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η’ Time-like Transition Form 
Factor with CLAS12
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Important Questions: 
• Prediction of the amount of matter that survived annihilation after the 

Big Bang 
•  many orders of magnitude less that what is observed. 

• Masses of particles are parameters in SM. 
• SM does not provide understanding why values of masses span many 

orders of magnitude 
• Within SM, phenomena like Dark Matter and Dark Energy cannot be 

explain. 
• Many more issues that suggest physics beyond SM 

• Currently a promising candidate to provide a signal for physics beyond 
SM is the muon anomaly (aµ = (g - 2)/2).

2

The Standard Model (SM) 



M
em

be
r o

f t
he

 H
el

m
ho

ltz
 A

ss
oc

ia
tio

n

Dalitz Plot

• Low energy observable 
• Can be measured and computed to high precision 
• Present value aµ = 1 165 920 89 (63) x 10-11 [1] 

• Deviates from prediction by ~3σ, depending on how the leading-
order hadronic contributions are evaluated 

• Δaµ = (287 ± 80) x 10-11 

• Δaµ = (261 ± 18) x 10-11 

• Deviation not large enough to claim failure of the SM 
• Currently the largest deviation of a SM prediction from what is  

experimental observed 
• Largest uncertainty arise from the hadronic quantum corrections 

• Hadronic vacuum polarization (HVP)  
• Hadronic light-by-light scattering (HLbL)

3

The muon anomaly  
(aµ = (g - 2)/2) 

[2]: Bennett, G.W. Phys. Rev., D73:072003, 2006 
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HVP and HLbL 

1 Introduction

The anomalous magnetic moment of the muon a

µ

= (g � 2)/2 has served for many years
as important test of the Standard Model (SM) of particle physics, see Refs. [1, 2, 3, 4]
which review theory and experiment and contain many references to earlier work. The
contributions from the di↵erent sectors in the SM and the current experimental value,
largely dominated by the measurement at Brookhaven [5], corrected for a small shift in
the ratio of the magnetic moments of the muon and the proton [6], have been collected
in Table 1. For the muon g � 2, all sectors of the SM contribute significantly at the
current level of precision. The QED contribution dominates numerically, but it is very
precisely known up to 5-loop order [7]. Also the electroweak contribution is under control
at the two-loop level, including a small hadronic uncertainty and estimates of leading
three-loop contributions [8]. The main source of uncertainty originates from the hadronic
contributions from vacuum polarization (HVP) and light-by-light scattering (HLbL) at
various orders in the electromagnetc coupling ↵. Comparing SM theory and experiment,
a discrepancy of 3 � 5 standard deviations is observed for several years now.1 This
deviation could be a sign of New Physics beyond the SM [1, 2, 3, 4], but the large hadronic
uncertainties make it di�cult to draw firm conclusions. These uncertainties need to be
reduced and better controlled [15], also in view of planned future muon g�2 experiments
at Fermilab and J-PARC which will try to reduce the experimental error by a factor of
four to about �aexp

µ

= 16⇥ 10�11 [16].

Table 1: Contributions to the muon g � 2 from the di↵erent sectors in the SM and
comparison of theory and experiment.

Contribution a

µ

⇥ 1011 Reference

QED (leptons + photons) 116 584 718.853± 0.036 [7]

Electroweak 153.6 ± 1.0 [8]

HVP: LO 6907.5 ± 47.2 [9]

NLO -100.3 ± 2.2 [9]

NNLO 12.4 ± 0.1 [10]

HLbL 116 ± 40 [11, 2]

NLO 3 ± 2 [12]

Theory (SM) 116 591 811 ± 62 �
Experiment 116 592 089 ± 63 [5, 6]

Experiment - Theory (3.1 �) 278 ± 88 �

1The absolute and relative size of the deviation depends on the treatment of the hadronic contributions
and how aggressively the errors are estimated. See Ref. [13] for other recent evaluations of the HVP
contribution.

1

• Contributions to the muon g - 2 (Table source [2])

[2]: Nyffeler, A. arXiv:1602.03398, 2016 
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• Hadronic contributions to aµ:  
• Hadronic Vacuum Polarization (HVP) (left) 
• Hadronic light-by-light (HLbL) (middle) 
• Pion-pole contribution to HLbL (right)

5

HVP and HLbL 

�

µhadronic

�

µ

hadronic

�

µ

π, η, 

η' ...

Figure 1: Hadronic contributions to aµ: hadronic vacuum polarization (left
diagram), hadronic light-by-light scattering (middle), pion-pole contribution
to hadronic light-by-light scattering (right). Full lines with an arrow denote
muons, wiggly lines photons, the dashed line a pseudo-scalar meson and
shaded blobs a non-pointlike hadronic substructure.

by one power of the electromagnetic fine structure constant [1, 8]. Un-
fortunately at present it is not possible to straightforwardly calculate the
contributions shown in Fig. 1 from first principles analogously to, e.g., the
QED corrections, since both processes concern low-energy corrections, i.e.
non-perturbative physics. Thus the prime candidate for a SM calculation
of hadronic corrections seems to be lattice QCD [9]. However, it is not ex-
pected that lattice QCD results for HPV will reach the required accuracy
in the foreseeable future. For the HLbL only preliminary lattice-QCD cal-
culations have been reported [10]. In view of the challenges to determine a
four-point function that includes in addition disconnected diagrams it is not
clear yet when a profound lattice calculation with controlled uncertainties
and a reliable error estimate will be available.

Fortunately there is an alternative way to quantify hadronic corrections.
It requires both theoretical as well as experimental efforts: Dispersion theory
provides a link between particular hadronic cross sections and aµ—for a
discussion of the HVP in this context see Ref. [1], while for HLbL we refer to
Refs. [11, 12, 13, 14]. In particular for the latter contribution it allows one
to calculate from the transition form factors of the kind ⇡0, ⌘, ⌘0 ! �⇤�⇤ the
corresponding piece for the meson pole contribution as displayed in the right
most diagram of Fig. 1. The measurements proposed here provide important
information towards the necessary input needed for the evaluation of the
HLbL contribution, since ⌘0 ! �⇤� gives the single off-shell form factor of
the ⌘0 and � ! ⌘� additionally provides information on the isoscalar piece
of ⌘ ! �⇤� in a different kinematic regime. Additional information on the
⌘ and ⌘0 form factors can be found from the dispersive methods outlined in
Refs. [15, 16, 17, 18, 19]. It appears to be realistic that this joined effort of
theory and experiment will provide the improvements necessary to push the
SM calculation towards the required accuracy.

4
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6

One approach quantify the 
hadronic corrections 

• HLbL correction can be improved by measuring the space-
like transition form factor at low-to-moderate momenta 

• not available at Belle / BaBar energies  
• Low-to-moderate momenta is available with time-like 

transition form factors 
• Use dispersion relations to link space-like to time-like  
• Measure the time-like transition form factor 

• Using photo-production γp→pΧ→pγ*γ→pe+e-γ  
• Using electro-production ep→e’pX→e’pγ*γ→e’pe+e-γ  

• Improvements to the π0, η, η' TFF can improve precision of 
the HLbL correction by 14%, 23%, 15% respectively [2]. 
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Additional Motivation: 
• In the VMD model the transition form factors provides insight into the 

meson charge radius,    . 
• For pseudoscalar mesons η and η', ratio of form factors provides 

information on mixing angle. 
• For vector meson ω there currently exist discrepancy in the 

measurement of the form factor with VMD model.

7

Time-Like Transition Form 
Factors 

M. C. Kunkel, J. Ritman, S. Schadmand; 

hri
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Transition Form Factors in 
CLAS
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CLAS data yield from γp→pX with M2x(pe+e-)<0.018 GeV2 
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η’ Transition Form Factors and 
Branching Ratio with CLAS
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BESIII reports BR  Γ(η′→γe+e−)/Γ(η′→γγ) is measured to be (2.13±0.09(stat.)
±0.07(sys.))×10−2 from 864 events [1]

CLAS preliminary reports BR  Γ(η′→γe+e−)/Γ(η′→γγ) is consistent with BESIII from 172 
events 
First estimate from cut based analysis 

M(e+e�)[GeV]

[1]BESIII, M. Ablikim  et al., Phys.Rev. D92 (2015) 012001  
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6.4 Background

6.4.1 Smooth Background Subtraction

Smooth background is continuously distributed in the M
X

(�p ! pX) spectrum and
underlies the ⌘

0 peak structure. The smooth background is subtracted by fitting the
missing mass deduced from the proton distribution after applying all cuts on the data.
The function describing the background is a second order polynomial while the peak
associated with ⌘

0 mesons is described by a Gaussian function. The sum of the two
functions

f(x) = c · exp�
1
2 (

x�µ

�

)2 +p0 + p1 · x+ p2 · x2 (36)

is fitted in the range from 0.87GeV to 1.2GeV as indicated in Fig. 16. The background
determined by the polynomial function is subtracted from the M

X

(�p ! pX) spectrum.
A peak yield of 172 ± 12 events and 110 ± 10 background events are determined in a
2.5�-range of the Gaussian function, starting at 0.944GeV and ending at 0.967GeV.

Figure 16: The missing mass deduced from the proton in the ⌘

0 mass region as obtained
after cut application. Red: Fit of the signal and background based on a
Gaussian signal and 2nd order polynomial background description. Blue:

Background. Violet: Subtracted peak, obtained by the di↵erence between
the data histogram and the background fit.

The events within the subtracted peak contain in-peak background stemming from
⌘

0 decays. The next section demonstrates that predominantly ⌘

0 ! �� contributes to
in-peak background by at least one externally converting final state photon into an e

+
e

�

pair (see Table 7).

30
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Current status of η’ charge               
radius

Current BESIII and CLAS data sets do not have enough statistics to determine which 
theoretical model fits the η′→ charge radius. 10% difference in theoretical approaches 

Measurement (M) /Prediction (P)

CLAS (η′→γe+e−) TBD 

BESIII (η′→γe+e−) (M) 1.60 ± 0.17(stat) ± 0.08(sys) GeV-2 [1]

CELLO (η′→γµ+µ−) (M) 1.7 ± 0.4 GeV-2  [2]

Dispersion (P) 1.53+0.15-0.08 GeV-2

ChPT (P) 1.6 GeV-2

VMD (P) 1.45 GeV-2

10% difference in theoretical approaches!  
10% in statistical error for measurements!

hri

[1]BESIII, M. Ablikim  et al., Phys.Rev. D92 (2015) 012001 
[2]R. I. Dzhelyadi et al., Phys. Lett. B 88, 379 (1979)  
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CLAS12

CEBAF Large Acceptance 
Spectrometer (CLAS12)

CLAS ξ(e+e−)/ξ(π+π−) can be range 105 - 1012  

CLAS e+e− efficiency (ε) range 1 - 10-2 
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Reconstruction of pe+e-γ(X) 
with FastMC

Contamination from combinatorics from wrong electron is minimized with 
isolating exclusive η' via invariant mass of e+e-γ
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CLAS12 η’ acceptance in    
electro-production
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'pX- e→p-' from e-Select e

Contamination from combinatorics from wrong electron ~ 1/1000 while isolating 
exclusive η' via invariant mass of e+e-γ
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• When a photon travels through matter at energies greater 
than 100 MeV, it can convert into an electron-positron pair via 
γZ → Ze+e−.  

•  

•  

14

e+e- events from external  
conversions

e+e- contamination from external conversion within 1mm of the target  
is ~ 1 η’→γγ→e+e-γ per 100 Dalitz η’→e+e-γ, but moreover....

η’→γγ→e+e-γ 
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e+e- events from external  
conversions

The e+e- contamination from external conversions is only at low e+e- masses!!!
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CLAS12 η’ acceptance in    
electro-production

The acceptance for the area of interest is independent on model used to extract acceptance! 

ep→pη’(e’)→pe+e-γ(e’) 
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• Using standard CLAS12 electron trigger ((HTCC(Nphe>2) * [ (PCAL+EC)>1.0 
GeV ]) to trigger on Dalitz leptons.  

• The rate for mesons in electro-production where the scattered electron is left 
undetected (W=1.9-2.7~GeV) is ~ 80kHz[Sargsyan]. 

17

CLAS12 η’ Rates with  
electro-production

ep→pη’(e’)→pe+e-γ(e’) 

Within 80 Days of beam-time the amount of expected events recorded ~28,000 
35 times more than the current measurement by BESIII!
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CLAS12 η’ TFF measurement

Within 80 days of beam-time CLAS can measure the η’ transition form factor with a statistical 
uncertainty ≲0.5%

) [GeV]-e+M(e
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F (q2) =
1

1� q2/⇤2

• Using the dipole approximation for the slope of the Transition form factor 

•  

•    is the mass for the effective contributing vector meson⇤
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Possible systematic uncertainty 
and other backgrounds
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• Sources of background for e+e- pairs 
• Bethe-Heilter and Time-Like Comption scattering 

• Minimized from γ reconstruction in final state 
• π+π- contamination 

• Minimized from lepton PID with HTCC+PCAL+EC 

• Sources of systematics for e+e- pairs 
• e+e-  Acceptance 

• Estimated  
systematic on  
Λ ~0.51%
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Summary

• Muon anomaly is a useful test in the SM 

• Future CLAS data will provide data sets with statistics to accurately measure 
transition form factors (≲0.5% for η'). 

• Compared to current experimental uncertainties of 10% and differences in 
theoretical approaches of~ 10\%;  

• CLAS12 would not only be in the position to decisively discriminate between 
the theoretical predictions, but also pin down one of the largest uncertainties 
to the muon g-2 anomaly. 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BACK UP
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Dummy text for caption

CEBAF Large Acceptance 
Spectrometer (CLAS)

Start Counter
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η Transition Form Factors

Recent results the η transition form factor 
with errors. Image Source: Phys. Rev. C 
89, 044608

CLAS projected errors on η transition form 
factor

PR
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CB-TAPS: Data

CB-TAPS: Fit (p0=1)

NA60
DT calculation
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ω Transition Form Factor in           
CLAS

π0

CLAS data yield from γp→pX with 
M2x(pe+e-) = M2π0±0.01 GeV2

CLAS data yield from γp→pe+e-X with  
Mx(p) = Mω ±0.031 GeV
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ZoSee 

25-Feb-16 7 CLAS collaboration meeting - HSWG 

PRELIMINARY 

PRELIMINARY 

missing mass (p)  
 
- smooth background  
- in-peak background:       
     competing decays 
     photon external conversion 
-  peaking background? 
 
 

 
 
dilepton mass 
 
clearly dominated by background 
small masses: external conversion 
 
next step: simulations 
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25-Feb-16 6 CLAS collaboration meeting - HSWG 

analysis strategy: 
e+e- detection 
and missing particle 
 
missing pion:  
- missing mass is pion mass 
- missing energy  

 
missing photon: 
- missing mass zero 
- missing energy 

 
missing nothing: 
- missing mass and nergy zero   

ZoSee 

K(´)oJee 

U/Zoee 

missing mass (pee) 

missing energy (pee)  
M2

x

(pe+e�)[GeV2] M
x

(p)[GeV]

PR
EL
IM
IN
AR
Y

PR
EL
IM
IN
AR
Y

C
o
u
n
t
s

C
o
u
n
t
s



M
em

be
r o

f t
he

 H
el

m
ho

ltz
 A

ss
oc

ia
tio

n

26

ω Transition Form Factor in 
CLAS

Recent results the ω transition 
form factor with errors. Image 
Source: S. P. Schneider et al., 
Phys. Rev. D86, p. 054013 
(2012)  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PRELIMINARY 

PRELIMINARY 

missing mass (p)  
 
- smooth background  
- in-peak background:       
     competing decays 
     photon external conversion 
-  peaking background? 
 
 

 
 
dilepton mass 
 
clearly dominated by background 
small masses: external conversion 
 
next step: simulations 
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Future CLAS e+e- pair physics

Electromagnetic structure of mesons and baryons. Currently we are 
benchmarking the η′→γe+e− decay. Here is a list of initial physics to be 

studied 
Meson Baryon

η′→γe+e− Δ→Νe+e−

ω→π0e+e− Λ→ne+e− 
Λ(1520)→Λe+e−

Φ→ηe+e−

J/ψ→π0e+e− Σ0→Λe+e− 
Σ+→pe+e−

CLAS ξ(e+e−)/ξ(π+π−) can be range 105 - 1012  

CLAS e+e− efficiency (ε) range 1 - 10-2 


