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Factorization
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All predictions rely on factorizing hard scattering from universal
nonperturbative parton distributionsf; (X) of incoming protons:

I dxy dxo By (Q, X1, X2)fi(X1)fj (X2)

)
Probe intrinsic pr ! ! ocp of partons in proto

Key process isep! X .Can we replace hadron h by jet?
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1. Introduction:
A. Transverse momentum factorization
B. Jets and Winner-Take-All axis

2. Processes:

A ete | JIX

}[Gutierrez-Reyes, Scimemi, WW, Zoppi]
8
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1A. Example: Z-boson yr spectrum
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1A. Transverse momentum factorization
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Forgr ! Q, radiation iscollinearor

Factorize physics at scalesQ, gr !

[Collins, Soper, Sterman; Becher, Neubert; Chiu, Jain, Neill, Rothstein; Echevarria, Idilbi, Scimemi, E]

dQ ddY! dtyy = H(Q) de,a Ba(bT,a , Xa) | de,b Bb(bT,b, Xp)

! Htr " Pra” bro” bro)



1A. Renormalization group and resummation

Each ingredient in factorization involves single scale. E.qg.

| Cr W T2
HQWw! 1+ —4¢ %2/"'??(32{ 8+ &

Resum large logarithms by evaluating ingredients at their
natural scale and evolving them to a common scale:




1A. Rapidity logarithms

There is a mismatch of logarithms:
In?(Q/qr) = In*(Q/u) +In *(ar /)



1A. Rapidity logarithms

There is a mismatch of logarithmd:
IN*(Q/qr) =In*(Q/M)! In*(qr/)! 2In(Q/q+)In(ar/u)
Beam and soft function requirerapidity regularization:
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1A. Rapidity logarithms

There is a mismatch of logarithmd:
IN*(Q/qr) =In*(Q/M)! In*(qr/)! 2In(Q/q+)In(ar/u)

Beam and soft function requirerapidity regularization:

u2 #

S (p$)1+!+"/2

Rapidity divergencesl/! lead to rapidity renormalizatioh
" corresponding ! -evolution resums rapidity logarithmg.

[Chiu, Jain, Neill, Rothstein; see also Collins, Soper; Collins; Becher, Neubert, E]
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1A. Transverse momentum distributions (TMDs)

Beam functions can be matched onto PDFs fopr ! ! ocp

: dxt " ox P
TIIJ pT,;;ua fJ(X1u)

Bi(pT1X’|J’ "): |

[Collins, Soper; Stewart, Tackmann, WW]

p:! changing x LTB changing pr JH
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1A. Transverse momentum distributions (TMDs)

Beam functions can be matched onto PDFs fopr ! ! ocp

: dxt " ox P
7'” pT,;;p-, fJ(X1u)

Bi(pT1X1|J’ "): |

[Collins, Soper; Stewart, Tackmann, WW]

p:! changing x LTB changing pr JH

Forpr ! ! ocp, the beam functions describes the intrinsic
transverse momenta of partonsﬁin the proton (TMD PDFs).




1A. Polarization

Gluon TMDs can be linearly polarized for unpolarized protons:
By (br) LY PIA] A, P# "

_ g' Bg+ g' + bTbT BL

d$ 2 d$ 2 !bTZ g
Many more possibilities with polarization. E.g. quark TMDs:
quark pol.
U L T Gur,hy L hip:!
= , Integral overpr Is zero,
g— Ul t ny match onto twist 2.
é o it fir.hy:!
2 | T | fip | g7 | hy, hig T-odd, match onto twist 3.

12



Goal: TMDs and Jets

Three standard TMD factorization theorems:

w0’
Dot Keg '
v e = )
=t ° 7 L
55%
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ot = e v(QBaltr x:) " Bltr x2)

d!' (ep! ehX) _ - .
dodxdzdy, - Hea ealQBaltr.x)" @o nltr.2)

d (e"e ! hihoX) _ )
dz; dz; dt;T = Hee oo QDo (hxftir.21) " Dg @th,zz)

Question 1: Can we replace h by

Question 2: TMDs for processes with >2 collinear directions? .,




1B. Jets

First evidence for gluons from 3-jet event:

° 1 48 oy
13 -—\V

Ecm= 35 GeV
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1B. Jets

First evidence for gluons from 3-jet event:

Ecrn=35 GeV

Jets at the LHC: How should we debne them?
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1B. Cone algorithms

Sterman-Weinberg jets: back-to-back cones with angle!
containing all but fraction! of event energy.

g4 C e

oL

Extension to multiple jets hard: Seeds for initial jet direction$?
How to handle overlapping cones? IR safety!?

s cone

16



1B. Clustering algorithms

Determine distances between OparticlesO. E.g. Cam/Aachen:

dj = (il y)a+(tit )2

ombine nearest Oparticles®; ., p' ! p + p}

Repeat until distances larger than jet radius parametdR .

p, [GeV] | _Cam/Aachen,R=1_|
t
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1B. Clustering algorithms

Determine distances between OparticlesO. E.g. Cam/Aachen:

dj = (il y)a+(tit )2

Combine nearest OparticlesC'DF, pj” I opf o+ IO,-M

Repeat until distances larger than jet radius parametdR .

p. [GeV] ‘ Cam/Aachen, R=1 | p, [GeV] | ant 'kp R=1 |

[Cacciari, Salam, Soyez] 18



1B. Winner-Take-All axis

em I8
U et

.- :___:_:_:_:_:_:_:_:_2_:_-'.:}_:-:-: = Tk'coll
. ]

== = =P Jet axis
ksoft
!

k!coll+ k!soft - 0

Jet axis along jet momentum: recoiled by soft radiation in jét

" Theory: nerni-global logarithms, Exp: contamination.
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1B. Winner-Take-All axis

TkFoH

=4=-==t === Jet axis
ksoﬁ
!

k!coll+ k!soft - 0

Jet axis along jet momentum: recoiled by soft radiation in jét
" Theory: non-global logarithms, Exp: contamination.

Absent for Winner-Take-All (WTA) recombination scheme:
E, = Fl + E 3

n, IfE{>E>
D, IfEx;>E4

?f
X
B, =

[Salam; Bertolini, Chan, Thaler] 20



2A.e" e | JJIX:regimes

di(ete 1 JIX) dbr i a2 /7 .
dz dzpdty e ael(@ WGWJ@hq(bﬂzz,QR)

q
. 2
Angular decorrelation related to transverse momentun ! L

Q

' 1 R :no jet axis dependence, match onto coll. jet functions.
l, &
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2A.e" e | JJIX:regimes

di(ete 1 JIX) _ ' dbr | a4 g .
drdzdty Q) gz ® T ebr 2 QR el 22, QF)
: 20
Angular decorrelation related to transverse momentun ! )

' 1 R :no jet axis dependence, match onto coll. jet functions.

l 1 R: Pnite terms in jet function depend on axis choice.
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2A.e" e | JJIX:regimes

di(ete 1 JIX) dbr
dz; dz, dty . Her et a(Q) (2#)2

: 20

Angular decorrelation related to transverse momentun ! )

' 1 R :no jet axis dependence, match onto coll. jet functions.
l 1 R: Pnite terms in jet function depend on axis choice.

l 1 R factorization only holds for Winner-Take-All axis.
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2A. Soft function

J—@’@

5 I
?’J 7‘((‘1,‘0

0\ ~~
/\.\-—__\

WTA insensitive to soft radiatior’ no difference for radiation!
in/outside jet. Total recoil from standard TMD soft functiom.

[Echevarria, Scimemi, Vladimirov; Luebbert, Oredsson, Stahlhofen; Li, Zhu]

SJA only sensitive to soft radiation outside the jet'!

For! ! R, wide-angle soft does not resolve narrow jet.
FMD factorization breaks due to nonglobal logs.
[Dasgupta, Salam; see also Banbk, Dasgupta, Delenda]
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2A. TMD jet function at one loop

WA

o—4_ | / -

At one-loop: WTA axis along most energetic particle.

Standard jet axis and WTA agree for ! R .

Very different behavior f?l! I R )

V™A (br,z,QR) I (1" 2)Ji(br)
I3 (br,z,QR) ! "(1" 2)"2(br)Ji(QR)
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2A. Large-R jet function at two loops

R determined by anomalous dimensions,

Jet function for! |
extract at NNLO using EVENT2!

apart from constant™

[Catani, Seymour]

anti-k7, 1 trillion events

................................................................
~
.
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2A. Jet radius dependence

ete” — dijet, LEP, z > 0.25
5 [ I I ‘ I I I I ‘ I I I I
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&~ | Lo - _
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1| ST
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Even for medium values oR , can use larg&k jet function.

LargeR jet function known at two loops” NS3LL.
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2A. et e | JJIX:results

ete”™ — dijet, Belle 11 ete” — dijet, LEP
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Implemented in arTeMiDescimemi, viadimirov]

Good convergence of resummed perturbation theory.
Uncertainty band artibcially small at NLL (not shown).
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2A. € e | JJIX:nonperturbative sensitivity

ete™ — dijet, Belle II ete™ — dijet, LEP
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' Dominant dependence on nonperturbative contribution to
rapidity anomalous dimension.

' Vary within current uncertainty from Drell-Yan extraction.

[Bertone, Scimemi, Vladimirov]
o) DD
R
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2B. ep! eJX: factorization

do(ep— eJX) d
ep ZHeq—wq / o ﬂbTa]TB g‘ glz QR)

dQ dx dz ddE] (2m)2

Breit frame; virtual photon hasq’ =

Replace TMD fragmentation function by TMD jet function.
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2B. ep! eJX: cross section

ep — ejet X, Hera ep — ejet X, EIC
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' Results for Hera and EIC for different elasticity intervals.
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2B. ep! eJX:nonperturbative sensitivity

ep — ejet X, Hera ep! ejetX, EIC
15—+t 717r111 L B 0.6 L L L LA A B A B DR B A
= 0 - z ]
s ] & 04
~ L - 3 — -
B r - R E
S £05— ) — 5| &gol . |
= L === Variable Byp, 0.018 < ¢y < 0.030 i TS === Variable Byp, 0.018 < ¢y < 0.030
B EEEE Fixed Byp, 0030 < g <0044 | L EZSE Fixed  Byp, 0030 <co <0044 |
O. F [ ‘ I ‘ I ‘ I ‘ | | ‘ | | ] 0 c | | ‘ | | ‘ | | ‘ | | ‘ | | ‘ | | i
0. 0.5 1. 1.5 2. 2.5 3. 0. 0.5 1. 1.5 2. 2.5 3.
© +3% T T ‘ 1T T 7T ‘ T T 1 ‘ T T 1 ‘ T T 1 ] ° +5% 1T 11 ‘ T 1T ‘ 1T T 1 ‘ T T ‘ T T ‘ 1T T T
g VE=2318 GeV, 10<Q< 25 GeV, N3LL | < V5 =100 GeV, 10 < Q < 25 GeV, N°LL
: I
= =
ke, 0 o 0
£ z
< R=0.5, z>025 00l<y<0.95 | 3 R=0.5 z>025 00l<y< 095
= | | | | | 1T % | | | | |
! 3% I | | | | | | | | I | | | | | | | |
0. 0.5 1. 1.5 2. 2.5 3. 0. 0.5 1. 1.5 2. 2.5 3.
qr [GeV] qr [GeV]

' Nonperturbative sensitivity on par with using hadrons.
' Pro: no sensitivity to nonperturbative fragmentation.

' Con: jets based on calorimeters have worse angular resolution.
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2C. pp! (V JX: motivation

Important SM measurement and background.

Probes medium in heavy-ion collisions.

Study factorization violation (can also studypp !

JIX ).
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2C. pp! V JX: factorization

Azimuthal angle! ' =" 1 #! with!" ! |pxv |/pTV

Px,v perpendicular to beam-jet plane.!
Standard TMD beam and jet functions.

d! (pp! VJIX) -
dpr,g dyv d"; dpxyv \
= Hijr vk(pra.yw " ") %
Tk S
# %e ibx pxv Sijk (bx,"J (_/p‘ v

# B (B x1) Bi (B), X2) J « (B)) L
I@ J(@ Q@")M\G‘&}S AT GA‘SNJ .



2C. Linear polarization

Linearly-polarized gluon beam function contributes at NLO.
(NNLO for Higgs production) Test using MCFMcampbell, Eliis et ai]

qq channel

OF
=)
=
R
=
© LHC13TeV, pp — Z + Jwra + X
I
£ 1200 pry>60GeV, |9y <2, R=1
o
<
E
& 130- — NLO
— NLO (without linear polarization)
140
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2C. Linear polarization

Linearly-polarized gluon beam function contributes at NLO.
(NNLO for Higgs production) Test using MCFMcampbell, Eliis et ai]
P | 2
. ) . . . 2L — _s | - + —T
Linearly-polarized jet functiond 4 (-b_ ) ye 3CA 3'F Nt

qq channel qq channel (ny)

— NLO

— NLO (without linearly—polarized jet function)

110}
LHC13TeV, pp = Z + Jwra + X
120 ppy>060GeV, |ny| <2, R=1

Osing (5¢cul ) -0 (5@CHL) [pb]
Osing (6@0]1‘[) -0 <5¢(:ut) [pb]

130 — NLO

— NLO (without linear polarization)

7 16 15 14 '3 12 [ 0
1115¢(111t

140

17 6 I's 14 I3 12 I 0
hl(;@cut
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2C. Hard and soft function

At NNLL need NLO Hard funCti()n.[Arnold, Reno; Becher, Lorentzen, Schwartz]
For linearly-polarized gluonH" = |PHL! CH |? starts at LO.

Soft function contribution from two Wilson lines related to
standard TMD soft function by boosting to back-to-back!

[See Gao, Li, Moult, Zhu]

Three Wilson lines contribution vanishes at NNLQO.

[Becher, Bell, Marti] Lg/oa
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2C. Track-based measurements

Track-based measurement has superior angular resolution.

Switching to tracks only modibes jet function.
" Anomalous dimensions must be the same.

Change in jet function constant calculable with track functions.
[Chang, Procura, Thaler, WW] 1

o9_//;'71 e 2 0=
ool

l- /zX\
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2C. Track-based measurements

Track-based measurement has superior angular resolution.

Switching to tracks only modibes jet function.
" Anomalous dimensions must be the same.

Change in jet function constant calculable with track functions.
[Chang, Procura, Thaler, WW]

b cc2

80| ==rmsee- hadron track

LHC13TeV, pp — Z + Jwra + X

hadron full

60 -

40|

do /dAd [pb/deg]

pr.Jg > 60 GSV, |77J| <2

201 R=05

12
1.1

1.0 p—hnﬁnrﬂhﬁqluwh—'" —

09

Ratio

150 155 160 165 170 175 180
A¢ [deg]
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2C. Results

LHC13TeV, pp = Z + Jwrta + X

NLO

200 -

NLL + NLO

150, 1 NNLL+NLO

— PYTHIAS.2 (x1.6)

100 -

do/dA¢ [pb/deg

50+

15 155 160 165 170 175

Smallby : match to NLO using transition function.
Largeb, : avoid Landau pole withlh  prescriptionicolins, Soper, sterman]

Good perturbative convergence.

Pythia (with NLO K-factor) agrees reasonably welkjostrand et al
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3. Conclusions

Using the WTA axis, TMD fragmentation functions can be
replaced by TMD jet functions in factorization theorems.

Pro: Jets donOt have nonperturbative momentum fraction.
Con: limited angular resolution of calorimeterS tracks.

ep! eJX: constrain TMDs at EIC using jets!
TeEcCC
pp! VJX: TMDs with more than two directions!
High precision is possible: most ingredients for RLL known. !
Interesting for medium modibcations in heavy ion collisions

and factorlzatlon violating effects. ~Ju

ab/7) TL\QW)" \ ob‘ /L—«-
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