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Shockwave approximation

High-energy limit: s = (p,, +p)r > |py|2, M,z, |p60|2.
nk', nfy are light-cone vectors: n} = n3 = 0.

pi > elp P, e'p.

"’%”'.'O_’O

@ Separation of gluon field into "fast gluons" and "slow gluons" with a cut-off
defined by an arbitrary rapidity parameter < 0:

AF(pg.pg-Pg) = AM(py > €pl.py. ) + by (pg™ < epl.pg.pg)
@ Boost from target rest frame to a frame where p}, ~ p; ~ /5
- A - > _ - -
by (x*,x7,X) = bH(x*,x7,X) = b~ (x", ¥)nf = 6(x")B(X)n}

: _ ,w _ NS
with A =e ~
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Wilson line

o) %)
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P

Resummation of interactions with external field b, (x*,x7,X) into a Wilson line :

+00

U(x1) = P exp [ig/ dz*b™ (z*,Z)]

—00

U = [ dlz e )
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Factorization in the shockwave approximation

Ipie

M= [ alpratpe,0nprpe (P (o0) || 1o (v707) - | G 2] P o)

The dipole operator defines as

1
Ul=1- URSULl
Y Tr( Z )

Zi Zj
c v

evolves according to the B-JIMWLK [Balitsky, Jalilian-Marian, lancu, McLerran,
Weigert, Leonidov, Kovner] hierarchy of equations.
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The process of interest

The process studied at NLO :

Y (py) + P(po) = hi(pp1) + ha(pr2) + X + P(p)) (X =X1+X2)

Rapidity gap between (hjhyX) and P’ (p(’)).
The photon could be real (photo-production) or virtual (electro-production).

hy hy
X1 X1
A % ) hy
Xy Xy
rapidity gap rapidity gap
(Pl | P") | | P")

V

Parametrization of the matrix element of the dipole operator:
(7 (20

Its Fourier transform is

T(Tr(UzTLUiLL)—NC)P(pO)> = 276 (pyy) F (z1)-
2

/ddzlei(zrp;)p (z1) =F(p1).
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Hybrid factorisation

Hybrid factorization:

. . . . . 2 —>2 —)2
@ Collinear factorization: Hard scale with A ocp <Py, ~ Py,
Constraint p* > pj} with j, the relative transverse momentum of the two

hadrons.
= Use of one hadron fragmentation function (FF) only to describe
hadronization.

@ The shockwave factorisation :
Partonic process at LO and NLO has been calculated in arXiv:1606.00419

[hep-ph].

@ Wealsoneed p2 ~ p2 < 02 to be in the saturation region.
ph] ph2 Ky g
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https://arxiv.org/pdf/1606.00419.pdf
https://arxiv.org/pdf/1606.00419.pdf

LO cross-section

=2
Sudakov decomposition for the momenta: p* = x; ptnt + s Z—nt + p’j.
i Yl 2xipy 2

Using collinearity (pg. Pq) = (xq/Xn,) (P}, - Pn,) and (pg. Pg) = (xq/xn,) (P}, Phy) :

hihy d d
doy g Z/l dxq/ ( ) (xq)
dxp, dxp,d?pp, dpp xg \Xn1] \xn2

hy ‘xh] hy xhz) dO-JI
D) |—|D | —| ——————————=—+h1 o h
? (Xq) a (xq drgdsgdfgalsy T "

J, I labels the photon polarization for respectively the complex conjugated amplitude and the
amplitude.
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NLO impact factor before fragmentation

Rapidity divergence x, — 0 in ®y,. Removed with ®9 ® Kp_jrmwirk
= (i)vz = Oy — Py Q@ Kp-_jrmwerLk is finite
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NLO cross-section in a nutshell and divergences

virtual contributions

N daygy

:(bWA —_— deary

real contributions

derary

dosry
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NLO cross-section in a nutshell and divergences

IR divergences to deal with:
e Collinear divergences pg & p, OF pg & Pg

o Soft divergences where x; — O and pg, = xou, ~x, — 0 where u, of order pr.

Regularization with dimensional regularization D = 2 + d = 4 + 2¢ and longitudinal
cut-off |xg| > a.

@ We prove the cancellation of divergences between the divergent part of dosyy,
counterterms from FF renormalization, and do ;.

@ The finite terms are extracted.

4= 421

doiyy dosyy counterterm
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NLO cross-section in a nutshell and divergences

NLO 1-loop
3 = .
= 4 CC
(a) : soft + collinear
+ o | o + Ana B S
(b) : soft + collinear (c) : collinear
=
+ el + +q &g
(d) : collinear (e) : collinear from counterterm
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Counterterm from renormalization and evolution equation

of FF: diagram (e)

dressed
X X 1 L)

DZI Th ZDZ] ﬂ,,up _% —+In #F 4B
2m | € ﬂ ﬁl

*q
)+qu (B1) DZ] (IBXILXI(I»#F)

hy [ *h
X |Pgq(B1)D 1( ,
q9 q qugl

with the usual DGLAP splitting functions

Puq(2) = Cr (i”) +35(1 )]
Ry
pgq(z)chM

prescription: / dﬂ(f(§;+ / d,BF(B) F(1) / d,B(—ﬁ

+
I'(1
é = (4(”):) ~ e +yE —1I1(47T)
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Counterterm cross-section for LLL

dxhldh;clzjggiddphu o« <2:>(z?3-Q1?NC 2. /x:,ldx" /x;zd ratata (%)d(%)dm ~ e
(52 (eS| o, o b ) ol ()
PR RIE W ARARTEMRTE
Bt (o s 2 3

+(/’l1 Lad I’lz).

F1.1 contains the non-perturbative part: matrix elements of the dipole operators on the target states

2
Xq Xg _
F (thl PhjLt bET Phyt P2J.)

FLL = /ddpu 3
Xg - -
(%th—Pz) +xqx50%
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NLO 1-loop

— —
- ~
= 4 CC
- {3
soft + collinear

i =
+ o | o + Ana B S

tun}

(b) : soft + collinear (c) : collinear
=

+ el + +q &g

= o

(d) : collinear (e) : collinear from counterterm
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Divergent diagrams in diagram (b), (c), (d)

(1) : soft + collinear (gg) (2) : soft
(3) : soft + collinear (gg) (4) : soft
(5) : collinear (gg) (6) : collinear (¢g)
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Important points for the calculation of collinear divergences

@ Change variables to have longitudinal momentum fraction expressed wrt to the
parent parton rather than the photon.
This is to be able to compare to the counterterm.

Example: To extract the collinear divergences from qg splitting, do:

x:] = ,81-qu Z4 ,’r; / X,
Xg = (1—ﬁ1)xq. %m,/

o To disentangle the transverse momentum of the spectator parton and be able to
integrate over it without touching the non-perturbative part
= Fourier transform of the matrix element of the dipole operator.
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Specific case : diagram (1)

qq—hihy
dospp

dxp, dp,d9 pp, ddth coll qg
_ 4'a/emQ dx ! dxg dxﬂ?' ’ ’
T 2n)*d-npN, Z - o/ 6(1 - x4 —xg - xg)

7 \d r\d d
X x’ Xn o [ Xn a d“pg.
X (—q) (q) Qq " (x,l #F) qu (x,Z»HF) = C S

e F 2n)d

xhl xhz q q
x’ X% Pal
q 8
/ddPZL F( Phyr+ 53— 25 Phyr — P21t 5 )
2

’ x’
d * q PgtL
d )24 F - r + —
/ 07y ( PhjLt ) o 5. PhyL — P21 ) )

o (dx§+4x¢'1(x;1+xg))x"72(l —x%)2

, 2 , 2 ; 2
XgG = - 2 Xg > = = Xg =
(xé?(l - xc’;)Q2 + (%th —Pz) ) (xé(l —x:j)Q + —x:2 Phy — P2 X, Pg — Xg —Xhll Dh,

+(h © hy)
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Results for diagram (1)

qg—hhy
dosyy,

d-"ludva‘"l’hu.‘"’]’hu. coll. qg div

4‘Y:mQ d Xg 4 ) X
2,,)4{4 DN.. Z ” d‘q o d‘u XqXg " T (1 —xg —xg)

izpy PhH+_\' PhyL— I’J,)
fd an mli 5
2, (x = =\"
xgx5Q% + (mphz - Pz)
=122y
-[d P2y f .ﬂJ_
2 \(l - —
XgxgQ +( Phy — P:')
dﬂl L+B7 [ X hy Xha
—L_ph phe (2
27r€ ‘Tl,/:rﬂu TEDR Bxg M) e i HE
-2 2 X
*a Z Xn Iy [ Xha
+ dpiCy ———| D | DI (=2,
./-lL Pi 1 -8 ((- ) (.\,, F) q (x,; 'uF)

xXq

~2C;In (I I )D"‘ ('ri.pp) Dl ("ﬂ.w)
X Xg Xg

Cancellation with counterterm. The second term is to be removed: double-counting with soft contribution.
The third term, from the introduction of the + prescription, will be removed with a term in the soft
contribution.

F(z11)

xg x4 o
(1\-]” 17!11¢+‘]\T1 Phy1 =Pz L)F‘(_‘u)

2

+(hy & ).
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Soft limit

P-4z
~p--asp-

Rescaling py = x,u to isolate the divergences in the form f d and putting x; — 0

in the rest of the integrand.
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Soft divergence

qq—hihy d d
dospy, 4aemQ? : : Xq Xg
] = S id N Z dxg dxg xgxg | — —
dxp, dp,dpp,1dpp,. soft div (2nm) Ne 4 X, Xny Xhy Xhy

o X [ Xh
x8(1-xq = x3)Q: Dy (—l,yp) D’ (J,IJF) FLL
Xq *q

Cr 1 Xh 5
@s Fj —4Ina+2Inxg +21In 1- —L]|-d4en®a
2n € Xq
Phy _ Phy ’
Xhy Xhy Xhy
~delnaln| —————[+2Inx;+2In(1 - —= ||+ (h] & hy)
u Xg

Cancellation with the residual divergence from the collinear term.
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Virtual corrections

+ h.c.

1-loop

Cancellation between virtual corrections and soft and with counterterm.

dodd-mh 4 2 1 1 xg \¢ [ x5 \¢
15L . - ‘Zi;%) Z/ dxq/ dxg xqxg (i) (i)
dxp, dp,d ppy1d?pp, ey (27) Ne G, *n, Xny ) \Xhy

n [ *n ho [ Xh
X 6(1 = x4 = xq) Q5 Dy’ (*I,MF) D (J’FF) FLL
Xq Xq

as 1 2
X —Cp— |-4€eln(a)In liw +4In(a)
2 é P Pn, \~
n _ Py
| - %)

+4eln’(a) -2 In(xgxg) +3] +(hy © hy)

Saturation at the EIC

di-hadron production
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Conclusions

@ Computation of the NLO cross-section to the semi-inclusive diffractive

production of a pair of hadrons with large pr, such that A, < pj.

e Saturation window: p? < Q32

@ Process can be either a photo-production or electro-production. The results are
applicable to ultra-peripheral collisions at the LHC (especially at the LHCb) or
the EIC.

@ Full cancellation of divergences has been observed between real corrections,
virtual ones, and counterterm from FF renormalization.

o Expressions of the detailed finite cross-sections will be found in the paper, in
general kinematics (Q2, 7).

@ The phenomenological application of the NLO computation will take time due to
the complexity of the analytical results.

Thank you for your attention!
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LO LL cross-section

qq—hyh;
dogry

d d
4aemQ? /' /1 (xd) (xq)

= dx, dxg XgXg —

dxp, dxp,dpp, 1 d¥ pp, (27T)4(d‘1)Nch: xn, 7 Jx 9797\ X, Xh,

2 hy [ YRy hy [ Xhy
X 6(1-x4 _xq)Qqul (Z)qu (Tq )'7’-LL+(h1 < hy),
where

2
Xq xq _
F(thl Phj1t thz Phy1 PZL)

FLL = / d“pay )
Xg - -

(%sz - pz) +xqxg0?

Another equivalent representation exists for the LO cross-section with, instead of #7 1., we use :

2
Xq xq
F (— (thll + ﬁpth - Pu))

FrL = /ddpu_ 3
X, - -
(ﬁph] —Pl) +x4x50?

The rest stays the same, apart from this change. This other representation is used when studying
divergences from the ¢ FF renormalization and the collinear gg divergence.
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Definition of the non-perturbative functions

@ Definition of the matrix element of the dipole operator

P(p0)) = 275 (piy) F (22)

T(Tr (ULLUT u) —NC)
2 7

(P (ri)

Its Fourier transform is
./ diz e PIF (zr) =F(pL).

@ Definition of the matrix element of the double dipole operator

(1 (v50d) T (007 ) - Ve Te (U5 U7 ))| P (o)

(P (n0)
=276 (poy ) F (z1,x1)

with the following Fourier transform

/ d¥z,d%% PO E (7 x 1) = F (gL pL)-

Saturation at the EIC
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The divergent partonic LL cross-section

4aem0?
(2 )4(d liN

f d? Pud P218(pgii+pgi +pe)F (

N a,Cr drg dipg,
dosprl g = ‘—

Q2 dydx (1 x), = x} = x)d" pyd? pg, — 2e (2m)d

Pl'u)

= 172
x f d"prrsdpri8(pars+pars + e )F (252)

(a‘,\-i, +4x) (x] + _\-g))
X

2 2 Py =~ -
(Qz T 1fx;j>) (Q“ + .r;(lq—.l"g}) (xgPz = Xgiq)
(?_xg - d(z +4x;_\"’i) (,\';ﬁg - Igﬁq) - (\;ﬁg - xgﬁq—,)
0%+ - 11 o) O+ ooy (xGP¢ = xePq)” (¥iPs = XePg

(ax2 + 4505 EhA )

+

(Q + ’(IqI )(Q A=A ’ll xg) )(‘qu gﬁé)z

xg)
(Ztg - dxé + 4,\';_1"%) (\;ﬁg —.’(gﬁ,_[) - (x;ﬁg —xgﬁ‘;)
Py 5 I - ~2( = -
(Q2 + 20 f",lja,) (Q“ + 7,,:?‘11‘;.) (x4 Pg = xgPq) (—‘};Pg —Xgpq)

The first and third terms are associated with collinear divergences. All of them contribute to the soft
divergence.

2
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Finite term from diagram (1)

gg—hihy
do 3L

dxp, dxp,dpp, 1 d? thJ_

coll. qg fin

d d
4a/emQ Xg
= d o(l— —
(27) G Z rh, o xg xgxg0(l —xq xq) Xh. s
1Zu le Phll“'ﬂxr Phyi— lu)
fd I’2Lf <.u
F(z21)
_[d P fﬂl 22,2 > L
Xg = -
xgx50% + (Xh’2 7,;2,)
1
asCr dpy Dt Xh, hy [ Xhy
x = [T D el
o {],;,,1 Q Bixy ur|Dg P HF

n c 1+4 +(1751)2+2(1+,8%)]n,81
( (1 =B+ (1=p1)

F(zy1)

2
2 X('] = _ =
quqQ (th pz)

—iz3. " 1717!1 J*W.le. P2 )

— 2
Z11—22 2
Lz L) u

2
C, X,
—21n(1—ﬁ)1n — __|ph (ﬂ,m-)u‘i" (ﬁ,w) +(h1 o ).
Xgq (ZILEZZL) w2 Xgq 4 \x

with ¢g = 2e™7E
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Finite dipole x double-dipole contribution with

fragmentation function gg

qg—hihs
do, 4][

dXhldXhzd phlJ_d pth_
@sQem (pO ) hy (X hy [*hy
T 2nfd-DN, 2y 2 2 ZQ drq [ dvg xqxgDg' g M bg g M

d4ps dip,

(2n)4

dxgd®pg.
X/—g i 6(1-xg—xg5— xg)/ddpu_ddpzld p“_ddpu
xg(2m)

X6(Pgis+Pg21 +Pg31)0(p1vvy + P22 i+ p3yi)(E1ag]p)

P12 = Py
[<D (P11 p2) @ (pu,pu,pgl)F( l)F*( zl,pél)é(pu)

Lopa ) (B2 5 ) |+ U o o)

+ @ (PIL,PZL,PBL)‘I)/; (P1risp21) F(

with D3 = Op; +(]>;21 and Dpr =Dy
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e finite double-dipole x double-dipole contribution

qg—hihs
do. 9541

dxp, dxp,d?py,d4pp,

a’saem(glag"/ ) (ry) n (xR
. 0 ZQq/dxq dxg xqxqDyg l( l"“F)qu (x__z’”F)
Xq q

= (27T)4(d_1)(N2 1) S2 %l %2 7

dxgd?pg. / d
X [ ————0(1—x4 —x5—x a? a4 ad d
/ xg(27r)d ( q q g) pi11a p21 P1J_ P2J_

X/ d¥ps. dipl
(21)*

P12 = Py
XOF(p1ys pzl,pu)@ﬁ (pu,pzl,pu)F( - u)F*( 2l,p§l)+(h1<—>h2)-

0(pg1L+PgaL +Pg3L)0(P11rL + P22y +P331)
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