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TECHNISCHE
M P Dilute Glasma in A+A collisions
Ingredients
- Nuclear model

- Realization of two full nuclei color fields

- Solution of dilute Glasma f*” integrals

Nuclear models for A:

a) Nucleonic and subnucleonic structure:
A~ NXxp

b) Charge fluctuations for whole nucleus:

A x {pp)
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TECHNISCHE
M UNVERSITAT Dilute Glasma in A+A collisions
Ingredients
- Nuclear model

- Realization of two full nuclei color fields

- Solution of dilute Glasma f*” integrals

Nuclear models for A:

a)/Nucleonic and subnucleonic structure:

A~ Nxp Previous talk by M. Leuthner

b) Charge fluctuations for whole nucleus:

A {pp)
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Color charges are drawn from Gaussian probability functional
defined by 1-pt. function

(p"(x*,x)) =0

and 2-pt. function

(p" (2%, x)p (%, y)) = g6/ T (%, %)/ Ty, y)
X Ug(* —y*)oP (x —y)
with -
T(x*,x) = 1+ eXp(\/Q(V xﬁ:()l2_|_x2_R>
1 EE? 2
Ue(o® —y*) = e fi e

21 |fm)]

21 |fm)]
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M Al Nuclear model

0 e 00R m=02 I:§II_2ORZ m—OQ,u

3D Woods-Saxon envelope profile ; i
C g 5:— - . 2 5
( ) ) 14 exp(\/2(7 xic);—i—x?—R) J4 0 - - .‘ - ‘ T 4
_5:_ ’ I _
with parameters : I :
_10-?::"":::::::_;-T::"":::::::_;
Nuclear radius: R R E=O0L1R m=20u }f E=20R m=20p]
Skin depth: d . s g i ]

Lorentz gamma: ~ = 1 .

S == 1 ]
that depend on collider energy and nucleus species. 5t —
_1():T ]

—0.05 0.00 0.05 —=0.05 0.00 0.05
o [fm] xT [fm]
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TECHNISCHE
IVERS
e Observables
Using the dilute Glasma field strength tensor f**

- Energy-momentum tensor
TH = 2Ty | fref v+1 wv fpo f
- Local rest frame energy density ¢ pp
T’MV’LLV = ELRFU’M

(u* is the only timelike eigenvector of T", with u#u,, = 1)

L
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Initial energy density comparison

WIEN
MC-Clauber

- - Fluctuating domains on similar scales
compared to IP-Clasma

- ), equivalent parameter m (IR regulator)

dilute Clasma

60 80 100
€LRF [GeV/fm3]
VSnn = 200 GeV Au+Au at 7 = 0.4 fm/c with impact parameter b = R
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B. Schenke, P. Tribedy, and R. Venugopalan,
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TECHNISCHE

Initial energy density comparison

WIEN

MC-Glauber Monte Carlo Glauber-type

Fixed Gaussian at each participant - Fluctuating domains on similar scales

compared to IP-Clasma

- ), equivalent parameter m (IR regulator)

dilute Clasma

IP-Glasma

Impact parameter dependent Clasma
IP-Saturation model fitted to HERA DIS

MC-KLN

Monte Carlo Kharzeev-Levin-Nardi
KT factorization with Qs matched to G(x, Qs)

eg.:
Hirano, Heinz, Kharzeev, Lacey, Nara.
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B. Schenke, P. Tribedy, and R. Venugopalan,

Hadronic'dissipative effects on elliptic flow in 0 20 40 60 , 80 100
ultrarelativistic heavy-ion collisions, eLrr [GeV/fm”]
Physics Letters B Volume 636, Issue 6 (2006), 299-304 VSnn = 200 GeV Au+Au at 7 = 0.4 fm/c with impact parameter b = R
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VSnn = 200 GeV Au+Au at 7 = 0.4 fm/c with impact parameter b = R

100 100
80 80
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(@)
(@)
€ELRF [GeV/fm3]

40 40
20 20
0 0
s
Almond shape "Flux tube” structure
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A 3D structure

VSnn = 200 GeV Au+Au at 7 = 0.4 fm/c with impact parameter b = R

Full video available online: PhysRevD.109.094040 or [2401.10320]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.094040#supplemental
https://arxiv.org/src/2401.10320v2/anc

TECHN|SC|T!E E ° °

M UNIVERSITAT Ccent”CIty
—— RHIC —— LHC

= V== VT

o 77 \ N\ [ A=~
J verne 7 exp(ing) VAT \ 7 \

JoveLrp T

- Transverse structure

e (T,m,) =

- Connected to flow coefficients v,
= Hydro evolution

10 events with impact parameter b = R at 7 = 0.4 fm/c MNP S BN S
RHIC: /Sxx = 200 GeV, LHC: , /Sxx = 2700 GeV
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M frivas Rapidity profiles

—w— 727 —— TTT L TYY

- Transverse integrals
5%
TLT
T L €LRF

- Normalized to T7"(n, = 0)

S

- 7 and n tensor components are problematic

- Tracelessness 7", = 0

10 central events at 7 = 0.4 fm/c at ,/syy = 200 GeV
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TU R Limiting fragmentation
—— RHIC —— LHC == dE, /dn,

dl | - | | -
— = L vy - T .
dns T / (T (7-7 P X) + 7 (7-7 Mss X)) i i \ .

0F 4 -

- Differential transverse energy ;

X

- Normalized to LHC at , = 0 E=0.1R, m=02u 1

- Shifted by beam rapidity Y, ..., 1 IR _

= Curves at large n, overlap

E=01R, m=20u 1 &£=20R;, m=20u
10 central events at 7 = 0.4 fm/c 0 10 0 10
RHIC: \/3xx = 200 GeV, LHC: /3y = 2700 GeV s + Ybeam Ns + Ybeam
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Limiting fragmentation

WIEN
® 2000 | PHOBOS 0-6%— . .
2 - Authu ] Observed in experiment, e.g. for
: - siBeaay
o - . -
B = 1500_— §130 GeV ] . . g . dNCh
°5 2 o200V Charged particle multiplicity:
£ 3 kS, - CutCu ] dn
26 51000 224 Gev
22 B N 200GV -
§ = ; ™ - - 1 1
£35S 5001 - Studied in theory
o2ZIQ § i
<3%ZLo : ™ - . ]. Jalilian-Marian,
O .é’ ®© o = f I
7] AN A B o . o). .
2558 g 12roErg ALICE 0-5% Limiting fragmentation from the color glass condensate.
MY & (3 Pb+Pb | girag
3253 ¢ ' 2760 GeV Phys. Rev. C 70 (2004), 027902
3 'g:rf 2 o sE 55020 GeV
_C - L -
oo 2 - XetXe 3 - F. Gelis, A. M. Stasto and R. Venugopalan,
TS E o 6 5440 GeV
838 = E Limiting fragmentation in hadron-hadron collisions at
T 5 dg Q.c C _ . .
ﬁ EE-(ZD z* of & E high energies.
5884 T ohu . Eur. Phys. J. C 48 (2006) 489-500
885> 15 ~10 -5 0 5
ms8 n-y
=5 beam
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TU R Glasma field strength tensor

(T, 27, %)

—__ 9
a 277//ng

i ‘/'ZJ ZJV U_]ﬂ
“ZJ__Q%T//CZU Vi
V = fabctcﬁiﬂ 4 “(x ——‘ | e 77/, X — V)@iﬂBb(I ——| | e 77/, X —V)
\@ \/72

V= f

a
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Structure of the integrand

WIEN

(T, 27, x)

- Pick a spacetime point x = (z7, 27, x)

- Integrate over past lightlike trajectories

_ (T n T
v—(\/ie 75

e_”/,v), T = V|

- The integrand depends on z — v

- ‘V‘ / b |V| —n
V iz fatr A e e ey
abc V2 V2

Vi i= fopct (9 AL OA () = DAL ()0 A0 ))
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M s Limiting fragmentation approximation

WIEN

v (27,27, %)

In the fragmentation region
. Contributions only where ’ > 1
. For fixed 7' (= |v]):

- Az only evaluated along v~ = const.

Bo(x,v) = " Af(x~ (1 — Vj) ;X — V)

T

- A , enters via v average

Chx—v) = 0" [y z(yx—v)
n’ = const
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M s Limiting fragmentation approximation

WIEN
v (%, 27,%)
— _%F/Y T, V)
1) g ?
fi = _%w_* Y (z,v)
) g 7 7 /Uj
f+ — % (Y]($,V)—5JY(Q},V)>$
= 9 1 /(Yij(x V) 4+ 0YY (z,v)) U—]
21 (x1)? ’ 7 2

A%

V(w,v) = fud (' (x=v) B @,v) i ,
Yii(,v) = ft® (G5 B () = G ) B )
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M s Limiting fragmentation approximation

WIEN
Inserting nuclei at higher ¢"'y/s with v ~ ¢ e 9 [y
2t ’
A:F ($ X) N e+uAZF ( +uxj: X) v
A/B A/B — f—l— ( AW —|— o TWp— XJ_)
CL(x—v) zai/derﬂ(y*,x—V) 1 N
| ; fie 9 [y
. | . 2wt
— 8’/d(y+o+“') Ayt x—v) =(x— V) v
| V2 _>ij( “.Cl?+ oW XJ_)
Bo(z,v) = " Af(x~ ( ——2>, — V) g § Z )
fh = o (Y (x,v) —6Y (x,v)) — o
— O AL e (1 — —) X—V)= e*“ﬁ ( ) v

— e+uﬁf—i—z( —w $+ +u T XJ_)

Y (@, v) = fapel” G (x = v) B (@, V) g 1 ; ; .
= funel® ' (x = V) 7B (¢F a7 x — V) / :%<x+>2/ (Y(z,v) +0Y (2, v)) 5
Y (2, v) = ft® (100 B () = L) B () — o fT e et e e, x) )
o Faetee™ () B, ) = () Bieram, ) I AN () (AT (w)z)
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wversmr Limiting fragmentation approximation
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Comparison to full dilute Glasma results

dE, /dn; €ELRF
— [LHC ¢ ¢ ¢ LF approx. —— RHIC —— LHC ¢ ¢ ¢ LF approx.

— RHIC

1_ . o L4 -

T
T I

T ¢=01R m=20u T €=20R m=20u - YLe=01r m=200 T7E=20R m=20u ]
o 10 o 10 0 10 ) 10
Ns + Ybeam Ns + Ybeam Ms T Ybeam Ms Ybeam
dE :
dni - 7/ (T*(r, n,, %) + T%(7,7,, X)) - Remarkable agreement over broad 7, intervall

X
* not covering the entire x plane

- Prediction of plateau generally fails
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Nuclear model
- 3D nuclear model with longitudinal correlations

- Collider energy enters via Lorentz

Our results
- 3D energy-momentum tensor of the Glasma

- Rich longitudinal and transverse structure

- Limiting fragmentation
eLrr for v/syn = 200 GeV Au+Au at 7 =0.4 fm/c
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Modeling all stages

Uy v
Eydro - 7;deal

+ T

~ (g — uu)T

Tea = (€ + P)u’'u” — Pgh”

Landau ] Equilibrium ]
Dilute Glas a] . Hadron gas
" m J matching J QGP J &
< 0.2 fm = Tawi 1im < <qpfm 10 m <
T ~J . c T = TSWltCh c ~ T ~J c c T
Classic?l TH ¥ — eyt Rel. viscous Kinteic theory
Yang-Mills v hydrodynamics
@ ) fﬂ_,u,z/ _ Tliu — 7—;{11/ ] N
Our code et MUSIC UrQMD
M= Pros(€)
| J \_ 3
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Time evolution at mid-rapidity

WIEN

% Glasma 7 = 0.20 ] it Wf/w 17
1440 S w A s F24
49 TN N Z//]j
1200 = “ZHE
k\\“" E s
2 2 A = P18
-960 X . - =
- = 15 <
= 0 0 a5 3
> 720 =~ 120,
> N \\\‘§§ 6
—4 240 4 L
6 -4 -2 0 2 4 6 2 4 6
5 Hydro 7 = 0.20 \ ] o "'/’%’ T
4
1200 8
2 T
F960 =
= S
=0 >
= 720 5 9,
W
-2 480 2 !
4 4 N B’
—4 240 —417 \
b A

-6 -4 =2 0 2 4 6
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TU R Simulation parameters

WIEN

Param. Name Value(s) Unit

N, No. of colors 3 -

y Lorentz factor 100 (R), 2700 (L) -
SNN C.m. energy 200 (R), 5400 (L)  GCeV

R WS radius 6.38(R),6.62 (L)  fm

d WS skin depth ~ 0.535 (R), 0.546 (L) fm

g YM coupling 1 -

! MV scale 1 GeV

m IR cutoff 0.2,2.0 GeV

Ayy UV cutoff 10 GeV

& correlation length 0.1, 0.5, 2.0 R,

b impact parameter O, 1 R

T proper time 0.2,0.4,0.6,0.8,1.0 fm/c
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M s McLerran-Venugopalan nuclear model

WIEN

Gaussian distribution set by expectation values

(p(z=,x)) =0
(p(x*,x) p(y*,y)) = 69 (2F)8(x* — y*) 6P (x —y)

Extension to non-trivial longitudinal structure

(p*(xE,x) p"(y*,y)) =

+ +
5ab 22T33+y U (2% —y*) To(x—y) 62 (x—y)
g R 5 ¢\ & Y s\X—Yy X—Yy
— N ~~ ~~ "
strength of Iong|tud|.na| profile correlations  transverse profile uncorrelated
color charges ~ of width R of width & of width S
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M s McLerran-Venugopalan nuclear model

(p" (z%,x)) =0
(p"~(z%,x) p"~(y*,y)) =

5% 2 T (xi + y*

2

) Us (a* — %) Ty (x — y) 6% (x — y)

Single nuclei separation ansatz for gaussian T, Tg:

(o™ (%, %) p" (Yt y)) = 6 gp? /T (x%)\/ Ty (x)\/ T (=) /T (y) X
U e -y (-

1 1 1
Wexp |:—(3§':|: o yi)2(2§2 o 8R2)

Uénod (jS _ y:l:> —
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M Al Nuclear model details

C
T(x*,x) =
’ V2(y2%)24x2—R
1+ exp( y
1 GEyE? (g2
U€<Ii . yi) — o SR o 22

\/ 2mE?

) 2k Pyple k)
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TU R Structure of the integral
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- Pick a spacetime point x = (z", 27, x)

- Integrate over past lightlike trajectories

/ /

T —|—77/7'

U:(EB ,75

6_77,,V), T = V|

- The integrand depends on x — v

—Me“’/, X — V)@iﬂgb(aj_—ﬂe_”/, X — V)

NG V2
Vi = fopot® (0" A )PTAR () = 0V AL L )IAR ()

Vo= fapt®0" AL (a7
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Milne coordinates

T=V2te™ = Vit2— 22

1 +
N, = 5111 (i—_) = artanh (%)

are used to parametrize observables of the Glasma.

For extended collision region it is not obvious where
to put the origin!
We shift the origin to avoid 7 = const hyperbolas

entering the nuclei!
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Comparison to lattice simulations
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x1073 g2l'l’/m = 0.5 x 1072 gz/.L/m =1.0 %1072 g2,u/m =920
) 1.0 2.0
A.Mt;.:'xoix;go;: ° N
N 2t ee gy
\_‘\.

—2 —1 0 1 2
Space-time rapidity 7 Space-time rapidity 7 Space-time rapidity 7
— Dilute — 3+1D CPIC  — 3+1D CYM > PuR=1/8 - guR=1/4 = guR=1/2 =+ ¢*uR=1

A. Ipp, D. I. Muller, S. Schlichting, P. Singh

Phys.Rev.D 104 (2021) 11, 114040
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M UNIVERSITAT Coordinate systems
X = (x,y) ... transverse plane

.- 2z ... beam axis

- ¢ € ]0,2m) ... azimuthal angle

-0 € ]0,7) ... polar angle

- 1 ... pseudorapidity
n = —In [arctan(0/2)]

.y ... rapidity

y:%ln%%nforp > m

Kayran Schmidt XVIth QCHS Conference 2024 Limiting fragmentation in the dilute Glasma

35



