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CERN Document Server, ATLAS-PHOTO-2018-022-6
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LARGE LOGARITHMS IN JET PROCESSES
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RESUMMATION OF SUPER-LEADING LOGARITHMS

LARGE LOGARITHMS IN JET PROCESSES

gap.

2. 2Eout < Qo ‘
/ ,\/\/\’\/\NV

unrestricted Ein ~ Q

%

= In(Q/Qo) > 1

Perturbative expansion:

O ~ OBorn X {1 + ol + agLZ}

T

state-of-the-art: 2-loop order

Matthias Neubert — 2 JGU Mainz
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LARGE LOGARITHMS IN JET PROCESSES

Incomplete cancellation of soft and collinear IR divergences:

€2 € €

asCr (u2>6[+4 6 4ln(r)

wide-angle soft

asCr ([ 1?\° [4In(r)
e (3 8

b

(D =4 —2e¢)
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LARGE LOGARITHMS IN JET PROCESSES

Non-global logarithms at lepton colliders

» high-energetic radiation restricted to certain regions (inside jets)

0%

.‘
‘l
w

» soft radiation from secondary emissions inside
jets leads to intricate pattern of large logarithms
that do not exponentiate

2o
"
&,
"

Ill

» “non-global” logarithms not contained in parton showers

» single-logarithmic effects ~ (a, L)" at lepton colliders

» resummation in large-N. limit using BMS integral equation

J. Banfi, G. Marchesini, G. Smye: JHEP 08 (2002) 006

At hadron colliders, non-global logarithms take on more intricate form,
and no generalization of BMS equation exists!

>
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FACTORIZATION THEOREM FOR JETS AT LEPTON COLLIDERS

B
.
4
- >
- @<:
_
- 7
7/

./ Quantum
Field
Theory

\
\
\
\
\
CRC Press
Taylor &Francis Group

Michael E. Peskin « Daniel V. Schroeder
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FACTORIZATION THEOREM FOR JETS AT LEPTON COLLIDERS

Scale separation using SCET

mtegratlon over parton directions

o e D

high scale low scale

T. Becher, M. Neubert, L. Rothen, D. Y. Shao (2015, 2016)

Rigorous operator definitions:

d—3
Hon(In}. Qo) = == ST dEb;Q Mo (0))) Man({p1)] 2m)26(Q — ZE 56 (j70) O ({p})
2Q)

spins i=1

Sm({n}, Qo, 1) :Zé (0] Si(nl) .o Sjn(nm) [ Xs)(Xs| S1(n1) - .. Sm(nm)[0) 0(Qo — Eout)

Xs

| 4
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FACTORIZATION THEOREM FOR JETS AT LEPTON COLLIDERS

Scale separation using SCET

integration over parton directions

oS D
_ |

high scale low scale

T. Becher, M. Neubert, L. Rothen, D.Y. Shao (2015, 2016)

» solving RG equations for hard functions allows one to resum all large
logarithms (including the NGLs) to all orders of perturbation theory

» not limited to leading logarithms or large-N. limit!

>
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LARGE LOGARITHMS IN JET PROCESSES AT HADRON COLLIDERS

gap: ‘
2Eout < Qo ‘
i /

unrestricted Ein ~ Q

%

= In(Q/Qo) > 1

Perturbative expansion includes “super-leading” logarithms:

O ~ OBorn X {1+asL—|—a§L2+04§L3+04§L5+042L7+...}
—
formally larger than O(1)

J.R. Forshaw, A. Kyrieleis, M. H. Seymour: JHEP 08 (2006) 031
Matthias Neubert — 8 JGU Mainz ﬂjtp
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LARGE LOGARITHMS IN JET PROCESSES AT HADRON COLLIDERS

gap: ‘
2Eout < Qo ‘
i /

unrestricted Ein ~ Q

%

= In(Q/Qo) > 1

Really, double logarithmic series starting at 3-loop order:

0~ 0Born X {1+ asL+a;L” + (asm)[a; L’ + L +...]}
~_— - —
(%m L)2 formally larger than O(1)

| 4
Matthias Neubert — 9 JGU Mainz ﬂ”ﬂtp



RESUMMATION OF SUPER-LEADING LOGARITHMS

LARGE LOGARITHMS IN JET PROCESSES AT HADRON COLLIDERS

gap: ‘
2Eout < Qo ‘
i /

unrestricted Ein ~ Q

%

= In(Q/Qo) > 1

Really, double logarithmic series starting at 3-loop order:

0~ 0Born X {1+ asL+a;L” + (asm) i L’ + L + ... ]}
~—
(%m L)2 formally larger than O(1)
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COULOMB PHASES BREAK COLOR COHERENCE

Super-leading logarithms

4

breakdown of color coherence due to a
subtle quantum effect: soft gluon
exchange between initial-state partons

soft anomalous dimension:

T; - T; W
F({B})M) — Z Tj /YCUSp(Oés) In
(27)
where s5;; > 0 if particles i and j are both in initial or final state

+ Z v () + O(a?)

_S o . :
t (2 T. Becher, M. Neubert (2009)

imaginary part (only at hadron colliders):

Im I‘({]_)},,u) = — 2T Yeusp(ats) T1 - T + ( .. ) 1

T

irrelevant .

Matthias Neubert — 10 JGU Mainz mtp
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THEORY OF NON-GLOBAL LHC OBSERVABLES

Novel factorization theorem from SCET

o2 m(Q, Qo) = Z /diﬁldiﬁz Z KH%({E},QMJ(X}

A

a’7b:(J7Qag m:2—|—M

T. Becher, M. Neubert, D. Y. Shao: Phys. Rev. Lett. 127 (2021) 212002 ‘
high scale low scale

Differences with NGLs at ete- colliders:

» low-energy matrix elements now contain soft Wilson lines plus
collinear fields for incoming partons

» low-energy EFT contains Glauber gluons mediating non-trivial
interactions between soft and collinear partons 1 rethstein,1. stewart (2016

= breakdown of “naive” factorization

Matthias Neubert — 11 JGU Mainz mtp
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THEORY OF NON-GLOBAL LHC OBSERVABLES

Novel factorization theorem from SCET

o2 m(Q, Qo) = Z /dilfldilfz Z KH%({ELQ,MJ@?

a’7b:(J767g m:2—|—M *

T. Becher, M. Neubert, D. Y. Shao: Phys. Rev. Lett. 127 (2021) 212002 ‘
high scale low scale

Renormalization-group equation:

M (k. Qo) = = 3 Mk Qo) T (). Q. )

m<l \
operator in color space and in the

infinite space of parton multiplicities

All-order summation of large logarithmic corrections, including
the super-leading logarithms!

| 4
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THEORY OF NON-GLOBAL LHC OBSERVABLES

Evaluate factorization theorem at low scale i, ~ O,

» low-energy matrix element:
W%({ﬂ}? Q07x17aj27 /'LS) — fa/p(xl) fb/p($2) 1 + O(Oés)

» hard-scattering functions:

Hi({n}, Q,ps) = > H*({n},Q,Q) Pexp

<m

/ WP ({n}, , m}

Im

» expanding the solution in a power series generates arbitrarily high
parton multiplicities starting from the 2 — M Born process

Matthias Neubert — 13 JGU Mainz mtp
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THEORY OF NON-GLOBAL LHC OBSERVABLES

Evaluate factorization theorem at low scale i, ~ O,

» anomalous-dimension matrix:
(V4 R, 0 0 \

0 Vi Ry 0 ---
il IR R

» action on hard functions:

Hin Vi = Z i. + i.
(i5) J J
3
oy
(i7) J

| 4
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THEORY OF NON-GLOBAL LHC OBSERVABLES

Detailed structure of the anomalous-dimension coefficients

» virtual and real contributions contain collinear singularities, which
must be regularized and subtracted:

2

Vo + Vit Y vems
. S 2

’L:1,2 —_— G c /,l/
I'=T'+V~"+I°1n—

_ 12 5
R,=R,+ > R/ln-

, S
1=1,2

Vin

» with:
VG — _Rir (Tl,L T, —Ti R - TQ,R) Coloumb phase

Ve=4C;1
soft & collinear terms
R; = AT, 1 oT; p0(ng — n;)

Matthias Neubert — 15 JGU Mainz mtp
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THEORY OF NON-GLOBAL LHC OBSERVABLES

Comments on notation

» color generators T} ; act on the amplitude (multiply hard functions
from the left)

» color generators Tr; act on the complex conjugate amplitude
(multiply hard functions from the right)

» real-emission terms take an amplitude with m partons and turn it
into an amplitude with (m+1) partons:

Ho CFi,L O er,R — CFZ‘CL Ho CFJ&

where a, d are color indices of the emitted gluon (symbol o indicates
the additional color space of the new parton)

Matthias Neubert — 16 JGU Mainz mtp
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THEORY OF NON-GLOBAL LHC OBSERVABLES

Detailed structure of the anomalous-dimension coefficients

» virtual and real contributions contain collinear singularities, which
must be regularized and subtracted:

S 2
1=1,2 p—
P=T+VSsIrmht
R, =R ¢In
m ,n,—+-.jg:: R; In ;
1=1,2
» with:
S dQ(nH —k
Vi =2 Z (T, - Tj,L + Ty r - Tj,R) / i Wi;

(49)

— ——m-+1
R,=-4) T,10T;rW;; Onad(nms1)

)

| 4
Matthias Neubert — 17 JGU Mainz ﬂ”ﬂtp
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THEORY OF NON-GLOBAL LHC OBSERVABLES

Detailed structure of the anomalous-dimension coefficients

» virtual and real contributions contain collinear singularities, which
must be regularized and subtracted:

S 2
1=1,2 =
F=T+VS it
S
R, =R, + Z RS lnu2
| ts
1=1,2
» with: / subtracted dipole:
L dQ(ng) —k 4 ko Miny N
Vin =2 Z (Ti,L T +TiR- Tj,R) / A Wij Wi = ng - N Nj - N
(25)
_ - Wk F(n) = Wi f(ny)
Rm = —4 Z CIZL',L O 1—}'7R W’Lj+1 @hard(nm+1) ] + i f(n) + ! f(n)
(5) \_ ni-ng’ 0 ng ey D

Matthias Neubert — 17 JGU Mainz JT‘tp
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THEORY OF NON-GLOBAL LHC OBSERVABLES

Q
SLLs arise from the terms in P exp / du ' ({n},Q,n)| with the

dim

highest number of insertions of I'.

» three properties simplify the calculation:

. . )
g » color coherence in absence of Glauber phases (sum of soft emissions
off collinear partons has same effect as soft emission of parent parton):
H,,T°T =H,, TT°
» collinear safety (singularities from real and virtual emission cancel):
(H,, T ®1) =0
» cyclicity of the trace:
(Hpn VER1) =0
\_ _J
Matthias Neubert — 18 JGU Mainz rﬁtp
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THEORY OF NON-GLOBAL LHC OBSERVABLES

Q4 ]
SLLs arise from the terms in P exp / o ' ({n},Q,n)| with the

dim

highest number of insertions of I',

» under the color trace, insertions of I'c are non-zero only if they come
in conjunction with (at least) two Glauber phases and one I’

» relevant color traces:

Con={(H,_, ,, (T)VET)"VET 1)

>
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RESUMMATION OF SUPER-LEADING LOGARITHMS

Simplifications for (anti-)quark-initiated processes

» in the fundamental representation, symmetrized products of color
generators can be reduced (o; = * 1 for (anti-)quarks):

1
{1}&7 CZ:,b} — F 5ab + 05 dabc 1—;0

C

» simple results in terms of three non-trivial color structures:

M2
Crp = —2°7"7% (4N,)" { > Ji(Hoou [(Ty — o) - Ty — 27 ' N (01 — 02) daye T Ty T )

j=3

—2(1=08,0) J2 (Hoonr [Cr1+ (2" = 1) T - T >}

T. Becher, M. Neubert, D. Y. Shao: Phys. Rev. Lett. 127 (2021) 212002

Matthias Neubert — 20 JGU Mainz mtp
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RESUMMATION OF SUPER-LEADING LOGARITHMS

Simplifications for (anti-)quark-initiated processes

» simple results in terms of three non-trivial color structures:
M2
Crn = —2°7"1° (4N,)" { > Ji (Moo [(Ty — Ty) - Ty — 27 "N (01 — 02) daye TE T TS )

j=3

—2(1=6p0) So (Homom [Cr1+ (2" —1)T - T >}

T. Becher, M. Neubert, D. Y. Shao: Phys. Rev. Lett. 127 (2021) 212002

» kinematic information contained in (M + 1) angular integrals:

T = Ty

do
Jj = / (%) (Wh = W) Ouetolni) ;- with Wl =

4 n; - N 15 - N,

» reproduces all that is known about SLLs (and much more...)

Matthias Neubert — 21 JGU Mainz mtp
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RESUMMATION OF SUPER-LEADING LOGARITHMS

General result (valid for arbitrary representations)

- M+2 4
Crn = —256m% (4N)" | D Y 7 (Han OF)) — T Z A" (Ha S>
L J=3 1=1 i=1

T. Becher, M. Neubert, D. Y. Shao: in preparation

» basis of 10 color structures:
— fabe fcde T2a {T1b7 Tlc} Tyd o (1 = 2) Sl — fabe fcde {T1b7 Tlc} {T2a7 T2d}

Oéj) = dade Apce T2a {T1b7 Tlc} T}d - (1 NS 2) Sz = dade dpee {le’ Tlc} {Tza’ Tzd}

O = Te {Te, TV} T — (1 + 2) Sy = dyge diee [T; (TYTETY), + (14 2)]
0 =20\ T, - T; —2C, T - S = {Tf’,T”} (T3, T}

S =T, -T)

Ss =1

>

Matthias Neubert — 22 JGU Mainz | 1tp
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RESUMMATION OF SUPER-LEADING LOGARITHMS

General result (valid for arbitrary representations)

- M2 6
_ 2 n—r (r) (J) (7)
Crn = —2567 (4N,) > ) § ¢ (Haom Oy — J2 Y &7 (Hooont Si)
| J=3 1=1 i=1 |
.. . T. Becher, M. Neubert, D. Y. Shao: in preparation
» coefficient functions:
&7 =2 (3N, +2)" + (3N, — 2)'] Ay = 2 (Nt 1)+ (Ne = 1)7] = 27 [(BNe +2)7 + (3N — 2)"]
T T T r r— (Nc + 1)T (Nc — 1)T r—2 (3Nc + 2)T (3Nc — 2)r
0 oreany | BNe+2)"  (BN.—2)  (2N)™ 4\ = 23 2Nc[ — }—2 NC[ n — ]
o) =2 2N, N1 TN 3 NE i N, +2 N, —2 N, +2 N, —2
S 3N, +2) (3N.—2)" (2N
¢ =2 [(3N. +2)" — (3N. —2)'] &)= 2N, (NC+2) +<NC—2) (Ngizl]
r r— (3NC + 2)T (SNC _ 2)7” 2NZ+1 T r— r r or— r r
o) =2 1[ AT B _N3—1] dy) = 2% [(N.+1)" = (N, - 1)"] =2 1[(3N+2) (3N, —2)"]
S N, +2 N, — INTH
dg>:2(01+02>[N+1(3NC+ S - 2 (3N, —2) - N2—1‘

271N,
3
d{”) = 2210 Cy [(Ne+ 1)+ (N — 1) ] (1= 6,0)
3N.+2)"  (3N.—2)" 2NI*!

[(N +4)(3BN.+2)" + (N, —4)(3N. —2)" — (QNC)T—H]

. 2r+101 02 [(

>

Matthias Neubert — 23 JGU Mainz J1tp
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RESUMMATION OF SUPER-LEADING LOGARITHMS

General result (valid for arbitrary representations)

- M+2 4
Crn = —256m% (4N)" | D Y 7 (Han OF)) — T Z A" (Ha S>
L J=3 1=1 i=1

T. Becher, M. Neubert, D. Y. Shao: in preparation

» series of SLLs, starting at 3-loop order:

©.@

05\ opis (— -
— rn y Lo
TSLL = OBom ) (477) 2n—|—3 | Z 47°

n—

| 4
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RESUMMATION OF SUPER-LEADING LOGARITHMS

Summation of super-leading logarithms for gg — gg scattering:

(5) _ _5 \16048LA§/( e 2>w2F2 1,1,2,§,—w

Oqr1, — Born27N
@ U ey

1-loop factor

T. Becher, M. Neubert, D. Y. Shao: Phys. Rev. Lett. 127 (2021) 212002

0.00 ———————————— _ e B e e e _
' 010k V3 =500GeV, AY =2
color-octet channel
@j . as(QO)

5 —0.08[ , ]
color-singlet channel
10 Vi =500CeV, AY =2 ]
) 1 4 S A S '

| 4
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RESUMMATION OF SUPER-LEADING LOGARITHMS

Summation of super-leading logarithms for gg — gg scattering:

(&) — 005l \y (N 12y, 5, 1,1,2,§,—w

o (o ) o

1-loop factor

T. Becher, M. Neubert, D. Y. Shao: Phys. Rev. Lett. 127 (2021) 212002

» asymptotic behavior for L — oo:
5! 3

w2 F5(1,1;2, 5 —w) — =

> 5 [111(421}) +YE — 2}

» very different from standard Sudakov double logarithms ~ ¢™“"

» expect even larger effects for gluon-initiated processes!

>
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RESUMMATION OF SUPER-LEADING LOGARITHMS

Super-leading logs for gg — gq and gg — gg scattering at\/§ = 1TeV:

020 e 0. 2%5——m—m7m™m8mm T _
: Vi=1TeV, AY =2 | ; Vi=1TeV, AY =2 |
. 99 — 49 - 0.20F 99 — 99 -
) i aS(QO) .
£ s £ 015}
& 0.0l 2 :
;| . 3 0.0} 0. (v/QQ0)
0.05+ :
B 0.05 \( 0)
- i 87
: OdS<Q) i :
000 v v v v G2 | NN S S SPUVUNNS SENNE: S,
20 25 30 35 40 45 50 20 25 30 35 40 45 50
Qo [GeV] Qo [GeV]
Matthias Neubert — 27 JGU Mainz
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RESUMMATION OF SUPER-LEADING LOGARITHMS

Super-leading logs for gg — gq and gg — gg scattering at\/§ = 1TeV:

| e - ] S AP A S S S
- Vi=1TeV, AY =2 I Vi=1TeV, AY =2 ]
02} : S ]
g [ - )
g 0'1: n =2 - [
= m = 4 . = VI 3.
4 = n=23
~0.1}
02} n=1
. [ « :as(QO)_
_0.3 ............................. ]
20 25 30 35 40 45 50
Qo [GeV]
00
Ol n+3 on+3
OSLL — OBorn § (_) e
4
n=0

>
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IMPORTANT REMARKS

» SCET-based approach solves 16-year old QCD problem, extending
existing results to all orders of perturbation theory and to arbitrary

2 — M hard-scattering processes

» master formula also applies to cases where M = 1 or even M = 0,

which were not considered before (SLLs start at 4- and 5-loop order,
respectively)

» relevant for both SM phenomenology (e.g. pp — h + jet) and
New-Physics searches (e.g. WIMP searches in pp — jet + E;)

Matthias Neubert — 29 JGU Mainz mtp
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CONCLUSIONS

Toward a complete theory of LHC jet processes
» powerful new factorization theorem derived using SCET

» in future, extension to massive final-state partons and calculations
beyond leading logarithms (important for scale setting)

» detailed study of low-energy matrix elements using SCET with
Glauber gluons will offer an ab initio understanding of violations of
conventional factorization (perturbative part of “underlying event”)

» results very relevant for future improvements of parton showers

» new levels of precision in predictions for important LHC processes

Matthias Neubert — 30 JGU Mainz mtp



