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Diffractive DIS
@00

Diffractive DIS

Rapidity gap events at HERA

Experiments at HERA : about 10% of scattering events reveal a rapidity gap

(a) (b)
DIS events DDIS events

Rapidity gap = Pomeron exchange

DIS : Deep Inelastic Scattering, DDIS : Diffractive DIS
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Diffractive DIS
o] lo}

Diffractive DIS

Theoretical approaches for DDIS using perturbative QCD

@ Collinear factorization approach
e 3 @ Moderate-x approach Q2 ~s
nQ(Y) o Relies on a QCD factorization theorem
o One needs to introduce a diffractive
distribution function

@ kr factorization approach for two
exchanged gluons
o low-x QCD approach : s> Q% > Nocp
@ The pomeron is described as a two-gluon
color singlet state

2
InN2co InQ

A recent analysis of diffractive dijet production in DIS at HERA seems to
favor k; factorization in the small diffractive mass regime
[ZEUS collaboration, 2015]
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Diffractive DIS
[ele] J

Diffractive DIS

Y=In1 SATURATION
Xg REGION 2
InQ’(v)
@ The pomeron exchange is described as

+ BEKL the action of a color singlet Wilson line

DGLAP operator on the target states
s

2
InN2co InQ

@ Shockwave (CGC) approach
o low-x QCD approach : s> Q% > Nocp

q—k+zpp

wpp-i — .
lor| singlet

p—arp

[Bartels, Wiisthoff]
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The shockwave formalism
@00

Kinematics

2
n
=p'm——n
pL=p m = 5=
m? _
p2=——m-+p, m
2p,
i _ s
p P2 5

(pr4 p2)’ =5> Qf > Nocp

Lightcone (Sudakov) vectors

1 1
n = \/;(1’0l7 1)7 n2 = \/;(1’OJJ _1)? (nl : n2) =1

Lightcone coordinates:
X = (xo,xl,xz,x3) - (x",x,%)

xt=x_=(x-m) x =xy=(x-m)
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The shockwave formalism
(o] JoJ

Rapidity separation

Let us split the gluonic field between "fast” and "slow” gluons
AP (KT kT K) = A (kT <e"pT kLK)
+  BE(kT| > e"pT kT, k)

iffraction with saturation Introduction to the shocl fe i Excited QCD, May



The shockwave formalism
ooe

Large longitudinal boost to the projectile frame
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The shockwave formalism
o0

QCD Lagrangian

Rewrite the QCD Lagrangian in terms of the
"fast” internal field and the "slow” external field

aqac 1 a e
£free - gf:abc[(Ag ° a)An]An - Zng:abc f:ade(An ‘ AZ)(AZ ‘ Aﬂ)

+ip[—igt* A2 + i —igt’ Bl — ghawe (b - 9)AD) - AL
—gfac[((Ay - 0)A7) - by, + (b - 9)A}) - b
+((A - 9)b)) - A5 + ((byy - 9)by) - AT

1 . . )
— 38" fancFaae[(A] - AD((B - A7) + (b7 - A7)

by - AT - A7) + (B - AY) + (55 - A7)
(5] - AT((AG - AS) + (B - A7) + (55 - A5)]

Gray terms cancel in lightcone gauge (m - A) =0
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The shockwave formalism
oe

Propagator through the external shockwave field

G (2, z0) =

Wilson lines :

+oo .
U = Ug = Pexp |:lg/ b, (',
—o00
+oo 5 +oo
Ui =1+ig [ byl A + el [ by (e,
— 00 — 00

/d4219(z2)6( )9(7 )G(22721) PG (21 — 20) Us

%)z}

Z:)b ](z 21)0(z+)dz+dz
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The shockwave formalism
L]

Factorized picture

Factorized amplitude

4= [P 5P g 0@, ) (P U) - NP

Z1

Dipole operator U = N%Tr(UQ Ugf) -1

Zj

Written similarly for any number of Wilson lines in any color representation!
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The shockwave formalism
{ Jele]e]

Evolution for the dipole operator

B-JIMWLK hierarchy of equations
[Balitsky, Jalilian-Marian, lancu, McLerran, Weigert, Leonidov, Kovner]

81/{1'72 ach Z1p 7 T T

D~ ol fam H - )
ousUz  _

on o

Evolves a dipole into a double dipole
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The shockwave formalism
(o] lele]

The BK equation

Mean field approximation, or 't Hooft planar limit N. — oo in Balitsky's

equation
w<m — wv<+

[Mueller]

= BK equation [Balitsky, 1995] [Kovchegov, 1999]

a(u’] > Qs NC Z 77 L 7 n
bhad — 8o [az 2o 04 + @) — @) + @) Q)

BFKL/BKP part Triple pomeron vertex

Non-linear term : saturation
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The shockwave formalism
0000

The JIMWLK Hamiltonian

Hamiltonian formulation of the hierarchy of equations

For an operator built from n Wilson lines, the JIMWLK evolution is given at
LO accuracy by

ARG R RS

ij=1

JIMWLK Hamiltonian

,'J: 2 2/d kZlk ij[7—IaLTaL+-I—laRTa U

Zk
lk kj

DT TR+ T TER)]

Known at NLO accuracy
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The shockwave formalism
(e]ele] ]

Known NLO impact factors

Very few NLO CGC impact factors are known
@ v* — ~* [Balitsky, Chirilli; Beuf]?
@ Single inclusive particle production [Chirilli, Xiao,
Yuan]
@ Exclusive diffractive electro- and photo-

production of a forward dijet [RB, Grabovsky,
Szymanowski, Wallon]

(P |P)

9 72*%- — Vi [RB, Grabovsky, lvanov,
Szymanowski, Wallon]

NLO diffraction with saturation

Introduction to the shockwave formalism
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First step: open parton production

Assumptions

@ Regge-Gribov limit : s> Q%> Agcp
@ Otherwise completely general kinematics
@ Shockwave (CGC) Wilson line approach

@ Transverse dimensional regularization d = 2 + 2¢, longitudinal cutoff

lpg| > apy
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First step: open parton production

LO diagram

P2
l Pq Color factor

(sik
20 \/—N_c [( )U ( U—Pz ) 5U6jk]

= VN (1, )
j2) T\/

5" _ A —i(py ez
A:W d®20[(pq, 20)]5(—ieq)2-e P [v(pq, 20)]wb(~2)

Impact factor
Aso o< 8(p} + pa = p}) [dBid 0B, + By — B, — B~ ) P, 7o)
x (P'|U*(pr, B2) | P)

U (pr, po) = [d'7d?% e PA(RR L Tr(Ug UST) - 1]
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First step: open parton production
[ ele}

NLO open gg production

Diagrams contributing to the NLO correction
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First step: open parton production
(o] lo}

First kind of virtual corrections

Color factor

U" (P, p2)

Impact factor

Al o 8(p5 + by = p3) [ AR Brd( + o = By — B — ) Sua (5. )

xCr (P'| 0" (1, 32) |P)
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First step: open parton production
ooe

Second kind of virtual corrections

Color factor
i
VN:
Crlh + %[Um +Usz — Uro + Uiz U] = Crlhiz + Wios

(£ Uit" U] ) (Us)™

Impact factor
AR, o 8(pt + ps — p?) / d’pid* pad’ BBy + Pa — By — Bi — P2 — P3)
x [PV (B, B2 ) Cr (P'| U (B, B2) | P)
+¢\/2(ﬁla 52753 ) <P/‘ W(ﬁlaﬁ2aﬁ3) ‘P>]
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First step: open parton production
[ ]

LO open ggg production

Pa

/\
. %

— Py Ps Pq

.A,(Qz) x 5([’;r + ps + P; - P;r) /ddﬁlddﬁzddﬁ35(ﬁq t Bat Pe— By — Pi— P — Ps)
(93 2 ) Cr (P (5 52) IP)
+¢R2(ﬁlv 52753 ) <Pl| W(ﬁl7ﬁ27ﬁa) ‘P>]

AL o 8(pf -+ po-+ bt — 1) [dpid?Bd(, + i+ B~ B, — B - )

xOry(pr, P2 ) Ce (P'| U (p1, p2) | P)
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First step: open parton production
@®0000000

Divergences

Divergences

o Rapidity divergence p; — 0 Pyadg + Pody,
@ UV divergence p; — +00 Py1Pg + PPy,
@ Soft divergence p; — 0 Gy 105 + Py, PriPRy
@ Collinear divergence p, o pg or pg Pr1Pr;
@ Soft and collinear divergence p, = %pq or %pg, pg —0 DPr1Pr;
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First step: open parton production
O@000000

Rapidity divergence

u P P

el

B-JIMWLK evolution of the LO term : ¢ ® Kgi
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First step: open parton production

[e]e] le]e]elele)

Rapidity divergence

B-JIMWLK equation

)(”13“32 +U + U — Z412)

(k2

Ul d?kid?kd k: ks o T
= 2asN, / + ko + k3

Ologa ¢ CH (27)2d —A

« [P (R~ 3) wzr(lf%rzg —p) . skh-p
h-prk-m?  T@-1) ar]t - m)

7 rapidity divide, which separates the upper and the lower impact factors

U o — Soll], + 2log ( ) Kk ®oWizs

Excited QCD, May 2017
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First step: open parton production
[ee]e] lelele]e]

Rapidity divergence

Virtual contribution

oo (3) - ()]

BK contribution

(Pl ) o OF {4'" (;27) [l i (i_f)} }

Sum : the a dependence cancels

/ XX 1 Py 6
et fon () [on (5] -

NLO diffraction with saturation

First step: open parton production
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First step: open parton production
00008000

Rapidity divergence

Cancellation of the remaining 1/¢ divergence
Convolution

@hLewW) = Q/ddﬁldd@dd%{‘“”(%){ ( )] }

X 0(Pq1 + Pa2 — P3) {%3 + Usp — Uho — U13U32} o (PL, P2)

Oxlc\

Rq :
@ ®o(pi, p2) only depends on one of the t-channel momenta.

@ The double-dipole operators cancels when 25 = Z} or 23 = 2.

This permits one to show that the convolution cancels the remaining %
divergence.

Then U ®o + Gy is finite
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First step: open parton production

[e]e]e]e]e] lele)

Divergences

@ Rapidity divergence

@ UV divergence p; — +00 Pr1®g + PPy
@ Soft divergence p; — 0 Oy P + PPy, PriPry
9 Collinear divergence pg; o< pg or pg Dpi Py
@ Soft and collinear divergence p, = %pq or %pg, ps — 0 Dp1 PRy

O diffraction with saturation

pen parton production

Excited QCD, May



First step: open parton production
00000080

UV divergence

Tadpole diagrams

Some null diagrams just contribute to turning UV divergences into IR

divergences
® / _d% (11
(k2 + i0)2 2€Ir 2eyv
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First step: open parton production
O000000e

Divergences

[

Rapidity divergence

@ UV divergence

@ Soft divergence p; — 0 Oy P + PPy, PriPry

9 Collinear divergence pg; o< pg or pg Dpi Py
‘ .

@ Soft and collinear divergence p, = %pq or ii_p;,, pg — 0 D1 Py
q q

O diffraction with saturation irst s pen parton production Excited QCD, May



Dijet production
@00000

Constructing a finite cross section
Exclusive diffractive production of a forward dijet

From partons to jets

NLO diffraction with saturation Dijet production Excited QCD, May 2017



Dijet production
[o] Jelele]e]

Soft and collinear divergence

Jet cone algorithm

We define a cone width for each pair of particles with momenta p; and px,
rapidity difference AYix and relative azimuthal angle Ay

(AYi) + (Bpi) = Ry
If R2 < R?, then the two particles together define a single jet of momentum
pi + Px-

parton; (yi, ;)

cone axis

partony (Y«, k)

Applying this in the small R? limit cancels our soft and collinear divergence.
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Dijet production
[e]e] lee]e]

Remaining divergence

9 Soft divergence p, — 0
Dy1Pg + Pody1, Pr1PRy
9 Collinear divergence pg; o< pg or pg

Dy1dg + Dby + PriPry
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Dijet production
000800

Remaining divergence

Soft real emission

(Dr1®h) g ox (P00F) /

outside the cones

2
Py P | dps d’pe

(Pa-pe)  (Pa-pe)| ps (2m)°

Collinear real emission

(¢R1¢;1)col oc (Po®g) (Ng + Ng)
Where A is the number of jets in the quark or the antiquark
IV / dpg dpy’ / d¥Gsd’ B T (By" Biee”) duv(ps)
F(2 = 9) Japt 2P82P Jinconer (27)? 192 2p%, (b + P — Pie)’

Those two contributions cancel exactly the virtual divergences
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Dijet production
0000e0

Cancellation of divergences

Total divergence

rai-— NZ—1 .
(do1)av = asﬁ (2—,\/(:) (Sv + Sy + Sk + Njet1 + Njerz)doo
Virtual contribution

2
. - 1
S, = [2|n (L?) ,3] In %
@ (x1P7 — Xjpj)

e
2ir | (XJXJT)HZ(XJX]) ™ 6
ITin — n — —_
a? a? 3
Real contribution

= —\4 2
X;Pj — XjP; 4E
Sk +Njett + Njez = 2{|n((2f;R4321)2>|n< >
X X REP;TP;

+

xx(py )
2 (29) (L LT A n? (59
o? € (xB) — xiP7)? 2
3 16.° ; X5 3 2n2
+ =In % “n (%) 1_‘ - - W+7
2 R4Pj2pj2 x; 5.2 6

+

NLO diffraction with saturation

Dijet production
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Dijet production
00000e

Cancellation of divergences

Total "divergence”

div. = Sy + Sy + Sk + Niet1 + Njero

- 4 l|n M <|n<47E2)+§)
2" Uagrne ) " Ugstory) 72

. X; P2 "
In(8) — %In <%) In (XJ_;JZ + BTW
¥ P

Our cross section is thus finite

+
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Vector meson production
00000

Constructing a finite amplitude

Exclusive diffractive production of a light neutral vector meson
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Vector meson production
[e] Iele]ele)

Additional factorization

Once the amplitude is factorized in terms of impact factors, we perform an
additional twist expansion in powers of a hard Bjdrken scale (photon virtuality,

Madelstam t..).
Then we can factorize, in terms of collinear factorization, the bilocal matrix

element
1 .
(V(P)B(22)7"$(0)[0}].2, o = pufi / dx &™) ()
0

¢||(x) = meson Distribution Amplitude (DA)

Excited QCD, May 2017
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Vector meson production
[e]e] Jelele)

Exclusive diffractive production of a light neutral vector meson

D - el
- ~COKD- ~CAD

f d'Bi dp
Ay = M Xm{)H (X)/ b1

Ne o (2m)? (2m)?
x  (2m)"* 8 (ph — p2) 8 (Bv — By — P — P2)
X @ (x, P, po) Ui
Leading twist for a longitudinally polarized meson

Otherwise general kinematics, including transverse virtual photon (twist 3)
contributions, and the photoproduction limit (for large t—channel momentum

transfer)

NLO diffraction with saturation Vector meson production

Excited QCD, May 2017
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Vector meson production
[e]e]e] lele)

ERBL evolution equation

Efremov, Radyushkin, Brodsky, Lepage evolution equation for a DA

Renormalization of the bilocal operator

P(212)7"9(0)
= Evolution equation for the distribution amplitude in the MS scheme
do(xpuE) asCeT(1—e) (pE\" [ )
dlnp2 T 21 (Am)e \ 2 /0 dzp(z, pr)K(x, 2),

K = ERBL kernel

Excited QCD, May 2017
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Vector meson production
[e]e]e]e] o)

ERBL evolution equation

Evolution equation for the distribution amplitude in the MS scheme

830()(’ ,U/%:) _ OCSCF r(l —6) p,_%_— 6/'1 >
Olnpz N 2r  (4m)e U2 o dzy(z, ue)K(x, z),

where we parameterize the ERBL kernel for consistency as

K(x, z)

5{1—&— 1 :|0(Z—X—()z)
z z—x
1

1:§ [HX_Z]e(x—z—a)

B —in (%)} 5(z - x).

It is equivalent to the usual ERBL kernel

+

+
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Vector meson production
[e]e]e]e]e] )

Infrared finiteness

The amplitude we obtain is finite. For example the dipole v — Vi
contribution reads

/Oxdz(x;z)cvg(x—z)

1+ <1 + H > In (+2)5 - (= 2P + (6 - )x +2)02)°
+

7 ()

. Z(x— )R+ )@
1 . 1 ,/x _ w2 3 (%P1 — xP2)? +x>_<Q2)2
+ 5430 (x) {2 In (;) +3 6 > In < X)_Wf:(\ﬂ
+ 2 X
+ ) [ e (@90 Iy + 00 I ]+ (x 0 %1 ).

No end point singularity, even for a transverse photon and even in the
photoproduction limit.

NLO diffraction with saturation Vector meson production Excited QCD, May 2017



Phenomenological applications
0000000

Practical use of such results for phenomenology

NLO diffraction with saturation Phenomenological applications in practice Excited QCD, May 2017 41



Phenomenological applications
[e] lelele]e]le]e]

Practical use of such results

@ Compute the upper impact factor
using the effective Feynman rules
(~ BFKL gluon exchange!)

@ Build non-perturbative models
for the matrix elements of the
Wilson line operators acting on T TTTTTTTTTd Tttt
the target states

AVAVaVAVAVAYA

ANAN
VVVVVVM AYA A N\

\VAVAVAVAVAVAV]

@ Solve the B-JIMWLK evolution
for these matrix elements with -~ __@o
such non-perturbative initial (8] T B
conditions at a typical target
rapidity n = Yo

@ Evaluate the solution at a typical A= /dzl...dz,, M CIREED)
projectile rapidity n =Y X (P'|Us ..Uz | P)
5. Us,

@ Convolute the solution and the
impact factor
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Phenomenological applications
[e]e] lele]ele]e]

Residual parameter dependence

Required parameters

@ Renormalization scale ur

@ Factorization scale i in the case of meson production (if assumed that
WF 7 HR)

@ Typical target rapidity Yo
@ Typical projectile rapidity Y

In the linear BFKL limit, the cross section only depends on Y — Yj, so one only
needs one arbirary parameter s, defined by

Y—Y0:|n<i>.
S0

Modifying any of these parameter results in a higher order (NNLO) contribution

NLO diffraction with saturation Phenomenological applications in practice Excited QCD, May 2017 4



Phenomenological applications
[e]e]e] le]elele]

General amplitude

@ Most general kinematics

& The hard scale can be Q?, t, 2
) Q
@ The target can be either a
proton or an ion, or another
impact factor.

@ Finite results for Q> =0 apidity gap

@ One can study ultraperipheral
collision by tagging the particle |
which emitted the photon, in the
limit @* — 0.

The general amplitude

NLO diffraction with saturation Phenomenological applications in practice Excited QCD, May 2017 44



Phenomenological applications
[ee]ele] lelele]

Phenomenological applications : exclusive dijet production at NLO accuracy

@ HERA data for exclusive dijet
production in diffractive DIS can
be fitted with our results

@ We can also give predictions for
the same process in a future
electron-ion or electron-proton
collider (EIC, LHeC...)

pidity gap

@ For Q% =0 we can give
predictions for ultraperipheral pp
and pA collisions at the LHC

Amplitude for diffractive dijet production

NLO diffraction with saturation Phenomenological applications in practice Excited QCD, May 2017 45



Phenomenological applications
[ee]e]ele] lele]

Phenomenological applications : exclusive trijet production at LO accuracy

@ HERA data for exclusive trijet

A
production in diffractive DIS can 5 >
be fitted with our results Q

@ We can also give predictions for
the same process in a future
electron-ion collider apidity gap

@ For Q% =0 we can give | |
predictions for ultraperipheral \/
collisions at the LHC

Amplitude for diffractive trijet production

[Ayala, Hentschinski, Jalilian-Marian, Tejeda-Yeomans]
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Phenomenological applications
[ee]e]ele]e] o]

Phenomenological applications

@ Most general kinematics
@ The hard scale can be Q* or t. Q@?

@ The target can be either a
proton or an ion, or another
impact factor.

o Finite results for Q> =0 rapidity gap
@ One can study ultraperipheral

collision by tagging the particle i

which emitted the photon, in the U

limit @* — 0.

Amplitude for diffractive V production

NLO diffraction with saturation Phenomenological applications in practice Excited QCD, May 2017 4



Phenomenological applications
O000000e

Conclusion

@ We provided the full computation of the impact factor for the exclusive
diffractive production of a forward dijet and of a light neutral vector
meson with NLO accuracy in the shockwave approach

@ |t leads to an enormous number of possible phenomenological applications
to test QCD in its Regge limit and towards saturation in past, present and
future ep, eA, pp and pA colliders

@ The linear limit of our result would provide interesting insight on the
linearized CGC/BFKL equivalence at NLO accuracy

NLO diffraction with saturation Phenomenological applications in practice Excited QCD, May 2017
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