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Challenges in Physics

atomic human galaxy
Nnucleus

10"'° 10'° 10° 10° 10° 10'° 107"

room for humans to be room for humans to be

complex and highly Nnumerous, and to do
intelligent big things
Confinement QCD New physics beyond the
= QCD confinement and its Standard Model (SM)
relationship to the dynamical chiral = Dark matter and dark energy
symmetry breaking = New sources of CP violation

Decays of 1, n, ' provide sensitive probes for both fundamental
challenges
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Low-Energy QCD Symmetries and Light Mesons

1 QCD Lagrangian in Chiral limit (m,—0) is invariant under:
M(q)>0 ’
\n

SU,B)xSU,B)xU ,()xU (1)

M(q)=0

|
|
0 Chiral symmetry SU, (3)xSU(3) Chiral symmetry :
spontaneously breaks to SU(3) spontancously | resking
» 8 Goldstone Bosons (GB) :
3 U,(1) is explicitly broken: v :
(Chiral anomalies) Colstone '
> T(0=yy), Tm=yy), Fn'—vy) bosoos g
» Mass of Mo anomaly,
d SU_ (3)xSUx(3) and SU(3) are
explicitly broken: © one M
> GB are massive - -

» Mixing of 0, n, n’

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



Primakoff Program at JLab 6 & 12 GeV

Precision measurements of
electromagnetic properties of
7%, n, ' via Primakoff effect.

a) Two-Photon Decay Widths:

1) [(nx%—yy) @ 6 GeV T tion F Fact ]
2) r(‘l“W) b) Iransition Form Factors at iow

Q2 (0.001-0.5 GeV?/c?):

o =) Fry™= ), Fy* =), F(r* =)
Input to Physics: Input to Physics:
» precision tests of Chiral » n%mn and n' electromagnetic
symmetry and anomalies interaction radii
» determination of light quark » is the " an approximate
mass ratio Goldstone boson?

> mn-n’ mixing angle » inputs to a,(HLbL) calculations 4



Axial Anomaly Determines m° Lifetime
€ 1°—vyy decay proceeds primarily via the chiral anomaly in QCD.

¢ The chiral anomaly prediction is exact for massless quarks:<[:x ki

Tz — yy)= o N.m, m- = K
2

5 =1.725 eV
576 F;
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Axial Anomaly Determines m° Lifetime
€ 1°—vyy decay proceeds primarily via the chiral anomaly in QCD.

¢ The chiral anomaly prediction is exact for massless quarks:<[::’,: ki

F(JTO — y;/)= azN%m% =7.725 eV © ==’
 s16m°F e . . k
& [(n°—yy) is one of the few quantities in confinement region that QCD can
calculate precisely at ~1% level to higher orders!
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Axial Anomaly Determines m° Lifetime
€ 1°—vyy decay proceeds primarily via the chiral anomaly in QCD.

€ The chiral anomaly prediction is exact for massless quarks: ki
2 2 3
T(z° — yy)= 50‘76]\[—63’"17@ = 7725 eV m- = y
: T e : . 2
& [(n°—yy) is one of the few quantities in confinement region that QCD can
calculate precisely at ~1% level to higher orders!
» Corrections to the chiral anomaly prediction:
Calculations in NLO ChPT:
Ar(n®—yy) =8.10eV + 1.0%
(J. Goity, et al. Phys. Rev. D66:076014, 2002)
Ar(x®—yy) = 8.06eV +1.0%
(B. Ananthanarayan et al. JHEP 05:052, 2002)
Calculations in NNLO SU(2) ChPT:
ar(x®—yy) = 8.09eV = 1.3%

(K. Kampf et al. Phys. Rev. D79:076005, 2009)
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Axial Anomaly Determines m° Lifetime
€ 1°—vyy decay proceeds primarily via the chiral anomaly in QCD.

¢ The chiral anomaly prediction is exact for massless quarks: <[:x ki

achzm” -_— = P
F(JZ'O — )’J/)= ST6F2 7.725 eV 0

k
& [(n°—yy) is one of the few quantities in confinement region that QCD can’

calculate precisely at ~1% level to higher orders!
» Corrections to the chiral anomaly prediction:
Calculations in NLO ChPT:
Ar(n®—yy) =8.10eV £ 1.0%
(J. Goity, et al. Phys. Rev. D66:076014, 2002)
Ar(x®—yy) = 8.06eV +1.0%
(B. Ananthanarayan et al. JHEP 05:052, 2002)
Calculations in NNLO SU(2) ChPT:
ar(x®—yy) = 8.09eV = 1.3%
(K. Kampf et al. Phys. Rev. D79:076005, 2009)
» Calculations in QCD sum rule: |
Q (0—syy) =7.93eV £ 1.5% s A s e

0 1 2 5 6 7

3 4ts
(B.L. loffe, et al. Phys. Lett. B647, p. 389, 2007) Experimen
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Axial Anomaly Determines m° Lifetime
€ 1°—vyy decay proceeds primarily via the chiral anomaly in QCD.

¢ The chiral anomaly prediction is exact for massless quarks: <[:x ki

achzm” -_— = P
F(JZ'O — )’J/)= ST6F2 7.725 eV 0

& [(n°—yy) is one of the few quantities in confinement region that QCD carh<2
calculate precisely at ~1% level to higher orders!
» Corrections to the chiral anomaly prediction:

Calculations in NLO ChPT:
Ar(n®—yy) =8.10eV £ 1.0%

(J. Goity, et al. Phys. Rev. D66:076014, 2002)
Ar(x®—yy) = 8.06eV +1.0%

(B. Ananthanarayan et al. JHEP 05:052, 2002)
Calculations in NNLO SU(2) ChPT:
ar(x®—yy) = 8.09eV = 1.3%

(K. Kampf et al. Phys. Rev. D79:076005, 2009)

» Calculations in QCD sum rule: |

O M(r0—>yy) = 7.93eV = 1.5% T S R

0 1 2 5 6 7

3 4ts
(B.L. loffe, et al. Phys. Lett. B647, p. 389, 2007) Experimen

€ Precision measurement of I'(n®—vyy) at the percent level will provide
a stringent test of low energy QCD.
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Axial Anomaly Determines m° Lifetime
€ 1°—vyy decay proceeds primarily via the chiral anomaly in QCD.

¢ The chiral anomaly prediction is exact for massless quarks: <[:x ki

r(z® — )= Z e -

——— T =7725¢eV 10
C S16m°F e . . k
& [(n°—yy) is one of the few quantities in confinement region that QCD can
calculate precisely at ~1% level to higher orders!

» Corrections to the chiral anomaly prediction: 2
Calculations in NLO ChPT: i
Qr(7—yy) = 8.10eV + 1.0% '

(J. Goity, et al. Phys. Rev. D66:076014, 2002)
Ar(x®—yy) = 8.06eV +1.0%

(B. Ananthanarayan et al. JHEP 05:052, 2002)
Calculations in NNLO SU(2) ChPT:
ar(x®—yy) = 8.09eV = 1.3%
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L Sum Rule, +1.5%
% xPT NLO, 1%

©°—yy Decay Width (eV)
®

(K. Kampf et al. Phys. Rev. D79:076005, 2009) © 3 Coman
» Calculations in QCD sum rule: - S
Q r(TEO_>YY) =7.93eV +1.5% R ,él'(f"r‘itmlakolft;‘ S
(B.L. loffe, et al. Phys. Lett. B647, p. 389, 2007) Sxperiments

€ Precision measurement of I'(n®—vyy) at the percent level will provide
a stringent test of low energy QCD.



Primakoff Method

do/do, pbarn/rad
o 8

N
(-]

1

7 Primakoff

156

10

%o

EY=5.2GeV
2C target

o b b L T . L P R
0.25 0.5 0.75 1 126 15 175 2 225 25

0,0 (degr.)

Peaked at very small forward angle

<Hpr>peak x 2E2

2
m

- Beam energy sensitive:

<

ds2

%> « E*, [do, = Z”log(E)
peak

« Coherent process



Primakoff Method

p.w
v
A,Z
do,, 8az® B°E* 2 .
dgg I a7 3 Q4 em(Q)| S1n

[
o

E =5.2GeV
12C target

do/d6, ubarn/rad
&
T

N
o
l

Nucl. Coherent

\ Primakoff

10

0 025 05 075 1 125 18 76 2 226 25
6,9 (degr.)
» Peaked at very small forward angle

2
m
<Hpr>peak x 2E2

- Beam energy sensitive:

dUPr 4 2
——5 < E*, (do, x< Z  log(E
< dg >peak f a g( )

« Coherent process




Primakoff Method

Y g %
! v ,.ff!J £ E~5.2GeV
ANNNNAAS- - - 15 - g 25
ﬁv* g 12C target
p.w i 82|
Y L
A,Z 1s [} Primakoff Nucl. Coherent
do, 8z’ BE* ) |
dgl; B ry}/ m3 Q4 |F;m(Q)| Sln2 Hﬁ 1°

ence

6,9 (degr.)
» Peaked at very small forward angle

2
m
<Hpr>peak x 2E2

- Beam energy sensitive:
<%> « E*, [do, = Z”log(E)
peak

dQ2
« Coherent process



Primakoff Method

(7]
o

E =5.2GeV
12C target

do/d6, ubarn/rad
&
T

N
o
l

15 [} Primakoff

10

-- AT |
0 025 05 0.756 1

Nucl. Coherent

ence

Nucl. Incoh

126 16 178 2 226 25

6,9 (degr.)

» Peaked at very small forward angle

2
m

<pr>peak x 2E2

- Beam energy sensitive:

ds2

« Coherent process

<@> « E*, [do, = Z”log(E)
peak



Primakoff Method

Y T 30
T° © y ~°
ANNNNAAG- - - 25 - - g 25 -
ey s 12C target
2y 3 g
p.w 2 lalk E 20 [
Y i
AZ ss [\ Primakoff Nucl. Coherent
do,, 8azZ®> B E? 2 ., f
e e o £, (Q) sin* G [ *
- 5| once Nucl. Incoh
Challenge: Extract the Primakoff amplitude _
0

1 AT R |
0 0.25 05 0.75 1 1.25 15 1.75 2 225 25
6,9 (degr.)

» Peaked at very small forward angle
2

m

<Hpr>peak x 2E2

- Beam energy sensitive:
<ﬂ> « E*, [do, = Z”log(E)
peak

dQ2
« Coherent process



Primakoff Method

Y g %
4 J.FJJ E E =5.2GeV
TT° © Yy ~°
”\/’\A/V’\fv'r—---—--- S 25 |-
Sy g 12C target
p.W K Sl
Y L
A,Z 1s [\ Primakoff Nucl. Coherent
do 8aZ’ E4
— = rw a3 £ k.. (Q)| sin’ a1 1
dq2 m QO
51 ence Nucl. Incoh
Challenge: Extract the Primakoff amplitude _ =
o et

0 025 0.5 075 1 126 16 178 2 226 25

Requirement: 0,0 (degr.)

» Peaked at very small forward angle
> Photon flux / 2

m
<Hpr>peak x 2E2
- Beam energy sensitive:
> n0 production angle resolution <%> « E*, [doy, = Z*log(E)
peak

» Beam energy

dQ
» Compact nuclear target - Coherent process



PrimEx Experimental Setup

 JLab Hall B high resolution, PrimEx Setup
high intensity photon tagging Hall B
facility

[ A pair spectrometer for
photon flux control at high
beam intensities

Sweep
Dipole

Superharp 4
Exp. Target -~

= 1% accuracy has been achieved

Photon
Tagger < 4

d New high resolution hybrid
multi-channel calorimeter
(HyCal)

17



Two Experiments on [(n®—yy): PrimEx | & I

* PrimEx | was performed
PrimEx-I on '2C and 298Pb targets,
208p}, and the result was

published in 2011.
PRL 106, 162303 (2011)

* PrimEx Il was performed
on 2C and 28Si targets.
The result is recently
finalized



n0—yy Event Selection

two 7y energy to beam energy Ratio
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n0—yy Event Selection
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Two methods for 7’ yield extraction
Analysis H

o Hybrid mass (H):

Y. Zhang, Duke Univ.

two 7y energy to beam energy Ratio

5 I N
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o Constraint mass (C):
I. Larin, UMass

two 7y energy to beam energy Ratio
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Comparison of two extraction methods (PrimEx-II)
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PrimEx I:

PrimEx Il:

do/dd per 0.02°, (ubarn/rad)

doldd, (ubarnirad)
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0.085

0075 |-

0060 |-

cross section measurement

Verification of Overall Systematical Uncertainties

dvy+e—y+e Compton

Compton Forward Cross Section
T

RRRRRRRRRRR

51 52
Energy (GeV)

u

Number Of Measurements

lo =
T

w S

N
T

Experiment To Theory Comparison

I j_ .
o
10 7‘5 6 5

Deviation From Theory: § = 1 — opara/ocarc (%)

10

L e*e pair-production cross

=
g

58
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400
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section measurement;:

Experiment/Theory = 1.0004

[FT
. I

LR

= Run 5141

= Xin = 0.4

= X max = 0.755

= Gorp. = 115.612 mb

= S ipoory = 115.566 mb
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x=E./E,
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Systematic uncertainties on cross section are controlled under 1.3%




[(n’—yy), (eV)

8.3

8.2

8.1

7.9

7.8

7.7

7.6

7.5

PrimEx | and Il results

EXxp. Target
PrimEx | P 9
P-I, Pb
[ PrimEx-| 12
PLC PrimEx I C
P-1I, Si Pj_"‘C )
T PrimEx-| 208Pp
P P
r—o—l.ué HHE . ) .
& e PrimEx-Il 8Si
PrimEx-II 12

M(n%—vyy), eV
7.79+£0.24
7.85+0.28
7.80+0.13

7.77+0.18

N>
(@)



Impact of PrimEx results

12 h 12
PDG 2010 i PDG 2012
3 before PrimEx-1 3 with PrimEx-I
g (Sf=2.6) £, (Sf=1.2)
X =
9 9

NL® Moussallan  INLO / Goity g 19Ch s  EERERERRRR Lol
VL0 / Go v S :

OCD sum / Io '(’
?ﬁéﬂ%ﬁ%ﬁ%

Cornell CBAL CERN PIBETA PrimEx-I

Tomsk DESY Cornell CERN PIBETA

PrimEx I
I'(7%—yy) = 7.82+0.14(stat)+0.17(syst) eV
2.8% total uncertainty

PRL 106, 162303 (2011)
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Impact of PrimEx results

12 -
PDG 2010
St before PrimEx-I
< (Sf=2.6)
T10
®
~
9
; . NL® /Moussallam \10/(,011‘\
8 och sum/laéé(’ e S %
/| } a

Tomsk DESY Cornell CERN PIBETA

PrimEx I

I'(7%—yy) = 7.82+0.14(stat)+0.17(syst) eV

PDG 2012
with PrimEx-I
(Sf=1.2)

NLO / Mouss
e

/Iam NLO / Goity

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

NLO / Moussgllam

och sum/ loffe | R (7

N

s PrimEx-I1

2.8% total uncertainty

PRL 106, 162303 (2011)

Cornell CBAL CERN PIBETA PrimEx-I

Cornell CBAL CERN PIBETA Pn7/x-l PrimEx-II

PrimEx 11

1.6% total uncertainty

I'(7%—yy) = 7.79+0.06(stat)+0.12(syst) eV

27




Measurement of N(n—yy) in Hall D at 12 GeV

forward calorimeter

barrel time-of
calorimeter -flight

CompCal

photon beam

diamond
wafer

forward drift
chambers

central drift
chamber

electron
electron tagger magnet beam

beam tagger to detector distance
is not to scale

» Tagged photon beam (~9.5-11.7 GeV)

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

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

» Forward Calorimeter (FCAL) detects the n—yy decay photons

» CompCal and FCAL to measure electron Compton scattering for control of overall
systematics. 28

superconducting
magnet



Physics Impact of '(n—+y) Measurement

1. Resolve long standing discrepancy 2. Extract n-n'mixing angle:

between collider and Primakoff .
measurements: i

o7 ; MD1 90 { E=)) i

S ] 3 7 l

e - CBAL 88 KLOE ] } 8 - Pﬁz’r:':‘l’l“
= =3
& E S
g 1 { { ] 2wl T von
E J?ab .E : Proposed Aremee
§ s I ASP 90 Pn;:p;nscd _ = a2 B ]f;’xp_
a T o = i
Z o3 I { - Collider

b ] Experiments

Experiments 3. Improve all partial decay widths

in the n-sector
29



Precision Determination Light Quark Mass Ratio

A clean probe for quark mass ratio:

m> —m?
2 s
o =—F 75>

u

> Wheren%=l(mu+md)
m; — 2

» np—3ndecays through isospin violation: A =(m, —m A +a, A,
> o, issmall

) 1 m? 5 > M(s,t,u)
> Amplitude: A —37)=——3-(m, —my)
plitude Q’ m; *7 3J3F;
“ L (K+m_e1];(1;()1 Mass Diff. 5 r(n—>351)€r=h ‘l;(ln—yyy)xB.R._

~
(]

QZ

~
(4]

Cornell

PrimakofT
Leading order ChPT

N
B

Quark Mass Ratio
N
w

Proposed _]

JLab
Experiment J

N
N

Collider
H Average

N
-
T

N
(=]

H. Leutwyler Phys. Lett., B378, 313 (1996) 30



A clean probe for quark mass ratio:

Precision Determination Light Quark Mass Ratio

0’ -

2
md_

2 -2
m; —m

22
u

where m = %(mu +m,)

» n—3ndecays through isospin violation:

> o,

iIs small

> Amplltude A —3m) =

Quark Mass Ratio Q2
N N N ~N ~ N
N w ' (4] (2] ~

N
-

N
(=]

L ( K"'—K? ) Mass Diff.

method | method

Leading order ChPT

 I'(M—3n) = F(n—ryy)xBR

1

‘2

2
Uos

2

JT

(m

2_
T

2
mg )

A=(m,-m,)A +co, A,

M(s,t,u)

3J3F?

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

is a cornerstone for test of
CKM unitarity:

V,

d| +|

+|Vub|2 =1

H. Leutwyler Phys. Lett., B378, 313 (1996)
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Current Status

« CompCalis currently
under construction

- A engineering run in
fall 2018

* Physics production run
will start in spring
2019.




Transition Form Factors F(yy*—p) "= . f:

(at low Q2:0.001-0.5 GeV*Ic’) 5 .
* Direct measurement of slopes -
= Interactlon radii: 2:5 e
Fp(Q2)=1-1/60<r25,Q2 S o = ot e

— ChPT for large N, predicts relation 5 *“*\ VIMID £t t0 CELELO data
between the three slopes. Extraction of & 0'225 Sa F(yy*—n)
O(p®) low-energy constant in the chiral Ho..s >~ \1
Lagrangian i o I

* Input for hadronic light-by-light

calculations in muon (g-2)
w, (Q,.Q,) wg (M,.Q,.Q,)
Q; Gevi® 0 0 M’QI [GeV] ' Qzlee\}’]‘s o o ME)‘ [GeV] 020 —015 —010 —oo0s 000 ]
: : 20. 30. 40.
Phys.Rev.D65,073034 Q* [GeV?)

Eur.Phys.J. C75, 414 (2015) 22



Jlab Eta Factory (JEF) experiment

forward calorimeter
barrel time-of

GLUEXf\/\/\/\J arpe o T

centr ri
c r
supercon ducting FC/ \L-I I

tagger magnet beam

beam tagger to detector distance
is not to scale

Simultaneously measure n/y decays: n—xn’yy, n—3y, and ...
€ n/v’ produced on LH, target with 8.4-11.7 GeV tagged photon beam

y+tp =/’ +p | |
€ Reduce non-coplanar backgrounds by detecting recoil protons
with GlueX detector

€ Upgraded Forward Calorimeter with High resolution, high granularity
PWO insertion (FCAL-Il) to detect multi-photons from the n/n’ decays,,



Uniqueness of JEF Experiment
1. Highly suppressed background with:

a) n/n’' energy boost; b) FCAL-Il; ¢) exclusive detections

A2 at MAMI: yp—np (E,=1.5 GeV) JEF: yp—np (E,=8.4-11.7 GeV)
(P.R. C90, 025206)

N (PWO) = 2

el j[ (<)

other Qackgr ncl’s
Sy i |
20 }J[Jf #M n —n%%

Eveng/S MeV

— Signal+backgrounds
=y

n HJ'EOJ'EOTCO

other backgrounds

+
.l
N
(] N O W A

P, k
0.4 0.5 0.6 o —m e
m(nOT{) [GeVICZ] 0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6 I\O/I(él.%) (0G6e4V)
2. Simultaneously produce n and n' with similar rates
1n/100 days n'/100 days
Tagged mesons

6.5x107 4.9x107

3. Capability of running in parallel with GlueX and other experiments
in Hall D potential for high statistics



Why n is a unique probe for QCD and BSM physics?

€ A Goldstone boson due to spontaneous breaking of
QCD chiral symmetry
— 1] IS ON€e of key mesons bridging our
understanding of low-energy hadron dynamics
and underlying QCD

€ All its possible strong and EM decays are forbidden in the lowest order so
that n has narrow decay width (I';, =1.3KeV compared to ' =8.5 MeV)
- Enhance the higher order contributions (by a factor of ~7000
compared to w decays). Sensitive to weakly interacting forces.

® Eigenstate of P, C, CP, and G: I°J"“=0"0""
- tests for C, CP

€ All its additive quantum numbers are zero and its decays are
flavor-conserving
- effectively free of SM backgrounds for new physics search.

an
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Overview of JEF Physics

Main physics goals:

Search for sub-GeV
gauge bosons:
leptophobic vector B'
and electrophobic
scalar @'
Directly constrain CVPC
new physics
Probe interplay of VMD
& scalar resonances in
ChPT to calculate
LEC’s in the chiral
Lagrangian

Mode Branching Ratio Physics Highlight Photons
priority:
v+ B’ beyond SM leptophobic vector boson 4
™+ ¢’ beyond SM electrophobic scalar boson 4
T2y (2.7+£0.5) x 1074 xPTh at O(p°) 4
3! (32.6 £0.2)% My — My 6
! (22.7£0.3)% my —mg, CV 2
3y <1.6x107° CV, CPV 3
ancillary:
4y <28x107* <107 [4] 4 2.
om0 < 3.5 x 1074 CPV, PV 4
om0y <5x1074 CV, CPV 5 3.
3y <6x107° CV, CPV 6
470 <6.9x 107" CPV, PV 8
mVy <9x107° CV, 3
Ang. Mom. viol.
normalization:
2v (39.3+0.2)% anomaly, 7-n' mixing /' 4.
E12-10-011 2

FCAL-Il is required

Improve the quark mass
ratio via N—=3n




Key Channel: n—=nlyy

1. New physics:

_ Dark Sector:
S%?;iagggfg lejl('l) v | Gauge Interactions?

Dark matter?

Portal: n=4)
vector xB*V,,
scalar H*H(eS + AS?)
fermion ELHN

2. Confinement QCD:

% Search for sub-GeV gauge bosons
« A leptophobic vector B':
M—yB, B =% o beo 114008
« An electrophobic scalar ®';
=m0, O'—yy
electrophobic scalar can
solve proton radius and
(9-2), puzzles.

PRL 117,101801 (2016); PL B740,61(2015)
arXiv:1805.01028

+ A rare window to probe interplay
of VMD & scalar resonance in
ChPT

£ e
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1.

“Vector Portal” to Dark Sector

Dark photon A’
—EgF“VF' Kinetic mixing and U(1)’
o . L
C-r. B Kot sapes -a.o:?:
> tavorod A
o O ——n NEAAT
JC f 4
o*® [
40-'0
- C-‘l )
ONSRERICHARES S,
ann-11
0 107 102 1071 1
ma [GeV)
. Most A' searches look
€ , , )
A A" for A'= I, relying on the
leptonic coupling of new

force

2. Leptophobic B' 1

(dark w, yg, or Z)): 38s47" 4B,
Gauged baryon symmetry U(1)g
T.D. Lee and C.N. Yang, Phys.Rev.,98, 1501 (1955)
» mg<m, is strongly constrained by long-
range forces searches; the mg>50 GeV
has been investigated by the collider
experiments.
» GeV-scale domain is nearly untouched,
a discovery opportunity!

1 S, ¥
Fete |
0.1¢

001-

BR(B - final state)

107 ,
0 200 400 600 800

mp [MCV]
PR,D89,114008 39




“Vector Portal” to Dark Sector

1. Dark photon A’ 2. Leptophobic B' 1

_ =LY L
—%EF“VF'V Kinetic mixing and U(1)’ (dark w, yg, or Z'): 35897 qB,,

Gauged baryon symmetry U(1)g

o—* { T.D. Lee and C.N. Yang, Phys.Rev.,98, 1501 (1955)
10-5 e | » mg<m_is strongly constrained by long-
o © [P 7S range forces searches; the mg>50 GeV
o ‘B 5" BN Noetx /)T has been investigated by the collider
o o e experiments.
107" SR | » GeV-scale domain is nearly untouched,
10-° a discovery opportunity!
‘0-1_' 1? — \
Oy E1ATICHARMU D S ORI
ac-11 = @ L
1077 107 107" 1 2 0.1
ms [GeV) E
n ) T 001
e * Most A’ searches look S
€ A/ f . m [
-~ for A—FI, relying on the 10~ _
c leptonic coupling of new 0 200 400 600 800
force PRDB9,114008 " ") 40



Lepton coupling

Landscape of New GeV-Scale Forces

pd

Leptophillic models Dark photon model,
Gauged lepton symmetry Gauged B-L

Leptophobic models
Gauged baryon number

>

Quark coupling

Also a third axis: decays to invisible states (neutrinos, light dark matter)
Davoudiasl et al (2012), Batell et al (2009), deNiverville et al (2011,2012) »

-y



Lepton coupling

Landscape of New GeV-Scale Forces

pd

Leptophillic models Dark photon model,
Gauged lepton symmetry Gauged B-L

Dark photon searches (di-lépton resonances)

Leptophobic models
Gauged baryon number

>

Quark coupling

Also a third axis: decays to invisible states (neutrinos, light dark matter)
Davoudiasl et al (2012), Batell et al (2009), deNiverville et al (2011,2012)



Lepton coupling

Landscape of New GeV-Scale Forces

pd

Leptophillic models Dark photon model,
Gauged lepton symmetry Gauged B-L

Dark photon searches (di-lépton resonances)

Blind spot for dark photon searches

Leptophobic models
Gauged baryon number

-

Quark coupling

Also a third axis: decays to invisible states (neutrinos, light dark matter)
Davoudiasl et al (2012), Batell et al (2009), deNiverville et al (2011,2012)

In



JEF Experimental Reach for B’

1. Meson decay n— B'y —=naf%y 2. Photoproduction yp—B'p

, w, ¢ ,
B  PL, B221, 80 (1989) SEAVAVAVAVAVAV e AVAVAVA VN

PR,D89,114008

7%, 1, pomeron

1 T I T W7 T I II{I T | T TIT T T TTT T E
/ _
/ - |
107" /// Q: =
L~ /Y(IS)—> hadrons ‘I_ E
102 =
103 —100GeV —— " =
Oy o E
10 =
1 0-5 A= TeV T 7_%
10°® —%
100 days’ beam E .

107 o= 107500200 600 800

>] cm ‘ —_—— — A" é
1 0-8 L1 | I I | | I I lT ’/]" I/I | I/4I /I | | | | | L1 11 | | | | | | | | I_ mB [MeV]
100 200 300 400 500 600 700 800 900 _
m, [MeV] arXiv:1605.07161 a4



Impact of the SM allowed n—n%y measurement
A rare window to probe interplay of VMD & scalar resonances in

ChPT to calculate O(p®) LEC’s in the chiral Lagrangian

€ The major contributions to n —x%y are two O(p®) counter-terms in the

chiral Lagrangian == an unique probe for the high order ChPT.
L. Ametller, J, Bijnens, and F. Cornet, Phys. Lett., B276, 185 (1992)

€ Shape of Dalitz distribution is sensitive to the role of scalar resonances.

Oset, Pelaez, Roca,,Phys. Rev. D 77 (2008) 073001 [0801.2633]
T T T T I T T T T I T T T T I T T T

14
: WZW
LEC’s are dominated by resonances Ri T
12 B +X "[/)_Joop'sz..
Gasser, Leutwyler 84; Ecler, Gasser, Pich, de Rafael1989 3 1 T T TN
. X < - 2~ VMD 4xn
Donoghue, Ramirez, Valencia 1989 Z 08| Rt \
8 T Y T = e M
= ool =Pl vmp Y
aO: a 5 i /‘/’/)/ \\\\ ¥
p, UJ 0'4__ / \\
02— // \\
Y 7 9% 7 L/ x-loops resummed \
0 o e I——l""l_-T_-T—T—I——l 1-_1‘\|\
0 0.1 0.2 0.3 0.4
M., [GeV]

/I
=rd



Projected JEF on SM Allowed n—n%y

J.N. Ng and D.J. Peters, Phys. Rev. D47, 4939 xPTh by Oset et al., Phys. Rev. D77, 073001
T T T T 12r
; O Phase Space B
@ 3 Y VMD,T=030EV **m* | ~ 1L
Q = S VMD + a (destr.), I'=0.27 EV * %
> Z1 VMD + a, (constr.), T = 0.37 EV ** * g
3 7% quark box, I'=0.70 EV e % 08 -_
* o~ L
£ ,| $ JEF , & i =
Q (100 days bearr;), * S 06l  GAMS-2000
—~ # a L
: < ¥PTh prediction Projected JEF
°l: < 04
- - < B E [
T " | T }
x A - .
£ A A;o.u — 02 CB.AGs CB-MAMI KLOE
5 = N : :
0 | 1 | m 0 i 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0 0.1 0.2 0.3 0.4 ° ! 2 . s0
. : -~ : Experiments

m(yy) [GeV/c’]

We measure both BR and Dalitz distribution
€ model-independent determination of two LEC’ s of the O(p®) counter- terms
@ probe the role of scalar resonances to calculate other unknown O(p®) LEC's

J. Blinens. talk at AFC| worksnoo




The Four Classes of C, P, and T Violations
Assuming CPT Invariance

B. Nefkens and J. Price, Phys. Scrip., T99, 114 (2002)

Class Violated Valid
1 c,P,CT, Pl 1T, CP
2 c,P,T, CP, CT, PT
3 P.T, CP,CT C., PT
4 .1, CP, PT P, CT




The Four Classes of C, P, and T Violations
Assuming CPT Invariance

B. Nefkens and J. Price, Phys. Scrip., T99, 114 (2002) Experimenta| tests
Class Violated Valid

1 C. P, CT, PT T, CP

2 c,P, T, CP, CT, PI

3 P, T, CP,CT C', PT

4 C,T,CP, PT P, CT




The Four Classes of C, P, and T Violations
Assuming CPT Invariance

B. Nefkens and J. Price, Phys. Scrip., T99, 114 (2002) Experimenta| tests
Class Violated Valid

1 C. P, CT, PT T, CP

2 ¢, pr, T, CP,CT, PT

3 P.T, CP, CT C'. PT EDM, n—even xt's

4 C,T,CP, PT P, CT




The Four Classes of C, P, and T Violations
Assuming CPT Invariance

B. Nefkens and J. Price, Phys. Scrip., T99, 114 (2002) Experimental tests
Class Violated Valid P-violating exp.,

1 T, P, CT, PT T, CP s decays
c,pP,T,CP,CT, PT K-, B-, D-meson decays
T CP, CT C'. PT EDM, n—even xt's

2
3 P
4 C.T,CP, PT P, CT




The Four Classes of C, P, and T Violations
Assuming CPT Invariance

B. Nefkens and J. Price, Phys. Scrip., T99, 114 (2002) Experimental tests
Class Violated Valid P-violating exp.,

1 C, P, CT, PT T, CP g decays,

2 ¢, P, T, CP,CT, PT K-, B-, D-meson decays

3 P. T, CP,CT C'. PT EDM, n—even «i's

4 C, T, CP, PT 2. "I 17 C-tests involving n,

n’, @, o, JAp decays



The Four Classes of C, P, and T Violations
Assuming CPT Invariance

B. Nefkens and J. Price, Phys. Scrip., T99, 114 (2002) Experimental tests
Class Violated Valid P-violating exp.,

1 C, P, CT, PT T, CP p.decays

2 C, P, T, CP, CT, PT K-, B-, D-meson decays

3 P.T, CP, CT C'. PT EDM, n—even xt's

4 C, T, CP, PT 2. "I 17 C-tests involving n,
n’, @, o, JAp decays

For class 4:

a few tests available

not well tested experimentally in EM and strong interactions
less constrained by nEDM and parity-violating experiments.
offer a golden opportunity for new physics search.

Y Y Y
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Charge Conjugation Invariance

¢ Maximally violated in the weak force
and is well tested.

¢ Assumed in SM for electromagnetic
and strong forces, but it is not
experimentally well tested

(current constraint: Az 1 GeV)

¢ EDMs place no constraint on CVPC in
the presence of a conspiracy or new
symmetry; only the direct searches
are unambiguous.

M. Ramsey-Musolf, phys. Rev., D63, 076007
(2001); talk ai the AFCI workshoo

C Violating n neutral decays

Mode Branching Ratio No. y’s
(upper limit)
3y <1.6-10°
3
nly <9-10°
210y <5104
3ynd Nothing published 5
310y <6-10°
7
3y2n° Nothing published
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Charge Conjugation Invariance

¢ Maximally violated in the weak force
and is well tested.

¢ Assumed in SM for electromagnetic
and strong forces, but it is not
experimentally well tested

(current constraint: Az 1 GeV)

¢ EDMs place no constraint on CVPC in
the presence of a conspiracy or new
symmetry; only the direct searches
are unambiguous.

M. Ramsey-Musolf, phys. Rev., D63, 076007
(2001); talk ai the AFCI workshoo

C Violating n neutral decays

Mode Branching Ratio No. y’s
(upper limit)
3y <1.6-10°
3
nly <9-10°
210y <5104
3ynd Nothing published 5
310y <6-10°
7
3y2n° Nothing published
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Experimental Improvement on n—3y

& SM contribution:
BR(n—3y) <10-'°via P-violating
weak interaction.

¢ Anew C- and T-violating, and
P-conserving interaction was
proposed by Bernstein, Feinberg

and Lee
Phys. Rev.,139, B1650 (1965)

¢ A calculation due to such new
physics by Tarasov suggests:

BR(n—>3y)< 102

Sov.J.Nucl.Phys.,5,445 (1967)

BR Upper Limit

3y BR Upper Limit vs Accepted Eta Decays

1.E-03

1E-04 -

.
m
S
(¥, ]

-
m
S
&

Proj. JEF
(100 days’ beam)

1E-07 4

1.E-08 -
1.E+04

1.E+06 1.E407

Total Accepted Eta Decays

1.E+05

1.E+08

Improve BR upper limit by one
order of magnitude to directly
tighten the constraint on CVPC

new physics

Q)

Q)



Summary

A comprehensive Primakoff program has been developed at JLab to
measure ["(p —vy) and F(yy*—p) of %, n and n’ to test the confinement
QCD symmetries.

tests of chiral symmetry and anomalies

light quark mass ratio and m-n’ mixing angle
n%,n and n’ electromagnetic interaction radii
Inputs for a (HLbL) calculations

YV YV YV VY

O The JEF experiment will measure the rare n/n)' decays as well as non-
rare decays with low experimental backgrounds to test the SM
symmetries and search for BSM new physics.

» Probe a sub-GeV leptophobic vector B’ and an electrophobic scalar ®’ through
n—>moyy
» Directly constrain CVPC new physics via n—3y and other C-violating channels
» A clean determination of the light quark mass ratio via n—3n
Test the role of scalar dynamics in ChPT through n—nlyy

Y

Q)
»



Challenges in the '(n—yy) Experiment

Compared to nt°:

» 1 mass is a factor of 4 larger than n° and has a smaller cross section

doy,
dQQ

)peak

E4
oC ——

3
m

> larger overlap between Primakoff and hadronic processes;

<6Pr >peak >

m
2FE*

NC

oC

2

E ® Al/3

» larger momentum transfer (coherency, form factors, FSI,...)

)
o
N

Cross Section do/dQ (mb/srad

o

S
[~)
®

S
=)
3]

2

o
-

=]

Epparm = 11 GeV
Y+P = N+p

All Contributions
Coulomb

Nuclear Coherent
—— Coulomb-NC Interfer.

03 4He

ozH ¢
1 s

Cross Section do/dQ (mb/srad)

|

o 0.2 04 0.6 0.8 1

1.2 1.4 1.6 1.8 2 22 24 26 28 3

n Production Angle 9, (deq) oW awezi

0.5‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\

All Contributions

Coulomb -
Nuclear Coherent —
Coulomb-NC Interfer.
Incoherent i

Epwrn = 11 GeV —
v+ *He —> 7 + *He:

3 3.5 4

4.5 5

n Production Angle 0, (deg)



Anatomy of CP Violation in T (Mc_, — w7~ n%)

C-odd, P-even

This can be generated by s — p interference of
} (7t (p) 7~ (—P)] I7r0(p')l> final states of 0~ meson decay.
It is linear in a CP-violating parameter.

This contribution cannot be generated by 8ocp!
“C violation” [Lee and Wolfenstein, 1965; Lee, 1965, Nauenberg, 1965; Bernstein, Feinberg, and Lee, 1965]

C-even, P-odd

This can be generated by the interference of amplitudes which
distinguish | [7=(p) =°(—P)], 7r+(p'),> from ' (7 (P) *°(—P)], 7~ (P'),)
asin,e.g., B— ptn~ vs. B— p . “CP-enantiomers” [sa, 2003]

This possibility is not accessible in 7 — 77— 7% decay (but in n’ decay,
yes). Thus a “left-right” asymmetry in  — 77— #° decay tests
C-invariance, too.

S. Gardner (Univ. of Kentucky) New Tests of CP Hadronic Probes, ACFl, March, 2014
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Measurement of n—3n Dalitz Distribution

3

Z;UVQ‘,

((.-w,, M, )2 - s)— 1

Total world data

6.5

(include prel. WASA and
prel. KLOE)

GlueX+PrimEx-n

+JEF

20

[z=x2+y?

10.0

19.6

€ Existing data from the low energy

threshold effects

facilities are sensitive to the detection

€ JEF at high energy has uniform detection

efficiency over Dalitz phase space

€ JEF will offer large statistics and improved

systematics

9
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Tagged nj and 1’ Production Rate
JEF for 100 days of beam:

Some interesting n' decays:

n n Decays B.R. Physics
Tagged mesons 6.5x107  4.9x107 highlight
noyy <8x107* leptophobic B',
Previous Experiments: electrophobic @
Experiment Total n Total n’ 20 <5x1074 PV, CPV
CB atAGS 107 3y <1.1x1074 CV, CPV
CB MAMI-B 2x107
nlete” <1.4x1073 CV, CPV
CB MAMI-C 6x107
WASA-COSY ~10° ne'e” <2.4x1073 CV, CPV
KLOE 108 5x10° yete (4.73 £ 0.30) x ChPT,
1074 '
BESIII 108 6x108 dark A

JEF offers a competitive n/m' factory




