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Introduction — =

i T

- Regge Limit (high energy limit): s > — ¢ P3 P2

- Collision instantaneous in time & z; interesting dynamics on the transverse plane

- Large logs of log —t in the Regge limit:
S

o At leading log, a Regge pole solution (simple pole in the complex angular momentum

olane) W~ W ie”G log =
. =1 .
o ‘exchange of a Reggeized gluon in the t channel”

°  wg(—t,€): gluon Regge trajectory

o At higher order, “Regge cut” contributes

- Want to understand all-order structure (logs) of Regge amplitudes
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. Regge Limit (high energy limit): A ~4/—t/s < 1 P

02+

- Large logs come from large rapidity gaps between
different modes on b

- ¢: offshell Glauber mode mediates forward scattering

- Glaubers are instantaneous in time & 7

- Goal: using Glauber SCET to understand Regge
amplitudes (beyond LL)



Motivation
for studying Regge Amplitudes

- Easier compared to the full QCD amplitudes (still hard/interesting
enough, much to be understood...)

- Theoretical Playground
- |Input to bootstrap QCD amplitudes

- Spin chain, integrability

- Extra symmetry: signature (s — — )

- Phenomenology relevance: diffraction (see Kyle's talk),

small-x physics, to improve uncertainty in NPLO PDF (see Adis talk)



Modern approaches for Regge limit

. Lipatov small-x effective action (Lipatov "95)

- Spin-chain hamiltonian (Lipatov 93, Fadeev, Korchemsky 94)

- Wilson Line Dynamics (Review : Caron-Huot 1309.6521)

« Glauber SCET (this talk)



G laner SCET (in a nutshell)

not in this talk

ZLSCET = Lyffrd + Zgn+3s+36|auber

|Rothstein, Stewart, 1601.04695]




Aside: a basic integral and 7’ regulator

|Rothstein, Stewart, 1601.04695]
All the Glaubers are located in the same ¢ & Z position

Glauber integrals are divergent; Need a regulator to separate Glaubers in z

n Ki+pr n
YT ’ T $ &
k!+fM§ op. A 4 zkl.. d?k;ﬂZkﬂ! ¥2kz) 38 (1"p2")? =1 i1 D(g) 1 1+ 0((Y
: : K2, (kpr + 8 )2(0 kKZ+ " +i0) 2!

—€9——<€—0—-
n ki - Py n "4 2, (1722

k2 (ko + )2

1P () =

One then takes " — 0 and restore the instantaneity of the Glaubers
(collapsing them to the same f & )

“Collapse rule”: graphs with obstruction of Glauber collapsing are zero
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n' # n for soft/collinear loops; one must take ” — O first [Moult et al, 2207.02859],



Leading log Reggeization: operator renormalization approach

In |Rothstein, Stewart, 1601.04695]
Collinear operators:
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Leading log Reggeization: operator renormalization approach
In |Rothstein, Stewart, 1601.04695]

Collinear operators:
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- Double-index soft operator (with time-order product mixing)
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Factorization of the Regge amplitudes

A simpler org ! niz! tion

lour paper 2401.00931]

—il =] -S-J = 2 JaoCrss s €) @i SL 1L s i3 s s 6 @) T2 (1 s )

nto jet & soft functions

K,K'=4q,8,88, ... projectiles, @ = a,...q;, p = ay...a;: adjoint color indices

.+ . : transverse 2d momentum convolution of 1 Glaubers

« 4d Glauber SCET = 2d dynamics on the transverse plane



Leading order jet & soft functions

- Tree level jet & soft functions

W
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. Integrating over +— momenta and taking " — 0 (Glauber collapsing)
= transverse integrals



Rapidity Renormalization for 1 Glauber

- Can be extracted either through colline ! r or soft loop calculation

- At one loop (“=" in the sense of rapidity divergent piece)
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Rapidity Renormalization
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Soft/collinear rapidity regulator (can be other regulators as well)
- Define Z,, Z¢ to absorb rapidity divergence of the jet & soft functions

J ) = 3w) - Z5(n,v), S(n) = Zgn,v) - Sw) - Zg(n,v)
Ji (j) 12 3eeel
——
SN
123 i
1 2 3eese
- RG consistency implies that Zg = ZJ_1
. Define anomalous dimension ! = - @d,Z;) - Z; ' = V(i.j)

—= —= 12

vo J(v)y=J@w)-!, v, Sv)=-!-Sv)-Sw)-!, vo J. =1 -3 .v)



Rapidity Renormalization

_l% Z‘I(l)(bﬂll’ lJ_)®l (l])(bﬂll,---abﬂil;fila” J_) ] K(])(Z’ﬂllaﬂ-af]{l)

= JK('?) - S(n) - I () = I (W) - SW) - Jv).

- Define Z,, Z¢ to absorb rapidity divergence of the jet & soft functions

‘JK(}?) — ‘JK(V) ’ ZJ(ﬂa I/) ’ S(ﬂ) — ZS(na V) ’ S(V) ) ZS(na I/) s
. RG consistency implies that Zg = Z ;™

- Define anomalous dimension 1 = — W0, 25) -2, = Vi
vo J (v)=J @) -, v, Sv)=-1!-Sv)-S)-!, yﬁyjK, =1 .J.(v)
. Resum rapidity logs with iteration of Y(ij)S : :
(each Vi J) gives a log) <
-
(2) ®2 Y2,3) X5 733,3) X5 Yg4 = I 13



No 1 — jtransition withj > 2

Intuition :
- Glauber regulator n”: separate the lower j Glaubers in the lightcone time

- The leftmost nis-Glauber vertex emitted particles with positive i-momenta ~ O(A)

= violate momentum conservation (since £~ ~ @(ﬂz))

M1 o
—_—
More intuition: ﬁ__)'_'?___)_:ﬁ
14
- Evaluating the Glauber loop dictates the forward condition -T

. The two momentum routings give 8(k™), 0(— k™) respectively

= contradiction

But ! full ! n! lysis is trickyE See our p ! per for det ! ils

Implic ! tion:

* Zay) = Yag = Sagp = L = Y6y =9 =0

14

* Y(L.1): all order definition for Regge trajectory




The Factorization picture for Regge amplitudes

- DonOt worryabout summing over # of Glaubers
- To any order of log, it's truncated

- e.g. NLL: need 2 Glauber exchange; NNLL: need 3 Glauber exchange
. DonOt worryabout transition y; » with i # j

- Finite of # of transitions can appear to any log order

- e.g. at NNLL, at most one needs

; 10
J([z)] X2 72,2 @2 - B27023) B3733) Q3 - B3 J% ’

710
J([g)] ®27022) @2 - Q2723 ®3733) R3733) B3 -+ ®3¥32) Q27022 X2 -+ &2 ngi
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Rapidity renormalization for NLL: y,, 5,

Both soft loop calculation
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Rapidity renormalization for NLL: y,, 5,

Both soft loop calculation

P1 pr+ 41 Pa P1 pL+ (1 Pa
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Rapidity renormalization for NLL: y,, 5,

OColor untt velingO

c: T -
C: Q“E;fy

and collinear loop calculation

e TFT =Tty F
T i
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i
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0 A A !4 oA Efq!lg oA rg !l % rg !l
A, A, A1 A2 A1 Az A1 A,

16



CO].OI prOj eCtiOnS RGE derived from the previous slide

A

e

0
VS 10 = = G PR R L k) @ Tk, v) + (@660 + 06 = a I L)

. t-channel gluon: 8@ 8 =108, H8. D27 D 10 10

i i i . 2 AA, B|B 2 :rAA,C : rB,B,C A/A, B|B
. Color projection onto irreps: G = RO i) = ZR:Csz}eZ By
C1=—2, C8A=C8S=_1’ C10=Cm=0, C27=2/3.

0

2 _s_
. R = 8,: the same pole solution J(SZA) ~ J(SS ~ o@cldD) 108 33 (no dependence on ¢')

satisfies the RGE; Unitarize the LL solution (unlike the Reggeon approach)

JSS ~ ea)G(CIi) logyiz

. R = 84: pole solution, o)

« R = 1:Pomeron R = 27:itiswhatitis

17

. R =10 10: color Cy and JY projects to zero
H (2)



Rapidity renormalization for NNLL amplitudes: need y(; 3y & ¥(3 3

C! n be extr! cted from soft loop c ! Icul! tion

N —= e = — == ——8——3-— e —-

T ®, s @, J10 =

e — - m i —— e —— 7l —— o — - — o ——

e —g—e>  >e——e——e> e —g—e /(3.3)
+05——-i-——05—<- —ec;——-i-——a:—(- —(—;——-;-——5—(-
>———>——0>

S S

\Tenms court diagram

hard to calculate...



Rapidity renormalization for NNLL amplitudes: need y; 3y & 3 3

Altern! tively, colline ! r loop c! Icul! tion

gl [0] 710]
(3) ®; S(3 3) 3 J(3)
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n . . . —_ . . . . . . . . .
I o = & | * e * e
: 2T Al Ml 2T Al L 2T TR N 4T 2T T4 Y
Aq A,  As Aq Ay Az Aq Ay Az Aq A, Az
; ; : Ji3) ®3 733
'(3) '(3) ' (3)
+ (ST f + K11 fééu !‘)kl! E §$k3! + § Ko fsgz! Lkzléka!
[ ] L[] : [ ] L[]
MR Al *53 Oy 4 Ao M3 Oy A Lo e Ay
A Az AS Aq Ay  As Aq Ay Az
Ji (2)
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Rapidity renormalization for NNLL amplitudes: need y; 3y & 3 3

Altern! tively, colline ! r loop c! Icul! tion

[1] [0] 710]
J(3) ®; S(3 3) 3 J(3)

YD DU SR SN O U S DN § U U SN 45 U S JUDUE 0 O SR DY O SUN - U & S

T
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Ji 3 i) Ji(9)
o

|
n - _— . . . o
I P = o | * N * i@
' £1! A . . fEZ! ;Ms! ﬂlg A . fEZ fES 51! A . :fézg . fﬁgg El! A . :ﬁgzg :*fsg
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J ' (3) J I (3) J!(g) (3) ®3 }/(373)
+ ST f + Ky 4 é e + Koy At kg AKay
[ ] L] : : —>»> L]
MR Al *53 Oy 4 SAl Al Oy A Lo e Mz
A Az A3 Aq Az As Aq A, Az
Ji (2
—.—
Y wz F Al (2) ¥3 7(2,3)
A1 A2 A3
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Rapidity renormalization for NNLL amplitudes: need y; 3y & 3 3

Altern! tively, colline ! r loop c! Icul! tion

gl [0] 710]
(3) ®; S(3 3) 3 J(3)

YD DU SR SN O U S DN § U U SN 45 U S JUDUE 0 O SR DY O SUN - U & S

Ji 3 e ) )- Ji(9)
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El A f€2 $£3 61! f: :fEZ! $€3 - El A fgz fﬁg
A]_ A2 A3 A1 A2 A3 Al A2 A3
Ji (3) Ji (3
+ ST f + K fééu ka §*k3! +
L[] L[]
TRE $ 402 Ma A SAl Al
A1 A2 A3 Al A2 AS
Ji (2)
—.—
Ky 4 f Ky Ko e sz
+ ! K J ®
P e rvaes (2) ¥3702.3)
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Rapidity renormalization for NNLL amplitudes: need y(; 3y & ¥(3 3

Altern ! tively, colline ! r loop c! Icul! tion

[1] [0] 0] _
J 3) ®; S<3,3> ®3J 3)

N-———o<b-6——— |)——<—6-06-06———— N-—<—obb6———— |)——<—-0—60———- |)——<—0-b06—— |)——<—-0-06-6———- J)——<—b-6———-
J A3) Ji (3) Ji 3
! . ; : : :
I P = o ! * P
' lyy te . Ao . A3 . Al . A3 Lt . Ao : A3
A]_ A2 A3 A2 A3 A]_ A2 A3 J ®
e e 3) Y3733
n K1 fgéu Lk” gﬁkg + Ko fEEz! Lkm gfk?,!
. ‘ . M
s Moy M) by vy Lot T
As A1 Ao As
+

PR 4 f
(o +# )2 | (e + i )° %#%! ,qu
k (#a ! k)2 Kk§ (F ! ku )2 (! ku )2(# ! ka )2 K K

Krc (ki ;%1 )=
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(The same convolution kernel appears in 1 — 3 transition in the Wilson line approach in
[Falcioni et al, 2111.10664])




Color decomposition

Meaning: 27 6 --- @ 2’7, 6 copies of 27°s

. t-channel 3-gluon color (for Nc=3)
_ W .
SRERE=1"08P10*°D 10* P 27° ® 35°> P 35> P 64
.+ K = k' = g scattering (external projection8 ® 8 =19 8, P8, P27 P 10D 10).

. 1°VEN 8 and 27 contribution: unitarize 2-Glauber contribution

¥ 10 @ 10: new ch! nnel for 3 GI ! ubers; no need to consider Y(2.3)

- 84: Regge cut contribution to the Regge pole solution

o 1Odd: odderon, appears in kK = g scattering

.+ 35 & 64 may be probed with k > 1 particle, eg.x = k' = gg

20



Evolution (iteration) of y3 3, 72 3)S

SRIRE=1"DLP10°P10* D 27° P 352 P 35° @ 64 (for Nc=3)
. Consider external 2 — 2 gluon scattering for simplicity

- Using the orthogonal 6 gluon color basis in [Sjodahl, ThorZn 1507.03814], we compute
transition matrices in color channel R

o Iy !.$ !." !.# !.$ !." !.# !.$
o MR N S S A S S
R T~ M 1~ M,
% %  Us % % Y % % Y
Using their 5 gluon basis, we compute a vector for R
% %y 0/.0' (V(.#
I e e
IR o, s

. eg. Milo@ms / 0810 e 44 (for Nc=3) or 6d (general Nc) matrices / vector,

. e.g. the following iteration projected onto R channel

é_é_f: - - S I
o i ~ (VF-ME.-MF-ME-VR) xlogt — x (transverse integrals)

— —1




Evolution for 10 @ 10’s

SRERE=1"0FPI0*P10*P27°D 35 P 357 P 64 (for N. = 3)

. ForR = 10 ® 10, first appear in 3 Glauber exchange; need

o Iy I's I Iy I's !." !.# !.$

: S R : L : L

— e I M3 : —_—~ M{e : ; b~ M§
0./0- %q %B 0./0- %# o}cﬁ 0./0- Y &(ﬁ

- Found agreement with the three and four-loop expression with [Falcioni et al, 211110664]

. Large Nc, Milo@ﬁ - Mj1O€Bm = O fori # j. The color space reduces from 6d to 3d,

orojected by Milo@m. We have a triple pole solution

o we(q =01 Drwg(? 1) we(qL =02+ wg(6s)) we(q =03+ wg(C3,)
fl 0010 ( o O ) S S
1L921-¢31) ™

) [ (12) "(12) "(12) }
o 0(q1 =0 )07 ) w(q, = )+ws(r)) w(q1=C3)+06(¢3))
y10eio S5 L LS
|
L —=1) ( —1) (—1)
3V2
o - o -3
— |2 _
. N. = 3, the 6 dimensional matrices reduce to 4d, e.g. M/"®" = |~ D
0 =V3 — 22
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Conclusion

- Factorization for the Regge amplitude into jet & soft functions;
Powerful for all-order organization of rapidity renormalization

- Yield 2d field theoretic structure on the transverse plane G

- InSCET 1 — j transition vanishes (unlike other approaches) e

ﬂ—_;‘-——(———"—_}—

P3

« Calculated the LO term in the anomalous dimensions up to 3 Glaubers,
including the first nontrivial transition ¥, 3,

B4 B> B. B> I % %o
ks 4 !_)k! g ! . .

. : o : RN
oA ‘Aq ! 04 Aa : : : :

A A; A As % % Y e 1, s

. Presented color evolution for 3 Glauber, which involves transition within
multi copies of each color channel
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