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Motivation

Single-tag two-photon production of hadronic system, y*y — M ine*e™ —
eZy*y (plus undetected e™), is interesting to

» study strong interaction in low energy region, where pQCD can’t be applied;
» measure Q? dependence of Transition Form Factor (TFF);
» test QCD-based theoretical predictions;

» provide input for a data-driven estimate of the hadronic light-by-light
contribution [1] significant for the problem of muon g — 2.

Ref: [1] G. Colangelo, M. Hofenrichter, B. Cubis, M. Procula and P. Stoffer, Phys. Lett. B 738, 6 (2014).
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Selection criteria
xR e*: p-tag

e e-tag

Topology: 1-track (e) and
4-Gammas (n0mno0)

1. A tagging lepton(e*/e’), E/p > 0.8 and p>1.0 GeV/c.

2. One mo(mtl) : E,> 0.1 GeV (selected by the energetic order, rather high energy) and
0.115 < M(yy) < 0.150 GeV .

3. The other mo(n2) : (rather low energy), mass-constraint fit for other two photons x2<16 and
no more other 1o candidates.

4. Right-sign for e-tag charge : qugX (p*ze + p*, 1+ P*,n) <0, ine*e c.m. frame.

5. 3-body kinematics (4-momentum conservation): for (e) e R, R = t°n®system

. . _ % * * * ;
0.85 < Eratio< 1.1, where Eratio= E T[OT[O,measured/E non0,expected’ E ntiOn0,measured (E T[OT[O,EXpeCted) IS
the e+e- c.m. energy of the n°n® system measured directly (expected by kinematics without

radiation).

6. pt-balance: |2 pt*| (for e and two 1es) < 0.2 GeV/c.

3 2015/9/24



R

Signal MC and comparison of distributions for selected signal
candidates
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Kinematical distributions, E
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Efficiency estimated from signal-MC

W- and |cos6 |- dependent efficiencies for 4 selected Q2 bins
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d2cee/dWdQ2 (fo/GeV3)

e+e- based Cross Section
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* Detector acceptance is much different between e- and p-tags. loos

* The cross-sections measurement are consistent.
 Validation check for systematic effects (trigger, acceptance, selection) is satisfied.
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v*y based Cross Section

Combine the measurement of p- and e-tag :

d’oc. _
dWd| cos 0*%|dQ%
Y (W] cos 071,Q%) (1=b(WW, cos 0°,Q°))
et(W,| cos 0*],Q2) AW A| cos 0*|AQ? [ Ldt

Y = Yp-tag + Ye-tag
| ! !
g =(e otag T € e-tag)/ 2

b is the background fraction combined for
p- and e-tag.

v*y based Cross Section:

d| cos 6%

(jSUE.’ﬁ’ f
dWd| cos 0*%|dQ? _d?L_x
| | QW}(1+5)(5/8!)€’

O: radiative correction.

e: efficiency corrected for @* dependence.

f: unfolding effect for QZ.

Integrated cross section as a function of W
in nine Q2bins
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Peaks corresponding to the f2(1270) and
fo(980) are evident.
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Cross section formalism

Waves: S, D,, D,, and D,, contribute (W<1.5GeV)
Differential cross section for y*y — n°r? is given by [3].

“Spherical Harmonics

¢*-dependent yo _ \E
d 2 £, = SY(;)+D0Y20 |2 + |D2Y22 |2 +2¢, |D1Y21 |2 Am
6 -0 5 9 2 a*
—_—= Ztn coOS ngo* 4 :2£1Re((D2 Y7 |-SY,-D,Y,)D, *| Y, |) Yy = \E(Scoh " —1),
dQ n=0 1, =-2¢ Re(D1*|Yz1 |(SY(?+D0Y20)) Y3 = 4/ gsin 6* cos6*
: _ 499 5
Lp*-integrated &,, €, are variables that depend on x = pi'pz V2| = \/gsmg o
99 oy0+D,Y" P +|D,Y2 P +2¢, |D,Y!
47rd\00519*\_‘ 0 oY, [T +|D,Y; | & | DY, |

[3] I.F. Ginzburg, A. Shiller and V.G. Serbo, Eur. Phys. J, C 18, 731-746 (2001); and private communication with V.G. Serbo.

Parameterization of amplitudes Transition Form Factors

S and D; amplitudes: Q* VBTPx GforyGfonn 1

A os0) =Fro(@*] /1 +

MW 16v3r Dy,

S = Apyos)e’™" + Bse'5,

Di = ri(@)Ap, a2 """ + Bpe' PP I o Q> [87(2J + L)mp
Ap(W) = 1+ - -
M3 W
Where r;(Q?) is fraction of f,(1270) contribution VT, (WIBE )
in Di wave - m2, — W2 — impLior (W)
Z n=1 Parameterizations of the f0(980) and f2(1270) is given.

9 2015/9/24



Fit strategy for TFFS

Fundamental limitation:

@*-integrated differential cross section,
So, only 3 out of S, D,, D,, and D, are independent.

Procedure (due to limited statistics) :

15t fit @*-dependent cross section(but integrated over Q2) to extract r;(Q%)
with Q% =9.6GeV? as

. 7,(02) = 0.15+0.05-0.03.

2" fit *-integrated cross section with r; (0?).
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Fit ¢p*-integrated cross section

« To extract Q2 dependence of TFFs:
* Float Fiye0)(Q?), Fro1270)(Q?), and ro(Q?) in each Qbin.

+ Assume r,(Q?) = 1,,,,(QYQ,,2)" = 0.15%(Q29.6)
then D= \/ 0.15 (%) 4 Atr1270 EXP(iPrpy) ,  denoted as r, fit.
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do(y*y — n'n’)dlcos 6%l (nb)

Fitted results on angular distributions

Angular dependence of the cross section in the indicated W bin and its results
of rl fit at Q2=5.5 and 7.0 GeV?2. (example)

Q2=5.5GeV/?2
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TFF Results

*  hel.-2 TFF of ,(1270) agrees with the prediction by Ref.[4]] and |Ref. [5].
* hel.-Oand 1 TFF, a factor of 1.5 — 2 smaller than the pyediction by Ref.[4] .
« TFF of f,(980) : agree well with the prediction by Ref.[4] for Q?<10GeV?

Iess steeper Q2 dependence for Q/>10GeV?

A 2(1270) (hel.-2)

f2(1270) (hel.-1)

helicity-2 TFF of £ (1270)

helicity-1 TFT of Ijt\??lﬁ)

107 5 10 15 30 35 30
Q! (Gev?)
— T L L B L B T 5
. £2(1270) (hel-0) -
2 L The value at Q2=0 is from : =
= | no-tag nOnoO prod.
Elo'lf

E S. Uehara et al., PRD 78, 052004 (2008 107

1072

C 1 L
0 5 70 15 30 33
Q' (GeV J

Ref: [4] G.A. Schuler, F.A. Berends and R. van Gulik, Nucl. Phys. B 523, 423 (1998).
Based on application of heavy quark approximation to light quarks
[5] V. Pascalutsa, V. Pauk and M. Vanderhaeghen, Phys. Rev. D 85, 116001 (2012).
Based on sum rules

13 2015/9/24



Systematic uncertainties to cross section and TFFs

Source ‘Uncer-taint.y (%)
Tracking 1
Electron-1D 1
Pion-pair detection (for two 7°’s) 7.2
Kinematical selection 2 P H .
e : Uncertainties for cross section: |
Trigger efficiency 3 » The value indicated in rages depending on
Background effect for the efficiency 2 % 2
™ dependence 1-16 W! |COS6 |1 and Q .
Backaround subtraction b * Uncertainties in total: 11 - 26%
Unfolding for @) 2
Radiative correction 3
Luminosity function 4
Integrated luminosity 1.4
Total 11 -26

Uncertainty sources to estimate the error size for TFFs

» Overall normalization (Q? independent)
« from Br(yy) errors: +15% for f,(1270); +32%, -30% for f,(980).

> Individual items (Q? dependent)
* Cross section 11-26%
» Fitting W-range 0.7-1.5GeV to 0.65-1.4GeV or to 0.75-1.6GeV
* Mass of f,(980) 980 +20MeV
*  Oropr 1.8240.03+0.24-0.17(GeV)
« rR  3.62+0.03(Gev/c)?
« more with smaller uncertainties

Q? dependent error of TFF is shown as error bars in the figures on page 13.
14 2015/9/24



Summary

First measurement for o(y*y — 7% with Q2 up to 30 GeV2.

The differential cross section is fitted with partial-wave amplitudes.

The azimuthal and polar angle dependence shows large (small but non-zero)

contribution for the f,(1270) hel.-0 (hel.-1) component .

The transition form factors (TFFs) of f,(980) and f,(1270) are measured for Q2 up to 30

GeV?,

hel.-2 TFF of f,(1270) agrees well with the prediction of Ref.[4] and with one of two

predictions of Ref. [5].

That of the hel.-0 and -1 TFF are about a factor of 1.5 — 2smaller than the prediction

of Ref.[4] .

The Q? dependence for TFF of f,(980) agree well with the prediction of Ref.[4] for

Q%<10GeV?, but less steeper for Q>>10GeV?.

Thank you /
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