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Factorization
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All predictions rely on factorizing hard scattering from universal
nonperturbative parton distributions f;(x) of incoming protons:

o~ Z dry [ dze 645(Q, x1, x2) fi(x1) fi(x2)
- fin J

Probe intrinsic pr ~ Aqcp of partons in proton, fi(z,pr).

Key process is ep — ehX. Can we replace hadron h by jet?
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Outline

1. Introduction:
A. Transverse momentum factorization
B. Jets and Winner-Take-All axis
2. Processes:
A ete = JJX
} [Gutierrez-Reyes, Scimemi, WW, Zoppi]
B. ep > eJX

C. pp—>VJX [Chien, Rahn, Schrijnder van Velzen, Shao, WW, WU

3. Conclusions



1A. Example: Z-boson gr spectrum
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[Bizon et al]
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Cross section dominated by small g, where it suffers from

large logarithms L =

In(Q/qr)



1A. Transverse momentum factorization

-
-

For qr < @, radiation is collinear or

Factorize physics at scales @, gr

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

do
— H d—) a BCL D as ~a d_) B 7 ,
dQ dY dgr (Q)/ PT, (PT,as )/ prp By(Prp, T1)

X 0(qr — Pra — PTb — )



1A. Renormalization group and resummation

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

asCp 5 Q% Q? T2
—In“ — +3In— — 8+ —
Am [ tE T T g
Resum large logarithnms by evaluating ingredients at their
natural scale and evolving them to a common scale:

H(Q, p) 1+

d
dlnMH(Q, w) =vu(Q,n)H(Q,n)
asCF Q2
o) H(Q, 1) = exp|—= ln2p+--.}H(Q,Q)




1A. Rapidity logarithms

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



1A. Rapidity logarithms

There is a mismatch of logarithms:
In*(Q/qr) = n*(Q/p) — n*(gr/p) — 2In(Q/qr) n(gr /1)

Beam and soft function require rapidity regularization:
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1A. Rapidity logarithms

There is a mismatch of logarithms:
In*(Q/qr) = n*(Q/p) — W*(gr/p) — 21n(Q/qr) (g7 /1)
Beam and soft function require rapidity regularization:

2€ . m
— M 4 3 -
S(1)<pT)o<a8 (72) et/ /dy\2smhyy n
T

Rapidity divergences 1/n lead to rapidity renormalization
— corresponding r-evolution resums rapidity logarithms.
[Chiu, Jain, Neill, Rothstein; see also Collins, Soper; Collins; Becher, Neubert, ...]
A
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1A. Transverse momentum distributions (TMDs)

Beam functions can be matched onto PDFs for pr > Agcp

, dz’ ,
Bi(pT,x,,u, Z/ 7,] pT; ,nua )fj(x :u)

[Collins, Soper; Stewart, Tackmann, WW]|

/,L'A changing x ﬁB changing pr ,LZH
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1A. Transverse momentum distributions (TMDs)

Beam functions can be matched onto PDFs for pr > Agcp

, dz’ ,
Bi(pT,x,,u, Z/ zg pTa ,nua )f](aj :u)

[Collins, Soper; Stewart, Tackmann, WW]|

,U,IA changing x ,L7,B changing pr ,L;H

For pr ~ Aqcp, the beam functions describes the intrinsic
transverse momenta of partons in the proton (TMD PDFs).

Often one absorbs the soft function into the beam functions.
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1A. Polarization

Gluon TMDs can be linearly polarized for unpolarized protons:
B2P(br) ~ (P|AS AT |P)

apf af a 1B

g, g, bTbT L

= — B - B
d—2 g+(al—2+ b2 )

Many more possibilities with polarization. E.g. quark TMDs:

quark pol.
1 g1,

U L T gir, hig, hir:
G N integral over pr is zero,
o, h hy match onto twist 2.
-
> | L hi
g e T fir, hi
= i | g1 | h1, hip T-odd, match onto twist 3.
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Goal: TMDs and Jets

Three standard TMD factorization theorems:

'3
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do(pp > VX . )
d(Q dY dgr - Hyg—v (Q)Bq(qr, 21) ® By(qr, v2)
do(ep — ehX) B )
dQdzdzdgr Hegseq(Q)Bq(dT, %) © Dgsn(qr; 2)
do(ete™ = hiho X B )
( dzl dz2 dq_l’T : ) - He"’e_—)q(j(Q)Dq—)hl (QTa Zl) 0 Dq—>h2 <QT, 22)

Question 1: Can we replace h by a jet?

Question 2: TMDs for processes with >2 collinear directions?  ;



1B. Jets

First evidence for gluons from 3-jet event:

° 1 48 oy
13 -—\ﬁ

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 define them?

15



1B. Cone algorithms

Sterman-Weinberg jets: back-to-back cones with angle 9,
containing all but fraction € of event energy.

==

<eE

Extension to multiple jets hard: Seeds for initial jet directions?
How to handle overlapping cones? IR safety?
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1B. Clustering algorithms

Determine distances between “particles”. E.g. Cam/Aachen:

ij — yi—ij ¢z‘_¢j2
ombine nearest “particles”: pi',p} — pi + pYf

Repeat until distances larger than jet radius parameter R.

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

Determine distances between “particles”. E.g. Cam/Aachen:
2 ¢z T ¢j

Combine nearest “particles”: p',p} — pi + p¥f

2

iy — Yi — Yj

Repeat until distances larger than jet radius parameter R.

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

[Cacciari, Salam, Soyez]
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1B. Winner-Take-All axis

coll
q===t===-» Jet axis

.s0ft
ke

k:(fHJr ki)“‘: 0

Jet axis along jet momentum: recoiled by soft radiation in jet
— Theory: non-global logarithms, Exp: contamination.
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1B. Winner-Take-All axis

Ikioll

4---t----p Jet axis

.s0ft
ks

k:(fu+ /.','I)“ =0

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

Absent for Winner-Take-All (WTA) recombination scheme:
E,.=Fi+ Ey

N ny if By > Ey
ny if Fo > 4

r =
[Salam; Bertolini, Chan, Thaler] 20



2A. eTe” — JJX: regimes

do(ete™ — JJX) dby iz
H ibr- QTJ b R b R
dz1 dzo dgr Z et e~ i /(gﬂ) (T,z1 QR) J. (T7Z27Q )

2qr
Q

0 > R: no jet axis dependence, match onto coll. jet functions.

Angular decorrelation related to transverse momentum 6 ~
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2A. eTe” — JJX: regimes

do(ete™ — JJX) dby iz
H ibr- QTJ b R b R
dz dzo dgr Z et e~ i /(QW) 4(br, 21, QR) Jy(br, 22, QR)

2qr
Q

0 > R: no jet axis dependence, match onto coll. jet functions.

Angular decorrelation related to transverse momentum 6 ~

0 ~ R: finite terms in jet function depend on axis choice.
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2A. eTe” — JJX: regimes

do(ete™ — JJX) dbr g o .
=2 Herem—qq s €T (b R) Jy(b R
dz; dze dgr ; ete _’qq(Q)/(QW)z € (b1, 21, QR) Jy (b, 22, QR)

. 2qr
Angular decorrelation related to transverse momentum 6 ~ 2497

@
0 > R: no jet axis dependence, match onto coll. jet functions.

0 ~ R: finite terms in jet function depend on axis choice.

0 < R factorization only holds for Winner-Take-All axis.
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2A. Soft function

N\

WTA insensitive to soft radiation = no difference for radiation
in/outside jet. Total recoil from standard TMD soft function.

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

SJA only sensitive to soft radiation outside the jet. —
For 0 2 R, wide-angle soft does not resolve narrow jet.
For & < R, TMD factorization breaks due to nonglobal logs.

[Dasgupta, Salam; see also Banfi, Dasgupta, Delenda]
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2A. TMD jet function at one loop

(X

At one-loop: WTA axis along most energetic particle.
Standard jet axis and WTA agree for 8 > R.
Very different behavior for 0 < R :
TN (@, 2,QR) = 6(1 — 2)Ti(dr)
I (Gr, 2,QR) — 6(1 — 2)6%(¢r)J;(QR)
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2A. Large-R jet function at two loops

Jet function for 6§ < R determined by anomalous dimensions,
apart from constant — extract at NNLO using EVENT?2.

[Catani, Seymour]

T T T T T T T T I I
“NwA |
—~ : ll
=20 {___
‘ﬁ [ II
N = /
| i /
) ]_0* /
~ L /
(o R /
N = /
= C
—|N 07 -
| -
< MaAace =N m e —m————————
Q) L
b —10
L 1 e
\ \ L \ \

30

anti-k7, 1 trillion events

07 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
—3.0 —2.5 —2.0 —1.5 —1.0

ecut

logy,
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2A. Jet radius dependence

ete” — dijet, LEP, z > 0.25

b} B I I | I I I I | I I I ]
LT e R=01
4 e N T D T R=03 |
B -~ _"-_: ------ R=05 |
= = R=07 _
3 ! —
@, o ] Large R |
~ | 3 |
< - = B
=R - _ ]
20—~ o I T _
b E‘ | 4‘-_.: - - —
'U 'g' — : | ______-—__:__I -l
~ Vs =91.2 GéV, N°LL (NLO jets) .
[ | | | | | | | | | | L

0 5) 10 15

qr [GeV]

Even for medium values of R, can use large-R jet function.

Large-R jet function known at two loops — NSLL.
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2A. eTe” — JJX results

ete”™ — dijet, Belle 11 ete” — dijet, LEP
1 5 I I I I ‘ I I I I ‘ I I I I ‘ I I I I 57 I ‘ I I I I ‘ I I I I ]
i - - B v
i d— e mm ]
E 2 o.u0 M. i
s M S 3 =
~ ~ _
£ 2 ]
e B B NLL ] L2 7
2S5 B = NNLL ] S5 ]
g NLL ] 1F ]
| Vs = 10‘.52 GeV, R= 0‘5 2>0.25 | | Vs =912 GeV, 1‘%: 0.5, z>025
0' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 | | | | 1 1 1 1 B
0. 0.5 1. 1.5 2. 0 5 10 15

qr [GeV] qr [GeV]

Implemen’[ed in arfeMiDe. [Scimemi, Vladimirov]

Good convergence of resummed perturbation theory.
Uncertainty band artificially small at NLL (not shown).
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2A. ete” — JJX: nonperturbative sensitivity

ete” — dijet, Belle IT eTe” — dijet, LEP
15— L L C L L
L i 4 A
B C Vs =91.2 GeV, N°LL
% 1 - T 3
@] = &} C
< L < L
= L V5 = 10.52 GeV, N°LL = 2
S|§05- B Vasiable Byp, 0.018 < g < 0030 —| Il
L E=== Fixed Byp, 0.030 < ¢ <0.044 - 1= === Variable Byp, 0.018 < ¢y < 0.030
r N C E=== Fixed Byp, 0.030 < ¢ < 0.044 B
[ IR R R R o1 | | | | | | I \ I I [
. 0.5 1. 1.5 2. 0 5 10 15
+10% L O B B B +3% T ‘ T T T T
3 E g
= =}
£ £
< 51:: +1%
3 B
) o
2 2 1%
=3 ] =
é Vs =10.52 GeV, R=0.5, z>0.25 : !:qd) i
_10% L L L L L ‘ | | | | ‘ | | | L7 73% ‘ | ‘ L L
0. 0.5 1. 1.5 2. 0 5 10 15
qr [GeV] qr [GeV]

- Dominant dependence on nonperturbative contribution to
rapidity anomalous dimension.

+ Vary within uncertainty from previous Drell-Yan extraction.

[Bertone, Scimemi, Vladimirov]
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2B. ep — eJ X factorization

QS
'ﬂl

do(ep — eJX) dgT i . R
= Hegse ——=e PTIT B (b, br, 2,
dQ dzr dzdgr Eq: — Q(Q)/(Qw)z € q(br, ) Jq(br, 2, QR)

Breit frame: virtual photon has ¢” = 0.

Replace TMD fragmentation function by TMD jet function.

TMD beam functions known to three I00PS. [evert, Mistiberger, Vita]
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2B. ep — eJ X cross section

ep — ejet X, Hera ep — ejet X, EIC
T ‘ T ‘ T T ‘ L ‘ L ‘ L 0 87 T T ‘ T T ‘ T T T T T T T T ]
15 M 050 <y<095  /5_318GeV, 10<Q <25 GeV R 050 < y<0.95 \/izloo GeV, 10 < Q < 25 GeV
e 0.20 <y < 0.50 R=0.5, 2> 0.25, N3LL - [ mama-s 0.20 < y < 0.50 R=0.5, z>0.25, N3LL :
- .. 0.01 <y <020 ] 0.6 pmmm= 0.01 < y < 0.20 n
= - B Total = R Total .
o 10— = o B i
R = 5 ] M .
ol & = = el & [ ]
15 0.5 . ] gls ]
L = - 0.2— -
0. - N I ‘ I ‘ I ‘ I ‘ | i 0. = | I I ‘ I ‘ N I ‘ 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]

* Results for Hera and EIC for different elasticity intervals.



2B. ep — eJ X: nonperturbative sensitivity

ep — ejet X, Hera ep — ejet X, EIC
1.5 AL L B I B A B B 0.6 [T T T[T T T[T T[T T [T T T
EERAE .- z 1
s M ] & 04
~ [ | E = _
B - R -
S S05- ) — 5| &0 . _]
= L === Variable Byp, 0.018 < ¢y < 0.030 i <z Y === Variable Byp, 0.018 < ¢y < 0.030
B E=== Fixed Byp,0.030 <cy<0.044 | L E==-| Fixed Byp, 0.030 < <0.044 |
O. E [ ‘ [ ‘ [ ‘ [ ‘ [ | ‘ [ | ] 0 c I ‘ I ‘ I ‘ I ‘ I ‘ I 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 1 T 1 T T 7T T T 7T T T 7T T T 1T T 1T ‘ 1T T ‘ T T ‘ T T ‘ T T ‘ T T
° \ \ \ \ \ B o +5%
< Vs =318 GeV, 10 < Q <25 GeV, NLL | g V5 =100 GeV, 10 < Q < 25 GeV, NLL
i
= =
ke, 0 o 0
= 1 =
) R=05, z>025 001<y<0.95 | Q R=05, z> 025, 0.01<y<0.95
= | | | | | 1E % | | | | |
_3% [ [ | I | [ | [ | [ [ I | I I 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 z.

- 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 study pp — JJX).

Sy = 5.02 TeV PbPb 404 ub™, pp 27.4 pb™
NN

3_""I'"'I""I""I""I""I
P - CMS
~, 2.5_—
é - [®]PbPb, 0-30 % }
[ > 'O Smeared pp ]
/ N| N | PE>60GeVic -
L S |3 15[ antikjetR=03 .
\ N [ P'>30Gevic =
J ‘_lz r jet 1
A \\ 1-M1<1.6 -
(1\ 0.5F E +—
X .
ofF—-@e-c== 8 _ 5‘ ____?____+_ _______ ]
IlIIllIlIIIIIlIIllIIIIIIIIlIlI
0 0.5 1 1.5 2 25 3
A¢iZ
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2C. pp — V JX: factorization

Azimuthal angle A¢ =7 — d¢ with d¢ ~ |p. v|/pr,v

Pz, v perpendicular to beam-jet plane.
— Standard TMD beam and jet functions.

do(pp = VJX)
dpr. ;s dyy dnydpg v

= Z Hijvi(pr,s,yv —n7)
i,J,k

“ | or e e eV S (bey 1) e
7T

X Bi(bxawl)Bj(bwaab) jk(b:c) i/“




2C. Linear polarization

Linearly-polarized gluon beam function contributes at NLO.
(NNLO for Higgs production) Test using MCFM. [campbell, Eiis et af

qq channel

OF
=)
&
% -lor
=
S LHC13TeV, pp = Z + Jwra + X
I
£ =200 pry>60GeV, |ng <2, R=1
o
<
b
& -30- — NLO
— NLO (without linear polarization)
—40L.

~7 6 5 —4 -3 ) Z1 0
In 6@(3ut



2C. Linear polarization

Linearly-polarized gluon beam function contributes at NLO.
(NNLO for Higgs production) Test using MCFM. [campbell, Eiis et af
Qg 2

— 1
Linearly-polarized jet function: ng(bl) =i (—§CA - 3 an>

qq channel qq channel (ny)

— NLO

— NLO (without linearly—polarized jet function)

10+

LHC13TeV, pp = Z + Jwra + X
=20+ pr,J > 60 G6\77 ‘77]| < 2, R=1

ng(00™") — o(6¢™) [pb]
Using(écﬁﬁmlw _ U((Sd)cut) [pb]

& -30- — NLO

— NLO (without linear polarization)

—40 L L L | | | | = I I I L L | | |
-7 -6 -5 -4 -3 -2 -1 0 -7 -6 -5 -4 -3 ) -1 0

In 5¢)(mt In é‘¢cut

36



2C. Hard and soft function

At NNLL need NLO Hard function. [Arnold, Reno; Becher, Lorentzen, Schwartz]
For linearly-polarized gluon, H" = |P., C*|? starts at LO.
Soft function contribution from two Wilson lines related to

standard TMD soft function by boosting to back-to-back.

[See also Gao, Li, Moult, Zhu]

Three Wilson lines contribution vanishes at NNLO.
[Becher, Bell, Marti]
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2C. Track-based measurements

Track-based measurement has superior angular resolution.

Switching to tracks only modifies jet function.
— Anomalous dimensions must be the same.

Change in jet function constant calculable with track functions.

[Chang, Procura, Thaler, WW]




2C. Track-based measurements

Track-based measurement has superior angular resolution.

Switching to tracks only modifies jet function.
— Anomalous dimensions must be the same.

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

LHC13TeV, pp — Z + Jwra + X

100 - hadron full

[ eeveenes hadron track

o]
(=

60 -

do /dAd [pb/deg]

40f ]
pr.Jg > 60 Ge\/, |7]J| <2

201 R=05

12
1.1

1.0 p—hnﬁnrﬂhﬁqluwh—'" —

09

Ratio

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

LHC13TeV, pp = Z + Jwrta + X

NLO

200;
] NLL + NLO

— 150] NNLL + NLO
(&) L
= . — PyTHIA8.2 (x1.6)
§ I
g 100+
~ L
o)
s

50 -

15‘0‘ o ‘15‘5‘ o ‘160‘ o ‘1‘65‘ o ‘1‘70‘ o ‘17‘5‘ o

A¢ [deg]

Small b,.: match to NLO using transition function.
Large b,. avoid Landau pole with b* Prescription. (Colins, Soper, Stermar]

Good perturbative convergence.

Pythia (with NLO K-factor) agrees reasonably well. [sjostrand 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 don’t have nonperturbative momentum fraction.
Con: limited angular resolution of calorimeters — tracks.

ep — eJ X: constrain TMDs at EIC using jets

pp — VJX: TMDs medium modifications in heavy ion.
High precision is possible: most ingredients for N3LL known.

Future directions: Polarization, QGP, ...
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