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evidence of collectivity
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evidence of collectivity

o hutis viscous hydro applicable?
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evidence of collectivity

o hutis viscous hydro applicable?

can we test it with hard probes?

what are these high-multiplicity p+p events?

o whatis the kind of medium formed in MPI at LHC?
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evidence of collectivity

o hutis viscous hydro applicable?

can we test it with hard probes?

what are these high-multiplicity p+p events?

o What is the kind of medium formed in MPI at LHC? ¢
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Is jet loss measurable in p+p?
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FROM STRINGS TO MEDIUM
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FROM STRINGS TO MEDIUM: ANISOTROPIC

[Romatschke, Strickland, Phys. Rev. D 68 (2003) 036004; Phys. Rev. D 70 (2004) 116006]
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FROM STRINGS TO MEDIUM: ANISOTROPIC

[Romatschke, Strickland, Phys. Rev. D 68 (2003) 036004; Phys. Rev. D 70 (2004) 116006]
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HEAVY QUARKS IN MEDIUM
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HEAVY QUARKS IN MEDIUM
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HEAVY QUARKS IN MEDIUM
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HEAVY QUARKS IN MEDIUM

from PYTHIA and inelastic energy loss: each step
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HEAVY QUARKS IN MEDIUM
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HEAVY QUARKS IN MEDIUM
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HEAVY QUARKS IN MEDIUM
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deterministic
fr Collisional and inclastic energy loss: each step
°o @i
q+9->0+0
probabilistic
o Thoma-Gyulassy elastic x-section o
Thoma, Gyulassy, Nucl Phys.B 351 (1991) 491] -2 Radiative
kinematics for one-collision loss |, _
q+9->0+g+9

o DGLV formalism for in-medium gluon radiation

[Gyulassy, Levai, Vitev, Nucl. Phys. B, 571 (2000) 197
Djordjevic, Gyulassy, Nucl. Phys. A 733 (2004) 265]
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HEAVY QUARKS IN MEDIUM

deterministic
fr Collisional and inclastic energy loss: each step
el
q+9->0+§
_ _ probabilistic
o Thoma-Gyulassy elastic x-section o
Thoma, Gyulassy, Nucl Phys.B 351 (1991) 491] Radiative
kinematics for one-collision loss 0+0->0+0+(
o DGLV formalism for in-medium gluon radiation
[Gyulassy, Levai, Vitev, Nucl. Phys. B, 571 (2000) 197
Djordjevic, Gyulassy, Nucl. Phys. A 733 (2004) 265]
In dynamical finite-size QCD medium
[Djordjevic, Heinz, Phys. Rev. C 77 (2008) 024905,
Phys. Rev. Lett. 101 (2008) 022302]
with LPM destructive interference
dre=1
4 ZZ qg(z P, T t) OCp(T)/dqud kJ- ’C(k-Laq_Laz P, T t) PP ——
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HEAVY QUARKS IN MEDIUM

Single gluon emission spectrum at n = 1 DGLV opacity series [Shi, Yazdi,
Gale, Jeon, Phys. Rev. C 107 (2023) 3, 034908]
dN2=1 T 2 42
z—12% (p T,7,2) = %/ dt p(T)/dzk_L dqu_{ 2a52[q_|_] o~ < elastic o
dz ™ Jo ay(ag +n4?) probabilistic
k2
gluon emission — X aig L Lz dz+
zi(1—2z4)| zy | dz
interference > X —2 - ki - (ki —ay) - (ke —9.1)°
(ki —aqy)*+x k% +x2 (ki —a.1)? +x2
k, — 2 2 1ati
LPM suppression — X (1 — COS [( LA ) +X - t]) } In radiation
2z, p
dead cone and screening: light cone z+ vs momentum fraction z:
1L
2
T 1
a )(1—Z+) Z+ =5 (Z+ 22—(kl/P)2)
estructve
dl'g= lqg 2
Z— dz (Z p7T t)OCp(T) d q—Ld k—l— ’C(k-L7q_L7Z p7T t) [P — —
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Single gluon emission spectrum at n = 1 DGLV opacity series [Shi, Yazdi,
Gale, Jeon, Phys. Rev. C 107 (2023) 3, 034908] ) step
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Single gluon emission spectrum at n = 1 DGLV opacity-series [Shi,\Yazdi, I
Gale, Jeon, Phys. Rev. C 107 (2023) 3, 0349Q8]
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Single gluon emission spectrum at n = 1 DGLV opacity-series [Shi,\Yazdi, I
Gale, Jeon, Phys. Rev. C 107 (2023) 3, 0349Q8] \ .
as(Q ) - 1 + i__;acln(Qz/Tg)
dN2=t q
q—qg 2 2 _I_
z p, T,7,z / dt /d k|, d°q
e PTTIT ‘ Haw @
> ldy w(T) = T\/47T - as(p?)
gluon emission — X Qs == ——
z+(1 —z4) zy | dz
2 k, - (k. — k, —q,)?
interference > X 5 5 = g L~ 94) — (ks q;‘) 5
(ki1 —a1)*+x kg Ax2 (ki —ay)*+x
k, — 2 2 12t
LPM suppression —» X (1 — COs [( L)+ X - t]) } In radiation
2z, p
dead cone and screening: light cone z+ vs momentum fraction z:
(2(7) 1 '
X (T) = m’z; =2 (1—2z,) ze = 3 (z-l— z2 — (kl/P)z)
Come estructive

dro=!

—

dz
|
— —




1

HEAVY QUARKS IN MEDIUM faniso ) = a0

.............................................................. e A —1

-

Single gluon emission spectrum at n = 1 DGLV opacity-series [Shi,\Yazdi, l
Gale, Jeon, Phys. Rev. C 107 (2023) 3, 0349Q8]
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from PYTHIA elastic and inelastic energy loss
o eikonal approximation » coalescence and fragmentation into HF
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HOW WE STARTED

final detected
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can we test it with hard probes? [Zhao et al., Phys. Rev. C 111 (2025) 014907]
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EPOS results: [Zhao et al, Phys Rev.D 109 (2024) 5, 054011]
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EPOS results: [Zhao et al, Phys Rev.D 109 (2024) 5, 054011]
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Data from: [ALICE. Phys. Rev. Lett. 127 (2021) 202301]

[ALICE, JHEP 10, (2021) 159] [CMS, JHEP 01 (2024) 128]
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PROTON-PROTON INELASTIC INTERACTIONS

pomeron exchange

[Capella, Phys. Rep. 236 (1994) 225]
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pomeron exchange
[Capella, Phys. Rep. 236 (1994) 225]

{ =
p P

(CD topological expansion in large Nc and Nf limits

e —

[Veneziano, Phys. Lett. B 52 (1974) 220; Nucl. Phys. B 117 (1976) 519]
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pomeron exchange
[Capella, Phys. Rep. 236 (1994) 225]

{ =
p P

(CD topological expansion in large Nc and Nf limits

e —

[Veneziano, Phys. Lett. B 52 (1974) 220; Nucl. Phys. B 117 (1976) 519]
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PROTON-PROTON INELASTIC INTERACTIONS

pomeron exchange
[Capella, Phys. Rep. 236 (1994) 225]

{ =
p P

(CD topological expansion in large Nc and Nf limits

e —

[Veneziano, Phys. Lett. B 52 (1974) 220; Nucl. Phys. B 117 (1976) 519]

Y

unitarity cut of cylindrical diagram

two-rapidity-chains

SNNNNNNN

ANQNANN
o>

fragmenting into soft particles

—  ———

[Kaidalov, Phys. Lett. B 116 (1982) 459
Artru, Phys. Rep. 97 (1983) 147
Werner, Phys. Rep. 232 (1993) 87]
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PROTON-PROTON INELASTIC INTERACTIONS

pomeron exchange
[Capella, Phys. Rep. 236 (1994) 225] number of exchanged pomerons grows with energy!

z E JOCENTET S

[Gribov, JETP 53 (1967) 654]

(CD topological expansion in large Nc and Nf limits

e —

[Veneziano, Phys. Lett. B 52 (1974) 220; Nucl. Phys. B 117 (1976) 519]

Y

unitarity cut of cylindrical diagram

two-rapidity-chains

fragmenting into soft particles

| — e

[Kaidalov, Phys. Lett. B 116 (1982) 459
Artru, Phys. Rep. 97 (1983) 147
Werner, Phys. Rep. 232 (1993) 87]
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PROTON-PROTON INELASTIC INTERACTIONS

pomeron exchange
[Capella, Phys. Rep. 236 (1994) 225] number of exchanged pomerons grows with energy!

z E JOEEREIT N

[Gribov, JETP 53 (1967) 654]

(CD topological expansion in large Nc and Nf limits *
[Veneziano, Phys. Lett. B 52 (1974) 220; Nucl. Phys. B 117 (1976) 519]
* broad distribution in npom
unitarity cut of cylindrical diagram 10715

A§ 1074

two-rapidity-chains

fragmenting into soft particles pp, Vs = 5.02 TeV

107"

S\NANNNANN
P(
T

ANQNANN
o>
|

| — -

[Kaidalov, Phys. Lett. B 116 (1982) 459 P N T I T

Artru, Phys. Rep. 97 (1983) 147 10 20 ) 30 40 50

Werner, Phys. Rep. 232 (1993) 87] pom
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PROTON-PROTON INELASTIC INTERACTIONS

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

pomeron exchange
[Capella, Phys. Rep. 236 (1994) 225] number of exchanged pomerons grows with energy!

1R STon

[Gribov, JETP 53 (1967) 654]

(CD topological expansion in large Nc and Nf limits *
[Veneziano, Phys. Lett. B 52 (1974) 220; Nucl. Phys. B 117 (1976) 519]
* broad distribution in npom
unitarity cut of cylindrical diagram 107

two-rapidity-chains
pp, Vs =5.02 TeV

SNANNNNAN
P(n
pom
o
A
RN L L D BN B

ANQNANN
o>

fragmenting into soft particles

R

10 20 30 40 50

r]pom

[Kaidalov, Phys. Lett. B 116 (1982) 459
1 Artru, Phys. Rep. 97 (1983) 147
Werner, Phys. Rep. 232 (1993) 87]
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PROTON-PROTON INELASTIC INTERACTIONS
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[Kaidalov, Ter-Martirosian. Phys. Lett. B. 117 (1982) 247]

Regge-theory parametrized distribution

n —1
1 ~— Z 2wysA
P om) — ]- - - n ) —
(Mpom) = C(2) ZNoom ( exp (—z) ; Il ) z R2 + o lns

w=15 A=a0)—1=0.2, v=1.035 GeV~2, R2 = 3.3 GeV~2, a' = 0.05 GeV 2
[Vechernin, Belokurova, J. Phys. Conf. Ser. 1690 (2020) 012088]

broad distribution in npom

—
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PROTON-PROTON INELASTIC INTERACTIONS

[Kaidalov, Ter-Martirosian. Phys. Lett. B. 117 (1982) 247]

Regge-theory parametrized distribution

S — ———
n —1
1 ~— Z 2wysA
P om — C ]. - - . ’ —
(Pporm) () ZNpom ( exp (~2) ; /! ) ‘T Ry o/ Ins

w=15 A=a0)—1=0.2, v=1.035 GeV~2, R2 = 3.3 GeV~2, a' = 0.05 GeV 2
[Vechernin, Belokurova, J. Phys. Conf. Ser. 1690 (2020) 012088]

can also he obtained from

parton-parton interaction probability broad distribution in ngom
[Vechernin, Lakomov, PoS, Baldin-ISHEPP-XXI (2012) 072] 107'F
g 10-4::
C |
o[
g7 PP {s=502TeV

10 20 30 40 50

npom
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SNNANNNNAN

ANQNNAN
o

\

p =S [Varilly, Thesis
1-x, (2006) MIT]

[Capella, Phys. Rep. 236 (1994) 225]
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broad distribution in npom
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SNNANNNNAN

ANQNNAN
o

\

p =S [Varilly, Thesis
1-x, (2006) MIT]

[Capella, Phys. Rep. 236 (1994) 225]

0
o

Cornell potential between confined color charges

broad distribution in npom

4
V(=g torer o
0k
CQ -
o i
o7l PP /s =5.02 TeV
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SNNANNNNAN

ANQNNAN
o

\

[Varilly, Thesis
1-x, (2006) MIT]

[Capella, Phys. Rep. 236 (1994) 225]

p S

0
o

Cornell potential between confined color charges

broad distribution in npom

4
V()=—5-Z+or-r

107'F

string breaking (qqbar production) -

B0t

. 5 t dN/dy = F

o ) b
) ~ pp, s=5.02 TeV

g q

g 5 107"}
® @ ® ;
q_ ¢ q ‘ - R
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SNNANNNNAN

ANQNNAN
o

L Fa\v
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(] ()

‘e [Varilly, Thesis E D
1%, (2006) MIT] T ®
[Capella, Phys. Rep. 236 (1994) 225] G B

3

Cornell potential between confined color charges

string breaking (qgqbar production)

q q 4+ dN/dy
O O B
_ 07l PP /s =5.02 TeV
q q q q
o 00 @ -
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FROM STRINGS TO MEDIUM

_—%.5‘ o 6 05
rapidity
string overlaps - Interplay of color fields
string evolution in rapidity - dynamical update of the energy density
Vinit = Sinh_l (p—nj) [Shen, Schenke, Phys. Rev. C 97 (2018) 024907]
fin _ gipp—1 ( X9 Pream ) 4 ogh~? T’ +1
Yo = my 2mg



STRING EVOLUTION

O Strings evolution [C. Shen, B. Schenke, Phys. Rev. C 97 (2018) 024907

For a parton at string end with m and p, = Xppeam: o
. el . g . . — o —1 & , \::>
o initial rapidity: yinit = sinh (m) vockrs
o equations of motion: %= = —g, % = 4 A AN
o proper time before flip (y in string rest frame):
ATmax = 24/2(cosh(¥init — 1)) — periodicity! S 6 " ’
rapidity

® relation between proper time A7 and lab time At intervals:

o2 AT2

ocAT
sinh(Yinit) +COSh(Y1n1t)\/ 2z 1

2m

At =AT1| £

® change of rapidity: yioss = cosh™* (";ﬁ;’z + 1)
e final rapidity after proper time A7: ygn = Vinit T Vioss



IN-MEDIUM ENERGY LOSS: ELASTIC
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Momentum loss rate of HF quark in elastic scattering: g+ g > g+ g

dp d3k tmax _dg
d_t = 16 (27‘(‘)3 f(k) ¢Amin dtd— Ap(t k p)

Ap(t, k, p) - one-collision momentum loss, ® - flux of HF quarks

elastic x-section [Thoma, Gyulassy, do 2ma’
Nucl.Phys.B 351 (1991) 491] dt  (f+ p?)t

CUJET3 thermal running coupling [xu, N Q¢
Liao, Gyulassy, Chin.Phys.Lett. 32 (2015) 092501] @ (Q ) - _ac |n(Q2/T2)

critical parameters [Shi, Liao, Gyulassy,

Chin.Phys. C 43 (2019) 4, 044101] ac =009, T. =0.16 GeV

gluon Debye screening mass [Gossiaux, B . 5
Aichelin, Phys.Rev. C 78 (2008) 014904] w(T) = T/4m - as(p?)



IN-MEDIUM ENERGY LOSS: ELASTIC
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Momentum loss rate of HF quark in elastic scattering: g+ g > g+ g

t max .do; ; TC; -a‘;h(fmax)aih(ftmin) fmax
[t G g oty = - Tl Rl ()
E(p — Ecos@ k cos 6
y ( (p COS 2) B cos ) (14)
(E—pcosf)® FE —pcosb

min

Here, the momentum transferred is limited from below by u? and from above by
m* . m?+ 2k(E + p)

. 4(k - p)?
by = ~ 2Ek — m? 1
B 2k - p + m? m +4kp nm2+2k(E—p)

m! m?+ 6T(E +p)
12Tp  m? 4+ 6T(E — p)

~6ET — m? + (15)



IN-MEDIUM ENERGY LOSS: ELASTIC
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Anisotropic medium: kr — k, anisotropy parameter £ > 0, A - scale

dp 2 ) 6EA — E*(1 - ) + E3(112_j2)2 In [58:22))12//\\((13]
E:gﬂ"as[ﬂ]'aslﬁE/\]'ln “2

N2 arctan/& 14+€& 2 l1—c¢ e 1
X‘l—’f"(g+ez'{ (e ) v (540) )
+12C§3).A3. 1 : .{arctar;hﬁ 1}>, where

m E (e+1)2 V2 K

Isotropic medium: £ =0, T - temperature

3 2y2 2
: 6ET — E2(1— &) + EG=E0 o [ Eu=gysoT )
2 ? Il 12¢ T E(1—e2)+6T(1—¢)
dt—gﬂ'-as[p]-as[ﬁE .1n[ g

12¢(3) T3 1-¢
2 E g3

2
X (:—3 - {(2 — €)e — (2 — € — €?)arctanh [¢]} +

. (arctanh [e] — e)>



IN-MEDIUM ENERGY LOSS: INELASTIC

Djordjevic-Gyulassy-Levai-Vitev (DGLV) opacity

g @gy/ expansion [Gyulassy, Levai, Vitev, Nucl. Phys. B, 571 (2000)
‘Y 197; Djordjevic, Gyulassy, Nucl. Phys. A 733 (2004) 265]

® n = 1: single scattering — single gluon emissigg

® finite size medium

(z,p, T, t)ocp(T)‘/dqudsz Kki,q1,z,p, T,t)

® emission probability P.,q = f dedt dz 2= f

® if occurs in a cell, sample z, reduce quark momentum by zp

® reset time since last splitting




