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Introduction

Color glass condensate (CGC) describes physics of order Q) in nuclei at high energy.
[See e.g. lancu, Venugopalan (2003); Gelis, lancu, Jalilian-Marian, Venugopalan (2010)]

Experimental processes also involve hard scales:
o E.g. Q2 in DIS and transverse momentum P, (back-to-back jets).

Do CGC predictions capture physics of hard scales as well?
o Often captured by collinear and TMD factorization.

o TMD factorization seen in inclusive eA, pA processes, even at NLO.
[Dominguez, Marquet, Xiao, Yuan (2011); Taels, Altinoluk, Beuf, Marquet (2022); Caucal, Salazar,
Schenke, Stebel, Venugopalan (2023)]

@ We want to consider diffractive DIS.

o More sensitive to saturation.
o Simpler setup to study CGC and factorization.
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Introduction

o Typical approach: assume collinear factorization, fit diffractive PDF with data.
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@ Our work: only use diagrams in CGC framework and dipole picture.
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Exclusive dijet (2+1) jets, soft gluon (24+1) jets, soft quark
See e.g. [Golec-Biernat, [lancu, Mueller, NEW

Wousthoff (1999)] Triantafyllopoulos, Wei (2022)]

@ Two observables: diffractive SIDIS and diffractive dijet production.
o NEW Establish TMD factorization, e.g. for SIDIS,

dU%A*)XA _ 47T20¢em ® dﬂqD(ﬂ,$P,Q2)
dm%ﬁK Q2 2K

o NEW Universality of diffractive TMDs across different processes.

See also [Hatta, Xiao, Yuan (2022)]

o NEW Show emergence of DGLAP at TMD level for target.
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Setup of calculation

o Diffractive DIS using CGC formalism.
[For recent NLO work see e.g. Boussarie, Grabovsky, Szymanowski, Wallon
(2016); Beuf, Hanninen, Lappi, Mulian, Mantysaari (2022); Fucilla,
Grabovsky, Li, Szymanowski, Wallon (2023); Beuf, Lappi, Mantysaari,
Paatelainen, Penttala (2024)]

@ Look at coherent events: target emerges unbroken.

e Small transverse momentum exchange.
o Colorless exchange (pomeron).

o Elastic scattering: Cross section goes like 72
(sensitive to strong scattering and saturation).
e E.g. in MV model
R2Q% 4
T(R)=1—exp|——73%1In 5
[McLerran, Venugopalan (1994)]
o Characterize rapidity gap with 8 = Q*/(Q* + M%) ~

e 8 = xpj/xp where zp; = q~ /Py and zp = pp /Py
o Fraction of longitudinal momentum carried from pomeron to photon.
° ln% =In %B_ —In ﬁ can be interpreted as the complementary rapidity gap.
)
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Diffractive SIDIS: exclusive dijets
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Wavefunction in dipole picture is (61 = k3 /qt, 62 = k3 /qT)

e s T e 9 @K
A1, — OXgg Y 3 -2
2 (27 k2 4+Q

Typical momentum is k2, ~ @2 = 0:10:Q°.

o Add interaction with target in CGC picture: T(R) = <1 - Nictr [V(X)V*(y)]>,

@ For strong scattering need R = |x —y| ~ 1/k11 ~ 1/Qs:
° ki ~ Q2 implies 6102 < 1: very asymmetric jets (aligned jets).
° do

d . . . . .
T PR I %GGPK' go from projectile perspective (61) to target perspective (8).
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Diffractive SIDIS: exclusive dijets

o At leading twist (Q? large) get

do _ 47T2Oéemze?“ qu]}’(mvxIPvKi)

1 P 2 2

dIn £ d?’K Q d’K o=B
o We see TMD factorization.
o Here
dxgp (z, zp, K2) p 2N, 1 for K| < Qs
~S1L

24
2K (271_)437 % for K| > Qs
1

o TMD heavily suppressed at K| > Qs because of small dipole (color transparency),
o~ T2
@ Numerics: MV model with BK evolution (coll. improved + running coupling).
Q2 =(1-2)Q3)

10

— = 0 — = 1

QF =088 GeV? BK, A¥e =3 e =03
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Diffractive SIDIS: exclusive dijets

TCO000G0000

@ Do calculation from point of view of projectile (61) but interpret from point of view
of target (3).
o Diffractive TMD measures quark taken from pomeron.

@ The quark is absorbed by the photon to give the quark we measure (hard process).
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Hard dijets: (2+1) jets

@ How to produce diffractive hard dijets (P > Qs)?

o Exclusive dijets (formally LO): suppressed as 1/P?.
o (2+1) jets (formally NLO): goes like 1/P?}
o Suppressed by as but dominates at large P -

@ Need a quark with K| ~ Q5.
o Effectively a ¢g dipole which interacts strongly with the target.

I g,k v b g,k y ok M
0
20000 2 b 0000 = M 0000pk00000. 2
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0 0
¢,Q
z R
Y1,k1 U duk

@ Have two momentum scales: K| ~ Qs and P, > Qs of measured quark.
@ Equally important as a soft gluon and a gg dipole.

[lancu, Mueller, Triantafyllopoulos (2021); lancu, Mueller, Triantafyllopoulos, Wei (2022)]
Vg ky > —P Va,ky > —P
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o Energy denominators give K* ~ M? = 61 (P?/6205 + Q*) so 61 ~ K*/Q* < 1.

Calculate do

d01d02d03d2 Kd2 P

Hard dijets: (2+1) jets

for P> Qs, K ~ Qs.

@ Suggests that quark can be seen as part of target.

Need to change variables from 6; to z:

e x is momentum fraction carried by quark from pomeron.

TTP = Tgg

02, k2
RNV VA ey v
A2 Q000DRQO0Q0, 2
Q% 1-dyb D ks
—
—
1, k1
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Hard dijets: (2+1) jets

Zp

@ With the new variable z, we see TMD factorization for (2+1) jets.

do 471'2&6»,,1263: o ~o.drgp(z,zp, K1)
— 05 05. P hatad 1 St Rttt StV
dO2d0sd2Pd>KdIn(1/z) Q2 Hr (02,05, PL, Q) 2K
where
32 2 3242 274 2 p4
HT(92793,P3Q—2):5(92+93*1)QSCFQ [(PL + @) 16,9 +03PJ']; Q* = 0:6;Q°

"2 P2 (PE + Q)0
@ Same quark TMD as we saw in SIDIS: Universality
@ Similar TMD factorization seen for soft gluon process: gluon TMD
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Hard dijets: (2+1) jets

Oy ey~ — P

@ With the new variable =, we see TMD factorization for (2+1) jets.

do 47’[’2055777, Ze? 5 =9 quP(:E zp KJQ_)
= 02,03, P ot 0 ok Rl Rale W
df2df3d>Pd2KdIn(1/x) gz (02,05 P, Q%) K
where
A2 2 ~9\2 2 ~4 24
HT(QQ,Gg,Pi,Qz):6(02+93_1)DLSCFQ [(PI + Q)" +65Q +03Pﬂ; O — 620207

2 P2 (PE + Q)
@ Same quark TMD as we saw in SIDIS: Universality
@ Similar TMD factorization seen for soft gluon process: gluon TMD
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Diffractive SIDIS: (241) jets
@ How do (2+41) jets contribute to diffractive SIDIS?

92, ks
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7.Q° 1-9b Do, kg
— ?

@x
91,k

o Will see that (2+1) jets give DGLAP evolution of target TMD!
@ Change from 62,65 to the diffractive variable 3.

d d oh d
% _ /d62d03/—wﬁ5 L /dQK 7
dIn(1/8)d2P z 02 + P2 d62d05d>Pd?Kd In(1/x)

2 2
@ Dominant contribution comes from 62 ~ 1 > 63 ~ % >0, ~ g%

o Can move both gluon and quark to the target.
@ Also ko ~ —k3z ~ P and k; ~ K with K < P.
o Kinematics of DGLAP evolution.
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Diffractive SIDIS: (241) jets

@ Recall exclusive dijet contribution to SIDIS:

U,k
v

xX
By, k1

@ Will see that (2+1) jets give DGLAP evolution of target TMD!
o Change from 62,63 to the diffractive variable 3.

do dx Q2 2 do
— = = df2d6 — B0 - = d°K
dn(1/B)d>P / 2 3/ o’ (ﬁ Yoy Pj) / d02d63Pd?Kd In(1/x)

2 2
@ Dominant contribution comes from 02 ~ 1 > 03 ~ % > 01 ~ %
o Can move both gluon and quark to the target.

@ Also ko ~ —ks ~ P and k; =~ K with K < P.
o Kinematics of DGLAP evolution.
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Diffractive SIDIS: (241) jets
@ How do (2+41) jets contribute to diffractive SIDIS?
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o Will see that (2+1) jets give DGLAP evolution of target TMD!
@ Change from 62,65 to the diffractive variable 3.

d d oh d
% _ /d62d03/—wﬁ5 L /dQK 7
dIn(1/8)d2P z 02 + P2 d62d05d>Pd?Kd In(1/x)

2 2
@ Dominant contribution comes from 62 ~ 1 > 63 ~ % >0, ~ g%

o Can move both gluon and quark to the target.
@ Also ko ~ —k3z ~ P and k; ~ K with K < P.
o Kinematics of DGLAP evolution.
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Diffractive SIDIS: (2+1) jets

o Very different diagrams

g, ks Vo, ka
[V VAV <y 4 b y
4 00000000000, 2 100000 2
¢hQ* 1-9yb U3, k3 1/8‘ 3, ks
"Q
| s xr
1,k 1,k

@ In the end get a strikingly simple answer.

do _ ZJLTrZOzemz:e?r s
dIn(1/8)d?P Q2 212
1 1 dep B8
ﬁ /zmin ?;qu (;) zqp (z, zp, (1 — ac)PJz_)

o DGLAP evolution for TMD of target.
o From target point of view: Gluon emission before photon
absorption.

o Pyu(2) = Cr(1+2%)/(1 — z) is the usual splitting function.

@ Also less important contribution from final-state gluon
emission.
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Diffractive SIDIS: (241) jets

@ SIDIS cross section is of the form

do _ 47r2aem Z e?c 2dax‘ﬁt?otal(m’ zp, PJQ_)
dIn(1/B)d?P Q2 d?P

Exclusive dijet (2+41) jet, soft quark  (2+1) jet, soft gluon
e TMD from exclusive dijet goes like 1/P}
o TMD from (2+1) jet goes like 1/P?.

o Vanishes faster as 8 — 1.

o Soft gluon contribution also described by DGLAP evolution of target.
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Diffractive SIDIS: (2+1) jets

@ SIDIS cross section is of the form

do _ A2 e > e?c ) da?q]tPOtal(x, zp, PJQ_)
dIn(1/8)d?P Q2 2P 5
r=
103 2510
Pl eyt | el —adla) B — [5)qy +qqlg)

- exclive g7

e g)aw +qqlg) +aq

DGLAP

- - - exchsive g

s [q)qg +odlg) + 99

QF = 8) GeVE

P =16 Gev?
QF = 80 Gev?

dagefd* P

e TMD from exclusive dijet goes like 1/P}

o TMD from (2+1) jet goes like 1/P?.
o Vanishes faster as g — 1.

o Soft gluon contribution also described by DGLAP evolution of target.
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Diffractive structure function

— Integrate out P to get diffractive structure function Fy.

do do .
din(1/B)d?P din(1/B)
o Evaluate for two cases:

o Large nucleus: Q2 =2GeV?
o “proton”: Q2 = 0.8 GeV?

o DGLAP evolution starts at uZ = 2Q2, see back-up.
@ See clear differences (different starting point for DGLAP).

— Leadting twist
=== Longitudinal sestor
e S

— Leadding tuist
=== Longitudinal ssctor

— Leading twist
=== Longitudinal sectar
- veeee S

—— Leading twist
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Exe
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Conclusions

Single framework for calculations (CGC and dipole picture).

@ Show TMD factorization for diffractive hard dijet
production.
o (2+41) jet process.

Show TMD factorization for diffractive SIDIS.

o Exclusive dijets: quark TMD.
e (2+1) jets: DGLAP evolution of target TMD.

Get explicit expression for diffractive PDFs, TMDs valid for
large nuclei at high energy.
o Universality of TMDs, PDFs.

o Further developments:
o Diffractive SIDIS: TMD factorization at NLO?
o Inclusive SIDIS: DGLAP evolution?
o Sudakov effect, CSS evolution of TMDs.
[See also Marquet, Xiao, Yuan (2009)]
o Phenomenology.
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Final-state emission

Our (2+1) jet diagrams give two contributions:
o Asymmetric jets: 02 — 1, (x — 8)/8 ~ 1, DGLAP evolution of target.
o Symmetric jets: 02,03 ~1/2, x — .

Interpret as final-state emission of a gluon from measured antiquark.

Only comes from diagrams where antiquark emits gluon.

@ Symmetric jet contribution is smaller.

SIDIS cross section

0.1 0.2 03 04 05
4[5 PR
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One step in DGLAP evolution for SIDIS

@ We derive exactly that

do B 4 0em Y €7 5 dxqp(x, xp, P1)

d*PdIn(1/p) @? d*P 2=p

where
d.’L’q]P(ZC,.'.E]P,PJQ_) _ dxq]élo(x7x]P7PJ2_)
d?P o d?P

as 1 1 x x T x
+ o2 ?i/z dz I:qu(z);q]ll)‘o (;’x]P7PE) + qu(z);GéO (;’xP7PE)]

min

@ Contribution from virtual diagrams suppressed (goes like 1/P}).

2
o Lower limit zwmin = 6+ 4[3% from kinematics.
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Full DGLAP evolution

@ Our derivation suggests that

do - 4% 0em Y €5 2dacq]p(m7 zp, P?)

d>Pdn(1/B) Q2 P 2=

where
dzqe(z,zp, PY) _ dogs®(z,zp, P1)
d?P a d?P

as 1 ! T x 2 T T 2
+ 27T2P7i/9¢ dz [qu(Z);l]]P (;,.TIP,PJ_) +P(I¢J(Z);G]P (;71‘]P7PJ_)]

@ Unlike usual DGLAP have a source term.

@ To derive more rigourously would need virtual diagrams as well.

12 — alp [x, P} = 16 GeV?)
=== In; x agelr, B = 16 GeV*)
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Full DGLAP evolution

@ Two schemes for DGLAP evolution:
o Similar results.

DOLAP
Appoach T

DGLAP
Approach [T
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Longitudinal sector

o Contribution to SIDIS:
o Goes like do/dIn(1/8)/d?>K ~ 1/Q*, not leading twist.
e Because photon vertex is ~ 0(1 — 0) so asymmetric jets suppressed.

o However, dominates over transverse sector when 3 — 1 because transverse sector
vanishes.

o P8, QF

2oF P NS o, OF

o Contribution to hard dijets:
o Comparable in size to transverse sector.
o Factorizes like transverse sector.

do _ 4772&677126? HL((92 05 P2 Qz)dqul)(xv Q?]p,Ki)
df2d03d?Pd?KdIn(1/xz) Q2 e d?K
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Results for diffractive PDFs

Without DGLAP:

= ] *y
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With DGLAP:
12 —— g [, P? = 14 gl Pl = 16G
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101}
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