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HF spectra retain a memory of their interactions
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® produced at the early stage in the HIC

(PHENIX Collaboration, PRL 2007)

® relaxation time comparable with the life time of the QGP




Introduction

HF can interact with quarks and gluons (partons) when traversing through
the QGP which leads to the energy loss

Medium Parton

® inelastic collision, loss energy due to gluon radiation, dead
cone effect

Dokshitzer and Kharzeev, PLB 2001; Armesto, Dainese, Salgado, et.al. PRD 2005; Zhang, Wang and Wang, PRL 2004
sample diagram

® elastic collision

M. Thoma and M. Gyulassy, NPB 1991; Braaten and Thoma, PRD 1991; Peigne and Peshier, PRD 2008

Heavy Quark
® Definition: the rate of energy loss per distance travelled 10 P
iE 1 [ iT
=1 | aEE-B):
dr v Jyp dE'’ '

Electron R, (p,)

e
»
T

I': interaction rate between the heavy quark and medium partons.

0.2

> for light quarks: radiated energy loss dominates oal

0

4 6
P, (GeV)

» for heavy quarks: elastic energy loss becomes important  (wicks, Horowitz, Djordjevic and Gyulassy, NPA 2007)



Theoretical framework to compute HQ energy loss

Braaten & Yuan, PRL 1991

for the t-channel: divergent when the exchanged momentum is infinitely small

O(q —q") + 0(q" —q)

defines the hard process, no defines the soft process, regulate the
infrared divergence divergence with HTL resummation

® Hard contributions:p > Tand M > T

dE\®!  8¢'Nym [ &’k [ K w 5(w —v.q) 1— 2
—| = = = , k 2(k — v - k)? 2| b(g—q*
(dq")hard 3v /(27)‘*/(2@ il )kk’ (w? — ¢?)? ( LIRS 2 W =a )] (¢=7")

® Soft contributions : HTL approximated resummed propagator

/L k
_(( — (/ ”I]) / (l([ / (lww |.A[ (2 I +
—vq

dx / soft S

2 - 0?)|Ar(Q)P?]
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Theoretical framework to compute HQ energy loss

® about the cutoff dependence

v in general, the energy loss depends on the cutoff and needs to be evaluated numerically
v the energy loss becomes more sensitive to the cutoff as the coupling constant increases

Romatschke and Strickland, PRD 2004

the cutoff q* can be determined by using the minimal sensitivity, /.e.,

by minimizing the total energy loss with respect to gq*

Braaten and Thoma, PRD 1991

v the cancellation of the cutoff dependence happens in the limit T >» q*> mj and the

energy loss can be obtained analytically

hard: logarithmic divergence ~log(T/q*) if ¢°< T

soft: logarithmic divergence ~log(q*/m;) if q*> m,

v this is possible in the weak coupling limit since m,~gT



Theoretical framework to compute HQ energy loss

® a new approach without introducing a cutoff Djordjevic, PRC 2006

> instead of a bare gluon propagator, using an effective gluon propagator, eg., the HTL
resumed propagator to compute the squared matrix element (result is still gauge-
invariant for Qq scattering)

d% / d3k 3K TLF(k')(l o TLF(’C’)) ’ 1
ZE/ / (27T) SE'kE (27T)454(P+K—P —K) (5 Z |M|2)

spins

> there is no cutoff needed, therefore, don’t differ the hard and soft scatterings

> there is NO divergence appears in the energy loss

/ dE €4 oo 2k/(14v) vg 2k/(1—v) vg
_(_) = ﬁ‘/ dkn.F(k)(/ dqqg/ dww—i—/ dqu/ dww)
dzx 4y 0 0 —vg 2k/(14+v) qg—2k

Y [\AL<@)|2f1<zc,q,w) s ?—fmﬂ@)mfz(k, 20) = il wn} NG
\_ J

with [ Ar(Q) = m AL(Q) = m }

\




Theoretical framework to compute HQ energy loss

® comparisons among the different methods
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HQ energy loss in QGP (I): with a nontrivial Polyakov loop

® medium properties are very important to determine the collisional energy loss

Hard process: Soft process.
depends on the hard parton depends on the screening
distribution functions strength, i.e., the Debye mass

® how to describe the semi-QGP?

v rapid change of the thermodynamic properties corresponds to a phase transition
from the normal hadronic phase to the QGP phase.

v' for pure gauge theory, the order parameter of the deconfining phase transition is the
Polyakov loop which has a non-trivial dependence on the temperature

................

IN = orvea— '€ A

£ HTL resummation theory 1

3 _ can describe the lattice
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HQ energy loss in QGP (I): with a nontrivial Polyakov loop

® the background field effective theory

v" to generate a T-dependent Polyakov loop in the “semi”-QGP region, introduce a
classical background field for the gauge potential.

A, =AY+ 9B, with  (ADa = Qw0

v the effective potential from the background field effective theory Hidaka and Pisarski, PRD 2021
Meisinger, Miller and Ogilvieeldon, PRD 2002

N & 2md - ab _ _a b a_ a
21°T ; 317 TR a” =q" —q q" = Q"/(2xT)
v =3 P (Bt + S Bala”) 1
(L,b:l ’ B ng = 5ac5bd - F(sab(scd

1 g 5 g
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HQ energy loss in QGP (I): with a nontrivial Polyakov loop

® ingredients needed to compute the HQ energy loss

v the distribution functions in the BF effective theory

1

_+ab —ab H p +ab —
[?13((1) ng(q) +ng"(q) } with [ ng"(q) = cBaFiIBQW _ |

2

v' the HTL resumed gluon propagator in the BF effective theory

. YG and Kuang, PRD 2021
off-diagonal components

SU(3)

" N Q%+ Fr(Q,q% q%) T w2 + Fr(Q,q% q%) ST

diagonal components

N-1

Z:Pau,.bbA:i(IL},bb(Qjq) _ Z [ ; 1£ AI,V n i w4/‘iQ4 BIW . £_4QHQV
Q%+ AN (Q,q) w? + Ay (Q,q) Q

ab =1

v the N? — 1 gluons have the different screening masses

v' the screening strength is weakened by the BF
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HQ energy loss in QGP (I): with a nontrivial Polyakov loop

® analytical results of the t-channel contributions in the limit T > q">» m,

(using Braaten and Thoma’s method)

» Hard contributions

g(t) > m|e —
_(dE)Q _ QQETQZ |TI'L ‘2 1[f1(?))(lnq£*+l_7_lnn) +f2(’b’)]

dz BF,hard [ —— n? 2
2 ©© n|2 T 22
for SU@) the divergent part —QQET anl L A()ngt = - QSST f1(0)(A = 39)*Ing”
n=1
> Soft contributions
\
dE 821> ) .
(5 = o (1- 3922 [ fu(0) In (4" /m) — fo(v)
BF soft
= 5ph®) > (MBI (MB)™ fmi)
K ab/o/s j

The cut-off dependence is cancelled between the hard and soft
contributions which is independent on the explicit form of the BF

11



HQ energy loss in QGP (I): with a nontrivial Polyakov loop

® numerical results g is determined by using the minimal sensitivity

(using Romatschke and Strickland’s method)

1.0

o o o
'S o o

(~(dE/dx))pF+0/(—(dE/dx))gF=0

o
[N}
R

v the suppression is very significant in the entire
semi-QGP region, the ratio is ~10% at the critical
temperature.

v’ the effects of the BF vanish very quickly as the
temperature increases. Above ~3T,;, suppression
becomes very weak.

v in the ultra-relativistic limit, v —» 1, as well as in the
weak coupling limit, the energy loss ratio is simply

given by (1-3q)2

results for SU(3) without dynamical
quarks with T; = 270 MeV and a = 0. 3.

approximated by

ignoring a weak dependence on the heavy-quark velocity, the ratio can be simply

(1 — 3q)?

Could be important for phenomenological applications.

12



HQ energy loss in QGP (II): with collisions among medium partons

v most applications of the HTL perturbation theory are limited in their assumption that

collisions among plasma constituents are ignorable

= = = . ~ 2 —1
the time scale between hard collisions: thardT l/as log s Schenke, Strickland, Greiner and Thoma, PRD 2006

the time scale between soft collisions:  t,.7 ~ 1/asloga?

In high T limit: small coupling constant «~+ In semi-QGP: coupling increases X

v the systematic inclusion of collisions can be accomplished by using the effective

kinetic theory

linearized kinetic equations: a BGK-type collision term

[ V- 0x6fi(p, X) + g0V, F o) fi(p) = Ci(p, X) J

with [ Cl(p, X) = —V{fi(p,X) = % éq(p)} J [ v/mp ~ 1.2703? In(c + 0.25/a) J
eq

13



HQ energy loss in QGP (II): with collisions among medium partons

v' solving the kinetic equations for the fluctuations gives the induced current which

determines the self-energy for the gauge bosons

m? z—1
P Mp(w,0) = —L2& [22 + (2 — 1) In ] J
[ e (Q) = 2na(@) J with [ ! e

5A,(Q)
2
"oy mp 1 o
[ Iy (w,0) = 5 W(cb,ﬁ)(2+Zhlz—|—l) J

z=w+iv=w/q+iv/q

v computing the matrix element for the Qq scattering with the resumed propagator

modified by the BGK collisional kernel , then evaluate the energy loss

One important reason to use this method to study energy loss:

no sharp transition from the soft process (using resumed propagator) to the hard

process (using bare propagator) where the collision effects are completely go
away.

14



HQ energy loss in QGP (II): with collisions among medium partons

® numerical results I
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v' The heavy quark loses more energy in a collisional plasma and the enhancement

is more significant when the incident velocity becomes large.

v For small coupling constant, the corrections to —dE/dx are at most ~ 5%

v" For a realistic coupling constant, the influence becomes moderate, and the corrections

can reach ~ 10%

magnitudes are strongly dependent on the parameterization of the collision rate.
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HQ energy loss in QGP (II): with collisions among medium partons

® numerical results II
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v" The mass hierarchy of the collisional energy loss is also observed in a collisional plasma.

v' The increase in —dE/dx of a charm quark is comparable to that of a bottom quark at

large momenta.

v A more significant correction for the bottom quark at large p, while the opposite is found

for small p.
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Summary and outlooks

> We review the theoretical approaches to compute the HQ collisional energy loss.

> Our results show:

/ ® HQ energy loss is reduced the semi-QGP. Near 7, the reduction is very significant, \
as compared to the perturbation theory, only ~10%o of the energy loss obtained in

the BF effective theory.
® The BF suppression of the HQ energy loss is very sensitive to the temperature, beyond

K ~3 T, the influence of the BF turns out to be negligible. /

~

4 ® A moderate enhancement of the energy loss in a collisional plasma. Near 7 , the

corrections can reach ~10% for large incident velocities.
® A more significant correction due to collisions among thermal partons for bottom at large

momenta, for charm at small momenta.
\ ’ J

> New paths forward for future work

® Consider other physical observables based on the BF effective theory, eg. heavy quarkonia, Arxiv: 2412 .XXXX
@ Full QCD calculation of the HQ energy loss with a BGK collisional kernel, contributions from Qg scatterings.
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Backup

® double line notations

(%), = %P@ﬁ’, P = Prode =Py, g =58 — %5&"5%
For SU(N) gauge theories, the color indices a, b, ¢ and d run from 1 to N. There are N* — N
off-diagonal generators t* with a # b which are the ladder operators of the Cartan basis.
They are orthogonal to each other and normalized as tr(t? t**) = 1/2 with fixed a and b. The
N diagonal generators are not independent, satisfying ZaNzl t** = (0 and the normalization
becomes tr(t9¢ %) = (§%° — 1/N)/2 where no summation over a and b applies.

® Feynman rules

a

= —ig(th)ba.’Ygx = —Qf(ab’nd‘ﬂf)[(*p = Q)p G + (@ = K)y gyp + (K - P),, gy

fab,cd,ef — ﬁ (5ad5ad5ad o 5@d§ad5ad)

19



® a general definition from quantum field theory Weldon, PRD 1983

T(E) = —‘)LETr (7 + M)Im X(P)]
2 (o’¢) vq .» ‘
— g. / dq q / dw(l+ng(w))Im [AL(Q) + (v — &?)Ar(Q)
‘lﬂ-zl' J 0O J —vq
. . d* 5 1 Q
with  £(P) = ig’Cp / (2;)?4 O s ey vt
4 PLe £
1 1 .
resummed propagator A (Q)) = P —T(@) AL(Q) = Z-T,0)" w=uw/q

20



HQ energy loss in perturbation theory

® Soft contributions: basic formulas

HTL approximated resummed propagator

——
dE g?m2, [ vq . ; I—G° s = i3
()= [ [ o+ SR -]
(I;I soft (SH U J0O 3 )

—vq &

Thoma and Gyulassy, NPB 1991

Alternatively,
y Romatschke and Strickland, PRD 2004

-
dF 2 dS . (. .
() = Seemm [ Ehv-an[a5(@) - (B0, @) 0~

w=v-q

-

v for soft gluon exchange, it is necessary to use the resummation theory
v' the HTL resumed gluon propagator should be used which regulates the infrared

divergence in the t-channel

MM=M@;+M&&O&%+W+”

21



Backup

® hard contribution from the Weldon’s formula

LO for large Q:

K
P\_{\I’Oﬂf L
AN “7
I 2
> > > { >
P P-Q P

beyond HTL approximation ImII(K) ~np(k) —np(k+w)

(1+np(w))(np(k) — np(k +w)) = np(k)(1 — np(k + w))

m=——=) Hard contributions to the collisional energy loss

22



® Hard contributions from Qg scattering (p > T and M > T) s- and u-channel

vV V VYV VY

/ dE Qg(s+u) 271'94 / Pk / Bk RB(k) 5( ) w(l . ?]2)2 \
—| — — 5 . Ww—vV ‘
dr /.4 v (2m)3 | (2m)3 kK d (k—v-k)?
B g4T2(1 1—1? 1—0—2;)
N 127 \w 202 1—v y

contributions suppressed by T/M or T/p are dropped in the above expressions
in QED, suppressed by (T/M)? and can be ignored. No suppression in QCD.
for s- and u-channel contributions, no infrared divergence

interference between t and u/s channel can be neglected in the assumption T <« M

23



HQ energy loss in perturbation theory

> Condition I: qg* » m, soft contribution

/
dFE ¢*Cr v @de [ v — S ) L ¢ -1,
—| — =: I H 1 I, In ——
((h)m& 3 111/_/” (27)2 <(w — T B n I, =+ Ly 3 I,

expand the above result in the limit g* > mp, it has a logarithmic divergence ~ log(q*/mp)

» Condition II: q* <« T hard contribution
[/d"gk/d:‘k' —3 92ar)° /(llf/(lw/(lq } ﬁ
l—% v 24 —v —;‘12_”( : Z_A: vq
/ (IA/ (lq/ (lcu+/ (IA/ (1(1/ (1w+/ (IA/ (1(1/ dw
—vq q—2k 12 Lq* Jg* q—2k

introducing q* in [ dq, remove the infrared divergence
in the limit g* < T (q* — 0), the above result has a logarithmic divergence ~ log(T/q*)

inthe limit T > q* >» myp, the cutoff dependence is cancelled between the hard & soft

contributions, the total energy loss is finite and no cutoff dependence

24



The background field effective theory

® one-loop result for the pressure with/without the BF

1 < C 1 = ab —ab s
[PBFO = Z = /0 q‘gng(q)dq(l — Aab/]\/q [PBF;éo = Z 62 / (13(11; . (q) +npg : (q))dq(1 — dap/N) }

ab

BF modified distribution function

2 2

L np(q) ==> ”3""(f1)+”5”"(@)} [ny(Q) — @+ }

1 1

H - +ab _ +a _ ab _ ~a b
with — ns™(q) = eBaFiBA™ _ q np(9) = eBaFiBY* | | and QU= -

® however, the perturbation theory with BF

> predicts a system which always favors the complete QGP phase where BF=0, no
phase transition could happen
> leads to a non-transverse gluon self-energy and an ill-defined screening mass

® to drive the system to the confined phase, one needs to consider
effective theory with the background field.

25



Results for the HQ energy loss in SU(3)

® basic formulas for the HQ energy loss with the BF

» Hard contributions from Qg scattering (p » T and M >» T)

/

x L}Q[(k—V'k)Q—F

S (W2 —¢2

_(d_E)Q!}’(t) N 27].9423:(1_1(5(“))/ d’sk NE”'[)(]{Z)—{—NL,“{)UC)/ dgk/
dz ) Bp nard v 3 (2m)3k 2 (2m)3 k!

dw—v-q)

a,b=1

_ g'T? = e 2 1—1}21 1+
167r321 (__ )

— 7 7 11
n? v 202 1—w

o -

dENCT  mgt S~ (0 Loy / &3k n;”b(k)+nﬁ("b(k)/ K 5 )w(l—vQ)Q
dz ) grhard 4V 3 (2m)3k 2 (2m)3k! A (k—v-k)?

)
~

)

1
nE®(q) =

— BBq:FiBQ“” 3 Qab = Qa o Qb

» Soft contributions

BF acts as an imaginary chemical potential

3

dzx BF soft

gQ

6u

abed

Z rpub.(:d Im]

dS q

(Qﬂ)g (V . q)vi [A?jb(d(Q q) - (A[))?f'(?d(a))]/Uje(q* - Q)‘

w=v-q

[
I

zero temperature limit of 4{°(Q,q)
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Numerical results for the HQ energy loss in SU(3)

~(dE/dx)gr[GeV/fm]

results for SU(3) without dynamical quarks with T; = 270 MeV and a; = 0. 3.
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the flavor dependence
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(=(dE/dx))gr=o/(-(dE/dX))gr-0
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0.29 L

0

plGeV]
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Energy loss of a charm and bottom quark as a function of the momentum p . Energy loss ratio of a charm and bottom quark as a function of the momentum p.

p=vmg/V1—v?

The results at higher temperature, eg., T = 2. 0T, is qualitatively similar as what we found atT = 1.1T .

charm quark: p~5 GeV,v~0.95

bottom qua

rk: p~15 GeV,v~0.95
27
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