Recent highlights on
QCD and QED studies
with heavy ion
collisions




Outline:

®“Standard Model” of heavy ion collisions: a complex dynamics of intrinsically
many-body system
<

E

® A (biased) selection of recent experimental results:
® Initial state properties
® QGP properties through heavy flavor and quarkonia
® Progress in jet quenching studies

® Ultra-peripheral collisions: QED meets QCD
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Introduction: “tools of the trade”

®System size for control over initial and final state effects

PP
“just a reference” “cold nuclear matter”
for hard processes/ initial state effects with centrahty “dial”
vacuum fragmentation (e.g., shadowing, anti-shadowing,) final state effects

_

Now: changing paradigm of the old division, blurring the edges of applicability of initial/final state
language; interesting new phenomena across the board.
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Introduction: “tools of the trade”

CMS PLB 765 (2017) 193

CMS pp \s =13 TeV

® Azimuthal anisotropies (“flows”): Fourier coefficients v,v,, V;,v,,V. s
1:V2s V3,V4,Vs5
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® Nuclear modification factors R, , Raa(pr) = < Nyi> d2NPP /dprdn x T

“Number of binary collisions Ny;,, is extracted from Glauber calculations ot
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LHCb, JHEP 10 (2017) 090

Understanding initial state
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® Nuclear PDFs: parton densities modified in nuclei

with respect to free nucleon PDF

® Low-x (“shadowing”) region is poorly constrained

by previous data
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® LHCb forward prompt D R, — major reduction of
nPDF uncertainties down to x~107° Khalek et al. EPJ C 82 (2022) 6
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Understanding initial state sk

More nuclear modification factor measurements from pPb data

LHCb PRL 128 (2022)142004 ® New measurements for nuclear
= 1.8F T HCb 1 Prompt charged | 'E‘Data ’ ?-'_’;/2 EPPS16+DDS { ] mOdlﬁcatlon Wlth Charged
E ] sy Joumee [—coc ] | hadrons

1L pQCD+MS

® Suppression at forward rapidities
® Captured by several models
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osf & > 15 : Presents difficulty for the models
o6} 7 t7 ¥ X ..
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Collectivity in small systems " envenx

° : :
Pb+Pb (60-70%) p+Pb (High-Multiplicity) p+p (High-Multiplicity) Discovery of collective effects in small
b ‘ systems:
.12 ® CMS: high multiplicity pp @ 7 TeV and
218 1. pPb @ 5 TeV
o|lg 1.
|8g, | ® PHENIX: pAu, dAu, *HeAu @ 200GeV
= 4
: ® Long range correlations: everywhere!
i [ ]
PHENIX NP15 (2019) 214; PRC105(2022) 024901 Can.lt.he system that small reach an
O P e et o equilibrium?
O-18LP+AU Vo =200 GeVIO-S% () - dvi [ o = 200 GeV 0-5% ® Could this be an initial state
IR Sone phenomena? CGC?
0.12F S5 ey
== 0.1 .
0.08} : V. - ® NOT reproduced for pp in any
o P - AT Py ’ TR established MC generators
0.02f £ ® Details of nucleon structure is critical
F

for understanding these phenomena
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Collectivity in small systems £) %

ATLAS 778t

EXPERIMENT

® Anisotropies in ever-smaller systems  ®STAR: correlations from yAu collisions
ATLAS: PRC. 104 (2021) 014903 ® No non-flow subtraction yet — a critical step!

{ \
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L "ATLAS ] 112 : . .
- Pb+Pb, 1.0 ub™'- 1.7 nb™ ;%rzprztel F<'t5 0 = STAR Preliminary
VS = 5-02 TeV, OnXn + pePb VA 2 T Au+Au vsyy = 54 GeV, 1nXn (y+Au-rich)
~ 1 ’ ch — N :
0.151 22775 oo & pp, N>60 — > 1.08 | h* (hi<1), 1AnI>1, 0.2 < p,11985%° - 2 Gev/c
[~ ch — * * P n ©
999999 i ¢ Photonuclear »* x = | B i “ 1.06 Activity: 1<=NtrkTOF-match<8
— N— | | > : e*e"— hadrons, {s = 91 GeV
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— == . What’s too small’ Lo Ceenies

1 15 2 25 3¢

® ALEPH: e*e~ PRLI123(2020)212005° ' %

®ZEUS ep JHEP04(2020)070
® No ridges at high multiplicity, described by MC

® Non-zero v, in yPb collisions

® Consequence of pPb interactions? CGC?
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More on collectivity

® Anisotropic elliptic flow for identified particle species:
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® Common for all energies and systems: mass ordering at low p, baryon/meson grouping at intermediate
g y g Py, Dary grouping Pr

® Hadronization through recombination/coalescence < partonic origin of the flow
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Understanding hadronization

HLICE'~;$? 2

o Tt
ronization :
Charm hadronizatio ® Baryon-to-meson ratios are

LI | | T TrT rrT LI TTT rrT LI rrT T ’—?, 1 -0 * * ® ®
=1l ¢ ALICE, |y<0.5, pp5TeV = = 'ALICE I T;V | sensitive to hadronization
<10 b e CMS, |y|<1, pp 5TeV i I PR 08 Lo11 16 ] .
L o ALICE, [y<0.5,0-10% PbPb 5.02Tef/ 08 |- . W1E mrotmmany npt (s -5027ev | BNhancements are seen in light
L | = ENS, =1, 610050 FRRbio. 02 Tey - —ALCE pp. 2 xAx R (Preiminay) | and strange sectors at RHIC and
L 1 o STAR, 10-80% AuAu 0.2TeV + B factories, e'e”, Vs = 10.5 GeV
¥ |+ +LEP,&%e, Vs=m, 1 IJII(:
0.8F i 0.6 = “# . HERA, ep, DIS g
: 4 i o HERA, ep, PHP i
0.61 1 o04lrel™] | Charm sector: A /DY
| AA 7] _ . e |
04k ? @ i i . ] ° Hll%h P snrglliw AdA to pp ratios,
[ : i * ] enhancement at mid-p
[ i i 0.2 |- i R T
0.2f % pp HE 7 _ ENEE By _
[ i I Yo ] o
OllllllllllllIilllllIll]llllllllllllllIl 00 | | | | .Moststrlklngfeature:

2 4 6 8 10 12 14 16 18 20

+ + + — to—
ALICE PRL 127 (2021) 202301 P (GeV/c) D> D D A= enhancement over e™e
CMS PLB 803 (2020) 135328 ® Charm-fragmentation fractions
STAR PRL 124 (2020) 172301 appear non universal
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Understanding hadronization

ALICE

® A closer look at QGP effects  ALICE PLB839 (2023) 137796

® Baryon-to-meson ratios are

@ REPS ©1aEALICE s = 5.02 Tev, Iyl < 057 - ot

§ | MRemeey s - E sensitive to hadronization
= B ° ¢ +0 - A Preliminar 3 . .
g 2 o 13 {Jﬂr © PrL 127 (021 z02sor ® Enhancements are seen in light
s | §00 T .3 e and strange sectors at RHIC and
g* o +0¢0 0.6~ ~$» e 30-50% ]
wa] 11— OEI:ID o ¢ o 4$ ‘$‘ = LHC

I ﬁﬂﬂ DDE'E'D‘; o o o ]

[} % ? 0_2 1

I A AT -5 o o T ’ P, (Gevo) Charm sector: A_/D°
D[ oevmack mogdMBRMOI,| o1 diate oo I
% 3 e ?gt:j;gzéca%;éag;?ﬂ%) ‘;,_, ]_ LHCb2Pbe \(i _sgg'r V57 pre 1m1nary Ilterme late pT. Centra lty
bl e S g LR R i e : dependent enhancement in AA
s ,.—-"- "-_\__.‘ 0_3_ lobal uncert 51:'3’_ e 2 . . -
i | g e ! over pp; peripheral ~ pp

F o, e 6l ] Y . .

e osf : Enhancement levels are similar to

i T 9 N E that of light hadrons

M THERMUS =~~~ """~ f‘l”fff*?'?z.;.-;tjz_i:_ ______ - " _:_M:MZQZ o =8 1

o 2 4 & =8 02 —ga— = ® Parton recombination is likely

Transverse Momentum (pT) (GeVic) 4 . .
i ] contributing to charm

STAR PRL 124 (2020) 172301 e N
’ ) ° p [GeVic] hadronizations
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Medium effects on heavy flavor

ALICE &

®Nuclear modifications and anisotropies for heavy flavor hadrons:
prompt- and non-prompt D? , prompt and non-prompt J/v, Y

ALI-PUB-501944 CMS-PAS-HIN-21-001 CMS-PAS-HIN-21-008 ® Mld_pT - flavor dependence of
;(: 1 4 T T T T | T T T T T T T T T T T T | T T T T |_ _CMS PrEIlml,?ary| T T T T T IPbe 1-6I nb-1 I(5-Q2 -Il-el\/_) energy ]-OSS
T ALICE Meos 3 025 e e 00% o rbep<nd ] ° :
- Pb-Pb, {5y, = 5.02 TeV - - Yas) e yl<24 ] Raa(b) > Ryy(c)~Ry4 (hght ﬂavors)
’ . o o - + |y| <2.4, Cent. 10-30% Nonprompt J/y, Cent. 10-60%__| .
Contally 0-10% . 0-2 0 18 <hi<zd ] ® v, (b) < v,(c)~v,(light flavors)
] — - oo ]
| /];\iverage D’ D*, D** ; 0.15 = P-roll;‘lp: ?‘ Gent. 10-30% ]
08 © Charged partcies BN 0 o Gent. 10005 ] .
) Jhy, 0-20%, ly| < 0.9 B — " ] 5 . 5 5
06 L s ] E . ] High p; : radiative energy loss
o Non-prompt Jhy, ly| < 2.4, CMS ] 0.05- - dominates
— - - T | i } .
== ] e E— = = e - ®Ris(b)~Rys(c)~R,4(light flavors
3 E ok | - #D : aa(b)~Ry4 .AA( & )
A 1 o050 E ® v, (b)~v,(c)~v,(light flavors)
O C | | | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | ] C 1 1 1 1 1 111 I 1 1 1 1 1 N
1 10 . .. .
m 2 - ® . GVl p_ (GeV/c) ® Need high precision simultaneous

ALICE: h*, D%, D*. D~ J /i measurements of R, , and v,

CMS: h*, prompt & non-prompt J /1, prompt & non-prompt D°, Y(1S)
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DHSB Heavy flavor: nuclear modification

STARPH ENIX @?d)
% ‘..':

ATLAS

EXPERIMENT

® Measurements of heavy flavor nuclear modification factors from RHIC and LHC:
PHENIX arXiv:2203. 17058

STAR EPJC82(2022) ALICE JHEP 12 (2022) 126 ATLAS PLB 829 (2022) 137077
e PHENIX | i R T T Ty T ] < LA N I O I O B
- ,?.:»,égoygev 8 o [ ALICE, Pb—Pb, {5, = 5.02 TeV ] n:<1 .5 | ATLAS $ cou |
i VSnn N i 0-10% | <05 ] | Pb+Pb, 5.02TeV, 246 ub™ |
_ — PHENIXb —e - 15 ® non-prompt - - pp, 5.02 TeV, 1.17 pb"! v Ok
* - — —PHENIXc >e - * prompt D’ ] |1 40-60%
a TE > STARb se T g
? \_\ STARGC e . ok . | ]
i . : oF-----fAts------=----- - — __ : | S — ——
=2 1 ol . 5 ) i . P t__
S [ ] ‘| 10 T
o’ e 0.5 B —— , i
B & : ] - J . — DAB-MOD c—D%5u
0.5— \\ < — o5F - — —DAB-MOD b—B%5u ]
- — = L i i DREENA-B c—D%—u ]
B : i i E-H - r DREENA-B b—B%—u
017 2‘ 3‘ ‘A‘I-I ‘5" é : I%I — I78 —o.pe? r:w:ri:elrs:pTe':\)(tr.apolatledp?relfer.enlce?l : -| I | | 1 111 I I T T O I-

5 10 15 20 25 30

GeV
® Energy loss mechanisms and QGP expansion modeling — R, , for leptons from HF decays and non- pror%p[t DO]

2l 1 10 p (GeVic)

® Mass splitting at low pr, similar behavior at high p; PHENIX, STAR: e from HF decays
® . . . . . ATLAS: u from HF decays
Less suppression for beauty, at least in the intermediate p; regime ALICE: prompt and non-prompt D?
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' : ' ' s 1 QL
Heavy flavor: anisotropies e &9 Vs |G
1 |ALICE

ATLAS =

EXPERIMENT

ATLAS PLB 829 (2022)137077 CMS arXiv:2212.01636 ALI-PREL-502677
-1
CMS PbPb5.02TeV(0.58nb™) e
0 025 — o [ . ]
> 1 Min. bias AutAu (5,,=200GeV i ENi "Thmas T TTTTTITTITTTTTTT 0.2 | 0 S o3 ALICE Preliminar ¥| < 0.8]
o [ £ L d - 2 0.
02; — eifrom charm decay preliminiary 02 | Pb+Pb, 5.02 TeV, 246 ].lb'I — DAB-MOD C—)DG—HJ I .-Prompt D (PLB 16 (2021) 136253) E - 30-50% Pb—Pb, \/?NN =5.02 TeV 1
e fonbtom oy N SRT, 10 —paBMOD b-B o | N T oD fombhadrondecays | o= [ o NonpromptD®
015l s B! ! > DREENA-B c—D"—>u | I E @;0'25- b (= c) — e (PRL. 126 (2021) 162001)
5 o L DREENA-B b—B—u | () 1k = [

o V! ‘ 0.1l
: ’ * '

B
i
i

—N-o

0.05;—0’.0 ¢ 4 . 0 _______ ? ____ # __ -  — 0.0F
L ————— _'_'-:;‘:::_—':"—-—-——_ - L LIDO (Non-prompt D’ \\\
0 [ | 30'50% —0.1: LIDO (b (= ¢) - ) _
-0.050_‘"b?s‘"'%“‘ﬂs“”é‘“‘2.‘5""3‘"“3}5‘“’i“‘al‘s"“\,, v b b b b MM B PR R PR B T T T T T
. . p, [GeVic] 5 10 15 20 25 3C 5 10 15 20 2 ¢ B ¥+ ¥ ¥ 1;’ : Gelf/c)
Consistent picture: p_[GeV] p_ (GeVic) '
o i
Sl.gr.nﬁca.nt v, fo? charm .and bottom | | PHENIX: ¢ from HF decays
® Initial raise consistent with hydro expansion; high p — path-length ATLAS: u from HF decays
dependence of energy loss CMS: prompt and non-prompt D°

. . . ALICE: non-prompt D? and e from HF decays
® Higher degree of parton-medium coupling for charm than bottom pIOTP 4
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® What about quarkonia? Everything “flows”!

PLB 816 (2021) 136253

ALICE-PREL-514634

Quarkonia: anisotropies

41— |ALICE

CMS-PAS-HIN-21-001

pPb 186 nb' (8.16 TeV)

CMS Preliminary

- L | B | LI LA B IR B B BB B B R LI | L ‘?_ 03 L I B B B B B B B L I LI UL 0_ 1 5 T T 1] L T T
0.12 :_ Sonlar Product Prompt Jhy Nonprompt JAy _: < £ ALICE Preliminary ] i +Y (1S),0<ly |<24 ]
= Cent. 10-80 % Di16<lyl <24 Ql1B<Iyi<2.4 4+ >0 Pb-Pb, {5,y = 5.02 TeV, (30-50%) (JHEP 10 (2020) 141) = - dine o :
01— — - 25<y <40 . B 70 <N;,"" < 300 (N:k "¢ < 50 sub.) —
= ®lyl <24 #lyl =24 =+ 0.2 I p-Pb, \(QLNSN =5.02, 8.16 TeV, (0-20%)-(40-100%) (PLB 780 (2018) 7-20) 1 0.1 ~ “p ¢ I 1.4 24 o
008 %" prDmpt Jf'ryf — = 15<4n| <5.0,203<y <353 = B romptJiy, 1.4 <ly | <2. ]
- I +¢l I T 0.15 — PP. (S = 13 TeV, (0-5%)-(40-100%) = N 180 < N:’rflz”"e < 250 (N°™"® - 35 sub.) ]
0.06— = 1_+_;— [ | | —r - 15<|4|<50,25<y <40 ] - trk ]
- 0 01— '=+=' — i : ]
oJ = * [ [ ] -4 C = =~ = (= =] 1 =2 0.05 2 i

0.04— gl ry r e 0 - @ o
> - .0 = . 3 0.05F e Elﬂ 0 4 = - .
002E - E: 05_%_ Lt] —_n____ i o= - =
OF— — — — — — — - __ = - [ ¢ | ] | == s ]
- T -0.05F - B =
~0.02F- $ b—Jhy = - - - ]
= .. —+ -0.1— — _ | ]
_0.04 CMS Preliminary = - ] 0.05¢ ]
' M BRI R P SR SR —— | -0.15 Cu | | Ll L | R R RN B R R i | - 1
G 1 D ED 30 4'} 50 : O 1 2 3 4 5 6 7 8 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
pT (GeV/c) P (GeV/c) 0] 5 10 15 20 25 30
P, (GeV/c)

® Large systems — charm vs. beauty:

® Larger v, for prompt J /3 than b — J/1: smaller v,,
high p; behavior?

® Small systems — charm vs. beauty:
® Prompt ] /y: still flows!;

®* Y(1S) —no significant v, even in high multiplicity events (but

none was seen even in PbPb).
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Quarkonia: melting

ATLAS arXiv:2205.03042 CMS-PAS-HIN-21-007, to appear

PbPb 1.61 nb™ pp 300 pb™ (5.02 TeV)

:(: _I rrT | rrrT | T | T | T | T | T T I_ TTTT | TTTT | TTTT [ I I RS ¢ ‘ TTTT | TTTT | TTTT | TTTT | T
o - ATLAS ) 12k iy N
121 o V5= 5.02 Tev, L= 0.26 fb T cent. - RsdtGevls CMS i 1
[ PEePD (5 =502 TV, L 1821 o o [ <24 e G
Ittty T I 1 090% |
r;;“ur f(; GeV :Eg ] ' Y(1S) (2015 PbPbipp) '
0.8 re ] gl i
I Y(2S) 95% CL i ] %
0.6 3 Correlated uncer. Y(3S) . ] a2
i ] " i ]
0.4F - +9
i Il [+ 4] 5 © 1 [ m = m ' ]
0.2F Eb] [¢] . . of I i
i _ l 9* w m [ =]
O_Illllllll||||||llllll"'lﬂgl""&l'— 0_||||||||||||4|[||||‘|||\||m\]|||\|cl‘:\||4:\‘:||\“ m-
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
<N <Npaﬂ>

part>

® Clear signature of sequential melting of Y'(ns) states at RHIC and LHC
® Ordering of nuclear modification factors: Y(3S)< Y'(2S)< Y(1S)

® First direct observation of Y'(3S) in heavy ion collisions
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Jet quenching: parton dependence ()

ATLA ALTCE

ATLAS arXiv:2303.10090 ATLAS arXiv:2204.13530 ALICE-PREL-506530
2018 Pb+Pb 1.7 nb™", 2017 pp 260 pb™, |s, = 5.02 TeV
2:: r T T T T I T T T T | T T T T I T T T T I T T T T I T < _| I TTT I TTT I TTT I 11 I T 17T I T 171 I T 17T I T 11 I L I T 1.1 I T |_ 2(: 1 _8_ T T T T | ]
T 121 ATLAS — m< 14 ATLAS @ LIDO model b-jets - [ ALICE Preliminary ]
- antiky A =04 ets ] " Pb+Pb 2018, 1.4(1.7) nb” EILIDO model light-jets 18 0-10% Pb-Pb |5,y = 5.02 TeV E
R8s . . - pp 2017,260 pb” D s ] 14 charged jets, antik o E
- 1 120 anti-k, R=02jets, [y| < 2.1 ' 7 4t ® Djet, R =03 -
B g C s, = 5.02 TeV, Centrality 0-20% ) 125 3<prp<36Cevie 1
0.8 — ] 1 [EE — O e Inclusive je's, R =0.2 N
g Ok ALIL + ] : ; | I
- t . — - - - - —
og [ E[H ] . e — 0.8~ = 0.8 } =
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® Search for color-charge, mass, and/or flavor effects in energy loss:
® Photon-tagged jets (higher fraction of quark-initiated jets): less suppressed compared to inclusive jets

® b-jets (muon tagger): less suppressed compared to inclusive jets
® DO-tagged jets — indications of smaller suppression compared to inclusive jets
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Jet quenching: jet size dependence ™

/A~ |ALICE

® Nuclear modifications for jets of different sizes: systematic studies of R, centrality and jet p

JHEP 05 (2021) 284
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. : : @ CMS,
Jet and dijet anisotropies h-p s

2TV
EXPERIMENT AL 1T

ATLAS PRC 105 (2022) 064903 CMS arXiv:2210.08325
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UPC dilepton production: yy — ee £

ATLAS-CONF-2022-025

s E T T 1T I I I T T T=
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®UPC dilepton production is one of the fundamental processes in yy interaction
®Exclusive yy — ee benchmark process for other y induced processes

® Provides new constraints on photon fluxes from nucleil
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ATLAS PRC 104 (2021) 024906

UPC dilepton production: yy — uu

CMS,
ks>

N
4 \\

=

)

ATLAS 7—

KEPR
EXPERIMENT AL 1T

CMS PRL 127 (2021) 122001

LLLL

® Forward neutron multiplicity dependence
of dimuon distributions:

® Events with neutrons have a harder m
spectrum and narrowery,,,

Hp
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® Dimuon acoplanarity:
p y
® Clear impact parameter dependence

® QED calculations need b-dependence of
initial photon p
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- o ' ) CMS
UPC dilepton production: yy — 77 )
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® Observation of yy — 7t by both CMS and ATLAS in UPC heavy ion collisions

: : ~2 :
® Constrains the anomalous magnetic moment a, = < x )% for the first time at the LHC
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Looking into the Future

SPHENIX

ALICE (3)

bbbbbbbb

cccccccc

Forward upgrades Brand new! LS2 Upgrades LS2 Upgrades LS2 Upgrades
quarkonia, jets, b-tag muon detectors, Lar, TDAQ,... Pixel, Hcal, EMCal,... TPC, Si1 tracker
ALICE3 proposal

RHIC

® Experimental operations in 2023-2025
® 200 GeV pp, pAu, AuAu collisions
® Data taking by upgraded STAR and sPHENIX

® Program completion in 2025

0@& Lodokinow / M(/Mﬁ&/?{/ af Wioris at 54/'&@;/0 /

23

LHC

® Runs 3 & 4 with upgraded detectors

® High luminosity LHC era

® Precision QGP studies

® LHCb: SMOG upgrade for fixed-target mode

@



Thank you!
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Looking forward to more/new physics
results:
® Overlap of RHIC and LHC measurements

® Extended kinematic coverage
® Precision studies

® Completion of BES analyses

Olpa Lodokiinos [University of Mo at Chicags)
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® Origins of collectivity?
pPb 8.16 TeV

0.1 ] 'P-Glasma+MUSIC+UrQMD ]
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Collectivity in small systems Ll

® v,-pq:correlator proposed:
cov(vz, [pr])

V/var(v)y/var([pr])

® Predicted sensitivity to bulk-viscosity, EOS, initial geometry,
and CGC effects (small systems)

® Search for sign change with N, ( predicted by CGC)
® Could be seen in the data but disappear with large pseudorapidity
gap
® Mecasurements are sensitive to nonflow effects (jet/minijet
correlations, resonance decays,...)

IP-Glasma+MUSIC+UrQMD

p(v2,[pr]) =

— — = Hydro
(Many more studies in different AA systems at RHIC and LHC)
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Jet quenching: (de)correlations

® Jet quenching studies via gamma-J jet, hadron-jet coincidence measurements

— 10
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® First observation of decorrelation for soft(er) jets at RHIC and the LHC




Jet quenching: energy flow changes

® Energy redistribution in jet constituents: medium/vacuum jet shape ratios for jets of different flavors:

CMS PRL 125 (2020) 102001 CMS arXiv:2210.08547
— T T T T T T T T T T T T T T T 27 4 pb (5 02 TeV pp) + 404 le (5 02 TeV PbF’b)
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i | = 2 ==CCNU — L -1 -1
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Ar
* Common trend: jet momentum 1s shitted from small to large angles; carried by softer constituents than in pp

® Radial profiles for heavy quarks in jets: indications of charm shift to larger R and smaller p; = charm diffusion in AA?

® Larger off-axis momentum excess for b- than inclusive jets — larger “wake” caused by heavy quarks?
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LHCb, JHEP 10 (2017) 090
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Understanding initial state

® Nuclear PDFs: parton densities modified in nuclei

with respect to free nucleon PDF -

® Low-x (“shadowing”) region is poorly constrained
by previous data

A

® Smaller experimental than theoretical uncertainties

29
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