THE DIS DIPOLE PICTURE CROSS SECTION AT
FINITE ENERGY

QCD MASTER CLASS 2026 - SAINT-JACUT-DE-LA-MER

Magnus Bertilsson
University of Jyvaskyla

Aug 29, 2026

Based on arXiv:2601.07302 with T. Lappi, H. Mantysaari, X.B. Tong

¢

fa

Research Council

e of Finland Centre of Excellence JYVASKYLAN YLIOPISTO
in Quark Matter UNIVERSITY OF JYVASKYLA



https://arxiv.org/abs/2601.07302

THE DIPOLE PICTURE AND DIS

» Requirement : High precision theory calculations at small x for EIC.

» Note : Implicitly assumes asymptotically large v*p center-of-mass energy, W.
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THE FINITE ENERGY CONSTRAINT

> Colliders operate at finite energy = Mz, < W>.

2 2
P+ my

2 2 _
Maa = o k)= 20 —2)

P= (1 —Z)ko —Zk1

» Finite energy constrains final state phase space.

> Purpose : Impose M, < W? . Allows us to

1. derive a finite W constrained a?c;p in the dipole picture at leading order.

2. numerically quantify importance of constraint for light and heavy quarks.
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FINITE-ENERGY CONSTRAINED CROSS SECTION



DI-JET DIS CROSS SECTION IN THE DIPOLE PICTURE

The di-jet dipole picture cross section
do] ?
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~
Target interaction Lightcone wavefunction squared

Dipole size and center of mass

u=1Xxy— Xy, V=2x+(1-—2)xy,
u=x;—x;, Vv =2zx5+1-2)X

Final state momenta

P:(1—Z)ko—2k1, K:k0+k1

Target interaction < correlators of Wilson lines in fundamental representation

N(z,u,v,u' V) =1— Nlchr[U(xo)UT(m)] Z—%C (Tr[U(X))U'(x)])
dipole — 0 as|uland|u’| =0
+ Nlc (Tr[U(x0)U'(x1)U(X;) U (x5)] ) " —1 as|uland|u| =
quadrupole )
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RECOVERING THE OPTICAL THEOREM

Integrating the di-jet cross section assuming translational invariance [, — 0o/2 of the target

Y*p d’K d*P iK-(v/—v) 4iP-(u'—u) AN Tkl 7" 99 )
z,u,v,u’ v/

(2m)? (2m)?

Total DIS cross section of DIS

el 7 g5 2
0P =00 [ N(u) W1 F(z |ul)
zZ,u

N(u) = 1 — o (T [U((1 — 2)u)U'(~2u)])

Optical theorem structure functions

QZ *p,0T Qz *p,0OT *p,OT
FOlix. Q*) = ——57'P FOl(x. Q%) = (GV pOT L 517P )
L ( ) ) 471'204em L ) 2 ( ’ ) 477'204em L T

Note : At LO no dependence on CM ENERGY W of v*p-system (No x evolution)
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THE FINITE ENERGY CONSTRAINT AND TOTAL CROSS SECTION

Change variables from P to Mga with delta function

P
dUL,T

dMz,

Ne)l

)

(2r)? (2n)?
. P
‘o (M . (1_'"))

Total cross section at finite energy (i.e. imposing M7; < W?)
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M2, dO.’Y*P Mmax - w

7P — / ane, 20LT 2

) qq 2 ? 2 q
Mz, dMgs Mzin =
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PURPOSE 1:THE TOTAL CROSS SECTION IN EXACT KINEMATICS

. 2 . . . .
Integrating over Mg, assuming translational invariance fv — 09/2

C(Iwr%ax)“l1 (C(Mriax))
2r|u’ — uf?

“p,FE “qa .
O P [ ) (VG ) Az w)
zZ,u,u

Compared to “OT”: W-dependence and a multipole correlator structure in the target interaction

( max —|U U|\/ max £ 1_2 mc27

Nz uu)=1- ﬁ (Tr [U((1 = 2)u)U'(—zu)]) — Nl (Tr [U(—2u")U'((1 — z)u")])
F o (T [U((1 — 2 (—2u)U(—20) U (1 — 2)u)])

Finite energy constrained structure functions

@& “p,FE @& “p,FE “p,FE
FFE(x. Q?) — 5P FFE(x Q) — (a” PFE | 7'P, )
L ( ) ) 47T2aem L ’ 2 ( ’ ) 47TZCVem L T

Expect to recover OT as M2, — cc.
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QUANTIFYING IMPORTANCE OF FINITE-ENERGY
CONSTRAINT



EXPRESSIONS FOR EVALUATING CORRELATORS

Dipole correlator in MV model (Q2, = 0.104 GeV?, v = 1)

(U = 20U (-20)]) = oxp {5 (ui°CB)1og (1/(uiacn) + &) = exp { 7 r(1u}

Gaussian approximation is used to evaluate quadrupole'. Exact at LO?.

Nlc (TR[U((1 = 2)u)U'(—zu)U(—zu")U'((1 — 2)u)]) = exp { _ZCF (F(u') — F(u))}

<\/Z+G1 Gz>exp{%u2@}+<ﬁ—e1 Gg>exp{—Ncu2\/Z}

2VA VA 1 oA VA 4

—N, 1
X exp{/f( 4CG1 + 55 Gg)}
(o

Gi, Gz and A depend non-trivially on '(|ul).

TSee e.g. Phys. Rev. D 83, 105005, Dominguez, Marquet, Xiao and Yuan for derivation.

2Has been shown in arXiv:1 108.4764, A. Dumitru, J. Jalilian-Marian, T. Lappi, B. Schenke and R. Venugopalan.
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PURPOSE 2: IMPORTANCE OF FINITE-W CONSTRAINT: LIGHT QUARKS
mg = 0.14 GEV

The ratio of the structure functions, F{5/F°], as a function of M3
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NOTE :
» Recovers OT as Mz, — oc.

» Effect larger for F, than F; due to limits z — 0, 1 = Msa becomes large (aligned jet limit).
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PURPOSE 2: IMPORTANCE OF FINITE-W CONSTRAINT: LIGHT QUARKS
mg = 0.14 GEV

For physical cross sections: M2,, = W? ~ £_ The rel. difference 1 — F[5/ Fo3.

— F{EIFPT 102
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» Effect of the finite energy constraint largest at relatively small Q2 and large x.
» Max effect: F, ~ 0.9% and F; ~ 7%.

1— FEEIFYT
6.0%
5.0%
4.0%

3.0%

Q2 (GeV?)
Q? (Gev?)

2.0%

1.0%

1073 1072
X

QCD MASTER CLASS 2026 11/19



PURPOSE 2: IMPORTANCE OF FINITE-W CONSTRAINT: HEAVY QUARKS
mg = 1.4 GEV

The ratio of the structure functions, FFE/FOT, as a function of M2
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NOTE :
» Again recovers OT as M2_, — oc.

» Effect larger for F, than F; due to aligned jet limit.
» Much larger effect for heavy quarks!!
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PURPOSE 2: IMPORTANCE OF FINITE-W CONSTRAINT: HEAVY QUARKS

my = 1.4 GEV
For physical cross sections: M2, = W? ~ £ The rel. difference 1 — FF5/F3.
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NOTE :

» Effect of finite energy constraint largest at relatively small Q? and large x.
» Max effect: F; ~ 9% and F, ~ 35%.
» 10 times larger for F, and 5 times larger for F,. Quark mass surpresses aligned jet limit
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OUTLOOK: FINITE ENERGY CONSTRAINT AND THE BK
INITIAL CONDITION
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FINITE ENERGY CONSTRAINT FOR BK INITIAL CONDITION

So far, LO DIS dipole picture cross section
Additional x-dependence from the evolution of the correlators e.g. BK or JIMWLK.
Work in progress together with Casuga and Méantysaari.

Initial condition for BK given by MV model
Nl (Tr [U((1 — 2)u)UH(—zu)] ) = e~ (17 ee(1/(ulnqen)+ee:)
c

» Previous fits of extracting non-perturbative parameters from data with F82T = Replace with F[j E.

» For a proper uncertainty analysis — Bayesian inference
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PRELIMINARY RESULTS USING BK EVOLVED CORRELATOR

MV-e: Light quarks MV-e: Charm quarks
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Using BK dipole fit® — not so large effect

3Phys. Rev. D 88, 114020, Lappi and Méantysaari
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SUMMARY AND CONCLUSIONS

» Introduced W-dependence into the DIS cross section at LO. Description at finite energy.
» Purpose 1 : Improved cross section for DIS dipole picture calculations

C(Iwr%ax)"j1 (C(Mr%ax))
2r|u’ —ul?

* * * T ~
= [ W ) (VG D) Az uw)
z,u,u

Recover Optical Theorem cross section as M2, — oc.
Purpose 2 : Finite energy constraint has impact at LO. Larger effect for F, than F;.

At Q> ~ 1 GeV? and xg ~ 0.01, substantial effect for F, (~ 35%) for heavy quarks.

vV v v VY

A finite energy constrained fit of the BK IC and the impact on F; and F; is in the works
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BACKUP SLIDES
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LIGHTCONE WAVEFUNCTIONS AT LO

Longitudinal wavefunciton squared
W 9a 7*qq m) aen@ o o o 2 x /
Uz, ul) (W W) = Ne Y TTBQRZ(1 — 2)*Ko(erlul) K (ilu])
f

Transverse wavefunction squared

WYz ful) (V5 Wz D)) = 2N Y P (2 + (1 2)°)cF cos (o) (eul) K (')

+ mi Ko(er|ul) K (er/u'])].

er=QPz(1—2) + m?
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