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Jet processes involve large logarithms

CMS Experiment at the LHC, CERN
% Data recorded: 2017-Oct-20 03:55:39.135168
Run/ Event / LS: 305313 / 624767783 /. 36X
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What are non-global logarithms? u

Gap-between-jets

>
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Non-global logarithms are ubiquitous u

o Jet cross sections involve angular cuts which constrain radiation within a corner of the phase space. As a
consequence, logarithmically enhanced higher-order corrections known as Non-Global Logarithms (NGLs) arise.
[Dasgupta and Salam, hep-ph/0104277]
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Non-global logarithms are ubiquitous u

o Jet cross sections involve angular cuts which constrain radiation within a corner of the phase space. As a
consequence, logarithmically enhanced higher-order corrections known as Non-Global Logarithms (NGLs) arise.
[Dasgupta and Salam, hep-ph/0104277]

o Canonical example for NGLs interjet energy flow,
one-loop (global) logarithm is

o~14+

2
s Qo )
) (3 log § + 41logd log o T const.

[Sterman and Weinberg, 1977]

Large logarithms o} L™ with L = log % arise,
starting at two-loop order

Nicolas Schalch, 03.07.24 — p.5/25 |



b

Non-global logarithms u

a?r?

o NGLs arise due to secondary soft gluon emissions inside jets

o Not captured by standard resummation methods

= even leading NGLs (asL)™ do not simply exponentiate

o At large N, leading NGLs can be obtained with a parton shower
[Dasgupta and Salam, hep-ph/0104277] or by solving the non-linear BMS
integral equation [Banfi et. al., hep-ph/0206076]

alL?
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Non-global logarithms: Recent advances u

o LL at large N, with general-purpose shower

® PanScales [2002.11114, 2207.09467]

® ALARIC [2208.06057, 2404.14360] ®

272
azll
o Finite- N, results for leading NGLs [weigert, hep-ph/0312050],
[Hatta, Ueda, Hagiwara; 1304.6930, 1507.07641, 2011.04154],
[De Angelis, Forshaw, Pldtzer; 2007.09648]

o First NLL numerical results in the large-N. limit

® Extension of BMS framework to NLL [#onni et. al., 2104.06416] and
numerical implementation in MC code GNOLE [Monni et. al.,
2111.02413]

® Ingredients for resummation of subleading effects of NGLs using
modern EFT techniques [Becher et. al., 1605.02737, 1901.09038,
2112.02108] &

® Double-soft effects implemented in the PanGlobal family of a3L?
showers, numerical results available [Panscales, 2307.11142]
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Plan

Parton shower framework
o RG methods

o I'® anomalous dimension

Comparison against
o GNOLE

o PanScales

Gap-between-jets at hadron collider

Nicolas Schalch, 03.07.24 — p.8/25 |



Factorisation theorem

o Cross section for jet production in ete™ collisions with
veto on radiation factorises into hard H,, and soft S,
functions [Becher et. al., 1508.06645]

U(QvQO): Z <Hm({ﬂ}7Qvu)®87VL({E}=Q07“)>

m=mg

o Factorisation separates contributions from scales ) and Qg

= natural way to perform resummation via RGEs

o Hard functions fulfill RG equations

d

Togp "o (@ 1) = =3 H(Q 1) Tim (@, 1)

=2
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Factorisation theorem

o Cross section for jet production in ete™ collisions with
veto on radiation factorises into hard H,, and soft S,
functions [Becher et. al., 1508.06645]

U(QvQO): Z <Hm({ﬂ}7Q7N)®SrrL({ﬂ}-,Q[)-,,U)>

m=mq

o Factorisation separates contributions from scales QQ and Qg

= natural way to perform resummation via RGEs

o Hard functions fulfill RG equations

d

m m(Q, 1) ZHZ(Q ) D (Q, 1)

=2

o Hm({n}, @, n) ~ |

along fixed directio

Hm({n},Q,€) = 2Q2

x(2m)¢

M) (M| describes m hard partons

ns {ni, - ,"m}

dE; E
o 5 1255 tateh )
5(@ ZE)b(d Y (Brot) Oin({n})

m({n}, Qo, 1) is the squared amplitude with m Wilson

lines along fixed directions {n1, - ,nm}

Snl{hQue = X

X,

X

(08T (n1) ... S}, (nm) |X)(Xs| S1(n1) ...

Sm(nm)10)0(Qo — Eout)
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Resummation by RG evolution

o Cross section for jet production in ete~ collisions with
veto on radiation factorises into hard H,, and soft S,,

functions [Becher et. al., 1508.06645]

o(Q,Q0) = D>, (Hm({n},Q,p) @ Sin({n},Qo, 1))

m=mg

o Factorisation separates contributions from scales @@ and Qg

= natural way to perform resummation via RGEs

o Hard functions fulfill RG equations

d m

Procedure to solve the RGEs

@ Compute H,, at hard scale pj, = Q

@ Evolve H,, to soft scale us = Qo

uonnjong 9y

© Evaluate S,,, at soft scale s = Qo

= Resums large logarithms log %
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Resummation by RG evolution ’

Clear prescription how to perform resummation at any given accuracy

° LL Ha(pup) = ool

® NLL  Ha(upn) = 00|Cyv|?1  one-loop virtual
Hm (pup) =0 for m > 2

Hs3(pp) hard real emission corrections

Sm(ps) =1 ST(,P(MS) one-loop soft corrections
(1) . .
i one-loop anomalous dimension Fl(fn) two-loop anomalous dimension
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I'D (secher ot. al., 1508.06645]

o One-loop anomalous dimension I'(1)

Vo R, 0 0 ... Rm:_4ZTﬁLTﬁRW% ein("q)
0 Vs Ry 0 ... 2
@ — 0 0 Vy Ry ...

Vi =2 Z (T;,L - Tj,L +Tir - Tj,r) /[qu] w
0 0 0 Vs ... (19)

=2 [Tip Tjr — Tir Tjr] x in 1l
(i5)
© 1O infinite dimensional matrix

Glauber/Coulomb contribution

o No Glauber contribution in ete™

o Singular when soft emission is collinear to hard partons

= Collinear finite by combining real and virtual
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b
F(2) [Becher et. al., 2112.02108; see also Caron-Huot, 1501.03754] u

UniveRsiTAT

i i o= 337 i (T T T =TT RTE 1) Kt O (10)Oin(17)
o Two-loop anomalous dimension T(2) has been calculated i (m i) KBl
by considering (double) soft limits of hard functions

—2 ) T T K in () Oin (1)
(i3}

T 2SS T T T - T T ) [ [0 KOl
vo ro do 0 ... B ’
0 vz 73 d3 —ZT,?LT;fn{ug [180mwg) +7%] -2 / [dln,]l(,,(,,}e‘..(n(,)
(i7)
@ | 0 0 vg 7y
+8im if " (T T T g+ TERT) L TE L) Wi n W ia(ng)
0 0 0 vg ... ;% ( tTirTk r rTjL AJ) i ke q
o= 3 i (T T~ Tt ) [ 10) [ (9] Ko
(ijk)
FY 3 (T + D) [ [0, W5 [0mv) + 57
.. (ij)
d, : double real emission v

. . 1 pa qa w ma cus
m : real-virtual correction *“”?E(T‘-'TJ"’T'"TL") T2
B
Uy, : double-virtual correction » ) )
+ additional terms from converting

to angular integrals in d = 4
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Towards a solution of the RGEs u

o Started with a factorisation theorem for jet production with veto on radiation which provides natural way
to perform resummation via RG evolution of hard functions H.,

o(@,Q0) = > (Mm({n},Q, 1) ® Sm({n},Qo,n))

m=mg
d

Toog s (@ 1) = =3~ H(Qu k) Tim (@, 1)

=2

The RG evolution is governed by the anomalous dimension which has been extracted up to two-loops

2
r=2rw + (%) r® 4... = NLL accuracy
4m 4m

©® How to solve complicated RGEs @
= Monte-Carlo Methods
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Parton Shower at LL accuracy

o In practice coupled RGEs for hard functions H,, however these simplify at LL due to the form of I'1)

Vo R 0 O

0 V3 Rz O
1—\(1): 0 0 Vy Ry ...

0 0 0 Vs ...

o Introduce shower-time ¢

Hh

u%t:%log
47 Us

+0(a2)

[Balsiger et. al., 1803.07045]

d
&’Hm(t) = 'Hm(t)Vm + Hm—l(t)Rm—l

t !
Hon (t) = Hom (t0)e70OVm 4 [t Ho 1 () Ry 1€tV

to

to
ty
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Parton Shower: NLL u

o Include corrections of H,, due to I'(2) = NLL resummation

AHpm (t) = Hi(to) AUrm (¢, to)

t ¢
= ’Hk(to)/ dt’ Ukl(t/ —to) - @ (Fl(lz’) — ﬁl“l(ll,)) - Uy (t— tl)
to 4m ﬁo
LL evolution Insertion of I'(2) LL evolution
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Validation: NLL resummation for the interjet energy flow w

o Ongoing work with Pier Monni on detailed

. . . numerical comparison with
o Gap fraction: fraction of events with

transverse energy Er in gap below Qg ® GNOLE [2111.02413]
® PanScales [2307.11142]
1 Qo do
W= L [*ap; 47
atot Jo dEp

o Compare both

® 't Hooft limit: N. — oo, np fixed

® Veneziano limit: N. — oo, T fixed
c

o Delicate to isolate pure NLL correction

® GNOLE and PanScales: extrapolation as — 0

® Very small collinear cutoffs & high statistics
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Subleading NGLs at Hadron Colliders w

Simplest observable: gap fraction in Z — production

o Gap is defined by vetoing hadronic radiation at central
rapidities in interval AY around the beam

o Cross section factorises in the large-N. limit exactly in
the same way as for ete™

o Same observables used by PanScales collaboration

o First relevant process in a long list
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Subleading NGLs at Hadron Colliders u

o Required ingredients to resum subleading NGLs

® One-loop virtual Ha(up) = 00|Cy|? 1 (V)
® Hard real emission corrections Hgl)(uh) X

® One-loop soft corrections 55,1)(”5) ()
® Two-loop anomalous dimension Fl(:q) (V)

Nicolas Schalch, 03.07.24 — p.18/25 |




Extraction of #" and #H{" w

o The virtual corrections due to ’Hél) factorise such that we obtain these by multiplying the standard
dijet hard function Hs to the LL result Sa

@) 5™ (D (@, an) © Vsl ) ©1) = 00 Ha(Qupn) [ (S, Qo i)}
m=2

Cr [—81112 L 12k —16+ gﬂ]
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Extraction of ’Hgl) and ’H(l) u

o To calculate the contribution due to 'Hgl), which depends on 644 (y), we convolute the real corrections of
qq — Z with the three particle soft function which is obtained via a LL RG evolution

Zalitn) >« H ({n1,n2,m3},Q, 1) © Usm({n}, ps, un) &1 )

m=3
1.00 7 1.0
0.954 0.8
0.90 4 0.6
E 0.85 4 0.4
0.50 1 02
or 00

000 0.02 0.04 0.06 0.08 0.10

Nicolas Schalch, 03.07.24 — p.20/25 |




Calculation of S\ and AU, w’

o The one-loop corrections to the soft function 87(,1), which represents the emission of a soft particle into
the gap, is directly obtained from our shower

asi::h) Z ( Hg))(QaNh) ® Uam (s, tn) & SS9 (Qos ) )
m=2

d wk
/ (2;% 2 0(k*) (k") 0(Qo — k) Oout (n.)
k
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Calculation of S\ and AU, w’

o The contributions due to the insertion of the two-loop anomalous dimension is obtained within our parton
shower framework; in practice, we start a LL shower prior to the insertion and then restart a LL shower

Z (M (@ 1n) ® AUz (s, ) 1)

dm = + Ne (Kz.i:q'r' + Kjt;qr) 0in(ng) Oin(nr)
- SNCQ, Mijiqr 0in(nq) Oin(nr)

Tm = — NC/ [dQQT} (K'j;07‘ + K?‘i;qf) Oin(nq)
+ 8N3/ [d*Qr] Mijiqr Oin(ng)

— Ne (480 X = 1" P W) bin(nq)

v =+ Ne [ [0 (480 X5, — 557 W3)
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Resummed gap fraction for pp — Z — €70~ + Xnaa uw

UniveRsiTAT

10

0.8 1
— 0.61 . . + -
S o Many ingredients the same as for eTe™ case
~ p— Z = 0 + Xpaa — NLO

0.4 .

NNPDF23 nlo_as_0119_ged — LL N.=3 o N. = 3 LL obtained from [Hatta and Ueda; 1304.6930]
V5=136TeV AY =11 — NLL+NLO
021 == Q=M Q2<p<2Q | (CD-AR
Glauber phases neglected, but superleading

0.0 : - : : : : . .

. logarithms turn out to be small for qg — Z
-
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Fixed order versus resummation

UniveRsiTAT

N\

ot

N\

QJQ

1.0
0.8 4
— NLO p=Q
— 0.6 — NLOu=@Q
S —— LL N.=o0
S === NLO p= Qo
= —— NLL + NLO
—— NLL+NLO
04 /1 = — — (1) AR
] pp = M+ Xiaa Pp = L7 + Xpaa
II NNPDF23.nlo.as.0119_ged NNPDF23.nlo.as.0119_ged
| /5=136TeV AY =2 Vs =13.6TeV AY =2
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Conclusion

Summary

® Fiducial cuts lead to phase-space constraints
= Intricate pattern of logs: NGLs (& SLL)

® Implemented two-loop anomalous dimension in PS
= NLL resummation for gap fraction

= First results for Hadron Collider process

Outlook

® NNLL accuracy for non-global event shapes

= e.g. Jet mass

® Photon isolation at the LHC
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BACKUP
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Extraction of anomalous dimension u

o Anomalous dimension T" arises from soft singularities of hard functions

m
Ho Q1) = Y H™ Q) (Z71),,, (@ n)
=2
_ as 1 as\2[ 1 Bo 1
71y =142 Lp@ o (2 {71%1) r_ Bor@ o 1r@ }
( ) + 4 2e + <47r> 8e2 ® 4€2 + de
' is (—2)x soft divergence ' is (—4) times single pole
R lisation Zo =1 — 2025
of the one-loop hard function enormaisation Zo € 4w of the two-loop hard function

o At O(as) soft singularities arise when either a real or a virtual gluon becomes soft
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Angular functions u

o Three-leg correlations combine with e-terms

ng
Kiisar = 8 (WS WSy — WEWI, — WEW, + WEW, ) In (J)

Mijiqr = (Wiqk g"ﬂk - Wiqk W]?"q - WZ" erk + Wiqj Wfq) In

o Two-leg correlations (diverges for ¢ || )

Kijigr = CaK'Y 4 npTp — 2041 K& 4+ [Cx — 2npTp + nsTs] K

iJ;qr iJ;qr iJ;qr
4n ni;n, NigNj
a ij ijNgr iqNjr
K = 1+ In
i TigNgrijr NigNjr — Nirljq ] MirNjg
(b) _ 8nij In NigMjr
ijiqr— - o
7 "qr(nzq"ﬁ' - ”u-ngq) NirNjq
Ko _ 4 (niqny’r +Rirfye | Mgy 2)
ij;qr s . .
AT 2\ nighje — NirMyq  MirMig
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Numerical solution of RGEs u

© RGEs not yet in a suitable form for implementation in a MC framework
¢ Change variables from p — ¢t = $2 log % + O(a?)

4 )] = (H(¢)] I'(t) — formal solution  (H(t)| = (#(0)| Pexp {/t dt’f‘(t/)}
0

* Expand anomalous dimension perturbatively I'() = T'(1) (¢) + EAT() + O(a 2) — Interaction picture

St @] = @)™ [gar@] et

® Solve RG evolution iteratively including subleading contributions due to AT’

t ’ 7
o~ (H(b)|S( >—<H(0)|{ er® /dt’ef r [%AF(t’)]e“*t)F(l)}|8(t)> ~ suitable for MC
0
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Perturbative setup qq — Z

o The differential cross section for Z — Boson production is written as a convolution between the partonic

cross section dé&;; and the PDFs f;

do prerey dé;

Q7 " Nes ;j/d”“d”fi(“)f"(”) aQ?

d&z 2 ~ ag\
L — /dHf M2 5(z - %) = EE?) + (E>E$) +0(a?)

dQ?
2
o The LO partonic cross section is expressed in terms of a delta-distribution in z = Qg
2
$:(0)
o N/dnf ~ §(1—2)
€q
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NLO corrections to qq — Z u

o At NLO we obtain virtual and real contributions =- dimensional regularisation in d = 4 — 2¢ to make both
UV and IR divergences explicit, e.g. the qq - channel yields

2 2
& (1)
S
quq N/dHf +/dHf y k‘A

~ Cp-{(é(y) +6(1-1y)) {5(1 —2)(26 —4) + 4[ML —2(1+ ) log(1 — ) — T 1og(1 —2) 41—

1—2z

+{(1+22)[112]+([ﬂ++ [ﬁL) —2(1—2)] +O(e)}

c New channel opens up: flé? also needs to be taken into account
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b

Finite- N, corrections u

UniveRsiTAT

o Obtained result for N. = 3 from [Hatta and Ueda; 1304.6930 + improved numerics]

Qo [GeV]
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