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Hadron Production in DIS

* DIS at small x: y* - gqq dipole — nuclear color field —» hadron

* Multiple scales in one process:
* Initial splitting: perturbative
* Hadron formation: nonperturbative
* Quantum coherence preserved throughout

« Conventional approaches (factorization, MC generators) break quantum coherence

* Goal: first-principles, amplitude-level simulation preserving the full quantum state
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Light Front Quantization

equal-time quantization light-front quantization
t=0 xt=t+2z/c=0

infinite momentum
frame P, » o

[Figure adapted from Yang Li]

» Bound states are solved from Pocpl®) = Py lp)<=> (PoepPt — P |y (P, ], m;)) = ME|Y, (P, j, m))
eigenvalue equations N -~ J

Hyc boost invariant

» Evolution of a quantum state follows 1 .
the Schrédinger equation 5P [Y(x™) = LT Y(x™)




LF QCD Hamiltonian with background

» first-principles: QCD Lagrangian via Legendre transformation,

S background field
L= —%Ffa‘vliﬁ, +Y(iy*D, —m)yY,D, = 9, +ig(A, + A) > P (x) = Pep + Vg + Vygg + Voggg + Wy + Wy +V,(x™)

Color Glass Condensate in DIS: A,

strong field, weak coupling,
large occupation numbers

classical fields by Yang-Mills eq.

< pa()pp(¥) >=g*@%6ap 8> (X —¥),  (m§ —VD)AG (x*, X)) = pg (xF,%1)

g e;;i&\ = Saturation scale: Q2 = Cr(g?1)?L,/(27?)
x{'ﬂ)_‘t




Fock space expansion

* Fock sector expansion of quantum states: D) iee = Wala) +waglag) +waglagg) + -+ la(B)) = bjl0).
3(p)) = dj|0),
|g>jel = V/g‘g> =i ng|gg> Ex l//ggg|ggg> e B lg(p)) = a};\O).
|V*)phys =y, Y+ lIjqqlqc_l) + quqglqc_lg)"‘
lp(x1)) = Z cp(xT)IB) Each single-particle basis state is
7 labeled by five quantum numbers:
ﬁl = {pl-l_'plx' plyillicl}' (l =q q)
19): 1Bq)

1q) 1ag): |Bag) = 1B4)® |By)

198): 1Bqz) = 1B4)® 1B3)
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Fock space expansion

* Fock sector expansion of quantum states: D) iee = Wala) +waglag) +waglagg) + -+ la(B)) = bjl0).
3(p)) = dj|0),
|g>jel = V/g‘g> =i ng|gg> Ex l//ggg|ggg> e B lg(p)) = a};\O).
|V*)phys =y, Y+ lIjqqlqc_l) + quqglqc_lg)"‘
lp(x1)) = Z cp(xT)IB) Each single-particle basis state is
7 labeled by five quantum numbers:
ﬁl = {pl-l_'plx' plyillicl}' (l =q q)
19): 1Bq)

1q) 1ag): |Bag) = 1B4)® |By)

19D 1Bag) = 184)® 1Bg)

Quantum implementation: Encoding

-
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Time evolution of quantum states

* Non-perturbative: time evolution operator into a product of many sequential timesteps

i e Trotterization - T i [ dz* P~ (z* 0
[W(xH)) =T e 2o 427 P E 1y (0)) | > H } exp _EL; z"P~(z")|1¥(0))
k=1 —1
=U(x";0) in which 6x* = x*/n, x; = k6xT(k =0,1,2, ..., n).

automatically going beyond eikonal
and include quantum interference
at each timestep:
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Time evolution of quantum states

* Non-perturbative: time evolution operator into a product of many sequential timesteps

i e Trotterization - T i [ dz* P~ (z* 0
[W(xH)) =T e 2o 427 P E 1y (0)) | > H } exp _EL; z"P~(z")|1¥(0))
k=1 —1
=U(x";0) in which 6x* = x*/n, x; = k6xT(k =0,1,2, ..., n).

Quantum implementation: trotterization

automatically going beyond eikonal
and include quantum interference
at each timestep:

Time Evolution
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Extraction of physical quantities

«  Evaluation of physical quantities is directly from the quantum state : 0(x*) = (¥ (xH)|0|yY(x™))

Momentum broadening (P} (x*)) = (y; x*|P? lw:x™)

d((sgkin 2
Quenching parameter §=2 « dI;)

Cross section
l999)

lag) / - dz, ZIM (brivi) ZI (DslSlwi) =
|q) / /

y’ © b v Hadron production probability
< '/

\ T Prob(h) = > [ (¥(z™)[yn(PL)) [
[ (1))

[ (x))

(brlyi)*
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Extraction of physical quantities

«  Evaluation of physical quantities is directly from the quantum state : 0(x*) = (¥ (xH)|0|yY(x™))

lq) F

i
ey / )

[ (x))

Momentum broadening (P} (x*)) = (y; x*|P? lw:x™)

d kiny2
Quenching parameter ¢ =2 %

Quantum implementation: measurement

-

Quantum state Amplitude Classical state
P, = |¢;l?

Cl 0

Cl /7< i

Cn 06 I 0 0 Config i (')

ooooo
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.
6.85 61.70 117.00 171.00
5 2
Py (GeVe)
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@— classical

Progress: Real-time Jet . — qum Simulations

P 2026 Glasma

@) + lag) P 2023 P 2025
Initial stage jet momentum
’ 2021 Jet momentum Physical quark broadening [Avramescu,
broadening [ML, Lappi, scattering and gluon Lamas, Lappi, ML, Salgado,
|q> Quark scattering and gl;?)(; f;lzyg;(()io’ PRD, emission [ML, Lappi, 2604.08520,2605.10413]
' 2020 gluon emission [ML, ' ] Zhao, Salgado, PRD,
Lappi, Zhao, PRD, 2504.07162]
2107.02225]
Quark-nucleus

scattering [ML, Zhao,
Maris, Chen, Li, Tuchin,
Vary, PRD,
2002.09757]

\/

laq)

QS of dijet production
[Barata, ML, Qian,
Salgado, Silva, JHEP,

2022 05 of in-medium jets 2024 lq) + |ag) +1lqagg) 2604.11616 ]
[Barata, Du, ML, Qian, |g + |gg> + |ggg) Hadron production in

Jet quenching on a Salgado, PRD, Efficient QS of QCD jets [Qian, ML, DIS [Cao, ML, Li, Qian,

QC[Barata, Du, ML, 2307.01792] Kreshchuk, Salgado, PRD, 2610.25350]

Qian, Salgado, PRD, [Castro, Milhano, Oliveira, 2411.09762]

2208.06750] EPJC, 2502.03431] [Wu, Du, Zhao, Vary,

[Yao, 2205.07902] PRD, 2404.00819]

12



@— classical

Progress: Real-time Jet . — qum Simulations

L laq)

Hadron production in
DIS [Cao, ML, Li, Qian,
2610.25350 ]
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Initial States

Single-momentum dipole
° PgL=DgL= 0,, color singlet

e Benchmark against analytical expectation

eg) = D> Y s la(B)a(B")

BB

N

0, otherwise

L for k' =ki=0,2=1/2,kt =kt =K/2,c=¢
cop =

Virtual photon

e qq component of a photon state
e Physical DIS probe

m;= 2 l‘ 1-— a:
WO 2, Q) =Qre/Nov/a(l — a) il 25

Ce2+k?
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[nitial States and nuclear target

Single-momentum dipole
° PgL=DgL= 0,, color singlet

e Benchmark against analytical expectation

Ln,p Ln,Au
Virtual photon
e gq component of a photon state
e Physical DIS probe
Y dprys=[Y") + 19q) + 1qqg)+ -
Saturation scale: Q2 = Cr(¢*#)?Ly/(27?) Qsp Us,Au

Ln,A = A1/3Ln,p

15



Momentum Broadening

Single-momentum dipole: q q
5_ — continuum /_/if 5_ — continuum /_/if
- diseretc T - discrete
4k 4 ol sim. P ] 4k ¢ ol sim. P ]
S : -7 : S : o
E 3: }: qc sim. e : E 3: }: c sium. e
cus s TILT v s TELT
~— 2 [ _: ~— 2 [ N
1t ~ _ 1t ~ 7
e (T 6
zt (GeVH zt (GeVT

e (lassical & quantum-circuit simulations agree
e Early times: linear growth, follows discrete analytical prediction
e Late times: saturates at (pf)/d3 ~ 2N¢/3

e Finite-basis effect: wraps around periodic boundary

16



Evolution of momentum distribution

. . xt=0GeV! xt=6GeV™! xt=35GeV~!
Single-momentum dipole 1
o
% ’ 06 % 006 % 0.0165
— S o <) <) 0.0160
q ; 0.4 ; 0.04 ‘; 0.0155
q B . X X 0.0150

0.2 0.02
0.0145
/ : 0.0 0.00 : 0.0140
ﬁ -1.0 -05 0.0 05 1.0 -1.0 -0.5 0.0 05 1.0 -1.0 -05 0.0 05 1.0
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* Quark momentum broadens over time
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Evolution of momentum distribution

. . xt=0GeV~! xt=6GeV~! xt =35GeV!

Single-momentum dipole 1.0

o5 08 008 o

% : 06 % 006 % 0.0165

— C 00 <) < 0.0160

q ; 0.4 ; 0.04 ‘; 0.0155

q X 0.5 02 = 0.02 = 0.0150

) ‘ 0.0145

1 '0 0.0 0.00 0.0140

ﬁ -1.0 -0.5 0.0 0.5 1.0 1.0 0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
q,l Pa.y (GeV) Pa.y (GeV) Pa.y (GeV)
xt=0GeV! xt=6GeV™! xt=35GeV™!
1.0 0.10 0.0180
i 1.0 -1.0 -1.0
* quark momentum broadens over time
~-05 05 05 00170
% 0.6 % 0.06 % 0.0165
N S 0.0 S 0.0 S 0.0 00160
— e _ _>_) = 04 = 004 0.0155
k, = (Pq,l pq,J_)/Z ~ 05 LT Fos 00150
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Evolution of momentum distribution

. . xt=0GeV~! xt=6GeV~! xt =35GeV!
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* quark momentum broadens over time
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Evolution of momentum distribution

xt=0GeV! -

Virtual photon state

7~ S s
// \\ S . !
(/ q q\, < . .
/ 1
x / : 0
N N 7/ -1.0 -05 00 05 1.0
~ ~
p q,L — Pa.y (GeV)

e quark momentum broadens over time
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E
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Evolution of momentum distribution

x*=35GeV~! X100

Virtual photon state 10
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Evolution of momentum distribution

Virtual photon state

e quark momentum broadens over time

I_C)L =(1- x)ﬁq,J_ — xﬁﬁ,px = PcJIr/P+

* relative momentum broadens

P, =Pg1 +Dg.1
e C.M. momentum barely broadens

e r, #0.73GeV! K a, =3 GeV~1, strong
correlation between q and g
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Cross Section

Cross section is defined as

d
o7 = O 1M (655 %in)
s

/ finite-time S-matrix

M (@55 %in) = (Df|S|Vin) — (Df|in)
= (P |Yout) — (Df|Vin)

23



Cross Section

Cross section is defined as
/ finite-time S-matrix

- Z M (53 %) M(6:01m) = (718 |in) — (65 1t6in)
= <¢f|wout> - <¢f|¢m>

e total cross section * elastic cross section
dotot Mo i) |2 dog 9.
a2 <Z| (¢f,'¢m)| Yevent d42b Z| ¢f lbm event|
bf

\_

event average = medium fluctuations from nuclear target

24



Cross Section

* total cross section

do tot

d2b

= (O |M(d55%in)|*event
of

L

|

dO’ tot

d2b

=2 (]. — <Re <¢in|¢out>>event}

* Quantum implementation via Hadamard Tests

ancilla

ancilla :

: |0)

0)

H I H — X
Nq
0) —+——— Uqgq Ug+
H— st l H A
Nq
7 Uqq Up+

* elastic cross section

do |
dgbl = Z |<M(¢f7 ¢in)>event|2
s

do
[ doz-bl - |<Re <¢in|¢out> — 1>event|2 + |(Im <¢in|¢0ut>>event|2}

Re <¢in|¢out> - P(O) - P(l)

Im (Yin|tout) = P(0) — P(1)

25



Cross Section

Single-momentum dipole

Qs, Qs,Au
2.5 Q|S,p T T T Q|S’AM 1.5 : - | | | :
: : ' '
1 I < VI II:::::::::: -
TISE E % , ;
~ I I =
SloHE | - g | i
= ! ! 05 | o
[ ! analytical 1 ! analytical :
0.5 [ i {  clsim. i 7 :.3:2 | ¥ clsim. !
0.0 : ] ] ] A 0.0 : ] ] ] !
' 10 20 30 0 10 20 30
x* (GeV)) x* (GeV™

e Simulation results agree with analytical expectation
 Approaches black-disk limit (do;,./d?b — 2, do,;/d?*b — 1) at later time

quq tot 94/121;
— _ n — — — —

A% |+ —o _2{1 — &P [_ Cr o [1—myg|&y — 71 [K1(mg|Zy — y¢|)]] }
dogg,el g'i*L . 3} 2
—o =41 - -C 11— — 7. |K ¥, —

d2b poo exp F 47rmg [ mg|x_L UL l(mg|93_L yﬂ)]
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Cross Section

Virtual photon state

—5 =5
5 )(10 Qs,p Qx,Au )(10 Qs,p Qs,Au
: | | | : : | | | :
I3 0°=1GeV? 0*=10Gev> | I3 02=1GeV? 0*=10Gev? |
4r I & 0°=5GeV? § 07=25Gev? 17 2F I E Q?=5GeV? ¥ Q?=25GeV? 1 7]
1 1 1 1
) | 1 I ~ 1 1
(,:]\?'3 i IIII:IIIIII+ (:]:i i '---..-I--I--I-I-'f
69 . 1 X L & 1L : - |
o .=l==========+ o [ .....__.,...-o--o-o--o--o--o-T
i | z* !
32 I.‘..‘..‘.-Q--O--O--O--O--O--O--O--O-T ***,“.444-0-04-0?
0 Ll 1 1 0 | 1 .
0 10 20 30 0 10 20 30
x* (GeV™) x* (GeV™h

e Simulation results agree with analytical expectation
 Approaches black-disk limit (do;,./d?b — 2 do,;/d?b) at later time for all Q?
* Slower saturation compared to single-momentum dipole

« Non-monotonic Q? dependence: amplitude growth v.s. smaller dipole size

27



Hadron Production

The probability to produce a hadron via projection

Prob(h Z| pn(PL))

28



Hadron Production

The probability to produce a hadron via projection

Prob(h Z| pn(PL))

The associated nuclear modification factor: £a =

Prob(J/v)

Prob,(J/v)

29



Hadron Production

The probability to produce a hadron via projection

Prob(h Z | (¢

) on(PL)) |2

The associated nuclear modification factor:

* Quantum implementation via SWAP test or inversion test

ancilla : |0)

_ Prob(J/)
Prob,(J/v)

K

reg.2 : |[¢(z™)) —#

N,
reg. 1 : |¢p) —#

[P(z7)) +—

30



J /1y Production

0.20

0.15

Prob(J/y)
S
S

0.05

0.00

Qs, p

ES
]

¥ 02=1GeV? 02=10 GeV?
¥ 02=5Gev? § (02=25GeV?

b 3 $3+3 T3S ES

e & s s
] ] ]

k=== =i — === === =IO
|

0 10 20 30

x* (GevVTh

w(x, k1) (GeV™)
o o o ©
\) W BN (9

|

<
—_

<
o

Prob(J/y ) maximal at early x*, decreases as medium scrambles the state

Non-monotonic in Q2 :

small Q2 : photon amplitude grows

large Q2 : wavefunction broadens

I
—_— Jly

— 02=1GeV?
0?=5GeV?

02=10GeV?
02=25GeV? |
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J /1y Production

Q% = 1GeV?
10" T T T T T
—e— Proton
] T Au -
s
Z 10tk 7
e
&
10 6 p— = | — — —
— =
0" f—————+—
<2 r
= ! :’: '
0 - —
] ] ] ] ]
0.00 0.25 0.50 0.75 1.00 1.25 1.50
PJ_(GGV)

e  Production dominated by P, ~ 0 at both Q2
e color transparency, compact singlet barely kicked
e R, = 1atlowestand larger P,

e Suppression at P, ~ 0.25-0.5 GeV

0% = 10 GeV?
10" T T T T T
" —e— Proton
-2 —%— Au
10 —
s
Z 10t 7
e
&
10° - == S— =
===
10’ I I I I I
«2
< ]
0 - -
| | | | |
0.00 0.25 0.50 0.75 1.00 1.25 1.50

P (GeV)

32



Entanglement Entropy

The von Neumann (vN) entropy of the reduced density matrix obtained by
tracing out the antiquark degrees of freedom

Sun(x™) = =Tr[p(x")log,p(x™)]
 Normalize qq state to unity before tracing
* Trace out antiquark degrees of freedom
() = Tra (I (W ()

« Eventaverage (0(x*))opent
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Entanglement Entropy

e The von Neumann (vN) entropy of the reduced density matrix obtained by
tracing out the antiquark degrees of freedom -

Sen(x®) = =Tr[p(xHlogzp(x )] g | 1
* Normalize qq state to unity before tracing B

* Trace out antiquark degrees of freedom
p(x™) = Trg(IP(x MNP

* Event average (p (x +))event

* On the discrete momentum basis representation

o g Hilbert space: KxN.(2N,)?modes
e pg conserved — longitudinal resolution K does not enter
e Bounds: 0 < Syy <log,[N.(2N,)?]

SyN measures entanglement between quark and antiquark in color x momentum space, induced by color rotations and
momentum kicks by medium.
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Entanglement Entropy

Single-momentum dipole

QS, QS,M
8 :pl I I —
‘ﬂ............?
6_0 : :_
) 1 1
° 1 |
- |° | |
S 4 I ]
I 1 1
1 1
1 1
2F I ]
1 1
1 1
0 P I I !
0 10 20 30

xt (Gev

i SVN(O) = logzNC ~ 1.6
e pure color entanglement of the singlet dipole
e Rapid growth due to medium interaction

e Asymptotic value: log,[N.(2N,)?] = 7.6, quark fully
randomized



Entanglement Entropy

Single-momentum dipole Virtual photon state

Qs, Qs, u Qs, Qx, u
8 : — | | i - 7.8 : — | 1 -

o000 0BG I o (02=10GeV? 02=10.5GeV? |
6 ¢‘/E i _ 77 i " 02=50GeV2 & (02=250GeV? i _

S : | : :

z |° I 2 I I
sS4 ! - % 1.6 [ teeeeeeee et ]

[ i 4R i
2 I 7.5 ! |

| | | |

| | | |

0 - 1 L 74 L 1 L

0 10 20 30 0 10 20 30
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e Syn(0) =log,N,. = 1.6 e Initial entropy already large, S,5(0) =7.5
e pure color entanglement of the singlet dipole e Photon WF superposes many color x momentum

e Rapid growth due to medium interaction modes

. Asymptotic value: log,[N.(2N,)2] = 7.6, quark fully e Growth is modest but reaches same asymptotic value

randomized
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Entanglement Entropy

Connection to observables

Cross section
SyN saturation < saturation <
(black disk limit)

Uniform momentum
distribution

Entanglement entropy provides an observable-independent diagnostic of how strongly the medium scrambles the
dipole system
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Summary and Outlook

v We developed and applied a non-perturbative computational approach to simulate the real-time

evolution of dipole-to-hadron production in DIS

1.
2.
3.
4

Next:

Quantum simulation framework developed for in-medium dipole evolution

Cross sections agree with analytical expectations

J/W production and R

Entanglement entropy as an observable-independent diagnostic of medium effect

Non-eikonal, Pt < o

Inclusion of higher Fock sector contribution, Y)Y +19q) + lqqg)+ -

V*)phys=
Photon state preparation on quantum circuit

Thank you!
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