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QCD states of matter in HICs

Initial nuclei

Driven to equilibrium
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QCD states of matter in HICs

Glasma Pre-eq.

Coherent longitudinal fields =~ Large pressure anisotropy

Out of equilibrium states of matter exhibiting large anisotropies
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Probing QCD matter with jets

jets - collimated energetic QCD cascades

4+ We need a probe: /\
o Hard scattered

% sensitive to multiple scales
parton
% concurrently produced with the medium ... | hadrons
4+ Jets are extended in space-time and evolve
simultaneously with the produced matter!
» E
Hard (~ 0.1-1 TeV) Soft (~ 0.1 GeV)
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Probing QCD matter with jets

How can one describe an energetic parton propagating in a dense QCD medium?

Perturbative QCD

—m
T

® Abe)

]
1}&&’

soft single gluon exchanges with medium
p*>1pl.lql
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Medium model

(At x), A, (T, y))

stochastic gauge field in light-cone gauge
gaussian white noise model
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Probing QCD matter with jets: medium model

4+ Some assumptions reflected on the two-point correlator of the medium field:

(At x), 9, (vF, y)) = 8PSt — yHy(x, y)

j (directly related to)
matter density

in-medium elastic

scattering rate
4+ n(x") = n (static) 8

*

y(x,y) = y(y —x) (homogeneous)
+ 7(q) = 7(lq|) (isotropic)
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Probing QCD matter with jets: medium model

4+ Some assumptions reflected on the two-point correlator of the medium field:

(At x), 9, (vF, y)) = 8PSt — yHy(x, y)

j (directly related to)
matter density

in-medium elastic

n . scattering rate
4+ n(x™) = n (static)

*

y(x,y) = y(y —x) (homogeneous)
+ 7(9) =7(|q]|) (isotropic) < 7(q) # 7(lq1) in this work; attempt to

Relax assumptions — probe out of equilibrium properties

see also talks by Sadofyev (Mon P7), Mayo Lépez, Salgado (Wed P30)
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This work: g — gg splitting in an anisotropic medium

/V Qy?EQX

dN""
(L7 Qxa @y’ M )

dzdd

ﬂ <h anisotropy introduces
non-trivial angular modulation
that couples to spin

Other works, e.g:
+ Attems et al, arXiv:2203.11241 (g — cc splitting function, see talks by Brewer (Wed P29), Wiedemann (Tue P22))
+ Hauksson et al, arXiv:2303.03914 (polarisation dependent g — gg energy spectrum with g, # g,)

see talks by Werthmann, Steinhorst,
Lindenbauer, Barrera Cabodevila (Mon P7),
Avramescu (Tue P18), Lamas (Wed P30)
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Calculation: constructing

A4 .
Hp W’L , P 'll L' L\
~ Rars ’M~< in-medium scalar propagator:
X ' . .
d

iﬁ IVL\\)\n k‘ resums multiple soft scatterings
= !

= = -

ith the medi
- - ' —P W1 € medium
> & Lt
ei(Pr+py)L” . , ,
M = M (p) e'P Yo P1 X~ P2
_|_
2q0 p xg’xq9xQ9xv9x’yax\j_

GUL*, x5 0], x, | pHTHLY, x5 xF %, — y | pf

ligth VA @, x, 3)] Gt x, = xi x5 % )
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Calculation: constructing

A4 .
N G @ ' \ unaltered by the medium;
Xq . Y Ll contains full spin dependence

\
! '
L} - 1 )Z%‘ '
\ 1
—t - —
Kb-l- )C/F L/'l’
ei(Pr+py)L” . , ,
M = M (p) e'PYse ™ P1 %™ P2
+
2q0 p xg’xq9xQ9xv9x’yax1j_

G, xgx) x, | pHE LY x5 5. x, —yIph)

ligty VA" (2, %, y)| €706T, %, — X565, %1 4)
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Calculation: constructing

il = = n J ﬂo(P)J
p

90 XgsXgsX s Xys XY, X

ML xg: x5, x, | pHGHL* x5 x), %, —y | p))

[igt][zlvllhhl(z, x,y)] ?ba(x‘j_, — X, x() ' Ng | qg_)
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in-medium scalar propagators;
(z =p{/q)

eip-xge —ipl-xqe —iPy'X;

Jodo M. Silva 12



Calculation: squaring ./# and medium averaging

4z(1 — 2)(2n)° N 2Re 12 : Y (wat
Z\1 —Z T) O = —
O dzd?p,d2p, 24N2-1

colors X>xi

Use a Gaussian white-noise model for color charge distribution for the

4+ Only relevant n-point function is the 2-point function:

(A0t x), o, (vh, p) = 6Pn(x)SGct — y Py (x —y)

4+ Time locality of 2-point function + Wick’s theorem: write average of products over whole time

domain as products of averages inside disjunct time regions.
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Calculation: squaring ./# and medium averaging

B R IS G SR T s N

r g g transverse
-_—"——
- —— hs.
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momentum broadening

IR NS M R Lk e

4
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Calculation: squaring .# and medium averaging

AN o I G SR T S
g transverse
momentum broadening

A s g R 7 MRS Sl G s )

-
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5
Vi
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4
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s ¢
° G»e -y ®
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Calculation: squaring .# and medium averaging

Bt .:-:‘-. s v

g transverse

momentum broadening
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Calculation: squaring .# and medium averaging

% g fransverse £
| momentum broademng

q and g mdependent transverse

momentum broadenmg

Apolindrio et al, arXiv:1407.0599
Isaksen et al, arXiv:2107.02542
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Introducing anisotropy and phase space integration

o(x; —x,) = 2g%(y(0) — y(x; — x,)) (dipole cross section)

Zakharov, arXiv: hep-ph /9807540 average transverse mom. squared

1 ( k?) . .
4+ Harmonic approximation: Nno@r) ~ —gr?,  §~-——= ~ acquired by travelling parton
2 ot in a given time interval
. . . ) A D A D R R more transverse mom. is transferred
+ Introducing an anisotropy via: qre = 4,7z + 47 dy F qx in one direction than the other

Hard Probes 25/09/2024 Jodao M. Silva
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Introducing anisotropy and phase space integration

o(x; —x,) = 2g%(y(0) — y(x; — x,)) (dipole cross section)

Zakharov, arXiv: hep-ph/9807540

1 ki
4+ Harmonic approximation: N.no(r) = Ec}rz ., g~ ( &D ~
4+ Introducing an anisotropy via: gr* — g2+ c}yry2 qy # 4y

4+ We want to keep some directional information to probe anisotropy:

average transverse mom. squared
acquired by travelling parton
in a given time interval

more transverse mom. is transferred
in one direction than the other

AN AN pyrel
[ Pl =(1—-2p—z2 tan¢ =
dzd*p,d*p; dzd¢ ( 1= 2p % Prel
Hard Probes 25/09/2024 Jodao M. Silva



Geometry of the branching

d Nhh/
dzdOdd¢

0 - qg opening angle (integrated over)

¢ - azimuthal orientation of plane
spanned by gg in frame where

P1+p,=0
Giy = Qs

Hard Probes 25/09/2024
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Parameter dependence

P =(1=2p —zp, tang =P /Py

thh’ / r r—AT _ T _ _
2 = a, 6" Re[ dAT J dAT e™'7=3 (f(AT, AT, ¢, ¢, 2)+h fo(AT, AT, ¢, $,2))
dzdg 0 0
(anisotropy param.) (rescaled medium length) (rescaled quark mass)
=1 (-1) ~ i}

(G, > q,)
¢ — 0 (isotropy) => dN"" independent of spin (f, — 0) and of ¢

Hard Probes 25/09/2024 Jodao M. Silva
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Azimuthal particle distribution (massless quarks)

0.1 5
| z = U. =
6 =5 i = g.l
5r ¢ values 4r ¢ values
— 095 — 0.95
2 S — 0.7 I < — 0.7
28 4 R = 0.4
— 0.25 S — 0.25
\ "l — 0.1 | \ — 01
T e — 0 (iso) _ — 0 (iso)
< [ RS 2r ]
=, ,%2 =3
s 2t % %
1
| —
O 1 1 1 0 1 1 1
0 /4 /2 3n/4 7T 0 /4 /2 3m/4 T
¢ ¢
Significant enhancement wrt. isotropic case near /2 Significant helicity distinction near z/2
(would be near 0if { < 0, i.e., if g, > G,) dAN"=t(¢p) = AN"="\(z — ¢)
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Harmonic decomposition

Let us do an harmonic expansion similar to what is usually done in the soft sector:

27 N
dN"/dz dzdc,b

=1+ Z vfet cos (2n¢) + Z w(l”et) sin(2n¢)
n=1

Helicity / spin dependence
fully contained here

Small anisotropy oy d Nh

>
dN"/dz dzdg

= 1+ [ cos(2h)+ sin(2¢)]

{1

v, and wz(h) are the

Hard Probes 25/09 /2024 Jodo M. Silva 23



Harmonic decomposition (massless quarks)

10 T T T T 1.0 T T T T
r=>9 r=295
z values z values
88— 0.1 0.8 — 0.1
— 0.2 — 0.2
0.3 0.3
6F — 04 0.6F— 04 /—\_
— 045 — 045 d

S ~— A
3
ar 0.4f
25 0.2f
% 1 1 1 1 0% 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
¢ ¢
v, > 1 even for intermediate { w2(+1) = wélz] non-monotonic with z
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Spin measurement in the transverse plane

Vertex with g/ spins measured in the transverse plane along some defined axis (equal spins case):

% Ahh AN, By Opp P 2 4 X _Px\ i (PY _ DY
: ;(V )z, P)((V*")(z, P)) S [P -P)+m? +imh |[(P*~P¥)sina— (P’ - P*) cosal }
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Spin measurement in the transverse plane

Vertex with g/ spins measured in the transverse plane along some defined axis (equal spins case):

% Ahh e BN Onw P 2 X Pr) cin oy B
> ;(V )z, P)((V*")(z, P)) =5 —5) {®-P)+m? +imh|(P*—P")sina— (P’ —P”)cosal}
/Py‘

Very small g, and finite g, : ~,

l (Pi_pi"’@i) x

% Ahh AN PV o Opi P 2 . vy _ Py
: g(v )z, P)((V*")(z, P)) ) {®P-P)+m? —imh (P*—P) cosa)

a = /2 (spin measured alongy) — unpolarised, ie., dN"=t! = dN"

a =0 (spin measured along x) — polarised, i.e., dN"=+1 £ g NP=-1

Hard Probes 25/09/2024 Jodao M. Silva



Spin measurement in the transverse plane

(27r)2 AN

d2do

Qs

a=7m/2,2=04,4u=01,r=5

2.5 .

Spin defined along y

2.07 unpolarised

Lo} f}

1.0

N

a(\‘]» é'\\g

h =1 (solid)
h = —1 (dashed)

¢ values

— 0.95 &=
— 0.7

— 04 7
— 0.1
— 0 (iso)

—0.5
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(27)% AN"

dzde

Qg

2.5

2.0

1.5

a=0,2=04, u=01,r=5

Spin defined along x

polarised  / \

INCSTN

h =1 (solid)

h = —1 (dashed)

¢ values

= 0.7
— 04

— 0.1
— 0 (iso)

a=~0
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Spin measurement in the transverse plane

(27r)2 AN

dzdg

Qg

a=7m/2,2=04,4u=01,r=5

2.5 .

Spin defined along y

2.0F slightly polarised

15} r?

1.0

h =1 (solid)
h = —1 (dashed)

¢ values
— 0.95
— 0.7
— 04 &= A
— 0.1

— 0 (iso)

—0.5
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(2m)2 aN*h

dzde

Qg

2.5

2.0

1.5

a=0,2=04, u=01,r=5

Spin defined along x

polarised  / \

INCSTN

h =1 (solid)

h = —1 (dashed)

¢ values

— 0.95

— 0.7

— 0.4 €&
— 0.1

— 0 (iso)

a=~0
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Summary and outlook: anisotropic heavy EEC

1 d=@ Jld 19N
— =| dzz(l —2)————
oy dOd¢ 0 dzdOdg¢

Small anisotropy

1 d=®
— ~ ngC + vaC cos2¢

oy dOd¢

vaC  ( - anisotropic contrib.
v(‘)EEC - isotropic EEC

\> See talk by Brewer (Wed P29)

Hard Probes 25/09/2024

UQEEC / véﬂEC’

in prep. J. Barata, J. Brewer, K. Lee, JMS
L=1fm, FE=100GeV, §u =4 GeV?fm~!

0.006 F

0.004

0.002

Gy/d. = 1.1 (dotted)
Gy/G. = 1.2 (solid)

0.000

—0.002

—0.004}

—0.006 |

—0.008}

— massless ¢q
bb

cC

1072

R
Ouq
~ 1% effect for anisotropy of ~ 20 %

Jodao M. Silva




Summary and outlook: high p; A polarisation

High p, lambda polarisation (in prep. J. Barata, JMS, E. Speranza)

How does the spin of an s§ pair couple to the QGP angular momentum using a similar formalism?

Beam-beam
counter

ya ), y Beam-beam
— counter

Quark-gluon
plasma

Forward-going
beam fragment

Hard Probes 25/09/2024 Jodo M. Silva
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Summary and outlook

4+ We can probe anisotropy induced modifications by looking at non-trivial angular
modulation of the helicity /spin-dependent g — ¢g spectrum;

4+ For small anisotropies this modulation can be simply described by the leading harmonics
v, and wz(h)

A X4

4+ Measurements of spin projections in the transverse plane can probe the direction of
stronger anisotropy

7
%

THANKS !
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In-medium parton propagation

Leading correction (in 1/p™)

ﬁ(pf)igyﬂj ei(Pf_Pi)-x Ta ﬂ”’“u(pi) ~ 2p+5(pf+ _pi+)J ei(pf_pi).xj

X X o

igT, o ~%(x™, x)

33



In-medium parton propagation

Coordinate-space scalar propagator:

Re-summation of the 1/p*contributions in the BDMPS-Z formalism describing the effect of an

arbitrary number of instantaneous soft scatterings with the medium &/~

Y+
Yt - + r(y")=y o+ et vt
e g—on ’ h: SOyt y;xt,x|ph) = J Dr exp <£[ dé i~2> P exp (igj dé T, (¢, r(5))>
N=0 é % veo r(xt)=x 2 x+ ¥
~— ~— I \./"_\/ —
Nl i g P\’()C") %) ) anv:) vens 6*‘ Cal\on (\\e'b-.-h“pm
N bicswwian Wetvim uestrnase
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Effective Feynman rules (massless)

internal line — Gyt y;xt, x| pHI2pT
. 2 +
outgoing external line — Cii(y*, y; xt, x | p)e e Y
. dj =N ) 1 Ah A—h
vertex (mom. space) —  2igt! 6" 7" (e* - P) (z6™ = (1 = 2)6*™")
z(1 —2)
P=p,—zp,, z=p,/Ipg

IGFAE QCD group meeting 09/09/2024 Joao M. Silva



Effective Feynman rules (massive)

G  y xh x [ p )]s = GOy a7 x [ p D,

5 , 1
vertex (mom. space) —  2igt/ <5hh (€' P)—— (zé’lh —(1 - z)5’1_h)
z(1-2)

P=p,-zp,, z=p;Ip;

IGFAE QCD group meeting 09/09/2024 Joao M. Silva
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Assumptions about initial production amplitude

_,p 1,a _ 1, oF + o+ the gluon is produced at the initial time of the
J % (p) % (q ’p )5(Xg XO ) medium x(')* with a fixed energy q&r
-
+ 6616_1 51/1_
Z ﬂ'u “(p)e* (%’u a(p)e* ) - Z > %0(1))%;’;([7) the gluon is produced with a
AAa.d 1 iad N¢ — 1 2 randomised polarization and color

ZJ MG xF %) (. V’aw-(xt...)ej P Mo (p) (.. V)

da UXEXg P.Xg
+

average over gluon polarisation and color after squaring
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Calculation: vertex and helicity /spin dependence

<E‘gjl(L—i_ xq’ xv ?pg pq |p+)glk(L+ v ’pq |p1 )Vﬁhh (Z’pg’pq)?ba(xv ’pg’ x() ’x |q(3|_)

Momentum space
(fl ®f2)(xv) = J e P5f(p)fo(p)
p

Coordinate space

UL, xg: x5, x, | pHEHLT x s xt x, —y I POV (2, 6, )G (), x, — %1 x5 %, )
/ 1
VA (2, pgpy) = 27" (2)0, _iy €* - (P, — 2D,) > - D OIM) =X, +hX,
1
}’M(Z) = — (Zé’lh —(1- Z)5’1_h) X, # 0iff. medium is anisotropic
z(1 =2)
. helicity dependence is an additional
Pq pg handle on anisotropy sensitivity
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Analytical result

dN" 26> _— Cp (&
4z(1 — 2)2n)> = — Re J J [ e PV exp ——J dstn(sH(e((1 —z2)v) + 6(zv))
dzd?Prd— Qqf)Pz(1-2) gl )y s, 2 Jzy

X

h -
Pr@)(t 1) + ’7(1 —22)(# X tz)Z] H(t,1,)

- U ige [~
H(t,t,) = J e"“l'tle_’“z't2[ Du exp 7[ ds*i?
a;,a, a x;F

1

X exp

i

1% 1
_5“ dsTn(s)(N(o(zu) + o(— (1 — 2u)) — VU(_“))}

x;F c
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Calculation: squaring ./ and medium averaging

4+ 7y — gqincludes a quadrupole at leading N.. ...

cw - L < >
N,

4+ but g — gg does not!
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Calculation: squaring ./# and medium averaging

NN EXNC))
r{' r]; q-i- /\‘+
S@ = J | @rl[ | Dr, exp z%J ds™t (r% — r%) c® Path integrals
ri ry xg
rl rf r s Medium average
§G) = [ 9”0J Dr, [ Dr, exp {EJ ds* (—qiis + piF + pyi3) }C(3) of n Wilson lines
7 ri o x;F
SW = PSP + O(1/N,)
e.q. (50, x), (v ) = 8Pn(rset — yy(x — y)

cO =

1 C
N1 <Tr lWA(”l)WZ(”z)]> = exp {—%[dﬂ n(sHo(r, — rz)}

o(x; —x,) = 2g%(y(0) — y(x; — x,)) (dipole cross section)
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Azimuthal particle distribution (massive quarks)

T T T 5
w=04
z=0.1
r=>5
4 -
¢ values
o n — 0.95
S 113 — 07
S 0.4
T~ ~__ — 0.25
IS Tle 27 - 8%’ )
=3 JIRS —_ iso
== ZI8
1
O 1 1 1 0 1 1 1
0 /4 /2 3m/4 T 0 /4 /2 3r/4
¢ ¢
Sensitivity to anisotropy values is reduced and spin distinction is confounded
Symmetry properties are washed out
42
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Harmonic decomposition (massive quarks)

200 T T T T 05 T T T T
nw=04 pnw=04
17.5 HE=2 ] P s
z values 04T = values |
15.0H{— 01 : — 0.1
— 02 03l — 02
12.5H— 03 . 0.3
- 0.4 fan - 0.4
£10.0F — 045 1 I~ 02f 04511
3
7.5F a
0.1} i
50k | /\\\ /
0.0 == e
25¢F .
090 0.2 0.4 0.6 0.8 1.0 040 0.2 0.4 0.6 0.8 1.0
¢ ¢
(+1) _ . h=1 vial with d
v, > 1 even larger than the massless case w,"’ = w,~ non-trivial with zand {
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