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A Short Review of tl—yy: “Discovery”

A: PROTON ENERGY » 1BO NEV | ANSLE OF Vitw « 1789

v’ 1938: Yukawa postulates a neutral meson Nos Binuee & BN

based on observations of charge J
independence of the NN force

COMPOSITE OATA FAOM 5.3-4%

/_ & 454
v" 1940: Sakata estimates t = 10-'6 s for the nt°

RELATIVE ,o YiEL0

lifetime from PP loop diagram " !
v" 1948: Oppenheimer suggests xt’ decays are T ! '
responsible for gamma backgrounds in high T ¢ {/' i T
altitude cosmic rays o :

v" 1950: ni° discovered at Berkeley Cyclotron 7 - EuEReY (uev)

F1G. 4a. Relative gamma-yield from }-in. carbon target
at various proton energies.



= Phys. Rev. 81, 899, 1951

The Original Idea

LETTERS TO

Walter and Barratt! examined and identified the absorption
spectra of Lis, Na,, K3, Rbs, Css, LiK, LiRb, LiCs, NaK, NaRb,
NaCs, KRb, RbCs, and KCs.

The identification of a NaLi molecule is complicated by the
existence of Na, and Li, band systems in the regions of the visible,
near infrared and ultraviolet. Since the probability of molecular
formation is a function of the product of the concentration of
the atoms involved, it seemed possible that one component of a
sodium-lithium mixture might be held at a low vapor pressure
and the other at a high vapor pressure to increase the probability
of observing the NaLi molecule.

In our experiment the lithium metal was placed in an absorption
cell constructed of nickel and having water-cooled quartz windows.
A nickel side tube was connected to the absorption cell to contain
the sodium. Heating units were arranged around the absorption
cell and side tube to control the temperature of the sodium and
lithium metals independently.

The lithium metal was maintained at 850°C. A series of absorp-
tion spectrograms was then taken with the sodium at tempera-
tures of 435, 460, 485, and 510°C, respectively. A similar procedure
was used for maintaining constant high sodium with increasing
lithium vapor pressures.

The results of this experiment confirm the previous work of
Walter and Barratt. No bands attributable to a NaLi molecule
were observed in the region 3000 to 8000A. No explanation is
available, particularly as it is the only member not observed of
the complete set of binary molecular systems obtainable with the
alkali metals.

* Contribution No. 10, Department of Physics, Kansas State College,
Manhattan, Kansas.

I Now at Airport Station, Weather Bureau, Memphis, Tennessee

Now at South Dakota State College, Brookings, South
1 J, M. Walter and S. Barratt, Proc. Roy. Soc. (London) Allo 257 (1918)

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

H. PRIMAKOFF}

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

January 2, 1951

T has now been well established experimentally that neutral
w-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) "} oE-H. (1)

Here ¢ has been assumed pseudoscalar, the factors #/uc and
(he)~¥ are introduced for dimensional reasons (u=rest mass of =),
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and # is a dimensionless constant determined by the decay
mechanism.*

One can obtain n immediately (by a first-order perturbation
calculation) in terms of the mean life, 7, of a neutral x-meson at
rest, viz.:%

7 =wipuc?/2h. (2

The effective interaction of Eq. (1) can now be used for a
calculation of the probability of the inverse process: #° production
in photon-photon collisions, or, for the calculation of the proba-
bility of the more interesting process: #° production in the collision
of a photon with an external, approximately static electric field;
e.g., the Coulomb field of a (slowly recoiling) nucleus. The total
cross section ¢ for this last process is, from a first-order perturba-
tion treatment of Eq. (1), proportional to 5?; i.e., to 77!; one
obtains®

o= 32:"’5—:‘2(%)(&), g(g)’, for AxKhk=pc 3)
szZﬁh—:—:"Z’(;—Z)(%)l, for R(k—«)= Szzﬂ ﬁ(l 4)

In Egs. (3) and (4), hk, hx=hk[1— (uc/hk)*]} are, respectively,
the momenta of the incident photon and produced neutral
x-meson; the angular distribution of the mesons is strongly
collimated about the direction of the incident photon if Ak>>uc.
In deducing Eq. (3), it has been supposed that the nuclear protons
remain approximately at rest during time intervals of the order
of several periods of the incident electromagnetic wave [since
Vproton = 3¢ and (ck)™'=h/uc?], and that the probability of finding
any pair of protons a distance r apart is proportional to exp(—r/R),
where R~#(2Z)}/uc is the nuclear radius. It is seen from Eqgs.
(3) and (4) that the electric fields of the Z protons contribute
“coherently” to the «° production, once the photon energy
exceeds 3(22Z)tuc?.

Thus, if 7 is less than, say, 10717 sec, Eq. (4) indicates that a Z*
term should be observable in the total cross section for production
of neutral w-mesons in photon-nucleus collisions. Since no such
term has so far been experimentally detected,” one can set a very
rough lower limit on 7: 7>5X1071¢ sec. An approximate upper
limit of )X 10~" sec seems to be indicated by cosmic-ray data.?

* Agsisted by the joint program of the ONR and AEC

+ On leave from Washington University.

1 Steinberger, Panofsky, and Steller, Phys Rev 78 802 (1950) Panofsky,
Aamodt. Hadley, and Phllhps Phys. Rev. 80, 94 (1950).

Yang, Phys. Rev. ‘77 243 ( 1950) D. C. Pea.slee. Helv. Phys

Acla 23 845 (1950) ; we exclude the posslblhly of the #° spin being >1.
3 J Steinberger, Phys. Rev. 76, 1180 (1949), and other referenees quoted

t!

‘ Marshak Tamor, and Wightman, Phys Rev. 80, 765, 766 (1950);
K. Brueckner, Phys. Rev. 79, 641, 187 (19

& The mechanism of = decay via mteracuon wnth vlrlual proton anti-

proton pairs gives, if for example 'n sed between the meson
and nucleon wave fields, 771 =(uc?/ f)(u*/th)’(g'/ha) (referenee 3),
0 that in this case, n = (x/8}x2M) (g’/hc) (e2/A

¢ Another possible process predicted from Eq (1) involves the one-
Fhoton decay of a # in an external (nuclear) electric field. If + is the mean
ife of this decay, one obtains (with N as the number of nuclei per unit
volume, and using Eq. (4))

/7 =rcNa2k? [ +(uex/K)?) -} =2 647222 (e2/hic) (h/uc)’N K1.

7 Observations of Steinberger, Panofsky, and Steller quoted by R. F.
Mozley, Phys. Rev. 80, 493 (1950).
8 Carlson, Hooper, and King, Phil. Mag. 41, 701 (1950).



Real Primakoff Production
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Challenge:
Extract the Primakoff amplitude
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n'—yy Primakoff Experiments Before PrimEx

O DESY (1970)

» bremsstrahlung y beam,
Ey=1.5and 2.5 GeV

> Targets C, Zn, Al, Pb "1
» Result: T(m®—yy)=(11.7£1.2) eV i
+10.% "

DESY
(Primakoff)

-
°
I

2 Cornell (1974)

» bremsstrahlung y beam
Ey=4 and 6 GeV
» fargets: Be, Al, Cu, Ag, U QoD Sam Rate s 5% -
> Result: T(n—>yy)=(7.92+0.42) eV P } fffffffffffffffff et rter.
5.3% =

n°5yy Decay Width (eV)
I

3 All previous experiments used:
» Untagged bremsstrahlung y beam
» Conventional Pb-glass calorimetry




The PrimEXx Project at JLab

(second generation Primakoff experiments)

Experimental program

Precision measurements of;

» Two-Photon Decay Widths:
[ —yy), Tn—vy), T —vv)

> Transition Form Factors at low Q2
(0.001-0.5 GeV2/c2):
F(yy*— o), F(yy* —n),
Fiyy* —n’)

AZ

Test of Chiral Symmetry and Anomalies via the Primakoff Effect



The PrimEx-I Experiment in Hall B

J Requirements of Setup:

> high angular resolution (~0.5 mrad) PrimEx Setup
= high resolutions in calorimeter Hall B
= small beam spot size (<1mm)
» Background:
= tagging system needed
> Particle ID for (y-charged part.)
= veto detectors needed

Sweep
Dipole

v JLab Hall B high resolution high Sipies
intensity photon tagging facility

v" New high resolution hybrid N
multi-channel calorimeter
(HYCAL)

v" New pair spectrometer for
photon flux control at high
intensities



Experimental Distributions

Preliminary n° Photoproduction yield ('2C, crystal only)
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PrimEx-l Result and the PDG status Before 2014

v PrimEx-l achieved 2.8% precision (total):
11
[(0—yy) = 7.82 eV +1.8% (stat) +2.1% (syst.) ~
(0 10 DESY
= (PrimakofT)
(I Larin, et al. PRL 106, 162303, 2011) .
=
T 9
®
[
Toffe07. 4+/-1.5 % NLO/Goity02, +/-1%
. 8 2 ¢ ..... . t---Lp.-.
> Task for PrimEx-Il: B [ R IR o
. P PrimEx
to achieve 1.4% precision: JE % e (PrimakofT) E
CERN
. (Direct) Tomsk
Projected errors: (Primakoff)
0 0 1 2 3 4 5
+0.5% (stat.) +1.3% (syst.) Exaeriments

I'(0—>yy) = 7.82+0.14(stat)+0.17(syst) eV
2.8% total uncertainty




['(x"—yy), PDG Status Before and After the PrimEx-I Experiment

11 9 ;
:‘f_;/ 10 DESY % = E
(PrimakofT) ~ E T NLO/Goity02, +/-1%
Py - E Toffe07, +/-1.5%
& £ A\ |
T o T‘ 3 o)
cg = LO
e e N N R R L 20 A
- E o
NLO/G 0ity02, +/-1% - 3
TIoffe07, +/-1.5 % ST, S, ) : C Cornell PI:imEx-I
8 }’ RO : (Primakotn rrimakel
% Cornell (PPE'imlli(xm 7 ; CERN E
7 (Primakom e : o
CERN i
(Direct) Tomsk - PIBE -
(Primakoff) F
1 2 3 4 5 | |
Experiments Experiments
I(n®—>yy) = 7.82:£0.14(stat)=0.17(syst) eV v PDG average on I'(mt’—vyy) improved by
2.8% total uncertainty factor of 2
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Statistics:
v double the target thickness (10% R.L.)

v

v accept twice more tagged photon energy interval

Systematics: /

v

RN NN N 4

Second Primakoff Experiment (PrimEx-Il in Hall B, 2010)

Increase DAQ speed to 5 kHz (factor of 5 gain)

Add more timing information in HyCal

(~500 TDC channels)
Improve PID (add horizontal veto counters)
Improve photon beam line —
Take more “empty target” data
Measure HyCal detection efficiency
get data for new 2Si target.




>
>

» I'(n0—yy) =7.74 = 0.06(stat.) = 0.12(syst.) eV
> 1.7% total uncertainty

>
>

Preliminary Result from the PrimEx-Il Experiment

Results from the first group
(ITEP Moscow/China)
are presented (Preliminary).

Results from the second group

(Duke University)

are expected soon.

(eV)

' —yy),

]

CERN
(Direct)

- Toffe07, +/-1.5% &

NLO/Goity02, +/-1%

.(J) @)
Cornell
(Primakoff)
CBAL
(Collider)

PIBE

(Primakoff)

PrimEx-II
PrimEx-1 (Preliminary) ]

Experiments
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Verification of Overall Systematics: Compton Cross Section

Compton Forward Cross Section

0.085 T T T T T
/! !/ Pb GLASS ~~ Uncertainties: e 0o 0 Elr?ri’rr'::)\(lg:ri\‘r\];tonData ‘
—_ | —— Statistical i
}/ + e 7/ + e g 0.080 — Systematic
~ < PRELIMINARY
e g 0075 .
PHOTON M BEAM
— BEAM TARGE 30'7 PbW04 DIRECTION m. 0070 | -
»"' o
~N
0O 0065 | -
7 £ . .. .
N — .o | Datawith radiative corrections 1
\b 0.055 49 5.IO 5.|1 5.|2 5.|3 5.|4 55
J Energy (GeV)
Experiment To Theory Comparison
10 T T T T T
. Uncertainties: No Deviati
> Average stat. error: ncertainties: [ oo Mot ey |

0-6% 5 PRELIMINARY -
> Average syst. error:

= $
1.2% o S T S S S
> Total error:  1.3% = |

Energy (GeV)
v" Cross sections in agreement with theory at the percent level
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n—vyy Decay Width Experiment with GlueX

) To perform a new Primakoff type experiment with a precision of 3.2%
using standard GlueX setup including the photon tagger and FCAL.

» Potentially solve collider/Primakoff
discrepancy

» Improve (v -m’ ) mixing angle

» most model independent determination
of the light quark mass ratio

» Change whole decay widths of n-sector
in PDG

['(n—X) = (n—yy)*BR(X) / BR(yy)

0.7

0.5

0.4

n5yy Decay Width (keV)

0.1

L MD190

Experiments
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n—vyy Decay Width Experiment with GlueX
Y

A,Z
d’o 8aZ”> BE’ 2 .
dQ“ =1, O F,,(Q) sin*#6,

O Difficulties of n—yy experiment:
> 1 mass factor of 4 larger than t’;
> cross section is smaller;

> larger overlap between Primakoff
and hadronic processes;
m’ 2

Ordyes 37 Orc = a g

> larger momentum transfer: (coherency, form
factors, FSlI,...)

0-5‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\

All Contributions
Coulomb B
Nuclear Coherent —

o4
r —— Coulomb-NC Interfer. ]
............. |ncoherent
0'3; B —
oz Epean = 11 GeV

v+ *He — 77+4Hez

Cross Section do/dQ (mb/srad)

0.1+

A

TETEF g fE DR 2 AT 8 T8 02 RS ]

0 0.5 1 1.5 2 25 3 35 4 45 5
1 Production Angle e11 (deg)

Challenge: Separate Primakoff amplitude

from hadronic processes.

We propose to use LH2 and LHe4 targets to address
all those issues.
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The Experimental Setup in Hall D

3 We proposed to use GlueX standard setup for this measurement:

» Photon beam line -Incoherent tagged photons

» Pair spectrometer

» Solenoid detectors (for background rejection)

» 30 cm LH2 and LHe4 targets (~3.6% r.l.)

» Forward tracking detectors (for background rejection)

» Forward Calorimeter (FCAL) for n—yy decay photons
» Add CompCal detector for overall control of systematics

16



Advantages of the Proposed Targets

] Precision measurements require low A targets to control:

» coherency
> contributions from nuclear processes

» Hydrogen:

v no inelastic hadronic contribution

v" no nuclear final state interactions

v proton form factor is well known

v better separation between Primakoff
and nuclear processes

v" new theoretical developments of Regge
description of hadronic processes

J.M. Laget, Phys. Rev. C72, (2005)
A. Sibirtsev, et al. hep-ph/0902.1819 (2009)

> “He:
v higher Primakoff cross section
v" the most compact nucleus
v form factor well known

v" new theoretical developments for FSI
S. Gevorkyan et al., Phys. Rev. C 80, 2009

Cross Section do/dQ (mb/srad)

Cross Section do/dQ (mb/srad)

o
(=]
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(4 o o e e o e e e

0.4
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o
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o

o
@

o

o
=

R

=

o

|

E

T+p = n+p

——— All Contributions

- Coulomb
Nuclear Coherent
—— Coulomb-NC Interfer.

=11 GeV

beam

0
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n Production Angle 6, (deg)

LA Yl A R sl et e i et B Bt ST B o A e o

All Contributions
Coulomb E
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Evem = 11 CeV
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1.5

2

25

3 35 4 4.5‘ 5
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Control of Overall Systematics:
Compton Cross Section Measurement

» Forward Compton cross

section will be measured by wall
new CompCal detector in
combination with FCAL e
Coll. #1 Coll. #2
y+e—=>y' +e S B A
S
A
A S

» CompCal calorimeter:
10x10 (20x20 cm?) PbWO, crystal detector

Solenoid Detector
Pair with targets FCAL
Spectr. Compton
\ | | | | | Calorim.
\ \
E i R
,,,,,,, PR ,, e -
g il
" ”III — CompCal
Tracking
Detect.
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Virtual Primakoff Production:
(second generation Primakoff experiments)

Experimental program

Precision measurements of;

» Transition Form Factors at low Q2
(0.001-0.5 GeV?4/c?):

Fyy*— 79, F(yy* —m),
Flyy* —n')

AZ

Test of Chiral Symmetry and Anomalies via the Primakoff Effect
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F(yy*— xt®) Transition Form Factor

Work in progress for a new proposal

(eV)

F(Q?% x m%64x

10

F(Y*y—m) Transition Form Factor 3
@ Proposed exp.
A CELLO data ]
VMD fit to CELLO data ]
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F(yy* —m) Transition Form Factor

0-5 [ T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T

F(y"y—n) Transition Form Factor E

Work in progress for a new proposal 041 @ Proposed exp. g

A CELLO data R

—— VMD fit to CELLO data

o
w

o
N
\

—
L T T rrr 1| 1T

F2(Q3 x mi/647t (keV)
5

o
-
[

0 02 04
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Third Generation Primakoff Experiments
(future Primakoff experiments)

1 Primakoff production on atomic
electrons:

e te se+nlte
Or:

y te » nl+e
Requires:  Ey > E 4 cqhoq (~ 20 GeV)

v" No hadronic contributions !

22



Summary

= Primakoff production is an effective mechanism to measure electromagnetic properties of
the pseudoscalar mesons with high precisions.

= Arich and comprehensive experimental program has been developed at JLab to
measure radiative decay widths and transition form factors at very low Q? for the light
pseudoscalar mesons: 7’ 1, 1’

= Two PrimEx experiments are already performed in Hall B to extract the ['(’—+y) decay width
with a percent level precision.

= The n—vyy decay width experiment is approved for Hall D with the GlueX experimental setup.

= Active work is in progress for the next experimental proposals at JLab..

23



The End

24



Physics Outcome from New n—yy Experiment

d Light quark mass ratio:

n— 3n forbidden by isospin symmetry, therefore:

TMm—3n) a [APa 94 with:

2 ~72
m, —m ~ 1
Q2=ms2 -y wherem=5(mu+md)
a ~ "y

F(h—3m)=T (n—yy)xBR(3m)/BR(yy) (K"K

o meson mass
ratio
— 26 )
Cornell 2 \
Primakoff ¢ ? \
24 . Dashen theorem
i 23 . Lattice
Collider l ! . .\ DHW
Average | P r%posed : \Bijnens
XD. 27 L
20

1 2 3 MeV
H. Leutwyler PLB, 378,1996 (mg, -m,.),,, Corr.

d (m -’ ) mixing angle:

1n-n' mixing angle, 6 (deg)

-10

-12

-14

-16

Collider

Experiments
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Modifications from Nominal GlueX Running

0 The Hall D/6lueX apparatus will be used in the following settings:

» Incoherent tagged bremsstrahlung photon beam:
(~10-4 r.l. amorphous Au radiator, I, ~ 0.2 yA)
v better stability at endpoint energy spectrum
v less sensitive to radiation

>5.0 mm diameter beam collimator:

vs. 3.4 mm at 75 m from tagger
v better photon flux stability (within 1%)
v double the tagging efficiency (from ~15% to ~30%)

> Solenoid field off

v’ precision measurement of forward Compton cross section
for overall control of systematics

0 This configuration requires dedicated run.

26



Experimental Methods: Decay Length Measurement (Direct Method)

> Measure rt® decay length distribution

> 1,~1x10"® sec = too small to measure |

solution: Create energetic 7° ‘s, INEEENsEE $00B i
L = vt E /m_ .

e o2

Variable Separation

But, fOI‘ E= 1000 GeV, Lmean ~ 100 IJm 70 microm Tungsten Foils

very challenging experiments

12

1984 CERN experiment: i
P=450 GeV proton beam "r
Two variable separation (5-250um) foils
Result:

[(7%—yy) = 7.34eV+3.1% (total)

(eV)

-
o
T

/

J‘EO—)’Y‘Y;cay Width
g

r QCD Sum Rule +/-1.5%

= Major limitations of method

> unknown P_o spectrum ]
» needs higher energies for improvement o

Experiments
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0—yy decay width (Theory)

= 10—y decay proceeds primarily via the Chiral anomaly in QCD.
= The chiral anomaly prediction is exact for massless quarks:
a’N°m’
Mz’ —yy)=—<2Z=7725¢eV
( W) 576m°F;

12

= Corrections to the chiral anomaly prediction:
(u-d quark masses and mass differences)
Calculations in NLO ChPT:
(J. Goity, at al. Phys. Rev. D66:076014, 2002)
[(7%—=yy) = 8.10eV £ 1.0%

-
a2
I

-
e
T

~4% higher than LO, uncertainty: less than 1%

" Recent calculations in QCD sum rule:
(B.L. loffe, et al. Phys. Lett. B647, p. 389, 2007)
> [(n—yy) is only input parameter
» nt%-1 mixing included
[(70—=yy) =7.93eV £ 1.5%

~
T

TEO—>YYY Decay Width (aV)
T

" Precision measurements of I'(mx%—yy) at the percent level will provide
a stringent test of a fundamental prediction of QCD.
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do/do per 0.02°, (ubarn/rad)

30 |

Results from PrimEx-I Experiment

12C Target
E7 =4.9-55GeV

2 25
0, (degree)

>
>
>

do/do per 0.02°, (ubarn/rad)

Nuclear targets: '2C and 2%8Pb;
6 GeV Hall B tagged beam;
experiment performed in 2004

208py, Target
2500 ] E,=4.9-55GeV
--------- Pr
8 5 NC
2000 % Int
NI
Total sum
1500
1000
500 —
%0 0.5 1 15 2

25

0, (degree)
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Physics Background

[ Monte Carlo simulation with Hall D/GlueX GEANT and Pythia generator

SIGNAL / BACKGROUND SIMULATION

E 4002— } b
3 f oL e
g h T
g E % % H% H % Signal M ﬁm{.‘}
© 200 } }HH F} YpP—>np
E 7 ## H #;‘H Background Chgmnels:
o A
(%= yn sl nap

[ ] .1..5-l [T L) u ll-2ll ] L] 2.5 3
n Production Angle en (deg)

> event selection criteria are applied for both signal and background.
> other GlueX detectors (BCAL, ..) are critical for background suppression.
> remaining background level: ~3%, will be subtracted off-line.



n° Forward Photoproduction off Complex Nuclei:
(theoretical models)

0 Coherent Production y+A—n%+A

Y 0

Leading order processes:
(with absorption)
A
Primakof f
Next-to-leading "
order: e
(with absorption) ' fs\
A
n9 rescattering Photon shadowing
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e‘e” Collider Experiment

Q Experiment at DORIS IT @ DESY

> ere—etey*y*—erenl—sereryy
> e*, e scattered at small angles
(not detected) s
» only yy detected £
s
> Results: ;, Q .
[(n%—yy)=7.7+05+05eV (+10.0%) T‘ ,,,,,,,,,,,,,,,,,,,,,, o
o, 9
0 Not included in PDG average Sy
“““““ I

d Major limitations of method:

» unknown g2 for y*y*
> knowledge of luminosity



