Recent BaBar results in light
hadron spectroscopy
2 )6"1{3;‘—)1'[”1'[‘1'['31'['31'[0 and I[THITTTOTTON
> ere I

> ere-eren

Evgeny Kozyrev
N * a0 e.a.kozyrev@inp.nsk.su
*THE RE.AI._I:E:EI.EI:IIC.E February 27, 2019



BABAR detector at center-of mass energy of 10.6 GeV at the e*e collider PEP-II at SLAC
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* Systematic uncertainty ~ 5%
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_Transition form factor (TFF) of n'. Phys. Rev. D 98, 112002 7

P — pseudoscalar meson

e, ,— photon polarization

dn/ Loc1/ Q3
dQ
= q, ,— 4-momentum of photon

- =q’

ey p3 VMD pQCD

e () Pe

Q*=0,Q° > 1/Q2 1/Q
Q% Q,° o o 1/Q*  1/Q

The amplitude of the y*y*—P transition:
A=e’g,, zel'e]q'q  F(q),q,),

* There are a lot of experimental study of pseudoscalar meson production
via the fusion of real (on-shell) and virtual (off-shell) photons
YV'vy—=P:n%n, n', n

* There is the first measurement of the double off-shell transition

Yy =P



Phys. Rev. D 98, 112002

Let us see to Fn,(qz, 0) from experimental

and theoretical points



Introduction. F(@?,9?) at low @>. Phys. Rev. D 98, 112002 Q

* ' deacay to real photons:

ﬂﬂfzmgs
Lyoszy = — | F(0,0)|? = 4.30 + 0.16 keV |:> F(0,0) = 0.342 + 0.006 GeV 1,

* The vector meson dominance model is commonly

used to describe TFF at low Q% [ S
| PDG
fevy m%/ - W(n'-py)
F(Q2>: ; Y ‘m%/_qz_iwvmv.Fm) I W(r]'_)@'y)
Z fpvy W(p—-n'y)
v v W(p—ee)
W(p—ee)
W(w—ee)

FFI"(O? 0)

* In double off-shell case at Q> > W m,, : Fp(Q3,Q3) = (

where A, — effective pole mass parameter

1+ QF/A%)(1 + Q3/A%)



Experimental data (with sist. uncert.) vs VMD. 10
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F(@%,,9%) at large Q. Phys. Rev. D 98, 112002 ] 1|

F(Qzl’gzz) = f T(X,Qzlogzzl CP(Xogzl 9923 dx

X - is the fraction of the meson momentum carried by one of
Il ( P the quarks

5

[ ]

T(x,Q2%,,82%,) - hard scattering amplitude for y*y*—qqgbar
’J_,-“'f transition which is calculable in pQCD
o b @(x,9%,,8%) - nonperturbative meson distribution amplitude
(DA) describing transition P —» qgbar

Hard part Warm part

1 as(Q?
2QZ+ (1—2)Q3 (2 +@ (2, QF, Q3) )+ (z = 1 —2) + 0(a?) + O(440p/Q")
NLO correction [E. Braaten, Phys. Rev. D 28, 3 (1983)]
* The shape (x dependence) of meson DA ¢(x,Q? ,3%,) is unknown.

=

bJ|

_ e

52 2 1 9 a {%
F”s(t’g?? Q%} — [ : fnsing + = f; cos ¢ f TP - . - (1 Crp --,g‘ [t - t(x, Q?; Qﬁ}) +{(x — 1 —x),
9 9 ] 2«3:@1 _|_ (I - ;I‘JQQ 2'FA

N v
Master formula NLO

The meson DA




_Experimental data (with sist. uncert.) vs pQCD. 12
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The y*y — n Transition Form Factor



Y'Y —n' Phys. Rev. D 98, 112002 1 3

The analysis is based on the previous BaBar study [1].

Previous New

vv*on' Yv*—n'
Double tagged
46*% _ signal events

Single tagged
~ 5000 signal events

7

5 s e (pe-) €tag(PL-)
e*(p) etg(P) '

F—(pf."" } ﬁl-‘ra_q{piﬂ'}

* A large number of systematic uncertainties were studied in our previous work
where the number of signal events was significantly larger.

[1] [PRD 84, 052001]: P. del Amo Sanchez et al. (BaBar collaboration), Phys. Rev. D 84, 052001 (2011)
(> 126 citations).
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Event selection

Phys. Rev. D 98, 112002 1 5
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The mt* it n mass spectra for data events. The open histogram is the fit
result. The dashed line represents fitted background.
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The @°,_vs. @, for events with 0.945 < m, < 0.972 GeV/c?

* The average momentum transfers for
each region are calculated using the data Q?
spectrum normalized to the detection efficiency:

_ D Q%,z(i)/E(Q% 3 Q%)
? > 1/6(Q1,Q3)
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Detection efficiency Phys. Rev. D 98, 112002 18
* The detector acceptance limits the detection of scattered fermions at small Q2 . The

10 20 30 40 50 60 70 80 90 100

.« . 2 2
minimum Q”equals to 2 GeV £(Q%,Q3)F2(Q3.Q3)dQ3dQ3 | (F,, from master formula at
I ﬂ i
rue J F2(Q%,Q3)dQ3dQ3 slide #7)
T4 BAE AR T Sl X0 R i
= 18- R(Q1,Q3) = aborn(Q2, Q2)
% 1.6 ahe T
T - |
ljji |"I"" Il |
i ' |
L
il :
o g

Q2, GeVv/c?
The dependence of detection efficiency on The ratio of generated spectra with
momentum transfers. rad. photons vs. without photons

* R leads to the decrease of the detection efficiency by ~10 %.

* The maximum energy of the photon emitted from the initial state is restricted by the
requirement E_< 0.05Vs, where Vs is the e*e- center-of-mass (c.m.) energy.



_Cross section and Form Factor Phys. Rev. D 98, 112002 19

® The differential cross section for ete-—e*en' is calculated as

d2o 1 2N :Fz(—g 02) = (d?0 /(dQ%2dQ2)) qata F2(02 @):
= 12/ — ' 122
dQ?dQ2 ~ cirue RLB dQ2dQ?2 (d?20/(dQ2dQ2%))mc " !
-------------------------------------- )
® From PDG: B = B(n" -t n)xB(n—2y)=(0.3941 + 0.0020)x(0.429 + 0.007) = 0.169 + 0.003
® 2 2 2)— +2.8
O..c erer (2 <82 Q,%< 60 GeV?)= (11.4*2%, ) fb
—%1 Q—%s GCVQ Etrue R Nevents dz“/(dQ%ng) F(Q_%} Q_%)
x10%, fb/GeV* x103%, GeV 1
6.48, 6.48 0.019 1.03 14.7+532 1471.81329°3 14.32177 954+ 0.83 + 0.14
16.85, 16.85 0.282 1.10 41127 4.2+28 5.35712%4 0.31 + 0.42
14.83, 4.27 0.145 1.07  15.8%%3 39.7+12:9 8.2471-184 0.48 + 0.65
38.11, 14.95 0.226 1.11 10.0739 3.071% 6.07710%4+ 0.35 + 1.21
45.63, 45.63 0.293 1.22 1.671% 0.679% 8.717329+ 0.50 + 1.04
: o - » I
Statistical Systematic Model

 The statistical uncertainty is dominant



COMPARISON OF THE RESULTS WITH THEORETICAL PREDICTIONS 20 |
.«» 2 A2y Froa(0g0)
T 3 BTN - B P (@0 @2) = o gr7a) @ + @3/ 4%)
8 o foote = |
o I ® VD ._/ The A, is fixed at 849 MeV/c? from
S 10f ] the approximation of F,_ (@, 0)
} with one off-shell photon [Phys.
: Rev. D 85, 057501 (2012)].
R

14.8I, 4.3 38.1 ,I 15.0 45.6,I 45.6
QZ, @ (GeV?)

The comparison of obtained form-factor with theoretical predictions. Error bars - statistical

uncertainties. Shaded rectangles - quadratic sum of the systematic and model uncertainties.

Py NLO

|
6.5,6.5

16.9, 16.9

-
E ot 5v/2 L 2 ! 1 6x(1 ) avs(p1?) 2 2
Fos ((212 t’J%} ( 0 fnsing + = f. cos (‘)) / dr— —— — ; 1 RC'F (x, Q7,Q3) Flx — 1 x)|
- ‘_} 9 0 2 .IQ{ _|_ [I - r}JQé Z Ty y h

* pQCD calculation is in good agreement with data (x*/n.d.f. = 6.2/5,

Prob = 28%)
* VMD model exhibits a clear disagreement with the experiment.



Summary

21

[ LBABAR
e The new results on the measurements of e‘e - °n°n®,
e‘e—-n'mn’n’n and e*e— m'n'n have been presented.

* The y*y*—n' transition form factor F(@? , @2,) have been

measured for @>range from 2 to 60 GeV?with ~ 50 events.

* The form factor is in reasonable agreement with the
pQCD prediction. We propose a measurement of this
quantity at BELLE II.



Thank you for your attention
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Introduction. F(@®.9%) at large @°. 9

R\
I o 2 ! 1 i v (22 o
F(Q3,Q3) ( j frnsing + fﬁ-t‘.nsab) A da— = :QZ - “ — JJQZ (1 {ég{f;ﬂ\r(z%(é@} (x — 1 —x),

‘Master formula " N

aster lormula The meson DA

G 0.4r = Q-G -2Gev < * The double-virtual TFF is

A B = Q=2 Q2=5GeV d o, 0 .

< 0.3F _—""1 less sensitive to NLO than the single

G 0.2) Qf =5, @ = 30 GeV 1 off-shell TFF.
< 01; — Q%-2,Q% = 30 GeV .
O _QE 02—SOGeV -
0 02 04 06 0.8 1
X

e The form|l/[xQ*+(1-x)Q.?|Jis not divergent, so double off-shell transition

FF is less sensitive to a shape of the meson DA in comparison to the single
off-shell FF.



_Additionally, the study is motivated by g-2 puzzle

Pseudoscalar pole contribution to the hadronic light-by-light piece of ap
Adolfo Guevara, Pablo Roig, JJ Sanz Cillero. Sep 17, 2018. 7 pp.
Conference: C18-06-25.2

e-Print: arXiv:1809.06175

A way to reduce such uncertainty could be by taking into account data
form doubly off-shell TFF such as that given by BaBar for the 5'-TFF [35]. Considering all
possible contributions to the error we get

af Pt = (847 £ 01645 + 0.091/n. 20 asym ) - 107, (14)
where the first error (sta) comes from the fit of the TFF, the second from possible 1/N¢
corrections and the last from the wrong asymptotic behavior estimated through the effects of
heavier resonances in the TFF.


http://inspirehep.net/record/1694183
http://inspirehep.net/author/profile/Guevara%2C%20Adolfo?recid=1694183&ln=ru
http://inspirehep.net/author/profile/Roig%2C%20Pablo?recid=1694183&ln=ru
http://inspirehep.net/author/profile/Cillero%2C%20JJ%20Sanz?recid=1694183&ln=ru
http://inspirehep.net/record/1641484
http://arXiv.org/abs/arXiv:1809.06175

M. Poppe, Int. J. Mod. Phys. A 1, 545 (1986):

At present, a major interest of py physics concerns the answer to the question
“do the photons resolve the hadron’s structure or not?” In other words: is particle
production in yy interactions primarily the production of quark pairs or is the VDM
interpretation correct that the photons turn 1Into vector mesons before they interact?
In the latter case, two-photon physics would be just a continuation of fixed target
hadron scattering experiments, and we would not expect great news to appear.

. . VMD pQCD
A.V. Radyushkin, R. Ruskov, Nuclear Physics B 481 (1996) 625-680:

Q*=0,Q° > 1/Q° 1/Q
Q% Q> > o 1/Q*  1/Q

In the region where both photon
virtualities are large: g° ~ Q% = 1 GeV?, the pQCD predicts the overall 1/0Q? fall-off
of the form factor, which differs from the naive vector meson dominance expectation
Fyyeno (g%, Q%) ~ 1/g*°Q° ~ 1/Q% Thus, establishing the 1/Q? power law in this
region is a crucial test of pQCD for this process.



_Systematic uncertainty. Background subtraction. 24

* e‘eme‘en'n’— etemmnn’ - kinematically closest background for the process
under study. Using the simulation of the e*e"—e*e™a (1450) — e*e'n'm® process we

estimate the contribution Nn,no < 0.16 at 90% C.L.

T — 1
Entries 7

o Mean 0.969
osH BMS  0.03145

1j_.. — T T

Events/ 3 MeV

0.6H -

: ; NZ93* < 1.45 at 90% C.L.

C ,'r i
0.2 s —

ot o —

1 T P I | Wl ]
lEI.S] 0.92 0.94 096 0.98 1 1.02 1.04

The m'mn invariant mass spectrum The detection efficiency for ete'n'm® events

I

’ to pass the selections of e*en’.

signal (2)
/0 S_r_D

Nprgr = — o < 0.16 at 90% C.L.

n'n0

\ The detection efficiency for e*e'n'm® events to
pass the selections of e*en'm°.




_Systematic uncertainty. Background subtraction.

25

* ete —oete dJ/yl(p)—oeten'y is negligible according to [PRD 84, 052001].
* cte oY Xt

1 E = T T v N N T T ¥ T T T
W E i
S - £ r |—data ]
= L ﬂ.‘IS_— -
Q 'D.5:— : [ MC
oo - -
o E B |
g {].5__ 0.05 |- l -
N - Eee -_ r
gy 05 0o o5 109 ob R
cos angle biw electrons 3 I B
1 2 3
The cosine of angle between scattered bin number
and initial electron (positron) in c.m.f. The fraction of the events in the bins.

It is reasonable to assume that the cos(a_,) spectrums must be symmetric in

[-1:1] region for annihilation processes, while signal scattered electron
(positron) prefers to fly in the about the same direction.



Systematic uncertainty.
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The main source of systematic
uncertainty of cross section

Source

Uncertainty (%)

7+ identification

e™ identification

Other selection criteria

Track reconstruction
71 — 27y reconstruction
Trigger, filters

—
o

Cll— -

Background subtraction 3.7
Radiative correction 1.0
Luminosity 1.0
Total 12%

from previous BaBar study of y*y—n’

[PRD 84, 052001]

selection Nsignal [Etrue deviation from standard criteria

standard selection criteria 985 £ 197
P, .-, is less than 1 GeV/c instead of 0.35 GeV /c 1052 £ 273 6.8
10.20 < F.+.—,y <10.75 GeV instead of 10.3 < E +.-,» < 10.65 GeV 942 + 235 -4.3
without the restrictions on F_4 and E_ - 1061 + 280 7.7
0.48 < ma2, < 0.60 GeV /c? instead of 958 + 181 -2.7

0.50 < ma~ < 0.58 GeV/c?

total 11




‘Model uncertainty 27

e (d’0/(d@?%* d@3)),. and &_ depends on model.

Repeating the calculations with a constant TFF we estimate the model uncertainty.
For the cross section - about 60% due to the strong dependence of £ ___ on the input

model for TFF at small values of Q* and Q2.
The TFF is much less sensitive to the model.

TABLE V: Lﬁ’z obtained with different models for TFF

dQ%dQ3
1 2 3 4 5
+430.136 +2.75 +11.98 +1.17 1+0.69
QCD 1471.8 35597 4.17; 75 39.7251571s 2.98%0 g6 0.6277 65
S +186.19 = +2.74 +10.05 +1.08 +0.69
const 637.107 -2 59 41557, 33.30°745 4 2.767 5 9 0.627 5 e
deviation, % 60 0.6 15 7 1.

TABLE VI: TFF obtained with different models for TFF

1 2 3 4 5
QCD 14.32719 5.357, 724 8.241118 6.073;3‘_3. 8.71+3:96
const 14.617599 5625105 7.247 102 7.247139 10.027775,

deviation % 1 8 8 20 12




_Technique 14
gci—:_Qg—:(pﬂ__p;—)i L I I D
. 67 i MC —-— elecftrons ]

i == positrons
1000r signal _ ]
7 (@) ; ! "IBABARE
* ==t ol - -
7*(g2) I |
500— —
—— — - i ]
et e;tlg
Q’S+ = —Q§+ = (Pe+ —PJ:;+)2 % 5 3

B(etagg], rad

. ' . Polar angle distribution for tagged electrons
* The decay chain n'-»n‘fin-n*2y is used (positrons)

* A total integrated luminosity L = 469 {b!

* GGResRc event generator is used [arXiv:1010.5969]. Initial and final
state radiative corrections as well as vacuum polarization effects are
included. The form factor is fixed to the constant value F(0,0).

The strategy: dN/dQ?2 > do/dQ2 > |F(Q?)]
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o th 1 22.18 <0 < 141.72
We require the presense
q p mﬁr%‘w

* at least two tracks from GoodTrackLoose list passed
LooseElectronMicroSecection

* at least two tracks from GoodTrackLoose list passed
TightKMPionMicroSelection

« ¢, Data

F o ¢, MC +

0.95

efficiency €
-
o

T T

* at least two photons from GoodPhotonlLoose list 0'85'. xliomeria peolmerelae,
-€ > 30 MeV b2 3p [G:V.fc]
-0.45 < m <0.65 GeV/c? - 25.78 <0 < 146.10
-The p.hoton candidates are fitted with a n mass 00 TR :#_} i 4]

constraint. v JM%; i

efficiency €
=
=

* The n candidate and a pair of oppositely-charged
pion candidates are fitted with a ' mass constraint.

=S
\.} )
LI B B B B B B B

||||||||||||||||||||||

S
o
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Pions misedentification with TightKMPionMicroSelection:

[ plpi-4piTight misid® 1.0 K MTight=Red, LHT ight =B lue, o kiK MTig hi=Green ]

[ pip-ppiTight misid’ 1.0 KMTight=Red, LHTight=Blue, oldKMTight=Green

1

0.8~
0.6
0.4

0.2

# i :-* I;H& osf-
i

0.4

-

(a) K as 7 mis-id*1

s
Momentum (GeV)

| pipiep

ight misid* 5.0 KMTight-Red, LHTight=Blue, oldKMTight=Green |

1

06| I
IJ.Q:— | "4
. : al'il
: toa '! "ﬁ'.p ‘,’l ETR -5
| 9‘_‘ 3 4‘”’#.‘ ﬁhm +‘\l¢n¥ 5"‘!," .é-‘A‘fh‘ |
F g f WakislEt
o 1 2 3

4 5
Momentum (GeV)

st
g

5
Momentum (GeV)

(b) p as m mis-id*1
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e P __(efei'rin) < 0.35 GeV/c. * 10.3<E__(etei*in) < 10.7 GeV
2 R B u 200—————————
@ 590 Data : & 150 ]
400 MC signal _ :
. 100 -
200 i . 5{]:_ E
0 1 16 2 85 o 105 11 Tis
Peey (GEV/C) Eoer (GEV)
. Lo EARN
(aji 5_ of Eefp,rveitefe -
3t
¢ Events that lie above and on 2l Data
the right of the lines (mostly, i —
Bhabha scattering) are LI S

rejected. The positron c.m. energy vs the electron c.m. energy



_Cross check

28

% - T

(0] R _'_ﬂm}:'aa- _

ml‘-.' 15' |’ _'_nm{(}e- ‘

e [ :

< 10F .

o I E

5S¢ | I B
U__. I R R R |__

1 2 3 4 5

bin number

The comparison of the measured 11 TFF with
Q. < Q? . @ >=(@F _and without the restriction.



Exent selection

m_
> a | 5 . —
= Rl : data
S Sign4; MC
o2, re
= - Control Sloy -
% 10 __ region Control __
u region a
=l N
| Ul
| e s o I T
8.9 0.95 i 1.05

Mo rns GeV/c?

The data-MC comparison of wrn invariant mass distribution. The MC histogram is
normalized to central bin of data distribution.

The expected number of signal N =55 -18/2=46

sig



= - =
P = =
S 5oF 4 .3
O - il ]
40— S —
30, S .
-1 3 2 -
20 . 4 3
100 - =
SR 3 .

C 0 T T T T
% 10 20 30 40 50 80
QZ,, GeV?

The @?,_ vs. @, for events from control side-band regions



If (d%0/(dQ?, dGQ2%)),,. and ¢, _is made using VMD TFF:

'i.:: E —~ BaBar E
> 15F °© = pQCD LO -
O I - VMD ]
- O a

X - ]
Lt It | - =
| o, T . -
|N“1— C ™ i [l] il
T ' o
5 .

| | | | I
6.5, 6.5 16.9,16.9 148,43 38.1,15.0 456,456

Q:, Q; (GeV?)

The comparison of obtained form-factor with theoretical predictions. The Error bars - statistical
uncertainties. Shaded rectangles - quadratic sum of the systematic and model uncertainties.



|7?’ > = sing |n > +cos¢ |s > In> = %ﬂﬂu > +|dd >)

Fy = sing F, + cos¢ Fj s> = |[|55>
7' > = sing|n > +cosd|s >
5v/2
. Qllil;lm E(Q%)= 302 In; llm Fs(Q?) = Q2f3

Master formula

\/_

- 2
(Ql Qz)_( - Jou - smd)—l-— h P cosqﬁ) /a'.'z (1 )

J‘Q2+(1— )Q2(1+CF_ t(.]‘ Q2 Qz))

+(zx —>1—2x)

« at which scale of Q°the asymptotic pQCD perdiction starts to be valid?

* In the case of yy*—P:

%ﬁ.fn~sin¢+%-fs~coscﬁ‘(l_5 GS(Qz))

Fn'(Qz) = Fn'(Q2aU) = Q2
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