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Transverse-momentum-dependent (TMD) single-hadron fragmentation:
> final state hadron: h

» incoming leptons: etTe™
> thrust axis: 77

» the hadronic transverse momentum P,7 is measured relative to the
thrust axis 7
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Thrust

R. Seidl et al. 1902.01552 - PRD
and supplemental material

The axis 7 such that 7' = maxy %%

> the axis that maximizes the sum of the longitudinal momentum
components

» T — 1/2 isotropic event
» T — 1 back-to-back event

ai—
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Case-l: e e = hiho+ X do

L d*qr
Global observable, standard TMD factorization Collins, “Foundations of perturbative QCD”
Case-ll: e et - h+X do
5 ~ D, QHRXS
Non-global observable; new TMD factorization d qr
Kang, DYS, Zhao ‘20

hard: thQ(lalal)

collinear: p,~ Q(A\%,1,)\) A=jr/Q <1

soft: ps ~ QA A, \)

. o . d . . . 5 N
Factorization formula: Ty /dsz Fawic) (jT e — 2 Ny
(neglecting NGLs) dend®jr

1=q,q,9

NLO hard function: NLO soft function:

a,Cp  eE /dk"‘dk‘
212 T'(1 —¢) 2

-gof(2n(5)4-(3)

Divergences are half of the hard function in case-l | | Divergences are half of the soft function in case-I

m=2
“Multi-Wilson-line structure” Becher, Neubert, Rothen, DYS ’15,... (see Becher’s talk)

Factorization formula (full story)

d—O-_,: Z /ﬂeig'jT/zh
dzhdij (27T)2

1=q,q,9

A similar structure is also mentioned in Boglione & Simonelli ‘20 (see Simonelli’s talk)



NLL resummation formula:

> bdb _ 1
= 0g Z / _]O (bjr/zn)e” Spert (Kb« n) SNP(b’QO,Q)Z_QDh/i<Zh7Mb*)UNG(MbﬂH,uh)

27
thd JT P h

b*-prescription to avoid Landau pole b, =b/y/1+b2/b2 wy, = 2eF /b,

QCD evolution between @ and Jjr

Hh dlU/ 2

Linear part:  Spert (s, ) = / - [Fws,p(as)ln(Q

2
wy M [

) — QW”Dq(O‘S) - ’YS(O‘S)

2 2
s : S B T GO
Non-linear part:  Uxc (., 1) —exp[ CaCru H(bu)c]

Dasgupta, Salam ‘01

Non-perturbative corrections: Jjr ~ Aqcp

I l : :
Sne (b, Qo, Q) = 922 111({)111(3()) g'12 fitted in standard (global) TMD processes

Sun,lsaacson,Yuan,Yuan ‘14

Non-perturbative collinear FFs D;,/;(zn, 1) (DSS2014)
de Florian, et.al. '15
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Numerical results

Belle data (1902.01552) was
originally presented in different
thrust bins

Since the theoretical formalism we
have developed is inclusive in thrust,
we thus combine the experimental
data to obtain the entire region
0.5<T<1.0

Our TMD resummation formula
gives a good description of the shape
of jr distribution as z, < 0.65

As z, > 0.65, one needs to also
include threshold resummation
effects



Joint resummation formula: (refactorization of TMD FF)
Li, Neill, Zhu "16 & Lustermans, Waalewijn, Zeune '16

dU o o bdb ) ]. 1 dZ _gpert(,ub*7Mh)_‘§NP(b,Q07Q) 6_27En ].
dzhd2j’T =0y qu/() gjo(b]T/Zh)% . ?6 F(Qn) 1 _ ZDh/i(Zh/Za,uh) UNG(/'Lb*a ,uh)
with:
A Bho ] 1 — 2)202 A g b Q(l—=z g
Speclpnin) = [ % Feglonin (=) | Se0.00.@) = G (57 ) m | A |+ 0
g | ete” (10.58GeV)
g _ 52 /52 04 | -
g g P () x
e The Gaussian width of the jr 03|
distribution given by the TMD 2
formalism freeze to a certain value. 3 o2
0152
e After including joint threshold and
0.1
TMD resummation effects, the ,
theoretical predictions are consistent | ==goms |
00_111 ..... PRI S [T S WU SR S (N S S

With the data 0.2 0.3 0.4 0.5 0.6 0.7 0.8

h



arXiv: 2009.1 1871 (Y. Makris, F. Ringer, W. J. Waalewijn)

Ove rview In progress (Y. Makris, J.K.L. Michel, F Ringer, W. ].Waalewijn)

Joint TMD and Thrust resummation: B Fixed order
- Factorization within SCET '

- All elements for up to NNLL provided

Regions
-Region | 1> V7> /Q~7 JT

-Region 2 1> Vr>q/Q>1

-Region 3 1> Vr~qr/Q >

- Fixed order QCD

NGLs: g; < Q7

- NGLs not relevant for the three regions qr/Q

- We give the LO contributions: @(asz)

SNG<%) _1_ agclf—l;CAlrﬂ(%) +O(a)




Factorization-Evolution-Resummation

Region | v7>a/Q~7
do ~ H(Qa M)J(Ta :u) ®T@(Ta b7 s VDX@i—)h(ba Zhy s VD

Double differential soft function Universal (unsubtracted) TMDFF

Region 2 vr>ar/Q>r
do ~ H(Q,n)J (1, 1) @+ S(1, 11) @{C(r,b, 11, )X (Dis 1 (b, 21, 11, v))

Region 3 Vr~ar/Q>r Double differential

F ting jet functi
do ~ H(Q, pn)J (7, 1) @ S(T, ) ®T@i—>h(7-’ b, Zh, ,u)) I\;ngg:;;illliltl;gc{ieverézzc!z:

do (Teur)

Drell-Yan:

arXiv: 1901.03331 (G. Lustermans,
J. K. L. Michel, F. ). Tackmann, and W. ]. Waalewijn)

0
qr [GeV)

*  NNLL4+NLO



https://arxiv.org/pdf/1901.03331.pdf

Non-perturbative effects (naive first expectations)

do

rarXiv: 0611061 (C.Lee, G. Stermanﬁ

Figure from: arXiv:1006.3080

| (R.Abbate, M. Fickinger; A.H. Hoang,
1 V. Mateu, and .WV. Stewart)

Fixed order

0.1

1 do ,
—— N3LL results
o dT
20 I — ,'\ T T T B S B R . T -
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Boglione, Simonelli, 2007.13674, 2011.07366

m c"e” — HX cross section, differential in zn, Pr and T, factorized (CSS) as a convolution of a
partonic cross section (computable in pQCD) and a TMD FF.

B Result valid to all orders and computed at NLO, NLL.

B Predictions in exceptional agreement with BELLE experimental measurements.

thdeP2 _WZ/ > th/ZdT 1,7Fj:/f(z7 PT7 Q7 <1 _T)Q2>

Partonic Cross Section (pQCD)

3+ 8logT
T

dos NLO 92 QS
LO 2N 25 0pa(1 —
dz dT op€iNo - Cro(l —2)

o~ 12 3Crlog” T + 0 (a%)

| s

NO THRUST RESUMMED




Boglione, Simonelli, 2007.13674, 2011.07366

m c"e” — HX cross section, differential in zn, Pr and T, factorized (CSS) as a convolution of a
partonic cross section (computable in pQCD) and a TMD FF.

B Result valid to all orders and computed at NLO, NLL.

B Predictions in exceptional agreement with BELLE experimental measurements.

Power-law Unpolarized TMD FF NNFF10NLO

FT{Mp} = ?
L(p—1) (k& +m?)’
nLp = 1) (kg +m?) Dy, /5(2, br; @, TQ%) = 22 Z drt j1 @ Crsr] (o) %

m=1GeV, p=2
1 ~ 2 Qd 1 2
exp KlOgTQ /i,[VD——V TQ] X
4 ,LLb py M 4 'u D

2 2 BN
< (Mp); .+ (2, br) exp {—i gk (br) log (sz}fﬁ )} B

TIN

dN

ki (CeV] Quadratic behavior gk (br) = ab%, a = 0.05 GeV?




Boglione, Simonelli, 2007.13674, 2011.07366

2
e =1 g Dy +/¢(z, Pr, @, (1-T)Q
2 dzthdP2 / 2 dzh/sz w24 Fra @ (1= 1) &)
5 !
>
Rapidity cut-off
Thrust dependence
(First Phenomenological analysis — prototype)
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Discussion contribution
REF2020 — Fragmentation/Hadronization

Anselm Vossen
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Current and near-term future at Belle
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Polarized Fragmentation at

Belle/Belle Il and J

* Observation of
polarized FFs
at Belle

 What do we
learn from
fragmentation
in jets?

 Next: Measure
twist3 D

* Program at Jlab
and EIC

 [ssues in
interpretation

—Feed-down
— Gluons (EIC)

Lab/EIC
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0.02H4
0

Polarization
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PANGOVIO) b ¢ RevLett. 122 (2019) 4.04200]

~18x275

Trans. Pol.
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Di-hadrons in SIDIS, e*e™

Beam axis

\Thrust

First di-hadron TMD measurement at CLAS 2!

B 0.06

0.04
Jet:l/‘ 0.01 - Spectator model ’; 0.02F <{, { +
Q§; 0.00 | ‘/\__/,_ \;7: 0.00 } { { '
Additional degrees of "’ < -002r S *
freedom oor] ] —0.04F !
Phys. Rev. D 99, 054003 (2019) 0,06 ! ! ! ! |
Carry rel OAM 0.5 1.0 1.5 2.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
. _ Mo M, (GeV)
Interplay with single
hadrOnS, eg transverse ‘O)O> =0 - ss interference: UU
momentum
, L=Df [LO] L1 €=1 - sp interf : UL orUT
Started comprehensive ] iy O Sp Inferterence: L of
BIé)I?era”mEéitC lab, Belle, 12,-2)] 12,-1)] [=2,0)] 2,1 [2,2)] e=2- ppinterference: LL, LT, or
! 1T
|dea to measure BM w/o 2 om0 12
Cahn,tlless higher order -
corrections 5 o 5o 2o s My
L °°a?‘1; 1,?‘ fle_,OT oot 2: 1> fleLT °'°8?|2; 2> fthTT
More applications? oast- : vooc + osef- b
. 004E 0.04; 0-04; + +
(also single hadron TR e ml ot i by
progr.am eg COllInS —0.025— T + ¢ —0.02:— l I T l I ‘ T —0‘02:— + +
OngOlng) 70.042— ++ 4 [ t —0.045 4).045 + +
. . o.os;— < o.os;— o.oe;—
Be”e pioneering, Belle Il ’°‘°8;C|°5§ Preliminar ’“"’sg’dogﬁ Preliminar ’°‘°8;’C|°ga Preliminar
preclslon o 0‘.4 ‘ 0.‘5 ‘ ‘ols‘ ‘y‘ 4 - ‘1.‘2‘ M‘ o ‘0}4‘ ‘ ‘0.‘6 ‘ ‘o}s‘ ‘y¥ ‘ ‘1‘.2 ‘M‘ o 0‘.4 ‘ o}s‘ ‘ ‘o}s‘ ‘y‘ L - ‘1.‘2‘ M‘
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Jets and more at Belle Il

:: 10 @KBKB
Snowmass 2021 Letter of Interest: E‘izu Pl
QCD and Hadronization Studies at Belle 11 £ 0@ ,;"‘ ]
3 102 1SRe®*® - ,{EE VAT‘ff’é‘; EPC2
. A /‘..-0 o TRI@W
on behalf of the U.S. Belle II Collaboration 103 | o pokis” R
. - R . _ 10%} /* i‘ SppS BeiC
Corresponding Author: 102 L por ,!’"“ ‘ ‘ ‘
Anselm Vossen (Duke University), anselm.vossen@duke.edu 1970 1980 1990 2000 2010 2‘(()20
« Comprehensive Hadronization Program at Belle Il
* Precision FFs for EIC
» Study of jets (e.qg. g spectrum, jet-hadron, )
« Energy correlation \\ N
* MC comparison NN
Implementatlon in Rivet - Is this interesting for phenomenology '
too?
— Correlation of strangeness and baryon numbers . e e Belet

* Plan to have polarized beams at Belle Il § ’

Vs =10.52 GeV, R=0.5, z>0.25

wl

0. 0.5 1. 1.5

5 JHEP'©Y2019) 031
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Recent experimental advances

‘_': ? ' ' ' A‘I"LASIinclu;vejét ' L}:ICb Z|+ja ' ' ' '
8 o I EPJCT1, 1795 (2011) E=8TeV
—'._1 E 5=7Tev 60<M,, <120 GeV, 2 < ? < 455
4= E n¥<12,R=06 25<n®<4,R=05 3 . . .
Jd =0 pUk > 0.5 GeV phecion > 0,25 GeV., pdion > 4 GeV' g o Experlmentallsts starting to use
z E © 25< pl* <40 Gev < 20< P <30Gev 3 . .
1P v 220<B <006y (0) - 30<p <50Gev 610 3 processes to better identify
3 Rt E parton—hadron relations
e, —DQ— — . .
10 = o o E o /Z°+jet (predominantly
1E —— —_— u/d —hadrons)
10 E - .
2L e ————
10 2 L L L L 1 L L L L T T . T
1 2 3
j[GeV]

Phys. Rev. Lett. 123, 232001 (2019)

%9{“(1159)25 Joe Osborn



Recent experimental advances
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=
RV
LU HHHH‘
\} |
*
|
|
-
[
|
T
|
T
't
>
1

e Experimentalists starting to use
processes to better identify
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Recent experimental advances

Phys. Rev. D 99, 052004 (2019)
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Recent experimental advances
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Plans for the future

e Continue along the direction of
connecting parton-to-hadron —
what can be done with PID?

e PID at STAR, ALICE, and LHCb
give possibility of PIDed
hadron-in-jet

e More at EIC...
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Plans for the future

e Continue along the direction of
connecting parton-to-hadron —
what can be done with PID?

e PID at STAR, ALICE, and LHCb
give possibility of PIDed
hadron-in-jet

e More at EIC...

e sPHENIX and STAR at RHIC in the
2020's - Collins asymmetries and
heavy flavor jets
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Discussion points

e What should experimentalists be thinking about in their measurements?
e Are multidifferential measurements of (z, 1) possible in hadronic collisions? See e.g. PRD
99, 112006 (2019), PRC 100, 064901 (2019)
e Currently low z is difficult to handle theoretically - what can we learn from soft contributions
to jets?
e Can we push towards measuring correlations rather than single hadrons?
e e.g. K"K~ correlations to test string breaking type picture?
e What about baryons?

e Typically (at hadron colliders) measure “charged hadrons.” What can we learn about the
physical process of hadronization from e.g. baryon vs. meson comparisons? Or more exotic
baryons like As etc.? See e.g. PRL 124, 172301 (2020) etc.
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ete” — h X at Belle

R. Seidl et al. 1902.01552 - PRD
and supplemental material
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https://inspirehep.net/literature/1718551
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.112006#supplemental

Relation to other formalisms in 2009.11871 & 2011.07366

The authors consider joint thrust and
TMD resummation

T
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Transverse polarized A hyperon production

Gamberg, Kang, DYS, Terry, Zhao 2012 .XXXXX
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Thrust - TMDs

electron-positron annihilation DIS
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Transverse momentum sensitive about R-hemisphere (contrast with SIDIS)

Trust is a global observable




Thrust - TMDs

Conventional TMDs “Thrust” TMDs
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Kang, Shao, Zhao, 2007.14425

® Two different kinematic regions are considered, jr << @ and Jjr << Q(1 — z3) << Q.

B Using effective theory methods, log Q/jr and log (1 — z,) are resummed to all orders.

B Thrust dependence integrated out.

Differential Cross Section (7*) as function

of j7 TMD resummation applied.

1% < <02
T T

02 <z <035
T T

035 < 3 < F
T T

1000 5= {data)

500
— #* (TMD)

LT —

L L
[T] [T]
045 < < 05

3

[ £/ GeV]

=

8[E "™
500
— o (data) — aF [data) — = (data)
ool — 7+ (TMD) — 7 (TMD) — n* (TMD)
o0 o4 [T 08 e az 04 s nll Illl ﬂl.ﬁ o8 LID
Jr{Gev] JriGeV] JrfteV]

jr-distribution ( 7% given by TMD
resummation (red band) and joint TMD
and threshold resummation (blue band)

06 < 2y < 1UBE

5

[ fb/Gev]
]

hid
@
g

— =% (daks)
— «* (TMD)
— x* (Joimt)
ob 0z 04 06 08 0

rlGeV]

g




Makris, Ringer, Walewijin, 2009.11871

B Three different kinematic regions are identified.

B Factorization theorems within SCET for each individual region provide the cross section of
eTe” — HX, differential in z,, Py and T .

B Joint resummation of the transverse momentum and thrust spectrum at NNLL accuracy.

B Final result obtained by matching the cross sections in the three kinematic regions.
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