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We calculate the transverse momentum dependence in the production of two back-to-back hadrons in electron-positron annihilations at
the medium/large energy scales of BES-IIl and BELLE experiments. We use the parameters of the transverse-momentum-dependent
(TMD) fragmentation functions that were recently extracted from the semi-inclusive deep-inelastic-scattering multiplicities at low energy
from HERMES. TMD evolution is applied according to different approaches and using different parameters for the nonperturbative part of
the evolution kernel, thus exploring the sensitivity of our results to these different choices and to the flavor dependence of parton
fragmentation functions. We discuss how experimental measurements could discriminate among the various scenarios.
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Kinematics and observables

e+e- CM frame:
production of two back-to-back jets
with leading hadrons h1and h2

h1 only has transverse momentum wrt to z

7
_Pu

2
. o(M
QT ! 2
/ 21 \ Q)
transverse momentum

of the photon in the frame
where ht,2 are collinear

transverse momentum
of h1 wrt photon

Our observable: normalized multiplicity, h1ihs 2 hihs
poorly sensitive to perturbative corrections M (21’ “2, 47> y)/ M (Z 1) <2; O? y)

B domh2 / do™
 dzy dzs dq% dy ' dz dy

Multiplicity, Mhihe (o o 2
defined as in SIDIS ( 1y <25 qT7y)
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Implementation of evolution

do1h2
dz1dzodgrdy N

DI / dbrbr Jo(grbr) [Z%D;th (21, b7 1, 1) DT (2, brs 1, o) + (. @)

-+ Yq(q?//QQ) + O(]\%Z)

no high gT tail no higher twist
(collinear factorization)

H(QZ, ,u) —> 1, NO alpha corrections

flavor and kinematic

D" (z,br; 1, ¢) = [C @ df"](2,bri 1, ¢) + ?(bTAQCD) ——>  dependent

\ . 4 _J/ 4
-~ Gaussian model

/ small by /medium kr igh by /small kr (JHEP 1311 (2013) 194)
LO and NLL l B <k%>q/h(z)b2
pert. Sudakov OPE coefficient dels f e 4 T
uark form factor coethicients models Tor
; are delta on the non-pert. models for
flavors Sudakov quark f.f. the small/high bT
separation
lin/log b2 . I; b . b L b>|< bT
9np ( TagQ) T( T, max) —{ T > T}
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Implementation of evolution

by = > b
T | b2T b — 00 hax two different ways
1 - b2 < to approach bmax,
4 1 the point where we stop
b 4 trusting the perturbative result
b} = bmax 1 eEXp | — 4T 7 bmax : "
bmax bT — OO
for b larger than bmax
a model is needed
. ) lin g2 .9
also in the evolution gnp (bT, 92) A bT
> ) N
og . °T
bmax and g2 (bTa 92) g2 In ( A )
are anticorrelated
parameters

see also PhysRevD.91.074020
(Collins, Rogers)
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http://dx.doi.org/10.1103/PhysRevD.91.074020
http://dx.doi.org/10.1103/PhysRevD.91.074020

oensitivity to ...

Only a selection of results
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.. hon-perturbative evolution

different values
produce
different predictions

M(z1,22,PE1) / M(z1,22,0)

1y scale  (br, gy

+
T 7T

theoretical uncertainty
(grey) is much smaller
wrt the NP effects (rgb)

exp. error m

Biisi=1.5
9220.18
bmax:l-O ."\.. \"\* s"s‘. ~"-,:\%*m
g =0.43 \h‘“-s \.'*'-s s"‘s,s S~
‘ Q°=100 GeV* e
bmax:O i 5 ~.~.\~ .\MN'\ h
— g;=0.68  21=0-3,22=0.5 e
10—1 ! ! L L \ | \ L | | | | \‘... | >
0.0 0.5 1.0 1.5 2.0
P [GeV?]

o

assuming 7% uncertainty
we can discriminate
among different NP scenarios
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the results are stable upon variations
of the renormalization scale

p={m/2, o, 2pp}



.. factorization scale [evolution scheme)

Q factorization
o0~ In = >

qT at scale (4

factorization in a nutshell

Different choices
are possible for the
factorization scale, with
different implications:

:ule/b7QT

minimize logs in W
Q minimize logs in H

SN
e
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:an—l—lnﬁ

K b H b

/

perturbative

hard part H
part of W term
(TMDs)
resumming these logarithms
we get a finite cross section
at low qT
electron 4 X hadron

positron ¥y
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.. factorization scale [evolution scheme)

M(ZI!ZZ!PE]T) / M(Z].!ZZ!O)

fixed scale (b}, gn) Q enhances the logs
| inthe evolved TMDs,
T : mub minimizes them:

exp. error m

In Q/

L biiwi=1.5
g,=0.18
. bnx=1.0 ;
9220.43 2_ 2 Q"“amﬁ “u%* i
i . Q —100 GeV ‘“».%”M% h%”""«ﬁb 1n /’Lb//'tb — O
o g,=0.68 21=0.5, 22=0.5 ““m\k\ %"%.,% 5
10—]_ ! | | | | | | | | | | ! %'n\ ! | ™
0.0 0.5 1.0 1.5 2.0
P [GeV?)

using Q rather than mub
we get very different predictions

o
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overall effect: larger distributions,
more perturbative content



.. factorization scale [evolution scheme)

overlap between
the two prescriptions
for different NP
parameters

can’t we distinguish
them?

bmax:O.S *%e%v'% ”%‘Mb%”%
— g,068  2170.5,22=0.5 e Sy
10—1 ! | | | | .a%*'m >
0.0 0.5 1.0 1.5
P [GeV?]

o

we get very different predictions
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M(ZI!ZZ!PE]T) / M(Z].!ZZ!O)

fixed scale

10° ~rem

Q2=100 GeV? .

b1, 9

lin
np}

Q enhances the logs
in the evolved TMDs,
mub minimizes them:

In Q/

In puy /iy = 0

using Q rather than mub

overall effect: larger distributions,
more perturbative content



.. factorization scale [evolution scheme)

Yes, but only
taking into account
the z dependence too!

it requires combined
information on
P1\perp and z1, z2

o

M(lezZrPﬁT) / M(ZI!ZZ!O)

Q%=100 GeV?

fixed scale by, gnp) Q enhances the logs
N in the evolved TMDs,
T | mub minimizes them:

exp. error m

In Q/

In puy /iy = 0

Brwe=0.5 . s
g,=0.68 z21=0.3, z2=0.5 “**um %’*m%
10—1 | ! | ! ! ! ! ! | L L L | | . Lo L !
0.0 0.2 0.4 0.6 0.8 1.0 1.2
P [GeV?]

using Q rather than mub

we get very different predictions
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overall effect: larger distributions,
more perturbative content



.. hard scale Q (Belle vs BESHIN]

M(ZI!ZZ!PﬁT) / M(ZI!ZZ!O)

lin

U, scale (b}, gpp)

not useful
to discrimante
among different
| scenarios
| (the bands are too large)

low and high Q
are
complementary
useful
_____ Brax=1.0 e """"‘1.":.;;:..~ to select some of
g,=0.43 2 5 "‘\.s k the replicas within
Q°=14.6 GeV T the NP bands
bmax:0.5 ~"~\~
—_— g9,=0.68 Zl=0.5, Zz=0.5 \\\
1071 —  a®s  na s =
0.0 0.2 0.4 0.6 0.8
PrrlGeV?]

Belle Q2 =100 GeV? or Q? =14.6 GeV? ? BESII
it depends on the goal !
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.. partonic flavor fixed scale evolution

. M) £ M) ratios of mu{tgphc:tles MO ) | MOKKO)
: fixed scale — flavor indep. (b}, g} fixed scale — flavor dep. (b7, gnp)
1.4r Brma=1.5 I 1.4¢ bra=1.5 i
g,=0.18 ] I g,=0.18 ]
1.2/ o2
1.0- L0 ,
0.8 108
[T z,=0.3, z,=0.5 1 [Tt z,=0.3, z,=0.5 ]
06? === 21=O.5, 22=O.5 ’ 06j -T 2120.5, 2220.5 i
— 21=0.7, z,=0.5 1 o z1=0.7, z,=0.5
. ! . . . . ! s s . . | . . . . \ ‘ ‘ , , | 04 I . w w w ! . . . . ! . \ \ \ ! . . . . !
0 4O.O 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
P [GeV?] P [GeV?]

the transverse momentum being flavor dependent

being flavor independent dependence is described they combine and give a

they factor out and cancel: ONLY by the input NP specific qT dependence

Gaussian distributions
no qT dependence is left band width result from
_ (kg (2) 2 intrinsic flavor dependence

d(1]_>h(za Qz)e 4 g

~ lower than 1 because the kaon TMDFFs
are larger than pion ones

o
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.. partonic flavor

mu_b scale evolution

M 7)) /) M(KTKD)

ratios of multiplicities

M n7) ) M(KTK™)

1.6 up scale — flavor indep. by, ggp) ] 1.6 up scale — flavor dep. p (b7, g'") ]
L ‘/' e
i bra=1.5 4 . i Brmac=1.5 e e
1.4? 92=018 '/,/,' ”””” | 1.4? 92:018 ’,’/ ””””” 4
1.2 T 12 et e .
: -,“""’4:;======::::::::: ________ J :
1.05"""'51-- ] 1.0~ ]
0.8 1 0.8 |
r === 21—0.3, 22—0 5 - -=-= 2z1=0.3, z,=0.5
0.6 ---- 2;=0.5,2,=0.5 1 060 =7 21=0.5,2,=05 ]
: - 21—0 7, 22=0 5 ] r — 2120.7, 2220.5
04 ! . . . . ! . . . . ! . . ! . . ! 04 | . . | . \ | \ \ | \ . |
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
2 2 2 2
P2 [GeV?] P2 [GeV?]

this is the effect of the
perturbative flavor dependence ONLY:

it is induced by RGE equations
with flavor dependent
initial conditions (collinear FF)

o
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larger effect,
combination of
perturbative and NP
flavor dependence

the transverse momentum
dependence is described
BOTH by the input NP
Gaussian distributions

and the collinear FF
but the two are

2 i i v
d%_)h (z 0 (bT))e_ (kT)q:h (2) b2 difficult to disentangle!
Y
exp. data may be useful
to discriminate among the replicas
| 4



Conclusions

Five take-home messages :

0) The way we implement QCD evolution affects the extraction of
non-perturbative information - [very important]

1) At Belle scale (100 GeV?) we can discriminate evolution schemes
and pin down non-perturbative evolution parameters (g2, bmax)

2) Annihilations at BES scale (14.6 GeV?) can be very
useful to select non-perturbative intrinsic parameters of TMD FFs

3) Annihilations to different final states {m, K} can be useful to
constrain flavor dependence of TMD FFs

4) knowledge of unpolarized TMD FFs helps in constraining both
(un)polarized TMD PDFs and polarized TMD FFs

e
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Backup slides
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.. transition low/medium gTl

M(Z1 ’ZZsPﬁT) / M(Z1 ’2250)

up scale b1, glc9)
10° v o
L \.\ \\ 72- 7T
’ exp. error m
b,.=1.5
92:0.18
bmax:1 .0 . . Ny \x\\\\
92:0'43 ~\~\\~\.\ '\.\ \s\~~
Q?=100 GeV* y
bmaxzo-5 * |;I:l\’\~ i \’\..\~\"\
~ g,-0.68  21=0:5,22=0.5 (BT, Gnp) S g
10_1 ‘ ‘ ‘ ‘ : ‘ ! S so
0.0 0.5 1.0 1.5 2.0
Pa[GeV?]

o>
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100"

M(Z1 522aP|2-|T) / M(Z1 522’0)

Up Scale

(bl, gic9)

+
T

exp. error u

g,=0.18 (b, g:‘i;}

_____ Bya=1.0 N \'\

-0.43 <.

92 Q2=100 GeV®
b,.=0.5

—— ooes 21=0:3,2,=0.5 ‘

10_1 L L L L I | I I | I 1 1 1 ° al
0.0 0.2 0.4 0.6 0.8 1.0
P2 [GeV?]
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.. collinear energy fractions z.-

M(z1,22,Pi) / M(z1,25,0)

10°%

Up, Scale

—+
T

{bT, Gnp!

lin

. error m

N \~
z,=0.7 \\:’\~
z,=0.5 \\,\\
\Q
21:0.5
22:0.5 ~\ ’\‘ So
‘\, \’\ SS \\\\
- 21:0'3 \\ \\ \\\\\ :
10717 =05 Q22100 GeV? . . ol
AR ‘\‘ S
bmax=1'5! 92=018 \‘\‘ \’\ S
L 1 L L L L 1 \\~ \’\‘ L 1 s
0.0 0.5 1.0 1.5 2.0
2 2
Pir[GeV?]

m°
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M(Zl,Zz,PﬁT) / M(z1,2,,0)

10°;

‘ | Iin‘}

fixed scale (b7, gnp

+
T

’\\~\ ~
RENNY exp. error m
\u
Z]_=0.7 ~ \?\.\"\.\ B e
z,=0.5 SN lee. Tl T
z,=0.5 s ‘~~.:\"~.
2220-5 ~.~'~
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