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if there are more §
physicist John Ja
HPS experiment.
Thedark phat
tons, woukd have
able anly indirectly
havedecayed into dectronsand pasitrans {the
antimatier counter parts of dectrons). Yet, like
the familiar phaton, which carries the dectra-
magnetic frce, the dark photon would carry
a force = a new fundamental force in addi-
tion to the four that wealready know about.
It would be the first sign ofa hidden sector,
which could include entire zoos of new par-
tickss, including dark matter * It would belike
when Galileo aw moonsorbiting Jupiter.’ says
Nima Arkani-Hamed,a thearistat the Institute
for Advanced Study in Princetan, New [ersey.
Theoarists hal hoped that the Large Hadron
Collider = the workds highest-energy (and
mast expensive) partick accekerator at CERN,
Eurapes high -energy physics b nearGeneva,
Switzerland = would apen the door to new
canceptssuchas supersymmetry,asetal theo-
ries thatwould resalvesome of the problems
in the standard modelof particle physics. But,
so far,ithasyiekled no dues, suchas the dark-
matter partickes predicted by some supersym-
metry mexdel “ The null resultsare not making
peaple happy says Philip Schuster, athearist
at Canadas Perimeter Institute for Thearetical
Phy sicsin Waterko,Ontaria” People are wan-
dering what other possibilities areout there
Instead, some physicists are turning to the
“intensity frantier’ —creating many collisions
and feasing rare events fram the wreckage. The
electran beams at the [efferson Lab are not the

maet nenwer bl ot thev aresvtremehy intenes




B
motivation of dark forces

% PAMELA/Fermi hard lepton P Saicnci a
spectrum=> M(DM) ~(100, 100§)) |
GeV g
»+ New Physics at ~ GeV scale g
= L it 1
% PAMELA/Ferm1 e+ excess without - WM 1
pbar anomalies and large excitation” °°<:_ o oms
cross section for INTEGRAL : AWMU RN ;M"@ o PAMELA
» DM annihilation into light states - Rk s Chpicsss
% Large event rates for PAMELA, 1 10 10
I.equiring ampliﬁcation Of DM positron, electron energy [GeV]

annihilation

» Enhanced DM annihilation (by
Sommerfeld enhancement)
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B
astro observations
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B
constraints from astro

(1) The basic dark matter particle properties
[mass, stability, darkness];

(2) The similarity in cosmic abundance

between ordinary and non-baryonic dark
matter, QB ~ Qdark:

(3) Large scale structure formation;
(4) Microlensing (MACHO) events;

(5) Asymptotically flat rotation curves in
spiral galaxies;

(6) The impressive DAMA/Nal annual
modulation signal.
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Messangers from Dark Sector

L. = ES M+ LD]W _’_E'm-i;z'

max
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B 4
The simplest case: Abelian

SU(3)C 0% SU(Q)L 0% U(l)y@(f(l)pgj® nes

Lsu = L+ LS+ Ly

Eoir = Eopl®) = M, ~ 100 — 1000 GeV wimP
T+ ,Cg]\[ (U) = my ~ GeV Dark Photon U or V,A"..
-+ 'CD]\I —> Higgs potential breaking U(1)pas

+ Higgs—Dark Photon int.

€ (Or h‘..)Z kinetic mixing parameter ¢ ~ 10~ ° — milli-charged SM fermions
with coupling ee to the dark photon (neglecting mixing with the Z)
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Similar feature from MDM Model

A
A
ORDINARY
NUCLEUS MIRROR
NUCLEUS

photon-mirror photon kinetic mixing:

F
. — (2L Al
Elnt _— 7F F‘l“"

FOOT, R. (2004). International Journal of
Modern Physics D, 13(10), 2161-2192.
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B
Hidden Sectors: General

% WISPs and the alike on market
» hidden U(1) gauge bosons,
» CP-odd Higgs of the NMSSM,
- axion-like particles (ALPs)
- Hidden Valeys
~ asymmetric dark matter arXiv:0911.4463
» Mirror DM

» Supersymmetric model with an extra singlet
chiral superfield: photinos, gravitinos

% Will put more emphasis on searches for
MeV-GeV dark particls
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MeV-GeV Dark photon:

Variety of Models

% General model features
» New gauge bosons in the secluded hidden sector

» Dark Matter has self-interactions through the new
gauge bosons

» Mixing between the new bosons and the SM particles
% Specific model choices

+ Secluded sector: abelian or non—abelian gauge group

» Dark Matter identity (fermion or scalar)

» Mass generation: Higgs or technicolor

» Supersymmetric scenarios

2013.12.25 Dark Photon Workshop USTC 11



BN
MeV-GeV DP:broad array of searches

High Energy Hadron Colliders: New
heavy particles decaying into dark

sector (lepton jets)
(ATLAS, CMS, CDF & DO0)

Colliding e+e-: On- or Off- shell A’,

X=dark sector or leptons & pions
(BaBar, BELLE, BES-II],
X CLEO, KLOE)
.

Fixed-Target: Electron or Proton collisions,
A’ decays to di-lepton, pions, multiple channels

(FNAL, JLAB (Hall A & B & FEL), MAMI
(Mainz), WASA@COSY ...)
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low mass region: a lot of coupling
with ALP searches
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ALP searches

Absorber

Axion Source Axion Detector

| N |Z Detector

W

Axion 500 seconds Axion /

R - - - - - - e e-eaeca aduf
MM% = Flight time * ¥+

X-ray
detector

Superconducting Ultra-low noise

magnet microwave receiver
Earth

High-Q microwave cavity



B 4
major types of exp

W

low energy e-p collision

+ Freytsis M, Ovanesyan G, Thaler J. J. High Energy Phys. 2010(1):
(2010)

high lumi collider
shinning through a wall
cavity

meson decays

reactor exp

beam dump
+ electron beam
» proton beam

electron scattering fixed target experiments
rare K decays

(\CI R\ R\ U\

(N

W

N
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B | 2
respin of old data

% electron-dump:
. KEK(1986)
. SLAC: E141(1987), E137(1988)
. FNAL: E774(1989)
» Orsay(1989)
% proton-dump:
. PS191(1986)
. CHARM(1986)
. v-CAL I(1991)
. LSND(1998)
. NOMAD(2001)

% Other types
+ SN1987
- mQ@SLAC(1998)

2013.12.25 Dark Photon Workshop USTC 16



1072

1073

v-Cal I@U70 Serpukhov

lllllll ! ke

SINDRUM @ dp

KLOE / _j ,
e % data from 1989
-Q BaBar 7 .
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MilliCharge(mQ) @ SLC

% data from around 1998
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Present limits

A!

| 5

Pr—
o
9
o
m
=3
\ B
\ \
\
P
b

APEX/MAMI

il Test Runs
—48 a, El141 i
lO f Orsay E
10—5 E' u70 -
10—6%_ CHARM -
1077g - E137 3
LSND
(I .

[a—
S
O
b
"
sl

—

10—11' A oo PRIt | WA
2 9 =
10~ 10~ 10! 1

m 4 (GeV)

Dark Photon Workshop USTC 19

— Standard Model A




2013.12.25

WASA-at-COSY: Pi0 Dalitz

€2 UL 90% CL
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decay

Arxiv:1304.0671

00U aUU aet+te— decay fromthe pp U ppd 0 reaction

Figure 8: Summary of the 90% CL upper limits for the mixing parameter ¢“ from WASA-
at-COSY (red solid line) compared to SINDRUM 7% — ete=~ [u{‘m (dotted line) and recent
combined KLOE ¢ — nete™ [[1—&:{ (dashed dotted) upper limits. The long respectively short
dashed lines (and the corresponding hatched areas) are the upper limits derived from the
muon and the electron g — 2 fgﬂ] In addition the gray area represents the 20 preferred band
around the present value of the muon g — 2.
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HADES Collaboration 1311.0216
will continue at FAIR
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I
fix target experiements

FEELING IN THE DARK o e~
Three experiments will search unexplored § »
mass regions for a dark photon, which could o e = ot
explain why muons flout the standard model. = ’
Experiments: I DarkLight [l APEX M HPS g g e”
B Where muon data hint dark photon may be = - 7 3
Where dark photon is already ruled out <
18t '
S /% 10cm 10cm ~30 cm decay
.;5 o 10_5, ‘:i.‘l‘ft ............ .
£ i | target <shleldN volume .
x5 . =
=
=2 4"-:-' —T
S
L n
w5
QO
58 1
o8 |
e
s r A ]
q) -
= tracking ecal/trigger
w stations

0.01 0.1 1
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BN |
new experiments in near future

High-Statistics Displaced
Resonance SearCh Resonance SearCh
(MAMI, APEX, HPS, DarkLight) (HPS)
10° Siwindow Am == PO
~ 107} ® ] =y Ct=3.5mm
z — y ct=14mm
et 10% 1 y Ct=35mm
5 10° . 1 Epean = 5.5 GeV
5 104:”':_"““ 1 a'lo=10%5
@ 1000} A | i 8
100180 200 220 240 260 | S ]

e¢"e” mass (MeV) : Z, (mm)
Demands high data-taking
rate, background suppression
and excellent mass resolution
Demonstrated in test runs:

Mainz (1101.4091) and APEX
(1108.2750)

DarkLight: full reconstruction of recoil
— sensitive to invisible A’ decays

...and forward vertex resolution
(well-controlled tails)




projected sensitity in near future

A' — Standard Model
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B 4
general comments

]

hidden/dark photons are less contrained

N

2 the remaining parameter space will be best
explored by fixed-target experiments
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CHRN Counsil Strategy Group
OPEN SYMPOSIUM ON
EUROPEAN STRATEGY FOR
PARTICLE PHYSICS
September 10 - (2%, 2012 Krakéw, Poland
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ApPEC associated with the Eranet
ASPERA, coordinates research in
Astroparticle Physics. These bodies have
published a roadmap which contains the
list of topics under consideration.

From this roadmap, the topics directly
related to particle physics discussed in the
session on Astroparticle Physics:
+ Direct and indirect WIMP dark matter
searches
+ Axion searches

+ Neutrino properties extracted from
experiments searching for neutrino-less
double beta decay and from cosmological
data.

+ Large underground detectors for the study
of proton decay, low energy neutrino
astrophysics and geo-neutrinos.



US: Snowmass2013

) ) Existing facilities and technologies
Major IF science o and modest experiments enable the
OpporTuanleS identified: exploration of dark
sectors. A rich, diverse, and low-
cost experimental program is
already underway that has
the potential for one or more game-

A.CP violation, rare decays,
K’'s, Charm, B’s

B.LFV with w,T & (9-2) changing discoveries. Current ideas
C. Neutrino oscillations & for extending the |
mass, CP viola’rion, OVBB searches to smaller couplings and

higher masses increase this

D.Baryon number violation  Gieriial markedly.

(proton decay & neutron oscillations)

E. EDMs, Parity Violation

F. New Light, Weakly
Coupled Particles

WWW.SNOWMASS2013.0RG



far future

-2
10~= |
s | WASK kiop |l
”.' ',;,; !"-.{\vorcd >
-3 {
10~k —‘
E774 ‘
W
10-4F |
;
3
-5
10 = 3 —:
r_} P PN l—‘) R P UREARARY | l—l o

my (GeV)

a future HPS-style fixed target experiment. The projected reach here assumes
a factor of two improvement in the vertex resolution, a factor of four
improvement in mass resolution, a factor of 30 times more luminosity, and
higher-energy running with improved particle ID.



B |
Flavor Factory is a good place to probe these

* N. Borodatchenkova, D. Choudhury, M.

® LOW energy, Drees, Phys. Rev. Lett. 96 (2006) 141802
» R. Essig, P. Schuster, N. Toro, Phys. Rev.

o h h 1 . t D80 (2009) 015003

1g uminosi y » Peng-fei Yin, Jia Liu, Shou-hua Zhu, Phys.

Lett. B679 (2009) 362

° Cle an Sl natures « Hai-Bo Li, Tao Luo, Phys. Lett. B686 (2010)
249

« B. Batell, M. Pospelov, A. Ritz, Phys. Rev.
D79 (2009) 115008

M. Reece, Lian-Tao Wang, JHEP 07 (2009)
051

 Barze, L., Balossini, G.et al The European
Physical Journal C, 71(6). (2011).
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Dark Searches at B-factories: topics . .

Search for dark photon

ete- > v A, A'—> ete, utu, Tt
etfee— v A', A" — invisible

Search for dark boson(s)

e'e — A" — W' W.
ee -y A — W' W"

Search for dark Higgs boson

ete-—h A" ,h" > A'A

Search for dark hadrons

ete- > p+ X, mp— ete, utw

Search for dark photon in meson decay

-yl oyl d—nltl...

Search for dark scalar (s) / pseudoscalar (a)

B > KOs — KO-
B - K®Oa — KO [+
B — ss — 2(I*l)

B — K 2(I*I)

B — 4(I*I)

+ related searches (hidden warped extra
dimensions,...)




Y(3S) — y A9, A%— invisible,

new analysis in progress +
extension to A’
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Search for the “Dark Photon” and “Dark Higgs" at Belle —

ete” — AW — AAA with A — [T/~ (I=e or p) or hadrons

Preliminary predicted sensitivity

@ assume number of events observed = number of background
@ upper limit (90 % CL) determined by Feldman-Cousins method.

@ ete” — 3eT3e” @ ete” — 3uT3u”

15
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o
BF x o [ab]

5 —m, = 1GeV/c? —m,. = 1 GeV/c?
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Fit to the corrected Mg, spectrum for the Dalitz decays ¢ — nete~

1. The KLOE-2 Collaboration. Phys. Lett. B. 706(4-5):251. (2012)



BESIII specific references

ete” — Uy J/—ete U U— xx* U—e'e”
ZHU S-H, PHYSICAL REVIEW D75,115004 (2007)
ete” — Uy, followed by U - ete™, U — u*pu~ and U — vi.

Yin Liu & Zhu. (2009). Physics Letters B, 679(4), 362—368

ete” — y +U — yltI~, where U — ITI~, | could be electron
or muon; : :
b g *Hai-Bo L1, Tao Luo,
I/ = U™ — 4l +Phys. Lett, B686 (2010) 249
W (2S) = Uxc1.2 = e7e™ Xc1.2:

J/¥ — Uh' = I~ + missing energy; or J/¥ — Uh' - 3U —
6l

ro(TT +7—y  Fu,J,Li, H-B., Qin, X., & Yang, M.-Z.
]/ y — PU (U — 171 _) (Mod. Phys. Lett. A 27, 1250223 (2012)
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B
relevant BESIII results

n(n')— UU BESIII(2013). Physical Review D, 87(1), 012009.

Search for a light exotic particle in Jpsi radiative decays
BESIII, PHYSICAL REVIEW D85,092012 (2012)
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invisible decays prediction

2013.12.25

mode s-wave p-wave
BR(Y(1S) — xx) |42x107*|1.8x1073
BR(Y(1S) - v) | 9.9 x107°

BR(J/¥ — xx) x 107° [ 1.0 x 10~*

BR(J/V — vi) 2.7 5% 10™°

BR(n — xX) 34x107° (1.4 x107*

BR(n' — xx) 37107 | 1.5 % 10°°

BR(n: — xX) 1,3 %1077 |-53 %107

BR(xc0(1P) — xx)| 27 x 1078 [ 1.2 x 1077

BR(¢ — xX) 1.9x 107° [ 7.8 x 107°

BR(w — xX) 72x107% [ 3.0 x 1078

arxiv: 0702.0016

Dark Photon Workshop USTC
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Dataset per 10B Jpsi at BES

J /Y Number of events ’

decay mode | /10 billion J/v decays Y(25) Number of events

Thbr—dn (31.4+3.4) x 10° decay mode expected

(25.7+2.8) x 105 ¥(2S) = wta—J /¢ 9.3x 108

J /b — én’ (16.241.9) x 10° Y(25) = 70w T/ 5.6 x 107

(9.64+1.2) x 10° Y(2S) —nJ/v 9.3x 107

J/ —wn (13.9£1.4) x 10° ¥(28) —» w0J /¢ 3.7x 108

(6.2£0.6) x 10° Y (2S) — vXxco 2.7% 108

I —wr (1.540.2) x 108 $(28) — vxe1 2.6 x 108

. (0:7+£0.1)%¢10° T 2.5 % 108

R v e T

J/ — pn° (55.34+5.8) x 106 /% = me(15) i

Li, H.-B., & Zhu, Sh.-H. (2012). Chinese
Physics C, 33(10), 932-940.
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% Babayaga@NLO

+0.1% precision

» U boson process with ISR, FSR and interf
% Cut following BESIII

% Figure of Mertit

3(051’\-{—{-(] = 0'51-\,,-[) _ \/y og
\/"% O-SA”I \/ CY S M
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B
resolutions at BESIII

On’ni T I T T [ T T T T I T T T T I T T T T I T T T T I T T T T I__
% 0.018 pD  0.002485 + 5.975e-05 =
m "’I:-L KN = p1 D.001743 L D.0DD1099 -
8m(u+u'—) = 2.54+1.7 —U. ‘gi 0.014F P2 0.0006426 + 4.052e-05 =
1.0 GeV vo12E E
0.010F =
2 = 3
my 0.008 =
4+ 0.6 ——— (MeV) 0.006 3 —
1.0 GeV 0.004F =
=l a3
0.002F e
my - =
te )= —_— 0000l L 1
(Sm(e e )_ 4.1 T 0.3 0G V) ' 25 1.0 1.5 2.0 25 3.0 35
1 > € mu,u.{G;—:V)

2

my

+ ‘l] — (MeV) 0020 T T T I T T T T =
1.0 GeV Z 0.018F pd 0.004173 + 5.413e-05 =
'{2.; ”_m,-,f_ p1 0.0003072 + 5.582e-05 _f
Ug“ 0_0142— P2 0.001052 + 3.3628-05 9
U.Urz;— _;
0010 —
0,003;— —;
0006 =
0.004F- =
0.002F —
0.000:"""""'"']""""'- | ol Ll e

-1.0 05 00 05 1.0 1.5 20 25 30 35 40
m_ _{GeV)

H.-B. Li, T. Luo / Physics Letters B 686 (2010) 249-253
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Light DM candidates
U _d(1) and U Boson

u Dark matter interaction

u 511 keV line observed in INTEGRAL
u PEMELA/ATIC/Fermi results

« DAMA/LIBRA

Rare decays to vv: BR are very low in SM

X 5 | X
Dayong Wang



B |
Invisible Decays of eta/eta’

n/nm’—vv

-
-
-

B(n — invisible) _ n;,; /€, 1
B(n — vy) nyy/€yy (1 = ay)
BES2006 BES2013
Blu—imisbtle) 165 % 103 2.6 X 10~ 90% C. L.
Bl 669 x 1072 2.4 X 1072

BES(2006). Physical Review Letters, 97(20), 1-5.
BESIII(2013). Physical Review D, 87(1), 012009.
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B
efficiencies

Value

Quantity ] n'
n’ (n") 3.56 5.72
€, (€,) 23.5% 23.2% BES2006
nl, (nl) 1760.2 + 49.3 71.6 + 13.2
e;’y (el,) 17.6% 15.2%

ol Coivnd 2.8% 18.5%
(;,7 (o ) 8.1% 21.6%

Thanks to the much improved EMC
. Ll ; BES2013

Quantity n N
N3, (N7y) 13390 = 136 400 + 25
Nis Mg 2514 + 64 1482 + 46

";jj,‘ "Wae *) 1132 * 70 10 = 15

e e 313 + 54 159 + 26
5?7(577) 36.3% 31.7%
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B | 2
Systematic errors

Sys. error (%) Systematic error (%
Source of uncertainties n n'  Source of uncertainties 1 n’
PDF shapes in the ML fit 3.4 7.3  Requirement on Noyer 0.3 0.3
MC statistics 1.0 1.0 j’/:j‘/‘ass window T i; L5
ireme — YN Ne — K K~ 77 backgroun X e
g}(]:qmrcrr;;nt_ o0.Npse -4518 1518 Background shape of J /¢ — ¢ f,(980) . 1.0
oton € Clcr}cy ' ' Background shape of J/ ¢ — ¢K, K; e 2.9
4C fit for n(n’) — yy 1.0 52 Mac fit for n(n') = vy 0.4 0.8
Background shape for n(n') — vy 2.0 1.0 [Photon detection 20 2.0)
Total i) 11.1  Signal shapes for n(n’) — yy 0.1 1.0
Background shape for n(n’') — yy 0.1 0.6
Total systematic errors 2.8 4.1
Statistical error of N7, (Ny) 1.0 6.0
Total errors 3.0 7.4

BES2006 BES2013

\ g

EMC simulation is dominant
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Possible psi decays:

s Vector coupling ¢ (or Y) — invisible yy, ...
u Axial coupling

{t/f(or Y) — U,
g orY) — yxx ...

J/psi-> gam + inv: No analysis in referee stage
u Geng Cong(USTC)'s talk on Collaboration Meeting 2011/12/2
v Some MC studies, no numbers

Dayong Wang



through psi'->pipid/psi
u No BESIII results yet
u There was BESII results on PRL

backgrounds as expected:

By using 14 million y(2S) decays, 90% upper limit: :
Q I
>4

B(J/yr — invisible) N{J/l,¢/€in\'isible L, = o
= = 1.2 X 107~ ot
BU/p—p* ™) N _je -
B o a2 t
$ 500
a s
BES, Phys. Rev. Lett. 100: 192001 (2008) b
0
3.00

No analysis at BESIII yet
v HUGE backgrounds

g -)ice
3.05 3.10 3.15
M. i .- (recoiling) (GeV /c)

Dayong Wang



Idea: Search for the ISR process eTe™ — yrsrY — YispputTp™

Dominating background: ete™ = vyrsrY* = YrsrpuTp”

B. Kloss
Nov 2013

Use untagged ISR events of the 9 (3770) data sample and BOSS 6.6.2.

This is a spin off of the pi+pi-gamma analysis.

Dayong Wang



]
Least suppressed processes

Most promising scenarios:

1) ete-->gamma U
* 2) Higgsstralung:
« e¢te--—>AU, h'->UU

e+ h
et U 7
o '
#
\\’J\x "
i
‘ \
\
\
A
/\4\‘\’\' 1
e U
&= Y
Radiative process Dark higgs-strahlung
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Psi' data

u Psi'->pi pi J/psi, Jpsi->gamma + U, U->inv

u Psi'->pi pi J/psi, Jpsi->gamma + U, U->e+ e-

u Psi'->U+chic1, chic1->gamma+J/psi, J/psi-> lepton pairs
J/psi data

u J/psi->phi eta/eta’

u Jlpsi->eta ll

Dayong Wang



