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Light hidden particles

WIMP paradigm

100 GeV — 10 TeV

100 MeV

Other new
particles

Dark matter
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Motivations for hidden particles

Dark sector:
Matter + forces (like Standard Model)
Dark forces very weakly-coupling to SM particles

ELEMENTARY
PARTICLES

¢ = mediator particle for dark force (light hidden particle)

Hidden mediator models:
» Dark scalars: JP =07
Extended Higgs sector for dark matter

* Axions and axion-like particles (ALPs): J° = 0"
Goldstone bosons from spontaneously broken global symmetries

* Hidden photonsorZ’: JP =1-

Vector boson boson from U(1) gauge symmetry for dark matter
Explains stability of dark matter (charge conservation)

We know all these particles exist for SM matter



Motivations for hidden particles

(g-2),anomaly  u
Pospelov (2008)

Atomki8Be/*He/12C anomalies

Krasznahorkay et al (2016/2019/2022)
Review: Alves et al (2023)

8Be* - 8Be y (virtual) - %Be ete

8Be* = 2Be X (on-shell) 2 8Be ete"
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my, ~ MeV — GeV
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Invariant Mass, mee [MeV]

Hypothetical X boson with mass 17 MeV, coupled to quarks and electrons

Quantum numbers allowed: JP =0, 1, or 1*



Positron Fraction

Motivations for hidden particles

DM

Anomalous sighals from annihilating dark matter

mg, ~ MeV — 200 MeV

Positron excess

Rising positron fraction measured by

cosmic ray detectors
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Motivations for hidden particles

Small-scale structure of DM halos

Discrepancy between theory (N-body simulations) and observations ~ BPM
B
DM DM

Self-interacting Dark Matter

Elastic collisions due to extra dark force
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my, ~ MeV — GeV

Mediator mass (MeV)

Kaplinghat, ST & Yu (2016)
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Other leading explanations: supernova feedback, systematic uncertainties



Putting aside the anomalies...

Worldwide experimental program searching for light hidden particles
Mainly focused on:

* Lepton couplings (¢ decaying to e*e” or u*u resonances)

* Invisible couplings (¢ decaying to DM particles)

e Heavy-flavor couplings (¢ emitted in FCNC decay)

What about light hidden particles coupling to light quarks and gluons?

Can there be new dark physics hidden in low-energy QCD?

n,n’ mesons are laboratories for testing these models



N, N’ laboratories for dark sectors

On-shell decays to new light particles in the MeV—GeV range
* Vector bosons (hidden photons), scalar bosons, axion-like particles (ALPs)

Leading decays of n| are already suppressed ~ O (aZ,,) or O ((m, —ma)?)
Larger mass reach for n” but worse sensitivity (total width larger by ~100)

Decays to light hidden particles are 2- or 3-body decays that mimic 3-, 4-, or 5-
body final states (often very rare)

Search strategies (visible final states):
e Resonance searches (bump hunting)
* Displaced vertices (long-lived decays)
e Rare decays — new physics process mimics highly-suppressed SM channels

Other possibilities: invisible or partially-invisible decays



Larger n,m’ samples at future facilities

. . Slide adapted from L. Gan
Previous Experiments:

Experiment Total n Total 1’
CB at AGS 107

CB MAMI-B 2x107

CB MAMI-C 6x107 106
WASA-COSY ~3x107 (p+d), ~5x108 (p+p)

KLOE-II 3x108 5x10°
BESIII ~107 ~5x107

Upcoming experiments

Jefferson Eta Factory (JEF) at JLab Hall D (approved)

n n
Tagged mesons 6.5x107 4.9x107 per 100 days

Rare Eta Decays with a TPC for Optical Photons (REDTOP) possibly at Fermilab (proposed)

Phase | (untagged mode) 2x10%3 101!

Phase Il+ (tagged mode) 1x1013 1011 per year



Rich physics program
at n,n’ factories

Standard Model highlights

* Theory input for light-by-light
scattering for (g-2)ILl

* Extraction of light quark masses

* QCD scalar dynamics

Fundamental symmetry tests
 PCP violation
 C,CP violation

[Kobzarev & Okun (1964), Prentki &
Veltman (1965), Lee (1965), Lee &

Wolfenstein (1965), Bernstein et al (1965)]

Dark sectors (MeV—GeV)

* Vector bosons (dark photon,
B boson, X boson)

e Scalars

* Pseudoscalars (ALPs)

(Plus other channels that have
not been searched for to date)

Channel Expt. branching ratio  Discussion
n— 2y 39.41(20)% chiral anomaly, n—n" mixing
— 37" 32.68(23)% my, —my
_ 2.56(22) x 10~* xPT at O(p®), leptophobic B boson,
light Higgs scalars
n— 7r°7r°'yy <1.2%10° XPT, axion-like particles (ALPs)
n — 4y 2 2.8% 104 < 10071 [52]
22.92(28)% m, — my, C/CP violation,
light Higgs scalars
4.22(8)% chiral anomaly, theory input for singly-virtual TFF
and (g - 2),. P/CP violation
n—rtnyy <2.1x107? XPT, ALPs
6.9(4) x 1073 theory input for (g — 2),,
dark photon, protophobic X boson
3.1(4)x 107 theory input for (g — 2),,, dark photon
<7x1077 theory input for (g — 2),, BSM weak decays
5.8(8) x 1076 theory input for (g — 2),, BSM weak decays,

n—eteete

§—seepu
n—=
n— ntn 'y
n— ntetv,
n—natn

n— 2n°

n — 4n°

2.68(11)x 1074
<3.6x10™*

2.40(22) x 1073
& 16 1074
<3.6x10™*

x §x 1074

< L5k 10
<4.4x107°[53]
<8 5% 10
<6.9x%x1077

P/CP violation
C/CP violation, ALPs

theory input for doubly-virtual TFF and (g - 2),,,
P/CP violation, ALPs

theory input for doubly-virtual TFF and (g - 2),,,
P/CP violation, ALPs

theory input for (g — 2),
theory input for (g — 2),
theory input for (g — 2),,
direct emission only
second-class current

P/CP violation
P/CP violation ~ Gan, Kubis, Passemar, ST
P/CP violation ( 202 0)




Dark photon

[Fayet (2007), Reece & Wang (2009), ... ]

Hidden vector boson coupled to electric charge (e << 1) L = —esjgmA}'l

Production: n, 77, —> ’)/A, (Analogous to SM decay 1, 77' — YY)

Decay:
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Dark photon

REDTOP sensitivities projected for

FNAL/BNL (108) or CERN (10%7) POT
Gatto (2019)

-

Many other experiments targeting
same dark photon parameter space

kinetic mixing e
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o
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Worthwhile to also consider

n s ntn A=t 0T

10- 102 10! w since B(n' — mr ) & 10 x B’ — 77)

dark photon mass mu (GeV)



Protophobic X(17) vector boson
to explain Atomki ®Be/*He/!“C anomalies

Feng et al (2016,2017)

Be* — °Be X — %Be ete”
1\ v AN v )

Production: X decay:
quark coupling (u,d)  lepton coupling (e)




Protophobic X(17) vector boson
to explain Atomki ®Be/*He/!“C anomalies

Feng et al (2016,2017)
S % 8 8 4+ -
Be” — "Be X — "Bee’e
\ J \. J
Y Y
Production: X decay:
quark coupling (u,d)  lepton coupling (e)
Constraints on quark couplings
€d ‘\\ \\ SHADED REGIIONS . . .
100k N\ R Stringent limits from n° 2 v e*e” decay (NA48/2)
A W " “Proton coupling”|2¢g,+ g4| to m°® must be small
0 Opportunity for n,n” mesons
S\E X boson cannot be 1,1’-phobic  Gan et al (2020)
107 A Y ling ~ 2, - €4 + 0.
mx = 17 MeV . n’coup N8~ £y 0.9,
= : 0T N’ coupling= 2¢,-¢e4—1.4 ¢

Feng et al (2016)



Protophobic X(17) vector boson
to explain Atomki ®Be/*He/!“C anomalies

Feng et al (2016,2017)

SBe* — SBe X — %Be ete”
\ v VAN v Y

Production: X decay:
quark coupling (u,d)  lepton coupling (e)

10-3

KLOE, 2015

Dark photon searches at e beam
experiments constrain electron coupling & 10

15 16 17 18 19 20
Mx [MEV]



Bn" — Xy —efe )

Protophobic X(17) vector boson
to explain Atomki ®Be/*He/'“C anomalies

nn = Xy —seey

Theory prediction

1071 [Gan et al (2020)]

107°

1070

107 n— Xy
e oy - Xy

1078

0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018

lep+en| X /B(X = ete)

BR(M =2 Xy 2> e*e y)=2x107
BR(N' 2> Xy 2> e*e y)=5x10°



Bn" — Xy —efe )

H
3
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Protophobic X(17) vector boson
to explain Atomki ®Be/*He/'“C anomalies

nn = Xy —seey

Theory prediction

—_
T
N

1[Gan et al (2020)]

1078

n— X7
e oy - Xy

0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018
lep +en| %

B(X — ete)

BR(M =2 Xy 2> e*e y)=2x107
BR(N' 2> Xy 2> e*e y)=5x10°

Experiment

Challenge: invariant mass m_, = 17 MeV

A2@MAMI: m_, > 30 MeV

REDTOP Monte Carlo

‘I rediop. 1800mev.v50.x17 Analysis 10001 Irk aida - galloEtagammaAL eplonAntieptanRecoAnalysls

1307 FileReader_eta2gammasee 103000 IriggerL0_feco_ana 00 (2) aida - maamariEtagammasleplonAntileglon Vius
X Gatto & Ramberg (2019) =
T 50.0
|
T 40.0
LUl A ’




Other X(17) candidates
to explain Atomki ®Be/*He/!“C anomalies

1. Protophobic vector boson Fengetal (2016,2017)

2. Piophobic axion Alves (2021); Alves et al (2022) ~
5 — - r Disfavored by recent
cCay channc XpCCtC rate > measurement in 12C
Br(n — mma) o(1073 — 1079 Krasznahorkay et al (2022)
Br(n' — mma) 01072 — 107%) y

3. Axial vector or mixed parity vector boson Delle Rose et al (2019)

Predictions for n,m" decays not worked out (as far as | know)



Leptophobic B boson from gauged U(1)4

Lee & Yang (1955), Pais (1973), Nelson & Tetradis (1989), ...

l E R
. L 1 _ u E e ¢
Model: ¥ = 39897 4B, s |
S 0.1-
Flavor-universal coupling to quarks E
Suppressed couplings to leptons ? *
, , 0.01 -
Mass mg, coupling o, = gz2/4mn §, -
[aa)
.. 1073
Similar decays as ® meson SR ! B N SN
0 200 400 600 800
mp [MeV]
Decay — B —ete” B — 7'y B—-ntr—a' | By
Production | mp ~ 1 — 140 MeV | 140 — 620 MeV | 620 — 1000 MeV
7m0 — By 7% — etey - - -
n — By n—ete n — Wofy”y — —
n' — By n —etey n — m0yy W — atn %y |y = npyy
w—nB w—nete” w — nrly — —
» — nB O — nete” ¢ — nm¥y -

TABLE I: Summary of rare light meson decays induced by B gauge boson.



Leptophobic B boson from gauged U(1)4

Lee & Yang (1955), Pais (1973), Nelson & Tetradis (1989), ...

l E R e
. o 1 _ I'L F e
Model: .2 = 5gpqV"'qB, 5
g 01
Flavor-universal coupling to quarks E o F N\ e
Suppressed couplings to leptons ? * .,
, , 0.01 - e_
Mass mg, coupling o, = gz2/4mn % - ‘-,_
o :
.. 1073 -
Similar decays as ® meson g | A
0 200 400 600 800
Dark-photon-like mp [MeV]  Novel signatures
Decay — B —ete” B — 7%y B—ontnn® | B—ony
Production | mp ~ 1 — 140 MeV [§ 140 — 620 MeV | 620 — 1000 MeV
7m0 — By 7 = etey - - -
n — By n—ete n — w0y — —
n — By n —ete Ty n’ — 7Oyy n —atr % |y — nyy
w— nB w— nete” w — nrly — —
» — nB O — nete ¢ — nmly —

TABLE I: Summary of rare light meson decays induced by B gauge boson.




Leptophobic B boson from gauged U(1)4

Lee & Yang (1955), Pais (1973), Nelson & Tetradis (1989), ...

| =——x>
. L 1 _ I'L F € ¢
Model: .2 = 5gpqV"'qB, 5
g 01
Flavor-universal coupling to quarks E o F N\ e
Suppressed couplings to leptons *? * .,
, , 0.01 e_
Mass mg, coupling o, = gg%/4n % g ‘-._
o :
R 1073 E
Similar decays as ® meson | A
0 200 400 600 800
Dark-photon-like mp [MeV]  Novel signatures
Decay — B —ete” B — 7%y B—ontnn® | B—ony
Production | mp ~ 1 — 140 MeV [§ 140 — 620 MeV | 620 — 1000 MeV
7m0 — By 7 = etey - - -
n— By n—ete - -
n — By n —ete Ty n — Ty n —atr % |y — nyy
w— nB w— nete” w =07° — —
SIS e

TABLE I: Summary of rare light meson decays induced by B gauge boson.




Leptophobic B boson from gauged U(1)4

Additional model complications:

* Coupling to leptons generated radiatively via heavy quark loops
Line = (385 + £2Qy) 4v"qB, — £ely" (B,
Dark photon constraints still relevant across range of full mass range

* Anomaly cancellation requires new electrically-charged fermions
Constraints from direct searches (can be at or above electroweak scale)
Enhanced contributions to FCNCs Droret al (2017)



Leptophobic B boson from gauged U(1)4

Search channels:

n — By — n'yy 1072

Mimics rare decay (0.025%)
Plus nt% resonance

Quoted limit assuming
zero SM contribution

S LTV [ -
—6 A
See talk by Sergi Gonzalez-Solis 10 e
2L73 P e
'— B 0 Nl 1 - /
Ers O N S
nEny e
N Gan et al (2020)

00 02 04 06 08
B boson mass mp (GeV)



Leptophobic B boson from gauged U(1)4

Search channels:
¢ — nB — nuly 102
Mimics rare decay (0.007%)

Plus ' resonance

Studied at KLOE-2

m N FEE | ~ S/ AN dieeessest¥
See talk by Simona Giovannella S <
10645 | S
o —— Upper Limit at 90% CLs - _/_;_.._- ==7
i e R
Y T 0 TeV e
OD" T 0000 e
5 e 1 - ;
O o
_ . . ::. v.'..i' —————— "’,
- KLOE. 2 plrellmlnqry . T T Gan et al (2020)
0.15 0.20 0.25 Bm:.saso[GeV] 0.35 0.40 0.45 10_10 ¢ |
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B boson mass mp (GeV)



Light scalar boson (S)

@

m
Ling = — Z KQTQQQS + KG

g=u.d,s,c,b,t

SszG‘WV Scalar boson coupled to
127y quarks and gluons



Light scalar boson (S)

@

SszG‘WV Scalar boson coupled to

my _
Ln== 5 6505 +x
v 127y quarks and gluons

g=u.d,s,c,b,t

Usual assumption: Coupling oc mass
Higgs mixing model: flavor-universal «, = sin 6,

Predictions for n, n' decays: Ellis et al (1976), Vainshtein et al (1980), Leutwyler & Shifman
(1990); Bezrukov & Gorbunov (2009); Gan et al (2020)

2 2
70 S

B — 1) ~ 1.8 x 100 sin s x 12| 1,
B’ — 7°S) ~54x1078sin’ 6y x 11?1, =&, —=

B — nS)~ 4.7 x 107 sin* 6y x A1/* |1, —-, —=-




Light scalar boson (S)

@

m
L = — Z Kq_qqu + KG SszG‘WV Scalar boson coupled to
g=udschi 127y quarks and gluons

Usual assumption: Coupling oc mass
Higgs mixing model: flavor-universal «, = sin 6,

Predictions for n, n' decays: Ellis et al (1976), Vainshtein et al (1980), Leutwyler & Shifman
(1990); Bezrukov & Gorbunov (2009); Gan et al (2020)

, M?, mg .
B(n — 1°S) ~ 1.8 x 1070 sin? Oy x 11?1, =%, —= FCNC constraints
M2’ M?

T (B > KS, K> nS)

By — 1°S) ~ 54 x 108 sin” s x A7 |1, =, —- sin” fg < 1070
Beacham et al (2019)

B — nS)~ 4.7 x 107 sin* 6y x A1/* |1, —-, —=-




Light scalar boson (S)

O“/S
[27v

m
Ling = — Z KQTQQQ'S + KG

g=u.d,s,c,b,t

§Ge,G

General model: independent couplings to quarks

FCNCs n, nl decayS

Constrains heavy flavor (top) couplings Constrains light quark couplings

n, N’ decays complementary to other tests

Sensitive to “flipped” scalar model
with larger couplings to light quarks



Hadrophilic scalar boson
Batell et al (2017,2018)

Constraints from n,n’ decays

Light scalar coupling to u-quarks only

n— 'S — alyy

n,n — 1S — 3n

10 - 1
100,001 0.01 0.1 i i0



General scalar boson

General couplings to u,d-quarks and e, W, v Ly, cloet, miller (2018); Gan et al (2020)
nn — 'S - 7te, n —>nS - nplte

Mimics very rare SM decays (yy—loop, since single-y process is C-violating)
Dilepton resonance

n— 'S — nlyy
Yy resonance in rare decay
nn — 'S — 3n, n —nS — nnr

Bump-hunting in Dalitz distributions



General scalar boson

More work required from theorists (pheno + ¢ PT specialists)

Scalar transition form factors for n” decays not well known

(1 (p)| 3 e = A" (k) = Bol i (1)

(" (p)|3 (@ + dd)|n"” (k) = BT (1)

(n(p)|ssin” (k) = BoT;, (1)

Mapping out phenomenologically allowed parameter space



Axion-like particles (ALPs) and 1n,n’ decays

Aloni et al (2019), Landini and Meggiolaro (2019), see talk by Sergi Gonzalez-Solis

Model:
1 ] (o a Sauv TemCy ~ v a'“a_ 0oMa -
Lare = Loco + 5(0,a)(@' @) = Smya” — — FaGG - T aF F" - 27, Qearuysd = o Leenuyst
N J
Y
Not necessarily the QCD axion
ALP mass:

Free parameters:

Mass m,

Decay constant f,

Quark, lepton, photon couplings

2

a =

2
Wlo-i-

M%Fzzr ( m,mgq )
m

Zfa2 (mu + md)2



Axion-like particles (ALPs) and 1n,n’ decays

Model:
Pa Pa

1 1 5,  a 0 Aapy  @emCy ~ 1 _ _
Lawe = Loco + 50,00"a) = i’ = a6 = BB = S aeysa = g plent

H_/

ALP quark and gluon couplings = production in 1, " decays

LO predictions for gluon coupling only

—2
A/|Cqql = 327r2ﬁ, ~ 3TeV
n — nna -
;g, 1()*1 1 2mha
’ o0
]7 —> Ttd é " —=7nna
[ R ——
f_r:: _gln =27
/ 0 &5 107
n —nra / \
0 = mtaf /' Gan et al (2020) \
W01 02 03 05 06

0.4
ALP mass m, (GeV)

Compare to talk by Sergi Gonzalez-Solis



Axion-like particles (ALPs) and 1n,n’ decays

Model:

1 ] ) o a ~Sauwy  FemCy ~ oMta _ oMa -
Larp = Locp + E(a,ua)(aua) — 5Mmd” - SnfaaG“VG o — > P — z—ﬁrqcﬂﬂsq = Efcm/p’)fsf

Lepton/photon couplings:
motivated by (g-2),,

Marciano et al (2016), Bauer et al (2017)




Axion-like particles (ALPs) and 1n,n’ decays

Signatures: many complicated 4- and 5-body final states

N — Ama — Anyy, xne’ e, AMU MU (and same for )
n — ana > annay, Sn
7 —nn’a - qnyy, nqniete”, nriut

Most of these had no motivation to be studied. Can they be searched for?



Direct photoproduction
of new gauge bosons

Safa Ben Othman, Armita Jalooli, ST (in prep); see also Fanelli and Williams (2016)

B boson parameter space

(A= ehe)
dent)

Dark photon search¢s
(model dep, 1)

Decay production (1, ¢ decay)

n— By — vy

¢ — nB — nr'y

A
3 ¥ R 1.

10_6 I// @ ................ P eennt

I\[(ﬁfp —

.......

=

i (model dependent)

FCNG-exclusion

—10F & . ' ’ .
10 0.0 0.2 0.4 0.6 0.8

B boson mass mp (GeV)



Direct photoproduction
of new gauge bosons

Safa Ben Othman, Armita Jalooli, ST (in prep); see also Fanelli and Williams (2016)

B boson parameter space 02

Dark photon searchgs (- 1
(model depfrgic

Decay production (1, ¢ decay)

n— By — vy
¢ = nB — nm'y

J». ........

Direct production
vp — Bp — 7y p, T alp Lo-¢) —";‘; I L
2E e ST
_— iGan, Kubis, Passemar, ST (2020)
15—

00 02 04 06 08
B boson mass mp (GeV)



Direct production of new gauge forces

Leptophobic B boson production Dark photon production
electron electron
nly "”bhA:
nrnn? y < e
(mtn)
(M)

proton




B boson production

Y B Sub-GeV B boson: dominated by diffractive
scattering (Q < GeV)

proton proton Cannot be calculated in perturbative QCD and
must be modeled

v



B boson production

Assumption I:
Vector meson dominance (VMD)

External gauge fields couple by mixing
with QCD vector mesons (isoscalar only)

v



B boson production

Assumption I:
Vector meson dominance (VMD)

External gauge fields couple by mixing
with QCD vector mesons (isoscalar only)

v

\/§ Jvmy

B —m2 +imyTy

V(k,\) =\ B(k,\) = Tr [Ty (3951 + ceQ)]

(Function of meson mass, width, decay constant) x (group theoretic factor) x (BSM couplings)

M(vp = Bp) = =M (yp = wp) (ﬂngwa(mB)) — M(vp — op) (ng@‘)FGD(mB))



B boson production

Assumption Il: t-channel exchange model for SM matrix elements

"y ﬁ,&\w gt g g

= = Pomeron

proton proton A A A

[
»




B boson production

Assumption Il: t-channel exchange model for SM matrix elements

®,4 W W Myget™

= - Pomeron
proton A A A
] \_ -
\/
Unnatural parity amplitude (-)
AQ o mQ
Each coupling dressed with a form factor F(t’ A, m) — Az—t Friman & Soyeur (1996)

Number of parameters: 6 couplings + 6 momentum scales A ~m



B boson production

Assumption Il: t-channel exchange model for SM matrix elements

®,4 W W Myget™

= Pomeron

proton A A A
—

Natural parity amplitude (+)

v

Calculated from Vp—>Vp scattering + VMD for coupling initial y  Ewerz et al (2013)

Include additional t-dependent form factor  F),;-(¢) = exp(byt) Laget & Mendez-Galain (1995)

da+('yp—>wp) _ 2aemfu2;52 62 62 |F (t)|2 i Zowlt) =2
dt ma(s_m%)g PNN/FFPww ™ pw So



Model parameters

fixed parameter | input value source fitted parameter prior
i - 1.81+0.03 | w— 7V NN o2 o |
Inyw 0.35 £ 0.02 w — Ny 9nNN 4+1
1 — 0.137 £ 0.003 | ¢ — 7 A onn 0.8 + 0.2 GeV
Gy 0.704 £ 0.007 | ¢ — ny ApnN 0.8 4+10.2 GeV
o 198 £2MeV |w — ete” , S 0.8 & 0.2 GeV
fs 228+ 1MeV | ¢ — eTe” — 0.8+ 0.2 GeV
BenN 1.87 GeV~! | pp, pp data Arong 0.8 £ 0.2 GeV
ap(0) 1.08 pp, pp data ), - 0.8+ 0.2 GeV
ap(0) = sy 1 0.25GeV~2 | pp, pp data BPuww none
BPoe none
b, none
bs none




Model parameters
Determine model parameters using experimental data for
differential cross sections for vector meson photoproduction

Data sets: Energy:
* Mainly CLAS (Williams et al 2009; Dey et al 2014) upto /s ~ 2.8 GeV

* Older data: SLAC (Ballam et al 1973), NINA (Barber et al 1984) upto /s =~ 4.2 GeV

» High energy: ZEUS (Derrick et al 1996) Vs ~ 80 GeV

Perform MCMC

Restricted to data points with [t| < 1 GeV? and +/s > 2.3 GeV
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Model parameters

fixed parameter | input value source fitted parameter prior best-fit value
ey 1.81+0.03 | w— 79y NN 13+1 13.0+ 0.4
Inyw 0.35 £ 0.02 w — Ny 9nNN 441 441
s - 0.137 +£0.003 | ¢ — 70 A onn 0.8 £ 0.2 GeV 0.8 101
Greved 0.704 £ 0.007 | ¢ — nv ApnN 0.8+ 0.2 GeV 7+ 03
T 198 £2MeV |w — eTe™ i, O, (:8 + 0.2 GeV 0.8+ 0.1
fo 228 +1MeV | ¢ — eTe™ - 0.8+ 0.2 GeV 0.8+0.2
BenN 1.87 GeV~! | pp, pp data Arorg 0.8+0.2GeV | 0.540.2
ap(0) 1.08 pp, pp data - 0.8 +0.2 GeV 0.6+ 0.3
ap(0) = sal 0.25 GeV—2 | pp, pp data BPww none 20-+10.1
BPos none 0.620 £ 0.005
b, none 3.5+10.1
by none 1.40 + 0.01




B boson production cross section
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Conclusions

Light hidden particles are well-motivated extensions of Standard
Model (possibly connected to dark matter)

Worldwide effort is mostly focused on leptonic, invisible/long-lived,
or heavy flavor signatures

n,n’ mesons are an interesting place to look for hidden particles
because probe couplings to light quarks/gluons

BSM searches in parallel with Standard Model n,n" decay studies



Conclusions

Progress on this front requires collaboration!
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B boson production

X0

Need vector meson photoproduction
matrix elements (SM process)

proton

v

Previous approach: Fanelli & Williams (2016) M (yp — Vp) ~ \/a(fyp — Vp)

o (vp — Bp) = 4ap®(mp) (IFw(m%)IQOi(W — wp) | |[Fy(mp) o+ (yp — ép)

27 ®(m,,) 20 (my)

, 08 el L (m3)| [ Fy(m)ly/20-(ip — wp)o=(rp = ¢p>)
\/q)(mw)q)(mCﬁ)

(® = phase space factors)



Jefferson Eta Factory (JEF) experiment ybeam (10 GeV) on H target

GlueX + upgraded forward calorimeter at Jefferson Lab (Hall D)

forward calorimeter

barrel time-of
L l ' E /\/\/\/\/ calorimeter -flight
target

photon beam

forward drift
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central drift FCAL-II
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superconducting

elaciion tagger magnet beam et
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Rare Eta Decays with a TPC for Optical Photons (REDTOP)
proton beam (1-3 GeV) on nuclear target (Be/D)
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