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Super-Leading Logarithms

* Large logarithms in jet processes at hardon colliders (pp = jets):

0~ 0Born X {1 +asL +a*L?* + a3l +a?L” + L7 + ...} L=1In(Q/Qy) >1

J

D 4

“super-leading logarithms”
[J. R. Forshaw, A. Kyrieleis, M. H. Seymour (2006)]
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Super-Leading Logarithms

e SCET factorization theorem: Ir.Becher, M. Neubert, D. Shao (2021); + M. Stillger (2023)]

U2—>M(QO):\/d£1\/\d£2 Z (%m({@,y},{m},s,&,ﬁg,u)®Wm({n,y},Qo,£1,fz,M))
m=2+M \ \

Hard functions Low-energy matrix elements

* Massless partons: n; = pi/Ez-, n? =0  Massive quarks: V5 = pI/mI, ?J% =1
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Super-Leading Logarithms

e SCET factorization theorem [T. Becher, M. Neubert, D. Shao (2021); + M. Stillger (2023)]

s n1(Qo) fd@ fd§2 Hon({n 0}, {m}, 5, €1, €2, 1) © Wity 0}, Qo €1 oy 1)

m= 2—|—M

* Massless partons: n; = pi/Ez-, nf =0 * Massive quarks: V5 = pf/m[, ’U% =1

e Hard functionS'

d— 3
H / o E M ({p}, {m})) (M ({p}, {m})| x (phase-space constraints)

m\ 25152 1o |

multiplicity \ Momentum conservation + @hard({ﬂa Q})
only over massless final states, remainingin &
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Super-Leading Logarithms

o SCET factorization theorem: I 8echer, M. Neubert, D. Shao (2021); + M. Stillger (2023)]

72t (@)= [d6s [t Y P}, (5.0, €00 0) © Wi Qi v on i)

m=2+M

 Forresummation, set p = pus ~ Qq

- PDFs
Wm(&lag% Ms) — fl(glaﬂs)fQ(é-%/JJS)l + O(QS)

Anomalous dimension matrix:

[Lh du N Need to include massive final states
[
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Anomalous dimension

* Divergences in the hard functions H,, /d8m|Mm({g},{m},u))(Mm({z_a}, {m}, p)|

( 1
* Virtual contributions: Z \ +
11
contrﬁ)utions 9
\
( )
e Real contributions: Z 9 .
11
Contrﬁ)utions
\ y,
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Anomalous dimension

* Divergences in the hard functions H,, /d8m|Mm({g},{m},u))(Mm({g}, {m}, p)|

1 1
* Virtual contributions: Z \ +
1]
contrﬁ)utions 9 9
\ L_
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Anomalous dimension: Virtual corrections

* Anomalous dimension of the QCD amplitude: . secher, M. Neubert (2009)]

M({p} 1) ZT Tﬂcusp(as)lﬂ( . ) + ) ¥ (as) + O(a)

e \ ‘9 i
+2p; - p; + 1€ partons both in- or outgoing
Distinct pairs Color generators Sij —
—2p; - pj + 1€ otherwise
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Anomalous dimension: Virtual corrections

* Anomalous dimension of the QCD amplitude: . secher, M. Neubert (2009)]

1 2 _ i,7: massless
I‘M({B},{m},u) — 5 ZTz ' Tj’}/cuSp(Oés)lﬂ< . ) + Z’Yz(as) [I,J: massive ]

2 —8; ,

(ij) 7 i

m 3

+ 3 Tr - Tyyeusp(as) 111(_ ““)

1 o1 | Additional terms

1 for massive states
— 5 Z Ty - TJ")/Cusp(IBIJa as) + Z’.YI(QS) + O(Odi) J

(1J) I
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Anomalous dimension: Virtual corrections

* Anomalous dimension of the QCD amplitude: . secher, M. Neubert (2009)]

M ({p}, {m}, n) =

Josua Scholze - 10

¢, 7: massles

1 2 _ S
2 ZTZ ' Tj%usp(as)ln( . ) —|—ny“(@3) [I,J: massive ]

(i) A
mry ]
‘|‘ZTI 'CFj’Ycusp(Ods)ln(_SI_> N
I, J , Additional terms

for massive states

1
— 5 Z Ty - TJ")/Cusp(IBIJa as) + Z’YI(O&S) + O(Odg)
(1) 1 ! J

Ycusp (BIJ: Qfs) — fYcusp(Oés) BIJ COth(BIJ) + O(@g)
AN B
Bry = arcosh ( 1) )

2m1m,]
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Anomalous dimension: Virtual corrections

* Anomalous dimension of the QCD amplitude: . secher, M. Neubert (2009)]

M ({p}, {m}, n) =
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¢, 7: massles

1 2 _ S
2 ZTZ ' Tj%usp(as)ln( . ) —|—ny“(@3) [I,J: massive ]

(i) el
mryl ]
‘|‘ZTI 'CFj’Ycusp(Ods)hl(_SI’) N
I, J , Additional terms

for massive states

1
— 5 Z Ty - TJ")/Cusp(IBIJa as) + Z’YI(O&S) + O(Odg)
(1) 1 ! J

Ycusp (BIJ: Qfs) — fYcusp(Oés) IBIJ COth(/@IJ) + O(@g)
AN B
Bry = arcosh ( 1) )

2m1m,]
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Anomalous dimension: Virtual corrections

102

(L)
n (222

— Brgcoth(Br)
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Super-Leading Logarithms in t - t Production - Derivation

4 Real part: )
p 1 ok
— 1 In (-2 ) — [[dQ, W,
’ (2E) o (QEj) /[ WV
= In (%) - /[dﬂk]wll?j
’ subtract collinear limits  7;||ng, nj||nk
—k AL
— - [ 97, ‘ ~
- W, = —o 5(n; —np) — §(n; —ny)
ng - MEng - Ng g - N ng - Nk
Softdipole —* vr - Ny B 1 5(n; — i)
radiators L wrongng -nge ny - "y — Nk
—k Ur - vy
Wir=
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Anomalous dimension: Virtual corrections

~ ~
4 Real part: ) Imaginary part:
2
H H H TV -
=1 In{ — ) — [ [dQ|W.. IL;;
" (—Sij) ' (QEZ) o (QEj) /[ W || ot
mr 14 —k :
In (_Sfj) =In (E) — /[dﬂk]WIj +imlly;
- - (UI ' UJ)
— Brycoth(Bry) | = — [ [dQ%]W Tem >
\_ J Vir-v)? -1 )

1 partons both in- or outgoing
g =

0 otherwise
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Anomalous dimension: Virtual corrections

Includes massive monopoles

2 /
s Z A<y —

a,B

e For the hard functions:

1 Em [ (T1,L T —T R - T2,R) <+— Glauber

9

1
+ 1 Z (Trp- Ty —Trr-TyRr) ’UIJ] H,,({n,v},{m}, n) <+— Coulomb
(1J)

- /dgm Z@: |:’YOO?; (% + éln(Jé_)) — 1—8] ﬁm({g},{m},”)} <+—Soft+collinear

?

(vr-vy)

\/(UI'UJ)2—1_1
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* With kinematical factor vyy =




Anomalous dimension

* Divergencies in the hard functions H,, /d8m|Mm({g},{m},u))(Mm({g}, {m}, p)|

( )
e Real contributions: Z 9 ’
11
Contrﬁ)utions
\ J
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Anomalous dimension: Real emissions

* |n the soft limit, the Soft theorem holds
* Separating the soft divergence:

Z %m—}—l {p, Q} {m} ) D _i Z Qhard(nq)WiﬁTa,L o T,B,R%m({]_j}ﬂ {m}:‘ [,L)

Color space of
emitted gluon Monopoles for

/ massive quarks

>

all

contributions
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Anomalous dimension: Real emissions

* Collinear limits: No additional divergences from massive quarks

* Unchanged compared to massless case:

(Hm1({n, v}, {m}, €) @ W1 ({2, ’U} )

> fien 3 Jom (5 ( )

X (Ho ({2, 0}, {2}, 1) @ Wi ({2, 2}, 1)) + O(e°)

. {ﬁ, @} and {m} include parent parton P instead of collinear partons a and 3

e Cancellations with virtual corrections
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Anomalous dimension

* RG equation: m({n, v}, {m}, s, u) Z H,({n,v}, {m}, s, u) * T/t ({n,v},s, 1)

dln“ 1=24+M
* Infinite matrix in
multiplicity space: (V2+M Roi s 0 0 \
a, 0 Voimr+1 Rojmrsa 0 2k ,
T ({n,v}hs.m) =721 0 0 Vaiamrso Rornras - | TO(a3)

* Decomposition:

L7(&1,6) = 0(1 = &)0(1 — &)T7 +6(1 — &)L (&) +6(1 — &)T5 (&)

| . 7
Y

Soft part: derived Purely collinear parts: subleading
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Soft anomalous dimension including massive final states

2
e —
L% = Yeusp (ats) (I‘C In (’“L ) +V+ VC°“1> + =T+ 0 (a3)
vy
Soft+collinear part Glauber and Coulomb phase Purely soft part
I°= ) [Cil—6(n; —ny)T; 0Ty Rl

i=1,2

V= 21i(Ty -Toyr —Tir -Tor)

I RV
Vel = ——miy (Tr-Tre—Trr-Tir) o)) g
2 (I.J) V(vr-v5)? =1

dgﬂk

I = 5702 _(Tar T +Tar- TB,R)/ 4zl9hard ng) aﬁT roTpr

Josua Scholze - 19 Super-Leading Logarithms in t - t Production - Derivation @ Mzﬁﬁs



Soft anomalous dimension including massive final states

2
Yo —
I = Yeusp (as) (I‘C In (’“L ) + V&4 VC°“1> + =T+ O (a?)
vy
Soft+collinear part Glauber and Coulomb phase Purely soft part

I°= ) [Cil—6(n; —ny)T; 0Ty Rl

i=1,2 Vanishes for m — (
VG — _9m; (Ti.r Tor —Tin-Tor) ) Close to tljreshold —i o0 : Sommerfeld enhancement
, | v -
verl=—-mi) (Trp Trp—Tre-Trg) [ u Jz) N 1]
(1.]) \/(’UI-’UJ) —1
_ 1 dQQk
I'= 3% > (TarTsp+Tar-Tsr) 4Zﬁhard ng) aﬁTa roTsr

o,
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Conclusion

* Anomalous dimension <—> Divergences in the hard function
for massive final states  Virtual and real contributions
e Soft and collinear limits

2
o T = vyousp (as) (I‘C In (5—2> + V& 4+ Vcc“ﬂ) + Z—;f + O (a?)
v |

* New Coulomb phase for massive quarks * Contains now massive monopoles W,
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Conclusion

* Anomalous dimension <—> Divergences in the hard function
for massive final states  Virtual and real contributions
e Soft and collinear limits

2
o T = vyousp (as) (I‘C In (z—2> + V& 4+ VCOU1> + Z—;f + O (a?)
v |

* New Coulomb phase for massive quarks * Contains now massive monopoles W,

» Resummation of Coulomb SLLs + Numerical results:

Stay tuned for the next talk by Romy Grunhofer
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