Drell-Yan as a probe
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On the basis of a parton model studied earlier we consider the production process of
large-mass lepton pairs from hadron-hadron inelastic collisions in the limiting region,

s—=, QY/s finite, @ and s being the squared invariant masses of the lepton pair and the
two initial hadrons, respectively. General scaling properties and connections with deep

inelastic electron scattering are discussed.

In particular, a rapidly decreasing cross

section as @%/s —1 is predicted as a consequence of the observed rapid falloff of the in-
elastic scattering structure function 1Wy near threshold.

Feynman’s parton model* for deep-inelastic
weak or electromagnetic processes is an expres-
sion of the impulse approximation as applied to
elementary-particle interactions. In order to
apply the impulse approximation we demand the
following. We analyze the bound system—be it a
nucleon or nucleus—in terms of its constitutents,
called “partons.” Nucleons are the “partons”
of the nucleus and the “partons” of a nucleon
itself are still to be deciphered. If we specify
the kinematics so that the partons can be treated
as instantaneously free during the sudden pulse
carrying the large energy transfer from the pro-
jectile (or lepton) then we can neglect their bind-

two free particles, the projectile and the parton.
Moreover, if we are in a kinematic regime so
that energy is approximately conserved along
with momentum across the interaction vertex of
the parton with the weak or electromagnetic
current, the conditions for applying the impulse
approximation are satisfied.

‘The Bjorken limiting region” satisfies this con-
dition for the deep inelastic electron scattering
from protons as viewed from a certain class of

T infinite-momentum frames. The “par-
tons” constituting a proton are strongly bound
together as viewed in the rest frame. However,
if their bound state can be formed primarily by
momentum components that are limited in mag-
nitude below some fixed maximum —1i.e., if there
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exists a finite k,,,, ~then as viewed in an infinite-
momentum frame these parton states are long-
lived by virtue of the characteristic time dilata-
tion. The derivation of this intuitively appealing
picture from a canonical quantum field, modified
by imposing a maximum constraint on &,, has
been discussed as well as its appllcablllty to the
particular class of amplitudes with “good cur-
rents.”® In particular, the ratio Q’/zm, where
@?>0 is the negative of the square of the invari-
ant momentum transfer and ¢+P=Mv, measures
the fraction x =Q?/2Mv of the longitudinal momen-
tum on the parton from which the electron scat-
ters and is a finite fraction 0 <x <1 in the Bjorken
limit.

It is easy to show that the ratio x must be finite
in order to apply the impulse approximation.
Otherwise as x approaches very close to 0 or 1
we will be forced to deal with very slow partons
in the P~ system, or, as seen in the rest sys-
tem of the proton, with the high-momentum ex-
tremities of the bound-state structure, and for
these the impulse approximation breaks down.

‘The beauty of the electron scattering is that
it allows us to “tune” the mass of the virtual
photon line as we choose to probe finite x. How-
ever when we return to the world of only real
external hadrons, we have no large mass since

—~ M? while 2Mv~s, the total collision energy.

In this case x becomes very small," or “wee.
Our condition for applying the impulse approx-
imation also fails and the value of the parton con-
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Parton Distribution Function (PDF)

* Probability density for
finding a parton
within the proton

— Flavor, momentum fraction,
scale of scattering dependence
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X : momentum fraction

Q : dimuon mass

Vsyy - collision energy

Yem - dimuon’s rapidity in center-of-mass frame
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* Probability density for
finding a parton
within the proton

— Flavor, momentum fraction,
scale of scattering dependence
 nPDF : modified parton
distribution function
in the bound nucleons
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List of some nPDFs

nCTEQ15HQ EPPS21 NnNNPDF3.0 TUJU21 KSASG20
Order in as NLO NLO NLO NNLO NNLO
DIS IA v v v v v
Drell-Yan pA v v v v
Drell-Yan ©A v v
LHC pPb dijets v v
LHC pPb W & Z v v v v v
LHC pPb D-mesons v v v
RHIC dAu n°, ©* J v/ Vv
Baseline proton PDF | ~CTEQ6.1 CT18A ~NNPDF4.0 ~HERAPDF2.0 CT18
Data points 1484 2077 2188 2410 4353
Free parameters 19 24 256 16 18
Error analysis Hessian Hessian Monte Carlo Hessian Hessian
Reference PRD 105 (2022) EPJC 82 (2022) arXiv (2022) arXiv (2022) PRD 104 (2021)
114043 413 2201.12363 2207.04654 034010
Based on Ann. Rev. Nucl. Part. Sci. 2024 74:1-41
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List of some nPDFs

Various nPDFs in Pb nucleus arXiv:2112.12462
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We have another probes — Electroweak probes

W boson
« Condition of the probe for initial stages i S

— Information with initial stages >WA+/AW;<
— No final state interaction with QCD matter after the collisions | v

1
— No color charge

Prompt photons

" q r 4 ?
« Electroweak probes
— W boson )
= q q 8 )

e ud — W du — W~

qg Compton scattering ¢g annihilation

« By decay lepton and neutrino measured by missing E+

« Charge asymmetry could be useful — Drell-Yan process N
. . .y q oz
Prompt photons IEEEIRIERE]L 57 !
* Not decayed from hadrons .
o g . . . q l_
Sensitive to gluon distributions L )

CMS /|
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Why DY is more powerful?

W boson
* Features of the Drell-Yan process s S

— Direct connection of PDFs >WN+/K<
— Theoretical Simplicity g )

1
— Broad x and Q? coverage

Prompt photons

;"q y 4 ﬁ

« Electroweak probes

— W boson
« Decayed neutrinos make larger uncertainties in reconstructing e q q 8)
miSSing energy gg Compton scattering ¢g annihilation
 Less sensitive to low x and Q? regions Drell-Yan process
— Prompt photons - g |
- Significant background contamination | o
« More complex theoretical predictions due to higher-order QCD qJ -
corrections, increasing uncertainties \_ J

€M, |
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History of DY, Z boson measurement in ion collision

pPb PbPb
CMS PLB 759 (2016) 36 : Differential cross section, Rrg | PRL 106 (2011) 212301 : Differential cross section
JHEP 05 (2021) 182 : DY, Differential cross section, | JHEP 03 (2015) 022 : Differential cross section,
RFB RAA
PRL 127 (2021) 102002 : Taa-normalized Z boson
yields
PRL 128 (2022) 122301 : angular dependence
ATLAS | PRC 92 (2015) 044915 : Differential cross section | PLB 697 (2011) 294 : Z boson reconstruction
PRL 110 (2013) 022301 : Differential cross section,
V2
PLB 802 (2020) 135262 : Differential cross section,
RAA
ALICE | JHEP 02 (2017) 077 : Production cross section PLB 780 (2018) 372 : Differential cross section,
(mainly W boson) Raa
JHEP 2009 (2020) 076 : Differential cross section JHEP 2009 (2020) 076 : Differential cross section,
RAA
LHCb | JHEP 09 (2014) 030 : Differential cross section
JHEP 06 (2023) 022 : Differential cross section,
Res, Rppp

cMS,/ | S,
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Reconstruction of Z boson =

 Reconstruct with dimuon or dielectron pair

« Clean signal with good signal to background ratio (S/B)
— Even if 38-39 Z boson and publish first series of paper from Z boson at LHC

A

> T T T T T T > T T T T > T T T T
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u* e invariant mass [GeV] m,, [GeV] m,, [GeV]
ATLAS : PLB 697 (2011) 294 ATLAS : PLB 802 (2020) 135262
2.76 TeV PbPb, 6.7 pb-" 5.02 TeV PbPb, 490 ub"
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Previous Z boson measurement — in the sight of PDF and nPDF

x C ALICE, 0-90% Pb-Pb |, = 5.02 TeV

€M, |

« Compared to proton PDF and nPDF with same proton PDF as the

baseline

* In AA collision, not distinguish favor between proton PDF and nPDF
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Previous Z boson measurement — in the sight of PDF and nPDF

« Compared to proton PDF and nPDF with same proton PDF as the
baseline

* In AA collision, not distinguish favor between proton PDF and nPDF
* In pA collision, nPDF is favor to the proton PDF

Hyunchul Kim (Chonnam National Univ

CMS : PLB 759 (2016) 36
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Now from LHC, we only have one DY result in ion collision..

 Should be the reference and need to focus here r = iey(1:3»l
* First trial of the DY analysis in 8.16 TeV pPb v/ SNN
CO||iSi0n JHEP 05 (2021) 182 * X :momentum fraction
. . *  Q:dimuon mass
— pPDb collision can access smaller x than PbPb or pp + Vs : collision energy
CO”iSiOﬂS *  Ycm : dimuon’s rapidity

in center-of-mass frame

— Expect smaller QCD backgrounds than in PbPb

14—
EPPS16

« Summary of the condition !
— Total integrated luminosity : 173.4 + 6.1 nb"" @ :(1
— Trigger : Require at least one muon with py > 15 GeV :;:: :
— Kinematic cuts with offline reconstructed muons 07 |
« At least two muons with opposite charges i
* [Mian] < 2.4 : CMS muon acceptance e
* pt> 10 GeV (at least one with py > 15 GeV) < >

Drell-Yan in 8.16 TeV pPb

9 e‘a

cMs, |
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Measured variables in proton-ion collisions

* Cross sections
— Wide mass coverage 15-600 GeV

15 <M,, <60 GeV | 60 <M,, <120 GeV

VS. Pt First measurement Highest precision
vs. |y| (y : -2.87~1.93) First measurement Highest precision
ut vs. ¢* First measurement First measurement

2

y7;
Ad opening angle between the leptons * ¢* ~ dimuon pr/ dimuon mass
T —|Ad « Better precision than pr
_ > ¢* =tan ( 3 )sin(O:;), cos(#}) = tanh(An)2) especially at lower pr values
Beam axis | _ * ¢* <1 corresponds to dimuon pr up to 100 GeV
related to the emission angle of the dilepton

system with respect to the beam near the Z boson peak

* Forward-backward ratios (Rgg) p-going 5 /.
| 15<M,,<60GeV | 60<M,<120GeV
Reg First measurement Highest precision

cms |
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Background estimation (key point)

« Various kinds of background source

Background
. .
* Involving two isolated muons
— t, Wrelated : Z/y* — t+1-, ttbar, tW, dibosons

Unfolding
(Detector-resolution)
» Estimated from simulation and corrected using the Unfolding
“‘en method” =y

Signal MC

Cross

— The small contribution from heavy-flavor meson sections

decays is estimated from same-sign eu events

Condition for EW related MC

» Using the NLO generator POWHEG v2

. . . « CT14 + EPPS16 nPDF is used
* With one or more muons in jets - Parton showering by PYTHIA 8.212 with the

(W+ jets and mU"'.Ijet) CUETP8M1 underlying event tune
_ o L , | Diboson and QCD multijet, and signal MC
— Estimated by the “misidentification rate method” |. |eading order using PYTHIA

CMs, |
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Comparison of the data with signal and background

CMS oPb (173 b, 8.16 TeV) Lower mass region Z-boson mass region
> E L ' R 15<m, , <60 GeV 60 <m,, <120 GeV
(D 1 0 _E -2.87 < chml <1.93 l:l,Y* 17 — L E_
— F |nl*;b|<2.4, p$>15(10) GeV it 3 CMS pPb (173 nb™, 8.16 TeV) CMS pPb (173 nb™, 8.16 TeV)
»10° ] B EW 4 | Zieoof15<m,<60cev | ebata o || 2"*Fe0<m, <120Gev  eData | ]
Q0 [ i QCD ] g 1400 LMyl < 24, Pl > 15 (10) GeV Ez{ 1Z - up 'gmooo it | <24, p! > 15 (10) GeV Ea 1Z - ]
S 1 F 1 - i
=102 ~ a EW E ~ : EW
C 1 0 ° I EE g ::sgg;_ =QCD _’ g 8000; =QCD
10 3 %- 8005 —4— . *E 6000;— ]
. H 600} H 4000 .
1 ?E 400 C
7 200 2000; B
10~ . 0 =R RANARRARRANAR AR
) 8 15 —e— —o— —— 8 1'5;
10 n:_ 1 n:_ 1;+
10—3 % 0.5 25-2-15-1-050 05 1 15 % 0'5_—2.5—2—1.5 -1-050 05 1 1.5
. 0 yCM a yCM
814
q) .
g 1.2
= ]
5 08 , « A good overall agreement between
D - ° [
™20 30 40 1001 200 300 data and prediction,

m,, [GeV]

Z-boson
Lower mass region mass
region

which is dominated by DY signal
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Differential cross sections

Corrected with acceptance correction Fiducial (without acceptance correction)
CMS pPb (173 nb™', 8.16 TeV) CMS pPb (173 nb™", 8.16 TeV)
r— _I I T T T | T T T ‘ L I L | L I 1 r— _I I T T T | L | L I L | T T T ‘ \_
Q' 7060 <m,, <120 Gev—*— Data ; Q' 5060 < m,, <120 Gev -
: 60:_ E CT14 _: : 40:_|n|“ab|<2.4, pi>15(10) GeV _
% : | CT14+EPPS16] % : o
N o) 50:_ ] o) 30F ]
40F ~ 20 ]
[ ] i ] ]
30F | fop e L_lCTI4 ]
: . i | | cT14+EPPS16 *
20_ | O—I |:ﬁ 11 | L1 11 | | I | | L1 11 | L1 1 I.l \_
514 = S 14
S od S od
S 06k , 3 S 06k
a -3 2 -1 0 1 2 o

Fiducial measurements : Absence of acceptance correction
— Lower theoretical uncertainties + Reduction of model dependence

cms, | 5T
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Differential cross sections (1) — mass, y.y dependence

Fiducial (without acceptance correction) Lower mass region Z-boson mass region
CMS b (173 n 816 TeV) 15 <m,, <60 GeV 60 <m,, <120 GeV
% 10F -o-l —e— Data 4 10CMS pPb (173 nb™, 8.16 TeV) CcMSs pPb (173 nb™, 8.16 TeV)
O] - Q' g15<m,<60Gev O Oe0<m,<120Gev ]
o - [ cT14 - proton PDF = gE . |<2.4,p" > 15 (10) GeV E = i | < 2.4, p > 15 (10) GeV
S 1F . - [ ] CT14+EPPS16-nPDF | > " ; Z 40 ]
E —e— - 3 = F E [
E _1 B - - 5§ E :
s 10 3 E 4 =~ D % 200 .
e, C == ] of . | JcT14 ; b e L[ _JcCT14 CIE.
1072 87 v [<193 —— = 1 | cT14+EPPS16 % 3 i || cTiasEPPSIE * ]
E - ] " E Bl v v b b v b by 10 4 ’.Ii':..\\\..\\..H\..HI.\HI.’
Eml*;b|<2.4, p:>15(10)GeV f o 1_(‘23: o 12;
10k ! . S8 S
=~ ] o - o "R
lﬁ 1 | 1 1 11 I I 1 1 1 1 I: e &
m T ! 3
S 12k . = . _
=S O.QEEE+§%%%’E%=’ 1 * Inlower mass region, we can access to lower x region
B T i T Y E - EPPS16 can give better description than CT14 PDF
i i GeV alone, in Z boson mass region
I i my, [GeV] * Uncertainties in the measurement are smaller than

nPDF uncertainties, in Z boson mass region

Z-boson

Lower mass region mass
region

Hyunchul Kim (Chonnam National University) — ATHIC 2025, Jan. 14th. 2025



do/dp_ [nb/GeV]

e

Pred./Data _,
0O ==
O oojon  ©
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Pred./Data
0O =

CMS pPb (173 nb™, 8.16 TeV)
i SR

| —e— Data —.-

E L

[ JcTa -

“t[ | CT14+EPPS16 -

[-2.87 < chml <1.93 -

“£60 <m,, <120 GeV -

[ 1<2.4, p!">15 (10) GeV 1
2 ™

[ —e— Data .

E hd =
[ Jcrma - ]
L == i
L | cT1a+EPPS16 i
F-287<ly_ | <1.93 -]
| 60 <m,, <120 GeV —.

%Inl‘;bl < 2‘.4, pL>15(1 0)‘ GeV

[ BN CYN
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Differential cross sections (2) — p1, ¢$* dependence

Fiducial (without acceptance correction)

CT14 — proton PDF
CT14+EPPS16 - nPDF

* From pyor ¢* results in Z boson mass
region, CT14 looks give better
description, contrary to |ycy| results

« Strong conclusions about nPDFs are

prevented by imperfect modelling in
POWHEG




Differential cross sections (2) — p1, ¢$* dependence

[-2.87 < ly,)<1.93
| 15 <m,, <60 GeV

—

[ | cT14+EPPS16

CMS pPb (173 nb™, 8.16 TeV)
; F T L R R T L R |
] 1————r= E
(\5 i = E
o + —e— Data =
£.107'F 3
* [ Jema e ]
.8-10_2;E CT14+EPPS16 ]
B F-2.87<ly_ | <1.93 =+
© 103115 <My, <60 Gev ¢
i 1 <24, p >15(10) GeV e
L. Ll | | | 1
% 1.4
S 4 o o0 o o4
S od- =28 A (
3 0.6 , .
o 2 345 10 20 100 200
p, [GeV]
CMS pPb (173 nb™, 8.16 TeV)
;_.102: _
% | —*— Data =
S~
S [ Jerma =2
10 E

[T NNV

Pred./Data
oo -

CMS
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;h]:;b| <24, p_‘:_ > 15 (10) GeV =
Cvvnanl Ll Ll
S S 0. 0.0 o Py Py
: T e e ——— e [———
1072 107 1
¢*

Fiducial (without acceptance correction)

CT14 — proton PDF
CT14+EPPS16 - nPDF

* The precise measurement in pPb
collisions provides new insight into
the soft QCD phenomena dominating
the production at low boson py or ¢*




Forward-backward ratio e

€M, |

CMS pPb (173 nb™, 8.16 TeV) CMS pPb (173 nb™, 8.16 TeV)
E :I TT I T TT | T 1T I T TT | T 1T I T TT | TTT ] T TT | T TT | TT I: m :I T ‘ T TT | T TT | T | T T ‘ T TT | T | T TT | T TT | TT I:
m 14:_ —&— Data _: CELL 14:_ —&— Data =
] 3:_ 15<m,, <60 GeV Jcmia E ’ 3:_ 60<mw<120GeV Jctia E
F [ ] cT14+EPPS16 ] F - [ ] cT14+EPPS16 ] proton PDF
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Lower uncertainties by partial cancellation the correlated uncertainties

In Z boson mass region, indication of a Rgg <1 is found, consistent with the expectations
from nPDFs than proton PDF only

Smaller uncertainties of data than the model can give the constraint to further modelling
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DY data is applied in nPDF improvement

CMS Z /5 = 8.16 TeV

DT [arxiv (2022) 2201.12363 e |
& | wwer nNNPDF3.0 (no LHCb D)(X/N=249) < My < 60 60 < My <120

£ A
Wy nNNPDF3.00*/N=249)
Process Dataset Ref. Ndat Nucl. spec. Theory ..gh tﬂ} Data
~2
NMC 96 [53]  123/260 ’D/p APFEL §
NC DIS SLAC 91 [54]  38/211 ’D APFEL Nb 1r
BCDMS 89 [55] 250/254 2p APFEL ) e R
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Fixed-target DY [56] / " /e CE; 15 { l
FNALE605 [57]  85/119 540y apFEL 3 by po }
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E 10 i S ST USSR (L U, (PO 8 I8
ALICE W*, Z (5.02 TeV) 58] 6/6 208pp, MCFM E i
208 < L L L L L L L | L |
Collider DY LHCb Z (5.02 TeV) [28] 2/2 Pb MCFM A 05 -5 = 0 + s - - 5 . :
ALICE Z (8.16 TeV) [60] 2/2 208py, MCFM Yy y}
CMS Z (8.16 TeV 61 36/36 208pp, MCFM
208 .
Dijet production OMS p-Pb/pp (5.02 TeV)  [27]  84/84 208ph,  NLOjet++ Lef e TP 14 ® 14l 5*
Prompt photon production ATLAS p-Pb/pp (8.16 TeV)  [62] 43/43 208p, MCFM L4 nNNPDF3.0 (no LHOb D) 1.2F 1.2-
-~ 1.2F
Prompt D° production LHCb p-Pb/pp (5.02 TeV) 28] 37/37 208p, POWHEG S 1.0
1.0 - B
0.8 e — 0.8F
0.6 0.6
16 d Q=100 Qev 34 d 14l g
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1.4f 68% CL / \
1.2F 1.2¢ //\
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= 1.0 ' 1.0
1.0 5 ~
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0.8 — ’ ||
0.6- 0.6" ‘| 0.6f Ly
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x x x

Expect to provide constraints to models and contribute to further developments ©
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Then what is the future of the DY analysis?

* DY in pPb during the run 2 HI period show the smaller
uncertainty than in PDF
— Butin run 3 period, pPb data will not be provided

« Only PbPb data in run 3 HI period
— Up to run 2 period, data uncertainty is closed to PDF uncertainty
« Expect the visible smaller uncertainty in run 3 accumulated data
* DY Analysis in pp collision is continuous with
improvement
— Leading group is in Korean (close to ATHIC range)

* DY in PbPb might show the nPDF effect clearly than
in pPb

 Still might be difficult, but might not be impossible

cms, | S,
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run year | Collision | integrated
period energy luminosity
(ub-")
run2 |2015 |5.02 594.6
2018 1893.4
run3 | 2023 | 5.36 1979.7
2024 1668.3
2025 ?
2026 ?

Expect 4 times

than in 20187

? =
29 94




Summary

Annihilation of
quark-antiquark

cms |

Drell-Yan (DY) process is the powerful probe to investigate the inside of the nucleus, but only focused to Z boson

region until now

In first Drell-Yan measurement results (lower mass + Z boson mass(¢*)) at proton-ion collisions
— Drell-Yan results for 60 < m,, < 120 GeV have smaller uncertainties than those from models, expect to provide novel constraints on nPDFs
— Measurements for 15 < m,, < 60 GeV give access to a new phase space for nPDF studies

In run 3 period, expect more accurate measurement with larger statistics

() valence quark
( sea quark

Via Z boson or
virtual y

Hyunchul Kim (Chonnam National University)

Decay to dilepton
(muon, electron)

Lower mass region
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Summary

« Drell-Yan (DY) process is the powerful probe to investigate the inside of the nucleus, but only focused to Z boson
region until now

* Infirst Drell-Yan measurement results (lower mass + Z boson mass(¢*)) at proton-ion collisions
— Drell-Yan results for 60 < m,, < 120 GeV have smaller uncertainties than those from models, expect to provide novel constraints on nPDFs
— Measurements for 15 < m,, < 60 GeV give access to a new phase space for nPDF studies

* Inrun 3 period, expect more accurate measurement with larger statistics

Lower mass region Z-boson mass region

() valence quark

collision results here..

. sea quark il Eb G5 =N GN ED GD Gn G G - g
S
it | Hope to see DY in PbPb
:

Annihilation of
quark-antiquark

Via Z boson or Decay to dilepton
virtual y (muon, electron) I
L ] ] ] ] ] ] I ] ] ] I
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Thank you very much for your attention
Hope a Delightful Year for you
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Kinematic coverage
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105 4
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Kinematic coverage

Fixed-target DIS

Collider DIS
) . 3
Fixed-target DY . .
Collider gauge boson production . o, AR |
Collider gauge boson production-+jét . w Ao s -3
Z transverse momentum - rrr
N . * w 3
Top-quark pair production PR Paliiod H
Single-inclusive jet production PR R N .
Di-jet production A Y -
. ) P M
Direct photon production Pl s P«

Single top-quark production * o o
Black edge: new in NNPDF4.0 < PR $

P N . a o r*

s
<§<1<q$<?4<’<g<1-q14<*§<9'
P A

v/ 5NN

cMms/|

* x_: momentum fraction

* Q_:dimuon mass

* Vsyy : collision energy

*  Yycm : dimuon’s rapidity in
center-of-mass frame

Annihilation of

quark-antiquark
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) sea quark
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NPDF region explanation

1. Shadowing Region (z < 0.1):

Meaning: In this region, the parton densities in a nucleus are suppressed compared to the

sum of the parton densities of individual nucleons. This effect is attributed to coherent
interactions between partons in different nucleons within the nucleus.

. ge . . fA(ZB,QZ% .
Trend: The nuclear modification ratio RA(z, Q%) = AfN(@.Q%) (where f4 is the nuclear
PDF, fN is the nucleon PDF, and A is the atomic mass number) is less than 1, showing a

suppression of partons, particularly gluons and sea quarks.
Physical Explanation:

e Coherence effects, such as multiple scattering of partons and gluon recombination

(saturation effects), reduce the effective number of partons.

e Strong in heavy nuclei due to the dense partonic environment.

2. Anti-Shadowing Region (0.1 < z < 0.3):

€M, |

Meaning: Here, the nuclear parton densities are enhanced relative to the free nucleon

case.
Trend: RA(a:, Q2) > 1, showing an excess of partons in this range.

Physical Explanation:

¢ This enhancement is often linked to momentum conservation and the interplay
between nuclear effects like gluon exchange or the redistribution of partons from

shadowed regions.

¢ Anti-shadowing is more pronounced in quark distributions than gluons.

Hyunchul Kim (Chonnam National University) — ATHIC 2025, Jan.

3. EMC Region (0.3 < z < 0.8):

Meaning: The EMC (European Muon Collaboration) effect refers to a significant
suppression of parton densities in the intermediate-x region for nuclei compared to free

nucleons.
 Trend: Ra(z, Q%) < 1in this region, with a gradual dip.

¢ Physical Explanation:

e The origin of the EMC effect is not fully understood, but possible explanations

include:
¢ Modifications of the nucleon structure due to the nuclear medium.
¢ Nucleon-nucleon correlations (e.g., short-range correlations).

¢ Mesonic degrees of freedom or binding effects.

4. Fermi Motion Region (z = 0.8):

¢ Meaning: At high x, partons are influenced by the Fermi motion of nucleons within the

nucleus.
e Trend: RA(m, Q2) > 1, with a steep rise due to the high-momentum tail of partons.

¢ Physical Explanation:

e This region is dominated by the effects of the nucleons' intrinsic motion within the

nucleus, leading to an enhancement of parton densities at high .

Help from chatGPT ©

14th. 2025




Table 1: Key features of recent global analyses of nuclear PDF's.

ANALYSIS nCTEQ15HQ (50) EPPS21 (51) nNNPDF3.0 (52) TUJU21 (80) KSASG20 (81)
THEORETICAL INPUT:

Perturbative order NLO NLO NLO NNLO NNLO
Heavy-quark scheme SACOT—x SACOT—-x FONLL FONLL FONLL
Value of as(Mz) 0.118 0.118 0.118 0.118 0.118
Charm mass mc 1.3GeV 1.3GeV 1.51 GeV 1.43 GeV 1.3GeV
Bottom mass my 4.5 GeV 4.75 GeV 4.92 GeV 4.5GeV 4.75 GeV
Input scale Qg 1.3GeV 1.3GeV 1.0GeV 1.3GeV 1.3GeV
Data points 1484 2077 2188 2410 4353
Independent flavors 5 6 6 4 3
Parameterization Analytic Analytic Neural network Analytic Analytic
Free parameters 19 24 256 16 18
Error analysis Hessian Hessian Monte Carlo Hessian Hessian
Tolerance Ax? =35 Ax? =33 N/A Ax? =50 Ax? =20
Proton PDF ~CTEQ6.1 CT18A ~NNPDF4.0 ~HERAPDF2.0 CT18
Proton PDF correlations v v

Deuteron corrections (V)b ve v v v
FIXED-TARGET DATA:

SLAC/EMC/NMC NC DIS v v v v v

— Cut on Q2 4 GeV? 1.69 GeV? 3.5 GeV? 3.5 GeV? 1.2 GeV?2
— Cut on W? 12.25 GeV? 3.24 GeV? 12.5 GeV? 12.0 GeV?

JLab NC DIS v)e v v
CHORUS/CDHSW CC DIS (v /-)b v/- v /- VIV VIV
NuTeV/CCFR 2u CC DIS (v /v)b v/-

pA DY v v v v
wA DY v

COLLIDER DATA:

Z bosons v v v v

W= bosons v v v v

Light hadrons v v

— Cut on pr 3 GeV 3 GeV

Jets v v

Prompt photons v

Prompt D° v v ve

— Cut on pr 3 GeV 3 GeV 0 GeV

Quarkonia (J/, ¥, T) v

& nCTEQI15HIX (26); ® nCTEQ15v (114); ¢ through CT18A; ¢ only #° in DAu; © only forward (y > 0).




Previous Z boson measurement — measured variables

. . . 2 14-I,I'-\II_iCIl:IF:'tI)P.bI\isI_WIISHOZITIeIVI T
* Differential cross section By [ Zowke0sncasgomoee
% ~ 12: Correlated Systematlc— 6.3% ]
— vS. py, ¥, and <N, (centrality) o ;
sf E
— With larger statistics, finer binning is available 3 % E
] 6 .
o 20-90 % 4
ATLAS 2F T 0%- 5% R CMS 1 % 4 nb (5 02 TeV PbPb 0- 1000/0) 4:_ 0-20 % —:
103 L Pb+Pbm=02.‘762TOS1\<_ + ’ é_‘ L BRI LA BN B LI LI N L N B - CT14+EP309 ]
- ata 20ty g ¢ | 1 T T T -
_LM‘\.:‘ SN ’ *I 60.<my <120 GeV 1 050 100 150 200 250 300 350 400
t 4 2F ' o, 10, -
5/° To% 5 WNN“‘““& (Npa rt)Nm..
§ - 4_ ® 3
2 '“«.s\ RN “‘N
w3l F X 12 2F |  10%20% e S 0-90% Pb-Pb \'s, = 5.02 TeV
Pl - g * ' Illﬂ A 3 4- I
i [ v:\' v 1870 AT bN|_N I ALICE ——i—
Fzzo.z_ v ,‘\ 1 2f + 20%-40% T T P —— Zly* o pt o
I y' \ \ 1 LI | W Q
P B . - A\/MG5_aMC@NLO + CT14 Tt o teePOF 7z
F @sweion (c20) 4 § 2 S mas_amc@NLO + nCTEQ15 -
- W20%-40% NG ? * *+ = 4 CT14 + EPS09 i :
E waonmo0m Y \ 1-* Yy H q | ) MG5_aMC@NLO + CT14 + EPPS16 | Elbiessin TP | ST
. . y AT ATIFEN S INETATT ATATIS GFATET SrATAr Srarar A A
1 10 10? 1 10 102 0O 03 06 09 12 15 18 21 24 + P
o7 [GeV) F GeV] ly | oo opop =]
nCTEQ15
ATLAS : PRL 110 (2013) 022301 CMS : PRL 127 (2021) 102002 Po s, POF Immfmml o

2 3 4 5 6 7 8 9
dN/dy
pb
T, >( )

€M, |

Hyunchul Kim (Chonnam National University) — ATHIC 2025, Jan. 14th. 2025 ALICE : PLB 780 (2018) 372




Tap-normalized Z boson yields in PbPb

€M, |

0.55

Centrality (%) m

PRL 127 (2021) 102002

CMS 1.7 nb™ (5.02 TeV PbPb)
- 60 <m, <120 GeV E
-yl <2 E
L — g
fﬁ Ziy* = I'T HH E
E_ X S - ‘ ‘E
- 0-90% data N E
C < ]
" HG-PYTHIA scaled by 0-90% =
—_mﬂhmﬂ—ﬂ—a»-m—-_m;wm-m—-—- ----- m ---------- m:
0 20 40 60 80 090

Taa : transverse overlap function representing
the collision’s effective integrated nucleon-
nucleon luminosity

HG-PYTHIA

0.2

PYTHIA particle production +.

HIJING initial collision geometry
Describe geometric and selection biases

| T T T T T
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Previous Z boson measurement — measured variables

* Raas Rppp < lON collision compared to pp * Azimuthal
collision anisotropy (v,)
« Compared with W boson (Ry7) — Zero as expected
Q:fi 1'6;_ g:f:bs\(%ls;)z;evém;anlw . _: m§ 6: étﬁ:tfo.wnw 0.05 CMS 17an (5-'0-211--6\;/ PbPb)

pp. 25pb-" _ } Z/y N

140 pp, V5=5.02 TeV, 25 pb” F ] 55 [Suy, 15=5.02 TeV 0.04
. - 0.03F * ATLAS 2.76 TeV PbPb 5 3
125 |"|....-! _ ° _ H+ ----- J.}i -------- H ------ * 0.02 — —
b | L

1_

Vo
o

0.8F

E 4 :_ Pb+Pb ( d) 0.01 - T |"|
B + pp (isospin correcte -0. —
__ Data HG-Pythia (isospin corrected) ] B E
06F ; __yt;v- " t 1  35F _— w'z -0.02 :+ I
04 oo we - - Ewe —0.03;—|y|<21 ' :
0 20 40 60 80 100 0 100 200 300 ( I300> -0.04 | 50 < m" < 120 GeV 3
Centrality [7] pert ‘0'056 20 20 60 80 0-90%
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ATLAS : PLB 802 (2020) 135262 CMS : PRL 127 (2021) 102002

€M, |

Hyunchul Kim (Chonnam National University) — ATHIC 2025, Jan. 14th. 2025 32




eu data-driven method

MC
NBkg.

* If we believe MC totally, Nejg 25 = ————" Ny
— But we can't, validate with other kind of data Nrota

b
1 mu+ e+ mu+

t <
W+ 4 nu nu nu
ttbar

W- ¢ nu nu nu
NBkg.MC’ pp thar { ‘ﬁ mu+ mu+ e+
NBkg.ESt'w - _— % NBngata(Obs.) el b u 8
Ngig MC: eH
Npig MO Naig "
NBkg.ESt' I —_— % * NA”Data(Obs.) ey
N i NTotaI.MC’ o1
Ngig MC 1+
NBkg.ESt' I —_— % NA”Data(Obs.) eu
NTotaI.MC’ i

— Validate with eu data

CMS i 1»,*. C 'l'e
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Fake rate(misidentification) method

A
- Background with one (W+jet) or two (QCD Fake True
multijet)muon inside jets and identified as DY DY
prompt muon

— Also pass the muon selection including muon ID and
isolation cuts

dKE O
° (13 bi) H
Use “fake rate” technique Isolation cut
— Using QCD or W+jet MC, get fake rate
Muons passing all selection cuts iso

Fake rate (FR) = =
Muons passing all selection cuts w/o isolation  tight

 # of fake muons = # of total muons * FR
« # of non-fake muons = # of total muons * (1-FR)
— # of fake muons = FR /(1-FR) * # of non-fake muons

« Validate with same sign data with other
analysis cuts

cMs, | s,
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Forward-backward ratio el € b o -
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* For both cases, deviation from free proton PDF(CT14) is observed
« Shadowing in nCTEQ15, hinted by the W boson measurement, is not predicted with nCTEQ15WZ
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Z bosons in pPb (CMS)

cMms/|

Z boson in pPb 5.02 TeV (2013)

34.6 nb™ (pPb 5.02 TeV)
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Drell-Yan in pPb 8.16 TeV (2016)

Favor nPDF than proton PDF only

CMS pPb (173 nb™, 8.16 TeV)
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Correlation between p; vs. ¢*

102 RESBOS + CT10
; "
m —]
N =10
Q .
—=10°
108 o e
- Zi*— ¢te— 1 o
I \s=7TeV 1.=10°
m‘l <2.4 -
pfﬂ > 20 GeV i
66 GeV<m,, <116 GeV 10
1 1 1 1 111 | 1 1 1 1 1 111
102 107 1 PLB 720 (2013) 32
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Summary of systematic uncertainties

Source of uncertainty 15<m,, <60GeV |60<m, <120 GeV |Correlated

Event activity reweighting < 3%
Muon momentum <1%
Data-driven efficiencies 1-5%

Acceptance and efficiency (MC stat.) <4%
Background estimation 2-15%
Acceptance and efficiency (theory) 1-10% (< 1%)

Unfolding: detector resolution < 2%
Unfolding : FSR <1%
Total 6-15%
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<1% Fully correlated
< 3%

1-4%

<4%

0.1-3% Fully correlated
<1% (< 1%)

< 2% Fully correlated
<1% Fully correlated
1-12%




Correlation matrices for the systematic uncertainties

CMS pPb (173 nb™, 8.16 TeV)
T T T T T T T

« Correlation across bins of
all the systematic
uncertainties have also
been evaluated

* Integrated luminosity is
excluded for clarity

20 30 100 I~ -  The difference between the
o e o e matrices in the two mass
" o | : selections can be explained
o o by the background
uncertainty, which is one of
o o the dominant systematics
B N T25-2-1512050705 1 15 v source

Yoy Yo
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