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Single hadron FF

Unpolarized ingredients Polarized ingredients Flavor sensitivity
Single had+ror1 cross sections: Azim+uthal asymmetries: Unpol SIDIS, pp: %
ete™ - hX ete™ > (h)(h)X, ete” - (h)(WX
D (2,02 sl + 2)
LA™ Hl,q (Za Q )
PRD 88 (2013) 032011 PRD 92 (2015) 111101 (Babar K) and scale dependence
(Babar) PRL 116 (2016) 042001 (BESIII)
Transverse momentum dependent FFs: Transverse momentum dependent
ete” - (h)X asymmetries
) ; ete” > (MK,
Dl,q(za kT, Q%) cos(¢y + ¢2),0;

Hit(z, kr, Q%) Besm

PRD 90 (2014) 052003 (Babar)

Dihadron FF (IFF)

Unpolarized ingredients Polarized ingredients Flavor sensitivity
Dihadron cross sections Azimuthal asymmetries: Unpol SIDIS, pp:
ete™ - (hh)(hh)X,
ete” -» (hh)X hcohs(cl)l + ¢,), d’o
hiho 2 Ht 2,4 > 2 M, dzdm
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K; Dependence of FFs in e*e

* Gain also sensitivity into transverse
momentum generated in fragmentation

* Two ways to obtain transverse momentum
dependence

e Traditional 2-hadron FF
- use transverse momentum between two hadrons (in

\\\",
/
opposite hemispheres)
— Usual convolution of two transverse momenta :
* Single-hadron FF wrt to Thrust S Published

-~ No convolution

-~ Need correction for qq axis (similar to a Jet function)
\\<' .
D ol

* Single-hadron FF wrt jet axis
—>No convolution
-~ Need Jet function
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Thrust definition

* Event shape variable thrust is * Thrust axis n also defines the
defined as: hemispheres
P, - i |
T e Zh \ ‘ o “F datares data cont +
Zh |Ph| £ 350F [leect  Meess A

- [leeut [Mtau ,
0-mBe's  mB%B
o50F Ilcharm  [uds

 All final-state particles are included
in the sum (not on parton level!)

200F
150F

* A two-jet-like event has a high _
thrust value | -

100F

* A completely spherical event has a
thrust value of 0.5
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Cross sections various hadrons
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d’/dz dP?; [fo/GeV?/c?]

Fits vs P,

Fit exponential to smaller transverse momenta for
Gaussian P, dependence and power low at higher P, ;
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Transverse momentum dependent
npol FFs:

. F|rs direct (no convolutions) measurement of z and kt dependence
« Extraction of Gaussian kt widths

:E o.sf— FAnt KT [p/p 0.85 < T < 0.90
S r
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http://arxiv.org/abs/arXiv:1902.01552

Gaussian widths comparison to MC

first direct (no convolutions) measurement of z dependence of Gaussian widths

:E 06_—E| + — Pythia default — Belle 0.85 < T < 0.90
o [ —ALEPH —LEP/Tevatron — HERMES
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Phenomenological Fits of cross sections |
Kang, et al. JHEP 12 (2020) 127 e oty B

04 -
e SCET formalism | ]
* Inclusion of Thrust axis possible .. °'3ym
. A ) . P rl 1 1
in similar way to Jet functions % 0l R
TMD and threshold W — 7 (data) L}
resummation needed O1F — TMD
. . - — Joint
° TMD reg|0n Of JT<<Q 0 ™03 " 0d o5 06 07 08

0.66 < 2 < 0.7

* Additional description for high-z
region
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https://arxiv.org/abs/2007.14425

Phenomenological Fits of cross sections |l

 NLO and NLL description of
cross sections, based on
NNFF1.0 NLO

 Collinear parts of phase
space need to be cut out
(esp. high P;)

* Intermediate Thrust range
can be described well

* High thrust and high z
range would need different
pheno treatment

5/24/2022

Boqglione, Simonelli JHEP 02 (2021) 076
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https://arxiv.org/abs/2011.07366

Di-hadron fragmentation
functions

D?’lqh2 (z,m, QQ) e
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Di-hadron mass dependence

Belle: RS et.al. PRD96 (2017) 032005
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= [GeV] 1 [GEeV] m,; [GeV] = [GeV]

mTL’TC
* Important input for IFF based transversity global analysis p
13 @

* Individual resonances, etc quite visible; interesting for FF in itself
5124/2022 Ralf Seidl: TMD FFs
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http://inspirehep.net/record/1607562

Di-pion individual contributions

Contributions from various resonances and direct fragmentation

Belle: RS et.al. PRD96 2017) 032005
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http://inspirehep.net/record/1607562

Mass dependence comparisons to
Pythia tunes

Magnitude and z dependence reasonable in Pythia 6.4 default,
Intermediate mass structure better described by LEP tunes (higher spin mesons)
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Collins fragmentation function

J. Collins, Nucl. Phys. B396, (1993) 161

Dy (2 Poi) = Df (2, P7L) + Hi g (2, Py 1)

SqT hp, |
@ —= —
q k

* Spin of quark correlates
with hadron transverse
momentum

(kXPhJ_) S

ZMh

=»translates into azimuthal
anisotropy of final state
hadrons
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Belle Collins asymmetries

* Red points : cos((l)1 + (|)2) moment

of Unlike sign pion pairs over
sign pion pair ratio : AU

Green points : cos(d; + ¢,)
moment of Unlike sign pion pairs
over any charged pion pair ratio :
AUC

Collins fragmentation is large
effect

Consistent with SIDIS indication
of sign change between favored
and disfavored Collins FF

o
<

0.2<z2,<0.3
0.2 - 1

Ralf Seidl: TMD FFs

RS et al (Belle), PRL96: 232002
PRD 78:032011, Erratum D86:039905

R

RIM=EN



Transverse momentum =,..

e Add transverse momentum to
Collins asymmetries’ z dependence

e Currently only 1 or 2-dimensional
extractions available (q,, z,x z,, p.,X

Pt2,Z1XPy1)
* Increasing asymmetries with both z
and pt, but pt reach limited

e Multidimensional extractions
needed

PRD100 (2019) 92008
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0.04F AT, systematic uncertaint 1 -
0.02F . 1F t .
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PRD 90 (2014) 052003 (Babar)

3

RIM=EN


http://inspirehep.net/record/1752523
http://arxiv.org/abs/arXiv:1309.5278

Quark transversity via Collins: Kaons

BABAR: PRD 92 (2015) 111101
Anselmino et al: PRD 93 (2016) 034025

cenmaX e Addition of kaon Collins

I ' fragmentation strongly

needed for flavor decomposition
of quark transversity

* Large amount of potentially
|oarticipating FFs well described by
ight and “heavy” favored and
disfavored FFs

TO ST s D * Allows inclusion of HERMES and
e T e COMPASS kaon asymmetries
BESIII:PRL 116 (2016) 042001 (+eventually EIC) in fits

* Also: pion Collins at lower
scale(BESIIl) consistent with TMD
evolution

01 F

[0.15<z,<0.2] [0.2<z,<0.3]

uc
8- A, prediction :
0.1 =%= A prediction |

6
(21’22)bin
512412022 . |z, Ralf Seidl: TMD FFs 19

1 1 | 1 1
0{.2 0.3 0.5 0.9;'0.2 0.3 0|.5 DI.Q 2
na 3 N E N o
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http://arxiv.org/abs/arXiv:1507.06824
http://arxiv.org/abs/arXiv:1506.05864
http://arxiv.org/abs/arXiv:1512.02252

Ongoing work: Collins multidimensional
analysis and Kaon combinations

* Currently revisiting kaon
combinations of the Collins
asymmetries

* While doing so, try to perform a
full multi-dimensional analysis:

* Consider :

- 6 (z,) x 6 (2,) x 5(k,;) x 5(k;,) x 1
(costheta) x 8 (phi) for A, method

- 6(z,) x6(2,) x 10(q,) x 1 (costheta)
x 8 (phi) for A, method

* Perform most correction steps
similar to recent analyses (PID,
smearing)

e Possibly simplified smearing
unfolding as each z,-z, bin

separately (z smearing almost
nonexistent in such a binning)

* non-gqgbar removal, charm
removal, ISR correction and
acceptance might require
introduction of nonzero MC

asymmetries
‘ @
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Single A polarization measurements

: YingHui Guan (Indiana/KEK):
e Related to open que5t|0n PRL 122 (2019). 042001

about A polarization in hadron
collisions from 40 years ago!

. Dtg(’zal“Tan)
* Fragmentation counterpart to
the Sivers Function: = '

unpolarized parton
fragments into "5,
transversely polarized

baryon with transverse S ocsiza binning [0.2,0.3,0.4,05,07.0.9]
momentum wrt to T oo v antion
parton direction g oo " tonten dataratio
e Reconstruct A, its transverse . oudt N .
momentum and polarization oost |
043702 03 04 05 06 07 08 08 1
E.*-.E p
5/24/2022 Ralf Seidl: TMD FFs 21 .
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http://arxiv.org/abs/arXiv:1611.06648

Transverse momentum dependence

0.1

* Different behavior for low oo | | - At X
and high-z : | '

0.04f 0.2<2,<0.3 | 0.3<z,<0.4 | 0.4<z,<0.5 [ 0.5<z,<0.9
002 . a -

-0.02 :-;):‘:FI - ------- l}, e { F —4}—:

oot i T+ T
* At intermediate z falling SRR R

p:(;\)gée\//c)

Polarization with P, T

Polarization
[am]

e At low z small

0.08f : : : _
006F i i Fl(b) A+ X

0'04'0'2<Zx<0'3 F 0.3<zx<0.4 F U.4<ZK<0.5 0.5<zx<l].9
0.02 - 3 2 '

++++—+f*—+ """" ————

-0.06F — S
-0.08F F F E
b P B B P R T N S B B
’ 05 1 15 0.5 1 1.5 0.5 1 15 0.5 1 1.5

p(A)(GeV/c)

* At high z increasing
polarization with P,

Polarization
[s=]
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Opposite hemisphere pion correlation

0.2 N
c (a) EAIE
O 0T 02<z,<03 [ 03<z,<0.4 | 04<z,<0.5 | 0.5<z,<0.9
* Interesting z_and z,, LI, s MO U S
T ey ey atSyy =
dependence : IR i e S
02 PR R | P T P T T M Y T
1.4 O.SZ:E.B_ 04 086 20;8_ 04 06 ZD;B_ 04 t.S Z:;B_
o At |0W ZA ||ght quark () () () ()

fragmentation dominant,
some charmin ™ =2
different signs

* At high z, strange + charm
fragmentation more relevant
— same signs

e Several fits to data with
slightly different results
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Not TMD(yet) but indirectly related: Weak
and strong decay feed-down

 Hadrons from Weak decays
technically not part of FF
definition, but often included

» Strong decays part of total sum
over hadronic final state

* Both can affect the z (and
transverse momentum)
dependence of the detected
hadrons:

* naturally included in unpolarized MC,

* in part added to polarized generators
(= Albi)

* How does PHENO handle this
(additional parameters?)

&5 1407 °®

g r
= 1.2p_y —A.
o r

= 0.8F

Decaying hadron fractions in light hadrons at Vs =
10.58 GeV (PYTHIAOG):

p/p

b
2 G
1025 U g e

F—all o F
i F—p Ks —Z K* r PP

0.6F

0.4

B e T e r

— e W PO o TP TR T v oWl Y T ; L
0.1 02 0.3 04 05 06 0.7 0.8 09 1 02 03 04 05 06 0.7 0.8 09 1 02 03 04 05 06 07 08 09 1
z z z

Bands: various Pythia tunes, including

PARJ(11 VM to PS ratio) range from 0.3-0.55

Dashed lines: default, but PARJ(11) =0.6 p
-
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Ongoing: Decaying particle FFs

 Study the explicit differential * Example from MC at Belle
cross sections for VMs, D energies (for 41 acceptance):
mesons as a function of x o

* Mostly mass distributions and
fits well-behaved, except for p—
o (interference) and more exotic

% ‘ I+
2 =Rl D
resonances e MC Simulation D (;ﬁ)r

* Also of interest for ultra high- = -~ =

energetic cosmic ray air shower = ok :

= . D% (Kn)n? -

¥ Do (K'K)m o P
| 1 L]
n m

|inu!!FF J

* p+ - T[*TIZD

¢ porn’

¥ o— nn’

+ Ko1K
$(1020)— KK

Il NS N N
Kr*n®

" T b b e b b b Lo B 2 b b b b b b b
GO 61 02 03 04 05 06 07 08 09 O 01 02 03 04 05 06 07 08 08 19 0.1
X X

research (muon problem)
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summary

* Many Belle/Babar/BES3 TMD fragmentation related measurements
available:

e Unpolarized single hadrons wrt thrust axis
* Collins asymmetries (k, dependent, kaons)
e Polarizing A fragmentation

* Detailed di-hadron cross section and asymmetry measurements

* More measurements on going for:
e Other venues for unpolarized TMDs (opposite hemisphere dihadrons, hadron in jet)
* Multi-dimensional extractions of Collins asymmetries
e Other studies ongoing on the fragmentation of VMs and Ds
* More to come from Belle and Bellell
[
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