £+A/f+d N v’ v’ v~
Drell-Yan dilepton p+A/p+d v v v’ v v
RHIC pions d+Au/p+p v v v’ v
Neutrino-nucleus DIS v Hdssian matrix v
Drell-Yan dilepton m+A Y: v
LHC p+Pb jet data Nalobal = X0 + ;: (a: — a?) Hj (a; — af) = x5 + Zizz“ v
LHC p+Pb W, Z data \/,_\/j v
Parameter varijations
arXiviZas 0%, pIs 1.3GeV 1 GeV 1 GeV 2 GeV 1.3 GeV
datapoints 929 1579 1479 708 1811
free parameters 15 25 16 17 20
error analysis Hessian Hessian Hessian Hessian Hessian
% CL defingg b8 Ptice Ay 2 50 30 not given 35 52
Free proton baseline PDFs CcTEQO. 1 MSTW2008 JRO9 cTEQOM-like cTl4NLO
Heavy-quark effects v v v
Flavor separation some v
Reference [THEP D904 065] [PR D85 074028] [PR D93, 014026] [PR D93 085037] [EPT C77 163]




As compared to the PDF fitting landscaope

Ubiali, DIS2017

April 2017 NNPDF3.0 | MMHT2014 | cT14 | HERAPDF2.0 | cJ15 | ABMP16
Fixed Target DIS v I » | = I x I v l v
JLAB x x x x ("4 x
HERA 1+I11 v v v
HERA jets x v’ x x x x
Fixed Target DY = » = x = »
Tevatron W,Z (Y (Y v x v v
Tevatron jets v v v x v x
LHC jets v’ v’ (" X x x
LHC vector boson v v v x x v
LHC top v’ X x x x v’
stat weatment | Momecato | Mo || Mewien | vemmo | wemen | beri
Parametrization Neural Networks = Chebyshev Bernstein |  Polynomial | Polynomial |  Polynomial
(259 pars) (37 pars) (30-35 pars) (14 pars) (24 pars) (15 pars)
HO scheme FOMNLL TR’ ACOT-x TR’ ACOT-x FFN (+BMST)
Order NLO/NNLO NLO/NNLO NLO/NNLO NLO/NNLO NLO NLO/NNLO




JHEPT, 043 (2014)

Reconstructed top mass, my € [75,85] GeV, pT(]ets) > 40 GeV

o
o
i
vl

—— CR off

forced random

1/NdN /dep [GeV 1]
o o 5 o

5 R 58

N W\

~

* before tuning x10 effeq

@ How the confined hadronic states emerge from partons?

@ impact of ~0.5 GeV* on the top mass (Mtop) reconstruction
@ CRis modified in higher color charge density regimes wrt. to the vacuum
s e.g, in pA/AA collisions with increased UE activity
@ How color-charged partons, and colorless jets, interact with a nuclear medium?

@ measure the space-time evolution of the medium

Phys. Rev. Lett. 120 (2018) 232301
W Mass (t = 5.0 fm)

90
85
80
75
70
65
60
55

50

A tomograophy of in-medium losses

+

% [+ | unquenched

[+ antenna

E quenched

Medium “sees” both particles as
one single emitter
. Partigles emit coherently |

Hlllilll[\HIIIIH‘H]]'IHI‘IIII[HH

=]

What HION questions could top production elucidote?

@ What happens to the gluon density in nuclei?

Unguenched

All partons 10% Energy loss



|dea for a perfect yocto-chronometer!

Top Mass (t=0.5fm)
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Medium Density

Phys. Rev. Lett. 120 (2018) 232301
L. Apolindrio et al. 4" HIN Jet WKSH

Decay Times

E 55E [ Top
g fmw
= E';_|:|C(:)her<=3lf'nt:s¢=3
2.5 Total
2
1.5F |
L 59 . : :
il SR NN NN NN
oi_ | | T — TR S —1 PR S Y P
—j00 200 300 400 500 600
. Top pt
-3 Not enough statistics...
Probe —~ [0.4; 1.2] fm
AE/E = [(T-t)/7] * 0.1
- ~ = Total medium lifetime
E t = “total” delay time
: = :
lay time e | Delay time
-—-- B _g
@D
L=
t = (fm) t  (fm)

Depending on the chosen pr, the antenna may still lose some energy.
Knowing the energy loss, it is possible to build the density evolution profile of the medium!



The Reoes differentially

]_-4 T E L] T L) I T T T | _l T T | T T T
Pb+Pb—ott+X —=bb+ ¢4 +vp+X 1.2 R
1.3
g 1.2
O . T
& =
Yol =
YR | “I'l'
Il
° 10 2
= ¥
oy o LR . .
\E_} 0.9 L " original EPS09 uncert.
¥ L
& 08 me after reweighting with
M08 - L i Pb+Pb pseudo data
" original EPS09 error { LHC pseudo data s J _
L. — 10nb" L.,= 10pb ", /s = 5.5TeV
0F B after Fewcighting \/gzt: 5.5TeV x range predominantly probed at /5 = 5.5TeV )
Ll I'II 1 1 L1 1 11 I| I..I..I'.I.I-I'IT..".I.-.'I:: 11 1
0-6 ! | 1 1 1 | ! ! ! | 1 1 L | ! 1 1 | 1 0!6
-2.0 -1.0 0.0 1.0 2.0 ot 107 107> ik
Ye X

Phys. Lett. B 746 (2015) 64

@ Nuclear modification factor Reors for tt production in the dilepton
channels with the central PDF sets of CT10+EPS09 as a function of lepton

rapidity



Future physics opportunities for high-density QCD

@ We can get better constraints with more data

@ Runs 3+4 and High-Luminosity LHC era in the near future, i.c., >=2026
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s to substantially reduce the statistical uncertainty in the measurement
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(High-Luminosity LHC Yellow Report)
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