Project TFF — EXxperiment

Deutsche jonannes GUTENBERG
DFG Forschungsgemeinschaft U N IVE RS ITAT MAINZ

JG|u

' FORs5327 ™"



Transition Form Factors

¥
m Coupling of photons to electrically neutral hadrons M
2 2 )’(*)
m Scalar function of two virtualities Fu(ai, q3) 2
: . : Totm; 2
= Normalized to radiative width of mesons |V TMU-"M(O, 0)|

1

= Related to meson distribution amplitudes Fro(—QF,—Q3) = % /cb(x)TH(:c,Q?, Qz)dx
0
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Transition Form Factors

(*)
¥
m Coupling of photons to electrically neutral hadrons M
2 2 )’(*)
m Scalar function of two virtualities Fr(q1,q5) 2
: L : Totm; 2
= Normalized to radiative width of mesons |V TMU-"M(O, 0)|
1
= Related to meson distribution amplitudes Fro(—Q?,—Q3) = % /(p(x)TH(x,Q%, Q3)dx
0

m Test of pQCD: Brodsky-Lepage limit

4 CELLO
=+ CLEO

I % BaBar
4 Belle
+

sl BESIII preliminary +Fh_;‘—l—+;?‘ T
1l etk % e |

%
061 ]

pQCD limit

H oy
i
il

Q% F(Q?)/F(0) [GeV?]

i Dl e i

%
Prog.Part.Nucl.Phys. 107 (2020) 20




Transition Form Factors

¥
m Coupling of photons to electrically neutral hadrons M
2 2 )’(*)
m Scalar function of two virtualities Fr(q1,q5) 2
: L : Totm; 2
= Normalized to radiative width of mesons |V TMU-"M(O, 0)|

1

= Related to meson distribution amplitudes Fro(—QF,—Q3) = % /cb(x)TH(fc,Q?, Qz)dx

m Test of pQCD: Brodsky-Lepage limit

= |nput and benchmark for phenomenology a
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Experimental Access to TFF

Radiative
Meson Production

Meson Dalitz Decays Two-photon collisions

¢ =s; ¢ >mp ¢ =-Q% ¢ =-Q3
N J \ J
.Y Yo
time-like space-like

v oL 3L E C.F. Redmer - Project TFF




Exploit synergies of facilities
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remsstrahlung Probability [a.u]

Meson Photoproduction Cross Section

m:- f i1y
N e + o= ~nlli
F - N '””i"'ﬂ:}_; m e e collider
| TS v i s 1.84 < /s[GeV] < 5.0
T - = Design luminosity exceeded > 1——
= Quasi-continuous electron beam at MAMI
= Tagged bremsstrahlung photon beam (Emax # 1.6 GeV) = Multi-purpose spectrometer
= Non- magnetlc spectrometer CB/TAPS = Recent upgrade of inner tracker
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Exploit synergies of facilities

SII
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R oo ot = Design luminosity exceeded > 1 0
. . no - s
= Quasi-continuous electron beam at MAMI
= Tagged bremsstrahlung photon beam (Emax # 1.6 GeV) = Multi-purpose spectrometer
= Non-magnetic spectrometer CB/TAPS = Recent upgrade of inner tracker
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RU Objectives

TFF-1: Measurement of space-like and time-like 7° TFF
= World-leading time-like 7° TFF measurement at A2/MAMI
= Preparation for high-statistics measurement of w — 7 TFF

= Measurement of space-like 7° TFF at low Q2 at BESII|
m Preparation for a double-virtual measurement

TFF-2: 77 fusion to multi-meson final states
= First measurement of space-like TFF of 7%z%and 7'y at BESIII
= Analysis of axial-vector meson TFFs in 777 7 at BESIII
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Pion TFF from Dalitz decays

= From decay rates e NA62 2016 0
1.12—
A B qep) fAB T [QED] |Fag(q?)|” | Az
dg2M (A — Bn) - ABLG 5 ol L__YMD
L 06"
dFag(a?) = \ L
- — 7 B - ]
bp dq? 2_ %:LME L
a*=0 L1021 "
Jé
= A2/MAMI  0.4M events  (photo-production) physrev.ces oinozsz02 =
by = 0.030 4 0.0104¢ 0965 Go02 0004 0006 0008 00T - 0012 0014

9? [GeV’]
= NAG2 1.11M events (kaon decays) Phys. Lett. B768 (2017) 38

br = 0.0368 £ 0.0057 0t

® Both with radiative corrections Phys.Rev. D92 (2015) 054027
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New Dalitz decay measurement at A2

m Additional data taken in 2018
m Goal: 5.5 times increased statistics

= Analysis: 7p — € e yp

m Select events with three and four clusters

= /e cluster only in calorimeter

Kinematic fit vp — 3vp

Identify e/p with hits on PID detector

Require hits in separate elements to suppress conversion
Subtract random and empty target background contributions
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New Dalitz decay measurement at A2

0.14
m Additional data taken in 2018 N_W
m Goal: 5.5 times increased statistics §02;

g "
= Analysis: 7P — e’ e yp 20.06
m Select events with three and four clusters E0.04

0.02

= /e cluster only in calorimeter

1 Il
6].05 0.1 0.15 0.2 0.25

. : . x10°
m Identl.fy e/!o Wlth hits on PID detector [ noczsorssacaons ©)
m Require hits in separate elements to suppress conversion ' i
m Subtract random and empty target background contributions il
0.3
m 2.3 M events selected Bl
0.1

Goal achieved !!

(?.05 0.1 0.15 0.2 0.25
m(e'ey) [GeV/c]
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New Dalitz decay measurement at A2

| Datazpoeerp |
= Additional data taken in 2018 o

m Goal: 5.5 times increased statistics aof
= Analysis; 7p — eTe 5
m Select events with three and four clusters i 20f
= /e cluster only in calorimeter 10}

Kinematic fit vp — 3vp 005 01 015 02 025

. . . (e'ey) [GeVic?
Identify e/p with hits on PID detector 10 < e, [MeV] < 45

Require hits in separate elements to suppress conversion

|
|
|
m Subtract random and empty target background contributions

Entries

m 2.3 M events selected
= Bin-wise background subtraction using MC distributions

c 1 1

005 01 015 02 025
mie'ey) [Gevic

100 < mee [MeV] < 105

7 G EHHOTE ggge i iy C.F. Redmer - Project TFF




New Dalitz decay measurement at A2

m Additional data taken in 2018
m Goal: 5.5 times increased statistics

_|_ —
€ p Cross check angular distribution

of electrons

m Analysis: 7p — e

m Select events with three and four clusters
= +/e*cluster only in calorimeter

2F

i "l-+

m Kinematic fit vp — 3vp

= |dentify e/p with hits on PID detector

m Require hits in separate elements to suppress conversion 1+ R e
m Subtract random and empty target background contributions

15F = #

Arbit. units

m 2.3 M events selected
= Bin-wise background subtraction using MC distributions TR T ——
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New Dalitz decay measurement at A2

Fit using fixed normalization Normalization as free parameter
“—. 1.16[- p0 0.03154 + 0.002612 ] 8 416 PO 0.03193 = 0.003834
B ® p1 0.9999 + 0.0005676
W 114 : This Work (A2 2018) L 114 . This Work (A2 2018)
1.12— Data Fit (A2 20182 o 1.12 Data Fit (A2 20182 -
: : A2 2016 (best 3F/F?) * A2 2016 (best 5F*/F?)
1.1 o NAG62 [Phys.Lett.B768(2017)38] 1.1 0 NAG62 [Phys.Lett.B768(2017)38]
---------- Padé approxim. B ---------- Padé approxim. il
1.08— 1.08—
1.06— 1.06—
1.04— 1.04
1.02— 1.021—
11— = 4b—
0.98— 0.98
1 | | | | | | | | | | |
09602 004 006 o008 01 o012 0.96—%02 004 006 008 01 012
2
m,... [GeV/c?] m,..- [GeV/c?]

New A2 result (preliminary): b, = 0.0315 £ 0.002644¢ £ 0.001 04yt
Previous result: br = 0.030 =£ 0.010¢0¢
NAG2: b, = 0.0368 £ 0.0057

4 x improvement w.r.t A2(2017

2 x improvement w.r.t NA62

C.F. Redmer - Project TFF




Space-like TFF at BESIII

Two-photon collision events:

T 5
i =i

= Single-tag measurements F(Q2,Q3) — F(Q?) ok SR |

= Require one quasi-real photon e, I

] u{a??ma ays tDU ndncm CL TR s

m Select = o

= One scattered lepton & meson decay products
m Require small scattering angle of missing momentum

events / 0.01

Dat

S sent}
88 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1
Missing Polar Angle [cos®,_ ]
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Space-like TFF at BESIII

?OO_I\Illll\lllll\IIIIIIII\IIIIIIII\IIIIIIIII\_
Two-photon collision events: : ]
H 600— ata (e ta —
= Single-tag measurements F(QI, Q%) — F(Q?) : ) e
. . r 3770) decays (DD and non-D b
= Require one quasi-real photon N — asae om0 v ]
L qq_conllT;le :
m Select % f | — e ]
%3400? | ] e'e:—> e'e:n' -
= One scattered lepton & meson decay products N L ——poaganl g
m Require small scattering angle of missing momentum %002 —

= Reduce background by adequate conditions 200L
m Subtract background in bins of Q?2 - ]
100 —
|
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Space-like TFF at BESIII

Two-photon collision events:

= Single-tag measurements F(Q},Q3) — F(Q?)
m Require one quasi-real photon
m Select .
= One scattered lepton & meson decay products
m Require small scattering angle of missing momentum 0.2 ]
= Reduce background by adequate conditions = [l
N > +
m Subtract background in bins of Q?2 &0 T, N
. o : = T
= Divide by point-like cross section = ey
. O o1 ]
m Correct for radiative effects g +++ o )
: L e ]
0,05_— + 5
Here: based on 2.9 fb* taken at 3.773 GeV i ++
0Crllllfll.ﬁlIII|1HH1|.5HI|2|HH2,|5HHll”l":'tf:p

3
Momentum Transfer Q° [GeV?]
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Space-like TFF at BESIII

Two-photon collision events:

= Single-tag measurements F(Q},Q3) — F(Q?)
m Require one quasi-real photon
m Select
L =+ ICELLO, IZ. Physl‘ C49{1|991}461 ] + IBESIII sl‘:at‘ erro‘rsonlyI I
= One scattered lepton & meson decay products b Lo by e 057 1999) 5 I L eeswotal errors
0.20- stat. errors only _
=+ BESIII total errors

m Require small scattering angle of missing momentum
Reduce background by adequate conditions

" S
Y 015+
m Subtract background in bins of Q?2 = =1 HH—]L
o L
= Divide by point-like cross section ! %#Jf
=7 010+
L 4 ! £
m Correct for radiative effects 3 . 3
o F /
- Sy
0.05F ) i A. Gérardin et al. ]
Here: based on 2.9 fb! taken at 3.773 GeV i iL N e comyess JF e a2
| —— LMD+V, Eur. Phys. ). C21 (2001) 659 | Phys. Rev. Lett 121 (2018) 112002
1-Octet, Phys. Rev. D85 (2012) 024010 G. Eichmann et a
3-Octet, Phys. Rev. D87 (2018) 016006 1 Phys Lett. 5197 (2019] 134355

0_08_ 1 1 1 1 I I 1 I
.0 05 1.0 1.5 20 25 3.0 35 0.0 05 1.0 1. 5 2. 0 2. 5 3. 0 3.5

Q% [GeV?] Q? [GeV?]
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Access smaller momentum transfer

First 7° TFF analysis finalized
m Systematic effects reduced
m Radiative corrections included
m Larger momentum transfer range accessible 0.3GeV? — 0.2 GeV?
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Access smaller momentum transfer

First 7° TFF analysis finalized
m Systematic effects reduced
m Radiative corrections included
m Larger momentum transfer range accessible 0.3GeV? — 0.2 GeV?

In the meantime: Measurements of 17 and 17 TFFs started!
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Access smaller momentum transfer

First 7 TFF analysis finalized
m Systematic effects reduced
m Radiative corrections included
m Larger momentum transfer range accessible 0.3GeV? — 0.2 GeV?

In the meantime: Measurements of 17 and 17 TFFs started!

m Reconstruction efficiency improves with lower Vs
m Tests at 2.125 GeV
= Q2range can be extended to 0.1 GeV?2
m Small integrated luminosities available (~100 pb)
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Data available at BESIII

m ::::ts l 20/fbj L\osﬁb Bs .2/fb 'g 1.9/fb }\ 1.1/fb
23) | g

7 T
- ! m Richest data above open charm threshold
6 | A MarkI - m Accessto
E MarleT =L y = Hadronic masses up to 2 GeV
e ® Mark-II Y. B )
B ® PLUTO Yoo B 02<Q*GeV? <3
R . ) DASP |
# Crystal Ball I —
130 points * BES L3 ; A Il 2 val ~
2 5% 0.6 GeV l . ~+|. = Access to smaller Q“ values at Vs =~ 2 GeV
>105 had. events \ ‘ | ‘ % | H ! i 5‘6lﬂ_’ (Ilmlted StatIStICS)
jU [ ‘ l gl il at 10 points
, P %_ 1y _%¢ ; 4.6 5 s <5.0 GeV
B il { L L | 1 . 1 L J | Il L il l it 1 L :I
3 35 4 45 5

Vs [GeV]
Worlds largest t-charm data sets in e*e- collisions

New data at 3.773 GeV most relevant!
Data taking finished June 2024
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Preparation of double-tagged measurements

= Original plan: F,(Q7,Q3)

= Dominating background contributions from Bhabha scattering
= Reliability of MC limited for hard radiation Bhabha

= Alternative: F, ., (Q3, Q3) with charged decays modes
m Better resolution
m Better background situation
m BaBar published successful measurement Phys.Rev. D98 (2018) 112002

Study decay modes: 1 — 7w a7’

n — rtrn

n —atr Ty
B.Sc. Thesis of Maurice Anderson

mmm
=
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Preparation of double-tagged measurements

HH 4180 MeV data
/ N o] = e
. - - i (t-Channel} kLI "
Example: " = "7 n o e |'| I”
o) = (L T
= Combine 13.5 fb* at energies = 3.773 GeV s lmee i 'I\II!!II"'" |l
o w25 W1y,
m Select 3 tracks and at least 2 photons 510 e mntosy
S ||mm Rate st
m 4C/5C kinematic fit o Ct
= Reject background from
= Charmonium transitions *
= Timelike two-photon production -
0.4 0.6 0.8 1.0 1.2 1.4

Invariant Mass m(n*n—n) [GeV]

i 4180 MeV data Wi 4180 MeV data
n {s+t Channel} n' (s+t-Channel)
signal MC
- Ch ) (t-Channel)
- ’;\é \;%ne) L ngna\ MC
- ete -
-
- T ~
> - g E I
3 A, o gg,gmﬁyhdﬂw»
iy ~
g - RR o /iy o 107t — ::“’J’Wzs
% = RRto y25) a - RR:D I“37;’0
£ RR to p(3770) ‘g:; Dwg‘f’f( X )
o] 0 1)
: biiBl tm & 151 Dy
w
1 2 3 3 5 Qf[GeV]
Invariant Mass miete~) [GeV]
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Preparation of double-tagged measurements

Example: n’ — 777 n

= Combine 13.5 fb* at energies = 3.773 GeV » et anne) signal M
m Select 3 tracks and at least 2 photons EEm 7 (t-Channel) signal MC
= 4C/5C kinematic fit 20
= Reject background from >
= Charmonium transitions '3__15
= Timelike two-photon production S
glo }
28.4 £ 5.5 signal events identified! s ]
s R B
% 8 0 1. 1 1.2

Potential for double-tagged f (1285)? ' ? rvariant Mass mirmn (Gev]
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Preparation of double-tagged measurements

+

Analysis of ' — 77 pand n’ — 77~ yields 47.2 + 7.4 events!

. 8.3
= Babar: 46.275°

0.30 ZQ Fit for VMD Model VMD Model
. with Ap=(841+35) MeV with Ap = (849 + 6) MeV
graamese | o
it for A ade " _
s With A= (832£42) MeV with Ae = (863 £ 5) MeV
0.25 (x?/n.d.f.=4.69/6 =0.78) ) 2Q Fit for VMD Model
# BESII Data J— wnz:h Ap = (841£35) MeV
A BABAR Data (x°/n.d.f.=33.72/6 =5.62)
03 \ 2D Fit for DRV-VMD Model
0.20 ——  with Ap=(832+42) MeV
=l =) (x?/n.d.f.=4.69/6 =0.78)
E: =1 # BESIl Data
= & BABAR Dat
4% 0.15 & i ata
~ o2
0.10
0.1
0.05 E
0.00 0.0
0.62) 152 0.62) 6.48) 6.85) a2 2.95) 4563 ] T
R°‘6?" ufﬂ" \1""6' \643' ‘_&6‘35, A Ruga. &33‘11, 1 @5,63- 10 10

_ Q*[GeV’]
(@2 @)iGev?]

Analysis being repeated on full 20 fb* data set at 3.773 GeV !
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TFF2: Multi-meson final states

More degrees of freedom make analysis more involved

Assuming unpolarized lepton beams:

do.. — o? (01 2)? — i [4p++p++JTT +2|pt~ pi |y cos 2@ + 205t 0071 +20% i torr + p% 900 — 8|p+0p+0|TTL COS Qf;} d*pid*py
ee 167r4q%q% (pl ] p2)2 N mg 1 2 1 2 1 2 1 M2 1 M2 1 2 EiEé

pi, P, ¢ = (p; — p) Momenta of incoming and outgoing leptons and photons

oTT,0TL, OLT,OLL TWO-photon cross sections for Transversely and Longitudinally polarized photons

TrT, TTL Two-photon cross sections correlation terms
p2 Elements of photon density matrix for helicities a,b=+,-,0; functions of q;
¢ Angle between planes of incoming and outgoing leptons in two-photon c.m.s
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TFF2: Multi-meson final states

Previously momentum dependent information on~v™*~*) — 77 scarce szgé?\%guz%u
= Preliminary work: 77~ N S
= Originally combined 7fb* of data, now moving to new 3.773 GeV data E 2500 ! s %T;;Ekma
= Single-tag analysis % 2000 — vt
= Background from pion and muon production . SR

1000

500

g Tt =
: f—~J”'"W”"M‘*w«*‘»«*s*’*”'.‘m;ﬁiw] “ i [ T]l {—l
1
1 1
16 20

Data/MC

F 1 1
0.5 05 10

M,..(GeVic?)
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TFF2: Multi-meson final states

Previously momentum dependent information on~v™*~*) — 77 scarce
= Preliminary work: 77~
= Originally combined 7fb* of data, now moving to new 3.773 GeV data
= Single-tag analysis
= Background from pion and muon production
m= Use machine-learning to separate muon and pion signals
m  Subtract remaining contributions using precise/tuned MC

C.F. Redmer - Project TFF

3770

Events/0.02 GeV/c?

LIHl\I\l‘lllllillll\|\|||l]l

—— Data
+ ——— MC:Total

= MGC:Signal:Ekharad

I mc:Background: y—mn!
- MC:Background: p-e'e'—e'e=
I vC:Background: e'e—e'e iy

3 e =
03 015 1{0 1!5 2‘.0
M, (GeVic?)

o E

% 500 {
O] E

a

400
[=] i
a r {#%

c L

S 300 +
1]

T[IIIT[TTI

L I e |
1.0 1.5 2.0
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TFF2: Multi-meson final states

o

Previously momentum dependent information on~v™*~*) — 77 scarce
= Preliminary work: 77~

Events/0.02 GeV/c'
8
=]

= Originally combined 7fb* of data, now moving to new 3.773 GeV data 2005
= Single-tag analysis g
100
m Use machine-learning to separate muon and pion signals :
m Subtract remaining contributions using precise/tuned MC = Mg T w0 1B 2§
M. (GeV/c?)
°,1200F
& T
1000}
Final result covers: S [ g
800}
Mo, < W[GeV] < 2 2
0.2 < Q?*[GeV?] < 2
|cos 6| <1

(GeV?) coso*
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TFF2: Multi-meson final states

Analysis of neutral system: 7 7"
m Using full new 20 fb! data set

m New approach for single-tag analysis: Kinematic fit with missing track
m Better resolution of missing Q2

= Only conditions on X% and Q>

mor < W[GeV] < 2
0.2 < Q?[GeV?] < 2

|cos ™| <1

f0(980) not reproduced by
dispersive result !

miss

700 A mm ete nn®
wmm ete nn

mm ete”
600 - n
mm ete n
mmm inclusive MC

v

[=}

o
L

Events / 10 MeV
=y
o
= ]

200 A

0.50 0.75 1.00 125 150 175 2.00 2.25 2.50
Two-Photon Center-of-Mass Energy W / GeV

Events / 0.05 GeV?

2000 4

-
v
=]
o

1000 -

v
o
o

-+ Data

mm cte n'n®
mm ete nn
mm eten
mm ete )
B inclusive MC

0+
00 05 10 15 20 25 3.0 35 40

Momentum Transfer Q2 / GeV?

Events / 0.01

Max Lellmann

-+ Data

mm ete nn®
mm ete n'n
mm eten
mm ete n
s inclusive MC

400

i
ﬂ‘huﬂ "

i

100

0.0 0.2 0.4 0.6 0.8 1.0
Pion Helicity Angle |cos 6 *|
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TFF2: Multi-meson final states

Analysis of neutral system: 7 7"

m Using full new 20 fb! data set
m New approach for single-tag analysis: Kinematic fit with missing track
m Better resolution of missing Q2

.y 2
= Only conditions on Xk r and Q2 ..,
W= (0.3 -0.9)GeV W=(0.9-1.1)GeV W=(1.1-1.6)GeV W=(1.6 - 2.5)GeV
120 50 600 100—; H
100 l. 500 _

60

80 400

*
i

60 300

a1 1
|l{ {{ ’r{ll

40

Events / 0.02

40 200

20

20 100

0 0

0 0
00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0

Pion Helicity Angle |cos 6 * |
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TFF2: Multi-meson final states
0.0 MN

Analysis of neutral system: 7"«
m Using full new 20 fb! data set
m New approach for single-tag analysis: Kinematic fit with missing track
m Better resolution of missing Q2
= Only conditions on X% and Q>

miss

Events / 0.05n

2 3 2 5
Modulation Angle ¢, / rad

W=(0.3-0.9)GeV W=(0.9-1.1)GeV W=(1.1-1.6)GeV W=(1.6-2.5)GeV

* el
”“‘d*]‘llﬂﬂiwh{ﬂ \

600

120
J[ 80

a1 1
|l{ {{ ’r{ll

100 500

60

80 400

60 300

40

Events / 0.02

40 200

20

20 100

*‘ﬁ-

0 0

0 0
00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0

Pion Helicity Angle |cos 6 * |
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TFF2: Multi-meson final states

Luminosity function needed to determine relevant cross sections

(12 (QI 'QZ)Z o qzqz . . d3p-' d3p.-
doe. = 192 Tgpi+pit 207 p° 20204+ e
s 16m1qiq3 || (p1 - p2)? — mi [ B SR R B TPy 6 GLT] ELEy

dzﬂ'ce dﬁpﬂ 2 2 7

dQZdW  dQZdW (or7(Q%,0,W) + 207z (7,0, W)

Two Pheden Luminosity apsilon Usi ng:
oty Phys. Rept. 15 (1975) 181
Nucl.Phys. B54 (1973) 573

= Analytic evaluation by Yuping
= Model dependent assumptions for finite 2" virtuality necessary

18 i 500k Agiiee. ik C.F. Redmer - Project TFF




TFF2: Multi-meson final states

Max preferred to do it numerically:
m Combine cross section equation with phase space generation algorithm by Schuler et al.

W=10.25GeV W=0.50GeV

Q3 /GeV?=
0.06 + 2086
0.46 + 2486
+ 286
1.26 + 326

._
o
ot
g

Agreement with analytic determination for all

m Energies
m Ranges of Q?
m Hadronic masses

d3Lr/dWdQidQ3 / Gev~®
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TFF2: Multi-meson final states

Extend it to be an event generator for Hadron production in Two-Photon Scattering

= Allow for any number of particles
m Assume flat phase space distribution
m Need input for two-photon cross sections

20 2@256614 B ‘ C.F. Redmer - Project TFF




TFF2: Multi-meson final states

Extend it to be an event generator for Hadron production in Two-Photon Scattering

= Allow for any number of particles
m Assume flat phase space distribution
= Need input for two-photon cross sections

m yy—ata /77" from dispersive analysis (Danilkin, Vanderhaeghen)

m Yy — 1n from dispersive analysis (Danilkin, Deneika, Vanderhaeghen)

+

mYY T from phenomenology (Ren, Danilkin, Vanderhaeghen)

= Experimental results from Belle and BESIIl on KK, nn

Additional degree of freedom for two-body final states
= Formalism previously established for ete™ — eTe™ X
= Extended in collaboration with Marc Vanderhaeghen

C.F. Redmer - Project TFF



TFF2: Multi-meson final states

New event generator. HadroTOPS

Vs = 4GeV 2
L B
o 10 A
1051 10—1 109 4 + n°n®
+ n°n
- i -
L, 1077 > -3 a + K
3 g " L o
Q : -1 “
_g Lot g 10-3 ;) 10 + nn
- n
- = s AP
: - Ly
5 3 ©
= 1075 g S ~ 10-2 1
VE=4Gev 10774
+ ntm- 4+ K*K- 7 ”
10_8 T + ROHO + KEKSU i 10_ | /\
+ n°n + an 1o-13 . . 10735
1 2 3 4 0 5 10 15 -1.0 -05 0.0 0.5 1.0
W/ Gev Q7 / GeV? o5 *

Vs =4 Gev

m Essential, since development of established generator (Ekhara) came to an end
= Publication in preparation
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TFF2: Multi-meson final states

Analysis of 77* — 77
= Analogous procedure to 77 analysis

W=(0.7 - 1.2) GeV

204 _l_ -l-
= Hli’rﬂl I++J‘++ t JfJ”fI I++I+++H+ I++I it i

W=(1.2-2.0)GeV
251 +
20-“‘
15
10

/0.04

Events / 20 MeV
N w
Events / 0.02
N w

Events / 0.1 GeV?
Events

[

i

H
0.8 1.0 1.2 1.4 1.6 1.8 2.0 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 0.0 0.2 0.4 0.6 0.8 1.0
Two-Photon Center-of-Mass Energy W / GeV Momentum Transfer Q2 / GeV? Pion Helicity Angle |cos 6 * |
Pion Helicity Angle |cos 6 *|

ao(980)not reproduced Mo, < W[GeV] < 2
by dispersive result ! :

Y ISP Results will cover 0.2 < Q?*[GeV?] < 2

|cos ™| <1
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TFF2: Multi-meson final states

vv* — f1(1285) = w7

m Axial-vector mesons can be produced due to virtuality of tagged lepton
m Otherwise forbidden due to Landau-Yang theorem
= Only experimental information on Q2 dependence of TFF from L3
m Q2 dependence inferred from MC
m Effective TFF model fitted to data
= Data published as lepton-based cross section at 91 GeV

At BESIII

m Accessible in single-tagged analysis

Events / 20 MeV

= Confirmed by absence of signal in untagged measurement

100+

[4;]
(=]
L

3]

o o

Loyt s i
1

N
o
L

20

a) 0.02<PE<0.1 GeV®

100

b) 0.1<Pf<0.4 GeV?

* Data
~Fit
- Bhgd

Ml so] o M
i j”

L3

e
1.5

O

2

30
20+

10+

0_.

4049 0.9<PE<b Ge\?

15

2
MnT'n} (GeV)
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TFF2: Multi-meson final states

vv* — £1(1285) = w7

m Single-tag analysis of full 20 fb* data set

nn*n~ Invariant Mass after Cuts
m 2C kinematic fit (missing electron & fixed eta mass) ;

' 5 .+ Data

" . : .2 Z : - W f1(1285) - ao(980)m (TL)
m 2 i : : ! 0
Conditions on missing Q2 and sideband in X2c¢ 2500 1 : 5 £,(1285) - 20(980) (TT)
= Previously event generator from BaBar used - : - - ,(1285) - fo(500)n (TL)
> 2000 ] f1(1285) = fp(500)n (TT)
v 4 N . r
e : : . .
_— ) — . { @ Incl. MC
Q2. in Signal Region o g v
wef i + Data e 1500 7
(1285 - @280 (TL) B 1
02 <0.04GeVE o B iS00 (T 5 ]
g i f,(1285) = f,(500}n (TT) e 1000 A
5 - 1 N .
5 o | S
3 500 § :
10 0_: — I#—f— —— e
1.0 1.2 1.4 1.6 1.8
. . ) ¥ Myn+n- [GeV]
3. [GeV?)
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TFF2: Multi-meson final states

vv* — £1(1285) = w7

nn* Mass in Signal Range with Sideband Subtraction

4+ Data

= Single-tag analysis of full 20 fb* data set 200 | mm 2AT8BY 0001 ) ﬁ

f,(1285) = a,(980)7 {TT}

. 1 (1285) = fo{5000 (TL J[
f,(1285) -» £,{500)n (TT)

-

 incl, MC +

m 2C kinematic fit (missing electron & fixed eta mass)
m Conditions on missing Q2 and sideband in Xa0
= Previously event generator from BaBar used

Events j 0.01 GaV

m Not able to describe intermediate masses

0.7 0.8 0.9 1.0 1.1 1.2
Mo [GEV]
Dalitz Plot with Sideband Subtraction Dalitz Plot Sideband nn* Mass in Signal Range with Sideband Subtraction

T
4

it

mi., - [Gev?]
Events [ 0,02 GeV

0.3 0.4 0.5 0.6 0.7 0.8
Mpe= [GeW]

0.8 1.0
mi, - [GeV?] mi- [Gev?)
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TFF2: Multi-meson final states

vv* — f1(1285) — w1

m Single-tag analysis of full 20 fb* data set
m 2C kinematic fit (missing electron & fixed eta mass)
= Conditions on missing Q2 and sideband in Xac
= Previously event generator from BaBar used
= Not able to describe intermediate masses
m Perform PWA
m Use amplitude developed in work of Ren, Danilkin, Vanderhaeghen
m Use HadroTOPS for two-photon phase space description
= Use AmpTools to fit experimental distributions (masses and widths of f; & a;, and TFFs as free parameters)
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TFF2: Multi-meson final states

yv* — £1(1285) = 7wy
m Single-tag analysis of full 20 fb* data set

m Perform PWA

= Use amplitude developed in work of Ren, Danilkin, Vanderhaeghen
m Use HadroTOPS for two-photon phase space description
m Use AmpTools to fit experimental distributions (masses and widths of f; & a:, and TFFs as free parameters)

m{nz*) m(n*r)
—+Data Sideband — Total Fit —3,(980)x —a;{980}m > 120 —+-Data Sideband — Total Fit —a,(980)n — & (980} z 50 -+ D_ata . Sideband — Taotal Fit —32(980).11 X — a;980)m
——a,{980j" —£,4500m  —a&,m/dn Interf. — g!r /& n* Inter. 5 — a,(9B0)T —F,(500)  —ayx / f Interl. —azx / agx’ Intert. © |— (980" —f,(500Im — 2,/ fon Intert. —a3n / agn” Inter.
= g oo s
L 2 - <
— a F = 200~
C s — = L
B g *F s
- - 150 —
C 60— L
C 40— 100[
C 20— C
C I 50—
C [V} : r
C C o
E -20 — C
O L L1 LT L PR R A R ST = 1 L L L [ N R R R R E
07 0.8 0.9 1.0 1.1 1.2 0.2 0.3 0.4 05 06 07 08
m{nn*} [GeV] mix*x} [GeV]
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TFF2: Multi-meson final states

yv* — £1(1285) = 7wy
m Single-tag analysis of full 20 fb* data set

= Perform PWA
= Fit pion helicity angle to separate two-photon cross section contributions v

Qf,=0.10-0.40 Gev QF,=0.40-0.55 Gev Qf,=055-0.80 Gev Q;, =0.80-1.15GeV * a(:JF
= onl_,_,l,‘_ L e —.; ® 1on|_,_‘ — — — a 1nn|+?:_ . e = g 100 R =] — e =7
| v 30 | g
§ 80 § 0 § 80 “g‘

To 70| b

L] ] +
50|
P
»
20
i 1 ___,_l—l

el e e e e e ey

cos(#7] £0B{") COs#] o8]

Qf,=115-150Gev ® Q2 =15-20Gev? Q2,=20-30Gev* Q2,=3.0-50Gev?

o M == —vam = & W= = — = = § M= = —vaw =] & = == —w -
@ anE & of & oE & of

2 oF o 2

E - o E

3 of- £ 3

E b nE- E

g e +H b 2

5 s E
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o L cosl 8] o8l

24 2 iihaiit gpi ol iR C.F. Redmer - Project TFF




Summary

TFF-1
= New 7 TFF analysis from Dalitz decays at A2/MAMI, world leading statistics
= Space-like ™ TFF at reduced Q2
= Exploratory double-tagged TFF measurements of 7,7’

TFF-2:
= Single-tag measurements 7, 77 close to finalization
= New event generator developed
m Single-tag measurement with PWA of f1(1285) decay to determine axial-vector meson TFFs

mmm
=
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