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HIGH-ENERGY SCATTERING

= At high-energy, the medium is composed by a dense ensemble of gluons: semi-classical approximation:
" Classical gluon background field (small-x): A" (x)

* Quantum source (large-x): J#(x)

= At high-energy we perform the eikonal approximation:
= The rapidity difference between the source and the probe is infinity

= Power suppressed corrections of the CoM energy are neglected
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THE EIKONAL APPROXIMATION

= Only gluons contribute to the low-x (classical) regime of the medium

" The classical field is infinitely boosted with respect to the (right-moving) probe:
Al(@) = AT (AT ) = (74, 77 Ag L Ap)
= Only the longitudinal (-) component is probed
A () = vAy (A x) = yAy (e, ta, x )
= The field can only be probed at x* = 0 (shockwave approximation)

=  The probe is not sensitive to the x~ dependence of the field (frozen gluons)
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EIKONAL SCATTERING

m  Color particle - background field scattering:
®  The projectile propagator can be solved exactly:
Az, y) < 6@ (x — Y) U+ y+1(X)
= |t is diagonal in the transverse coordinates (T, ki)
= There is no exchange of longitudinal (+) momentum in the interaction
®  There is no spin transfer

= The particle is only color rotated through the eikonal Wilson line:
xT (k+7 kz)
Upp+ y+(x) = PTexpq — ig/ dzTA™ (21, 2)
Y

+

= CGC observables depend on (A~ A7) for a Gaussian distribution
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BEYOND EIKONAL SCATTERING — FINITE LENGTH

= Relaxing the shockwave approximation:

L ®(k+) zk"‘(m —y 2 .
st = [ B [y i [0

= Used for computing medium induced radiation:

"  The eikonal approximation is the saddle-point solution of the

path integral where the particle moves in a straight line:

N oyt
za(z") =y + W(X_Y)
and the angle of (transverse) propagation is small:
kT — o0 LT L+
2 2
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BEYOND EIKONAL SCATTERING — FINITE LENGTH

= Relaxing the shockwave approximation:

= To get rid of the path integral one can expand around the saddle point to get an eikonal expansion.

= First order eikonal correction:

O") ikt —y- Kox—ikiy | —iz (ks —k,
A , _ et (™ —y ) / ezkf x—ik;-y / o7 (kf—k;) [ Z
R( y) fk"‘ 9L+ i s ] [LT’_%]( )

Lt

_|_

Y . jtkie i o
fﬁ A= U (@) | =5 azz+2k+az@5’ﬂ

2

= Second order eikonal correction:
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BEYOND EIKONAL SCATTERING — TRANSVERSE FIELD

= Relaxing the shockwave approximation + including transverse field:

=  First order correction (by using an alternative method):

Ok™) it .- . . _
AR(ZC? y) = / 2(T+)6_1k+ (x”—y7) / efakf-x—@ki.y / e_zz'(kf —k;) {U[
ket k; k; 2

Ly K + ki
f z gzlﬁz"b ](Z)}

2k 2k+

J

2
—ﬁ+ dz_'_U[%’z_l_](Z)

2

D, (U+) = Opi — ’igAj(U+,Z)
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BEYOND EIKONAL SCATTERING — z— DEPENDENCE

= Relaxing the shockwave approximation + including transverse field + time dependent field:

=  First order correction (by using an iterative method):

L+
— =5 k’L _|_k’1,
_ f
/% AU () |2 D, 2k+5 B 2](2)}
r +vy .
70 U ay(2)
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BEYOND EIKONAL SCATTERING — z= DEPENDENCE

"  The propagator can be generalized to a 4D path integral:

+ z T
Antea) = [ oot H G [ D exp { /

+

m? ) .
dr™ [_2<p+> + <p2 >Z2 —pz ] }U[m+,y+][2+75]

®  The interaction of the particle with the medium is given by the Wilson line:

T

+ — .
Upa [T (77), 2(71)] = Py exp {9/ i [A‘(ﬁ, ) + A1, 2) - ] }
)

—+
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CONVERTING THE FORMALISM INTO NUMBERS - EIKONAL

= CGC observables depend on (O[U]) (dipole, quadrupole, etc.)
= The approach:

= Use a model for the distibution of p(x) (Usually Gaussian White Noise)

= Compute the stochastic field using the YM EoM
2 — (= —
—01 4, (7) = pa(7)

= Simulate the operator average. (analytical for MV model)

= Compute observable
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CONVERTING THE FORMALISM INTO NUMBERS - SUBEIKONAL

= Now observables depend on (O[A~, AT, 4} ])

= We still assume: target composed by a dense ensemble of gluons, semi-classical approximation:
= Classical gluon background field: A*(x)

= Stochastic source current: J#(x)
= Given a model for the current the field is given by the classical YM EoM:
D, F* =J"

= For a large nucleus we can still assume a Gaussian distribution, apart from the (A~ A™) correlator, now we also
need:

(A*(x) AY(y)) correlators
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THE LARGE NUCLEAR ENSEMBLE

"  We assume that:
= The target is composed by A > 1 nucleons
= Each nucleon is in a singlet state of N. quarks

= All the particles are independent, uncorrelated and have the same momenta (F,,0,)

C

) A—HHfd3 zg’)*“ L (0)4({B})

1=17=1

A S ) _
s =TT |5t (T f g ) coneon | (-5 - Sl v i)

i=1 j=1
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CORRELATORS BEYOND THE EIKONAL APPROXIMATION

= We can compute (J*(x) JY(y)) by using:

J@) = ot [ FEINE G ) B 7)o

—

p.p
= How do we evaluate (A#(x) AV(y))?

" We asume that A* ~ 0(g°) (valid only in the dilute limit)

=  We neglect the x~ dependence of the field

" We neglect the non-linear terms in the YM equation. In the covariant gauge:

| Jh(zt,
~0F AL(&) = J(@ as(@) = [ [ emoen 0
zJq
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CORRELATORS BEYOND THE EIKONAL APPROXIMATION

= Assuming a homogeneous target
(AL @) AL () = 06" —y ") =G (x —y)

[i: transverse color charge density
L*: target width

. G = [T
e (x) = / e L b Jp¢ P
- P4 N 1 - Png _l_eimejanPn
G (I‘) _ / ezP r
MV MODEL (2P;)? Jp P!
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DIJET PRODUCTION IN DIS AT THE EIKONAL LEVEL

= The virtual photon splits into a quark-antiquark pair:

= Depends on the polarization of the photon (L or T)
= Can be computed using perturbative QED
= The pair interacts with the dense target:

= Eikonal scattering depends only on Wilson lines

d(v,w) = ;%—<13'P1(V)Lﬂ(vvﬂ >.

1¥e

1

/

klazl

kz? Z2

QW' V', v, w) = ~— (T [U(w U (v UV)U (w)) >

j\rc
do A tA—qq+X

d2 kl d2 kg d’)]l d772

PEDRO AGOSTINI | NCBJ & IGFAE

Eik.

- / el (V' —v)tike (W W) (w! v w —v)
X [Q(W,?V,, v,w)—d(w',v) —d(v,w) + 1}

20/05/2024 I5



DIJET PRODUCTION BEYOND THE EIKONAL APPROXIMATION

= Next-to-eikonal diagrams to the dijet production amplitude (only transverse corrections):

= Depend on objects like:

0w = (D o] ) = [ A @Dt

D,i(v") =0, — igAj(v+, z)
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DIJET PRODUCTION IN THE DILUTE LIMIT

"  For a dense target we have 2 challenges:
= Resum the non-eikonal field correlators

® Include non-linear terms in the YM equations

=  We study the case where k;,k,; > Q (dilute limit):
= A% ~ 0(g°): perturbative expansion

= Only 2-gluon exchange

: v

Eikonal term Transverse field
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EIKONAL DIJET PRODUCTION IN THE DILUTE LIMIT

= Only 4 diagrams contribute

v v/
w E w’

dJ’YE—i_A_)qq_‘_X 8Ncaem€?Q§SJ_
2k dni d2kodns (27)3

= The result is analytical

g, Qz(k% o k%)Q

5,232
Pl )G+ G208+ )2

= (Similar expression for transversely polarized photon)
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SUBEIKONAL DIJET PRODUCTION IN THE DILUTE LIMIT

Only 4 diagrams contribute

v ' v/ \ ' v/
W@— @M + permutations
= w E W’ > W ; w’
% : %

The result is analytical

dovitA—ad+X doitA—ad+X
d2k1dn1d2k2dn2 B dzkldﬁ1d2k2dﬂ2

X
W2 21 Z9

N. (k%+e§ B k§+e§)

eik.

W: Center of Mass energy of the y*A system:

= W — ooin the eikonal approximation
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RESULT

104 ”?"f.T"‘ Au — ggX
. . . . . E[][1[21I;II'll.l_‘[][.lv.[z][Illlllll[.l[] f'IIIII|IIf'l['l['ll].fllIIIIl'I['If'I['IfE
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NUMERICAL RESULTS

= Momentum Imbalance: A = k; + ks
=  Relative momentum: P =2k — z1ko

= Harmonic expansion w.r.t. the angle ¢ between P and A:

*A—qqX o0
da} qaq
T = Do (PL,Ay) [1+2 E VA (PL,AL)cos¢
n=1
eikonal 107 5
§=1 i === subeikonal *
> A1 =1 Gey = 107 ] *» EIC energy (/s = 90 GeV)
2 1010 41-Q*=10 GeV? o
E. .L_'j. 0-10 o
< ] ¢ 10% correction at relatively large P,
e +Au—=g+qg+ X 10_”_?
Lo+ 0.107 N .
2ol oo ** Weak dependence with A
G 05
I
— 0.0d 1==ta=rra-rra-rrd-rra-rra-rrka T TS T S T N S S W ST T S A S Y A S A M O T
0 1 2| 3 4 0.00 0 1 é Ili 4

P, [GeV]
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NUMERICAL RESULTS

= Non-eikonal corrections break the (odd) even harmonics (anti)symmetry w.r.t. to ¢:

:Illlllllllll
ﬁné-;::?&?t"\
= A, =2GeV
E W=30 GeV
40 £ 2 9

XOF
2 20F
0f
20 F

\

[RARERARERANANRNRERAREARNRRRNRRRARRRARRRRNN RARRRNAR!

-2 -1
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§
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NUMERICAL RESULTS

= Finite odd harmonics when the particles have same longitudinal momenta (¢ = 0)

o LSRR RS AL AR AR RA S LA AR LLAERLAE AN LALRAEALRY LR AR R LARA L RE A RAN: i 8 LLALLRARRS LRLRALALLN AL LLE R LLLE R R L R |||||||||!|l|||||||||||||||l|lF||L:

E £=0 £ — longitudinal ’.-—"' E

6 A1 =2GeV %+ —— transverse - =

= W=30 GeV = cotal e :

E L F+= — Lola - 3

4B Q*=10 GeV? ES .- E

E _'.-n.---'—- EE -—-ﬂ"-‘- #-!' %

< 2F - zrbe e T E3 et Lo ST e
e SSRGS (e an RS
25 ﬁ““"“--..__'_‘ EE '-n-.-...____hhh E

E £ P =3 GeV S m——
:IIIIIIIIJIIILIIIIIIIIIIIJIIILIIIIIIIIIIJIIIILIIIIIIIIIIJIIIllIIIIIIIII]JIIILIIIIIII:_IILIIIIIIIIIIJIIIlIIIIIIIIIIIJIIIlIIIIII|IIIJIIIIll.IIIIIIIIIIIIILIIIIIIIIIII]IIIiII:

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

P, [GeV] A [GeV]

Analogous to double particle production in pA collisions
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COMPARISON WITH THE DENSE AND CORRELATION LIMIT AT

EIKONAL ACCURACY

= Our analysis is valid when A, P, > O

® |t matches the correlation limit when . o {m”.tu : 3 T — - b"gi.tf“l:l.nm
e 107 o === mrrelation . 10 S SRS SN——
P, > A, >Qq :i é . \
= Very good agreement with the dense limit = ' . et S gy A
despite the simplicity of the model 102 F . ] - - !

103

l{rl_

Dy [GeV 1

105
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CONCLUSIONS AND OUTLOOK

"  We have computed the field correlators including all components

"  We have analyzed the dijet differential cross section in the dilute limit and beyond the eikonal approximation:
= Analytical solution
= O(10%) corrections at relatively high momenta
= Non-zero odd harmonics
=  Non-eikonal corrections are relevant at the EIC energies!
= There is still room for improvement:
= Studying the dense limit
= Including other non-eikonal sources (z~ dependence, A™, classical quarks)

= More involved model for the target (include correlation, finite A effects, inhomogeneous nucleus, ...)
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