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@ Diffractive dijet production in photon-nucleus interactions at high energy:
a golden channel to study saturation

o electron-nucleus DIS at the future EIC (LHeC ?)

e nucleus-nucleus UPCs at the LHC: this talk
@ Why diffraction 7

e since controlled by strong scattering in the black disk limit

e it lives at the hardest scale where scattering is still strong

o if saturation exists (Qs > A), this scale is Qs
@ Why jets (hard jets/hadrons with P > Q) ?

e easy to measure; a priori well described by collinear factorisation
@ Why should saturation be relevant for hard jets/hadrons ?

e to have strong scattering, the hard dijets must be accompanied by
semi-hard radiation (at least, one additional gluon with K| ~ Q)

@ such a 241 event can be computed in the CGC

@ Collinear (actually, TMD) factorisation emerges from the CGC
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Exclusive dijets in AA UPCs

@ Colour dipole picture: ¢qg dipole undergoing elastic scattering
@ Coherent process: target nucleus does not break: A} ~ 1/R4 ~ 30 GeV

@ Hard dijets: P; > Qs >> Ay, 91 ~ 0y ~ 1/2
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Yo
N1 =~ 12 : can have any sign
@ Pomeron rapidity gap: Y,; = In ——: phase-space for target evolution

@ Pseudo-rapidity gap: Angg =12 —1n4 =1In % +In I%V: measurable
Lqg
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Exclusive dijets is higher twist

e Elastic scattering: oo (P ) o |Ty7(r)|? with r ~ 1/P| < 1/Q;

@ Small dipole = weak scattering ( “colour transparency”)
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@ "Higher twist”: strongly suppressed at large P, > Qs

2
@ For comparison: inclusive dijet cross-section: oj,c1 (P ) o Q

i

@ Exclusive dijets are truly rare events: ignored in the collinear factorisation
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Collinear factorisation: leading twist

@ The qq dipole does not directly couple to the Pomeron
o it rather couples to a gluon component of the Pomeron

@ The final state also contains a set of “remnants” with overall gluon

quantum numbers and k; < P : semi-inclusive diffractive dijets
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4 @ DGLAP evolution for the remnants
Py (1— arp) Py
dofBaaxAB AN

= H P?) 2G4 (z,xp, P?) + (A< B
dnldn2d2PdYP w dw (n15n2a l)x IP(Q:?TP? L)+( A )

@ Energy flux x Hard factor x Gluon distribution of the Pomeron (diff PDF)
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Colour dipole picture: 2+1 jets

@ In collinear factorisation, zGp(x, zp, P?) is a “black box”
e for a proton target: determined via fits to HERA
o for a nuclear target: resort on models (Pomeron flux, shadowing ...)

@ For small 2p < 1072 and A = 200, one has Q,(A, Yp) > 1 GeV
= 2Gp(x,zp, P?) can be computed from first principles: CGC

@ Leading order: 2 hard (P, > @)5) and 1 semi-hard (K| ~ Q) jets
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t s
G 7 P = 1 1
P N
,z)m.r% Qs PL
”\DQ_Q\ 900 ) kg~ Q.~<YF)
o @ Effective gluon-gluon dipole
o ’43
54 v.—ml @ Strong scattering: Ty (R, Yp) ~ 1
S g e
Emgg @ Leading twist: ~ Q%/ij
Py € 9
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TMD factorisation for diffractive 241 jets

(E.l, A.H. Mueller, D.N. Triantafyllopoulos, Phys.Rev.Lett. 128 (2022) 20)
@ At high P, > @, collinear factorisation emerges from the dipole picture
o the gluon can alternatively be seen as a part of the Pomeron

2
e essential condition: the gluon is relatively soft {3 ~ % <1
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@ Actually: the “unintegrated” (TMD) version of collinear factorisation
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TMD factorisation for diffractive 241 jets

dogtp A aasd s o dzGp(w,zp, K2)
STo¥D) = Hr,p(V1,92,Q", PT) 3
d0,d0,d2P2K dYs K
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@ The hard factor: the same as for inclusive dijets (same physics)

1
Hy = Qomars (Z e?) 9195(92 + 93) pr when Q2 < P?
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The Pomeron UGD: a diffractive TMD

dep(x,xp,Ki) SL(NCQ — 1) [g(:(:,xp,Ki)]Q

2K 473 27r(1 — )
occupation number ®

@ Explicitly computed in terms of the gluon-gluon dipole amplitude T, (R, Yp)

€T

9=M2/ dRRJ2(K L R)Ko (MR)Tyy(R,Ye) with M = ——K?
0

— T

o the gluon dipole size R is limited by the virtuality: R < 1/ M

\QQ% } VAR 1
2 9 K K

@ Operatorial definition clarified by Hatta, Xiao, and Yuan (2205.08060)
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The Pomeron UGD (2)

@ Strong scattering: R 2 é but R < —VII(I”” = K? <(1-2)Q?

e Effective saturation momentum: Q2(z,Ve) = (1 — 2)Q%(Yp)
L, Klg Qe(x)
Oz, 8, K1) > (1-2) { A4
Q37(4w)7 KJ_>> QS(LU)
K1

Very fast decrease ~ 1/K at large gluon momenta K| > Qs(x)

o bulk of the distribution lies in the saturation domain at K| < Q,(x)

Contrast with the WW UGD (inclusive dijets): ®ww ~ Q2/K? at high K|
@ Suppression when 2 — 1: endpoint of the phase-space for gluon emission

@ Geometric scaling after dividing through 1 — x: a function of KL/@S(I’)
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Numerical results

(E.l., A.H. Mueller, D.N. Triantafyllopoulos, S.-Y. Wei, arXiv:2207.06268)
@ Occupation number ® multiplied by KL/QS and divided by 1 — x

@ Pronounced peak at K| ~ Q,: diffraction is controlled by saturation

(K1 /Qu(x, Yp)][®p/(1 — )]

MV, Q2 = 2 GeV? BK, AY; =3

0 0 05 1 15 2 25 30 05 1 15 2 25 3

K1/Qu(x) K1 /Qy(x,Yr)

@ BK evolution of T,,(R,Ys): evolution of ®p(x,xp, K ) in zp and K

e increasing Q?(Yg) & approximate geometric scaling
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The gluon diffractive PDF

@ By integrating the gluon momentum K : the usual collinear factorisation

dzGa (z, 2p, K2)

TK o (1 —2)2Q%A,Yp)

Py
xGlp(x,x]p,Pi)E/ d’K

@ ... but with an explicit result for the gluon diffractive PDF.
@ The integral is rapidly converging and effectively cut off at K| ~ Q,(x)

@ The (1 — z)? vanishing at the end point is a hallmark of saturation

— P =15 GeV
MV T MV —e- Pl =20 GeV ||
------ P. =30 GeV

0.8]..

06z
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The quantum evolution of the Pomeron

@ The unintegrated distrib. (the gluon diff TMD) undergoes BK/JIMWLK
o the evolution of the internal structure of the Pomeron (colour sources)
e this affects the dependencies upon xp and K |, but not upon x
@ The integrated distribution (the gluon diff PDF) obeys DGLAP
e the evolution of the partons emitted by the Pomeron
e this affects the dependencies upon x and P, , but not upon xp
A by

g .q 3“) \)9 ky
%
Ty ‘Q%QQ,Q,Q,Q,Q,Q,Q,Q,QL DGLAP
%

0

QQ/::QQ,O,Q;S,QO;L Q¥ @ additional DGLAP gluons

are

@ intermediate transverse momenta
BK/JIMWLK QS << k’J_ << PJ_

@ The solution to BK acts as a source in the DGLAP equation
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@ increase for very small x < 0.01, slight decrease for z > 0.05

@ when # — 1, the distribution vanishes even faster
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Back to AA UPCs (1)

AB—q4gAB
doy 1y dNp

o dzGp(z,zp, K?)
dnidn,d2Pd2KdYp — dw

d?K

H(n17n27pj2_) +(A<—>B)

0 LHC: /syn =2EN =5TeV, yet /5. v = VAwmax 'y >~ 650 GeV

A e——— N RV
w0 ({fo
i %y,

20,9 20908000 K) ~ Q.(A.¥)

—— Ra=Rp=6fm
107t 10° 10t 102
w (GeV)

e quasi-real photon: virtuality Q% = (w/7)? with v = Lorentz factor

e upper energy cutoff: b ~ é >2R) = w< ﬁ = Wmax ~ 40 GeV
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Back to AA UPCs (2)

AB—qdgAB
d0'2+1 dNB

—w dl'GP(xaxPaKJQ_)
d?’]l dnngszKdY[P N dw

H(T)lan%Pf) 22K

+ (A< B)

@ LHC: Very hard dijets P; > 15GeV = non-forward physics: x4 2 0.005

’ w=P; (e™ +e™)/2
TggEN = Pi(e™™ 4+ e7™)/2
P~ wmax = |me2l 1
) Tp = % is even larger

@ Not the ideal small zp set-up! Decreasing P, would greatly help!
@ K| ~Qs~1+2GeV: not really a jet! Could be measured as a hadron

© Hard dijet imbalance |k + k2| > K controlled by final-state radiation
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A high-energy event

@ Assume the photon to be a right mover: it has been emitted by nucleus B
@ Optimal conditions: highest w = 40 GeV, lowest P, = 15GeV, large = 0.5

rp=2x,,4x 1072 Yp=54, mao~1, Ane =27

—PL=15GeV
--- PL =20 GeV
0.8H PL =30 GeV
5 061 mvipcrap
j\: y=1
0.4}
0.2
0 ! -.fwj" ! !
A(target) B(photon) 0 1 2 3 4 5
An
2(1 - l‘) PL QPL
Anjet =Mz2 =73 =1H7+IDK— Z2In— ~2=3
1 s

@ The 3rd “jet” could have been seen as a hadron by CMS: |n3| < |Nmax| = 2.4
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A high-energy event

@ Assume the photon to be a right mover: it has been emitted by nucleus B
@ Optimal conditions: highest w = 40 GeV, lowest P, = 15GeV, large = 0.5

xp=2x45~0.02, Yp=4, m2>~03, Ane =34

x. — Py =15 GeV
--- PL =20 GeV
0.8H PL =30 GeV
5 061 mvipcrap
==
—l= y=1
0.4}
0.2
A * 7,
A/ 0 L et ! !
A(target) B(photon) 0 1 2 3 4 5
An
2(1 - 1‘) PL > QPL .
Anjet:nl,Q_n3:1n7+lnFNln ~ 2=3
L Qs

@ Yet, CMS measured P, = 30 GeV... so they missed it! (arXiv:2205.00045)
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A more inclusive observable

@ What is the cross-section to observe the 3rd jet in a hadronic tracker with
rapidity acceptance 7y (with any K ) ? (e.g. o = 2.4 at CMS)

e integrate the 3rd jet over K| up to P,
e any |n3] < mg = integrate over x > x

e assume 77; = 1 = y for simplicity

~BA A
Aoy :deB/ldwwAw [V S
dnidn.d2 P " dw v T p\L AP ) 0 1+2Qﬁey+770

@ “Reduced cross-section”: we removed the trivial hard factor H  1/P}.
@ Plot as a function of y for various values of P, and 7

@ As before, we assume the photon to be a right mover
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The cross-section for seeing the 3rd jet

~BA—~vA 1
doyyy in deB dz 2GE (2, w0, P?) " 1
dnidn.d?2P dw J, = T ’ 14+ &= eytmo
10 0 2P,
0.6 T T 3 - T
—— P =15 GeV MV+DGLAP — PL =15 GeV MV+DGLAP
--- Py =20 GeV --- Py =20 GeV .
,,,,,, P, — 30 GeV m =24 <ot Py =30 GV o = 3.5
20.4 [ 2 2
m I
s LB
gz 02y e
LA RTTN o =z TR e
03 -1 0 1 2 03 -1 1 2
m=m=Y h=mn=Y

@ Suppression at large positive y due to the energy cutoff in the photon flux

@ Suppression at large negative y and also at large P, because

e 1 increases when y decreases and/or P, increases

o 2G#(x,wp, P?) vanishes like (1 — z)? when 2 — 1
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The cross-section for seeing the 3rd jet

~BA—~A
doy i _ dNp Vdz A p2 B 1
1 . 12D =W - p(ﬂ?,l‘p, J_)v 0= 7770, o
dmdned? P dw J, =« 1+ s eytno
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@ Slight bias in favour of positive y (dijets in the direction of the photon)
@ ... which however decreases when increasing P, and/or 7

@ By observing the hard dijets alone, one cannot decide the photon direction
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Why is the 3rd jet so useful

Experimentally observing the semi-hard, 3rd jet would be highly beneficial

Distinguish the nucleus which emitted the photon from the target nucleus

e the third jet propagates opposite to the photon

e one could deduce the photon energy w, hence the value of 244
@ Confirm the physical picture expected in pQCD/CGC

e a semi-hard transverse momentum K| ~ Qg ~ 1 +2GeV

o a large pseudo-rapidity separation Anje; 2 2 <+ 3 from the hard dijets

... hence the phenomenon of gluon saturation

It would allow one to deduce the Pomeron gap: V3 = In - —1In 1
aq

@ ... hence the importance of high energy evolution
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Can one measure jets with lower P, ?

10 w =40 GeV
o Ev=25Tv
e Ky =2GeV w=P e
] =05
» e 1 ZL‘quN = PJ_ e Y
g 4r
e 1 1
g 2 ] Yp=In— —1In—
= \ Taq -
ofe. 1
T —y=Ihw/P
of T - 2(1 — x) P
P | My yom=Ih——— g
1 ‘ ‘ ‘ ‘ ] Ay +
5 10 15 20 25 30

P, (GeV)

@ Reducing P, increases the chances to detect the 3rd jet & improves the
case for saturation

e increases 7)1 2 = y, decreases An =y — 13, increases Yp

@ For P, <10GeV, the 3rd jet would propagate at nearly central rapidities !
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