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Introduction
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What are electroweak bosons?

force carriers

BOSONS spin =0, 1, 2, ...

Unified Electroweak spin = 1 Strong (color) spin =1

Mass Electric Mass Electric

charge

Name

GeV/c? | charge GeV/c2

0

They are force carriers of the electrowegk force:
- Electromagnetism — Photons €~

- Weak force -~ W and Z bosons (¥
‘Uy
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How do weak bosons interact?

Z boson decays

W boson decays : _ leptonic
adronic . o
visible invisible
leptonic hadronic
+ -
Wt — My wt > qg Z° —>e’e
W Iw 7 = aft z°>q3  Z°—> Pt Z° > W
Zo— Tt

» Weak bosons only interact with leptons and quarks. They don’t
couple to gluons (QCD).

« \Weak bosons don’t interact strongly with the nuclear medium
produced in heavy ions
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How are weak bosons produced in pp?
Valence Beam

quarks PDF remnants
=
| ISR
d. ~ : WA

Hard parton _ stonant

interaction ¢ ecay

/< Sea quarks "

9 o d
PDF

* Protons are made of three valence quarks (2 up and 1 down).
» Sea quarks are produced from gluon into virtual g-gbar pairs.

» Weak bosons are produced from a valence gquark and sea antiquark in the
Initial hard parton scattering

* Production of weak bosons is sensitive to quark PDFs
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QCD Factorization

QCD Factorization Theorem: separate the
hadronic cross section into a perturbative partonic
cross section depending on the process, and non-
perturbative Parton Distribution Functions. v

1
ox(s, ﬂ'[)%) — Z f dxy dzd fo/n, (1, ﬂj)%)fb/hg (9, ﬂ'f?x Tab—s X (rlrgs, ﬂ[)%)
a.b Tmin

Hadron-level Parton Distributions Parton-level
Cross section cross-section

e X: Fraction of hadron’s momentum carried by the parton (gluon or quark)
- M,: Scale at which the process is probed (mass of hard probes or p_ of jets)

 The PDFs are universal (doesn’t depend on the hard scattering process).
Thus can be used to provide predictions for hadronic collisions.

« Good precision of PDFs is vital for understanding LHC collisions.
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Parton Distribution Functions

1 1 lIIlIIII 1 IIIIIIII T

e One F;DIC:l for gach parzton In the hadron: ok E NNPDF2.3 (NNLO) ;
U(X’Q )’ (X,Q )’ g(X’Q )’ ’ E Xf()(}l2=10 Gevz) i

e At LO, PDFs represent the probability
of finding a parton carrying a fraction x
of the hadron’s momentum.

« Shape of each PDF changes depending
on the flavour.

 QCD imposes constrains based on
valence and momentum sum rules

Momentum sum rule : ;

1 C
/ dr x[X(x) +g(x)] =1 ' |
0 L L it | | IIIIII ——— ~

10° 102 10" 1

Valence sum rule proton)
f dz ( =2, dr (d(z) —d(z)) =1

0
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Parton evolution equations (DGLAP)

 The dependence of PDFs on the energy scale Q can be derived using
perturbative QCD (DGLAP evolution equations).

0 i ;T?,QQ 's Q2 ldz . T
oy =3 [ TP @) (5@)

 The x-dependence of the PDFs is non-perturbative and can only be
derived by fitting data (global analysis). Once constrained at a given
scale Q,, DGLAP determines the PDFs at other scales Q.

IIIIIII 1 I llllll: 1 IIIIII T T TTTTl

) T T rrri II| 1 1
NNPDF2.3 (NNLO) .
xf(xu2=10 GeV?) 7

Hadronic scale

xf(xp2=10* GeV?):
LHC scale ‘

Parton 07
evolution °°

10° 10? 10"

Korea Univ HI Meeting



What happens in HI collisions?

% C<|‘>_\ 1.6 i 1 IIIIIII| | IIlIlIIl | IIIIIIII | T T TTET Fermi
© T 14 Anti-Shadowing |
o g 1.2 — Shadowing ,/’iw-u '
@) — |
5_ — 1.0 e i
Il g CHEEHHITT i
2 N \M |
= & 06p —— EPPSI6!
L s 047 e EPS09 0N Emc
o £, 02 e DSSZ A
Q Q i | IIIIIII| | IIIIIII| | IIIIIIII | IIII_-I—;.I_
a = 0.0

10 107 107 107 1

€T

 PDFs of nucleons inside nuclei are modified compare to free proton PDFs

 Knowledge of nuclear PDF (nPDF) in Pb is important to understand the
initial state of pPb and PbPb collisions at LHC
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Nuclear PDFs

1) Multiplicative nuclear correction factors (EPS, EPPS, DSSZ)

S 1.6 S -
1.4
12 F
1.0 | mmmm————
0.8
0.6
04 |
0.2 F
0.0 Lol Lol Lol

10" 10

10 GeV

ff/A(CUN,Qo) = Ri(zn,Qo, A) fIee P (200 Qo)

a; + bz + c;z? + d;a?
Ri(z,Qo, 4) = 1+(1_Al“) (1— )P

(z,Q°

T T HE
es
T
-

L wn
—_
D

Pb
Y

R

2) Generalized A-parametrization (\CTEQ)
A N :""-'.-‘.,
ff/ (CCNa MO) — fz(xNa A, /J’O) - N
[~ ...xcl(A)(l _ a?)c2(‘4)... Tl

Cr ~ Ck0 + Ck.1 (1 — A_cm) il

Proton / \Nuclear "
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Nuclear PDF factors

1.8 1.8 . .

1.6 1.6/ S
1.4 1.4
1.2 1.2
8
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0.2 Q=10 GeV |, — EPSO9 |
——  HKNO7
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Proton-lead collisions

CMS Experiment at the LHC, CERN
-\ Data recorded: 2016-Nov-19 01:31:00.355584 GMT
&= | Run/Event/LS: 285517 /956100501 / 652

* Proton-lead asymmetric collisions C Q
{ <=

e Center-of-mass frame rapidity boost = 0.465

- =04
» Define forward-backward ratios: ﬂ Mo~ 0465 "‘ﬂ

.r - N(Mey>0) _ N(p—going)
8 N(ney<0)  N(Pb—going)
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Weak bosons in pPb collisions

Dominant production modes:
ud- W*, du- W-

uu—- Z ,dd- z
» Sensitive to PDFs of valence and sea

quarks £ v
~ 11? amishadoxizving maximum \?% N
» Quarks behave differently inside bound / -3
nucleons compared to free-nucleons - o ewan | R
nuclear PDF effects. 3 g —
W in pPb @ 8.16 TeV -, I
- CMS Simuiaton Preliminary
1o§— W - u+9, POWHEG v2
* Weak boson production in pPb @ CMS = S
probe the quark nPDFs in 10° <x <10* n
@ high Q? ;
M -y <
Xpp=—F=€ 5
Vs 5

-4l o o o L))
1074 ;

-2 -1 0

—

Mo
T Korea Univ HI Meeting 03/07/18 3


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4725-9

Z boson in pPb at 5.02 TeV
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Z in pPb at 5.02 TeV: CMS

34.6 nb™' (pPb 5.02 TeV)
IIIIII[I|II[I

34.6 nb™ (pPb 5.02 TeV)
|| | ] lIIlIIlllIIII

II| | ]

L | L L | T 17T 1T (\..l_| | T 1771 l T 17T T T
N<>\') 700 CMS ] § 350 CMS ]
) - e Data . 0] - ——Data + .
G e00f- i ] O L of .
N - Z—uu N 300 Z — ee —
= - p'>20GeV/ic N ~ - p®>20GeVic + |
@ 500 LT . L 250 16 o4 4 =
o - gl <2 ] S I Mgl < 2-
> B . > -
I 4001 + . W 200F N
C + ] +
3001 - 150 =
200 :— + —: 100 :— + + _:
B + ] C ]
100F - 501 i & -
C N e ] C - + ]
- - -
MM Le '.7‘1_._!"1"1-.-!_._;.-!‘_' I R |-‘-I—._I'.' ¥
%O 70 80 90 100 110 120 %O 70 80 90 100 110 120
M(u*w) [GeV/c?] M(e*e) [GeV/c?]

Lepton kinematic cuts: p_ > 20 GeV/c and |n| <2.4

Z boson yield extracted by counting u*y- and e* e pairs within
invariant mass 60 < M < 120 GeV/c?
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Z in pPb at 5.02 TeV: CMS

Cross Section Forward-Backward Ratio
| |34I.6]ntl)" I(pII:’bI 5.02 TeV) 34.6 r|1b"l (pIPbI 5.02 TeV)

o) B | | ] % T T T T T T T ] ]
£ af by CMS - = 12 CMS ~
N (& : sl :
e) - ) R ] o 1 . -
\ — - — —
S T - :
: : 08 __ ® __

- pPb - Z — I - B %%x ]

ol 3 Pl >20GeVi, I | <24 ] 06— pPb - Z | -

- —— II\DII%II%M orre s - C P >20GeVie, <24 .

B + 7 0.4~ —e—Data ' ~

5l MCFM + CT10 + EPS09 _ i MCFEM + CT10 ]

. MCFM + CT10 + DSSZ . 02 MCFM + CT10 + EPS09 -

- Luminosity uncertainty: 3.5% 5 C MCFM + CT10 + DSSZ R+ Anaag

L | I I - C [ RTINS R

9 1 g T T T T T O 1 (:E_ | T T T T | T T T T I T T T T _g
= 1.2 ~ 1B
O 1.1 B O 0.9 3”’}‘}””” PPP PR 5RRRIR PRI .go.o.o.o.o.o.o.o.o.o.o
~ 1 :A ~ . E 203030 626393404 % %9, X 0:0:0:0:0:0:0:0:0:0:0:::
< 87 S o06E 3
o o a FPE | 1 L N -
0 0.5 1 1.5 2

ly_.|

* PDF calculations with and without nuclear corrections in agreement
with measured pPb cross section

* Forward-backward results slightly favors nPDFs but large unc.
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Z in pPb at 5.02 TeV: ATLAS

ATLAS

150 <247 iy p+Pb2013,L =29 nb’
° 1647. Z—>fae Car?dldates \JﬁSNN - 5.02 TeV
o 52 Like Sign Pairs

100

- Lepton kinematic cuts: p.* > 20 GeV/c
and p.*> 10 GeV/c

50

« Z boson yield extracted by performing
a fit of the y*y- and e* e invariant
mass within 60 < M < 120 GeV/c?

Me1|<2.47, 2.5<n,|<4.9 |
e 264 Z—ee Candidates
----- Background Estimate |

CmC

Events / GeV
N
(@]

-IIIIIIIIIIIIIlIIIIlIIII|IIII|IIII|IIII

» Signal given by MC template while e

background parameterized from like o50E- E
same-sign lepton pairs in data. 2005+ curesorrars E
1501 [Jmc =
100 ! =

60 70 80 90 100 110 120
m, [GeV]
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Z in pPb at 5.02 TeV: ATLAS

* Results can’'t exclude the PDF without
nuclear corrections. 1.0

35— ' ' —

- ATLAS ]

30F- == Ty ™ 3

2 o ++ ______ N E

Pl E

1 1 . 7 152_ —-Data = |e==e _i
 Aslight increase of the cross sections % . E —cTio(NLO) E
. . © UE — CT10+EPS09 (NLO) =

seen in the backward region (large x). - -+ MSTW2008 (NNLO) + -
15F | : : =

Data / CT10 (NLO)

— O
[$1é)]

Data/Model
o

Lovoo e T Bl

_+_—+——¢—+

Data / CT10+EPS09 (NLO) +
| | |

0.5 —
1.5 — ' ' ! !
T ——,
- Data/MSTW2008 (NNLO)
05 = | . | . .
-2 0 2 y

N

.
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Zin pr at 5.02 TeV

>’ T | T T 11 I |||||||||||||||||||||||||||||||| I
S pr \/ - 5.02 TeV, c(z—>|+|) -
o L i
< ] pQCD+CT10+EP809
:@ - 1 [ ] ALICE (p1>20 GeV/c -4<1'<-2.5) 7
CDU i [ = ] LHCDb (p}>20 GeV/c 2<x'<4.5) i
[ o ] CMS(pl>20 GeV/c in|<2.4)
N [ O] ATLAS (full lepton phase space) i
Ll
. L1 1 I
oo, BTo
T i
_ i i
[ 1] I L1 11 l L1 1 I 1 11 I L1 11 I L1 11 I L1 11 I L1 11 I L1 1 I 1 I

 ALICE and LHCb used same strategy as CMS for Z bosons. But
suffered from statistics (< 100 Z bosons)

 In overall, the runl Z boson data is in good agreement with
EPS09 nPDF calculations but can not exclude PDF without
nuclear corrections
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W boson in pPb at 5.02 TeV
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W in pPb at 5.02 TeV: CMS

-1
- pPb 34.6 nb | Sy = 5-02 TeV pPb 34.6 nb’! | Sy = 5:02 TeV
o - s
& [ CMS C CMS
T w 3 e

[%2] 2 ~
-iqc—)'10 E 05<nlab<00 % _0.5<nlab<0-0
> : (O]

[} - >
: : 1=
5 p= % W* - utv o e
o 7 © |z Z—ee

S W _tmw £ W Tty

L T
210 = QCD E Efelel
— Fit — Fit
1 _L - + T

_ 1 O 1 T A I
L F Prob(x?)= 0.92

=150 . . rob(x’) Prob(X?)= 0.76

) % bots | T

< 1

a T *

“05 H

0 20 40 60 80 100 120 140 : : :
100 120 140
Er [GeV] £, [GeV]

- Lepton kinematic selection: p_ > 25 GeV/c and |n| < 2.4

* W boson yield extracted by fitting the missing transverse energy (MET) in
different bins of lepton pseudorapidity.
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do (W'=I*v) / dnlab [nb]

Ratio

—
N
o

—

o N
o O

III|III|III|III|

l|"_III|III3

W in pPb at 5.02 TeV: CMS

pPb 34.6 nb”

Trery

W' T +v
p’T > 25 GeV/c

(— I I I
- Luminosity uncertainty: 3.5%

on BRI
W+

\ Sy = 502 TeV

CMS -

e Data
— CT10
ay\y CT10+EPS09

! | ] ! | !
T T

III|III|III|III|

'Y
L

: = o
BRAMTS TS FYRYCE

0

1 2
@ ) T'llab

Ratio

\\\' CT10+EPS09

pPb 34.6 nb” \ Sy = 5-02 TeV
AL B L L R L R
- Luminosity uncertainty: 3.5% CMS -
F e siwm. o e
3 hpakei a7
e W\ﬁ *
: b
:— W =1 +v e Data —:
- plT > 25 GeV/c — CT10 ]

! ! ! ! ! ! ! !

O — ¢

T A T

« Good agreement with PDF calculations with and without nuclear
corrections within uncertainties.

« Slight increase for W- in the backward region (large x,, ) compared to PDF
calculations
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W in pPb at 5.02 TeV: CMS

Forward-Backward Ratios

pPb 34.6 nb™ | S\ = 502 TeV
o L B I B rrr
= 3__ WS Ity CMS
El/“ " pl>25GeVic
= W+ - ]
= 2.5 -
T ——
= T
2-_ e Data \ ]
| —CT10 ]
T 2\ CT10+EPS09 _ 1
1.5] RERREANRRY
7 AR
\
1= R A A \V\\)\&\\\ -
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 0.5 1 1.5 2 2.5

pPb 34.6 nb’! | Sny = 5-02 TeV
T T T | IIIIIIIIIIII | T T T ]

E Wosil+v CMS _:

- p’T > 25 GeV/c .

- e Data

- —CT10

" 1\ CT10+EPS09

ww\\\\\:\\\\\\\\\\i\\\\\

1 pPb 34.6 nb” \sNN_502TeV
—~ |I. L L A S L
. W S +v CMS
E'g 1.3 pl >25GeVic =
212 W -
= r
|\+: 1.1__ ]
Z -
o e
i \\ \\\\ \\
o7f_ mcTio
- AA\\ CT10+EPS09 ]
0.6_| o b e b b by 1 T
0 0.5 1 1.5 2 2.5
T]Iab

* Measured forward-backward ratios tend to favor the nuclear PDF
calculations but uncertainties too large to exclude the free-proton PDF
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W in pPb at 5.02 TeV: CMS

Charge asymmetry

Nu+<—W+ - Nu—<—W—

Nu+<—W+ +Nu—<—W—

Muon Charge Asymmetr
pPb 34.6 nb \ Sy = 9-02 TeV
_I T | T T T T | T T I I | T T T T | T T T I | T T
- CMS

Woil+v
p’T>25GeV/c

e Data
— CT10

A3\ CT10+EPS09

| I | | | | I | | | |

0 1

2

T]Iab

 Muon charge asymmetry insensitive to nuclear corrections. Deviations in
data in the backward region might suggest differences between up and

down PDFs but more statistics Is needed.
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W in pPb at 5.02 TeV: ATLAS

[ all centralities

5 80
=1
T 60
=
« A small enhancement in data for § 4 .~ Proton PDF
W-at backward n compared to N -
— w ATLAS Preliminary

proton PDF (similar to CMS). 20 —— oePb 281 b1

Ispn = 5.02 TeV

* Results agree with PDF
calculations within uncertainties

A, data/model
=
-
i
--I- i
-
-
-
-
-
e

0.8F i
02k | | M
obooe i SO
® Data
-0.2 -+ — CT10 -
—2 1 0 1 2

© =)
03/07/18 25
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W in pPb at 5.02 TeV: ALICE

o U N B N R Trrrr T S E T ot AL B R
% = ALICE p- Pb \ Sy = 5 02 TeV j % ALICE p- Pb \'San = 5 02 TeV
(5104_5 -446<y  <-2.96 _ G 10 203<y, <3533
,C_’- - Positive muons 3 S Negative muons
% 10° . e Data ) - g 103 » e Data _
o] 5 e From W E 8 = !. S From W 3
8|_ 2_0 — - FromZ° - 3|_ n — - From2° ]
33‘ 10 E From charm + beauty 3 g— 107 E From charm + beauty 3
% n Sum of contributions ] % n Sum of contributions
10 E 10 4 E
- x = e\ A =
1 i \t TT T 5 1 : \"» ,,NMu ® l <
::::; L ::::'::::}::::: - A |\\|\ﬁ—~r~ :
1.5 ' ] 15F RN B L | IR A B =
e~ . 0.5 1% -
0 [%eage?. T 1 -] 0 ....,.l.,ﬁﬂi + O NPT o S O .
_0.515 L1 1 50I 11 I6|0I 11 I7|0I 11 go _0'5 __| L . + Ly I Wbl I |_-
10 50 60 70 80
p, (GeVic) p. (GeVic)

« Muon kinematic selection: p_ > 10 GeV/c

« W boson yield extracted by fitting the muon p_ in two forward n bins
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W in pPb at 5.02 TeV: ALICE

5‘80&"'I'"'I""I""I""I'"‘I""I""I""I"'E 5“705"'I""I""I""I'"‘I'"'I""I""I""I"'i
£ 2oF.  ALICE, p-Pb {5 = 5.02 TeV m 3 £ E ALUCE, p-Pb |5, =5.02 TeV .
w w - —
=5 F e W ] 1%60: W W 7«0 7
S anF P! > 10 GeV/c .LEI ] S F ml  p*> 10 GeVic " .
5 60 T 1 Tooflpd | .
et 1 7t \ .
40 :_ e Data _Z 40 :_ e Data _:
- 777] pQCD + CTH0 ; 305 NLO 7777] pQCD + CT10 =
30 = | pacD + CT10 + EPS09 E - \\ pQCD + CT10 + EPS09 .
o0 - [ Fewz + MSTW2008 E 20 N =
- | FEWZ + MSTW2008 + EPS09 A n ]
10 - ‘ - 10~ -
o b b b b b b e b e b by
12 Ratio to (pQCD + CT10) _ 12
e, N ... W - 1
\\\\\\\\ \\%
. . . . . e T 0.8
Ratio to (FEWZ + MSTW2008) - 1.2
-------------------------------------- -EEE—— - 1+
08 ) ) ) ) ) ) - L 08 ) ) ) ) ) . . L

-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3

4
Y cans Y s
. 2 . )

« Good agreement between proton and nPDF calculations. Not
enough statistics to discriminate between the results
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W bosons in pPb at 8.16 TeV
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W in pPb at 8.16 TeV

p——

2016 8.16 TeV 174 nb1

* W boson yield increased by ~10x in 2016 data w.r.t. 2013,
due to increase of ~2x in xsec and ~5x in lumi
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W bosons in pPb

CMS-PAS-HIN-17-007

e Decay channel: muon + missing momentum W+

d Vi
» Objects reconstructed with the Particle Flow (PF) algorithm

« Muon selection: Leading isolated muon with p. > 25 GeV/c and |n|<2.4

« Muon isolation: Sum of p_ of PF particles (y , h* & h°) around
the muon < 15% of muon p.  (suppress multi-jet bkg)

« Event selection:

. Veto Z-  g* : Reject events with y- y* pairs, p*_ > 15 & p**_ > 15 GeV/c

 Dominant backgrounds: QCD jet— muon passing isolation, and
Z - muon + (missing muon)

_ Korea Univ HI Meeting 03/07/18
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W bosons in pPb

CMS-PAS-HIN-17-007

pPb 1734 nb1 ISy = 8.16 TeV
,,,,,,,,,,,,,,,,, BRRRa e e e
450 W — W+ vy CMS -
400 p. > 25 GeVic Preliminary
ssof- 7020 < M, < 0-00 + Data
Ow
300 0QcCD

BZN*

BW-r

200
Wil -1

150
100

o
~ [
> -

O -
O Tt
QA 250
— -
(2] -

C —

()] -

> -
W

50—

) o O O S AR
PR s S S S— S O S S ]
E CED 1 R -8 _8 g ‘e - PSR 0 o b0 +—*-.L | .L
Fe%  ete v Cwv it +T L0
D 0 i H L i j +
0 10 20 30 40 60 70 80

p”“SS (GeV/c)

e Simulation: pPb NLO POWHEG v2 including CT14+EPPS16 nPDF
« Signal and electroweak background: Template from simulation
 QCD multi-jet background: Data-driven functional form

- Extraction: Fits of the missing p. distribution in 24 bins of muon n_,
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W boson: cross section

CMS-PAS-HIN-17-007
P(x?) = <0 01% CT14, 79% nCTEQ15, 96% EPPS16

pIP\b \1\73‘-4\ r\1b\-1\ | T T T T ‘ 8 16 TeIV pIP\b \1\73‘.4I r\1b\-1l ‘ T T T T ‘ SN ‘8\1 I6 \TIeIV
= 180 W — u +V, CMS - = 180~ W' — u*+ v, CMS -
= - P> 25GeVic W_ Preliminary - = - P> 25GeVic W.|. Preliminary -
. 560 4 Data 0 L3 ——
§ | —om I " i
S 140 AW CT14+EPPS16 -4 I 140f Ehbaddana \ \
- _ | ‘ v " v, ’ v

—~ /// CT14+nCTEQ15 i —~ [ § {“ e ) ‘“"*u". :'. \\). “\.\
= - T . - B

% B ] % T8 - ¢ Data /:
- 100[— e & 1004, —CT14 -
= N . < R \\' CT14+EPPS16 .
B - 2% © - = ///CT14+nCTEQ15 .
o 80 - Lumi. uncertainty (5.0%) not shown __ o 80 [ Lumi. uncertainty (5.0%) not shown ]
<« B \ | | _ —— < i \ | | i
E 1.2 - E 1.2 =
[=] 1: o 1;

2 08¢ 2 08¢

© = T E

o - o -

- N, < 0 (large x,,): Results agree with PDF and nPDF calculations

« N> 0 (small x,): Results favor the nuclear PDF calculations
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W boson: forward-backward ratio

CMS-PAS-HIN-17-007
P(X?) = <0.01% CT14 , 83% nCTEQ15 , 95% EPPS16

PPb 173.4 nb‘1 \/sN 8 16 TeV PPb 173.4 nlo'1 \/sN 8 16 TeV
| I 1 | I I I | I I | I I I

:W—>u+v CMS ; 4 W—>|.t+v CMS ;
— Pl >25GeVic W- Preliminary = 1_3__ pl > 25 GeV/c W+ Preliminary
: 1 7= —
[ — 3 O 1.2 4
E NP 4 |
- N +Zj" - N
:)r-‘“'. """"" —_— T _i ~ 1i_ ﬁY‘[ L] ‘5 \ \ ‘\ R \] \ _i
- —_— . - ¥ 3 AAARS v\\ -~ \ ]
- SN 1 .. 7 "’ W oWu)m‘ uou»onyo%\o'o’o’o’ .

— AAVVAS RN - 0.9F N
= ORBOAPA —1 =9 .
- “"N'N}»O N - E 0.8F /3
- ¢ Data "““w\. \P.\ \ — [ ¢t Data ]
- XA ""‘0.000”“ \\ ¥\ + 3 a— CT14 ]
— —CT14 N‘o.w." ’w,w 0.7} E
-\ CT14+EPPS16 /_ ook W CT14+EPPS16 E
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- Uncertainties fully correlated in n_,, cancels (correlations included)

« Exclude (>70) free-nucleon PDF calculations
» Experimental uncertainties smaller than nPDF uncertainties
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W boson: charge asymmetry
CMS-PAS-HIN-17-007

P(X?) =54% CT14 , 23% nCTEQ15 , 80% EPPS16

pPb 173.4 nb” ISy = 8.16 TeV
035__| 1 I 1 | | I 1 I | 1 1 1 I | | I I 1 I I 1 I I _I:

- W o u+v CMS
"; 03b p. > 25 GeV/e : Preliminary -
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Z 0251 ¢ Data _ S
+ e .
oo —cTi4 et
Z - 2\ CT14+EPPS16 I :
— 0151 // CT14+nCTEQ15 %ﬁﬁ‘f‘. =
~— - _ iF .

 NPDF effects cancel, except for different up / down quark modification
« All (n)PDF calculations reproduce the measurements
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SUMMARY
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SUMMARY

e The study of weak boson production in pPb provides a powerful tool to
constrain the nuclear modifications of the quark PDFs.

« Z and W boson production measured in pPb at 5.02 TeV are in good
agreement with PDF calculations with and without nuclear corrections.

e The results of the W boson production at 8.16 TeV presents the
observation of nuclear modifications of the (anti) quark PDFs by
excluding the free-proton PDF.

« \W boson production at 8.16 TeV measurements are in good agreement
with EPPS16 nPDF calculations and its experimental uncertainties are
smaller than the PDF uncertainties.
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Thank you for your attention!
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CMS detector

Muon Muon acceptance: |n| < 2.4
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W boson: forward-backward ratio

CMS-PAS-HIN-17-007
P(X?) = <0.01% CT14 , 90% nCTEQ15 , 99% EPPS16

pr 173.4 nb‘1 \/ 8 16 TeV
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« Strongly deviate from CT14 calculations favoring EPPS16
« Experimental uncertainties significantly smaller than nPDF uncertainties
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W boson: charge asymmetry
CMS-PAS-HIN-17-007

erf = UéM £ In (

« Good agreement between measurement at 8.16 TeV and 5.02 TeV after
shifting the n_,, taking into account the difference in energy

T Korea Univ HI Meeting 030718

pPb 173.4 nb™

\'Sny = 8-16 TeV

Ar Weu+vu

| I
CMS

- pl>25GeVic Preliminary

¢ Data
W\ CT14+EPPS16
¥ CMS 5.02 TeV

Y/ CT14+EPPS16 5.02 TeV
I|IIII|I\I\|\III|IIII|IIII|II

—1
n
nref

8.16 TeV

VS

0 1 2

H
);WCM 2

0



W boson: correlation matrix

CMS-PAS-HIN-17-007

pPb 173.4 nb” \/?N 816 TeV
AR RS LR LS AR ERRRN RRRRS RS AR R
CWE S pt v,
- dcs(W——m— \Y )ldn Prehmmary
—p > 25 GeV/c

I Plus

0.4

Analysis bin

Analysis bin

W boson cross section measurement almost uncorrelated in muon
pseudorapidity, while a bit correlated in muon charge
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W boson: PDF comparison

CMS-PAS-HIN-17-007

. PPb 1734 nb’ ﬁ 8. 16 TeV
ok W S ui|+ vy | CMS

- dG(Wi—)}J,i vll) / dnu Prellmmary .
352— p: > 25 GeV/c . cT14 —Z
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25f ! JcTi 4+)nCTEQ15 | E

20— . : —

PDF sets

0 2 4 6 8 10 12

vZ/ndf

« Compute X test between the measurements and each individual PDF set
« Good agreement between data and EPPS16 nPDF
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Neutron nPDF

« Use isospin symmetry to correlate the proton PDF with the neutron PDF in
the PDb ion, taking into account the right proportions of each: 82 protons
and 126 neutrons
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Top quarks in pPb collisions

Dominant production modes:

gluon - tt
« Top quarks decay before interacting
with the medium n
 Measurement of top quark and dijet O
production probe modifications to gluon 7
PDF .
Gl
Ddim

» Top quarks constrain the high x (x>0.05)
and high Q (Q?>~m?2_ ) region

top
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4725-9
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4725-9

b-tagged jets

PPb (174 nb™, s, = 8.16 TeV)

— CMS

e*/u* + >4j (=0b)
} + Data

B tt correct
tt wrong
B background

200

50 100 150 250

Decay channel: >=4 jets + lepton (p or e) + missing momentum
Jet Selection: Anti-k_ (AR=0.4) jet with p_ > 25 GeV/c & |n|<2.5

300

1 b-tagged jet

-1
pPb (174 nb™, s, = 8.16 TeV)

- CM et/ut + 4] (=1b)

50 t Data
tt correct

40 - -
tt wrong

303 B background

20f

10

50 100 150 200 250 | 300
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B-quark tagger: Based on combined secondary vertex

Lepton Selection: Isolated lepton with p_ > 30 GeV/c & |n|<2.1

Top quarks in pPb

Phys. Rev. Lett. 119 (2017), 242001

>=2 b-tagged jets

-1
PPb (174 nb™, \/s, = 8.16 TeV)

- CMS

50

etlut + >4f (>2b)
t Data
B tt correct
tt wrong
B background

bl

150 200 250 300

100

m; [GeV]

q

q

Extraction: Fits of the W - jj’ mass using functional forms in different b-jet

and lepton flavor categories, without relying on simulatio
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.242001

Top quarks: cross section

Phys. Rev. Lett. 119 (2017), 242001

pPb (174 nb™, sy = 8.16 TeV)

35— CMS et + 24j (>2b) PP, 19.6 6", (15=8 TeV) cTio CMS
- Data scaled by A - Fwomu (616 TeV) s NNLO+NNLL Top-++
- ¢ Data . oL (® TeV) o CT14
30F - ~ |+jets EPJC 77 (2017) 15 - NNLO+NNLL Top++
n 1 tt correct o
a i} el JHEP 1608 (2016) 029 e
251 tt wrong L

B background

CT10+EPS09
NLO MCFM ) ' KNNLO+NNLL(T0p++)

r I+jets —fe3— ﬁ-ll_-(134l\7ll(EJF|,=|:/IS16) “Kinowmnn (TP
1 0: u+jets —fe3—
E ”l e+jets : Exp. unc.: stat stat @syst
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| | :ll . L lil | llllll r | | | | 1 1 1 | | | 1 | 1 1 1 | | 1 1 | 1 1
100 150 200 250 300 350 400 0 20 40 60 80 100
My, [GeV] o [nb]

 First observation (>50) of top quark production in pPb collisions!

* Inclusive cross section (45+8 nb) in agreement with NNLO+NNLL pQCD
Interfaced to NLO proton/nuclear PDF calculations
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.242001

Z in PbPb at 2. 56 TeV CMS
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Z in PbPb at 2.56 TeV: CMS
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Z in PbPb at 2.56 TeV: CMS
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W in PbPb at 2.56 TeV: CMS
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W in PbPb at 2.56 TeV: CMS
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