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Introduction

eFormulation of the problem (The polarization puzzle of JA\psi)

e Jets ... 7
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Quarkonium

e Clean experimental signature (vector to di-lepton decays).
e Mutli-scale problem, provides non-trivial tests for QCD.
e Diagnostic tool for the formation of quark-gluon plasma.

e Precision determination of QCD parameters.

* No complete description of theff production mechanisms>

e

How do we test it 7



Quarkonium production

Explores all regimes of QCD
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Past Models

Color evaporation model (CEM)  QQ e Q
Does not predict the polarization.
No universal parameters.
Inconsistent with experiment regarding P-waves.

. _ _%AOV_%F@
Color singlet model (CSM) QQ(n) Q

Fail to predict the transverse momentum spectrum.

Uncanceled infrared divergences in P-waves.



NRQCD factorization RA(n)

Polarization puzzle.

Spin symmetry predictions for charmonia (135).
No complete proof of factorization theorem.

do(a+b— Q+X) =) do(a+b— QQ(n)+ X)(O2)

Perturbative expansion NRQCD Scaling
in the strong coupling. Rules
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NRQCD vs CSM

AGAwmthwuva ~ 3 T2LA2E+4M

S-waves: Leading order
in the relative velocity gives CSM,

OCs)) ~ o*

P-waves: [ eading order requires
color-singlet and color-octet
contributions.

(OCPI)) ~ (0FSF)) ~ o

Cancelation of IR-divergences.
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NRQCD vs CSM
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LO

NRQCD vs CSM

NLO

NLO



CDF Data / NRQCD

CDF Data/ CSM

NRQCD vs CSM

1,8
M. Butenschoen, B. Kniehl (PRL) 2012 (OSHLLUBY & 3 +2L+2B+4M
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The polarization puzzle

NLO



The polarization puzzle

Transverse polarization: Mg = +1 Longitudinal polarization: A = —1

LDMES extracted from:

77— -
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0.6 Hl_m_zg NRQCD(2) ////// 3
O.Am| NLO NRQCD(3) / = B . . .
020 /// ________m Feed-down contribution included
Ao oMl h Simultaneous fit to pT and polarization
-0.2 ml =
04F ~ E
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o 5 10 15
LHCb Collaboration (2013) DL AQO/\V M. Butenschoen, B. Kniehl (PRL) 2012
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B. Gong, L-P Wan, J-X Wang, H-F. Zhang (PRL) 2012
K-T. Chao, Y-Q. Ma,H-S. Shao, K. Wang, Y-J. Zhang (PRL) 2012
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The polarization puzzle

NLO

NLO

NNLO
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The polarization puzzle

NLO

NLO

NNLO



At sufficiently large pT the

fragmentation processes will

dominate the cross section:
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Leading Fragmentation

For charmonium states: as(2m.) ~ v* ~ 0.25

L eading contributions from gluon fragmentation

OCs) ~ o, dC8i))~al, — 351 i~ ol
(OGS ~ 0", dBSP) ~vas, — 35 i~ 0]
(OCS") ~o', d('S5Y) ~al, — 'S5 i~ ol
(OCP) ~ o7, dEPP)~ad, — PP i~ ol




Fragmentation Functions

Leading Power (LP) Factorization

&Qw \ dx &9 ASwv = e
, ) D, )+ O | == Expansion in:
dpy (1) MU T %F tv i) pi ; pP1
DGLAP Evolution
0D, () MU — ws Dign (=1 Resummation: In(pr/ms
dis x
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Quarkonium production at LP

do(a+b— Q4+ X) = M&QA@Lj@ i XD 2 (Bl = MU&:ANXGWV

E. Braaten, S.Fleming (PRL) 1994 E. Braaten, Y. Chen (PRD) 1996 G. Bodwin, E. Braaten, G. Lepage (PRD) 1997
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Quarkonium production at LP
do(a+b— Q4+ X) = M&QA@ b i XD, 0(2) (190 — MU&:ANXGWV
E. Braaten, S.Fleming (PRL) 1994 E. Braaten, Y. Chen (PRD) 1996 G. Bodwin, E. Braaten, G. Lepage (PRD) 1997

Fixed order NRQCD Leading Power NRQCD

NRQCD d'9(z)

pT ~ Mg pT > Mg

do(QQ(n))
NRQCD
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Quarkonium production at LP

0, Extracted from data.
M v Estimated size in the relative
velocity scaling

N\D
Calculable in PT

For charmonium states: ag(2m.) ~ v* ~ 0.25

Leading Order contributions from gluon fragmentation

OCs) ~ o’ dC8)~al, — 51 i~ ol
I/ (OCS) ~ ", dPSY)~vas, — 38 i~ agd
(OCS)) ~o', d('SgY) ~al, — 'S5 i~ add
(OCP) ~ o7, dEPP)~al, — PP i~ ol
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Quarkonium production at LP

Fit to high transverse
momenta data.

10 GeV < p|

Use the LP factorization
and DGLAP evolution

to resum large logarithms.

In (2. ol

Includes only color-octet
mechanisms.

wmhmvg Hm%v“ wmv,mmv

Data

G. T. Bodwin, H. S. Chung, U-R. Kim, J. Lee: (PRL) 2014
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Quarkonium production at LP
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Quarkonium production at LP

CMS Collaboration (PRL) 2016
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do?/ dydp_ [nb/ GeV]

Quarkonium production at LP

CMS Collaboration (PRL) 2015 : —
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Quarkonium production in jets

Jet algorithm:
Jet 1

Jet 2

Fo o
) 0
T E, E\m

T=>_ f(!)

1€Jet
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do/o

Quarkonium production in jets

LHCb Collaboration (PRL) 2017

0.2

First experimental measurement

-96 (syst) --- DPS LHCb of JApsi within a jet
s =13 TeV
— LO NRQCD SPS Prompt

1 1 1 l 1 1 1 1
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'
'
'
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Events / 0.022

Quarkonium production in jets

Other experiments follow with more interesting observables
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Outline

Fragmenting Jet Functions (NLL) vs MC
TMD Fragmenting Jet Functions and applications (pT...)
Compare FJF semi analytic prediction to LHCb data

Summary
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In-jet fragmentation

Jet cone R

Fragmenting Jet Function:

,N‘@.Aquv tv — Qs\b AN - M|D“m:§v

DGLAP Evolution

2
A&ep
S

Qs.\: ANu meV — TN.\@A%?QV ® NUQ\DAFV:NV +O

Procura and Stewart (PRD) 2011
Procura and Waalewijn (PRD) 2012
Jain, Procura and Waalewijn (JHEP) 2011
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Fragmenting Jet Functions

Jet Function

/

Jet 1

Factorization in Soft-Collinear Effective Theory (SCET):

do= Y B, x By x Tr(HS - S) x G/ xJg
a,b,c,d
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Angularities

1€Jet

o= by =20,

, 1 —a —\a
Ta== ) D) TR0

s.mu@ﬁ

To — 1

1 0 |
n=B=— M 15| (Jet Broadening)

0

1€Jet
. o

=T = 86 = (Jet Mass)

A
Not IR-safe
N I.lnn’nnn........lll.
SCETq;

C. F. Berger, T. Kucs, and G. Sterman (PRD) 2003
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do™
dzdr,

Application to Quarkonium production

- MU dn (2, ﬂaX@mv

et +e — 3jets(g — J/VY)

S\QANV

(22 72) = 00 % Ha(j1) X S™ (1) x 1 (w1, 1) x Ja(wa, 1) A%mg o Jual) | isv

soft radiation

\!

2(2m)3

Jet 2

S. D. Ellis, C. K. Vermilion, J. R. Walsh, A. Hornig, and C. Lee (JHEP) 2011



Application to Quarkonium production
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Application to Quarkonium production

MadGraph PyTHIA 8
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Application to Quarkonium production

MadGraph PyTHIA 8

m MNN\_\RL 71.\&
) FUIMC
Fragmentation /./.fy r/,/.z rrr
MadGraph | PyTnia 8 . “Manual” Fragmentation
- GFIP

o



Application to Quarkonium production
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Scimemi, and W. Waalewijn (JHEP) 2017

Transverse Momentum Dependent FJF

v
oL

8\/
= —n
2

Cone and kT-type jet algorithms

Ji(p) — bii@ﬁﬁtv

1 1 ., _ i
Gm\ivb zZ, ) = . MU %u@k?bu@@k s vwv Tr FAO_QE“WXM@SAS_NN&
;vm C
« (Xh|x(0)[0)]
Transverse momentum measured
Transverse momentum measured with <<:3 _.mmbmoﬁ ﬁO :4@ _.mﬁ mx_m

respect to a recoil-free axis: D. Neill, I.

R. Bain, YM, and T. Mehen (JHEP) 2016
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Transverse Momentum Dependent FJF

WA/T

NEVV@%

b&\b AN“BN_M:QV

p

Pc ™~ EAv,wg H“ v,v

cs ™ Em_@u Aﬁ H\ﬁ Hv
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A = pir Jw

W2 WAr
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Factorization

Dy/n(Py,z,p) = Hy(p) % TUQE ®1 m& (PL,2, 1)

Matching + Normalization

H, () = (2m)*Ne CL(1)Cy (1)

Purely collinear + Fragmentation

dx Z A
ﬁ\iwby:én\ — Jifi(PL, @, V) Djn Amiv + GA @quv

_Hﬁ_M

Soft-Collinear radiation + Jet boundary sensitivity

- 2 T [0 OU 06D (PL + Bl Xer) KerlUEO VA0 0]
£



Factorization

J.-Y. Chiu, A. Jain, D. Neill and I. Z. Rothstein (PRL) 2012
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Evolution in Fourier space

bs.\\sﬁﬁn_nv 2y .Qv — Awﬂ.vm b1l V\O db ?NOASQFVN\\MQ Atv HSes S\WQVN\&\UAEQ UD, Hv

X <MQ Quu HUSc, VD, N\MQV.N.\NlﬁMU&\FAUFv Zy, UD, T@v K1 rw.sQAHvut HScs N\MQVH_
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Anomalous dimensions

Renormalization Group (RG)

Rapidity Renormalization Group (RRG)

v5° (p1, 1) = +(8m)asCi Lo(py, p?)
YO (P, k) +75 (P, ) =0

Y2 (pi,p) = —(8m)asC; Lo(py, 4?)
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TMDFJF + NRQCD Fragmentation Functions

s\b M&

DGLAP evolution
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£/ (2) degrees]

Application to Quarkonium production
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do/o

Quarkonium production in jets at LHC

Quarkonium in jet (LHCDb)

OMWOII__ TT _ TTTTTTTTT _ TTTTTTTTT _ TTTTTTTTT _ T ___II

E /s =13 GeV ]
0.25 3
of T LHCD Data E Experimental cuts:
o.aw ]T.lT. m @wﬁ > 20 GeV
0.10F —t m m E, >5 GeV
005 T 2.5 < 17y < 4.5

= el X —+ 2.0 < jer < 4.0
D.Oc 1111 1 T I 1 T I 1 T I 1111

0.2 0.4 0.6 0.8 2.5 <n, <45
2(J/Y)



48

Quarkonium production in jets at LHC

S/

Di-jet production

. Jet 1
pp — 2 jets(J /)

Jet 2

do= > B, x By x Tr(HS - 8) x GI/Y x Jy

a,b,c,d



49

Quarkonium production in jets at LHC

J/Y
Di-jet production

pp — 2 jets(J/v)

Jet 1

p p
Discretize and evaluate
do . de(DLO using monte-carlo
7 (pp = jet(J/¥) + X) ~ M \ &@&|@ﬁ$ X Gisgp(z, p = 2E tan(R/2)) integration methods
o i (MadGraph package)
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Quarkonium production in jets at LHC

R. Bain, L. Dai, A. K. Leibovich, YM, and T. Mehen (PRL) 2017
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NLO global fits to world’s data
M. Butenschoen, B. Kniehl (PRL) 2012]

LP+NLO high pT fits (no singlet)
(G. T. Bodwin, H. S. Chung, U-R. Kim, J. Lee: (PRL) 2014]

NLO simultaneous fit of polarization and pT at high pT
[K-T. Chao, Y-Q. Ma, H-S. Shao, K. Wang, Y-J. Zhang (PRL) 2012]
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Backup Slides



SCET Framework - Notation

n-n=2 p =n-p, E+H3.% QEHAHVOVOU|HV

_n# s = nt = (1,0,0,+1

P = Miﬁﬂi&ncﬁ% ,P1) (1,0,0,+1)
1 =

ps =2E(1+0O(\?) A=pi/E —p ph~ w(A?,1,)0)
a=1 soft P~ w( A, AN
a =2 Ultra-soft
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SCET Framework - Notation

Facn(®: 4,) o Ty
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Scaling rules

03 =047 AM [ X+ QX + Qv O3 O3 =¢'K"x
X

P-waves involve: KF' ~ D ~ v

Leading chromo-electric transitions: gA -9 ~ v
(AL = +1, AS = 0)

Leading chromo-magnetic transitions: ¢B - o ~ v
(AL =0, AS = +1)
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Fragmenting Jet Functions

Cone Jets: R=04

z=0.3
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Gluon fragmentation: p = 2E tan(R/2)
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M. Baumgart, A. K. Leibovich, T. Mehen, |. Z. Rothstein (JHEP) 2014



GFIP - Improvements

Not included in GFIP
Included in GFIP

state independent

state dependent
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Application to Quarkonium production

do (79, 2=0.3)

do(tg, 2=0.1)
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Profile Functions
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