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Introduction
[ ]

Goals and outline

This talk, in a nutshell:
Discuss particle production in the target fragmentation region in DIS at small x.

@ Emergence of new building block in TMD factorised cross-section at small x:
= extended (or generalized) fracture functions.

@ First calculation of NLO leading twist longitudinal structure function for SIDIS at small x.
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SIDIS in the TFR: fracture functions

@0000

Single inclusive particle production in DIS

@ Single-inclusive jet/hadron production in DIS

de*+A—ﬁ/h+X

dxp;dQ2d*P, dz

=05 x [Fuu. T + eFuu.i]

with P, measured in the Breit/dipole frame.

@ Longitudinally polarised virtual photon.

_ kP K kg K
@ Hadronic activity in the target hemisphere of the TP g ¢ ST Pq P
Breit frame in the limit
2 2
s> Q> Pt prs _ 4T 1— Yo
%0 xgj Q* y+ 2
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SIDIS in the TFR: fracture functions
(o] Jelele]

Fracture functions

@ The formalism to describe particle production in
the TFR is that of fracture functions ~
" conditional” PDF.

@ They "tell us about the structure function of a
given target hadron once it has fragmented into
another given final state hadron”.

_

My (x.&n Q%) &= 5=

@ Framework extended to account for the TMD of
the measured hadron:

MA,h(X,g; Qz) — M/i\,h(xvfha PL; Qz) for Pi < Q2
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SIDIS in the TFR: fracture functions
00e00

Factorization theorem with extended fracture functions in SIDIS

@ Extracted from HERA data with forward

Hadronic plane neutrons:

Leptonic plane

h(Pp)
\\*\\\\ y 0.12 . e
o : % 5M, (5. G5)
/ '@  hu(P) z/ 01 | 2r=0365
U
e® 0.08 | ;
0.06 E
do a? / 0.04
T Endb DL W{A(LV)F('(;J + E(y)Fuu.. + By)Fey*" cos oy, + E(y) Fi > cos 20y,
T AD(Y)FER sin gy, + S, [H(y)l-‘,"”""’ sin gy, + E(y)Foin 20 mm,] +ASL [C’(u)/'},r_ + /)(u)iv';;;j“'~mwp,i 0.02
+18 \[( () Emer =) 4 B(y) Fanle =) sin(on — ds) + E(y) Fp® % sin(¢n, + ¢s) 0 . . .
+ B(y)Fia sings + By) Fyn® =% sin(26y, — ds) + E(y) Fym %% sin(3¢), — og] 0.0001 0.001 0.01 0.1 1
+ AP\SX\[D(.’/) cos s + Cy) Fin'® =) cos(n — o) + D(y) Fion®* =) cos(26n — vs)] } /8
@ 18 structure functions 8 — ﬁ xp — € Q3 =1 GeV?
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SIDIS in the TFR: fracture functions
[e]e]e] Jo]

Operator definition of extended fracture functions
Connection with diffractive PDFs

@ Operator definition: extended FrF = diffractive PDF 7

M3 (%, €n, Pri) = / zggzw—’*”” D (A )y IPaX)(XP[1(0)|A)
X

(sauge links omitted)

@ For low [t| < 1/R32, if h= A'is the recoiled nucleon: FrF reduces to the diffractive PDFs,
with the more standard variables t = — ,ﬁ/gh and xp =1 —&.

@ Here, inclusive case: the target is typically broken apart (|t| > 1/R3) and the hadron
which is measured in the TFR comes from a parton freed by the collision which eventually
hadronizes.

@ In particular, no rapidity gap is requested in the process.
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SIDIS in the TFR: fracture functions
0000e

Two possible strategies

@ We want to compute /\/I/Z/,;g(x@h7 Pp1 ) in the limit x < 1.

@ Two strategies:
= start from the operator definition of extended FrF and compute at small x,

= compute directly SIDIS for general kinematics and isolate the LP component coming
from TFR hadronic activity.

@ We follow the second approach: first compute the leading power in xg; for general final
state kinematics, and then expand in powers of PE/Q2 and isolate the LP contribution.
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Fyy,1 at NLO and leading twist
@00000000

LO for SIDIS at small x

@ Color dipole picture + CGC effective field theory. (See talks by Edmond and Dionysis before.)

PJ_,Z

@ Building blocks are Wilson line operators, such as the dipole correlator
Dr(x,r.) = Ni (TVOOVI(r)])  V(xe) = Pel /T b0

@ At LO in as and up to O(x) corrections,
2

Q? @

(PL—qu)?2+Q P +Q?

LO 2 Nce? 2 !
Foui(x,Q°,PL) = ot /d q.Dr(x, qL)/ dz
0

with Q% = z(1 — 2) Q>
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Fyy,1 at NLO and leading twist
0O@0000000

Twist expansion for LO SIDIS

@ Now, let's consider the limit Q2 > P?.

@ Limit controlled by aligned jets, ie. 1 —z~ P?/Q* < lorz~ P?/Q? < 1:

2(P. —q.)? In ( P? ﬂ
P? —(PL—qu)* \(PL—qu)?

N, P2 by
FidL = W:QJQ_ e:?/dzquF(x, q.) [(lpqu) 11
1

@ Longitudinally polarised «*: power suppressed. = no leading twist contribution to Fyy 1
at LO at small x.

@ Similar result at moderate x: Fyy . (and Fr) vanishes at LO (Callan-Gross relation).
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Fyy,1 at NLO and leading twist
0O0@000000

NLO calculation of SIDIS at small x

@ Let's extend this analysis to NLO at small x.

@ We follow the same steps:

e start from inclusive dijet at NLO in the CGC.

e integrate out the unmeasured jets to get SIDIS at NLO in the CGC.

e extract the leading power in the P, /Q
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Fyy,1 at NLO and leading twist
0O00®00000

From inclusive dijet to SIDIS

@ Integrated out one of the two or three jets.

@ g <> g tagged jet contributions can be related by
C symmetry.
= 2%Re in the final formula.

@ Careful: in real corrections, tagged jet can be the
gluon one.

@ Similar calculation for single inclusive hadron
production in

P
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Fyy,1 at NLO and leading twist
0O000@0000

Isolating the leading power term (1/2)

@ A bit technical. Consider for instance the contribution from diagram R1 x R1*:

. ch 1—z d 2 _
o™ = / e P / dz/ Zg( - ) Q*Ko( @Xr) Ko( @X)
’ 8m XLX Y121 1—-z

Foo P z z N 1 —
zx ~ Tzx 1 g, & < Dxx/ — szDz - D ZDZX' 1
. <+z z){ { Y Y bt 2N(ZL yL)}’

© Xz =2z(1—2z—z)r} + zz,r5 + (1 — z — z5)z,r7, effective size of the qgg system.

12/19



Fyy,1 at NLO and leading twist
000008000

Isolating the leading power term (2/2)

@ Aligned jets = 1 —z~ P2 /Q?> < 1or z~ P2 /Q? < 1, yet no phase space for
1 — z < 1 because of longitudinal momentum conservation.

@ Q> P, = ry < ry. In this limit the color structure reduces to the LO one:
== CF <Dxx’ - ny - Dyx’ + 1>>< )

_ CF/ (equ.'rxy _ 1) (e—ifu;rx/y _ 1) DF(X, QJ_)-
q.L

@ In the end:

RIxR1* asCeN. ' ! 2 d2I3J- J J*
FUU,L = 25 0 dz A dzg z(1 — z) B. g Dr(x,qL) (27) HR1xr1+ HR1xR1* -
1,91

which can be computed analytically.
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Fyy,1 at NLO and leading twist
0O00000e00

Final leading twist result for Fyy . (x, Q% P))

@ Gathering the quark and gluon tagged jet contributions, we get

sC
Fib L, PL) =225 N7 @ xFi(x, PL) +—Ze xFg(x, PL).
i=q,q
with
N, P, -(PL—q.) ( P? )]
xFq(x, P / De(x, [1 In .
( l) 47T4 Bi,q1 F( qL) Pi - (PJ_ - ¢h)2 (PJ- - qJ—)2
and

xFglxPu) = szlﬂ_“ : /BL,qi Palxau) {In (1) /C:% a 2 _261;52 < g ((PL I;Jz_qL)2>
. _ 2 a2 PR
(1 2(%( gm_ qf)i)) ) ; (:_DtPLq_LL - <(mpiqu )} |
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Fyy,1 at NLO and leading twist
000000080

Particle production in the TFR at small x

@ TMD factorisation theorem for SIDIS at moderate x stipulates that Fyy,; = O(P? /Q?).

@ Implicit assumption of the theorem: the hadron is produced in the curent fragmentation
region (7* hemisphere).

@ Our calculation tells us that z ~ P2 /Q?.
= n=In(zQ/PL) ~In(PL/Q) < 0 in Breit frame.

@ Particle produced in the target fragmentation hemisphere: no contradiction!

target hemisphere  current hemisphere target hemisphere  current hemisphere
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Fyy,1 at NLO and leading twist
0O0000000e

Validation: F; at NLO at small x

@ Based on these results, one can easily extract the NLO correction to F; at leading twist:

NLO( Q2) asCF Z e Xq X, QZ + 726 Xg X, Q2)
i=q,q
with

2
xq(x, Q) = / P xFy(x, PL) ~ s In(Q2/N?) Pog © xg(x, Q°)

Q
xg(x, Q2) = xg(x, Q2)+/ d P xFg(x,P1) ~ xg(x, Q? )+ asIn(@Q //\2) e @ xg (X, Q? )

@ Agrees with the x — 0 limit of F; at one loop in collinear factorization.
. v consistency check!

Fu(x, @%) = ;—;x2/x = {2C > ezqi(2,Q°) +4 (Ze > (1-%) 2z QQ)]

i=q,q
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Fracture functions at small x
[ Je]

Extended quark fracture function at small x

@ So far, £ (or z) integrated out. To actually connect with FrF, let's work differentially in &:

doi tA=hEX pis  [asCr a
_— = " MY P —= Mé P
dxdQ2d?P de  ° 8 { om Mg & PL) 4 30 My g (& Pu) }
with the quark TMD FrF for x,& < 1 given by
N, X
M7 (x,&, P E—Ci/ D (x + &,
A,q( 5 J_) 84 (X + 5)2 by s F( 5 qJ_)

x {1 L HEPPR(PL—auP 2+ )P (P - qm}
[£(PL —qu)?+xP3]? [E(PL—qL)?+xP7]

@ Limit P, > Qs agrees with collinear calculation.

@ Similar result for the gluon FrF.
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Fracture functions at small x
oe

Numerical results in the MclLerran-Venugopalan model

@ Show the £-integrated FrF.

@ MV model to evaluate the dipole correlator.

@ P, dependence of the quark FrF identical to
that of the quark TMD at this order.

@ Both FrF have perturbative ~ 1/P? tail for
PL> Qs

@ Quark FF ~ N_./(87*) for P, < Qs.

@ Gluon FrF displays a 1/P? tail even for
PL < Qs

10° 4 T
CTT 1 T
10~ Tl

S0
103t T

y - quark, @2, =02 GeV2 Tl
~— —4 o Tmes

> 107%9 — quark, QE,A =1 GeV? B

=

5] - gl 2 =02 GeV?
Y 107 B Zzzz’ Zz' :012(5\0: MV model
y Ws,A > A =0.24 GeV, z = 0.01

Q, 1.00 pemmmsmmmam e oo

~

< 0.75F

o

'% 0.50F — quark T

= 0.25E — gluon |

0.1 0.2 0.5 1.0 2.0 5.0
PL [GGV]
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Conclusion
o

Summary and outlook

@ First NLO calculation of the TMD longitudinal structure function at small x and

P? <« Q2
@ Leading twist factorisation in terms of extended fracture functions.
@ CGC provide explicit expressions for these extended FrF in terms of Wilson line operators.
@ More detailed pheno for the EIC and application to NEC are on-going (see back-up slides).
@ Other interesting prospects: investigate TMD extended FrF in inclusive or diffractive
jet-+hadron production with one jet in the CFR and one hadron in the TFR.
@ On the more conceptual side: obtain the quantum evolution of these objects, in particular

BK/BFKL as x — 0, as well as the @2 dependence which should be given by DGLAP

Thank you for your attention! )
19/19



Back-up slides
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Back-up
(o] Jelele]

Connection with Nucleon Energy Correlators (NEC)

e NEC are used as probe of saturation in
DIS through the quark channel,

2 x,0) Z/dax({) p,) (9 0;)

= opis @ fi eec(x, 0)

@ NEC and FrF are related by a sum rule

1—x
fEEC X 9 Z/ d€€292 MA h(X f Pl) |PJ_ =£P~0hA

@ At NLO, the gluon contribution enters as well, and we
predict a dramatic change in the scaling at small angles
as compared to the quark case —

Detector plane

o( e '\9(’\ Z%‘y

/ 7*(a) N(P) %
e(l')

Leptonic plane

=3 x 1073, Q% = 25GeV?, /s = 105GV

b — protoN MV IcBK ' GOLD MV ieBK | ]
---- PROTON GBW GOLD GBW
[ ---- PROTON Coll. —— GOLD Coll.

PROTON PYTHIAS2 GOLD FULL CGC
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Back-up
00e00

Twist expansion of F;

@ Not completely obvious though: the LO calculation at small x matches the x — 0 limit of
F; at NLO in the collinear limit.

@ For this reason, F; as obtained by integrating Fyy,; has a leading twist contribution!

Fi(x, Q%) = /d2PJ_FUU,L(X» Q*P))
= $xg(x, Q%)+ 0(1/Q?)

with

2 <, Ne 5
xg(x, Q%) = d“q. 91 Dk(x,q1)
B

| 27

@ Leading twist contribution to F; at small x coming from symmetric jet configurations
(z~1/2).
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Back-up
00080

P, > Qs limit of quark extended FF

@ Let's consider the limit P, > Qs of MJ (x,§, PL):

N X q2 X2+§2
M3 P E—Ci/ D IL
A,q(Xaé-v J_) 84 (X+§)2 by L F(X+£aql_) PJ2_ (X—|—§)2
as 1 x(x®+&2)

= THFEW“XJF& P?)
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Back-up
0000e

NLO diagrams contributing at leading twist

PL7Z

@ The top left graph is LO and vanishes at leading power.

@ For gluon-tagged jet, include also gg exchange diagrams and interferences between gluon

emission before and after the shockwave. 1910
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