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Quantum ChromoDynamics :

@& : quark (u,u,d)+ gluon
A

Fermion
sources of color field
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Boson
- o - > color field
&
sources of color field

Atome : 107 '"m

The formal SU(3) symetry seems to describe
relation among nucleus fundamental components

(at least at high energy - Asymptotic Freedom)

Nobel Price 2004

[D. Gross, F. Wilczek, (1973), Phys. Rev. Lett. 30, 1343]
[H.D D.Politzer, (1973), Phys. Rev. Lett. 30, 1346]
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Why high energy scattering in QCD ? Q) I S 1
S Lattice QCD (NNLO)
a DIS jets (NLO)
031 8 Heavy Quarkonia (NLO)
o ¢'e” jets & shapes (res. NNLO)
® 7 pole fit (N3LO)
m.,cC v PP —> jets (NLO)
: L
E, =hv, , v,/c= ‘N ozl
h
n € [|1; +ool 0.} é
= QCD og(M,) = 0.1185 = 0.0006
10 100 1000
Q [GeV]
mpcz ~ 1GeV
* No theoretical clue for pQCD below 1GeV ; Theoretical expectation for the strong
. coupling at one-loop :
* Parton probes need high energy to be resolved ; Ping P
o lo 2 1 2 2
* Bound states are sources of IR safe oscillations. Y (Q ) = = 0z Q = —(
Bo log 55
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ALICE detector at the Large Hadron Collider
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~ 3.5 TeV/proton in p-pb collisions circonference : 26 659 m

Can go up to 14 TeV in the C.O.M (p-p collisions)
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the Relativistic Heavy lon Collider (RHIC)
circonference : 3834 m

delivers ~ 10 GeV/nucleon
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U.S. Department of Energy’s Brookhaven National Laboratory

fast praton, taking a fraction x Heavy and complex nuclei,
of the proton momenta. represented by a color charge density p(X) .
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Collinear PDF Defined in Bjorken limit :  1iy (2/192 = x (est)
(J)—ro0
H1 and ZEUS W—oo
S 1 o T T T L T
" H2 =10 GV ] * Convenient to study valence quark ;

* Leave strong divergencies in xS and xg.
0.8 B HERAPDF20NLO

T #ERAPDF2.05ets NLO. fixed ot (M,) = 0.118

H1 and ZEUS Collaborations (2015)
DESY-15-039
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Collinear PDF Defined in Bjorken limit :  1iy (2/192 = x (est)
(J)—ro0
H1 and ZEUS W—oo
S 1 o T T T L T
" H2 =10 GV ] * Convenient to study valence quark ;

* Leave strong divergencies in xS and xg.
0.8

B HERAPDF20NLO

I eraPDE205ets NLO. fixed o) = 0.118 GLR equation (first hint of saturation from pdf factorization scheme)

P[xg(x, Q°)] TR 9 a? - 019
dlog(1/x)01og(Q?) - ?J\'C[XQ(X:Q )] — m’y[xg(x,q} )]

0.6

0.4
[L. V. Gribov, E. M. Levin and M. G. Ryskin: Phys.Rep. 100 (1983) 1]
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Collinear PDF

H1 and ZEUS

xf

u2=10 GeV?

0.8

B HERAPDF20NLO

T #ERAPDF2.05ets NLO. fixed ot (M,) = 0.118
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H1 and ZEUS Collaborations (2015)
DESY-15-039

Defined in Bjorken limit : |, Q*/W? =x (cst)
(J)—ro0

W—oo

* Convenient to study valence quark ;
* Leave strong divergencies in xS and xg.

GLR equation (first hint of saturation from pdf factorization scheme)

Pxg(x, Q)] o a;

/ 2\ — s Zlvalx. OX)]2
dlog(1/x)d1og(Q?) — Nelxg(x, Q7)) QgﬁRiw[ 9(x,Q7)]

[L. V. Gribov, E. M. Levin and M. G. Ryskin: Phys.Rep. 100 (1983) 1]

Small-x formalism is defined from the Regge-Gribov limit :

lim xW? =Q?* (e
s
« To study sea-quark and gluons ;
« Staturation physics.
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TMD in back-to-back kinematics

.62
low =3 ;r)z Tr{Pay“Pry"}
W XaXp

x|H (w, w; g(Caw), Cow)?U (b3 g(C1/b), Ci/b) exp {=S(w, b)}

x Ek: e [day; +corrections][dp; + corrections)

x[14 O(mass/w, 1/wb, massx b)], (9.1)
[J. C Collins, D. E. Soper, Nuclear Physics B193 (1981) 381-443] (see p. 439)

do-

Yo 1,142

dz d?P d?k

— Qe a, {c;ifL (21, P,K) x f2(x, k) + € (21, P k) x 9 (x, k)
Eik+NEik

k-P k-P
o O (o, P) x fH(, 1) 4 7y O (21, P)xg—%xk)}

[T. Altinoluk, G. Beuf, A. Czajka, C. Marquet, (2024) http://arxiv.org/abs/2410.00612v1 ]
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Photon-jet production

Old fashion (pioneer),
> Jets physics for
electron-positron colliders.

\
Modern fashion,
Saturation physics for
EIC and related observables.
= [P%4Q2)
zyzo W2
_/


http://arxiv.org/abs/2410.00612v1
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Subeikonal approach to Saturation

TMD in back-to-back kinematics

Hard factor

’> 3 2 Tr{—PAY“P’B‘YV}

JLXAXB

Soft function

(9.1)

do-,

Y1 —rq1q2

dz; d?P d?k
Eik+NEik

[T. Altinoluk, G. Beuf, A. Czajka, C. Marquet, (2024) http://arxiv.org/abs/2410.00612v1 ]
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‘x: [P2+Q2]
zyzo W2

Photon-jet production

Old fashion (pioneer),
Jets physics for
electron-positron colliders.

\

Modern fashion,

Saturation physics for

EIC and related observables.
_/


http://arxiv.org/abs/2410.00612v1
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Subeikonal approach to Saturation Photon-jet production

aszG(z,Q?) < 1

N\
2 2
QIR
~ The gluon recombinations cross-section x Gluon’s surface density
] . . 27
x <. 1 small-x enhancement of the staturation at high energy ﬂ'.q(Q;,-(l)) < 1

S
S TBK T
o)
-
[0)
=
E ‘ o
o)
S
>
T
Qo 1 BFKL T
c
)
Z —>

DGLAP

AN
9 . 4
In \® transverse resolution In Q?
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Subeikonal approach to Saturation Photon-jet production

aszG(z,Q?) < 1

N
2 2
Q:7R?
~ The gluon recombinations cross-section x Gluon’s surface density
x <. 1 small-x enhancement of the staturation at high energy n‘,(Qf(xj) < 1
= T T Non-linear evolution equation :
= BK
% [ Jalilian-Marian, lancu, McLerran, Weigert, Leonidov, Kovner, 1997-2002 ]
o
= ;
g CGC observable : (0) = / [Dp|W |[p|O|p]
5 .
gJ_ 1 BFKL T o 5
c NP renormalisation :  ———Wy[p| = Himawrk |, — | Wklp]
o dlogx op
Z _— -
DGLAP
>
In A* transverse resolution In Q?
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Boosted Color fields from the target :

Aty — (LYAY, A= /LY, AN (2t /LY LY 2,2 ))

4 nA, = Acy/1 —wvs/c?

AT=0(1/L") > A; =0(1) > A" =0O(L").

15
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Boosted Color fields from the target :

Aty — (LYAY, A= /LY, AN (2t /LY LY 2,2 ))

4 ﬂ,)\n — A(;ﬁ /1 — ’Ug/(32

AT=0(1/L") > A; =0(1) > A" =0O(L").

Eikonal Approximation lim: LT =0

High energy limit ;

Infinitely flat target ;

Staturated regime  gA™ ~ 1 ; (i.e high probability) leading contribution

A” dominates the scattering inside the medium. F=pe S m Do ‘
Condensatedalong ztand z, g g e

while Glassed (static) on "z~

16
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Medium induced “Wilson'’s lines”

Z1 22 ZN
kpué plé D2 p\lé q = pa
A (z1) A (22) A~ (zy)

Up(xT.yTz _1+Z [N (L,,](HH = z) ){P,,”NI[ igt- A (z; .2 )]}

N 1 -
x N
_1+ZN:P [—U/ dz'r-A'(z'.z)]

* Fundamental object in QCD : rotation in the color space ;
* Model the multiple interaction within the target.

17



Photon-jet production

Subeikonal approach to Saturation

Introduction

Subeikonal finit width effects

[T. Altinoluk, G. Beuf, A. Czajka and A. Tymowska 10.1103/PhysRevD.104.014019]
[T. Altinoluk, G. Beuf, and S. Mulani, Phys.Rev.D 111 (2025) 3, 034028]

« Target has a finite width ; lim : L* # 0

* Include transverse components ;

L+/2
U}l‘ij(v) = -ig/ dvt (2T U (" v)E;~ (v, v)U> (0", v)
Jor+)2

‘_ L+ /2 L+/2
U}(Tz)(v) = (ig)z / dv™t / d?,t.+9(«f;+ — ?ﬁ)(-@,* — u*) U;x('?£-+v)f*}_(’i.t-+, V)(fp(’i.t-+, vt V)f‘}_('?.-'+,V)ng('i.-’+._ V)

Jrt)2 J—L+/2
L+/2 “ M 12
B) /oy T ot —oof, + 3 decorations” induced by the transverse
U (v) —9_/L+m dvTUp> (0™, v) Fij(v™, v)Up™ (v, v) degrees of freedom of the target
« dynamical effects are allowed. ;

L*)2
Up(x) = Up(x,27) = Up(x) + 2~ (—ig) / drt U= (x, ") F (x, 2 Uz (x,27) + O((z7)?)

J—1+)2

Longitudinal Chromo-electric field

18
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The Correlated basis

po. o =1
m. By =F m.Ry=F
e W
b » b+ :cr

Transvers kick from the photo-emission

20

Photon-jet production

Relative momenta Momentum exchange with the target

P :=z2py—2q, k:=ps+q—pi;

Relative position Dipole size
b :=2Zxy + 2x1, T:=Xy—X;.

Back-to-back limit = small dipole size expansion :

v < b ==
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From CGCto TMD :

Original expression in general kinematics

d60pA—sy+jet+A’ < [
| lp TFh s , bz, i) | (PK) )
dZQ(fzpde1d2p1 g; f /1 (rl) Lzlz bio,ris ag—ﬂ) (I' )Orzg—hﬁ ( 12, rlz) ( )

Deconvolution from the small dipole size expansion

x Zfafp T Z <lbb13r13 [’Hug%m(P 1‘12)( ag_wn(blz 0) +O( dbu))]>

a,b i=1

A

Convert to higher twist corrections |k| < ‘P‘ < W.

S Fupl) Z [ © L (P0)+0 (;)] (08, )

a,b 1.2

Factorization of the hard factor and the NP color operator

21
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pPA Factorization for the photo-production

A60 pA—s~y+iot+ A’ 4 ; 0 (i ,
WTpA et NPy ()Y [?{LJ%W(P,k)@g )(.q;g,k)+H;{;b,f.(P,k)(f{;)(mg,k)/;..{,..g)]

dzadapadzydypy b i=1,2

|nspired form, [Kotko, Kutak, Marquet, Petreska, Sapeta, Van Hameren - arXiv:1503.03421]

Adapted to the photo-production and subeikonal apparition of quark TMD

tb(*')(:}:m k) : linear combinations of unpolarized gluon TMDs ;

F9 (s, k) : linear combinations of quark TMDs ;

fH(i)

ag%,!_(Pj k) : hard factor, kinetics effect of off-shell gauge invariant matrix elements.

22
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pPA Factorization for the photo-production

d60pA—srytjetra’ i
Y pA—~v+je DCEZ fafp(f;’:l)
b

S (M (PO iz, K+ O, (P (w2, ) /W)

dzodypodzydapy

Inspired form, [Kotko, Kutak, Marquet, Petreska, Sapeta, Van Hameren - arXiv:1503.03421] :  Projectile’s side factorization :

Adapted to the photo-production and subeikonal apparition of quark TMD i .
e Collinear factorization ;

. « Parton Density Function ;
® (x5, k): linear combinations of unpolarized gluon TMDs ; * Universal ;

(i) * DGLAP evolution.
F9 (s, k) : linear combinations of quark TMDs ;

: . Target’s side factorization :

* Factorization in the back-to-back limit;
* Transverse Momentum Distribution ;
* Process dependent ;

 BK-JIMWLK evolution.

24

aﬁb,_(Pj k) : hard factor, kinetics effect of off-shell gauge invariant matrix elements.

23
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pPA Factorization for the photo-production

d60pA—srytjetra’ i
Y pA—~v+je DCEZ fafp(f;’:l)
b

Pure subeikonal contributions

; § ; i : 1) ; 23 N
» [%u E{_(P:k}%)(mg,k)ﬁ waﬂ_,(P._k)E(f{; 1(;;:2,1{)/1.1,2)}

dzodypodzydapy

Inspired form, [Kotko, Kutak, Marquet, Petreska, Sapeta, Van Hameren - arXiv:1503.03421] :  Projectile’s side factorization :

Adapted to the photo-production and subeikonal apparition of quark TMD i .
e Collinear factorization ;

. « Parton Density Function ;
® (x5, k): linear combinations of unpolarized gluon TMDs ; * Universal ;

(i) * DGLAP evolution.
F9 (s, k) : linear combinations of quark TMDs ;

: . Target’s side factorization :

* Factorization in the back-to-back limit;
* Transverse Momentum Distribution ;
* Process dependent ;

 BK-JIMWLK evolution.

fH(i)

ag%,!_(Pj k) : hard factor, kinetics effect of off-shell gauge invariant matrix elements.

24
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The gluon dipole

Elementary CGC operator

Eik+LO+NLO dipole cross section fit with Hera data

d(v,w) = \ih <U§E°"" (v)UZ>T (w)>

. HERA data
KCBK fit IVe A
1 4 [ ResumBK fit
- - TBK fit

1.2r
6- 1.0

0.8 small-x TMD-dipole relation :

0.6r

[]4R L Lol L Ll s MRy | (2) \. k dgr —ir-km +00 :I:D(_,?

1077 10~ 10~ 1072 xG'7(x, k) = 920, SL o on € I ( Ldr\U (r )UF (0)| Prar)

T g (2’}?) i\’c

IBj

[G. Beuf, H. H'anninen, T. Lappi, and H. M"antysaari Phys.Rev.D 102 (2020) 074028]

25
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From the dipole to the TMD

From Statistical to Quantum average

: (Plac| - - [ Plar)
(-+)a— lim :-————5%
Py — Prar ( |P‘Lar>

tar tar

i.e Path integral averaging over color configuration
to Gell-Mann and Low Interation pictur.

[Dominguez, Marquet, Xiao, Yuan - arXiv: 1101.0715]

26
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From the dipole to the TMD

From Statistical to Quantum average ) )
ik’ /U;m(v)e_‘z'k. = —ig[ Up™(v",2)F; (v, v)Ug>(v",v).
Jv Jotv
(-+9)a— lim Plarl - | Far) “
P{arﬁpta-l' <Plfarlp‘5ar> kik? / (.j—'i(V—W)'krl“r <Dr;‘::>o(v) (];‘Z’JOT(W)>A

i.e Path integral averaging over color configuration = 47 a / e e vwITy <UI}.L°°(-':_J)1*"_'£(?,J)U§°°(-'z_r)UF_Dc'i(-’u;)F_f'('u_.-')U;:DOT(-'u_J)>
Jot vawtw A

to Gell-Mann and Low Interation pictur.

[Dominguez, Marquet, Xiao, Yuan - arXiv: 1101.0715] kikj

o [xG(x, k)]

27
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From the dipole to the TMD

From Statistical to Quantum average ) )
ik’ /U;m(v)e_‘z'k. = —ig[ Up™(v",2)F; (v, v)Ug>(v",v).
Jv Jotv
(. . '>A N liHl - ( td1| ‘ Ld.l) o ,
Pu—Pioe (Pl Phay) ki [ et (U )

i.e Path integral averaging over color configuration = 47 / e~k V=W <UI}.L°°(-':_J)1*"_'£(?,J)U§°°(-'z_r)UF_Dc'i(-’u;)F_f'('u_.-')U;:DOT(-'u_J)>
f+ V.u + w

to Gell-Mann and Low Interation pictur. A

[Dominguez, Marquet, Xiao, Yuan - arXiv: 1101.0715] k k«"
oxX v

[XG(X k)]

dipole TMD

. {vtd: = (1 i ;
G (2, k) =2 f 02T gt kv p T FHI (ot v) UL R (0%, 0) UMY B, )

(_.“) P_ tar.

tar.

28
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Dipole Factorization : Eikonal cross-section

2 / e
q:p,T e .
‘ ’ VLLH% YAy Dipole Operator

C €

q:p,

AT~ p A N ST i :
—_]"g;p = 4ma, Q7216 (k") Hei(p2. q. k) / e vk Z <U§°"(V)Ufoq(\»v)>
Aot = Eik vV col. 2
. i kk/
we can define  Hgl (p2, q.k) = Hex(p2, q. k) 1
d6Tg—san ‘ o KK 3 Yiigh Energ. Phye. 201. 156 (201
0 9ay — (Q?TS)lGWQQ'F:(ISQ?QW(S(k"') H —— G(2 (x,k | . .
d.P S 1 k2 x=0" [F. Dominguez, C. Marquet, B. Xiao, F. Yuan
6L - Eik Phys.Rev.D 83 (2011) 105005]
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Dipole Factorization in general kinematics

S ~ 7 .
— 1(i;r'_*ch-n,-(.)j'.B?rr)‘{i.-* Q{‘r’i* I(P‘bqy / pilv=w)k
S~ - vt v ow

dec, on q

“’liﬂrf Jile
Hi{;l‘.s

NEik

x Y (2i(vt—wt)) <s..-',,'f(p' VE (0 VU= (0F VU (wt w) U F, (”'*.w)f..-',,'.*-f(w'.w)>

col,

A

drtdov . o , , ,
[/ —;P2Vrz"LPLr'r-"‘"+_"k'x(Qé.rJr)’fr(Pt’dr_|F_"(r,'+fV)U[_]P‘_J(O+,O)U[+]T|PLM_)]

tar.

Next-to-Eikonal cross section
The born of non-zero x

x=0

2(2m)3 detdov | p- o+ , . ; .
= O | | R mikex ! (et v U I (07, 0) U P,
R;[ ' |:/ (QW)SQPL':I'.( 1< l(‘f-‘ (r .V) ( ) | ' ) =0

d{iaq—nr‘;

ot i ¢ 4 — [+(2) (+
(](5P.S dec. 1 k2 Ox [\G (}" k)]x:(]'

, . , ) o KK\ 0
= (1/W?)(27*)16m° e, Q7278 (k™) (HJ ) :

NEik

30
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to-Fi “ 1 LA ” [T. Altinoluk, G. Beuf, N. Armesto,
Next-to-Eik quark background “Specjalnosc warszawska 3028, s Row s 108, Ora03
Local Bilocal
Wp(2')
s\y\/vvv\/\/\/v\f\/v\/vv\m yien(q):y
R LA S Y. A AR AR
B q:p.a ie 7"
U (v, V)] P (v, vt U2 (0", v) FET TSSO s eIy 9 d(p)
LT () | L e R .
2 2 U= (v — 20)pa P (v, v + 20)t" Uz (v, v + 21)

> gq:p2,T

—igt"y,

g: () 7 wrwErrYy g d2(p)
—ie"

qipy:x MM T E (D2) 1y

W,(2") U= (o, vt U (v, v)[U; (0", v)]w

+ produced anti-quark channel.

31
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* Bilocal : has to be expanded in the back-to-back limit to be factorized in TMD ;
* Local : can be factorized in TMD in general kinematics ;

* Both types of amplitudes for each channels has to be treated on the same footage.

Quark small-x TMDs appearing in photon-jet production twist-3 :

1 _
q—97 o, NS (k) = fi (k)]
929/ [N — D k)] + (g )

| t'l.r

(L) (.. _ [dvTdyv —ix P, vt —ik-v Tiot <y L 77l +
fy 7 (x k) .—/ K e (P |W(v",v) 2[ w(0

- _ L _ ~ . .
ﬁ”wm:$/ﬁgﬁﬂ%f*WMMFM?HMWWWMWJmu

where quark TMDs are defined :

32
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Photo-production from pA collision
Differential cross section at Next-to-Eikonal + twist-3 accuracy

k'k/ . 1 2z(P -k 2pi2z (KK .
( e Hgik(P?k)) = 8p} z2%[Z* + 1] [ﬁ + Z(Pa )} = plzl):z ( 2 Hi.. l(P;k)) (still some work to be proved)

d . 1 22(P -k
T69q-qy X Qg - 22720 + 1] [—4 + (76)] [XG'(Q)(Xj k)] _ p2
d6P.S | ey ik p p awz
—d“g‘l’_”j"’ + —dﬁg-"_w-’rq’-" x ””i;" : |[2 T :2: al = i _4:2] (P - k)] [ﬂi;ﬁgz'H(K. k) — .i_,f{}'l'_)(x. k)
ﬂrij.S NFEik d”P.S NEik " p? P i\'f: x=0

asee  [2[222 4224+ 1]  222[22 4+ 2%|(P - k) | T o
T [ Pz P! o, Vel (k) — [P W) + (g 42 9)

x=0

33




Introduction

Results for SubEikonal studies in dijet production from pA collision

b2b, m=(
d ".l—;*u'l"_ll

d’k d?P dz

i b2b, m=0
g4 4;'_|r2

A2k 2P d=

b2b, m=(
dgi;—rmﬂ

d?k d?P dz

i b2b, m=0
[ I:T.g“r _H!'_rj Q{Jrl_{__

d2k d?P dz

34
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=
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=

2%}
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]

=

N ]
—
i

™~
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i

o =
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=
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=
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2%

qr —?r,l_lr 19
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Subeikonal approach to Saturation

fHfx=0k—q)+

q—+qgq f_ {K p— ” k — q] +

Quark TMD back-ground contribution

[T. Altinoluk, G. Beuf, E. Blanco, S. Mulani, arXiv:2412.08485]

Photon-jet production

¢ fH(x = []I.k—q]l] .
ffix=0k—q)+ ’Hw_}qr 1, Iir.‘+'_||[}: =
| f—-‘l' [X =0.k — q:l':| .

[ 34—
f ( )k — qJ+Hrj|r—n” s f +|[



Introduction

Subeikonal approach to Saturation Photon-jet production

Conclusion and perspectives

35

The gluon distribution contributes at NEik —_P2%
with a value of x fixed by the theory 2ZW2

Kinematics of the process factorise without twist expansion

The back-to-back expansion is needed to factorise the quark TMD

Semi-inclusive Cross section of a single Jet
SDIS at NEik, EEC and other EIC observables

NLO correction to a NElk medium.
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END.
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Introduction Subeikonal approach to Saturation Photon-jet production

Y
A
Colored path m
U = U= (o V) U1 (07, 0) |
UH_JT — U;DO(U-'_, O)U;'DOT(?J+, V) A
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Energie-Energie Correlation

Litteratures definition of the Energy-Energy Correlator

Orginal work presenting the EEC [C.L Basham, L.S Brown, S.D Ellis, S.T Love, Phys. Rev. Lett. 41, 1585 ]

-—--—-—E E,"Yd% d’o S f) EvEe ——25(Q, -Q)56(Q, -’ )}
dQdQY’  y=» =y ¢ E;T'd%ccocEy 'dPy ¥ bo=1 w? b
The energy correlation function [3] 1s defined by
dz I do
duosﬁ_“z dxAx’“‘%fu dx“xﬂdx,\dxl,dcosé" (5.1)

[J. C Collins D. E. Soper, Nuclear Physics B197 (1982) 446-476]
(in the series back-to-back Jets in QCD)

[J. C Collins D. E. Soper, Nuclear Physics B193 (1981) 381-443] (see p. 439)
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Framework of the study Theoretical set up for the CGC BK and BFKL equations

Proton as a fixed color source for a dipole as probe

p(x1)
Distances are Lorentz contrated — Time Lorentz dilated

Internal proton’s structure

f 1

X, e 0 0 Ty accessible to the measure
! —

rz_ =10 ¢e* 0 T

39



Framework of the stu

dy

Theoretical set up for the CGC

Old parton model and Bjorken scale

BK and BFKL equations
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Framework of the study Theoretical set up for the CGC BK and BFKL equations

Proton as a fixed color source for a dipole as probe

p(x1)
Distances are Lorentz contrated — Time Lorentz dilated

Internal proton’s structure

f 1

X, e 0 0 Ty accessible to the measure
! - .

rz_ =10 ¢e* 0 T

Unknow and different for each processes

- We average on all the < () >= JD[,O] If”[f”y [,0] O

possible configurations

41 e.g McLerran-Vanugopalan model - W is a gaussian distribution of p



Framework of the study Theoretical set up for the CGC BK and BFKL equations

Eikonal Scattering

In the soft approximation
k1 k2 kn

n I) 61 10 62 p ) En a,la,2 a.n
o A T e
O > > p (?g) p-kip- ko p -k,
far off shell on shell Phase factor i.e local

/

Can be resum in a Wilson line  U;(x ) = T, exp {@q /d$+ A= (x,0, :cl)t“]

P  Reprensent an infinitesimal short interaction into the proton as external color field
2
=% / I |0y (b i) | TV ) | Ba (8 i)
i€0

S-matrx known to measure transition probability between asymptotic states
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