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Introduction

» Heavy flavor, both open and quarkonia, is an important probe of all
forms of nuclear matter QGP, strong gluon fields, etc

C. Bauer et al. (2001) D. Pirjol et al. (2004)
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SCET: Factorization, J | ~ E,
with modified J, B, S 5 o '
u n, Al / scet ~ K .4,
¢ 7,
ng 2
o = Tr( HS HB ® H] time 3 = NT,gT,...
A N Medi
A. Idilbi et al. (2008) nal Jy el
{/

G. Ovanesyan et al. (2011) Medium 1 ~Ayep

= Whatis missing in the SCET Lagrangian is the interaction between the jet
and the medium. Background field approach
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Heavy quarks in the vacuum and the

medium

SCET),, c—for massive quarks with Glauber gluon interactions

Locp =¥ —m)Y  DF =9l +gAF  Ar = A* + A* + A% | A.Leibovich etal. (2003)

Feynman rules depend on the scaling of m. The key choice is m/p* ~A

With the field scaling in the covariant gauge for the Glauber field there is no room

for interplay with mass in the LO Lagrangian
Result: SCET), ;=SCET, XSCET
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F. Ringer et al . (2016)

= You see the dead cone effects

= You also see that it depends on the
process — it not simply x2m?2

G. Altarelli et al. (1977) everywhere: x’m?, (1-x)>m?, m?




Main results: in-medium splitting

& parton energy loss
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Representative example
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Organizing principle
— build powers of
the scattering cross
section in the
medium

Full massive in-
medium splitting
functions now
available

Can be evaluated
numerically

.Ringer etal . (2016)
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Baseline ZMVFS open heavy flavor

at NLO

* Typically assumed that only c to D, b to B fragment perturbatively

. do 1175) 2pr ! dzx, ! dzy, _
e Perform an NLO calculation —t fa(zasp) [ —=fo(@b, 1)
([I)]d]} S min @I min J'b
abcVTa a VT
1 d“ d AC (A A A \
12 A0 o (S, DT, 1), L) g1, _
B. Jager et al . (2002) x | ZeZalSPLIE) pH G ),
min -.E dl'(l-.
1
‘ ' e —
10° NLO, ZMVFNS . | . NLO, ZMVFNS - &
i ATLAS ———i 10° F CMS Preliminary ———— 7 08 r
8 | i Vs =7 TeV, pb/GeV i =g
. 107 il < 1 ] oBoer —
5 107 4 Vs =5.02 TeV m;‘o \ —_—
Q . 100 pb/GeV =
/I\ 106 B T 2 0.2
2 ' ‘ o7 | e s
S = 5 =7 TeV, n| < 0.5
=10° | T ‘
% § 4 0 10 100
\B104 ) < RS 107 F pr
% o
T , 10° | | T —
L 10° F 15 < |n <225 (x103) . s
. 1<|n <15 (x10%) ) 0.8
102 F os5<pg <1 (x101) i 10% .
0<n <05 3 2206 1
10t L ] 0t L 2 ><
10 100 10 100 = 1
pr pT 0.2 b
V3 =7 TeV, |n| < 0.5
Kneesch et al . (2008) Kniehl et al . (2008) T 100

When p;>m,, m, Factorization, non-perturbative physics is long distance



Cross section calculation in the QCD
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Combined uncertainty — theoretical

model + jet-medium coupling
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Comparison to experimental data

<C 2;IIII]IIIIIIIIIIIIIIllIII]IIII[IIIIIIIII]IIIIIIIII_ 274pb_1(502TeVpp)+530pb_1(502TeVPbe)
U:< i ALICE Preliminary ] C =R
— — — - AA
1.8 0-10% Pb-Pb, \s, = 5.02 TeV N 16 CMS Djordjevic et al.
E ] u —~ 1 CUJET 3.0
1.6 I<0.5 7 " DO+ D° [0 Vitev et al. (g=1.9-2.0)
B BAMPS el.+rad. st MC@SHQ+EPOS2 7] 1.4 Cao et al.
1 4 mmnm BAMPS el. - Djord]evic — : —— PHSD W/ ShadOWing
H — . POWLANG HTL CUJET3.0 , 19F e e PHSD w/o shadowing
1 0k wessss PHSD = SCET,,;9=1.9-20 7 T Taa and lumi. AdS/CFT HH D = const
ot —wme LBT AdS/CFT: HH D=const - L uncertalnty AdS/CFT HH D(p)
TAMU -—— AdS/CFT:HH D(p) ] 1=
1] | S — Filled markers: pp rescaled reference 7 -
- Open markers: pp pT-extrapolated reference - —_
0.8H{H! e Average D°, D*, D** B “r
0.6t E ' /
0.4 %y o [ A . X
A< <2 — el C '...:":\-:‘- 2 o |y| <1
0.2 Aesrieent ] 0.2p g ‘ Cent. 0-10%
O_I[II|IIII]]IIIT[III'fl\IIIIIIIIIIII|III]|III[|IIII O_ | | |||||| | | | ||||||
0 5 10 15 20 25 30 35 40 45 50 2
D ( GeV /C) 1 10 10
T P (GeV/c)

* For D mesons the theoretical framework validated well at high p;. Below 10
GeV room for some additional effects: collisional energy loss, dissociation.
Similar for B, perhaps to slightly larger extent

* Thereis also a possibility for an even larger gluon contribution



Further constraints on the gluon

fragmentation in heavy mesons

= Clearly the gluon contribution to heavy flavor is Sonp DT peNTRY b
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results for D* FFs
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Quarkonium properties and the

01€]

= Quarkonia (e.g. J/Y,Y), bound states of the heaviest elementary particles, long
considered standard candle to characterize QGP properties. Most sensitive to the
space-time temperature profile
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Quarkonium production at

Intermediate and high p;

= Use NRQCD, expansion in the small velocity
between the heavy quarks

Example
for J/y
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Model of the medium

Proto-quarkonia distributed according
to the binary collisions density

QGP modelled by relativistic fluid
dynamics

Compare to solutions at T = 190 MeV
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Time evolution of quarkonium

states

Very rough analogy with a

: : : =  Competition between the energetic, heavy quark pairs
radioactive decay chain P 9 y quarkp

Y O O A 1® (“partons”) binding into quarkonia vs. dissociating into
234— d;v _ l N —A,N (gi;}'@; .A\ZE/J free quarks
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Effects of the medium

Perform full feed down

= Formation time — a bit of a misnomer.
Typical time for the onset of 14— S
interactions —take it to be O(1 fm) oL — Jiy dissociation Term. + Goll. |
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Phenomenological results

=  We have centrality and p; dependence

R, Y(nS) ]

at 2.76 TeV and 5.02 TeV around
midrapidity

Both ground and excited quarkonium
states with consistent feed down
Approximately flat p; dependence
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= Good separation the
suppression of the ground and
excited



Min bias and excited to ground

state ratios
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p; [GeV] calculations at forward rapidities, lower CM



New theoretical developments that address the physics heavy flavor in
heavy ion collisions emerge in the EFT framework

Developed an effective theory of heavy quark propagation in QCD
matter. Obtained heavy quark splitting functions

Phenomenological application to open heavy flavor at NLO.
Implemented g, g fragmentation functions to B,D. Large g
contribution~50%. Below 10 GeV room for additional effects

Performed global analysis of D*, including hadron-in-jet production.
Found additional enhancement of g fragmentation contribution

Quarkonia at high p; provide complementary probes of the medium
(focused on QGP). More sensitive to the temperature. Described their
evolution by kinetic rate equations

NRQCD baseline and feed down for all J/J and Y states performed.
Approximately constant pr dependence of the suppression. Found
slight tension between the ground and excited states

In the future address forward rapidities, lower CM energies



