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The high energy limit

A storehouse of rich phenomenology. saturation ¢

region ‘(;p;\g
n > g > n Z §
(Che g P> : |8
p= rq 2 ¥ BrKL
g | oo
p?_) ) ) pZ" Acp In Q%
ag~1 ag <1
> Three fundamental limits:
soft, collinear and Regge. Two lines of attack to describe Regge behavior in
> Forward scattering regime involves cross-sections:
large logarithms of z ~ ¢ > Unitarization of cross-section leading to nonlinear
> The BFKL equation describes this generalizations of BFKL.
rapidity evolution in z. > Achieve consistent collinear and BFKL

resummation: < This talk

DESY. | Small-x Resummation from Glauber SCET | Aditya Pathak | MPP/TUM Collider Phenomenology Seminar, 19.06.2024 Page 4


http://creativecommons.org/licenses/by/4.0/

Importance of higher order small-z; resummation

Small-z data at N°LO plays a crucial role in improving PDFs

> N3LO pieces available from BFKL evolution of Comparison with MSHT and NNPDF versions
the splitting functions [McG+23]: Slide from Robert Thorne, DIS 2024 T

Pyy: alin®z v, ol v, alinz (?)

Pyq: &dInPz v, adn’z (?)

Pyg: &3In*z v, adinz (?)

PP adIn*z v, odinz (2)

> Compare P,, and Pyq:
Difference in moments (MSHT, 4 vs. NNPDF, 5)
only impacts large x region.

> Pyq has the highest power of missing logarithm
— large uncertainty in the small-z region.
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Importance of higher order small-z; resummation

Small-z data at N°LO plays a crucial role in improving PDFs

> N3LO pieces available from BFKL evolution of Comparison with MSHT and NNPDF versions
the splitting functions [McG+23]: Slide from Robert Thorne, DIS 2024 P

Pyg: 2N’z v, &2In’z v, allnz: (?)

Pyg: iz v, alin?z (7)

— MSHT (prior)
037 — MSHT (postorior)
- v

Pyg: aIn*z v, allnz (?) =

P;)S: a?anx v, a‘:’lnz (')) 2Py (@), @, =02, =4 2Py(@), a, =02 n, =4

> Compare Py, and Py,:
Difference in moments (MSHT, 4 vs. NNPDF, 5)
only impacts large x region.

> Pyq has the highest power of missing logarithm
— large uncertainty in the small-z region.

Why has been achieving NLL,, P;; so challenging?
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State-of-the-art in small-z; resummation

selected collider-QCD accuracy milestones

Drell-Yan (y/Z) & Higgs production at hadron colliders
LO NLO NNLO[.....0uvrerrnnnnnns 1 N3LO

DGLAP splitting functions
LO NLO NNLO [parts of N3LO]

transverse-momentum resummation (DY &Higgs)
LL  NLL[...... ] NNLLJ...] N3LL

parton showers (many of today’s widely-used showers only LL@leading-colour)

LL [parts of NLL.......ccuoiinniiiiiiiiie e ]
This talk —oo 5 Small-x
LL [p,z@NLL]
1970 1980 1990 2000 2010 2020
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Outline

Problems in the Small-x Resummation in DIS
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DIS review: Twist expansion

Consider unpolarized, inclusive DIS:

2
2 o _ @
Q = q >0 5 Tp 2Pq )
d*c _ _ 2myo’? v
(6 p—e X): L L,Lw(Pan) W“ (P7q)

dz, dQ? Q*

WH = e — Fi(zp, Q%) + €5” — Fa(xp, Q%) .
Tp Tp

Well-known twist-2 factorization:

ld " A2
Lninn )= 5 [ %0 (2 0n)ien o)

PDF absorbs all the IR divergences.
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DIS review: Twist expansion

Consider unpolarized, inclusive DIS:

2
2 2 _ Q
Q = —q >0 ) Tb 2Pq )
d?c _ _ 2y’ v
W(e p—re X)= O Lyuw(Pe,q) WH(P, q)
Take Mellin Transform:
= 1 dx 1 =(x — (! _
NG = [ TN (R@). - () =3 BN x T (N )
® PDF

IR divergences are exponentiated into PDFs (transition functions),

_ as(#z)
Fn'ﬁ(as(/’LQ)va 6) =P exp (/ Bda)’ys(C“N)) .
0 I

(Y
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DIS review: Twist expansion

Consider unpolarized, inclusive DIS:

2
2 _ 2 _ Q
Q =—q > 0 ’ Tp 2Pq )
d?c _ _ 2y’ v
W(e p—re X)= O Lyuw(Pe,q) WH(P, q)
_ b dx 1 = =l =
NG = [T (R@). - () =3 BLO(N) X Trn (Noe)

® PDF

IR divergences are exponentiated into PDFs (transition functions),

_ 5 1 as(n?) da
Lo (as(p’),n) = Pexp (— —/ —7S(a,n)) , (fixed coupling: B(as,€) = —eas)
€ Jo e .
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The leading and higher twist pieces

The box represents the full expression of the structure function (perturbative as well as nonperturbative):

The complete result for F,
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The leading and higher twist pieces

Terms that are retained at leading power in twist expansion (%@ < l)

i
G
we

st
\'\N\S
\X\‘?;OB‘ Y\.\?}\e‘

1 A2
Fa(wn Q%) = > xbdg—gﬂéw(%,c),u)fn/p(s,m + 0(%)
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Mellin Transform

Mellin transform is very useful: (set N =n + 1)

Foy= [ %arsi s

T

Let us note that

f(z) f(n) singularity in  — 0
1, 1
;I” (z) ~ T pole at n =0, (leading power in ;)
p—1ja¢—1 1
2P~ Hnt " (x) ~ e pole at n = —p, (higher power in z;)
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Two subtleties with small-x; resummation

Terms that are leading power in z;, < 1 expansion (~ % orn = 0 pole)

Where is this relative to leading twist terms?
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Two subtleties with small-x; resummation

Which scenario is correct?

o
o
? W&

G
X ¢ ca
W o @
e W
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st @S
ek et ™ s e
o o W P o We
A e e o
we ™ we W
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o ? & ?
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i ek W " S
o e o T o
o s ™ p& s O Ty
W w e ¥

Can partly answer this by inspecting the perturbative series of the coefficient function.

2 2
(9) N . ag =(9) N 1 . 1 ag
H;” (x) asz(l —x) +(’)( o > & HP(x) as(—n+2 _n+3) +O< b >
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Subtlety # 1: Non-trivial overlap between twist and small-z,,
expansions

Small-z;, expansion is based on rapidity factorization and makes no reference to Aqcp (more on this later),
and hence includes leading as well as higher twist pieces.

RS st
\@0 51 ’O“\
) RS 1] LAt L Aet
N\S‘ 0\\‘?}‘ IS \x\?;‘\, X \},x@“
. ‘{3\ 38 Q & . 3¢
5 Xv
L.P.in x;,
Leading
twist
L G\ < AsY
we o X0 o€ st = s
O‘Ne‘\ S ) (goe( ‘e\,\ﬁ(\
0 W

Our first goal is to compute the overlap between the two expansions.
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Factorization of nonperturbative pieces

Using dim-reg d = 4 — 2¢ and simple partonic states we can kill higher twist pieces.
IR divergences appear as 1/¢r poles in the PDF.

_ 9 1 [fes®) gg
Lo (as(p”),n) = Pexp (— ;/ Efys(a, n)) , (fixed coupling: B(as,€) = —eas)
0 KK

Where are exactly all the leading twist-2 1/er poles?
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Factorization of nonperturbative pieces

Where are exactly all the leading twist-2 1/er poles?

We can answer this by inspecting the perturbative series of the anomalous dimension:

asCa

")/gg(’fl)z 7 +,

ST S
)= % o)
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Subtlety # 2: Non-trivial overlap also of IR poles between
twist and small-z;, expansions

There are IR divergences associated with small-z; logs as well as those appearing at higher powers in
xp < 1 expansion:

The overlap 1/er terms are generated by bad BFKL boundary conditions.

Our second goal is to consistently factorize IR poles of these two origins into the twist-2 PDF.
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The BFKL equation

Resummation of small-z; logs invovles solving the BFKL equation. For a function
f(x,qu) ~a"" " (logs of z) ,

that satisfies BFKL equation in 4 dimensions:

2 f(,00) = (0= V(e a0) +e[K @ f(ar)

where

_ _2 _ asCA
K=asKo+a;Kno+--., Oés:T,

(Ko fl(an) = (2n) [ G2 { R e ,ﬂ)Qf(qu},

In the n-space we have an iterative equation

f(nvql) =

x e =1au) (K e fn)](a)

Boundary condition
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The BFKL equation

Resummation of small-z; logs invovles solving the BFKL equation. For a function
f(@,q1) ~ """ (logs of z),

that satisfies BFKL equation in 4 dimensions:

P f(,00) = (0= D q0) +e[K @1 f(ar)

where

_ _2 _ asCa
K=asKo+a;Kno+ ..., as:T,

k| 2f(ky) at
K| = (2 — ,
o @ Jllas) (”)/@wv{(m—w CICTETREAS
Eigenfunctions of BFKL Kernel:
1 ind _ 1 ind 0<R 1
Kio®. W‘f (q1) =x(n,7) 5a—=¢""> <Revy <
i q,
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Bad boundary condition = IR divergence!

What happens for v=07?

d2kJ_ qi

v=0:

1 1
Ko®.1 ki:| (qu) = E(zﬂ-)/ (2m)? k2 (qL — ku_)z

This Integral is divergent! But we can make sense of it in dimensional regularization:

2 _YE\ € d2—26k 2
om) 1. 21 = (9 poe / s q
Cmtelal] = @m) () (27)* 2 k2 (g1 — kit )”

_ qi € EYE F(l _ G)F(l + E)
- (E) L(=e)e T(1— 2

- —% +log (‘ZL—Z) +O(e).
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Bad boundary condition = IR divergence!

What happens for v=07?

1 1 d?ky e
Ko®i —|(gqL)=—=2m /

LO W1 ki:|( L) ‘ﬁ_( ) (27‘()2 ki(qj_ _ku_)z
This Integral is divergent! But we can make sense of it in dimensional regularization:
,U,26FYE )e / dQ—ZekL qi

47 (271—)2—26 k:i (ql _ kl)2

_ qi - evE F(l - E)F(l + E)
- (E) L(=e)e T(1— 2

vy=0:

@2m)l.[q}] = (27r)(

- —% +log (%) +O(e).

This is relevant: Nature produces bad boundary conditions for the BFKL equation and these IR
divergences go into the PDF, (but not every IR divergence is generated this way.)
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Another bad boundary condition

Notice how BFKL kernel acts on 62729 (g ):
1 k2N«
k2% (ﬁ)

1 /k%IN-¢ 1 1 [k%2\-2
L ki—ze U2 p ki—ze 2

K®i 6% (qL) ~

1 k2Nt 1 1 k2D
L kiﬁe 112 le kTZe u2

This generates an IR divergent series solution for ]:'g(o):

5(2725)(qL) N 5(2725)(qL) T é iq(e) (% (ﬁ) _6)Z ’ ce(€) 1 ( B 1)‘(1 + (9(52))

2 =
— n \pu ! €

> The action of BFKL generates the entire tower of 1/¢ IR poles associated with the high energy limit.
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LL small-x resummation by Catani and Hautmann

> [CH94] resummed (2=)* terms in v, (s, n) by inventing a gluon Green'’s function ]?‘éo):

asCa

Y —2e 655 7 —
FO(n,qr) =% (qL) + - K@ FOMm)](qr), @ = —

F1? is determined completely by the §>~29) (¢, ) boundary condition and iterations of the BFKL kernel.

> LL small-z, resummation of F:

2 Ygg
F‘ég)(”) = hr ('ygg) X R(n) X (%) X yg,

F,@LL
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LL small-x resummation by Catani and Hautmann

> [CH94] resummed (:)* terms in 744 (s, n) by inventing a gluon Green'’s function ]:'550):

asCa

FP(nqr) =3 (q) + D KoL FOM)] (@), G=

f'g(o) is determined completely by the §~29) (¢, ) boundary condition and iterations of the BFKL kernel.
> LL small-z; resummation of F:

— Q2 Ygg _
F{(n) = hi (7a9) % R(n) x (%5) " x Ty,
%
> AtLL, the IR divergences in F{ appearin I',,.
> hr: describes coupling with photon, IR finite, defined via an off-shell cross section.
> R: scheme chosen to factorize the IR divergences: Ty, absorbs the IR divergences in f§°>.

_ 1 _ _
.7:;0) (n,qL) = W X Ygg X R(n,ki,€) x Tgg.
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LL small-x resummation by Catani and Hautmann

> Resummation of F» and -4, is not straightforward in this framework, because F- involves IR
divergences NOT generated by BFKL evolution alone!

> They introduced a new quark’s Green’s function to capture this non-BFKL divergence.
> The approach of Catani and Hautmann [CH94] has not been extended beyond LL.

|
Boundary
condition

function
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Outline

The Glauber SCET Framework
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High Factorization = Rapidity Factorization

Light cone coordinates:

7 H Iz
w_ 1 - w 2 _ - 22 2 _ 2 _
pr=p o tp 5L, p=pp —pl, ni=n =0, n-n=2
Invariant mass factorization Rapidity factorization
P P Collinear ~ Q(A%,1,)

Soft ~ Q(\, A, A)

> Invariant mass factorization can be described via an OPE in QCD.

> Need to distinguish particles at different rapidities for high energy factorization.

> Soft collinear effective theory (SCET) is a powerful tool for dissecting collider QCD problems with
multiple scales:

['SCET = Z[m, [5’”17 Anl] + ﬁs[wm As] + Eint[gniyAn: ¢37 A37 .- ] .

g
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EFT modes and power counting

Center of mass light cone coordinates:

- %m‘, pPr = %m
+ Aacp
Power counting parameters: A~ 0 and A~y
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EFT modes and power counting

Center of mass light cone coordinates:

P = %M, Pt = ?FL“
+ Aacp
Power counting parameters: A~ 0 and A~y

Two possible scenarios based on the scaling of the invariant mass of hadronic state:

Hard scattering Forward scattering
Pi_G@+P) _@Q (1-m) ~ 0 or ~A
S S S Ty
Q? nt Q% ! 9
"o Y 7
=y Ty T ~Vs(1,, V) or ~Vs(A A7)0
(collineartoe™)
Forward scattering: P¥ ~ (pn+ 1) ~pupl ~ sA.
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EFT modes and power counting

2
Forward scattering P~ \/g(\l,.ﬂ \)‘,.x \)‘,«)
P2 Y pt  p~  PL
X/S ~ qry i i
u N A A2 -~ /3 )
‘ VAL XA) b VA2 )
pt P pL
Pﬁ N\/E( )‘2 717)‘) qc L i
The photon cannot interact directly with collinear mode without knocking it Pn~ Vs (\/\,2, \1/’ \/\/)
offshell. The leading terms start at O(a?2) due to intermediate soft sector: pt p PL

Ps = (pj‘,pgvps J) ~ \/E(/\)“)‘) .

Need additional Glauber modes for soft-collinear interaction:

a6 =q" ~Vs(N AN .
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SCET with Glauber operators

SCET Lagrangian:

Lscer = Zﬁni +Ls+ L.

g

Glauber operators derived in Rothstein and Stewart [RS16] account for forward scattering phenomena.

1 L s
La= > On=5 P2 Os 57 On, +ZO’”P705

ni,n;

ig-(x—z) .
i) —87ragZ/d4 /d4 / d’q ¢ O @ O e)
i

o O} opA = GETM gL, onet = SEEFAPO) S (P P B,
¢ o O =%, T B, O = JBEL )Y (P4 PHESE,

Dotted propagator represents insertion of operators from the Glauber Lagrangian.
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Recent progress in Glauber SCET

Slide from Anjie Gao, SCET 2024

Factorization of the Regge amplitudes

A simpler organization

[our paper 2401.00931]

—ill =38 Je= DIl ) @ SO s Ci s ) ® ﬂ’f,(j)(f{r )
u

n S0 n

into jet & soft functions

Jerti)

. kK,kK'=q,8,88, ... projectiles, a = a,...a;, f = a]’...a/f: adjoint color indices
+ ®; : transverse 2d momentum convolution of i Glaubers

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

DESY. | Small-x Resummation from Glauber SCET | Aditya Pathak | MPP/TUM Collider Phenomenology Seminar, 19.06.2024

Page 25


http://creativecommons.org/licenses/by/4.0/

Recent progress in Glauber SCET

Slide from Anjie Gao, SCET 2024

Rapidity Renormalization for 1 Glauber

- Can be extracted either through collinear or soft loop calculation

+ At one loop (“=" in the sense of rapidity divergent piece)

— i glor o1 — ( jlolzl1] (01 y101
_'](l) S(H)J(l) - (J(l)ZJ(1-|)> S(H)J(l)

WY
s — o1 g1l 4101 — 401 ( (1] glO] [0] [0] ( glO] #[1] [0]
LW - J(l) S(I.I)J(l) - ‘/(1) (ZS(I,I)S(I,H) J(l) +J(l) (S(I.I)ZS(I,I)) J(l)
e 4o
'k @}
v0,J 1, = wg(q.)J, = —a,N, /%
: W) () iy wa(q1) = —asNe A

Resummation gives Regge pole solution
8 0(q,) log =5
JoA ~ p®c\L 2
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Outline

Small-x Factorization from Glauber SCET
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Small-x factorization formula

We include two insertions of the ns Glauber action:

d_r ‘(I*f/>q ) ’ v
87'('0452 /d y/d{ll/ d ( O;A(m)oénA(y) q#l : Tq

1,5,A"
Factorization formula at NLL: e | N
q : | :Tq
B(q, P) = d—2 1 aﬂ( n Y ) ( 1 p Y ) _nh R0
w (q7 ) /d q.L S ‘LQJ_,be_,f C q1, 7P_76 +.... P 7 | \P 7
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Small-x factorization formula

We include two insertions of the ns Glauber action:
|

d /1 \(1—1/)q . .
=870 ) /d y/ d’: / O @0l

1,5,A"

Factorization formula at NLL: N
q : | : Tq

=24 gk L - ) —n"- -

/d q1 S (‘LQJ_, P_7e) C(QJ_7 7P_76 + ... P 7 : P 7

we?(q, P

The collinear and soft functions are defined as

C'_— / /ddl e =
’ruql

2m®) 4 (8mans (12 ’ dg'” [ i )
L]z< f ) - ( - (/ )) q / ddZ elz-q/ dd!/de]/R
q’; 1672 (N2 — 1) ’ 4 )

(PO (2) 054 (0)| P

g8 =

i —vh) , _ . .
S i 0TI (2) 0 A (y ) YT{IP(0) 01" (yr) }O)w

Xe
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Small-x factorization formula

We include two insertions of the ns Glauber action:

d 1 i(x—y)-q" . . v
8770452 /ddu/ d / d q 0 (@) (y). ¢ : tq

1,5,A"

Factorization formula at NLL:
aﬁ d—2 1 af 4 L
W q7 /d q1 S (q7QJ_, P_ve) C(qJ_1P7 P_76) + ...

Here small-z;, logs are resummed via rapidity evolution for vg ~ x, P~
and vg ~ P~

Rapidity factorization
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Process independence and the BFKL equation

Rothstein and Stewart [RS16] showed that for pp — pp forward scattering i | R
O.PP—*:D:D ~ Cn ® va ® C»;L

and S”7 satisfies the BFKL equation:

V%SW ~ +205L° K @1 SPP

The collinear function is process independent and is expected to satisfy
the BFKL equation from RG consistency: Drell-Yan

l/iC:—C—O_éSLeK(@lC.
dv
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Collinear function at NLO

We computed the collinear function at NLO

Pi Cr

C(q)) = s ¢x = Cp,Ca (bad boundary condition!)
v mq't
_ 1 3 P '—’ —7)-;—— — - — §———+——
N0 — a,CL0 x (—2m) I.[q?] < 7+In(P—V7) +1>, N S R ———
n :(‘) (b) (c)
MO = 5,01 x (~21) L[q”] I Al e
’ (d) * (e) v (f) )
1 v 11 nsTr 1 ! N T :
_ |n(7) - f (1_ ) , : : : : : H
X< n TP T uc, 31—o e N e W L
(g) ' (h) (i)
1 r? asCa
o). [r2] = —= |n( ) o g, = 22
(2m)Ie[r1] . tinz)+ (), a -

The one-loop contribution is IR divergent and exhibits a rapidity divergence consistent with BFKL.
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More IR divergences

) C(dpme), [ =4-d, [0]=-2.

Th

1 > ;L ,
—Fu(q, P) :/ d ¢, S, (q,qp
Ty 0

The convolution itself generates IR divergences as nothing prevents ¢’, from entering the IR region. To
see this explicitly, let us note that the SCET,), collinear function has the all-orders expansion:

12 —ge
C(ql,P—li,as( ,€ >_ IZZC(‘)(QS ,#,e) (%) te

ar 5

Alternative form of the factorization formula:

c® XS’”( v = —Vle )

The ~-transform of the soft function:

u '\’ / d qJ— ) S(L ([IL’ (]3_-, C) .
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More IR divergences

Leading order soft function calculated from

LI TNt SV T
l—b: =
,:TT ta 77': Sa
qi. (. .Tq 73 ' tta

~ v w2 (=342 +3y+2 csc? ™
SI2-O('Y) = ainfTF( )< ( 811(::' — “)I(S)+ ~) ( )> +O(6)7

SE2(y) = ainTr (gc#’*) <ﬁ2( —a+) ,Cicz hA)) + O(e) .
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More IR divergences

In the convolution the collinear function forces us to set v = —/e,

1 — (@D
—F, = A Wy =—te ).
be ;(/ﬁ) C'" xS ( 0% € )
which implies
. =0 _ 2a2nsTr 1 1 2 o
Jim 527 (= te) = = (/+1)(/+2)(:2+E+0(6 ))’
. alo _ 2ainsTr 1 1 0
fim 527 (—te) = = ((+1)( ¢ Tt )>'

The S, soft function will also contribute to the PDF despite being a vacuum matrix element.
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More IR divergences
In the convolution the collinear function forces us to set v = —/e,

1 — (g1 \ "Dy S
—F=Y (7) CO x G, ( y=—te ).
Tp 0 2 8 ( 7 ‘ )

We find that for  # 0, S, and S, are proportional to the off-shell cross section that appear in [CH94]:

Sa(rie=0) = (o ) 220, (™)
- h
SL(’Y,E = 0) = (mb%)as Lév) .

This is not the right limit for us and the full e dependence is needed to perform small-z;, resummation.
In [CH94] these IR divergences were separately captured in the gluon and quark Green'’s functions.
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Leading log small-z;, resummation

Setting v = v trivializes rapidity logs in the soft function:

1 —
S @) = [ 8010201 ) Ol

. = 5 = _ sC
Mellin space : Cr(n,gy,€) = — q/2 I QL K®1 Cu(n,qi,€) , cu=Cr,Ca, as= O‘TA
Solve for C,. as a power series as before:
- , 1 en — as eE (qf)*f ¢ 1 (—1)4( 5
’ _1 L , =2(=) (1+o0@)
C ;LL(nv q1, 6) n ﬂ_qf o C£+1(6) ( n 1—\(1 — E) Mg Cf(e) 7 € + (6 )

Now include the soft contribution to arrive at small-z; resummed structure functions:

eYE 2 —e\ ¢ ~
F:,LL(”,QQ)_ ( ) ZdaHl ( F(eliv_e)(%) ) v daes1(€) = cor1(€)Sa(l, —Le, s, €)
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BFKL Resummation of Fy,

We set ;2 = Q? and start with formula involving (HP = higher power)
_ _ _ Q> _
Flwe +Flum)= B, (”a W 1, O‘S)PQQ (s, m)

Parameterize the the terms we want to determine for LL results as

oo

’Vgg:Z (%)47

oo
= Os k
F! == €
LHP = E ,
k=—1

We have truncated the higher power pieces to O(«,) which is sufficient for LL resummation in small-z5.

DESY. | Small-x Resummation from Glauber SCET | Aditya Pathak | MPP/TUM Collider Phenomenology Seminar, 19.06.2024 Page 34


http://creativecommons.org/licenses/by/4.0/

BFKL Resummation of Fy,

We set ;2 = Q? and start with formula involving (HP = higher power)
_ _ _ Q> _
Flwe +Flum)= B, (”a W 17058)P99 (s, m)

By sequentially comparing the coefficients of (as/€)*, as(as/€)’, . .. terms we find

Qs s\ 4
Tog = 5 26s( 1)
2

=2 (% (3 -0) () + (- e (3N ).

3 27 18 n
_ 2asn T 1 2 7
FY o= %(H:;H (6—§<;2)62+ (12—%—§¢3)53+...).

Series agree with LL results in Catani and Hautmann [CH94]. Interestingly, we simultaneously
determine the LL results for 4, and ﬁé").

We determined the unknown power suppressed pieces self-consistently!
F7 p has no IR poles — All the poles in F, channel generated through BFKL evolution.
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Resummation of F;
For I, we write
Fzg,HP "’Fzg,u_(n) =2n; Tyy + I?jég) Tyo
Following the same steps as before, we find
_aTr S5as 14 > 89 5
Yag = 3T (1+§W+§(?) + (81 + CS)(n) +...),

HQ(Q): asg:rTF <1+(%_2C2)7+(%_E§2+ <3)(n)3+...),

_ s T 2 1. 14
F;HP:W;#( —= +1+(1+C2)6+(1—§C2+§C3)62+...>.

The IR polein FQ-‘”HP does not result from BFKL evolution. This required [CH94] to introduce a new

auxiliary object, the quark Green'’s function. For us it results straightforwardly from our soft function Ss.
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Comparison with previous work

The Glauber-SCET approach is special: it avoids many problems in the kr-factorization framework.

Feature

l

kr-Factorization

| Glauber-SCET

Gauge Invariance

off-shell cross sections: gauge inv.
only at LO

Constructed from gauge invariant
Glauber ops.

Power Counting

Obscured due to attempting simul-
taneous twist and high-energy fac-
torization

Manifest power counting from the
start

Objects

Requires auxiliary Green’s func-
tions

Nothing beyond collinear and soft
functions

Isolating 1/er

Additional En—trivial conversion
for 1/er in MS

S and C' can be computed with
1/€|R in MS

Handling collinear (non-
BFKL) 1/€IR

New non-BFKL 1/eg — new
Green'’s functions

No mixing of BFKL and collinear 1/¢r
poles.
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Outline

Towards NLL Small-x Resummation
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The Collinear function

Avoids two more problems in the k- -factorization framework

> For extension to NLL, kr-Factorization requires computation
of Impact Factors:

> Impact factors are process-dependent. e

o(nb)

4~ coll®

> Finite pieces are ambiguous: factorization scheme
dependence.

1 BFKL exchange contibution o 175"

. . . . Colferai, Li and Stasto '23 [CLS24]
In the EFT approach, the collinear function is universal and has
a well-defined operator definition.

scattering in
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The Collinear function

Avoids two more problems in the k- -factorization framework

> For extension to NLL, kr-Factorization requires computation
of Impact Factors:

> Impact factors are process-dependent.
> Finite pieces are ambiguous: factorization scheme
dependence.

In the EFT approach, the collinear function is universal and has
a well-defined operator definition.

> For NLL small z, we would like to go to two loops.
> Find over 1000 diagrams!!!
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Need for automation

At two loops computing by hand becomes impractical.
However, standard tools for Feynman Diagrams do not
straightforwardly apply:

SCET Lagrangian is not Lorentz Invariant

Presence of Wilson lines leads to vertices with arbitrary
valency

Nontrivial problem to represent operators: xn,B: | ,On, ...
The SCETCalc framework:

Being built on FeynCalc [SMO20] development version that
supports light-cone vectors.

QGRAF [Nog93] to build the SCET “model”
Automate all SCET Feynman rules
Combine with Tapir [GHL23] for filtering cut diagrams

In-house software in Mathematica for accessing and playing
with cut edges.
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QGRAF

Model, generate diagrams

v

Tapir

Filter cut diagrams

\ 4

FeynCalc

Apply Feynman Rules

) 4

In-House packages

Acces cut edges, contour
integrations, ....
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Collinear function @ NNLO: First Step
Operator definition:
C(ﬁi,p’ql’ :q ,WZ/dn q/dd T (P|OLA (2) 034 (0) | Py . .

A more useful starting point for computation:

(i) =2 [ 5t men ()

v 1 1

Cn(ﬂ,q“,e) Z WQN SO /ddxe'zqn(P )T {0 (2)034(0)}|w(P))

i,j=q,9 A

Make use of the Glauber collapse rule by integrating over g™ = n - ¢:

1 1 1
dgde* T
/q (p+q)?+i0 (L+p+q)? +i0 2 +i0
:/dth 1 1 1
pqt+q2 410 (= +p )0t +q7) + (L +qu)>+i0 -0+ + 02 +i0
-(&) /dz* O(=(t" +p)) E =0.
P

(0= +p ) +a) + (€L +qu)? +10 00+ + 63 +10{ 4 —od
=
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Collinear function @ NNLO: First Step

Operator definition:

dn ('8 i j
C(T_LL';D’[]J’ q v Z/ /ddze 1P|OL (@) 04 (0)|P), . .
A more useful starting point for computation: : :
Cn(_ ,qm)—Q/dn q|mC (_ 7q,e) M
fp Pp

CN(L qu,e) = o X S [ de T O @0 )} s(P).

n-p qu/QN s

> Take the imaginary part after doing n - ¢ integral:

. 77/
Cn(;vfu,é) :2|m/dn q CN<,L,‘1“75)
n-p 2 n-p

This requires a non-analytic regulator.
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Filter graphs using collapse rule

> Exploiting the collapse rule allows us to filter a
range of graphs.

> Previously these one-loop graphs were computed
via taking cuts:

(yreal [V 2 2asn P
Ca (ﬁ-P"‘“) a-r

x {(cﬁﬂ—@)ﬁ +%((1—zr +1 )].

> All pieces except for the highlighted term cancel
against virtual graphs.

1)

i

©)

3

(1)

g}]

)

ik

(0

PARES

13)

(14)

s

(16)
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Filter graphs using collapse rule

Exploiting the collapse rule allows us to filter a

range of graphs. QA |la || o
Previously these one-loop graphs were computed : ! .
via taking cuts: o o o o

()real [V 2 2asn P /
S o O

: CrC. - CrC. _ .
% {(Cﬁﬂ - FTA)Z * +FTA(( _Z) ‘+ )] . an 1) nm o0

All pieces except for the highlighted term cancel
against virtual graphs.
This can be avoided by invoking the collapse rule (implemented as ¢ contour integration).
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Filter graphs using collapse rule

Exploiting the collapse rule allows us to filter a E a
range of graphs. 1

Previously these one-loop graphs were computed
via taking cuts:

(yreal [V 2 2asn P
Ca (ﬁ-P"‘“) aer

X {(Ciﬂ—@)zﬁ +%((1—z)* + 1 )]. (19) 20

G G

All pieces except for the highlighted term cancel

against virtual graphs.
This can be avoided by invoking the collapse rule (implemented as ¢} contour integration).
Further drop scaleless integrals:
Left with a single graph!

P~ [l 14 (1—2)? di=2¢,
M=cCpCag®— [ d /
Cq Floag WVA o z (0L +qu)?’
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NNLO graphs: What's left?

> At two loops this is a must. Start with 763 (of
1866) graphs that have valid cuts

> Applying collapse rule results in 179 graphs.

a8)

SRS (o] [
3] (] o

Qe elalie) 6
el & 4
il (<[] ][
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NNLO graphs: What's left?

e d a2 N B
> At two loops this is a must. Start with 763 (of §&\
1866) graphs that have valid cuts - .
> Applying collapse rule results in 179 graphs. o hta et ntahes
> Further drop scaleless graphs with dangling
Glaubers: I e | ey ey
— Left with 155 graphs. - ™ om
R N Ro N NI
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Conclusion

Glauber SCET is a promising framework for reliably and efficiently computing NLL small-z corrections.

Offers several advantages over previous approaches.
- Factorization functions gauge invariant to all orders.
= No separate Green’s functions needed to be calculated.

- Off-shell cross sections replaced by one soft function S# for all DIS channels.
- Manifest power counting.

= No factorization or scheme dependencies.
= Universal, process independent, collinear-function.

This work provides a new framework for extending resummed calculations for coefficient functions and
anomalous dimensions to higher logarithmic orders.

First step towards NLL small-z resummation: two loop computation in SCET requires automation. Aim
is to create a much more general tool-set for the community.
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Thank you!

Contact

DESY. Deutsches Aditya Pathak

Elektronen-Synchrotron 0000-0001-8149-2817
Theory Group
aditya.pathak@desy.de

www.desy.de +49-40-8998-4589

DESY. | Small-x Resummation from Glauber SCET | Aditya Pathak | MPP/TUM Collider Phenomenology Seminar, 19.06.2024 Page 44


https://www.orcid.org/0000--0001--8149--2817
mailto:aditya.pathak@desy.de
http://creativecommons.org/licenses/by/4.0/

References

[Nog93] Paulo Nogueira. “Automatic Feynman Graph Generation”. In: J. Comput. Phys. 105 (1993), pp. 279-289.
DOI: 10.1006/jcph.1993.1074.

[CH94] S. Catani and F. Hautmann. “High-energy factorization and small x deep inelastic scattering beyond
leading order”. In: Nucl. Phys. B427 (1994), pp. 475-524. DOI: 10.1016/0550-3213(94)90636-X. arXiv:
hep-ph/9405388 [hep-ph].

[RS16] Ira Z. Rothstein and lain W. Stewart. “An Effective Field Theory for Forward Scattering and Factorization
Violation™. In: JHEP 08 (2016), p. 025. DOI: 10.1007/JHEP08(2016)025. arXiv: 1601.04695 [hep-ph].

[SMO20] Vladyslav Shtabovenko, Rolf Mertig, and Frederik Orellana. “FeynCalc 9.3: New features and
improvements”. In: Comput. Phys. Commun. 256 (2020), p. 107478. DOI: 10.1016/j.cpc.2020.107478.
arXiv: 2001.04407 [hep-ph].

[GHL23] Marvin Gerlach, Florian Herren, and Martin Lang. “tapir: A tool for topologies, amplitudes, partial fraction
decomposition and input for reductions”. In: Comput. Phys. Commun. 282 (2023), p. 108544. DOI:
10.1016/j.cpc.2022.108544. arXiv: 2201.05618 [hep-ph].

[McG+23]  J. McGowan et al. “Approximate N3LO parton distribution functions with theoretical uncertainties:
MSHT20aN3LO PDFs”. In: Eur. Phys. J. C 83.3 (2023). [Erratum: Eur.Phys.J.C 83, 302 (2023)], p. 185.
DOI: 10.1140/epjc/s10052-023-11236-0. arXiv: 2207.04739 [hep-ph].

[CLS24] Dimitri Colferai, Wanchen Li, and Anna M. Stasto. “Renormalization group improved photon impact factors
and the high energy virtual photon scattering”. In: JHEP 01 (2024), p. 106. DOI:
10.1007/JHEP01(2024) 106. arXiv: 2311.07443 [hep-ph].

DESY. | Small-x Resummation from Glauber SCET | Aditya Pathak | MPP/TUM Collider Phenomenology Seminar, 19.06.2024 Page 45


https://doi.org/10.1006/jcph.1993.1074
https://doi.org/10.1016/0550-3213(94)90636-X
https://arxiv.org/abs/hep-ph/9405388
https://doi.org/10.1007/JHEP08(2016)025
https://arxiv.org/abs/1601.04695
https://doi.org/10.1016/j.cpc.2020.107478
https://arxiv.org/abs/2001.04407
https://doi.org/10.1016/j.cpc.2022.108544
https://arxiv.org/abs/2201.05618
https://doi.org/10.1140/epjc/s10052-023-11236-0
https://arxiv.org/abs/2207.04739
https://doi.org/10.1007/JHEP01(2024)106
https://arxiv.org/abs/2311.07443
http://creativecommons.org/licenses/by/4.0/

