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Soft-Collinear Effective Theory

At the LHC: collide highly energetic protons, pp — jets

—) Different scales
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Soft-Collinear Effective Theory

At the LHC: collide highly energetic protons, pp — jets

— Different scales: - Hard scattering
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Soft-Collinear Effective Theory

At the LHC: collide highly energetic protons, pp — jets

— Different scales: - Hard scattering

o Soft gluons

[o Collinear radiation in jets]

Hard: / Soft: \ / Collinear:
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Soft-Collinear Effective Theory

At the LHC: collide highly energetic protons, pp — jets

— Different scales: - Hard scattering

o Soft gluons

[o Collinear radiation in jets]

Hard: / Soft: \ / Collinear:

pQ — Q2 p2 — )\QQQ p2 _ A2Q2
/ / But: high energy into a
Invariant A:small light-like direction
mass parameter 5
= (1,0,0,1 =0
Q:high energy 1 = Gl

scale \ / @ = (1,0,0,—1) 9 ZO/
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Soft-Collinear Effective Theory

At the LHC: collide highly energetic protons, pp — jets

— Different scales: - Hard scattering

Hard:
pZ — Q2

/

Invariant
mass

(2:high energy
scale

o Soft gluons

e Collinear radiation in jets

//

A:small

parameter

~

-

/

-

Collinear:;
p? = A2Q?

But: high energy into a

light-like direction

n, = (1,0,0,1) = n* =0
@:(170707_1)#712 =0

/
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—) Soft-collinear effective
theory (SCET)



Super-Leading Logarithms in ¢t -Production
Origin of SLLs
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Super-Leading Logarithms in ¢t -Production
Origin of SLLs

Large Logarithms in pp — jets processes: L = ln(g> > 1
0

0 = OBorn X {1+a3L—|—a§L2—|—a§’L3 +all’ +a§L7+...}
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Super-Leading Logarithms in ¢t -Production
Origin of SLLs

Large Logarithms in pp — jets processes: L = ln(g> > 1
0

0 = OBorn X {1 +a,L+a’Ll? + o L? +[ozi‘L5 +a’L7 + .. ]}
\

Formally larger
than O(1)

—) Resum these logarithms!
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Super-Leading Logarithms in ¢t -Production
Origin of SLLs

Large Logarithms in pp — jets processes: IH(QQ) > 1
0

Partonic cross section evaluated at 1 = ps ~ Qo:

Trivial low energy
matrix element

Hard function

oo = (Haosnr(Qu = p1s) ® 1)

Romy Griinhofer | JGU | Chiemsee 2025 @lOOOOHOOOl@ 4




Super-Leading Logarithms in ¢t -Production
Origin of SLLs

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

0

Partonic cross section evaluated at ¢ = ps ~ Qo:

Trivial low energy
matrix element

Hard function

/
3 = (Hamn (Qlp = pg) © 1)

» Evaluated at: us ~ Qg
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Super-Leading Logarithms in ¢t -Production
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Partonic cross section evaluated at ¢ = ps ~ Qo:
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matrix element

Hard function
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Super-Leading Logarithms in ¢t -Production
Origin of SLLs

Large Logarithms in pp — jets processes: ln(—) > 1 Ein ~ Q

Partonic cross section evaluated at ¢ = ps ~ Qo:

Trivial low energy
matrix element

Hard function

oo = (Haosnr(Qu = p1s) ® 1)

» Evaluated at: s ~ Qg

> Natural scale: un ~ @
Large logs!
A

V)
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Super-Leading Logarithms in ¢t -Production
Origin of SLLs

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

Partonic cross section evaluated at ¢ = ps ~ Qo:

Trivial low energy
matrix element

Hard function

oo = (Haosnr(Qu = p1s) ® 1)

» Evaluated at: s ~ Qg

> Natural scale: un ~ @
Large logs! A.nomallous _
A /‘/ dimension matrix

4

Kh
—> use Hom(Q,ps) = Hasm(Q, pn) X Pexp U %]

s
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Super-Leading Logarithms in ¢t -Production

Anomalous Dimension

[’H(Q, ps) = H(Q, pn) x Pexp Uﬁ” (ZL”

L7 (£1,82) = 6(1 — &1)0(1 — £)T7 + 6(1 — &)T] +6(1 — £)TF
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Super-Leading Logarithms in ¢t -Production

Anomalous Dimension

[’H(Q, ps) = H(Q, pn) X Pexp [/:} dlfrﬁ(u)”

L7 (£1,82) = 6(1 — &1)6(1 — &)T *‘[5(1 — &)IF +6(1 — 51)Pg]

\

Collinear parts =) subleading
effects
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Super-Leading Logarithms in ¢t -Production

Anomalous Dimension

[’H(Q, 1) = H(Q, ) X Pexp [ fu G}fr’“(u)ﬂ

T7(61,62) = 6(1 = &)6(1 — §2+ 0(1— &)Y +6(1 - &)TY
! \

Collinear parts =) subleading
effects

collinear part: 4

=

2
Soft and soft [I‘S(M) _ as(p) [FJF,)/OVG+,Yovcou1+,mrcln(ﬂ_2)] +O(a§)}
h
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Super-Leading Logarithms in ¢t -Production

Anomalous Dimension

[’H(Q, 1) = H(Q, ) X Pexp [ f“ ‘ifr’“(u)ﬂ

L7 (£1,82) = 6(1 — &1)0(1 — £)T7 + 6(1 — &)T] +6(1 — £)TF

\

Collinear parts =) subleading
effects

Soft and soft- s, v as(p)
collinear part: [F () = Am

/

Purely soft
emissions

2
+ YoV E + 4V 4 AT ln(’/j—z)] + O(ai)}
h
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Super-Leading Logarithms in ¢t -Production

Anomalous Dimension

[’H(Q, 1) = H(Q, ) X Pexp [ f“ %I‘%)ﬂ

L7 (£1,82) = 6(1 — &1)0(1 — £)T7 + 6(1 — &)T] +6(1 — £)TF

\

Collinear parts =) subleading
effects

Soft and soft- s,y os(p) | G ot T )
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Purely soft Glauber  Coulomb phase
emissions phase = only for
massive partons!

=
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Super-Leading Logarithms in ¢t -Production

Anomalous Dimension

[’H(Q, 1) = H(Q, ) X Pexp [ f“ %”I"“(u)ﬂ

L7 (£1,82) = 6(1 — &1)0(1 — £)T7 + 6(1 — &)T] +6(1 — £)TF

\

Collinear parts =) subleading
effects

2
Soft and soft [I‘S(M) _ as(p) [F+,YOVG+,YOVCOu1 J{%Fcln(#_z)ﬂ —I—O(ai)}
h

collinear part: 4
/o] T AN

Purely soft Glauber [ Coulomb phase Cusp contribution
emissions phase = only for
massive partons! |«—— Our work

=
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Super-Leading Logarithms in ¢t -Production
Colour Traces

[rs(u) = O‘ZST’“‘) [f+70VG + VO + 4T m( 2)} —I—O(o@)}

Sl B

o Want as many I'“ as possible L (H(u) (T)" @ 1)

Romy Griinhofer | JGU | Chiemsee 2025 @lOOOOHOOOl@ 6




Super-Leading Logarithms in ¢t -Production
Colour Traces

2
150 = 5 [ v 4oyt s )]+ 0ted)
h

4 )
. L.T21)=0
o Want as many T as possible —= (H(us) (T°)" © 1) ( G >
(.VE®1)=0
(... Vulg1) =
[T, T] =0
[I\C’VCOUI] —0
[VG,VCOUI] — 0
- J
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Super-Leading Logarithms in ¢t -Production
Colour Traces

2
{I‘S(u) _ as (1) [f_F%VG + oV Eoul AT m(%ﬂ +O(a§)}

47 Hy
[ O
. [ (. T°®1)=0 )
° Want as many I'“ as possible o
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(... VUl e 1) =0
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Super-Leading Logarithms in ¢t -Production
Colour Traces

2
150 = 5 [ v 4oyt s )]+ 0ted)
h

4 )
. (..T°®1) =0

° Want as many I'“ as possible o
(...VZ®1)=0

?

— Coul .
° Use soft emission —  (H(un) (I‘C)® 1) (... VT ®1) =
(introduces )

[T, T] =0
[FC, VCoul] — 0
[VG, VCoul] —0
. J
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Super-Leading Logarithms in ¢t -Production
Colour Traces

2
150 = 5 [ v 4oyt s )]+ 0ted)
h

4 )
(.. T®1)=0

(..VE®1)=0

(...V&lg1) =0

° Want as many I'“ as possible

o Use soft emission
(introduces Q)

e, T =0
[FC, VCoul] — 0
[VG, VCoul] —0
. J
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Super-Leading Logarithms in ¢t -Production
Colour Traces

2
150 = 5 [ v 4oyt s )]+ 0ted)
h

4 )
. (..T°®1) =0
° Want as many I'“ as possible o
(..V"®1) =0
Coul o
° Use soft emission (.. V ®1) =
(introduces Qo) [T, T] =0
o Use Glauber phase 4 (H(up) (I“"’)'”’ ® 1) T, vOou) —
[VG, VCoul] —0
\ Y,
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Super-Leading Logarithms in ¢t -Production

Colour Traces

[FS (1) =

° Want as many I'“ as possible

o Use soft emission
(introduces Q)

° Use Glauber phase

2
Qfs(l’L) [F‘F’YOVG—'_WOVCOHI+70F61n(u_2>j| _I_O(Qfg)}
47T H’h
- ~
(.. T®1)=0
(..VE@1)=0
(... Vg1 =
cross section " Ir=0
should be real e, veeu = o
[VG, VCoul] —0
N Y
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Super-Leading Logarithms in ¢t -Production
Colour Traces

2
150 = 5 [ v 4oyt s )]+ 0ted)
h

4 )
(.. T®1)=0
(..VE®1)=0

Coul o
o Use soft emission (... V" ®1) =0
(introduces )

° Want as many I'“ as possible

[T, T] =0
° Use Glauber phase e, Vel = o
[VG, VCoul] —0
N J

(’H(uh(I‘c)n VT ®1) + different orderings

° Use second phase —)
— (’H(uh(I‘C)n VT ® 1) + different orderings
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Super-Leading Logarithms in ¢t -Production
Colour Traces

2
150 = 5 [ v 4oyt s )]+ 0ted)
h

4 )
(.. T®1)=0
(..VE®1)=0

Coul o
o Use soft emission (... V" ®1) =0
(introduces )

° Want as many I'“ as possible

[T, T] =0
° Use Glauber phase e, Vel = o
[VG, VCoul] —0
N J

— (H(pp)VE (T)"VET ® 1) + different orderings
— (H(up) VLT VET ® 1) + different orderings
=} <H(Mh)VCOUlVCOUIF ® 1>

° Use second phase
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Super-Leading Logarithms in ¢t -Production
Colour Traces

s ™ ou c ’
{rs(u) 4;’“‘) [I‘+70VG+70VC L4 ~oT m(g—Qﬂ +O(a§)}
h

4 )
(.. T®1)=0

(..VE®1)=0

(...V&lg1) =0

° Want as many I'“ as possible

o Use soft emission
(introduces Q)

[T, T] =0
° Use Glauber phase e, Vel = o
[VG, VCoul] —0
N J

— (H(pp)VE (T)"VET ® 1) + different orderings
) <7'L(Mh)vcoul (T)" VT ® 1) + different orderings Only for
T massive
— ((H(ppn)VUVIT ©1)

partons!
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Super-Leading Logarithms in ¢t -Production
2 — tt Processes

For tt-production: o qf — tt

o gg — 1t
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For tt-production:
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Super-Leading Logarithms in ¢t -Production

2 — tt Processes

For tt-production:

o gg — 1t

Center-of-mass frame: kinematics encoded in

o =0t=0 where (= - =

on=mn=—n; where n; = artanh (cos(f;))
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Super-Leading Logarithms in ¢t -Production
2 — tt Processes

For tt-production:

o gg — tt

Center-of-mass frame: kinematics encoded in
2
mr

_E’%

o B=pP+=pP; where pBr=

on=mn=—n; where n; = artanh (cos(f;))

Veto region between the jets: n € [—1,1]

Soft scale: s = 20 GeV

2m
Hard scale: uj, = ———

Vi- 7
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Numerical Effects

gg — tt
0 T T T T
n=2
—0.2%
=
S |E
3 2. —04%}
IS
SIS
s|I=
S —0.6%t
— single Coulomb
— +double Coulomb
—0.8%
0.0 0.2 0.4 0.6 0.8
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Numerical Effects

gg — tt
0 T T T T
0.2% "= Ve = —ir (T, - Trp — Tir - Tig) v
—0.2%L 1
=
S |E
3 2. —04%}
IS
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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Numerical Effects

gg — tt
0 T T T T
n=2
—0.2% .
=
S |E
3 2. —04%} -
TS
SIS
s|I=
S —0.6%t .
— single Coulomb
— +double Coulomb
—0.8% .
0.0 0.2 0.4 0.6 0.8
5
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Numerical Effects

gg — tt
0 T T T T
n=2
—0.2% .
=
S |E
3 2. —04%} -
TS
SIS
s|I=
S —0.6%t .
— single Coulomb
— +double Coulomb
—0.8% .
0.0 0.2 0.4 0.6 0.8
5
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4 8)?

Kinematical factor vi = 28

—) diverges for 5 — 0



Numerical Effects

gg — tt
0 , , | . Colour generators of ¢t and t
0.2% =2 Vel = —in (T, - Ty, — Tor - T: r)(ved)
—0.2%| |

4 B)?

Kinematical factor vi = o3
—0.4% ] B

—) diverges for 5 — 0

(dO‘/d’l’])SLL’Coul
(dg/dn)Bom

—0.6%

— single Coulomb | ° (VCOUl)l; OB = 0for 8—0
— + double Coulomb 2
—0.8%L | e (VCOul) : 0(50) ——) constant
for 5 —0
0.0 0.2 0.4 0.6 0.8 o (VOr)?: 0(8~1) — diverges
5 for B —0

o
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Numerical Effects

gg — tt
0 , , | . Colour generators of ¢t and t
0.2% =2 Vel = —in (T, - Ty, — Tor - T: r)(ved)
—0.2%| |

-y

Kinematical factor vi = 53
—0.4%}| | g

—) diverges for 5 — 0

(dO‘/dT])SLL’Coul
(dg/dn)Bom

—0.6%

— single Coulomb Kz} Sommerfeld effect \
— + double Coulomb —) Resummation of
—0.8% — +resummed Coulomb arbitrary (even) number
. . . . of Coulomb insertions!
0.0 0.2 0.4 0.6 0.8

; L G (V)T Te1) )
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Numerical Effects

n=72
gg — tt ) — e 0
(do /dn)SLL,Coul veto region Qo = ?0 el
(do-/dn)Born : .
[Coulomb SLLS] 0.8F | - —0.2%
—0.4%
—0.6%
—0.8%
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Numerical Effects

gg — it 1.0 —
Coulomb and 0.8 o
Glauber SLLs e
0.6L
. —8%
041
—12%
0.2+
0.0 —16%
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Conclusion

Super-leading logarithms at hadron colliders:

0 = OBorn X {1 +a,L+a’L? + o L? +[ofle5 +a’L7 + .. ]}

New source of super-leading logarithms for massive final states

—> Require resummation close to threshold (Sommerfeld effect)

Numerical impact:

o qq — tt : no contribution

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

Romy Griinhofer | JGU | Chiemsee 2025 @|OOOO||OOO|@

12



Conclusion

Super-leading logarithms at hadron colliders:

0 = OBorn X {1 +asL+ a2l 4+ alL? +[042‘L5 +a’L7 + .. ]}

New source of super-leading logarithms for massive final states

—> Require resummation close to threshold (Sommerfeld effect)

Numerical impact:

o qq — tt : no contribution

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

r—. S (Tor T+ Tor- T )/dmk
— 2")/0 2 o, L 3,L o, R B,R A
FC—Z[CZI—(S(H@—?%)TzLOTzR]
1=1,2
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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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