Forward quark jet-nucleus scattering
in a light-front Hamiltonian approach
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\
We z.um t.0 under.stand the mterplz}y f’f < The light-front Hamiltonian
fnedlum interaction and glu(.)n emission We derive the light-front Hamiltonian from the QCD Lagrangian with a background field
?11 thc.a quark.-nl.lcleus scattering, be)tond of a Color Glass Condensate A, 1 _
e eikonal limit, and nonperturbatively. L= - P, sz +¥(iy" D, - m)¥
t
where D, =9, +ig(A, + A,).Inthe |q) +|qg) space, it includes the kinetic energy,
5 the interaction with the background field, and gluon emission/absorption:
* P~(x*) = B + V(x™), V() = Vyg + Va(x®)
% A nonperturbative time evolution
We solve the time-evolution equation in the interaction picture
—Vz(x+)|¢ X =i lix n
P as a phase factor: [1); x ), = eEPKEx [P; xT)Vi(xt) = ezPKEx V(x*)e_EPKEx
oyt
e [ Evolution as a product of many small timestepslz 31, each containing two operations,
[; x* ) = hm [Tk- 1T+ exp{——f + dz+V,(z+)} [¥;0 )
I k + +
< Palxt P ) > T exp(=3 [iF 2"V (2") @, 3,
= g226,,82 (%, — F)E(x* — y*) matrix expon'ent1+al in coordinate space :0) i),
A high-energy quark moving in the positive z direction, X T, exp{— - f;f dz*Vage(z*)} o
scattering on a high-energy nucleus moving in the h-ord 2 k-1
negative z direction. 4th-order Runge-Kutta J
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% The basis representation

The quark state is expanded in the basis space, and the
information of the state is encoded in the wavefunction as

111, TiMQ EVOLU’,&LOV\ [PRD 104, 056014 (2021)]

(@) gluoh emission

basis coefficients: /7~
[;xt) = Z cﬁ(x+)|ﬁ) The interaction contains the gluon emission/absorption term:
’ i 4 i 4
=p —=p
P Vi(x*) = eZ KEX Y e T2 KE
We choose the momentum states as the basis states!3!: o L .
The initial state is a single quark state. It enables us to test the physical
PeelB) = Pﬁ_l B) effects of different parts of the Hamiltonian in a clean and tractable
setup.
i. Each single particle state carries five quantum numbers: |q) with p* = 8.5 GeV, p, = BL, g =T ¢cg=1
={k¥ k7, ki A, ¢, (L = q,9), the transverse L
B { L Lol l}. (=49, . »  Transition in thg Fock space
momenta, the longitudinal momentum, helicity, and color; ag
and the bas}i}s states in the transverse coordinate space ) . |qgé,3z5:pg*/P(*)59 ol The probability of the
P (X + —me 002 -e- 035 —— 0. :
B = {nl N,k ./11.01} S R 024-— 047 — 071034l jnijtial |q) state
* The transverse coordinate space is discretized on a z decreases and that of
lattice [—L,, L, ] with periodic boundary conditions: £ ol the |qg) sector
-x p* ~ increases, indicating
o o R gluon radiations.
(inverse)Fourier S0 10 20 30 40 50
Transform x*(GeVh)
>  Evolution in the p, space
-1.
x*=0.GeV~! 10 x*=6.25GeV! 047 x*=12.5GeV! 054 x*=25.GeV! 058
y pY Y/ s o o
a, =L/N; dp =m/L, g o o o v o
it =ntay, pi- = kidp, 9 = o o ) o o
n=1 n=0475 n=0.548 n=0.589
nf— =— NJ_, o NJ_ -1 li- = — NJ_, . NL -1 ~1. =05 0. 05 1. -1. =05 0. 05 1. -1. =05 0. 05 1. -1. =05 0. 05 1.
p*(GeV)
* The longitudinal space is circle of 2L with (anti)periodic 0'5' oo | g r"' 1 vouno sooono r,.r' soos
boundary condition for the gluon (quark): . o 000053 ooues3 oo
g & © g o
O (ZL) x_ = [0’ ZL] b 05 :zo U:()O()Ul 0.00001 0:0000]
n=0 h
o k; =l 3 . K+1 s 005 -1.-05 0. 05 1. -1. =05 0. 05 1.
pl+=T l+v i _2122 K 2 1 P (GeV)
g — o 0s x=0.GeV-! r— 1 000070 000070 H 000079
ii. Ineach Fock sector, the many-particle basis states are ); 0 - -
direct products of single particle states: lag $ o oooons o000
) 0 000001 000001 h 0.00001
|q> |ﬁq); qu) I:qu) = |.8q)® |.8g) L5 005 -1. =05 0. 05 1. -1. =05 0. 05 1. -1. =05 0. 05 1.
/ \ PA(GeV)
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111, Time evolution [PRD 104, 056014 (2021)]

(b) medium interaction (€) full interaction
- Wa N

The interaction contains the background field term : The interaction contains the gluon emission/absorption, and the
i— i— .
Prpxt -Pgrpx™t background field term
Vi(x*) = e KEX |y, (x*)e 2 KE g i i
=t = ot
o ) . . +) — o3PKEX +Y1p "5 KEX
The initial state is a mixture of a single quark and a one-gluon-dressed Vi (x7) = e2 [V;[g"' Va4 (x )]e 2
quark states, The initial state is a single quark state,
. > A + . - _ =2 _ . N
Lq)(Wlth pL=0.,p" =85GeV) +|qg) (Withp,,, =Py, = ) with p* =85 GeV, B, =0y, Ag =T, ¢g = 1
0,,pF =05GeV,p} =8GeV,1, =T, ¢, = 1,4, =1, ¢, =1 . ) .
1:Pq Pg q q g 9 ) The charge density of the background field, g?i = 0.144 GeV3/?
i i 25 = 3/2 .. .
The charge density of the background field, g ji = 0.108 GeV >  Transition in the Fock space
»  Evolution in the color space v VagtVi
050F 5 ) - "o Th 12} [ initial [g) -~ different g -~ quﬂ The probability of the initial
A e
vy o back g . 1 |q) state decreases and that
501008 A | A ' ackgroun Z 08
2 o0s0f a, p Id? det £ of the |qg) sector
z o ield leads to 2 0.} . .
E 0vve9VeyoyyygYrv 8905955 | Y increases, and different
o010k s a color “
oaus| as®a as®a ] . 02} momentum state appear.
’ 4 A rotation.
123 12345678 9100112131415161718192021222324 00
19) (co) 19g) (cqe) N 1
color configuration x1(GeVT)
> EYOIUUOH in the p, space »  Evolution in the p, space
o 1 + B £ B 4 e -1
-0.5 FE0GeV Zj e ZZ O E:z SRR z$ 05 x*=0.GeV~! "]g x*=6.25GeV~! g;g x*=12.5GeV! 8:33: x*=25.GeV! 22:2
= 03 3 0024 —~ ) 018 = 0036 P
> 0. . 5 0.19 0.08 * Z 06 N y y
oy ¢ ar. . e e o gy & e SiEE e Al
03 0 001 001 o001 05 02 o0t 0000 gzg:
1 n=0.500 n=0.500 n=0.500 n=0.500 nel 0 120458 001 120525 0.001 120497 .
-1. =05 0. 05 1. 1. =05 0. 05 1. -1. -05 0. 05 1. -1. -05 0. 05 . lil. 05 0. 05 1. 1. 205 0. 05 1. 1. 205 0. 05 1. 1. 205 0. 05 1.
1 PO , PX(GeY)
1=0.GeV-! 05 =6 =1 037 =12, -1 X X*=25.GeV-! 0057 i . o
s 0.GeV o 6.25GeV " 12.5GeV: e 25.GeV' o Vo Te0G - (,)23 r 1 zxz omwss o000
= 0. . 03 . 0.19 ﬁ, 008 n.n;e = 0.60 0.000% xm g'xiﬁ
|qg) 2 02 oo o0t 9 0019 |qg) <] 0. 0.40 o 000030 000037
=05 01 ool 0010 = s 020 000019 g%ﬁ
, 1=0.500 0 1=0.500 oo 1=0.500 ' n=0.500 oot - o o osonos (5 ; ’
SI.-05 0. 05 1. -I. =05 0. 05 1. -I. =05 0. 05 1. -I. 05 0. 05 1. L5 o 05 1. s .- ey g ey v
o P 1. PiGeY)
| x"=0.GeV-! 05 X*=6.25GeV-! 024 x*=12:5GeV-! 0038 X+=25:GeV-! 00088 +=0.GeV-! 1.00 0.00069 0.00059 000062
-0.5 04 0.19 0029 ¥ 00070 0.5 [ I 000053 0.00052 000056
= 03 015 : 00053 I~ 060 000045 000049
qu) E 0. - 0:2 j 0.10 ‘ 0019 '*' 00035 |qg) E 0. 0:40 000037 3%3 gg%;
B o5 01 005 0.010 00018 Y o5 020 000021 000023
. 1=0.500 o 1=0.500 oo =0.500 oo 1=0.500 o000t . =0 0 000005
Z1.-05 0. 05 . -1. =05 0. 05 . -1. =05 0. 05 . -1. -05 0. 05 . _1—'1_ -05 0. 05 1. -1. =05 0. 05 1

\ PX(GeV) / \ PH(GeV) /
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IV. Momentum broadening

(a) bare quark |q)
C Y

(b) dressed quark |q)+|qg)

. In the |q)+ Fock space, two mechanisms contribute to momentum
We have seen that the quark would transfer to different Iq,) l98) . ‘p T o
. . . broadening, medium interaction, and gluon radiation.
momentum modes through the interaction with the
background field. The momentum broadening can be > Broadening of the dressed state|q)+|qg)
characterized by the quenching parameter, The bare quark,
2 (0t - 2 (0t
. _ dpixh) (P1G), e o= (@lPE (M)
1= g7
X
In the eikonal limit, the quenching parameter for a bare The quark component of the system,
quark can be calculated analytically (pi(xJ“))q: (alp2(xDlg)+ (ag1p? ,(xDlqg)
2 2 2 472
i=4 log/lw + my Aov G = C g'u The total momentum of the system,
— Yo ) — 2 ’ 0— “F
m Agy +m 4 2 (et _ 20+ 2 +
g v T Mg (p1(x),, .= (aIPI D)+ (agIpi cora (xH)1qg)
In the discrete basis space, the UV cutoff is determined by 06 ' ‘ ' ' 06 7 o '
i i = (o <p.>puey [ analytical Gx*) (o <p.Z>puc | C analytical Gx*)
the lattice spacing, dyy = —. 05l © P e @ ] 0st 51: a e ;
. & P --<p.? ure 2 are & a0 P "<PA2> are *<P¢2> are &
»  Broadening of a bare quark |q) B 04 e oy TP g P Pe > 041 0 2o | e iy
E A . 30 N =10GeV ] 3F W ,4.1.,,IIJG.c\" !
3 " IS A 5 T At TN
0010} N.=16,L.=50 GeV"' q ) ‘ 026V 23 ] 4 ot & AC0I08Ge -
E me=0.1 GeV proportional v . ? vl o a AN
£ 0001 to the charge i
8 10} density ot I %
<« E
wsf T | unire of tge (GeV) (GeVy
- | preliminary ! — analytical ackgroun ‘
0T 0010 0300 field. 0.6 o _* The momentum broadening of the
| o < L2 e ) ( analytical (Gx*) | . .
GV 05t ° p 2>h a _q:“;)iu:: 4 E bar.e g agrees with the'analyt|cal.
12F - S ~ B P TR N = Going from a weaker field to a
m,=0.160GeV L.(GeV) " Fis 04} o 2y ‘ W . .
10} £24-0.072Ge V™ @0 0 q g T ' stronger field, the broadening
) 100 1600 Iogarlthmlc J 03 N.=4. L, =10GeV ,l,r,sw»\" I becomes more profound.
€ 4 @200 3200 ally g 02f -’ "’,5{*{: 3o = Going from a larger to a smaller p*,
& i O AP IOk o/ e R L
. | A 400 | divergent APt goatelind the oscillation from gluon radiation
SR Com) on the UV \ : . . . becomes denser.
/SR | —analytical | cutoff of 10 20 30 40 50
________ + -1
ot 005 0.10 050 1 5 the system. ¥(GeV™)
\ mga. / \ J
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I\’q M om QME um bT‘O OLAEV\ LV\S [preliminary]

() physical quark

state has already developed a gluon cloud before the interaction.
The physical quark state is solved from the eigenvalue equation in
the |q) +|qg) space by matrix diagonalization with mass
renormalization schemel#!:

Pyeply) =PIy,

»  Spectrum in the g-g relative light-front energy space

ﬁQ_CD:PI;E'I'ng

|q)+Iqg) spectrum

0010f === === = = I * Boost-invariant
| .
o001} | Prefiminary { (same at different center-
5 104 _ . 1 of-mass momentum)
2 | excited states : / < su3 . .
Iy 10 © 3 (dressed quark) 1 ( ) gauge invariant

10°°F &
. &
Ao < other (pure |qg)) 3

(degenerate in color
space

* Rotational symmetry
(eigenstates of |, m;)

—% (dressed quark) }

107
fooo

A 5 10 50

? rank of eigenvalue

ground states (P*P~ — P£ = m2)
________ |

>  Evolution in the p, space | preliminary !

s x=0.GeV! 038 x'=4.GeV! 038 x=16.GeV! 032 x'=32.GeV! 024

q T 029 029 025 020
s

om (e e () e () e

100

PGeV)

o0
005

0389 0389 0389 0389 oot

5w 0w s B B B

PGeV)

5[ x=0Gev! 060 x=4.GeV-! 059 x=16.GeV-! 052 x=32.GeV-! 043
. 030 o 035
- 045
) < 040 035 026
o i (- pme b opme (1) pE
2 . 020 018 o
a5 015 o0 00 009
? 0611 0611 0611 0611
e 0w s B B R
P*(GeV)
5[ x=0Gev! 060 x*=4.GeV-! 060 x=16.GeV-! 060 =32.GeV-! 050
% 04 045 05 045
B
| ) 3 o0 030 030 030 030
qg) ¢!

H 0.611 0611 0.611 0611
K B w0 % s 5T 0 % 5w 0 %%

In a physical high-energy scattering process, the initial quark

J
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V. Summar'j and ocubloolks
.

<  We demonstrated a nonperturbative method to
investigate time-evolution problems with light-front
Hamiltonian formalism We studied the quark-nucleus
scattering in the|q) +|qg) space, and analyzed the effects
from

o  the light-front energy
o  gluon emission/absorption
o interaction with a background field

A main advantage of this method: we can smoothly
change the magnitudes of the above three effects
separately to match different physics regimes
“* Ongoing and future works
o momentum broadening from gluon radiation and
medium induction
o quark-nucleus scattering with the initial quark
state as an eigenstate of the QCD Hamiltonian in
the |q) +|qg) space
o jet quenching in the quark-gluon plasma
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