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Super-Leading Logarithms for Massive Final States
Origin of SLLs

Large Logarithms in pp — jets processes: ln(g) > 1

0
(gap-between-jets cross sections)
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Super-Leading Logarithms for Massive Final States
Origin of SLLs

Large Logarithms in pp — jets processes: IH(QQ) > 1
0
(gap-between-jets cross sections)

Partonic cross section evaluated at 1 = ps ~ Qo:

Gathy = (H(Q, = ps) ® 1)

T

Hard function Trivial low energy
matrix element
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Partonic cross section evaluated at 1 = ps ~ Qo:
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Hard function Trivial low energy
matrix element
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Partonic cross section evaluated at 1 = ps ~ Qo:
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Hard function Trivial low energy
matrix element
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Evaluated at: us ~ Qg
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Super-Leading Logarithms for Massive Final States
Origin of SLLs

Large Logarithms in pp — jets processes: ln(g) > 1
(gap-between-jets cross sections)

Partonic cross section evaluated at ¢ = ps ~ Qo:

G5 = (M T (Q, 1= ps) ®1)
|
Hard function Trivial low energy
matrix element

Large logs!

v

Evaluated at: s ~ Qo
Natural scale: pn ~ @ H(Q, ps) %- ) X Pexp

d/f 1)
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Super-Leading Logarithms for Massive Final States
Origin of SLLs

Large Logarithms in pp — jets processes: IH(QQ) > 1

0
(gap-between-jets cross sections)

Partonic cross section evaluated at ¢ = ps ~ Qo:

Gy = (?L(Qau = ps) © 1)
|
Hard function Trivial low energy
matrix element

Large logs!
A

v

Evaluated at: pus ~ Qo

B Hdyg
Natural scale: pn ~ Q 7 HQupe) = HQ ) x Pexp [/ ]

Anomalous dimension matrix

v
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Super-Leading Logarithms for Massive Final States

Anomalous Dimension

{’H(Q; ps) = H(Q, n) X Pexp M” ”

Collinear

() =
(1) varts

collinear part

Soft and soft- ]
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Super-Leading Logarithms for Massive Final States

Anomalous Dimension

[’H(Q, ps) = H(Q, pn) x Pexp U‘” ”

rH _ Collinear
2

—9) subleading

collinear part

Soft and soft- ]
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Super-Leading Logarithms for Massive Final States

Anomalous Dimension

[""(@,as) = H(Q, 1) x Pexp M ﬂ

Collinear

Soft and soft- n
collinear part parts
—> SLLs! —) subleading

T = 58 L

L7 () =

\V)

) +T+7VY+ ’YOVCOUI} + O(Cf?)}

54
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Super-Leading Logarithms for Massive Final States

Anomalous Dimension

[’H(Q;Ms) = H(Q, urn) x Pexp [/:} ﬂ

Collinear

Soft and soft- n
collinear part parts
—> SLLs! —) subleading

[I‘S(u) = aiﬁf ) [vorc ln(

Cusp contribution

L7 () =

\V]

)]‘l' T +yVY+ ’YOVCOUI} + O(Cf?)}

oIE
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Super-Leading Logarithms for Massive Final States

Anomalous Dimension

[’H(Q;Ms) = H(Q, pn) x Pexp U:} ”

Collinear

Soft and soft- n
collinear part parts
= SLLs! —) subleading

053 2 T ou
{I‘S(M) — 4;”) [fmrc 111(5—2) ++ YVE + 7 VC 1} +(’)(a§)}

h

/

Cusp contribution Purely soft
emissions

L7 () =

= [ Josua's talk J
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Super-Leading Logarithms for Massive Final States

Anomalous Dimension

[’H(Q, 1) = HQun) < Pexp | [ ”

L7 () =

Soft and soft- Collinear
. +
collinear part parts
—> SLLs! —) subleading

{I‘s(”) _ s (1) [fon‘cln(u—j) _I_f_|_[,yovG_|_,YOVcoul]} +O(a§)}

TN

Cusp contribution Purely soft Glauber Coulomb phase
emissions phase —) only for

=}[ Josua's talk ] massive partons!
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Super-Leading Logarithms for Massive Final States

Anomalous Dimension

Resummed cross section:

Hh
5SHL, = (H(Q. i) x Pexp [ / d—”rw] o 1)
ps M
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Super-Leading Logarithms for Massive Final States

Anomalous Dimension

Resummed cross section:

GSLL, =<{ (@, n) x Pexp [ / S el 1y

Romy Griinhofer | JGU | SCET 2026 [@@@0O0][00][00000|[0]




Super-Leading Logarithms for Massive Final States

Anomalous Dimension

Resummed cross section:

GSLL, =<{ (Q, n) x Pexp [ / T el 1y

: VG, VCOul ‘ } lIl( )
Scale
. integrals
I‘Cm(”—g) — % e
_ Hh Y,
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Super-Leading Logarithms for Massive Final States

Colour Traces

{rs(u) = O‘SST“) [701‘6 1n(“—2> +T+5VE+ meCOul] + O(ai)]
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Super-Leading Logarithms for Massive Final States

Colour Traces

2
{I‘S(M) _ aSETu’) [fYOFC IH(Z_2> "‘F‘f"}/OVG‘f")/OVCOUI] _}_O(ag)}

h

o Want as many I'“ as possible 2 (H(pp) (T)" 1) vanishes since (HI'°® 1) =0

Romy Griinhofer | JGU | SCET 2026 [@@@@0][00][00000|[0] 5




Super-Leading Logarithms for Massive Final States

Colour Traces

{rs(u) = O‘SST“) [701‘6 m(ﬁ—) +T+5VE+ meCOul] + O(ai)]

° Want as many I'“ as possible

> Use soft emission —  (H(wn) (I‘C)® 1)
(introduces )
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Super-Leading Logarithms for Massive Final States

Colour Traces

[\]

{rs(u) = O‘Z(W“) [701‘6 m( ) +T+5VE+ meCOul] + O(ai)]

Sl B

° Want as many I'“ as possible

o Use soft emission — (H(un) (I‘C)® 1) vanishes since [I'°,T] =0
(introduces ) (colour coherence)

Romy Griinhofer | JGU | SCET 2026 [@@@@0][00][00000|[0] 5




Super-Leading Logarithms for Massive Final States

Colour Traces

2
{I‘S(/Jﬂ) _ Qfs(;l’) [WOFC 111(5_) —'_F—}_F}/OVG—}_PYOVCOUI] _}_O(ag)}

° Want as many I'“ as possible

o Use soft emission
(introduces Q)

e Use Glauber phase 2 (H(up) (I‘C)n ® 1)
[VE, T #0
[VCoulj FC] — 0
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Super-Leading Logarithms for Massive Final States

Colour Traces

2
{I‘S(/Jﬂ) _ Qfs(ﬂ_ﬂ) [’YOFCIH(Z_> _'_F_i_,}/OVG_}_,YOVCoull _}_O(ag)}

° Want as many I'“ as possible

o Use soft emission
(introduces Q)

o Use Glauber phase 4 (H(up) (I‘C)n ® 1)  cross section should be real
(VST #0
[VCoulj FC] — 0
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Super-Leading Logarithms for Massive Final States
Colour Traces

[\]

00 = 2 [

Sl B

) + T+ 9V + %Vcom] + O(ag)}

° Want as many I'“ as possible

o Use soft emission
(introduces Q)

° Use Glauber phase

(VST #0
[VCoulj FC] — 0
> Use second phase —> (’H(,uh) (T)" VT ®1) + different orderings
—> (H(un (T)" VET ® 1) + different orderings

Romy Griinhofer | JGU | SCET 2026 [@@@@0][00][00000|[0]




Super-Leading Logarithms for Massive Final States
Colour Traces

[\]

00 = 2 [

Sl B

) + T+ 9V + ’YOVCOLﬂ] + O(ag)}

° Want as many I'“ as possible

o Use soft emission

(introduces (o) /SLLS contribute like aT"L3%2" with I = m(Q) > 1 A
° Use Glauber phase Yo

[VE, T #0 OSLL ~ OBorn X |1+ asL 4+ a2L? + 2L + afL® + a3L7 + ...

[VCoulj FC] —0 \ /

o Use second phase (H(pup)VE (D) VET ®@ 1) + different orderings

—
— (H(up) VLT VET ® 1) + different orderings
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Super-Leading Logarithms for Massive Final States
Colour Traces

[\]

00 = 2 [

Sl B

) + T+ 9V + ’YOVCOLﬂ] + O(ag)}
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o Use soft emission
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° Use Glauber phase Yo
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Super-Leading Logarithms for Massive Final States
Colour Traces

[\]

00 = 2 [

Sl B

) + T+ 9V + ’YOVCOLﬂ] + O(ag)}

° Want as many I'“ as possible

o Use soft emission

(introduces (o) /SLLS contribute like aT"L3%2" with I = m(Q) > 1 A
° Use Glauber phase Yo

V& T #0 OSLL ~ OBorn X [1 4 asL + a2L? +[a?L? + olL° + a2L7 + .. ]

[VCoulj FC] —0 \ /

o Use second phase (H(pup)VE (D) VET ®@ 1) + different orderings

—
— (H(up) VLT VET ® 1) + different orderings
—) (H(uh)VCOUIVCOUIF ® 1>
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Super-Leading Logarithms for Massive Final States
Colour Traces

[\]

00 = 2 [

Sl B

) +T + ')/OVG + WOVCOUI] + O(ag)}

° Want as many I'“ as possible

o Use soft emission

(introduces (o) /SLLS contribute like aT"L3%2" with I = m(Q) > 1 A
° Use Glauber phase Yo

[VE, T #0 OSLL ~ OBorn X |1+ asL 4+ a2L? + 2L + afL® + a3L7 + ...

[VCoulj FC] —0 \ /

_~ [Becher, Neubert,

— <'H(Mh)VG (re)” VT ® 1) + different orderings  Shao, Stillger (2023)]
— [((H(pp) VLT VET @ 1) + different orderings
—) (}L(uh)VCOuIVCoulf ® 1>
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2 — tt Processes

Kinematics and Choice of Scales

For tt -production: o qf — tt

o gg — tt
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2 — tt Processes

Kinematics and Choice of Scales

For ¢t -production:

o gg — 1t
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2 — tt Processes

Kinematics and Choice of Scales

For ¢t -production:

o gg — tt

Center-of-mass frame: simplified kinematics

o 8= =0 where ;= s

oen=mn =—n;y where n; = artanh (cos(f;))
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2 — tt Processes

Kinematics and Choice of Scales

For ¢t -production:

o gg — tt
Center-of-mass frame: simplified kinematics
o B=0=08 where B85 = /1— L
e n=mn=—n; where n; = artanh (cos(f;))
Choice of scales: velo

region
n e [_17 1]

jet 0 jet
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2 — tt Processes

Kinematics and Choice of Scales

For ¢t -production:

o gg — tt

Center-of-mass frame: simplified kinematics

o =0 =0 where S;= —m—g
EI
on=mn=—-n; where n; = artanh (cos(f;))
Choice of scales: | veto Hard scale:
Soft scale: region o — 2m;
ps = 20 GeV ne[-1,1] SR gy
| L | >
| 1 |4 —
jet 0 jet pseudorapidity 7
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2 — tt Processes

Kinematics and Choice of Scales

Coulomb phase:

I
yeoul — _ 5 Z (Tr Ty —Trr-Trr)vis

(1.J)
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2 — tt Processes

Kinematics and Choice of Scales

Coulomb phase:

1 .
yeoul — _ 5 Z (Tr - Ty —Trr-Trr)vig

(IJ)

/
Sum over all

pairs of massive
final states
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2 — tt Processes

Kinematics and Choice of Scales

Coulomb phase:

1

yeoul — _ §7Ti Z (Trr-Trr —Trr-Tig) vis
(1.J)
~ \ /
Sum over all Colour generators
pairs of massive (acting from the left
final states and right onH)
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2 — tt Processes

Kinematics and Choice of Scales

Coulomb phase:

1
yeoul — _ §7Ti Z (Trr-Tyr —Trr- TJ,R)

A0 A ! \

Sum over all Colour generators Kinematical
pairs of massive (acting from the left factor
final states and right on )
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2 — tt Processes

Kinematics and Choice of Scales

Coulomb phase:

1 .
yeoul — _ 5 Z (Tr Ty —Trr-Trr)vis
(1J)
P \ / \
Sum over all CO'QUF generators Kinematical
pairs of massive (acting from the left factor
final states and right on )

In the center-of-mass frame for gg — tt:

Coul .
Vel = —ir (T - Tyrr, — Toor - Tip) vi
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2 — tt Processes

Kinematics and Choice of Scales

Coulomb phase:

I
yeoul — _ 5 Z (Tr Ty —Trr-Trr)vis
(1.J)
p \ / \
Sum over all Colour generators Kinematical
pairs of massive (acting from the left factor
final states and right on‘H)
In the center-of-mass frame for gg — tt:
Coul _ . e A et _ _
v = —in (Ti.L - Tr — Tir Tt,R)\ (1- ) For g—1: [...] =0 (massless limit)
1 _
Vit = { 23 ] 1 For —=0: [...] >0 (Sommerfeld
enhancement)
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Sommerfeld Enhancement

gg — tt
0
n =2
—0.2%
=
S |E
3 2. —04%}
SIS
S
5=
S —0.6%t
— single Coulomb
— +double Coulomb
—0.8%
0.0 0.2 0.4 0.6 0.8
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Sommerfeld Enhancement
gg — tt

[VCOH] — T (Tt,L . CFE,L — Tt,R . CFE,R)]
N =2
—0.2%} _ 1 /

for small 5. v ~ —

B

—0.4%F )
o (VO O(BY) — 0for =0

—0.6% I e (VO 0(8°)  — constant
— single Coulomb for 83— 0

— +double Coulomb

(dO‘/dn)SLL’Coul
(dg/dn)Bom

—0.8%

0.0 0.2 0.4 0.6 0.8
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Sommerfeld Enhancement
gg — tt

[VCOH] — T (Tt,L . CFE,L — Tt,R . CFE,R)]
N =2
—0.2%} _ 1 /

for small 5. v ~ —

B

—0.4%F )
o (VO O(BY) — 0for =0

—0.6% I e (VO 0(8°)  — constant

— single Coulomb

(dO‘/dn)SLL’Coul
(dg/dn)Bom

for 3 —0
— + double Coulomb 3
—0.8%} { o (VOUY" O(7Y) = diverges
| | | . for 3—0
0.0 0.2 0.4 0.6 0.8 o
B
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Sommerfeld Enhancement

[VCOH] — T (Tt,L . Crt_,L — Tt,R . CFE,R)]

1
for small g3: vz ~ —

B

-

gg — tt
0 T T T T
n=2
—0.2%
=
S |E
2 2. —04%}
S
S
5=
S —0.6%t
— single Coulomb
— +double Coulomb
—0.8% F — +resummed Coulomb 7
0.0 0.2 0.4 0.6 0.8
5
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— Sommerfeld enhancement

— Requires resummation of

arbitrary (even) number
of Coulomb insertions!

(H(wn) (V)" T @ 1)

~

J




Sommerfeld Enhancement

T T T T

Resummed n=2
threshold effect

— single Coulomb

— +double Coulomb

— 4+ resummed Coulomb 7

[VCOH] — T (Tt,L . CFE,L — Tt,R . CFE,R)]
-

for small g3: vz ~ —

B

e )
— Sommerfeld enhancement

— Requires resummation of
arbitrary (even) number
of Coulomb insertions!

gg — tt
0
—0.2%k
=
3 A —04%F
S I~
g%
o=
Sl —0.6%E
—0.8%k
0.0
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Sommerfeld Enhancement

[VCOH] — T (Tt,L . CFE,L — Tt,R . CFE,R)]
-

for small g3: vz ~ —

B

e )
— Sommerfeld enhancement

— Requires resummation of
arbitrary (even) number
of Coulomb insertions!

gg — tt
0 T T T T
Massless
o n=>2
099l limit
3
S |E
2 2. —04%}
S
SIS
s|I=
S —0.6%F
— single Coulomb
— +double Coulomb
—0.8% F — +resummed Coulomb
0.0 0.2 0.4 0.6 0.8
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Numerical Effects

n=72
g9 — i 1.0 et 1 0
(do[dn)Pio veto region Qo =20GeV |
(do-/dn)Born : .
[Coulomb SLLS] 0.8F | | & —0.2%
—0.4%
—0.6%
—0.8%
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Numerical Effects

99 — 1t ) N — .
(do /dn)SUL-Coul = veto region [Q S Ge\/] |
(do P -

[Coulomb SLLS] 0.8} | o —02%

—0.4%

—0.6% B =0.2

—0.8%
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Numerical Effects
gg — tt

Q() = 20 GeV

(dg/dn)SLL,Coul
(do/dn)Por

—2.0%

—2.5%
10
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— s = QO ]
varied between p, = 2Qp and ps = Qy/2
20 30 40 50
QU [GGV}
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Numerical Effects

gg — it 1.0 —
Coulomb and 0.8 o
Glauber SLLs e
0.6L
. —8%
0.4L
—12%
0.2F
0.0 —16%
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Conclusion

New source of super-leading logarithms for massive final states:

1
{Vcoul == 5T Z (Trr Ty —Trr-Tyr) UIJ}

(1J)

o Vanishes for 3 — 1 (masslesss limit)

e Enhanced for 3 — 0 (threshold limit): Sommerfeld effect

—) Requires additional resummation close to threshold

Numerical impact:

° qq — tt : no contribution

°o gg — tt:upto ~ 1% effects in the differential cross section
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Conclusion

New source of super-leading logarithms for massive final states:

1
[VCOUI == 5T Z (Trr Ty —Trr-Tyr) UIJ}
(1J)

o Vanishes for 3 — 1 (masslesss limit)

e Enhanced for 3 — 0 (threshold limit): Sommerfeld effect

—) Requires additional resummation close to threshold

Numerical impact:

° qq — tt : no contribution

°o gg — tt:upto ~ 1% effects in the differential cross section
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Anomalous Dimension
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Cross section

. Hi d” MQ
U(1; pi, p15) = €xp [N/ %usp(as(ﬂ))ln()]
T v

2
J h

(d_o_)SLL,Cou] o 1 6 1
dn "~ cosh®(n) 327 M2 NIN;
Todr 1
X {167?2 Tr(%gﬁz(yh)Xcoul) / ?EUC(l;uh,u) (1112(35'3) — 1112(33))
1 0
3 1
— §7T2 Tr(Hgﬁg(uh)XQCOUI) 5 1113(1:5)}
0

where X% = Jusvyi f O ST Ty TS T

X3! = vk pete (TE{Td, Ty - T, 1) (T + J3y )
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