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GAP-BETWEEN-JET CROSS SECTION

= veto radiation above a low scale Q, outside jets

= particles inside jet carry large energy Q ~ v/
» non-global logarithms L = In(Q/Q,)

2 Aprl5,2024 Michel Stillger SCET 2024




GAP-BETWEEN-JET CROSS SECTION

= veto radiation above a low scale Q, outside jets

= particles inside jet carry large energy Q ~ v/
» non-global logarithms L = In(Q/Q,)

= Glauber gluon exchange between initial-state partons breaks color coherence
» complicated structure at higher order
» super-leading logarithms (SLLs)

5~ 6 {1+ a,L + 022 + () (BB + OES + AEA -+ ..}

[Forshaw, Kyrieleis, Seymour: JHEP 08 (2006) 059]
[Becher, Neubert, Shao: Phys. Rev. Lett. 127 (2021) 212002]
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GAP-BETWEEN-JET CROSS SECTION

® real and imaginary part of large logarithms
In(—Q*/Q5) = 2L —iw

= realistic values, e.g. Q = 1 TeVand Qy = 40 GeV
L~
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GAP-BETWEEN-JET CROSS SECTION

® real and imaginary part of large logarithms
In(—Q*/Q5) = 2L —iw
= realistic values, e.g. Q = 1 TeVand Qy = 40 GeV

L~
= expansion in two O(1) parameters
= — N, « N, «
SLL+G n+¢ ¥ _ cCs r2 _ cts 2
0-2—>M ~ ; Z:OCE,TL w w. . w = - L Wy = - T
= | n=
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n resummation Of SLL (,g — 1) for fixed COUpIing done [Becher, Neubert, Shao: Phys. Rev. Lett. 127 (2021) 212002]
[Becher, Neubert, Shao, MS: JHEP 12 (2023) 116]
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[Becher, Neubert, Rothen, Shao: Phys. Rev. Lett. 116 (2016) 192001]

FACTO R | ZATl O N TH EO R E M [Becher, Neubert, Rothen, Shao: JHEP 11 (2016) 019]

[Becher, Neubert, Shao: Phys. Rev. Lett. 127 (2021) 212002]
[Becher, Neubert, Shao, MS: JHEP 12 (2023) 116]

" Factorization theorem for pp — M jets:

02—>M(Q0) = /dflfdfz Z <%m({ﬂ}739£17§2aﬂ) ®Wm({ﬂ}7Q07517523p’)>

m=2+M
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" Factorization theorem for pp — M jets:
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m=2+M

= Hard function in color s pace energy integrals including
phase space constrains

Hon({n}) = / 0 1 [ Mon({p1)) (Mo ({p})
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FACTO R | ZATl O N TH EO R E M [Becher, Neubert, Rothen, Shao: JHEP 11 (2016) 019]

[Becher, Neubert, Shao: Phys. Rev. Lett. 127 (2021) 212002]
[Becher, Neubert, Shao, MS: JHEP 12 (2023) 116]

" Factorization theorem for pp — M jets:

02—>M(Q0) = /dflfdfz Z <%m({ﬂ}739£17§2aﬂ) ®Wm({ﬂ}7Q07517523p’)>

m=2+M

= Hard function in color s pace energy integrals including
phase space constrains

Hon({n}) = / 0 1 [ Mon({p1)) (Mo ({p})

= Soft and collinear dynamics in lowest order at us ~ Q,

Wm(ﬂs) — fl(glaﬂs) f2(£29y’8) 1
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RENORMALIZATION GROUP EVOLUTION

* RG evolution from u; ~ Q down to u; ~ Qg
%(H,g) = %(Mh) U(Mha Us)

Hh g Hh g Hi g
=%(uh)+/ L (1) I‘H(m)+f ﬂ/ 23 (o) TH (12) TH (i) + ...
ps M1 ps M1 Jpg M2
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RENORMALIZATION GROUP EVOLUTION

* RG evolution from u; ~ Q down to u; ~ Qg

H(ps) = Hpn) Ulpn, ps)
Hh dﬂl

Hh d M1 d
=%(uh)+/ —H (1) I‘H(m)+f ﬂ/ 2 () TH (1) T (p12) + ...
ps M1 ps M1 Jpg M2

= Anomalous dimension matrix 'Y = I'¢ + I'S with

T (1) = Yeusp (s (12)) (I‘C In % T VG) + [ aigr” 5\ O(aﬁ)}

= Glauber operator
VG = —0m (Tl,L . TQ,L — Tl,R . TQ,R)
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RESUMMATION OF SUPER-LEADING LOGARITHMS

" three important properties

[chf] =0 (7{ FC X ]_) — () (7{ VG X ]_> — () [Becher, Neubert, Shao: Phys. Rev. Lett. 127 (2021) 212002]
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RESUMMATION OF SUPER-LEADING LOGARITHMS

" three important properties

[chf] =0 (7{ FC X ]_) — () (7{ VG X ]_> — () [Becher, Neubert, Shao: Phys. Rev. Lett. 127 (2021) 212002]

= all-order structure of SLLs

655 = D) Tenlns pis) (Haas (D) VE(T)" " VET ® 1)
n=0 r=0

= nested scale integrals

_ n+3 n
_ (as(u)) B G ) | N 13
(2n +3)! ar (r1)? 7 ) s

Lpn (fin,
fr'n,(li ’MS) fixed coupling
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RESUMMATION OF SUPER-LEADING LOGARITHMS

= SLLs generating evolution operator

Hh dUl K1 duz H2 dNS [Bber, Hager, Neubert, MS, Xu: JHEP 02 (2024) 109]
Ustr (kn, ps) =

G Us (#3) =
I
47

X Uc(luhv Ml) ’Ycusp (as (Ml)) VG Uc(ﬂ’lﬂ MQ) /YCUSP (as(u2)) V
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RESUMMATION OF SUPER-LEADING LOGARITHMS

= SLLs generating evolution operator

Hh dUl K1 duz H2 du?’ [Bber, Hager, Neubert, MS, Xu: JHEP 02 (2024) 109]
Ustr (kn, ps) =

G Us (#3) =
I
47

X UC(Mha Ml) Ycusp (as (Ml)) VG Uc(ﬂ’la MQ) Ycusp (as (I’L2)) 14

= generalized Sudakov operator

: o [ dp 4
U (ui,w)=exp[I‘ / — Yeusp (s (1)) In —2]
p; M Hh

\ no longer path-ordered

L AprTS, 2024 1 Michel Stillger SCET 2024




LA I [Boer, Neubert, MS: JHEP 10 (2023) 075]
G U B E R S E R ES [Boer, Hager, Neubert, MS, Xu: JHEP 02 (2024) 109]

= generalize evolution operator o = tiy

/

Hh dﬂl 1o dﬂl ) L . s (L1 1)_
USEI?L(FLM/J‘S) :/ I . f l«Ll—:_l I | U (Ni—laﬂi)')/cusp (as(ﬂi)) VG (47T+ I
s 35 1=1

= Glauber series

Usii+c(h, ths) Z SLL (Lens phs)
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LA I [Boer, Neubert, MS: JHEP 10 (2023) 075]
G U B E R S E R ES [Boer, Hager, Neubert, MS, Xu: JHEP 02 (2024) 109]

= generalize evolution operator 1y = i
B Mgy L / s (fis1) =
U() y s :f ﬂf hs U* i—15 i) Yeusp | Xs\ g VG - hs I
su (i ) = | =0 e 1;[1 (1ti—1, 113) Yeusp (s (111)) .

= Glauber series
Usii+c(h, ths) Z USLL [ihy s)

= [ is number of Glauber-operator insertions

= odd [ also interesting as hard function in general contains non-vanishing imaginary
part (e.g. for electroweak processes)
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co LO R BAS I S [Boer, Neubert, MS: JHEP 10 (2023) 075]
[Boer, Hager, Neubert, MS, Xu: JHEP 02 (2024) 109]

= express relevant operators in a color basis

(HT°X:) = S (H X)) N, (T°),,

1

qq,q9q,qq = M 5 structures

q9,qg9 > M 14 structures
<H VGX'L’) = Z(ﬂ Xi) im N (WG);M gg — M 20 structures

1
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co LO R BAS I S [Boer, Neubert, MS: JHEP 10 (2023) 075]
[Boer, Hager, Neubert, MS, Xu: JHEP 02 (2024) 109]

= express relevant operators in a color basis

(HT°X:) = S (H X)) N, (T°),,

1

<H VGX,L> = Z(?‘L X;;) i?TNC (WG)FEZ

1

" map most right insertions according to

VT ® 1 — 16ir X1 = 16ir X' ¢=(1,0,...)"

L APITS, 2024 Michel Stillger

q9,949,9q9 > M
99,99 - M
g9 - M

5 structures

14 structures

20 structures
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CO LO R BAS I S [Boer, Neubert, MS: JHEP 10 (2023) 075]
[Boer, Hager, Neubert, MS, Xu: JHEP 02 (2024) 109]

= generalized Sudakov operator for quark-initiated processes

(UC(1; i, 1) 0 0 0 0)

0 U(1; sy ) 0 0 0

Ui ) = 0 0 U (55 s 1) 0 0
0 0 2[U°(5; i i) — U(Lipis )] ULy paspy) O
\ 0 0 N1 = U5 iy )] 0 1)

m with scalar functions

Hi d/J 2
UC(U; Hoi ﬂj) — €eXp [U Nc/ I VYcusp (QS(U)) In )
I

\ j

eigenvalue
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RG-IMPROVED RESUMMATION

= scalar evolution function
U (v; i, ) US (05 g, i) = U (05 iy pix) U(0; pi, prg) = 1

U (Ukyy -+ oy Ukys oy o1y - -5 1) = Uk poy po1) U (Vng s pin, p2) -+ U (Vg5 pri—1, 1)
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RG-IMPROVED RESUMMATION

= scalar evolution function
U (v; i, ) US (05 g, i) = U (05 iy pix) U(0; pi, prg) = 1

U (Ukyy -+ oy Ukys oy o1y - -5 1) = Uk poy po1) U (Vng s pin, p2) -+ U (Vg5 pri—1, 1)

= 2-loop approximation in exponent (x; = ag(u;)/as(uy))

47 1 1 x
U“(v; g, i) = exps v Ne ( — — —1In ‘7)
( K I‘LJ) { 2/60 [053 (Mh) T 33‘3 T

11 i Apil15,:2024 Michel Stillger SCET 2024



RG-IMPROVED RESUMMATION

= SLL coefficients for quark-initiated processes ( 0 \
LUe(1;
(2) 3271' dazg "2 dxy . (15 0 12)
USLL(Mh?I’LS 33_1 U (2,1,[1,}“”1,[1,2)

2 U3, L bns 15 p2) = UC(Ls o, o)
\20 (U913 a1, pr2) — UP(3 15 o, )]/
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RG-IMPROVED RESUMMATION

= SLL coefficients for quark-initiated processes ( 0 \
— 2 U(1; pup,,
(2) 3271' dazz "2 dxq . (L3 i 2)
Ugrn, (ns phs) S = 3?_1 U (2717“’““1’“2)

2 [U(351; s pr1s p2) — UC(L; pun, pao)]
\2g= Uc(l,ul,uz)—UC(%alwha“l’W)])

= coefficients for [ = 3 Glauber-operator insertions

3 64ims s d:z:g, 3 dae d:z:l
UG (fts prs) s = — 51 N3/1 /
0

L3

X [K12 Uc(la /JJh,[,Lg) + N_g UC(L 29 19 Hhy 1, A2, Mg)}%‘
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FIXED COUPLING AND ASYMPTOTIC BEHAVIOR

» fixed coupling a; = a,(it) with it € (ug, uy) reference scale (L; = In(uy/u;))

U (v; pis 1) = explow(z] — ,232)] L; =z Ly
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FIXED COUPLING AND ASYMPTOTIC BEHAVIOR

» fixed coupling a; = a,(it) with it € (ug, uy) reference scale (L; = In(uy/u;))

U (v; pis 1) = explow(z] — ,232)] L; =z Ly

» standard counting scheme a,L; = O0(1)

we~1/as > 1 Wy ~ Qg

= perform scale integrals in this case

(i7r)l A1 oL o it gL 12
(l+1) T

() -~ _
Usiw (ks ps) s w2~ (D) 7N, w,!

13 i ApHil15,2024 1 Michel Stillger SCET 2024




NUMERICAL RESULTS

ol — (1) _. | — as(p) |
o a(vQQo) {15 as(v Qo) 1
= 20:_ 1 = - _
s | s |
U T
S 15) _ S 10}
< ! < I
~— ~—

2 10} 2 ]
e | O
d I

O ..................... ] T S S

10 20 30 40 50 10 20 30 40 50
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LARGE-N . RESUMMATION

= coefficients for [ = 3 Glauber-operator insertions

64ims dx T3 das dx
U (pns p1s) § = — 51 fol — / / —
0

[K12U (1 Hh M?)) + N2 UC agalauhaulallb%ﬂfﬁ)}g

" large-N, expansion
N2 —4 1 for qq scatterin
K12 — 5@@ — { 44 &

NZ 0 for gq scattering
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LARGE-N . RESUMMATION

" major simplification in large-N_ limit for quark-initiated processes

VUi, pg) = VEU(L; iy py) + O(1/N2)
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LARGE-N . RESUMMATION

" major simplification in large-N_ limit for quark-initiated processes

VUi, pg) = VEU(L; iy py) + O(1/N2)

= coefficient vector / can be performed except for x, and x;

ol+3  rTs Iy x, [“ldx;_ T2 dx

[ RN — [ s [—1 1

UGG = i) N 2 [ m 2 R
0

Ll Ll Li—1 L1

. c [—1
x U (LMhIM)U (/’Lhal”‘l)(WG) s

" need to distinguish whether [ is even or odd
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LARGE-N . RESUMMATION

= resumed result foreven [ = 2¢

16’]T 27TNC d.ﬁCz T2 dl‘l ) ’JTN X9
ZUSLL Uhs s) /60 5 J, $—2 In :132 1 CL'_l [1 — 204 sin? ( 5, 3?1)]
( 0 \
5 Uc(l [y [12)
X —UC(1 1 pns fi1s p2)
2\U°(1; i, pr2) — U(5, 1; iy i, o)
\ZCE [U°(L, 1 pun, o, ) — U(L; 1, p12)] )

= SLLs are included exactly
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LARGE-N . RESUMMATION

— =2 ]
—[=2,4,6 ;
---large—NC:
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CONCLUSION

= performed resummation of SLLs in RG-improved perturbation theory
> reliable estimates for perturbative uncertainties
» generalizes straightforwardly to whole Glauber series
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=" demonstrated parametric suppression of higher-Glauber terms ~ aé/z

19 i AprilYS, 2024 Michel Stillger SCET 2024




CONCLUSION

= performed resummation of SLLs in RG-improved perturbation theory
> reliable estimates for perturbative uncertainties
» generalizes straightforwardly to whole Glauber series

=" demonstrated parametric suppression of higher-Glauber terms ~ aé/z

" obtained simple expression for resumed Glauber series in the large-N, limit
» contains only twofold scale integral for quark-initiated processes
» extension to processes with gluons is possible (fourfold integral)
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THANK YOU FOR YOUR ATTENTION!
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BACKUP
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LARGE-N . RESUMMATION WITH GLUONS

" in large-N, limit for processes with gluons in the initial state

VU (i ) = VE UL i ) + V)0 U3 iy pg) + V§ UC(2; iy py) + O(1/NZ)

m coefficient matrices are “ordered”

Vi Vg, =0 VE), V§ =0 VEVS =0 VSEVE =0
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LARGE-N . RESUMMATION WITH GLUONS

m coefficient vector

[+3 Ls Ty
0 ol a1 2 dx; xS/ drj_1 / dxq
U e = N 1 o 2R Uy,
sLL (ki fa) ¢ = (E7) Ve (l)+1/1 Ll nfEl 1 L1 1 21 (b, )
-1
1—1 3% i—1 B
< [(VE) O + > (VS2) T (V) O )
=2
+ZZ (V) (V) (VT) JUC(2,%,1;ul,ui,uj,uz)]<
7]=3 1=2
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