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Challenges in Physics
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room for humans to be room for humans to be
complex and highly numerous, and to do
intelligent big things
Confinement QCD New physics beyond the
= Nature of QCD confinement Standard Model (SM)
= |ts relationship to the dynamical * New sources of CP violation
chiral symmetry breaking = Dark matter

= Dark energy

The Primakoff effect provides a great experimental tool to explore both
fundamental issues. 0
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What is the Primakoff Effect?

Photo-Production of Neutral Mesons in Nuclear
Electric Fields and the Mean Life of
the Neutral Meson*

H. PrRIMAKOFF{

Laboralory for Nuclear Science and Engineering, Massachusells
Institute of Technology, Cambridge, Massachusells

January 2, 1951

T has now been well established experimentally that neutral
m-mesons (7% decay into two photons.! Theoretically, this
two-photon type of decay implies zero ® spin;? in addition, the
decay has been interpreted as proceeding through the mechanism
of the creation and subsequent radiative recombination of a
virtual proton anti-proton pair.! Whatever the actual mechanism
of the (two-photon) decay, its mere existence implies an effective
interaction between the #? wave field, ¢, and the electromagnetic
wave field, E, H, representable in the form:

Interaction Energy Density =n(k/uc)(hc) " eE-H. (1)

Here ¢ has been assumed pseudoscalar, the factors A/pec and
(hc)~¥ are introduced for dimensional reasons (u=rest mass of =%},

H. Primakoff, Phys. Rev. 81, 899 (1951)
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Distinguishable Features of Primakoff Effect
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The higher beam energy is, the higher
Primakoff cross and the better
separation of Primakoff from the
nuclear backgrounds.

A higher beam energy is more

important for more massive particle
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Primakoff Program at JLab 6 & 12 GeV

Precision measurements of
electromagnetic properties of
n%, m, n' via Primakoff effect

a) Two-Photon Decay Widths:

1) [(x®—yy) @ 6 GeV A2
2)  Th—w) b) Transition Form Factors
3) T(n'—yy) at Q2 of 0.001-0.3 GeV2/c2:

F(yy*— n%), F(yy* =), F(yy* —n')
Input to Physics:

» precision tests of chiral Input to Physics:
symmetry and anomalies » n9n and 1’ electromagnetic
» determination of light quark interaction radii
mass ratio » is the n' an approximate
» n-n’ mixing angle Goldstone boson?

» input to calculate HLbL in (g-2), » input to calculate HLbL in (g-2),,
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Low-Energy QCD Symmetries and Light Mesons

d QCD Lagrangian in Chiral limit (m,—0) is invariant under:
SU, B)xSU,3B)xU ,(1)xU,(1)

M@-0 | M@
0 Chiral symmetry SU, (3)xSUx(3) Chiral symmetry :
spontaneously breaks to SU(3) spontancously | breakimg
» 8 Goldstone Bosons (GB) ;
0 U,(1) is explicitly broken: Y |
(Chiral anomalies) Goldstone '
> [(n0—yy), T(—7y), F(n'—) PO Chiral

» Non-zero mass of n,

d SU| (3)xSUg(3) and SU(3) are
explicitly broken: T Mg Mo

» GB are massive
» Mixing of 7% n, n/’

The % n, ' system provides a rich laboratory to study the symmetry
structure of QCD at low energies.



Status of Primakoff Program at JLab 6 & 12 GeV
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1) r(TCO _)yy) @ 6 GeV , ’ o 1 pr;dsuction azngle, (di'S)
2) [(m—yy)
3) r(n'—VY’Y) o b Science 368, 506-509 (2020)
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Input to Physics:
» precision tests of chiral

AM. NLO

symmetry and anomalies _ e\

» determination of light quark } _ | o aceuracy
mass ratio T 2 32 [ % I e

> n-n' mixing angle 28T & e OE OE

» input to calculate HLbL in (g-2),,

Theory and Experiments



Status of Primakoff Program at JLab 6 & 12 GeV
(cont.)
Precision measurements of

electromagnetic properties of
n%, m, n' via Primakoff effect

a) Two-Photon Decay Widths:

1) [(°—yy) @ 6 GeV 4.z
2) T(n—yy) : :
: On-Going PrimEx-eta
3) ('—yy) .
experiment
Input to Physics:
> precision tests of chiral  Two data sets were collected
symmetry and anomalies in 2019 and in 2021.
» determination of light quark
mass ratio
> n-n’ mixing angle * The third run will start in Aug

» input to calculate HLbL in (g-2), 2022.



Physics for I'(n—yy) Measurement

1. Resolve long standing discrepancy 2. Extract n-n'mixing angle:
between previous collider and
Primakoff measurements:
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=
) Experiments Experiments
3. Improve calculation of the n-pole 4. Improve all partial decay widths
contribution to Hadronic in the n-sector

Light-by-Light (HLbL) scattering
in (9-2), 9



Precision Determination Light Quark Mass Ratio

A clean probe for quark mass ratio:
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Precision Determination Light Quark Mass Ratio

A clean probe for quark mass ratio:

0* =

2 — 2
m; —m

2 2
md _mu

, Wheren%:%(mu+md)

» n—3T1 decays through isospin violation: A=(m,—m,)A +c, A,

> «, is small

> Amplltude. A(n—>37)=—

----- Cormell----f-- oo

. Prima k_@ff _______________________________________

COlhder ___________l?ruioeed ______________
Average E\‘f;
T'(n—3x)=T(n—-2y)xBR

2
1 my " (e
O’ m> Mz
T
Q
26F
25 Dashen Th.
Latti 12
71NN attice RM123
230k

1.

...................................

...............................................

0 15 20 25 30 35 40
(K -k )EM Corr.

MeV

Phys. Rept. 945 (2022) 1-105

M(s,t,u)

) 33?2

= Critical input to extract
Cabibbo Angle, V. =sin(6.)
from kaon or hyperon
decays.

= V,.is a cornerstone for test
of CKM unitarity:

Vil + V4Vl =1
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PrimEx-eta Experiment on ['((n—yy) in Hall D

Forward Calorimeter
Time of Flight
Barrel Calorimeter

Compton Calorimeter
(12.1m from target)

Start Counter

Target

Photon Beam

Tagging
Magnet

Forward Drift
Chamber
Electron

Beam Central Drift

Chamber

Solenoid
(B=0T)

» Tagged photon beam (~8.0-11.7 GeV).

» Pair spectrometer and a TAC detector for the photon flux control.

» Liquid Hydrogen (3.5% R.L.) and “He targets (~4% R.L.)

» The n decay photons are detected by Forward Calorimeter (FCAL); the charged decay
particles of n are detected by the GlueX spectrometer.

» CompCal and FCAL to measure electron Compton scattering for control of overall
systematics.
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Space-Like Transition Form Factors

(Q?: 0.001-0.3 GeV?/c?)

Direct measurement of slopes

— Interaction radii: =
Fp(Q%)=1-1/6 - <r>pQ? S o

— ChPT for large N, predicts relation g
between the three slopes. Extraction of % o
O(p®) low-energy constant in the chiral E

Lagrangian

Input for hadronic light-by-light
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Improvement with a 24 GeV Beam
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A 24 GeV beam will significantly improve the measurements of decay width
[(n'—vy), the transition form factors F(n—y*y) and F(n'—y*y).



Expanding the Primakoff Program @24 GeV

Precision measurement of decay width I'(r" - yy) and transition form
factor F (Y - y*y) via the Primakoff effect off an electron target
(suggested by A. Gasparian).

Measure neutral axial coupling of proton via Primakoff effect.

Search for new sub-GeV gauge bosons (scalars and pseudoscalars) via
the Primakoff production:

« Strong CP and Hierarchy problems

* (g —2), and puzzle of proton charge radius

« Portals coupling SM to the dark sector:

x (1

H'H(eS+AS?) Crvge i + oo e G, G
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Primakoff Production of = off an Electron Target

¥ Primakoff production off an electron

PrimEx-1l: y + 28Si —» 7% + 28si S
4 target will eliminate all nuclear backgrounds
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Proton Spin Crisis

“proton spin crisis”:

The EMC-experiment revealed
in late 1980 that only a small
portion of proton’s spin is
carried by its quarks.

The axial coupling of proton:
Gy, =Au—Ad — As

Is it possible to measure G, directly?
AY = Au+ Ad + As =0.12 + 0.17

Phys.Lett.,B206(1988)364;
Nucl. Phys. B328 (1980)1.
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Measure Neutral Axial Coupling of Proton via Primakoff effect

J. Bernabeu et al., phys. Lett., B305, 392 (1993)

y+p-onl+p « The negtrgl vector Cqupling of the
proton is filtered out in the Primakoff
effect and only G, is left in the parity-
violating observables.

« For circularly polarized photons:
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« Favorable experimental condition:
i : ] s — A high energy beam
LA : - — Alongitudinally polarized proton target
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BSM Physics in Dark Sector

ELEMENTARY
PARTICLES

68.5 %
dark energy

26.6 %
dark
matter

4.9%
ordinary
matter

Dark Sector

New gauge forces, bosons and
fermions beyond SM.

The stability of dark matter can be
explained by the dark charge
conservation.

20




Where to Search for Dark Matter?

Cold dark matter scenarios
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Sub-GeV region represents a good discovery opportunity
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Motivation for sub-GeV New Physics
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Self-interactions solve core-vs-cusp

Farticles get scattered out of dense halo
centers

If these anomalies are interpreted in terms of new
physics, all point to new forces with mediator
particles in the MeV-GeV mass range!
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Landscape of BSM Physics Search

Known physics Energy Frontier
SUSY, extra dim.

Composite Higgs
= LHC, FHC

Intensity Frontier

Hicden Sector

= Fixed target facility _
Unknown physics
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Search for New Scalar and Pseudoscalar via

Primakoff Effect
"‘I e s e e e mEmEEmmEmEE (1
N N :
Favorable experimental
co 3 condition:
Lot O aF"F,,

A high energy beam
A high Z nuclear target

dop, cpaZ* B3E*
d0  8mAZ  Q?

| Fon. (Q)1?sin?6,

The Primakoff signal dominates
in the forward angles

Minimizing the QCD backgrounds
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Summary

¢ The distinguishable features of Primakoff effect make it a great
experimental tool for SM tests and BSM physics searches.

¢ The current JLab Primakoff program at 6&12 GeV has been in progress.
The published PrimEx result on the ° lifetime provides a stringent test of
low-energy QCD. The future 24 GeV beam will greatly improve
measurements of more massive particles, such as n'.

¢ A 24 GeV beam will enable expanding the Primakoff physics:

v" New generation of Primakoff experiments on I'(z°® - yy) and F(z° - y*y) off an
electron target.

v' Directly measure neutral axial coupling of proton via the Primakoff effect.

v' Search for new sub-GeV gauge bosons (scalars and pseudoscalars).

Thanks for support by NSF PHY-1812396 and PHY-2111181.
Some figures in the presentation are provided by I. Jaegle. 25
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