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Heavy flavor production in p-p and A-A

Factorized formula for charm & bottom meson production
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In A-A, QCD medium introduces additional scales
p+p AvA e Cold nuclear matter (CNM): Ak ~ A2(AY3 —1).
e Quark-gluon plasma (QGP): T,up ~ g T.
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Initial-state effects I: multiple collisions

In p-A collisions v

Initial-State

e Multiple collisions lead to transverse momentum
broadening (Cronin effect)

L
(kL) = 2u*6—
9.8

p? =012 GeV2, 1.0 < Mg < 1.5 fm.

Generalization to A-A collisions v e Power corrections from coherent multiple collisions
(dynamical shadowing) [J.-W. Qiu, I. Vitev, PLB632 507-511]
, effectively shift parton momentum fractions by
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Initial-state effects Il: radiative energy loss in the CNM

Energy loss from medium-induced initial-state soft gluon emissions [i. Vitev, PRC75(2007)064906 ]
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Final-state effects I: elastic energy loss in the quark-gluon plasma

e HTL collisional energy loss of hard parton [E. Braaten, M. H.
Thoma PRD44(1991)R2625(R).]

BRI ET\ /1 1—v® 1
A AE, :/ daz R 12 0 (ET)In <2> <7 — = n +")
Hydrodynamic-based simulation of QGP X0 4 1255) v 2v 1—v

ides t t files T (T, x, . .
provides temperature profiles T(T,x, y) Screening (Debye) mass in the QGP: up = /1+ %gs T
[H. Song, U. Heinz, PRC77(2008)064901;

J. E. Bernhard, 1804.06469; | i i
e As an approximation, we use an event-averaged (AE,) to

4 P —— shift the final-state parton momentum in the perturbative
g e o cross-section (NLO)

= 31 == b
§ , dopa—sh = fi/pfi)p ® dGjj sk (E + (AEq1)) ® Dpi(z, 1F)
4,

0

10t 102
E[GeV]



Medium-modified splitting functions from SCET

e SCET¢: SCET Lagrangian coupled to background Glauber gluon of the mediumic.
Ovanesyan, |. Vitev, JHEP06(2011)080]
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e Background Ag is a superposition of the color field generate by medium sources,
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e Here source is assumed to be static (J' = 0, J° # 0), with the local densities

(S2x)) = W’iﬁmil for quarks and gluons



Medium-modified splitting functions from SCET

e Medium-modified splitting functions for heavy quark [Kang, Ringer, Vitev, JHEP03(2017)146]

Y APQQ APQg >

ped

Anmed
dzd?k |

( )MQQ e "/dA z)/

1 d

9o Pq

o

{ 2+ (1-2)%)

LB, B, E
x [z B (Bﬁ - m) (1= cos( — 22)Az])
c. c. AL 1 B,
2 23 p
e (01 A AT +v2> (ol = 0ad) + (ZB% r

<02 o2 Ai\uz

) (1—cos[(— ) As]) +2

B. AL
(,2 }i? (B’ b2 AL \yl)

,_C.
x (1 - cos[(€) — “”A“])’zm'gq,ﬂ (1 - cos[(9s — Q3)A2])
AL AL D,
g AL L) (1 - coslQuAz
P (Aj+u1 D3 02 (1= conlftiaz))
A
+.A2+V D7v1/°(l cos(¢ SAZ\))

B+

+[

Pb-Pb, 5 TeV, 0-5%

1
(Bj A2

dNmed o, dAz f o, 1 dof 1 (1= a)? B,
(drdzk\)g 00 2T W./dq 7 dqu {(f) [BZ T2
(Bf“ - Cf_iuz)(pms[(sz,fmw]) TC,iU; ( Czc“ > TA(V;
7$) (1 cos(n — Q3)Az] )+ V2 c7+x/’(l cos[(Q — 23)Az])
A;Lﬂ (DZDJ:/? Az Jﬂﬂ)(l ‘"”m"A“]) AiAw/? Dl+l7(| cox{faz])
+ %Efiiﬂ(ﬁ - ﬁ) (1— cos[(@ — mmz])}
H%Q{le} u"(silw = “})(1 cos|(@1 — Q)A2]) + ” (251)
2.5
E
dN. d/dx/dkL s 2.0
e Event-averaged Spmedl~/-CL =
t ABCA N, e /dx/dkL i
Bands: gs =1.8+0.2. s
T 104w
e Mass effects modify radiation % 05
" =z
i s
at finite x and k+ < M. 0.0t

E=50 GeV, kr=2 GeV

q—ag
c—ocg
b—bg

il

) (1= cos[( - Q2)A2]) +

dNmed (X, k1)/dNyac(x, kr)

. } . (252)

Pb-Pb, 5 TeV, 0-5%

15| E=50Gev, x=03

mc
kr [GeV1



Fragmentation functions from the modified DGLAP evolution
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° DD/g = DB/g =0 at Q = Qo; non-zero but small at @ > Qo due to
evolution. Non-perturbative input can be important for inclusive
spectra [D. Anderle et al. PRD96(2017)034028] though not included.
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Nuclear modification factors in large colliding systems
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P e Jet-medium coupling constant

& gs =1.8+0.2 (0.20 < a5 < 0.32).

e Reasonable description of Rax for light

and D (prefer slightly different gs).

e Systematic deviations are more
pronounced for B (B — J/WV, e) mesons.
= possible missing physics:

Xe-Xe 5.44 TeV

e Non-perturbative g — D, B input.

e Interactions and break-up of heavy

Au-Au 0.2 TeV

mesons in hadronic matter.
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Identify QGP signals in small colliding system

S BPb V= 5.02 TeV, (™2 110 OMBPbiPb
Je=278TeV
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[CMS measured 2-particle correlations in p-p, p-Pb, Pb-Pb]

e Similarity between p-Pb and Pb-Pb can suggests
final-state interactions in small systems.

Tmax [GeV] achieved in hydro simulation

p-Pb 5 TeV 0-07 TeV
0-1% | 60-90% | 0-10% | 30-50%
0315 | 0.174 | 0325 | 0.263

e But quenching of high-pt hadrons and heavy
flavors is not yet unambiguously observed.
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CNM and QGP effects small colliding systems
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Scenario |: no QGP formation, only cold nuclear matter effects

Raa

125

1.00

0.75

0.50

0-07.0TeV, 0-10%

0-00.2TeV, 0-10% |

p-Pb 5.02 TeV, 0-1%

+ ATLAS, 0-1%, h* +

ALICE, 0-10%, D

d-Au 0.2 TeV, 0-20%
Bl st
N p
B
4 PHENIX

100
pr [GeV/c]

100
pr [GeV/c]

e d-Au data: [PHENIX, PRC96(2017)064905] ;
p-Pb data: [ATLAS, PLB763(2016)313-336 (with

(Tpa) calculated from the Glauber-Gribov model)]

e CNM effects alone qualitatively describes h™*
modifications in p-Pb, d-Au for pr > 5 GeV.

e Cannot explain RPDA > 1 at high pr.
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Scenario IlI: with “QGP” formation

QGP in small systems created near T. can be
125{ 070707V 0-10% | 0-0027eV. 0-10% very different from large & high-T QGP.

In this special context, QGP color density is
still assumed to be locally thermal o T3 from
hydro simulations.

p-Pb 5.02 TeV, 0-1%| d-Au 0.2 TeV, 0-20% L] QGP effects in d-Au at \E = 0.2 TeV are
201 4 ATLAS, 0-1%, h* B A small.
ALICE, 0-10%, D ——
2 15 & + - e For p-Pb at /s = 5.02 TeV, calculations
Lo PR _H_ A S with local-thermal QGP color density are
' ‘;m ol T — inconsistent with data.
0.5 T T . .
10! 10! e To be tested by light-ion program at RHIC
pr [GeV/c] pr [GeV/c] and LHC.
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Conclusion

Medium-modified factorized calculation for HF with both IS and FS effects

e Initial-state broadening + dynamical shadowing + CNM energy loss.
e HTL collisional energy loss.
e Modified fragmentation evolved with SCET g in-medium splitting functions.

e Ongoing efforts:
e NP input to g —HF mesons.
e HF interactions in the hadronic phase.
e Beyond CNM-eloss calculation, more sophisticated initial-state kr-broadening.

Predictions of Ry, in small-system w/ and w/o QGP:

e CNM effects are strong in asymmetric small-large collisions (p-Pb and d-Au), weaker in O-O collisions.

e QGP corrections assuming local-thermal color density are inconsistent with Raa in p-Pb.
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Questions?



Collisional energy loss in small systems

e Collisional and radiative energy loss scales different with medium geometry.
For example T3 oc 77¢, neglecting logs in ag,In(E/T),---

AEq o 1279 vis. AE, o L1753

e From realistic hydro simulations of Au-Au 0.2 TeV 0-5% and O-O 7 TeV 5-10%
e Similar initial temperature T = 0.32 GeV.

AE, rad/ AEeI
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e QGP size differ by a factor of 2.3.
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e Define a “radiative energy loss"
1 dAPmed
AEq = dk2/ —99_(1—x)d
d / L dxaie (1 =X

o Left: the relative importance of AE,.q (charm) is
reduced relative to AE, in the smaller system.

14



