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A broader meaning of
universality
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Factorization ...it has a well-defined

underlying spacetime structure

Take a (hadronic) process... fixed by its kinematics

e

7 @ﬂ \‘\ In order to make predictions,

short-distance contributions AAST LIGHT CONS

have to be factorized from
long-distance contributions



Consider a particularly relevant spacetime configuration dominated by two opposite light-cone directions

Di-Jet production from e e~ annihilation Jet
Thrust distribution
Pair of hadrons produced back-to-back

AAST LIGHT CONS



Consider a particularly relevant spacetime configuration dominated by two opposite light-cone directions

 Di-Jet production from e™ e~ annihilation _ -
e Thrust distribution . S
* Pair of hadrons produced back-to-back =
. - —
NSWNIRE LIGHT fOV
* DIS near threshold OBSERMEE == S
. .. . N
. Semi-inclusive DIS at low g <pACE u N\ Sy,
AAST LIGHT CONS
_|_



Consider a particularly relevant spacetime configuration dominated by two opposite light-cone directions

 Di-Jet production from e* e~ annihilation 4
e Thrust distribution '
* Pair of hadrons produced back-to-back

w
=
—

S\N\WRE | IGHT COVY

e DIS near threshold
* Semi-inclusive DIS at low g

* Drell-Yan scattering at low g7 \+
e 2 — 2 scattering in the forward limit Projectile Target



Consider a particularly relevant spacetime configuration dominated by two opposite light-cone directions

: : . )
 Di-Jet production from e™ e~ annihilation A broader meaning of universality
« Thrust distribution Analogous Similar
* Pair of hadrons produced back-to-back spacetime <€ > factorization
°* ... structure properties
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e DIS near threshold
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* Drell-Yan scattering at low g
* 2 — 2 scattering in the forward limit




Consider a particularly relevant spacetime configuration dominated by two opposite light-cone directions
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https://arxiv.org/abs/2502.15033

Consider a particularly relevant spacetime configuration dominated by two opposite light-cone directions

 Di-Jet production from e* e~ annihilation
e Thrust distribution
» Pair of hadrons produced back-to-back

e DIS near threshold
e Semi-inclusive DIS at low gy

Drell-Yan scattering at low gy

Color octet gluon exchange in
the t-channel in the limits > |¢|

~

D1 p1+ 1

—+

1~ (00

> g —_— —

P2 pg—l

[2 — 2 scattering in the forward limit }

~

M;j ;i = Ci(0)el8s/OM+eWIc. (1) + Ry,

’ 77
C,SC.

Can we apply the same perspective to the Reggeon exchange?
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Factorization

Testing the

approximations: RAPIDITY

DIVERGENCES

The Wilson line.:s lie < J1. 4
exactly on the light-cone /
0

Tkt

Hard

Long-distance operators
are 1ll-defined when
considered singularly

C.-S-C_

This is a symptom that we are missing something: too
strong approximations?
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Off lightcone effects lim
n N Y1 —+00
\
Deviation from the light-cone Deviation from the i1dealistic world 1

How can we parametrize such deviation?

A simple (and realistic) choice is the introduction of tilts:

—

n=(1,0,07) = ny = (1, :|:€_291,(_)’T)j

7 =(0,1,07) = ny = (£e?2,1,07)

The light-cone limit corresponds to ¥1,2 — £0C

The choice of the sign of the tilts and the
orientation (future vs past) is crucial for
the validity of factorization

We can now track the effects of going off the light-
cone: do they impact leading-power (LP)
factorization?

Naively, one might say no. After all, tilts are
ultimately mass effects.

However, this conclusion is non-trivial and, most
importantly, not guaranteed a priori.
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Rapidity scale separation

-

All the operators are now H . C—I— (yl) . S'(yl7 yQ) . C_ (3/2)

defined off the light-cone:

Cz 3 + p.s.
Hard S

" Y 2 Y1

JAN

wnZwa

S Ys Y

There 1s a clear and transparent

separation in rapidity
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Universal K-P Decomposition

Each operator in off lightcone factorization:

OC..,y1,¥2) < exp{K(...,y1,¥2) + P(....¥1,y2) + 0(e™%%1,e%72)}

/ | |

Leading asymptotic behavior in the Sub-Leading asymptotic Light-cone suppressed
light-cone limit. behavior in the light-cone limit. terms in the light-cone limit.
If the tilts are removed, this is the If the tilts are removed, this term If the tilts are removed, this
leading rapidity divergent term. (might) introduce a sub-leading terms do not contribute.

rapidity divergence.
It 1s related to the Collins-Soper kernel
K typical of TMD observables.
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Universal K-P Decomposition

Each operator in off light-cone factorization:

0(...,y1,¥2) x exp{K(...,y1,y2) + P(...

Two sources of off light-cone effects:

1. The dependence on the tilts

2. The dependence on the P-terms

'yliyZ) T 0(3_2)’1; 82y2)}

o

4 Light-cone factorization theorem

~

Off light-cone effects cancel in both the factorized
operators and the cross section.
E.g. DIS at threshold

J

0

v

Three possible scenarios:

perators sensitive to off light-cone effects
Soft and collinear operators are defined off the light-cone, yet the

cross section remains independent of off light-cone effects.
1 \E g. TMD factorized cross sections.

~

J

Factorization sensitive to off light-cone effects

\e-l—e- annihiliation (BELLE); Reggeon exchange?

Tilts are intimately connected to kinematic variables and do not cancel.
E.g. single inclusive thrust and transverse momentum distribution of

~

J
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On the
light-cone

Universal behavior in the
light-cone limit
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Collins-Soper kernel

The TMD soft factor is: T 4
C 5// <€
y — O\ g N
| _ : > .\
\/2+ by ' P A These kind of
/ diagrams at the
/ - > -
no lowest order
I K D
\|
. T
\
\
117

Stup(@s, L br; y1 —y2) = exp{(j}— )’Z)K&ZS:M bT/Cl)J-I' P(as, 1 by /cqy) + O(B_Z(yl_yZ))}
pd N

Rapidity gap between Recoil of soft gluons
the two directions
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Collins-Soper kernel

Stup(@s, W br; y1 —y3) = exp{(yl — y,)K(as, 1 bT/Cl)]_l' P(as,pubr/cy) + O(B_Z(yl_yZ))}

as

d K(as, 1 br/cq)
d logu

= —yi(as) —— Klas,ubr/ey) = K(ay 1) ~ | V(@

ap 2P(@)

It is a function of the strong coupling evaluated at the scales:
* 1o oas(p) = ag
* ¢/br > as(ci/br) = ay
[And below ¢; /by = 1 GeV? } As long as ¢, /by is a scale large enough to allow pQCD, the
expression above can be safely evaluated, or further (consistently)
approximated by trading a;, with logarithms L, = log(u by /c;)

1 1 1
K(“Suu bT/Cl) — 91(C(SL19) + L_gz(aSLb) +L—zg3(0(SLb) +L_394(C(5Lb) + .-
b b b
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Collins-Soper kernel
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Collins-Soper kernel

| NSLL + ag freezing

Here we assumed the deep IR model:

e Q,=12GeV

* 450 MeV < m, < 650 MeV

|
|
1
'| — pQCD NSLLL
1
|
1 d (XS
| ——— = f(as) = _,30 z
Sap 0 d log p? =
\ |
\ |
\ |
1 — \\ :
S NS
B 1 1 1 1 I 1 1 1 1 I 1 : 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 |
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Q |GeV]

The freezing of alpha strong implies

the large by behavior:

K(as, brufcy) = Ky +

1
b? p2 K

K(CLS, bTM/Cl)

—— pQCD N?LL

0 NSLL + ag freezing
SVZES

LPC 22

SWZ

ETMC/PKU

e e Fe e

0.6 0.7 0.8



Gluon Regge trajectory

At NLO two graphs contribute: Rapidity divergence regularized
P pqu P1>+l P pqu p1:+l

Iq J'q 1+ q:z@?;l —q = M7 [(yl —¥2) Z—; we (12 /) + O(e‘z(yl‘y-z))]
P2 pa—q py—| P2 pg—;+q s — 1

The two gluons are soft, but the sum of their momenta 1s Glauber,

The structure 1s reminiscent of the NLO K-term of the TMD soft factor, in fact:

1 NLO CS-kernel in adjoint c?
[1] _ [1¢, 7 T < 1 o
wg (W?/1t]) = _EKG (u/V1t1) < representation under replacing: t

What can we say beyond NLO?
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Gluon Regge trajectory

There is a conjecture verified up to N3LO :

dwc(as»ﬂ2/|t|) 1 (8)( )
d logu “s

Suppose it holds true. /

Then we can define the RG-invariant
discrepancy operator:

ﬂn the perspective of off light-cone factorizatiom
this conjecture is totally natural.

The soft factor of 2 — 2 forward scattering
amplitude admits a KP-decomposition where the
K-term 1s the Regge trajectory:

KSZ—Q forward — exp{()’l — YZ)CUG + }/

1
AG(aS,,uZ/|t|) = wa(as»ﬂz/|t|) T+ EKG(“S;.UZ/“D

3

Exploiting the RG-invariance

— (ﬁ)z AE;Z] + (ﬁ) A[g’] 4+ ...« we set u = |t| and also

41 41T

as(|t]) = a,.
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Gluon Regge trajectory

The discrepancy operator A is the results of several delicate cancellations:

404 56
WP (W2 =1t) = N?| == — 203 | —Nns=—
G

1 404 56 e 1, -N (vl tributi
P NN _ 20 arge-N (planar contributions)

2°G W=0=N < 27 14(3) Ny 27 * Max trascendental degree at 2-loops
(rational terms cancel out)

Beyond* the NNLO the trend keeps going:

4 n Ney 2
[3] _ f f
A3 (g, |t]) = —N3 —27(125 — 304+ 44 (—N) )(3 +16 {,s + 80 (s
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Gluon Regge trajectory

After even subtler cancellations : From Phys.Rev.Lett. 128 (2022) 13, 13
Falcioni, Gardi,Maher,Milloy,Vernazza

wg](uz =t)

77 6664 3196 297029
3 27 s 81

40
(16(5 +_(2(3__( - (o + 1458

NZn (g( +3( +@( —171449)+ . (928 128()
F\g1>% 3" 9 > 2016 f\729 27 °3
76 1711
+"f< Hemg Gt 108)
—%KC[;B](,LLZ _ t) Eir,ozn;uPhys.Rev.Lett. 118 (2017) 2, 022004
3 (96 - 8_(2(3 ~ ZQ _ 6164 - 3196(2 . 297029)
3 27 31 1458

e (M2, 02, 680 171449\ 928 16
n{gr 2t 3% T 575 " 2016 729 2753

76 1711
T T 9% o
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Gluon Regge trajectory

Is there a simpler way to get the Regge trajectory?

1 The two operators start
2 _ 2 2 perators starts
W¢a (aS: H /ltl) - EI;G (aS; H /ltl) + A? (aS; H /ltl) { to be different at N2LL
Easier than Regge Can it be obtained in some
trajectory to compute in simpler theory? Hints from
full QCD (1 loop less) SYM N=4 in the planar limit?
16
Ly s —— N’LL + ag freezing
T — wy—lw
The IR behavior of the CS-kernel reflects onto the 12

IR behavior of the gluon Regge trajectory LOF

u =10 GeV
Qo = 1.2 GeV;m, = 500

welas, 1?/1t)

G)G(C(S“le/t) = Wqo — t w1 + .-

if alpha strong freezes.

lll]-l[)_2 1 L Illlj]-l()_l L 1 ) — IJ]J-(}0
t] [GeV?] 2o



Off the
light-cone

|s the Regge factorization really
broken beyond NLL?
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TMD P-term

The TMD soft factor is: T 4
C >// <
— OMm g \
. - ; C >\
\/Z+ by P f These kind of
. diagrams at the
/ - > -
no lowest order
/ K
\/
. T
\
\
117

Stup(@s, L br; y1 —y2) = exp{(yl — y,)K(as, 1 by /cy) +[P(“S: U bT/Cl)]+ O(B_Z(yl_yZ))}

These contributions are naively zero, but they are actually ill-defined on the light-cone.

This means that these effects are genuine off light-cone.
27



TMD P-term

The P-terms are present at the level of collinear and soft operators, but they cancel out in the cross section:

do _ —
~ H F™(y)S(y; — y2)FF™(y,)

VAR

~exp{—(y1 — yp)K — P/2} ~exp{—(—yp — y2)K — P/2}

~ expi(y1—y2)K + P}

This 1s indeed the property that allows to recast the collinear and soft operators into the usual square-root
definition of TMDs, completely without P-terms.

This is also the reason why light-cone rapidity regulators can be safely used in TMD physics.
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Forward scattering

e . . p1 pr+q p1+l

Analogous contributions in the forward 2 — 2 amplitudes are diagrams as > > >
q\ - q
Once again, these contributions are ill-defined on the light-cone (naively zero), R Tl .
but perfectly defined once the tilts are introduced D2 p2 — 1
- = =2
d°q n-ng-n-nq-n sz 2g_>log(qT/vT)
(2m)Pg-n+i0][q> +i0][2gtq~ — vz +i0] gz — vz
What 1s their effect at the level of soft radiation?
— _ S . KP-decomposition of the soft factor

5252 forward — expl(y1 — y2)wg + ) transparent in off light-cone factorization

The impact factors are expected to generate a genuine off light-cone term as well:

C; x exp{—T[ é /2 } But this time there is no guarantee that 73 = ¢ (as in TMD case)
29



Can we rescue factorization? ~ lim

n N Y1 —>+00

Suppose that indeed 7 = (. Then: ni
Starting from O (a?)

Mo = C; (t)elos(s/8) [1+w(O)]+Ax (1) C;(¢)

Can it generate the Regge factorization violating terms Rj;_;; ?

If this 1s the case, then the arise of Regge cuts is the manifestation of the breaking of light-cone
factorization, or, in other words, the manifestation of genuine off light-cone effects.
Perhaps, a consistent factorization still survives off the light-cone!

It will also be the first known situation where these P-terms produce a measurable effect.
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Conclusions

The study of the light-cone deviations in hadronic
processes induces a broad sense of universality, in
which the operators assume a characteristic KP-
decomposition

The K-term is related to the Collins-Soper kernel of
TMD physics. There is an intriguing relation
between it and the Regge trajectory of the gluon.

1
Ag(as, p?/1t]) = welas, u?/(t]) +§KG(“S;#2/|t|)

The P-term encodes genuine off light-cone effects.
Can 1t be responsible for the breaking of Regge
factorization?

?
Mijsij = C;(t)elo8/t) [1+w(t)]+ATc(t)Cj(t)

Towards applications to kT-factorization and
unification between CSS and BFKL
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