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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 cos(¢p; + ¢5), d’o

hqi,ha,< 2 dzd
D2 (z,m, Q%) Hy 7 (2,Q% My) o


http://dx.doi.org/10.1103/PhysRevD.88.032011
http://arxiv.org/abs/arXiv:1309.5278
http://arxiv.org/abs/arXiv:1506.05864
http://arxiv.org/abs/arXiv:1507.06824

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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Cross sections various hadrons
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http://arxiv.org/abs/arXiv:1902.01552
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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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http://arxiv.org/abs/arXiv:1902.01552

Transverse momentum dependent
npol FFs:

. F|rs direct (no convolutions) measurement of z and kt dependence
« Extraction of Gaussian kt widths
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PRD99 (2019) 112006 cyrrent phenomenological models: no or
3/9/2022 linear z dependence only
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http://arxiv.org/abs/arXiv:1902.01552

Pythia6
MSTP(21):

0.325
0.36
0.36

0.40
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Gaussian widths comparison to MC

first direct (no convolutions) measurement of z dependence of Gaussian widths
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http://arxiv.org/abs/arXiv:1902.01552

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

3/9/2022 Ralf Seidl: TMD FFs

RIM=EN


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

3/9/2022

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

Collins fragmentation function

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

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

SqT 0. B\ |
@ —= —
q k

* Spin of quark correlates
with hadron transverse
momentum

(kXPhJ_) S

ZMh

=»translates into azimuthal
anisotropy of final state
hadrons

3/9/2022 Ralf Seidl: TMD FFs 11 ' .
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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
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Transverse momentum . .——— ==

e Add transverse momentum to
Collins asymmetries’ z

dependence

e Currently only 1 or 2-
dimensional extractions
available (qt, z1xz,, py;XPs,,Z1XPy)

* Increasing asymmetries with
both z and pt, but pt reach

limited

* Multidimensional extractions

needed

PRD100 (2019) 92008

0.04F AT, systematic uncertainties HF .
0.02f 1k , ' ]
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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
3/9/2022 . |z, Ralf Seidl: TMD FFs 14
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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):

* Related to open question 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

0.1

baryon with transverse S ocsiza binning [0.2,0.3,0.4,05,07.0.9]
momentum wrt to © oos ¢ anti-a
. . N 004 . _
pa rton dlrectlon L"E 0.0z A anti-A data ratio
D |_':| ......... e
* Reconstruct A, its transverse oudt N
momentum and polarization oot |

Od 102 63 04 05 08 07 08 08 1
E.*-.E
3/9/2022 Ralf Seidl: TMD FFs 16 O
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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

Decaying hadron fractions in light hadrons at Vs =
 Hadrons from Weak decays 10.58ngV (PYTHIAG): .

technically not part of FF

definition, but often included P
* Strong decays part of total sum ——
over hadronic final state o ——
* Both can affect the z (and e e
transverse momentum) B R S e S T "
dependence of the detected L S
hadrons:
* naturally included in unpolarized MC,
. i(n%palrt;c ;:\dded to polarized generators T ppe——
A i 0.1 02 0.3 04 05 06 0.7 038 0.9Z 102 03 04 05 06 0.7 08 0.9z 102 03 04 05 06 0.7 08 0.92 1
* How does PHENO handle this Bands: various Pythia tunes, including
(additional parameters?) PARJ(11) range from 0.3-0.55

Dashed lines: default, but PARJ(11) =0.6

3
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Ongoing: Decaying particle FFs

 Study the explicit differential
cross sections for VMs, D
mesons as a function of X,

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

* Also of interest for ultra high-
energetic cosmic ray air shower
research (muon problem)

acceptance):

* Example from MC at Belle
energies (within Barrel

|
m
[ ]
[
w
=
[
m
n
4
I [T e
07 08 09 1
XF
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Next/other steps:
PHENIX/sPHENIX and EIC




Central rapidity pion and eta As

» Central asymmetries consistent

with zero 0.1
* sensitive to quark-gluon and tri- F
gluon correlation functions in initial 0
and final state effects
. -01
* Possible reasons for small

asymmetries: Cancelations

between flavors or initial/final state

effects, lower x than forward 0.1
(valence effects)

* Possible effects pushed below the
1% level <

* Substantial updates for ° and n
single spin asymmetries at central
rapidity

3/9/2022 Ralf Seidl: TMD FFs

PRD 103 (2021) 052009

- p' +p — n+X, Vs =200 GeV, n|<0.35

- 0.0f %

= o) SEEEL _EEPEEEES FEEERRR. " P

| 0.0, + %.' 1 %

i 2 4

-_ e Ci""'b‘ .?....------ﬂ.----+--------------+-------.

[ 5 Phys. Rev. D90, 012006 PHENIX

T T TR T "

2 3 4 5 6 7 8 9 10

P, [GeV/c]

0.05}

"p'+p o 14+ X, Vs = 200 GeV, n|<0.35
N -0.005:'."

- 0.005F
u¢¢§
2 7

o PRD 90, 012006 (2014) {
0050, This Result PHENIX
248 8 10 12 14
P, [GeV/c]
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https://arxiv.org/abs/2011.14170

Charged pion As at mid-rapidity

arXiv:2112.05680 (accepted for PRD)

* Charged pion A, consistent with <
0 "t PHENIX
zero and rt results for each o
T E T+ — M+ s= .
C h a rge D.UE’f— g.d%pP olarizat:ii;::_scfa?: uﬁi\;;tlgil:fyafm shown
* But indication of differences oot | : m |
between charges seen = could o—nﬁaﬂﬁél lmmw oo et
be an indication of flavor oo L]
TRRHA TS ook 4 7, this resul
dependent effect in initial (up vs =~ —oog e o oso00s
down quarks) or ﬂnal state ~0.03[ Hiitf = qgq Contribution from Cammarota, et al '20
. i = qgq Cortribution from Cammarota, et al '20
(U2n" vsu—=27) I S A R Y
p, [GeVic]

3/9/2022 Ralf Seidl: TMD FFs 23 ' O
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https://arxiv.org/abs/2112.05680

First direct photon Ays

* First direct photon A Phys.Rev.Lett. 127 (2021) 162001
extracted at RHIC

0.02

p +p — v+ X, (s =200 GeV, [n|<0.35

* Mostly sensitive to initial state
effects (no fragmentation) -2 oot~ PHENIX |
qguark-gluon and gluon-gluon °F

correlation functions Q

4w qoq Contribution
— — ggg Contribution Model 1, min/max

|IIII!IIII|IIII
: 3'
hi: I‘
!
|
|
|
|
P
||
1
8
i

* Power to constrain gluon-

—-0.01 (e 999 Cclntributi?n Modlel 2, milnfmax | |
gluon correlation function 5 6 7 8 9 10 11 12
well, since quark impact by [GeVie]

expected to be small

3/9/2022 Ralf Seidl: TMD FFs - 24 ' .
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https://arxiv.org/abs/2102.13585

< 008 ,
T p'+p— e+ X 1s=200GeV, |y|<0.35
0.06{— S .
- PH-ENIX —e— Open Heavy Flavor e
H F I 004'_ pealinimary PRD78, 114013 .
eavVv avor electron S 4 __ OB
S . A =-A;=007GeV (D —e)
y N 002 | ——/,=kd=OOOGeV(D —e)
- :
0:—-----—- - SEE R bt aLELELELLLELLEEELELELEEEELEERLED)
oy s . OB et fpesmmemeni
o SenSItlve to trl-gluon Correlators _0.04;_ 3.4% polarization scale uncertainty not included
_0.06:||||1|||lll||||||||||||1||||:|

* Potential to constrain parameter CRE D R R o
ranges in' D meson A, theory

£ 008 -
T pl+p — e +X, Is =200 GeV, |y| <0.35
[ ]
calculations: PRD78, 114013 00 pRTE -
. ¥ - PH:- ENIX —e— Open Heavy Flavor e
. podl preliminary PRD78, 114013
Z B 04— — 3= A,=0.07 GeV (D, — €)
. . ang’ . . Iu’ . — 03 FE YT T T ETTEEE 7 . e T SR k'z-)~d=0_07GeV(DO—»e)
> . Jrrxrxxxxa AP +p - HF(e™) +X) - —— %= 1%,=0.00GeV (D —>¢)
& SRR e 0.02F-
Vogelsang, F. Yuan O, psPrelminaryHEEREEE e =0 :
) L] <.<.° - ¢ sixxxxxxxx%m< -
- EXXXXXXXXKXX XK (0] L EEEE ] B A e A BLAN RS R R e e AEAssEAsAssEssssssssssssee.
0.2F fofededegogogolelogedotoodefodote C
= KM XX XXX XXX X KK K
* Final result will have added otsf  HEEEEEEE o0
15 KEEXXXX+++ 4+ XXXXKKX -
inal result will hav :
K x ++4++++ * X X
KHH XXX+ +E ++ XXX KK X -0.04—
lower P data points VP ‘
EEEXXXX++++++ XXX KK ™
T p Sl Bl 006L L1 I N A T
0.051- R Bl 14 ' 1 2 3 4 5 6
2 i oetodededovil Aodedododot p_ [GeV/c]
(0] S e L T
esear | LEDALLL
* XXXXXX?([%‘%:?:I
_0.05|* o0t Aeupieuiin
x26CL 51‘5??1: Theory PRD78, 114013
Stk o R AL
-0. x3cCL ||||tan«nf FEEiA (A;‘
-0.2-0.15-0.1-0.05 0 0.05 0.1 0.15 0.2
% [GeV]
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https://inspirehep.net/literature/799913

SPHENIX

 Compact detector with good Jet
and tracking capabilities over
large range (|n|<1.4) using
BaBar 1.5 T solenoid

* Main purpose for remaining Hl
physics such as jet and Upsilon
state R,, measurements

* Many cold-QCD possibilities

OUTER HCAL

SC MAGNET

INNER HCAL

EMCAL =

TPC ’ =
N

INTT

MAPS - ‘ W

ENDCAP | ‘

FLUX RETURN
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Proposed run schedule, year 1-3

3/9/2022

sPHENIX asked to
consider

20-28 week runs in 2024 il

* (Trans-)polarized p +
p, p + A with
streaming readout for
28 weeks in Run24

* But short Run24
would
endangerthe p + A
data!

sPHENIX BUP2021 [sPH-TRG-2021-001], 24 (& 28) cryo-week scenarios

Year | Species snn | Cryo Physics Rec. Lum. Samp. Lum.
[GeV] | Weeks |  Weeks |z] <10 ecm |z| <10 cm

2023 | Au+Au | 200 |24 (28) 9 (13) 3.7 (5.7) nb~! 45(6.9)nb!

2024 | pTpt 200 |24 (28) | 12(16) 0.3 (0.4) pb~ ' [5kHz] | 45 (62) pb~?

4.5 (6.2) pb~! [10%-str]
2024 | pT+Au | 200 - 5 0.003 pb~1 [5 kHz] 0.11 pb~!
0.01 pb~! [10%-str]
2025 | Au+Au | 200 |24 (28) | 20.5(24.5) 13 (15) nb~! 21 (25) nb~!

Ralf Seidl: TMD FFs
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https://indico.bnl.gov/event/11884/

Gluon dynamics via y, HF TSSA

sPHENIX BUP2021 [sPH-TRG-2021-001]

TSSA of prompt photon TSSA of prompt DO nK
EMCal-based trigger Enabled by streaming readout
z0.015 e z = T T T T T T T T T [T T T T T T T T =
<< C 7 < C o ]
- SPHENIX Projection, Years 1-3 ] 0.03 spPHENIX Projection, p!+p—D%D +X, P=0.57

0.01F p N — )
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https://indico.bnl.gov/event/11884/

Transversity via charged particle |FF

 Tremendous stat. enabled by both calorimetric jet trigger and streaming readout

e E.eeql theory collaboration in the treatment of no-PID charged tracks & multi-dim
inning

» Similarly: Sensitivity via Collins fragmentation function (hadron in jet measurements)
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summary

* Many Belle/Babar/BES3 TMD fragmentation related measurements
available:
e Unpolarized single hadrons wrt thrust axis
e Collins asymmetries (kt dependent, kaons)
* Polarizing L fragmentation

* 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

* study of quark/gluon dynamics at PHENIX/sPHENIX also closely related to

TMD FFs
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