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Motivation: Quark scattering off a color field

The general picture of a high energy quark scattering off a color field for two different processes:

Jet quenching in colored medium
The probe has infinitely large energy, the field is
spatially extended, and the quark loses energy by
gluon emission.
Interests: interplay between coherence time of
emission and the timescales of the scattering centers

of the medium

o High-energy quark nucleus scattering o
An infinitely energetic quark passes through the color
glass condensate state of small x gluons insides a high-
energy nucleus, and the field is treated as an infinitely
thin shockwave, using the eikonal approximation.
Interests: sub-eikonal effects

Sub-eikonal:

eikonal finite-width @@W% & £ 12 ™ 2
field, gluon 7 7 ﬁo/ e E @
emission, ;% % 3*3 o

spin, ...
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» Using a nonperturbative approach, we could
* Relax the infinite-energy approximation
* Explicitly solve the time evolution and therefore study the scattering and gluon
emission/absoprtion at the same time
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Outline

1 Methodology
* A light-front Hamiltonian approach for solving time-dependent problems
*  Application to quark-nucleus scattering in the |q)+|qg) Fock space
 Results

*  Momentum broadening
a)  Single quark |q)
b)  Quark-gluon state |qg)
¢) Dressed quark |q)+]|qg)

1 Summary and outlooks

Based on: M. Li, T. Lappi , and X. Zhao, Phys. Rev. D 104, 056014 (2021), and ongoing works (arXiv:2305. XXXXX).
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Methodology: Time-dependent Basis Light-Front
Quantization (tBLFQ)*

» Light-front quantization

* The quantum field is quantized on the equal light-

front time surface x* (= x° + x3)=0

instant form

front form

point form

time variable

quantization
surface

Hamiltonian [ — pY
kinematical P)’ j
dynamical [? 0

P
dispersion _0 __ \/ﬁ
relation Y = VP +m

p-2p°_p3
Pt Pt E+ ET. J-
Ft+ p-

B 3 2\ +

£ V12— 72 —a?

T

» Hamiltonian formalism

The state obeys the time-evolution equation

1+ + _'i +
SPTEOGE) =5 &)

A nonperturbative treatment: the time evolution is divided into
many small timesteps, each timestep is evaluated by numerical
method (e.g., direct exponentiation, finite difference methods)

Yot =T, exp[—% | azp@n)| o))

n +

i [*k

= lim T, exp _E_[ dz*P~(zY)||¥(0))
k=1 xlt—1

Sxt =x%/n, xf = kéxt(k=0,1,2,..,n)

J

» Basis representation

Optimal basis has the same symmetries of the system, and it 1s
the key to numerical efficiency

1.J. P. Vary, H. Honkanen, Jun Li, P. Maris, S. J. Brodsky, A. Harindranath, G. F. de Teramond, P. Sternberg, E. G. Ng, C. Yang., Phys. Rev. C81, 035205 (2010); X. Zhao, A. Ilderton, P. Maris, and J. P. Vary,

Phys. Rev. D88, 065014 (2013).
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Methodology for quark nucleus scattering in the |g) +
lqg) space: A.i. The light-front Hamiltonian P~ (x™)

(" We consider scattering of a high- \ > The light-front Hamiltonian is derived from the QCD Lagrangian with a

energy quark moving in the positive z background color field A,

. : - | ) —
dzrec"tlor'z, on a high energy nquleuS L=——F" F #lv + ¥(iy* D, — m)¥
moving in the negative z direction. =

N J where D, =3d, +ig(A, + A,). Inthe |[q) +|qg) space, it includes the
; kinetic energy, the interaction with the background field, and gluon
emission/absorption:
x £ X P~ (x*) =P+ V(x1)
, The interaction matrix V(x™) = V5 + V4 (x™)
NI LS Fock lg) lgg)
N xP=Axt sector — > quark
N\ >z 000000000 &luon
sy .38 nucleus
g S = P {ql E ;‘626
Wiy 4 (" the MV model )
g X+ B 0000000000000 E gluon from the
, _4% x;' _1, (gl %m % background field
SR ©
N
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Methodology: A.ii. The background color field A,

> The background field from the nucleus, A (x*, X)), is a classical gluon field described by the color glass condensate!

Color charges are stochastic variables with correlations
< pa(x*,X)pp(y*, Y1) > = g?1% 8067 (XL — Y )S(xT =y ™)
* The color field is solved from
(mg — VDAL (x*, %) = pg (x*, X))
where my is a chosen infrared (IR) regulator.

* The color sources of different layers are independent of each other,
simulating the quarks from different nucleons of the heavy ion
o The duration of the interaction: x* = [O, Ln]
o Number of layers: N,
o The duration of each layer: 7 = Ly, /N,

e Saturation scale:

s = Cr (8%0)*Ly/ (2m)

L. D. McLerran and R. Venugopalan, Phys. Rev. D49, 2233 (1994); L. D. McLerran and R. Venugopalan, Phys. Rev. D49, 3352 (1994); L. D. McLerran and R. Venugopalan, Phys. Rev. D50,
2225 (1994).
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Methodology: B. Basis representation

» We choose the momentum states of the quark as the basis states: Pgg|B) = Pg |B)

The quark state is expanded in the basis space: |y; x*) = Z cg(x)|B)
B
1q): |,Bq>; 1q9): |,3qg> = |.8q>® |.8g>

Each single particle state carries five quantum numbers: 5; = {klx, kly ki, A cl}, (l=q,9)
the transverse momenta, the longitudinal momentum, helicity, and color

| 18.5.2023 | 7




Methodology: B. Basis representation

» We choose the momentum states of the quark as the basis states: Pgg|B) = Pg |B)

The quark state is expanded in the basis space: |y; x*) = Z cg(x¥)|B)

B

D) 1Bq)s 1a9): 1Bag) = 1B4)® 1By)

Each single particle state carries five quantum numbers: 5; = {klx , kly ki, A cl}, (l=q,9)
the transverse momenta, the longitudinal momentum, helicity, and color

[
O

.

The longitudinal space is circle of 2L with

(anti)periodic boundary condition for the gluon (quark)

« x~ =10,2L] 0 (2L)
2T
* o =Tk
+-13 1
kg =55, K+
kg =1,2,..,K

~

Basis size: Nypr = (2N|)?2%2%3 + KX (2N )*x4x24

-

o The transverse coordinate space 1s discretized on a
lattice [—L, L, ] with periodic boundary conditions

rll: [—NJ_,...,NJ_—l] LJ_/NJ_

2T
pi = ;kli,kll =—N,..,N, —1
1

X

» r > 14
(inverse)
Fourier
Transform
— >
ry Y y T’
aJ_:LJ_/NJ_ dp:ﬂ/LJ_

~

J
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Methodology: C. Time evolution

> Solve the time-evolution equation in the interaction picture

1
—Vl(x+)|1/1 x ) —l |'l) x™h

-+ ip- _i +
*  Pgg as a phase factor: [; x ) = €2' KEX [y; xt), Vi(x*) = eZPKEx V(xH)e PRE *

* Time evolution as a product of many small timesteps

| k¢ ?,
Yixn = Teep(—3fy dz Vi) o), ¥i0), % 95,

A
= lim [T¢=, 7% eXp{—%f;l‘ dz*Vi(z")} [¥; 0 )
—00 k—1
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Methodology: C. Time evolution

> Solve the time-evolution equation in the interaction picture

1
—VI(X+)|1/J x ) —l |1/) x™h

-+ Ip— + _i +
*  Pgg as a phase factor: [; x ) = €2' KEX [y; xt), Vi(x*) = eZPKEx V(xH)e PRE *

* Time evolution as a product of many small timesteps

L -, —
- v

Wixh = Texp(=3J; dz Vi) 0 [¥;0), ZEa)

A
= lim [T¢=, 7% eXp{—%f;l‘ dz*Vi(z")} [¥; 0 )
—00 k—1

Each timestep contains two successive operations, and we choose suitable numerical method for the two different
interactions:

i oxi i xj i xp
Toexp(—3 [ dz*Vi(@")} =T exp(—3 [if dz*V (2% Ty exp{—5 [ dz*Voqi(z")

matrix exponential in coordinate space + 4th-order Runge-Kutta method,
Fast Fourier Transform, ~0O(N¢ptlog Niot) ~0(N¢ot)

The total computational complexity of each timestep is O (Ngyelog Niot)-
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Outline

1 Methodology
* A light-front Hamiltonian approach for solving time-dependent problems
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Results: Momentum broadening

* The quark state transfers to different momentum modes through evolution. Such momentum broadening can be
characterized by the quenching parameter:

A(p2 (x™))
Axt

q

* With the obtained light-front wavefunction, physical quantities can be evaluated directly with the corresponding
operators

[x) = ) p(x")IB)
B

(pI(x") = (s x* |pi s x*)

| 18.5.2023 | 2




Results: Momentum broadening

a) The single quark state |q)

« Eikonal, p* = o
The quenching parameter can be calculated
analytically using Wilson lines:

4~2 1 1
Cre'h log(1 +
4

A

qdEik =

(mgal/ﬂ)z) 1+ (mga, [m)?

18.5.2023
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Results: Momentum broadening

a) The single quark state |qg)

« Eikonal, p* = o
The quenching parameter can be calculated
analytically using Wilson lines:

1

. Cpg'i® )—
(”%QLﬁﬂz 1+(”%a¢/ﬂy

4

llog(l +

v" Numerical results are verified
1) (p?(x*)) o x*
2) g (Q2, =)

S T

<p¢2>/d,,2

q/@,*L, ™"
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40 L R S B e o B e B L
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Results: Momentum broadening

W e e e T R B R
u N']
a) The single quark state |q) 1D 4mI6me0 160 analytical
. + ~ P*(GeV)
* Eikonal, p™ = o0 T —w--250. ]
. A -
The quenching parameter can be calculated ] g
analytically using Wilson lines: '
Qszp Z
CFg4ﬁ2l 1 P i
dEik = log(1 + - 0.
dEik in g( (mga, /ﬂ)Z) 1+ (mga /) 0 10 20 30 40 50
x"(GeV™)
v Numerical results are verified “
1) (pf(xh)) ccx*
~ rn2 MgdL
2) 4 Qs,——) %
= JEik [
. Nd\
* Non-eikonal, p* < o < 30
1) “layer” effect, (p2 (x*)) o (x*)? within ~
layer, (p? (x™)) o x* across layers 200 ]
2) g is smaller in the non-eikonal case with Nt RS
finite layers 1/N, g
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Results: Momentum broadening

b) The quark-gluon state |gg)

* Eikonal, p* = o
The momentum square can be calculated analytically using Wilson lines:

(PL O g i =E g’l(x+)>Ei’J+Eﬁ§’l(x+)>Ei’J+[2 (P (x")- ﬁg,l(x+)>c;Eik]

Same as that of a single quark
(gluon)

| 18.5.2023 | 16




Results: Momentum broadening

b) The quark-gluon state |gg)

* Eikonal, p* = o

The momentum square can be calculated analytically using Wilson lines:

(PLO) gg ik =[<ﬁ ‘21’l(x+)>Eik]+[<ﬁ§’L(x+)>Eik]+[2 (Pa.(x™) - ﬁg,l(x+)>c;Eik]

Same as that of a single quark
(gluon)

Depends on the quark-gluon spatial
and color configuration, not linear
in time

<ﬁq,J_(x+) ’ ﬁg,J_(x+)>c =

(

=]

2

_3¥2
2 ’
2

2

V2
2 El

. f Py, fea@)s12(v.)

-

\

fra(V1) = j}; |$(‘7q,J_, vg,J.)lz , V. = Vq,J_ - Vg,L, Rl =(1- Z)\_fq,J_ + ng,L, zZ= p;/f’+

c=30®8
c=3
c=6
c=15

_ mgvKi(mgv)
Loy = 4zrm&2,
NC 1 L’(V)
=——¢ L
2 ﬁ[L(O)—L(v)][ T

|

J
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Results: Momentum broadening

b) The quark-gluon state |qg)

* Eikonal, p* = o
The momentum square can be calculated analytically using Wilson lines:

<pi(x+)>qg,c;Eik =E 2217’l(x+)>Ei’J+E Z;’l(er»Ei’}{z (P q’l(x+)'ﬁg,l(x+)>c;5ik]

Same as that of a single quark Depends on the quark-gluon spatial
(gluon) and color configuration

= Consider a quark-gluon 1nitial state with small and large separation

f(rg.) f(rg.) £ ) £F )
16 16 16 - 16 s
x"=0.GeV"! 03 x"=0.GeV"! 03 220.Gev-! 03 +<0.GeV-! 03
8 8 g . g )
) 02 ) 02 02 02
3 0 ’ 3 0 ' g 0 ’ S o0
= 0.1 = 0.1 < ol < ol
-8 -8 -8 -8
0 0 0 0
-16 -16
-6 8 0 8 16 -6 8 0 8 16 %6 % 0 8 16 %6 % 0 8 16
ryla. ryla. ryla, ryla.
small qg-separation large qg-separation
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Results: Momentum broadening

b) The quark-gluon state |qg)

Larger qg-separation

20 initial color conf. _ 20l 1n1£1alcol;)r conf‘ """""
i + o OXT3a6e15 : OXv3ages
* Eikonal, p =00 %“ 10 eIl % 10
1 : & ] by
v" Numerical results agree with T 4 e
. Té -'T'-L-_l_ll'i"i'_j__j__i_‘ }: ; 0 e
analytical ¢ PrEeigigll] 1§
< 10 . 10
—X 3615 ] —X 3§15
0 10 20 30 40 50 0 10 20 30 40 50
xH(GeVh) x"(GeV)
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Results: Momentum broadening

b) The quark-gluon state |qg)

* Eikonal, p* = o

v Numerical results agree with

analytical

* Non-eikonal, p* = 1.5 GeV

correlation 1s suppressed due to

space diffusion

2

2 <p,.P,.>ldp

Smaller
p +

20

......................

initial color conf.

OXv3Ar6e15

—X-=36---15

10 20 30 40 50

0
xH(GeVh
20 initial color conf.
O X 3 6 & 15
10 -]
STTTTTTTIITI
~T14333F7111
RIE2SEssadtents
TTITTTatgit
-10
—X 3 6---15
0 10 20 30 40 50

Larger qg-separation

........................

20 initial color conf.

a OXv3Ar6e15
) 10

A

"\

0
TR

1
TRy

\Y

N

x(GeVhH
0f T T

initial color conf.

« OX"v3r6e15

-g 10

A ee=TTLIITI
& _IFFFTITFFFTFFT
TR 0,?TTiiJiiliJlll‘
M 2220040000008
TR TrxifIf++++17
v tPIIPiiTi
N -

-10

0 lb 2b 3I0 4:0 50
x(GeV
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Results: Momentum broadening

c) The dressed quark state |g)+|qg9)

* Inthe |q) + |qg) space, consider the initial
state as a single quark state,

xt=L,
_ ix™) =lqg) + l9g)

®o5 gy
},f’
q

xT=0

lp; x* = 0) = |q(0,))

(Pt (xM),..., = (alp(xlq) + (qgIpI (xHlqg)

18.5.2023
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Results: Momentum broadening

p =17. GeV
T '2 """ 2 """"""" ] I ]
<P >g> <P.">tota ] —initial |q) —qg) ]
c) The dressed quark state |g)+|qg) ol _ DT TRNE - oy — oo
) o Us 165 — £ 10
* Inthe |q) + |qg) space, consider the initial x 1 2 o
1 8 110 1 e
state as a single quark state, v | & 05
55F —; 03 ]
;xT) =|q) + !
|l/) ) |CI> |qg> X (GeV) xF(GeV!
vacuum

o 4
},f
q

xT=0

lp; x* = 0) = |q(0,))

(Pt (xM),..., = (alp(xlq) + (qgIpI (xHlqg)
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Results: Momentum broadening

p=17. GeV
Th d d k t t ) _I_ ) — <ip;2l>|q‘>l | '<1‘7¢I2>;ota‘l IIIIIIIIIII - | —linitiaJI;D —llqg>§
c) The dressed quark state |g)+|qg mop " ST - ditorent ) — o |
(\..@ 165 —f E 10
* Inthe |q) + |qg) space, consider the initial x 1 2 o
. S, 110F 4 8
state as a single quark state, v | = os
55F _ 03
N NN e S T I I
s x™) =lg) + |qg) L R
\\ xF(GeV x"(GeV™)
PS X vacuum
@ ég
’ p*=17.GeV, Qsa./n=0.12
' ' ' ' L5 ' ' ]
. 5r — <P+2>|q> P> ol 'A — initial |q) — |qg)
xt=0 00 <P *>lgg> i L3} - - different |q) — total ]
. _ o = Y analytical (p*=c0) *? 10
i x* = 0) = q(0,)) x> 1 —yt<P¢2(I>)|q> 2 08
(\l_{ o
\Q/_ 10t - <]74_2>|qg> Q% 05 p—
5t 03f |
2(~t — 2(~t 2(~t
X = X + X A ‘
(P (xN),,,0 = lalpieH)la) +{qgIp (xM)1qg) A e uSUNUURNN R " v S——— |
xH(GeVh x*(GeV)
medium
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Results: Momentum broadening

o
tn

state as a single quark state,

p=17. GeV
N e N
c) The dressed quark state |g)+|qg) S I o —a |
e 165 1 g0
* Inthe |q) + |qg) space, consider the initial D 1 % os
g 110 -
55 ‘ 03

2 + — 2 + 2 + oL v ] 0.0 : : : :
(P (xh),. .., = (alpIxDlq) +{qgIpi(xlqg) R R R S R T N
xF(GeV x"(GeV™)
vacuum
139667 3458%; ( %7!. pt=-451236 Q,a. /n=,5-1
I | ; ' ' ] -70 ' ' ' ' ' ' ' ' 50T : : .
A el B RN U P soser ) i — O — ) 10y — <p.t>gs <. >uw " —CF Y — "B
o f L e IRt I g - 9MAA®S) - $%S$é AT P -5t - T8202(5 "y —— SS&" ]
Phe & [ 0 -7
P * P
B, | MEISEn e 4 Ts | AR =) 2
g ! . 7 o3 < -0} J— ! - v
= PR - I A <P >lgs . & 5
- S= g .- > N -- <t - =
AR .- v Vo f = o EEY: o
L of S g
Lol . . - ) ) . . 29, : : : :
] ; / 0, = P - 7 5 . - L 7,
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denser medium medium
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Results: Momentum broadening
c) The dressed quark state |q)+|qg9)

e Medium-induced gluon emission

6P qg)(Qs, ™) = Pggy(Qs, x™) = P1ggy(Qs = 0,x™)

L L 1
e e T "9
% 1%
- i - 1"06% ] sl
I"1) )
ol !
I ] ST I D O
$ e, S 1 ok
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Summary and outlooks

» We applied a non-perturbative light-front Hamiltonian formalism to study in-medium quark jet,

1. We investigated the momentum broadening of a quark jet inside a SU(3) colored medium in both the
eikonal and non-eikonal regimes.

2. A main advantage of this method: one can smoothly vary the magnitudes of kinetic energy, gluon
emission, and medium effects separately.

» Ongoing study:

A different scenario: The quark coming from outside the medium, described by the fully developed wave
function that contains a gluon cloud.

» Parallel study: Quantum Simulation of jet evolution in a medium [Thurseday, 10:10, Wenyang Qian]

IS Y&
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Results: Evolution of the quark system

a) Gluon emission and absorption

: : : o : cext,  —ipggpat
The interaction contains the gluon emission/absorption term: Vi(x*) = €3 KE* Vage 2 KEX

Transition of the state (Initial state is a single quark state |q) withp* = 8.5 GeV, p, = 6J_, Ag =T, ¢g=1)

. i o \ 7

II Vye (Without phase) : Vae
| S —. S e e e .
[ 12 ‘ initial |q) --- different |q) - lqe) | 1 120 ‘ initial |q) --- different |q) - lqg) L
| - S J | ’ [ g 1
1 1.0F : 1.0F ]
- bos
I = 08} = 08}
D2 LE
I € 06} £ 0.6}
- - S
[ 04_ : 04 ---------------------------------------------------------------
I
102 102
I : . I

0'0 o PN PR S PR WP T M PN L s AW | 0‘0 L . P - . P " 1 " ]
: 0 10 20 30 40 50 0 10 20 30 40 50
: x*(GeV™) : X"(GeV™)
[ |
' (1) Without the phase factor: : (2) With the phase factor:
I V = V I ip— xt _ip— xt
| Coh the probability oscillat : Vix®) = eZ KET Vg e 2 KE
! oherence: the probability oscillates - L
! P Y ! Decoherence: the probability of the initial
1 between the initial |g) state and the '
! ! |q) state and the |gg) sector each approaches
' |qg) sector I :
\ / some asymptotic value

N o o o o o e e e e e e e e e e e e e e e T d
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Results: Evolution of the quark system

a) Gluon emission and absorption

—Pgpx*

i
Pxex*
Vgge 2

The interaction contains the gluon emission/absorption term: V;(x*) = ez

*  Evolution in the p; space

. . - N . . - .
[ (1) Without the phase factor, different p; modes | (2) With the phase factor, different p;, modes oscillate
[ . I
| oscillate coherently | out of phase
I I
I ' " ' " ' " I ' " [} "
I I
lay 1 - '
I |
: I
| # % : # 08
o BN
: 05 x*=0.GeV~! ] (1)?22 | 05 X0 Gev v (1)::2
: 0.60 I 0.60
| qg ) : - 0- 040 | _ 0. 040
| -0.5 020 | 05 020
| 0 0 | 0 0
| L5 0 05 1. o o o 1 L5 0 05 1.
I ¥ s '
1 L ! 1.
: o x*=0.GeV~! R ;;X; : osl TGV - :)Zg
I 0 " I 060
lag) .o o
| 03 0. I 05 020
I . ' 0 '
\ “1. 05 0. 05 1 " o | L5 o o5 1.
N e e e e e e e e, —m———— i / # $
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Results: Evolution of the quark system

b) Gluon emission and absorption inside a medium
The full interaction: Vy(x*) = ez KE x+[ng+ Vg (xt)]e 2 KE Xt
Transition of the state (Initial state is a single quark state |q) with p* = 8.5 GeV, p, = 6J_, Ag =T, ¢4=1)

The probability of the initial |q) state decreases and that of the |gg) sector increases, and different
momentum state appear.

VietVa Vg +Va
12F initial |q) ==~ different |q) - lqg) | 12L initial |q) --- different |q) ----- lqg) _
1.0 ] 1.0

z z
% 0.8F = 0.8
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Results: Evolution of the quark system

b) Gluon emission and absorption inside a medium
The full interaction: V;(x*+) = es"ke*" [Vog+ Va (x*)]e ZkEX"

- Evolution in the p, space, gji = 0.018 GeV3/?
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[backup] Results: Momentum broadening

p*=17. GeV
"""""""""""" ] 15 T e
c) The dressed quark state |g)+|qg) I kS S 1 T
T — <p¢2>|qg> 1 : - - different |q) total ]
. . a i 1 210
« Inthe |q) + |qg) space, consider the initial 3 19 1 2.,
state as a single quark state, s 110 i os

W
(9}
T R T NI N AR
(=]
w

2(,+ — 2 (.t 2(,+ ]
X ) = ( X ) + ( X ) 00— 00
(pJ_( ) total qlpJ_( )lq qglpj_( )lqg 0 10 20 30 40 50 0 10 20 30 40 50
-1
x"(GeV) x*(GeVh)
vacuum
1 %9450 12364 ( %5-! 1945 1236%  ( %5-!
0} ' ' ] S5O T T [ ' ' ' ] -BOf T T
OF— g PE " sosa ' E — (P& —)# OF — 1t LU sy — S —)#
I L PR 5.t - - 7%882920% — $%$4 CE = R 5.t - - 7*88292f$ — $%$4
‘ o~ ) o &
— Nk $ &+ - — Nk x .5,
eé. O»&(&)$+&# % & 3;— 93 -0'&(&)$+§i,ﬂ,$%& :\2/5
= 2, = e vV 5|
- 3 U L 3 o
of of 5.0
‘ ‘ ‘ ‘ = ‘ > ) o
l ., /, 0, [ " / 0, ' ' . '
#4423 & ##23 & ##423 &
ller p* medium
Smalicr p

| 18.5.2023 | a1




