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SCET scales

\-soft QN N2, N2 A =QT QN AN BXx=gr
@ )\2717)\) He :Q\/F Q()\z,l,)\) e = 4T

collinear

A=VT<k1 A=qr/Q <1

* TMD = transverse momentum distribution
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NRQCD scales

NRQCD = Non-Relativistic QCD

A bb: v2 ~ 0.1 bottomonium

cc: v2~ 0.3 charmonium

L-> Relative velocity of the heavy quark and

4+ Perturbative antiquark in the quarkonium

v Non-Perturbative
Aqep|—
_

typical momentum of heavy quark: [Pgl ~mqv  (soft)

typical kinetic energy of heavy quark: Ko ~mgv? (ultra-soft)
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N this talk

® |n-jet production
e Outside-jet production (w/ jets)
e Outside-jet production (w/o jets)

e The game of scales and the need for a new EFT
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In-jet production

What is a jet?

Intuitively: a jet is a collimated spray of particles initiated
by the hadronization of an energetic parton originating
from the hard process.

In practice: a jet is defined by a precise and IR-safe
algorithm (anti-kT, C/A, Cone). The algorithms collect a
subset of the particles in the event into the jet.

. Jet

/Y

INn-Jdet production = The quarkonium belongs to the jet
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L ooking outside the jet

(Semi-)Inclusive: Exclusive:

x 7

jet-2

“jet—l

Collinear radiation The energetic radiation must
(energetic close to the jet axis) be contained In the jets.
can escape the jet. Works well with both small and
Appropriate for small-R jets. large-R jets.
A+ B —jet+ X A+ B — di-jet
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L ooking inside the jet

Measurements of the quarkonium state Measurements of the jet-sulbstructure
w.r.t. the jet
® [ransverse momentum w.r.t. e Angularities, jet-thrust, and other jet-
(some) jet axis. substructure observables
e Energy fractions (e.9. = = Ey/Ejet ) e Jet energy
e Polarization
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Standard, modified, and groomed jets

Standard Jets

The Standard Jet Axis is
defined using all particles
(radiation) within the jet.

Modified/Groomed Jets:

Winner-Take-All (WTA)
Jet-Broadening Axis (JBA)
Groomed Jet Axis (GJA)

...and others

The jet axis is defined using
only some of jet constituents.
The goal is to focus on the
energetic core of the jet while
reducing the influence of soft,
wide-angle radiation

Quarkonia as tools: 13/01/2020



-ormalism of fragmenting-jet-functions

FJFs for the semi-inclusive and exclusive cases are not the same. However the
formalism and the EFT Feynman rules for calculating those are very similar.

(Semi-)Inclusive:

x 7

do , B do
T (ab — jet(v)) = (ab — ¢) ® Ge/ap

Exclusive:

do N
s (@b = dijet(v)) = N HopssijSc (M) © Ji(M) ® Gy (@, M)

t,]

Fragmenting jet functions (FJFs)
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—JFs for quarkonium production

Depending on the measurements inside the jet a “A-soft” scale is present. The FJFs
currently are only studied in the massless limit: ux > mg

(Semi-)Inclusive: Quarkonium Fragmentation Functions

x 7

N
r R

Ge/tp =He x Ci@ Je® Y _ dr(O)

Exclusive:

Ge/p=Cs® T ® ) d™{OM)

Long distance matrix elements

Quarkonia as tools: 13/01/2020 10



Theoretical works to date
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NVeasurements performed until now
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NVeasurements performed until now
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Only for the simplest measurement

there are available data:
arxiv:1701.05116 (LHCb)
arXiv:1702.05525 (Theory)
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In-jet production-summary

o anti-KT
- « C/A
Jet algorithm | Cone

Semi-inclusive Exclusive

Groomed/Modified Standard jets

* Winner-Take-All (WTA)
* Jet-Broadening Axis (JBA)

e Groomed Jet Axis (GJA) * Transverse momentum
Measurements| - Energy fractions
* Polarization

e Jet substructure
* Jet energy
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Comparison with event generators

do(1,=0.004, z)
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* Pythia generates consistently harder spectrum than theory and experiment
MadGraph Pythia Fragmenting-Jet-Functions

’J./‘}A LDMEs
ety e
FFs & i LLHZqu Pyg

® |n-jet quarkonium provides a reference process for iImproving quarkonium
fragmentation in EGs
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Outside-jet production (w/ jets)

Quarkonium recoils against a jet or
jet-like configuration.

Away from the \

kinematic endpoint Soft-collinear sensitive

and no additional measurement
measurement l
NRQCD New SQET—hke
. approach is needed
Fragmentation . o
similar to in-jet
approach

factorization

Example: electron-positron
annihilation

e Reconstructed recoiling jet
e Event shape measurement: 7 < 1

e TMD measurement: g << Q)
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-ormalism (factorization) for 2-“jet” limit

“oiet” mit : < 1
(qr/Q) < 1

This factorization is only true for :

The formalisms of fragmenting-jets-functions can also be applied to event shapes
INn the soft and collinear limit even though no jet-algorithm has been introduced.
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Outside-jet production (w/o jets)

Quarkonium recoils against soft
and collinear init. state.

Away from the \

kinematic endpoint Soft-collinear sensitive

and no additional measurement
measurement l
traditional) NRQCD ~ 2PProach is needed
approach similar to in-jet

factorization

Example: Semi-Inclusive DIS
(photo/lepto-production)

‘Q///@(A p

/Y

€

Particularly interesting processes
for accessing the momentum of
gluons in the |S.

Quarkonia as tools: 13/01/2020

18



—actorization 1or soft-collinear Imit

. ' ] dU n
Factorized cross section: = SN Hoegseen) Sy (M) @ Byyp(M) No LDMEs

n

This factorization is only true for: gy ~ pi <K My

L J
-~

Important hierarchy to access the unintegrated
gluon distribution functions

NLO
N 1
f ¥ '/_\ Soft gluon

Collinear gluon
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The game of scales

Often we are interested in the case where A-soft is
particularly small:  #x << My <=
e.g. hadronization and non-perturbative effects,
parton distribution in nucleons

see also talk by Thomas Mehen
this morning

Warning!
A-soft and NRQCD-soft interplay. Overlap of modes requires new EFT and new
factorization approach.

Example: TMD measurements: Fragmentation
Functions
TMD Region NRQCD (NRQCD)
I I I | I I i I R pT
mgov mq

Expansion in v and in A
A\ = QJ_/M
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NRQCD in brief (Lagrangian)

arXiv:nep-ph/9910209 (M. E. Luke, A. V. Manohar, |. Z. Rothstein)

subleading
ultra-soft l
} -,
L= Zw{,{wo—(p }zpp
p

2m

Soft: pl; ™~ mQU(lvlalal)

P~ mgu*(1,1,1,1)

ultra-soft:

g @@—p+p) +9* (q—¢)

1 0 (o AV
e, 5 (Tl (A3 4wy 220 =040

0
vl Ay, ALl wp}

— g I — )2
soft A
WNNAINANAIINAAINNAN
i o m(vQ,v,v,v) ViY e _
+ —— T X g T X + - .
P,q (P — Q)
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NRQCD In brief (factorization)

LDME: Long Distance Matrix Elements
do(a+b— Q+X) = Z@U(a +b— QQ(n) + X)[0O2)

Perturbative expansion NRQCD Scaling

INn the strong coupling. Rules
v v

(doo(1+ a,Cr + a2Cp +.)|((OP L)) P e2Er2E i)

_ (O)
QA(n) - Q 02 = Ont (Z X+ O)(X + Q> Oy
]
NRQQD IS an expansmn.of On — Yty
QCD in the relative velocity ultra-soft
of the heavy quark pair n — 25+1 Lff] + soft
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—actorization in NR-SCET

Dark matter bound-state decay spectrum (NRDM-SCET):

arXiv:1409.4415 (M. Baumgart, |. Z. Rothstein, and V. Vaidya)

arXiv:1409.7392 (M. Bauer, T. Cohen, R. J. Hill, and M. P. Solon)

arXiv:1409.8294 (G. Ovanesyan, T. R. Slatyer, and |. W. Stewart)

arXiv:1412.8698 (M. Baumgart, |. Z. Rothstein, and V. Vaidya)

arXiv:1510.02470 (M. Baumgart and V. Vaidya)

arXiv:1612.04814 (G. Ovanesyan, N. L. Rodd, T. R. Slatyer, and |. W. Stewart)

arXiv:1712.07656 (M. Baumgart, T. Cohen, I. Moult, N. L. Rodd, T. R. Slatyer, P. Solon, I. W. Stewart, and V. Vaidya)
(
(

arXiv:1808.04388 (L. Rinchiuso, N. L. Rodd, I. Moult, E. Moulin, M. Baumgart, T. Cohen, T. R. Slatyer, |. W. Stewart, and V. Vaidya)
arXiv:1808.08956 (M. Baumgart, T. Cohen, E. Moulin, I. Moult, L. Rinchiuso, N. L. Rodd, T. R. Slatyer, I. W. Stewart, and V. Vaidya)

Quarkonium at the kinematic end-point and TMDs:

arXiv:hep-ph/0211303 (S. Fleming and A. K. Leibovich)

arXiv:hep-ph/010631 (C. W. Bauer, C-W Chiang, S. Fleming, A. K. Leibovich, and |. Low)
arXiv:hep-ph/0306139 (S. Fleming, A. K. Leibovich, and T. Mehen)
arXiv:hep-ph/0607121 (S. Fleming, A. K. Leibovich, and T. Mehen)

arXiv:1907.06494 (M. Echevarria)

arXiv:1910.03586 (S. Fleming, Y. Makris, T. Mehen)
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Decay to light hadrons

Decay to light quarks

Pm P1
nice example that /g/ég f/

exhibits operator mixing —>(po +q)/2
as well as color-octet . —(pa—q)/2
modification of the CSS )

kernel: X Pn N P

S-wave octet:  38¥)

| | LO matching 3 (8 -
S (szaszX) X (Xﬁ’YZS;@TcSan) > Cog("517) = As 9

\JNRQCD SCET
1g :

2 ed [ 9 B Tﬂiﬁj _ igtme 3.1 318 3,[8
v < o P Y5 X X (e SiTSaxn) —> CaPPY) = Coa*PYY) = Coa(Ps1Y)
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—qctorization

dI’ L
dzlszqu _FOZ 35’8 z/H b Zl j/H b 22 S

1J
j Quarkonium shape functions
[n] L
Hard function: The same for quj (b)

n€{358 3P1}
S ?Qd P wave rrlwecha?lsm for Standard unsubtracted
IS process. Importance TMD fragmentation
consequence functions

for IR finiteness of the observable

Quarkonium TMD-shape functions* encode both soft and non-perturbative

quarkonium related effects. Further factorization is not possible due to Coulomb-
like interactions:

— heavy quark/antiguark

EN m(vz,v,v,v)

ANNANNANNANIANNN

soft gluon
*See: arXiv:1907.06494 (M. Echevarria)
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TMD-shape functions

ar
le dZQ qu_

FOZ 358 z/H (0, 21) DJ/H (0, 22) Si(b>

&Qu}arkonium shape functions
Sy = > S

ne{357,° Py}

S-wave octet:

d—2 . .
1 _ t _irpa.,, Qba( qf b (2) . Treg \ode, T irnd

5% oslkn) = (o TS (SETU S8 s — P 1) x (SIS0 81K 0 T )
Ultra-soft gluons
| (Wilson-lines) are not
P-wave singlet: shown to keep the

2 a,? ' '
B g i i 51 B ba s ot b expressions simple
St ap (ki) = (27 + 1)N§ A tr(x|ylo Px[mv P]S (SIT?S,)

d.j
BZJ

muov-P

x 0@ (k;, — PJ_)(SILTCST_L)S’I?C[ ]XTU P ¢|XJ>
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1o be resolved

® |n-jet quarkonium polarization. Could that give an insight into quarkonium
production mechanisms? \What is the possibility of future measurement?

¢ Reliable event generators in the collinear and soft limits.

e Quarkonium fragmentation in the limit: £ ~ pi L my K Ey
e.g. quarkonium TMD FF, useful for TMD studies in EIC.

¢ Relative velocity and A-soft power counting. Subleading factorization/
resummation for quarkonium photo production.
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