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TRANSVERSE MOMENTUM DECORRELATION

AND THE WINNER-TAKES-ALL AXIS

Rudi Rahn | /-0 7}
QCD Seminar, CERN

Based on [2005.12279][2205.05104], [2412.05358] with
Yang-Ting Chien (Georgia State), Rong-Jun Fu, Ding Yu Shao (Fudan),
Solange Schrijnder van Velzen, Wouter Waalewijn (Nikhef/UvA), Bin Wu (USC)
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4 I: S50 335] (Chien, Shao, W)
qr decorrelation in V+jet using Standard Jet axis

» [2005.12279] & [2205.05104]: SR, Shio Walewin W)
Azimuthal decorrelation using Winner- lakes-All axis

N [24 | 205358] (Fu, RR, Shao, Waalewijn, Wu)
qr decorrelation using WA axis for slicing



OUTLINE

Bl is /erse momentum decorrelation

» Soft-Collinear Effective Theory

» Standard jet axis vs Winner-Takes-All axis

s AZImuthal vs radial decorrelation

.+ Slicing



TRANSVERSE MOMENTUM
CORRELATION

» pp collisions: no control over longitudinal momenta, but

liEeEslagte momenta correlated
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TRANSVERSE MOMENTUM
DECORRELATION

» pp collisions: no control over longitudinal momenta, but

liEeEslagte momenta correlated
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* For small decorrelation: soft and collinear emissions

OB carance of large logarithms, eg. a;ln™ —



BOIFI-COLLINEAR EFFECTIVE FHECHSS

[Bauer, Fleming, Pirjol, Stewart, Rothstein, '01/02]
[Beneke, Chapovsky, Diehl, Feldmann, '02]

» Starting point: “Wilsonian™ Effective Theory




BOIFI-COLLINEAR EFFECTIVE FHECHSS

[Bauer, Fleming, Pirjol, Stewart, Rothstein, '01/02]
[Beneke, Chapovsky, Diehl, Feldmann, '02]

» Starting point: “Wilsonian™ Effective Theory

* With complex selection criteria

For Higgs @ small gr:

)\:q—T’Q:mH

mp




 We don't like cutoffs —

BOIFI-COLLINEAR EFFECTIVE FHECHSS

[Bauer, Fleming, Pirjol, Stewart, Rothstein, '01/02]

» Starting point: “Wilsonian™ Effective

* With complex selection criteria

kit
o] &
i
RO

[Beneke, Chapovsky, Diehl, Feldmann, '02]

heory

“continuum’ EFT

For Higgs @ small gr:

)\:q—T’Q:mH

mp



BOIFI-COLLINEAR EFFECTIVE FHECHSS

Bauer; Fleming, Pirjol, Stewart, Rothstein, '01/°02
& i
[Beneke, Chapovsky, Diehl, Feldmann, '02]

* Calculation factorises

» One multi-scale problem — multiple single-scale problems

N

P> € X —5—

HWH ~ TMH

UB = [t ~ My = qT

do =H x B, By,® S

* Hierarchies between momentum scalings can be exploited

» Resummation via Renormalisation Group Equations



TRANSVERSE MOMEN TUM
DECORRELATION

» Laboratory:V+jet, R > dyp

* Leading partonic: planar

- Soft/Collinear emissions: N

qr = pr.v + P g # 0



GENERAL SETUP

g Expectation:

dc=HQ®B,®B,®J®S

EEIO 7 cle we represent the |et!

[Chen, Qin,Wang, Wei, Zhao, (Zhang)? | 8]

: . [Buonocore,Grazzini, Haag, Rottoli 21 ]
» Standard jet axis: fsunYan (vuany 'ig] E%;
[Hatta, Yuan, Xiao, Zhou 2 1] <
[Chien, Shao,Wu ' 9]

 Winner-lakes-All Axis: this talk %




STANDARD JET

B ichidard et axis: pr.g = Z PT,i
et



STANDARD JET

Standard |et axis: pr,g = Z PT,i
et

Contribution to g7 requires
out-of-jet radiation

—- N Oﬂ—glObal [Dasgupta, Salam, '01]

SWiss treatment required  [Chien ShaoWu,'19]



THE WINNER-TAKES-ALL AXIS

[Salam, unpublished]
[Bertolini, Chan, Thaler; " 4]

Endpoint of a reclustering sequence, based on some distance measure

A

, T4

. Z/ ng it [pr,il > [prj]
Nitj = o .
g if |pral <|prj|

Clustering step: closest emission pair i,j with | ;

DTt = |PT.i| + DT,

NOT the “highest energetic particle”, clustering ensures IRC safety!



WITA FOR BACTERIA

% OSmOS [Hemisphere Games, 09]




THE WINNER-TAKES-ALL AXIS

[Salam, unpublished]
[Bertolini, Chan, Thaler; " 4]

«  Powerful when combined with SCET: PT.c ~ Q, pr.S ~ QN
*  Direction purely a collinear affair; maX(pT,c,pT,s) — PT,c
- Soft subleading in magnitude: PT.c T PT,S,in-jet =~ PT\c

—> No non-global logarithms*
[Larkoski, Neill, Thaler; "1 4]



WITA AXIS INACTION

» Even If all radiation Is inside the jet:

pT,J % § :pT,i
1ejet




WITA AXIS INACTION

 Even If all radiation Is Inside the jet:

pr.g # Y Pra

1ejet

* In- and out-of-jet soft radiation

contribute through recoll

*  Only In-jet soft radiation contributes

to |pr, s|: power suppressed



TRANSVERSE MOMEN TUM
DECORRELATION

« Iwo-component decorrelation:

« Align y-axis with jet axis:

qr = pr.v +D1.J

- rithal decorrelation g, = pr v L

» Radial decorrelation ¢, = p, v + |pr. 7| S



PZIMU T AR
DECORRELATION

* From momentum conservation:

- Factorisation Is very simple:

Qx — Px,V — —Px,c — Px,a — Px,b — Pz,S

= pr.v Sin oy

 [MD Beam function )
» [MD Soft function (+boost) .

* WA et function



RADIAL DECORRELATION

* From momentum conservation:

ﬁT,J + Dy, v
pr,g| — [Pr,v|cosdp

1
pr,5| = PTv|+ 5P,V |00 %

"0(Q) - 0(Q) +0(QN)” =

dy

X




RADIAL DECORRELATION

From momentum conservation:

qy = |PT,7| + Py, v
= |pr,g| — |Pr,v|cosdyp

1
‘pT,J\ \pT,V\ =F 2\pT,V\ p %

Are these the same!

X




RADIAL DECORRELATION

From momentum conservation:

qy = |PT,7| + Py, v
= |pr,g| — |Pr,v|cosdyp

H e | R
pT,7| — |PT,v| + §\pT,V\5s@2
Are these the same!
No!

X




RADIAL DECORRELATION

* From momentum conservation:

4y —

pPT.J

pT.J

4-29y,v’
— |pr,v | cosdp

DT,
1ejet

) scalar sum vs. vector sum

—

a

<@fo

b

= o,

—.

(@] + [b]) = (@ +b)| ~ 6



RADIAL DECORRELATION

* From momentum conservation:

qy = |PT,7| + Py, v
= |pr,g| — |Pr,v|cosdyp

Pr,sl =) |97

1€jet 1£V

) scalar sum vs. vector sum

) soft out-of-jet emissions

. (pT,c T pT,S,in—jet) e (pT,c + pT,S’) — —PT,S,out-of-jet ,

pr.s: O(Q) + O(QA) pry : O(Q) + O(QA) O(QA)




RADIAL DECORRELATION

From momentum conservation:

4y —

pT.J

pT.J

%_QOy,V’
— |pr,v | cosdp

DT,
1ejet

) sca

= o,

ar sum vs. vector sum

—> Complicated, and non-global

prvl=|- > br

) soft out-of-jet emissions




CALCULATIONS AND TRIVIA

Resummation of azimuthal LHC13T&V. pp — Z + Jurza + X
decorrelation to NNLL ool I NLO
| Il NLL + NLO
Linearly polarised NNLO e SRR
, : ﬁ — PYTHIA 8.2 (x1.6)

beam and jet functions g P

. 5 o ¢ - L
[Catani, Grazzini, | |] T 100/

Sy
(W i )) = I
Giant K-factors’ from EW et OV e

[Rubin, Salam, Sapeta, "1 0] 50'_ R=05

Track-based measurements

and pr-weighted jet axes A [deg]




SLICING

- How to access higher-order calculations!?

CF == 01 05

v\;\ Individually divergent,

different phase spaces

« Soft and collinear emissions difficult to observe

— Split unobserved reals and add to virtuals

N Elcresolltion variable, €.8. QT  [crni Grazzin, 07

do 0 dogceT > dUQCD
9|4 1 + O(57 d
ax J, T xdgr 7O )H/(; IT4X dgyp




GwTa -SLICING

* gr-slicing vs. Jets: SJA blind to in-jet dynamics

= N —J e-t-“ NesSsS [Boughezal, Focke, Liu, Petriello, "I 5] [Gaunt, Stahlhofen, Tackmann, ' 5]

(Kinematic dependence! Power corrections!?)
[Bell, Dehnadi, Mohrmann, RR, 23] [Campbell, Ellis, Seth, 22]
[Agarwal, Melnikov, Pedron, "24]

= ‘(T—ﬂeSS [Buonocore, Grazzini, Haag, Rottoli, Savoini "22]
(Higher orders?)

* \Winner- lakes-All axis isn't blind!



QWTa-|MBALANCE

 Azimuthal decorrelation i1s much nicer than radial

= (Can we avoid using the radial decorrelation?

* For planar Born processes azimuthal suffices:




UNRESOLVED PIECE

S ctiorisation: coscrt

dpr 1 dni dns dg,

:/% edzbe Z Bi(xq,bs) Bj(xp,bz) Zi(bs) _Ze(bs)

i7j7k7'€

x tr[Hijre(pr,a,m — 12) Sijre(bey 11, m2)]

M

* |nvolves:
* Standard TMD beam function

seSlahdard TME: seftiletien
* WITATMD Jet function

» Beyond NLO: linear polarisations in beam/|et



NLO VERIFICATION

» Missing for NNLQO: gluon jet function

LHC 13TeV pp — 2jets+X GNLO

[m2| <2, pr1 > 100GeV, pro > 80GeV, R = 0.5, factorization scale: 2pr 1

—— SCET(< §¢™)
107 QCD (> dgeut)
?  QCD+SCET

o NEO(6¢)[ub]

03 oo oo oo oo ee oo
.....°oo
0.2 1 ®e
0.1+ °
0.0 °

5UNLO

—0.1- ¢ QCD+SCET

50NE0 (59) ub]

-3.5 -3.0 —-2.5 -2.0 -15 -1.0 -0.5 0.0

logy0(0¢°)



NON-PLANAR CASES

* Radial decorrelation required

g Wblior SCE| + framework:

[Procura, Waalewijn, Zeune, ' |5, "1 8]

BN enplicated mode structure

R TIple hicrarchies (gr ~ @y, 9z ~ /Oy o)

+ But: |gr| = \/qf% + g2 suffices!



DIJET AGAIN

 Modes Inherited from azimuthal decorrelation

Qx = —Pz,c — Px,a — Pz,b — Pzx,S ~ O(Q(Sgo)

Qy — Py,J — ‘ﬁT,c‘ COS ¢c — Py,S — Py,a — Py,b

Z(i<j)€c Pl [P ‘Qb%g

L P
= —Pya—Pyb+ D Pl = Pys ) ol +

. 2> e

beam f:lrnctions 1€(s€J) lEC ZZEC ‘ 71‘ D
soft function jet function
=5 _py,S,out—of—jet S O(Q5QO2)

* g, behaves like Standard Jet axis casel



QWTa-DUET

1 ' - dO’ ET
s actorisation: ATEPE e o
=g [ farlbel) 3 Bilea,Br) By, Br) £ulb) S0)

27 £
Z?J?k7£

X tr [ﬁij—)kzﬁ (pT,l; m — 772) gijkﬁ(gTa n, 12, R)]

e |nvolves: * Standard TMD beam function

Dedicated soft function
> las FIMIBRS el aradelh

Lo
» Soft function: Outside jet: = (7

Inside jet: (qg)



3O (g5 ub]

SN0 (g5) [ub]

COMPATSE

LHC 13TeV pp — 2jets+X @GNLO
|m 2| <2, pr1 > 100GeV, pro > 80GeV, R = 0.5, factorization scale: 2pt 1

10 H

0.3 1

0.2 1

0.1 1

0.0

—0.14

6(7'\”‘0

¢ QCD+SCET

—— SCET(< q2%)
QCD (> q%%)
t{ QCD-+SCET LHC 13TeV pp — 2jets+X GNLO
0.12 + ) Feut = 0t ’,9
Feut = q%'Ut/pT,l ’,/”
0.10 -~
. -
% 0.08 Pt
~ //
) -
X 0.06 1 -7
S ed
Zb /./
o) 7
" 0.04 ',’
— 7’
Y
. 0.02 /
° 4
.. J‘
. 0004 ¢
® T T T T T T T
. 0.0 0.2 0.4 0.6 0.8 1.0 1.2
[ ]
o reut[%]
o
[ )
[ ]

-2.0

a3t
log; <pr,1>

-3.5 -3.0 —-25

—-15

-1.0 -0.5 0.0

» Full gr performs better




MULTIET CASES

* Xx/y now means perpendicular/parallel to a jet

+ let function:  F(bz) = Z(bLJ)

B eIt iunction: st
Inside jet | gr — gy - qr)



SIMPLIFICATIONS

« Soft function can be refactorised

* Purpose Is not to resum, but to simplify
» Global soft function only depends on dipoles
» S function only depends on dipole and jet kinematics

R ~ O(1) restored by including subleading terms



LEPTON NNLO

* No gluon jet function needed for lepton collisions

LEP 91.2GeV ete™ — v* — 2jets+X ONLO LEP Q=91.2GeV ete™ — v* — 2jets+X @NNLO
%102 x10*
—— SCET(< y™t) —— SCET(< y™t)
27 QCD (> y=) 1.0 QCD (> yo)
o QCD+SCET e QCD+SCET
as 17 s 05-
S €
= =
5 0+ 5 0.0 e 0000000000000000000 000
S >
S o
z z
8 —1- =, 05 A
b}
_2 4 —1.0 4
2 A 30 B
«  QCD+SCET
A& 1- “ff 20 —— 60NN (0o 2) = 35 _ a4y + np (8¢ — L)
£ £
= 0 1 .‘. :\\ 10 1 ° o
s>\ % g o o , % o° ° °
g/ =14 .' 9 01 ®e a. .o
z ° Z . °
5 e  QCD+SCET A 2 ~101 .
21 — 5UNLO/(003_;):2 . L o
T 1 T 1 1 T T T _20 B I. 1 T T T 1
—14 —12 —10 -8 —6 —4 -2 0 —14 —12 -10 -8 —6 —4
cu cut cu cut
Yo = In (E2) — 21010 - logy, (%) Yo = In (E20) — 21010 - logy, (%)
| — —

e s



CONCLUSION

» Azimuthal decorrelation is a really nice observable
» Radial decorrelation isn't
» [he WA axis salvages qgr-slicing for jets

» Planar slicing 1s simple, non-planar less so



THANKYOU!




TRACKS

* Angular resolution of calorimetry could be a problem

= U echarged particle tracks e | =il
BRI ACects |et Tunction Tinite term
e 3 TGS 2 i 1 e
/q( e /q( ) ‘|‘4CF/ do In / dzy Ty(21, 1) 100 hadron full
0 l -2 l—x 0 T e hadron track
1 % 60 -
X / dlzp 7 (2 mlloians — v (=l — e — %)] 5 ¥
0 g 7 pr.g > 60GeV, |ns| <2 7
» Track functionT, energy fraction z 5l et S
[Chang, Procura, Thaler, Waalewijn, | 3] D e 0 o



CALCULAT IO

do / T
p— 1 x, B 'CCCU x 7b S’L b:Ca
dp,.v dpr.v dyy dns Z b ) gk( 77J)

1,7,k
2

X Hijsveerv,yv — 1) Zik(bs) {1 + O(;;;tﬂ

« NNLL resummation [Arnold, Reno, 89"

[Becher, Lorentzen, Schwartz, "I 2]
[Moch,Vermaseren, Vogt, '04/'05]
[Becher; Neubert, '09]

[Gehrmann, Luebbert, Yang, ' 4]
[Echevarria, Scimemi,Viladimiroy, ' | 6]
[Luebbert, Oredsson, Stahlhofen, ' | 6]

* 3-loop I'cusp, 2-loop ~;, |-loop finite H,J,S,B

*  Most known, only minor recalculations:

Sz(]l)(bwvnjnuay) ik
» S at NLO wvia boost (non-)invariance: > LERE e oy
See also [Gao, Li, Moult, Zhu, '19] ;T’” fr) (ba”” ’V\/nZ ) 2)

« [MD jet function with n-regulator and large jet radius

[Gutierrez-Reyes, Scimemi, L . s
Waalewijn, Zoppi,'18/'19] [Chiu, Jain, Neill, Rothstein, | 2]




BACKUP TRIVIA

* pr-welghted jet recombination:

PT.+ = PT,i T PT,j,
¢r = (P :Pi + 07 P5)/ (PT; + PT.;),
Yr = (p7.:Y: +01.Y5)/ (P75 + PT.5),5

R DECalces Vv A as i — ©O oo

g
/QT‘LZ,:O Sy E(CAJCA + Trngdy,)

* Linear polarisation:

9\ Ly, 7 g1 b b 2) (1
B G ) + (2 + B ) BRBr)

pv _
Bg (b_]_,,LL,I/) d— 9 d—9 b%

[Catani, Grazzini, ‘| 1]



GIANT K-FACTORS

* Large matching corrections for high-pr jets

» Electroweak corrections to dijet decorrelation




