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Why Heavy lon collisions (HICs) ?

Y

CMS Experiment &

Data recorded: 2040‘1@:\‘ 4
Run/Event: 151076

pp collision: a few particles are detected AA collision: thousands of detected particles

Precision tests of QCD Emergent many-body properties of QCD
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The Standard Model of heavy ion collisions

CGC, IS models, nPDFs, ...
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The Standard Model of heavy ion collisions

Kinetic theory, hydro, ...
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The Standard Model of heavy ion collisions
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The Standard Model of heavy ion collisions

The Quark Plasma
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The Standard Model of heavy ion collisions
The Quark

[PHENIX collaboration, 2018]
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The Standard Model of heavy ion collisions

Many questions remain open about validity and emergence of this “Standard Model™
picture of HICs from the OF T and experimental perspectives

CGC, IS models, ... Kinetic theory, hydro, ... Hadronic transport, ...
No confirmation of saturation/ No test of out of equilibrium dvnamics Lacking connection between
CGC picture q y observables and theory
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Probing heavy ion collisions using jets

CGC, IS models, .. Kinetic theory, hydro, ... Hadronic transport, ..

Jets allow for a QCD driven exploration of the intermediate matter states in HIs
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Probing heavy ion collisions using jets
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Probing heavy ion collisions using jets

Initial blue quark Final red quark

Momentum broadening

(k) ~ qL

L/

Jet transport coefficient,
diffusion constant

Light-cone time evolved in matter
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Probing heavy ion collisions using jets

Radiati /
adiative energy loss LPM QCP effect

Energy depletion driven
by soft gluon cascades

Bethe-Heitler ‘classical” rate
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Probing heavy ion collisions using jets

the initial source q

the initial source

| d4q . a a 11
1My (p) = / (27)4 9 tprojAgxt(Q) (2p — Q)N_ (p — q)2 + i€
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Probing heavy ion collisions using jets

the initial source

| d4C] . a a 11 Z
1M1 (p) = / (27) 9 LorojAext (4) (2P — Q)“_ (p— q)? + i€

gAL(q) = > Pt ul vi(q) (2m) 6 (¢°)
Z ™~

color sources
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Probing heavy ion collisions using jets

(t917) = C0;;6" Z = / d*z p(7)

color neutrality source averaging

Joao Barata (CERN) 15



Probing heavy ion collisions using jets

dN r, P,
YOV (2) @ ® @ O,
B, = f(E) (p)+< % E >+< g % >
\ /
V(@) = ~¢o(lo(@P - 5@ [ o)
!
AN ) .
b= :/ dz | V(a) f(E)§®(p - q)
P 0 q
!
0,5, Cg'p p* E
q — 8_L< J_> — 47T,1L2L flog;

opacity
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Probing heavy ion collisions using jets

Interactions with medium can be described via exchanges of soft gluons

Do p

[BDMPS-Z, early 2000s] (x) p~gl

At high energies this is equivalent to 2d non-rel. QM: [Susskind, 1960s]

Lo ; t2
(209, . 9 Wilson line along forward light-cone
g(w%t%xlatl) :/ Dr exp (?/ dtr )Wr °
L1 tl

Motion In transverse direction;
partial sub-eikonal order effect
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Probing heavy ion collisions using jets

Interactions with medium can be described via exchanges of soft gluons

bo p

[BDMPS-Z, early 2000s] (x) p~gl

At high energies this is equivalent to 2d non-rel. QM: [Susskind, 1960s]

Lo ; t2
(209, . 9 Wilson line along forward light-cone
G(x2,t2;1,11) :/ Drexp (7/ atr )Wr
L1 t

) Motion In transverse direction;
partial sub-eikonal order effect

Any cross-section boils down to computing correlation functions of such objects

QCD vertices

do ~ (T H{Q, ['}) matter
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Single particle density matrix evolution
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Single particle density matrix evolution in HICs

The single parton wave function satisfies

. 07 _
104 22 - gA(r,t) | Y(r,t) =0

The reduced density matrix can be defined as

H = %jet X %bulkz k

p = tr, (p[A]) = (Jwa®)(Wa®)]) k

Joao Barata (CERN) 20



Single particle density matrix evolution in HICs

[JB, Blaizot, Mehtar-Tani, 2305.10476]

33=1D8
o(t) p(t — ot) 1
\ ” : p(t) = ps +1°p5 = <= Tre(p) + 2" Tre(t*p)
k k k—q )
= + A™(q) ®
k k _
k—q
U ! !
n fﬁ.w ﬂ
+ +
u /e
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Single particle density matrix evolution in HICs

o(t) p(t — 6t)

| |
k k
k_ k
: V
_|_
V

Joao Barata (CERN)

[JB, Blaizot, Mehtar-Tani, 2305.10476]
3R3=148

1
p(t) = ps +17pg = —Tre(p) + 217 Tr(t%p)

k—q ¢
A (q) O For color singlet:
E ) - t (B2 _R2) ,
X klou(OIF) = Cre [ [ a0
qJ/0

Coogno®” X W(Q) <k _ Q‘Po (t/)|k' o q> i
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Single particle density matrix evolution in HICs

[JB, Blaizot, Mehtar-Tani, 2305.10476]

The matrix elements of the singlet and octet components satisfy Boltzmann transport v(q) = g'n/q"
00, ) Ls(z) = CF/ (1—e"")v(q)
q
Otps.o(l, x,t) = — F s o(@) | ps.o(l, x,t) |
i L - ['y(x) = / (C’F | N e'9 “’) v(q)
q C
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Single particle density matrix evolution in HICs

[JB, Blaizot, Mehtar-Tani, 2305.10476]

4 4
The matrix elements of the singlet and octet components satisfy Boltzmann transport v(q) = g'n/q
00, ) Ls(z) = CF/ (1—e"")v(q),
q
Otps.o(l, x,t) = — F s o(@) | ps.o(l, x,t) |
i E - Fo(w):/ (C'F | N 6“”’) v(q)
q C
This form allows to settle the evolution in color space Ps,olb, @, t) = pé?g (b, ) e Teol®@)
2 Q= _q - Singlet - Neutral to matter
['s(x) = dnaCpnlog | —- = —x“, Ingie
° m% ) 4 4

xr — 0

4 C@C AT Blaizot, Iancu, Braaten, Pisarski, ...

FO(CU) ~ 2 _
"D Octet - Damping

One can also show that singlet subspaces become equally probable  Zakharov, Blaizot, Escobedo, ...
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Single particle density matrix evolution in HICs

[JB, Blaizot, Mehtar-Tani, 2305.10476]
t1 ~0.06ftm to ~ 22.80 fm tog ~ 444.44 fm

t =0.05 [fm] t =0.05 [fm]

2.0 4
o IGO I lo.oz
S 10 40 =
| 90 P -0.01
0 _|
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Single particle density matrix evolution in HICs

[JB, Blaizot, Mehtar-Tani, 2305.10476]
t1 ~0.06ftm to ~ 22.80 fm tog ~ 444.44 fm

. t =0.05 [fm] )0 t =0.5 [fm] ) t =0.05 [fm] ) t =0.5 [fm]
. ‘ 2 A A
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20
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Single particle density matrix evolution in HICs

[JB, Blaizot, Mehtar-Tani, 2305.10476]
t1 ~0.06ftm to ~ 22.80 fm tog ~ 444.44 fm

t =0.05 [fm] | t =0.5 [fm] t =0.05 [fm] t =0.5 [fm]

4
Io.02 37 lo.oz
El
._.2_

- 0.01 - 0.01
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Single particle density matrix evolution in HICs

[JB, Blaizot, Mehtar-Tani, 2305.10476]
t1 ~0.06ftm to ~ 22.80 fm tog ~ 444.44 fm

- t =0.05 [fm] - t =0.5 [fm] t =0.05 [fm] ) £ —0.5 [fm]
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El
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Single particle density matrix evolution in HICs
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Similar evolution to that seen in quarkonia
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Single particle density matrix evolution in HICs

t1 = 0.06fm 1t =~ 2280 fm  fo = 44444 fm  lre; = 66.71m Asymptotically, one has that

- 1.0
— OuyN T t=1
9% - — Sw o t=1y Sw — N /D
— p 0.8 Sw In(1/p)
20 - thus, the entropy content of the density matrix
06 coincides with that of a classical distribution
2 =
£ ° ~ log t* E
-
= 0.4 Sun|p] = —Trplnp
10 -
5 ~logt_~ 0.2 _
O i i SW_ pw(b,K)long(b,K)
i i Kb
0{ — e —— )Y
102 100 102 10"
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Single particle density matrix evolution in HICs @

Sulpl = =Trplnp Sy == [ py (6. logpy, (b.K)
t; ~0.06 fm  t; ~ 2280 fm  to~444.44 fm  t. =~ 66.7 fm Kb

Asymptotically, one has that

-1.0
— OwN T =1
25- — Sy - t=t Sw—Sex VD
— p 0.8 Sw In(1/p)
20 - thus, the entropy content of the density matrix
06 coincides with that of a classical distribution
2 oL
= 107 ~ log t* =
E 01 =, In reality, the entropy growth is bounded
v . G, o, 0 |
q K
Fye— | | P(K,t) =0
- ~ logt ; L 0.9 Ot 0K (4 0K 7fE)_ ( )
This occurs roughly after a time 7 = ¢/4T ~ T~
04 — , 0.0
102 100 102 104 trel = ET/q
t [fm] 1 G2t

Son ~ log — ~ log T log(k2)t(b2)t
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Real-time evolution for hard probes

Time evolution U(L,;0)
8 e
)+ 3 - | Hs
- =
3 :
a,
9) = & 1 Ultsal +6a%) |- -
<
7 3
0 % - | H
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Real-time simulation of hard probes [JB et al, 2104.04661, 2208.06750, 2307.01792] @

[Qian, L1, Salgado, Kreshchuk, 2411.09762]

| Susskind, 1960s]

Pynawics of high energy particles map to
non-rel. 2d QM problem

IF-
é?nsl/
er.
Sa D /3/7@ f
oy
/¢

/s
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Real-time simulation of hard probes [JB et al, 2104.04661, 2208.06750, 2307.01792] @

[Qian, L1, Salgado, Kreshchuk, 2411.09762]

| Susskind, 1960s]

Pynawics of high energy particles map to
non-rel. 2d QM problem
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Real-time simulation of hard probes [JB et al, 2104.04661, 2208.06750, 2307.01792] @

[Qian, L1, Salgado, Kreshchuk, 2411.09762]

Integrating out x  the quark propagator satisfies

(iat | O | QA_ (ta m) ' T) G(t7 x; 0, y) — Zd(t)é(m — y)

2w

or
2

HE) =P 1 g A (t,2) T = Hx + Halt)

2w
p-space X-space + vertices
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Real-time simulation of hard probes [JB et al, 2104.04661, 2208.06750, 2307.01792] @
[

Qian, L1, Salgado, Kreshchuk, 2411.09762]

The background field satisfies reduced CYM eoms

(mgzy — vi)A; (x—l_v .CB) — pa($+v :13)

Source desceribes “hard” partons
that generate classical field

We use Gaussian model to describe source statistics

(pa(z ™, 2)pp(yT,y)) = ¢ 1260 0P (x — y) 6(a™ — yT)

Then, the time evolved state is given by

Wr,) =U(Ly;0)|to)

ET_|_6_i fOLn dzt™ P~ (z™) |w0>

for each background field

L —> Requires generating several matter layers + Trotter decomposition
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Real-time simulation of hard probes [JB et al, 2104.04661, 2208.06750, 2307.01792] @

[Qian, L1, Salgado, Kreshchuk, 2411.09762]

Computational space In general, a quark or gluon state requires encoding
¥ ]
_ +
i 7 |¢CE+> —ZCQ(QZ‘ )‘6> 5l :{pl—l_aplxvpyvclv l}

| | | 3

Since total energy is conserved, we can use
z=41,2,--- K —1/2}

Ay 2ylay| ey ey ey @Gy | @

32 | 22| (12| ©.2)

el [~ %Y 0) = 12 @ (192)194) o) ) ® (12} a3 lea)

GSolenylanloeny |apley  anlan —_——— Y —
| 9) q)
7 | In transverse space we use periodic lattice
(3,0) | (:2,0) | L0 | (0,0) { @1,0) | (2,0) | (3.0 4, 0) n,

n=(Ng,Ny) = (Mg + 12N, n,y + ji2N )
('39 'l) (‘29 ‘l) ("19 'l) (O- ‘l) (19 "l) (29 _l) i (39 ‘l) (49 ‘l) |

—_
.

| . We discretize longitudinal momentum such that
G| 2)(LD)]0.2) | D] @2 G2 | @2 | 9

1 3
o : : ———————  — e - + — —k—l_ k'—|_ — =, — . k'—I_ — ]_ 2
E4 E I i >E E i p Ln 1 q 27 27 g ’ ’
2N |
27T
_ + _ o+t +_ 4T
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Real-time simulation of hard probes [JB et al, 2104.04661, 2208.06750, 2307.01792] @

[Qian, L1, Salgado, Kreshchuk, 2411.09762]

200 — 11—
N. (a. [GeV~')) | 1 e
- W 16 (0.30) 12 qubits i _ Vacuum
B 32 (0.15) = - - = Medium, g2p=0.1 GeV3/2
1.50 ) — 0.8  —.—.. Medium, 92u=0.2 GeV3/2 -
p+ = OO, U(1) - P P e ‘- .
s x 0.6 -
2 S 10 qubits E
8 1.00 , —~ N
= p -0 0.4
- A% e - —
0.50 |- 73 - 02
- . ¢ _ O L ! | |
— analytical 0 2 4 6 8
0.00 &— l 1 | \ | | | \ | | | | {L‘+ (fm)
0 5 10 15 20 25 30 35
0,*(GeV?)
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Real-time simulation of hard probes @

[JB, Rico, 2502.17558] |Farrell, Illa, Savage, 2405.06620]
Q=08 to i o,
E % O : T T T : T
" 0 14 28 42 56
t
101 I QT (t=0) v S I QT (t =ty)
0 20 40 60 t8[(C)L] 100 120 140 160
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Real-time simulation of hard probes

[JB, Rico, 2502.17558]
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Real-time simulation of hard probes 1B, Qian, Li, Salgado, Silva, 2604.11616 @

The leading order cross-section can be written as '

do doVec
(27T) dz d2p — (27T) dz d2p(]‘ + Fmed(pz, Z))
/
2 | + + 1 L
Fred (P, 2) —Re/ dz™ / dz ™ / K" /2pg (27 —a ) C4l pg ——Rez’/ d:c+/ (k- p) Co| p_
kl,k2,k1,k2 W 0 k1,ko

The non-trivial terms relate to the in-medium correlation functions

/ ) eiK2/2p8r(:?:+_x+) C4‘P:O — / Q(p, q,k: L,E+)K(q,k& £+ :1:"')
K. K q

. o _ U2 2 |
Q(p,q,R; L,zT) :/ g1 dg i1 Rp—i(uz—Uz)-p / DU/ Dae's Jo+ ds" (@—i") - <T1” (U1U§U§U1T)>
ul,U2,U], U2

Ui
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Real-time simulation of hard probes 1B, Qian, Li, Salgado, Silva, 2604.11616 @

There is a direct way to evaluate these correlators by evolving partonic systems in real-time

Above C4 correlator can be written as

[ (ke (L, 57 WU (L, ) 1)
qd1,92

with the projection operator

M = |p1p2)(P1D2]|

This gives an immediate realization in terms of a quantum circuit language

~ Singlet U qq M U C}L(j Simglet]L

Joao Barata (CERN) 40



Real-time simulation of hard probes

Sowe illustrative results ...

Semi-classical approximation
| 1

12
— 7—4qq :
10 — q—qg 1€
o — £=(=1 »ﬁ
S 81 1
®)
| 2
> Gt >
\"é |
= 4 -
LL. 2
2_
0

00 02 04 06 08 10
Y

Averaqing performed first
[Isaksen, Tywoniuk, 2303.12119]
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Real-time simulation of hard probes

Sowe illustrative results ...

p? =1.23 GeV?

Semi-classical approximation

12 | | | T T 1 -
_ | 3} EEma T
— 7—aq Y L e 08, 4=0 QS, 4 = ds g |
S . A I
107 — q—qy e Jf L RTeSa=a —HO g
Py g C 1 = Vo QS, § = ¢ --- Tilted Wilson lines// |
— —_— _— W /1 I
o T 1 | ‘\ ‘\‘\ /Ill '
; i il I
= 8 ; 3 \‘ \\\\ IIII II
| » VoS 1
< e \ WV /1 II
<[~ O \ A e
% 6 B = g 8 \ \\\\ // / II
-~ B LL{ 2 i \‘ \\\ s /! II
\ZQ/ . \\ \\\\\ // // /I
B ” \ RN ,,’/ 2 /
E 4 i 7 ; \\\ \\\\~~‘———"":’,/, //
r{I . 1 N\ S, = Tt e——eeT ,,/ y;
& )
2 - m ./// ~ _\ — —— 77////\\
0 = e---0---0--9--¢--0---0---0--&--0---0---0--P--@---0---0--P
0 ' ' ' ' 00 02 04 06 08 1.0
0.0 0.2 0.4 0.6 0.8 1.0 ' ' : . - :

Z

Averaging perforwed first Averaqing performed at the end
[Isaksen, Tywoniuk, 2303.12119]
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Conclusions @

Density matrix formulation of jets is useful to explore some intrinsic quantum effects

Pn ({pz ?zlv{pz', ;n:l)

_ Z Z C}L{(pcflAlfl,...,pzn)‘"f")

Breuer, Petruccione; Neill, Waalewijn

" m a1 f1 anAn fr. 1 a‘ N fr ! oal N PN
{a"l:7A'i9fi}i=1 {agyAgaf;}le I(pl ,ooo,pn f ,pl 1 1f17“'7pm m mfm) '—O
<> :
a1 f1 VI W SN A D NAY 4 ! a’ N f! — — —
X I(P1 e P2 frs ph @ 1f1,m,pm = mfm) unless n = m,p; = p; and a; = a; for all 7,
1 al N, f] 1 al N f!
X Cp (p, “NH, . pl @ nfm) 4

Hamiltonian formulation allows for novel calculational approach to physical observables

OT T W
Loue QS,¢g=0 QS, § =43
‘\ ‘\:\‘E QS, 4= — HO + fctr T
41 \‘ WIQS, g =g --- Tilted Wilson lines// |
] A 11 I h
3
ge
=
2
1-
0
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Thank you !



Extra slides



The Standard Model of heavy ion collisions @

We have a good hydrodynamical description of the bulk comparing to the remnants of the QGP

- ALICE Pb-Pb Hydrodynamics
0.15 —5.02 TeV 2.76 TeV 5.02 TeV, Ref.[27]
- mv, {2, An>1} O v,o{2,1AnI>1} v, {2, |Anl>1}
_ e Vv,{2, [Ani>1} O Va{2, IAnI>1}  v,4{2, |Anl>1}

= C AvA2 IAn>1} O V{2, Ani>1)

=  +v,{4} T Vv{4}

(= V,{6}

& 0.1, =

S ¥ \T
° [m.

= <)

(=)

= 0.05

> @
- =
_—
Q
S
| 1 1 |

0 10 20 30 40 50 60 70 80
Centrality (%)
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Jet density matrix

Example: density matriX ()f a QCD Jet Breuer, Petruccione; Neill, Waalewijn

pn({pz ?:17{2973, ;nzl)

— Z Z CITLI (pclllAlflv "'7pgn)\nfn)

o . a1 f1 andinfn. 1 ai X f! 1 oal N flN
fas X, fi} ooy {al N5 13, I(ppr, L pindndns gl Mgl GmAmdn) =
A / / / / / / _ R / R / .
5 I(pi‘l 11 oy pirAntne gt aidify amAmfm) unless n = m, p; = p; and a; = a; for all 4,
1 ai )\ f! 1 al M\ f!

This 1s result 1s well known for heavy non-relativistic particles in QED from decoherence theory; it 1s related to IRC safety.
It trivially results that

> 1 do
= dIl,, , D2,y .. Dn, , D2y -..Dn,
P ,,;/H (p‘])adHn p1, P25 --Pn)(P1, D2, ---Pn]

How does this mechanism work in the presence of a QCD medium ?
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Restricting to  |10) = ¢4|q) + ng|qg> the Hamiltonian reads

H =P + VA + ng
quantum
FH = 9rCY — 9V CH — gfeteCtcr CH = At + A"
stochastic
where
_ _ _ _ 5 1o ing 4o, 1= 4m?=V3
-.Z.-> PKE — PKE,g -+ PKE,(] p— dﬂj d 4 & — §AQ(ZV)J_A] -+ 5\11”)/ Z@—I— \Ij

T

- / dz~ d%x (g\Pv+T WAL (27) 4 gf 0T A7 Abi«“‘i(ﬂf*))

Va(@®) = Vaq(a™) + Vay(a™) =

—

N

Vg = /d:z:_ dx Ey“T“\IJAZ
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