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The general idea: kinetic mixing y-A'

P. Fayet, Phys. Lett. B 95, 285 (1980),

Dark photon first proposed in
P. Fayet Nucl. Phys. B 187, 184 (1981).

> (Holdom, 1986) A boson belonging to an additional U(1)' symmetry would mix
kinetically with the photon:
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> The kinetic mixing is a term in the Lagrangian expressed by EE FZV F™

> For the dark photon to acquire mass an extended Higgs sector can be required to
break the new U(1)' symmetry.

Note: € is the strength of the kinetic mixing and it is supposed to be small,
10°-107?, the smaller the value of € the longer A’ lifetime (i.e. long lived).
The Mass of the new boson should be in the range few MeV to few Gev (Nima

Arkani-Hamed et al. Phys. Rev. D 79, 015014, 2009).



Consideration about dark sectors

A'= dark photon, h = dark Higgs boson, x= dark matter

Most dark sector models require an additional U(1) symmetry responsible for the
“Interactions” between dark sector particles and SM particles through its gauge boson A' .

P. Fayet, Phys. Lett. B 95, 285 (1980),
1 P. Fayet Nucl. Phys. B 187, 184 (1981).
oY 1URY B. Holdom, Phys. Lett. B 166, 196 (1986)
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M(A') ~ GeV scale — mixing with the photon, decays to SM final states possible

M(A") ~ EW scale — mixing with Z°, effects in rare decays (Y, B, ..) through loops?,
decays to SM final states possible

M(A') ~ TeV scale — effects in rare decays (Y, B, ..) through loops!

M(h,)~ GeV scale - dark higgs-strahlung, rare decays

M(X) ~ GeV scale: B - xX,B~Vx; Y(1S) = XX;Y(3S) = XXv, A" = XX

Invisible B/Y decays not accessible at hadron colliders — Belle Il

'Remember the lesson from the past, new particles are first seen indirectly or
in loops: Z° charm, top



Dark photon searches in e+e- collisions:
BABAR, KLOE, BESIII, Belle/Belle

BABAR DETECTOR FORTHE PEP-1l B FACTORY




Dark photon searches at BABAR
ISR process with leptonic final states

BaBar, ArXiv: 1406.2980 [Hep-EX]
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A'= dark photon.

A' decays to SM final states through kinetic mixing (if allowed by kinematics). Low multiplicity
final states. 2 charged tracks and 1 photon, prompt.
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(=]

"
-
o

Ss

hApons

“A'" decays depend on M, :

-Decays to leptons require M, >1.02 MeV/c? W
-Decays to hadrons require M, >0.36 GeV/c?
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Dark photon searches at BABAR
ISR process with leptonic final states

Most dark sector models require an additional U(1) symmetry responsible for the
“Interactions” between dark sector particles and SM particles through its gauge boson A' .

e

P. Fayet, Phys. Lett. B 95, 285 (1980),
P. Fayet Nucl. Phys. B 187, 184 (1981).

1@ Y pwv  B.Holdom, Phys. Lett. B 166, 196 (1986)
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» Kinetic mixing strength
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BaBar, ArXiv: 1406.2980 [Hep-EX]
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BABAR: invisible channels

BABAR: BABAR:
Phys.Rev.Lett.107:021804,20 arXiv:0808.0017
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Dark photon searches at BES lli

Most dark sector models require an additional U(1) symmetry responsible for the

“Interactions” between dark sector particles and SM particles through its gauge boson A' .

evenlis /10 MeV

data /f MC

l/E\F F uwv

i A2 2\[/ wv
\ 4
ArXiv: 1508.07659
0] w'wy MC
M B <oy MC
¢t data >
L | : w
............... Estéﬂ% Lt :
PHOKHARA
i e —— alz “;:[I:se;ﬂ;%] TN T |
=
M w i WW w y ¢

B8 8 =S
B x_BeREC
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Dark photon searches at BES lli
ISR process with leptonic final states

Most dark sector models require an additional U(1) symmetry responsible for the
“Interactions” between dark sector particles and SM particles through its gauge boson A' .

P. Fayet, Phys. Lett. B 95, 285 (1980),
1 P. Fayet Nucl. Phys. B 187, 184 (1981).
_[é\‘ Y E™Y B. Holdom, Phys. Lett. B 166, 196 (1986)
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2 [ » Kinetic mixing strength

102 T
w
BESIII
102 ARTIFICIAL
COVER M
1 V1
BESTH
Preliminary |
ArXiv: 1508.07659 -
10+ ettt ] et 9
10 10" 1

., 10
m.. [GeV/c”]



Dark photon searches at KLOE

F. Cucciarello Phys. Lett. B 757 (2016) 356
ICHEP 16

T
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Nopg = UL on number of U-boson
candidates at 90% CL (CLg
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Bl mn 0 200 400 600 800

ot = 2 — 40% My (MeV)

Svst ti < 1%
ystematic error < 1% £2 < 1.82x10"° —-1.93 x 10—7 @ 90% C.L. for

L=1.93 fb—1! 527 < My < 987 MeV
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Dark photon searches at KLOE

et h’
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Two different scenarios:

my s = 2my
decays:
h! - UU =41, 21+ 27, w

m,; < my with h’ invisible _

w
jaa|
=
Invisible scenario :
IS 10_3, ap = Gem, My ~
100MeV — 7/ < 5ps
— B~ct < 100m — h’ invisible at
KLOE up to e ~ 102 — 107!
depending on my /s
Final state signature: 2
muons-+missing energy— bump in -

Myiss — My, plane
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Event Selection:

Two oppositely charged tracks with vertex inside a 4 X 30cm
cylinder around IP

EMC cluster associated to each track

Momentum direction inside the barrel: |cos 8| < 0.75
Pirack < 460 MeV

| Pmigs| > 40 MeV

Fihiss: calorimeter veto

PID: two muons

vtx-IP cut (anti KTK™)

Results for on-peak (1.65 fb~1 ) and off-peak samples(0.2 fb~1)

L L=1.65fb™" o m, =55 MeV Ny, L=0.206 fb-' © m, =55MeV

| on—peak 0 m, =100 MeV o) | off—peak 0 m, =100 MeV
& m, =205 MeV A m, =205 MeV
> m, =310 MeV 10 i > m, =310 MeV
<+ m, =430 MeV < m, =430 MeV

9
° 10

s b b by g b Ve e by L L s PSR SR I TR SA T NN S SR SR R S SR SR NN N S
100 200 300 400 500 600 700 800 900 1000 200 400 600 800 1000

m;; (MeV) my; (MeV)



Dark photon searches at Belle in dark Higgs-
strahlung processes

X T ra

h'= dark Higgs, y ¢ A ,#%‘A'<

A'= dark photon. ¢ . _
A

Higgs-strahlung: h' decays depending on M, and M,. Measures the v
I',n"

coupling constant of the dark photon to the dark Higgs, a_.
*)a, can be measured experimentally

107F "
107k 10°F :
10°F |
108k i i 5 A t:‘/
10°H=: . BT N SN
m,_=1GeV/c? m,, = 3 GeV/c? m,, =5 GeV/c? 10°F  m_ =7 GeVic? 10°F  m,_ =9 GeVic?
02 03 04 a5 1 15 05 1 15 2 1 2 9 05 1
N m, [GeV/c?]
W 105k m_ = 0.3 GeVic? 10°F m, = 0.5 Gevic? m, = 1.0 GeV/c? m, =15 GeVic? m,. = 3.0 GeV/c?

» 10—7 L
107F —Belle upper limit

107k - -BaBar upper limi
_Belle expected
y’

10°F " limit y

10‘8 -

107k

1 1 L 1079 1 1 1 1 1
4 6 8 4 6 8 65 7
my, [GeV/c?]

Phys. Rev. Lett. 114, 211801 (2015)
Belle: 977 fb* (Born cross section; ISR no negigible)
Babar: 520 fb* based on visible cross section (PRL 108 211801-2012)

12
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Dark photon searches at Belle in pseudoscalar

decays

Search for a dark vector boson in meson decays.
Dark boson produced in pseudoscalar decays.

Exclusive decay mode:

Reconstruct n.

Search for a bump in the M__ distribution

DoéKgn
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Dark photon searches at Belle
ISR process with leptonic/hadronic final states
Y .

e'(e)

e_(e+) A’ <- o & ~Mmm-—cm

e.,un,T Displaced vertex

A'= dark photon, L= long lived light gauge boson.
A' decays to SM final states through kinetic mixing (if allowed by kinematics). Low multiplicity
final states. 2 charged tracks and 1 photon, prompt or displaced vertex decay. Could require
dedicated trigger to increase efficiencies, especially for the displaced vertex case.

“A'" decays depend on M, : ee

0.50 "

0.20
0.10

0.05

-Decays to leptons require M, >1.02 MeV/c?
-Decays to hadrons require M, >0.36 GeV/c?

0.02

0.01

14
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Long lived dark photon search at Belle
ISR process with leptonic final states

AT (I=e,u)
M ,.=0.01-0.3GeV/c’

2
Ctzlcm _ ~mm-—cm e’!”l‘
e
Displaced vertex
-1
10 = —— L=790f, e=15%,N__=Nu;=0
B —— L=790fb™, € = 15 %, N —ka—1000f4DMeV
- HPS predlctlon
— ct = 1lum (prompt)
------ ct =1 mm (displaced)
10 = ;_"-—-..._____ ------------ ct =1 cm (displaced)
-3
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Invisible decays searches @ Belle and Belle Il

See R. Essig et al. JHEP11 (2013) 167.

e'(e)

e(e’) ‘A'<XX

A'= dark photon, yv= dark matter particle (neutral under SU(3)xSU(2)xU(1))

A' decays to dark matter. On-shell (mono-energetic photon) or off-shell (broad spectrum)
with different gamma spectrum .

radiative production in e+e- collisions ,
only one photon in the final state with Ey:(s—MA,)/Z\E (on—shell)
No existing limits

Requires high rate single photon trigger, not available in Belle, however the analysis is
ongoing using photon conversion. The BaBar Collaboration implemented a single photon
trigger ( arXiv:0808.0017 [hep-ex]). Single photon trigger available at Belle II. 16



Dark photon: expected discovery potential at Belle Il

e'ed>yA>ye'e,yu'w, prompt e eIYAIYYY *
102

Belle 11 50 fb™

107
500 fb™

5ab’!

n 50 ab™

1072 10! 1 10
m,. (GeV)

From Christopher Hearty, University of British Columbia/IPP, Belle Il limits scaled from BABAR.

*The level 1 trigger required a single energy cluster > 800 MeV in the laboratory frame.
Rate: 350 Hz (8% of the total) at a typical luminosity of 8 x 10°® running on the
Y(2S) or Y(3S) resonances

* Plans to study e+e- - py*uA', followed by A'— xx (no special trigger required).
17



Dark photon searches in pp collisions:
ATLAS, CMS, LHCb

i

18



Dark photon searches @ ATLAS

« Dark photon searched in the so-called “Higgs portal” in
* The Higgs boson decays to dark fermions; dark fermions decay to
« 1) A Hidden Lightest Stable Particle and a dark photon
« 2) A Hidden Lightest Stable Particle and a dark scalar
 The dark scalar decays to a dark photon pair

L) TYPFO L) TYPE1 L) TYPE2

EMCAL
3 HCAL
B MS

19



Dark photon searches @ ATLAS

ArXiv: 1409.0746v2
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Dark photon searches @ CMS

« Select 4-muon events

CMS Experiment at LHC, CERN
Data recorded: Fri Jun 24 19:30:08 2011 CDT

. !_ook_for di-muon Lumi seciont 248 0 g o
invariant mass bump b‘
at low mass in isolated _\
muon pairs Ml |\

phi=1232
CMS 2011 Vs=7TeV L, =5.3fb" o

c.ﬁ"‘"ﬁ. 40_! I R L L T Ill.l T 1 [T ||:
[&} C L ] 5
— 2 -
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O b e E
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S &, 1800
o 20_— g' b i
X B e ]
2 150 £ -
B n S« ?
g1 10 |
5 "

056 1 15 2 25 3 35
m, (i = 1,2) [GeV/c?] Andy Haas

Search for Higgs boson decays to a dark photon pair plus X
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Dark photon searches @ CMS

CMS 2011 Vs=7TeV L, =5.3f"

Look for two mu+ mu- pairs
to have the same mass

Exclude SM H decays with
~1% BR to muon-jets

CMS 2011 Vs =7 TeV I_mt_53fb‘
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Dark photon searches @ CMS

20.7 fb™! (8 TeV)

BaBar

W | ¢
I 0.1% :
© CMS (95% CL) -
E’ _55 1% 1% i
212

2. ol

=W

=

2107

= :
Z 10 8F SN PP—h—n;n;—ypYpNpNp E

S B0Tvover) =0.1740%
L 0.0 0.5 1.0 1.5 2.0

mass of y, [GeV]

arXiv:1506.00424 [hep-ex]

“This search constrains a large, previously unconstrained area of the parameter space.
Unlike the other results in the figure, the CMS and ATLAS limits are model-dependent
and only valid under the assumption that B(h - 2n1 - 4u + X) £ 0”



Dark photon searches @ LHCb 14TeV: pp— D D4 A'(€7€ )reco

Preliminary studies for run 3: from ~20215 [ "7 — ggnm‘a@ne‘g g'"typ'e; ]
L koo MeYy onstraine -type) J
During run 3 LHCb will run in a “triggerless” [ fOMeY s Measured g
Mode. Plan to search for = |
* low mass dark photon in the reaction: - i
D> Doy |
*() 0 A, 2 3/2 el i
I'(D")»D A — (1 MA,> 1]
*0 0 _ o 2 g . o o ]
F(D )—>D Y Am?, T T L
m, - [MeV]
1010_' LHCI|) Prolmplt D;—ll\d;(;n'Spectrum | Total
« Prompt and displaced vertex decays of o e BB e
the dark photon in the mass region[2m, ,50 GeV /c”] /\ A | DY/FSR
in the reaction: ihar i = T
r r o 7 VL\// \J
pp2XA', A'2u 107 A ;
- ’ 10°- .%\\—/// g
+q- 1 2 4ml Zml : il
[,~T(A"2I'l)==ae m,1—(1+—) o3l
3 mA' mA' no is0. <P with iso. .
104_. i B oG g |: : . i ¢ i i ]
02 0.5 1 2 5 10

my, [GeV]

ArXiv:1603.08926 24



Dark photon searches @ LHCb

Expecte

1073

e 1071]

d sensitivity during run 3: from ~2021

10-6é
104;
m-sé
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10-1-‘;
10-14;

10—15;

E774

Orsay, U70

T T T
MAMI

KLOE LHCb pu

——

Nl=

LHCb upu

ArXiv:1603.08926 -

Charm, Nu—Cal E

E137, LSND

[ LHCDb gii assumes 15 fb~! ]
10'16; LHCh D" assumes 15 fb~" 3
i SN ]
10—17- I | i i T A | 1 }I | A | L L I B | 1 1 i1 11
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Dark photon in fixed target experiments:
NA48-2, HPS, SHIP

Hidden Sector
decay volume

Spectrometer
<. Particle ID

Pair Spectrometer al) y Target/
4

converter vy detector

ctive muon shield
Vacuum feed-throughs for

ower, data and control 4 7
b Lead tungstate calorimeter 4

used for triggering
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Dark photon searches in 1t° decays at NA48-2

Y g
€ e
U
e <e

B. Batell, M. Pospelov and A. Ritz, Phys. Rev. D 80, 095024, 20009.
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Dark photon searches in 1t° decays at NA48-2

(g 'y
[ !
e
- e
e e

B. Batell, M. Pospelov and A. Ritz, Phys. Rev. D 80, 095024, 20009.

BR(n’»yA')=2€*(1- v

_hc

M,
A )XBR(:FEO-)yy)

dark photon
explanation
of (g-2)p ruled
out for A’
—e'e

10°°, ,100 MeV /c?
)X( )

CTA,—F—A'NO.BMmX(

2
€

M,

dark photon
explanation of
8-Berillium
anomaly ruled
out (unluess
pion/proton-
phobic) A'

g2 WASA KEOE
,\,,é\
q)w
10° g
10° 'h : W'
NA48J/2
10*7 El141

I\l 1 1 II\IIkl
10

2
2 .. (MeV/c?)

NA48 arXiv:1504.00607 »g
1° decays



Dark photon searches at HPS
Expected sensitivity by 2020

« Jlab Experiment (CEBAF12)

« Electron beam on a tungsten foll
radiating a dark photon with the
dark photon decaying to e*e".

gar ~ 100 pb (¢/1074)° (100 MeV /m. 4. )
~ver ~ 1 mm (v/10) (10_4/6)2 (100 MeV /m4r)
107

70

107°

Hall B
Pair Spectrometer Magnet

Muon System

Expected sensitivity with
periodic runs by 2020.



Dark photon searches at SHIP
Planned by 2023-2027 North

Area
Muon Magnetic Spectrometer Electromagnetic/Hadronic Calorimeter

Active Muon Shield

Goliath Magnet

HS Vacuum Vessel Spectrometer Timing Detector

HS Spectrometer Magnet

Neutrino Emulsion Target and Target Tracker

DriftTube Tracker

Straw Veto Tagger

Upstream Veto Tagger

Surround Background Tagger

Spectrometer Straw Tra

Veto chambers

Decay volume

Targets T2, T4, T6

SHiP

CNGS)

Target T40
°

TT20

Lss4
FAST extraction

LSs2

SLOW extraction S PS

LHC

Lss1
injection

LSSé
FAST extraction

H

TT60 (TI 2) & TT61 (HiRadMat)

Magnet yoke

Magnet coil

Electromagnetic
calorimeter

Muon filter

30

o Muon detector
Tracking chambers

AWAKE (previously




Dark photon searches at SHIP

-
e
~

Magnet yoke
Magnet coil

Electromagnetic
calorimeter

Veto chambers

Decay volume

Vector meson production @ SHIP
Bremsstrahlung: pp - ppV
Mesons: 0 — yV

Muon filter

Muon detector

QCD: q+ﬁ . V; q+g . q+V Tracking chambers
Visibly Decaying A' 102
1074 j
(g=2); > 5 w
10— —
10-% 10°
SHiP,
10~ 10 bremsstrahlung
3 10712
15 10°¢
10—16
10—18
10—5 L1 Lo TN W
1020/ | | . 102 107 1 10 31
1 10 10° 10° 104 my (GeV)

my (MeV)
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Bruno Mazoy

* The lack of solid experimental evidences for WIMPs might imply that DM belong to
more complicated dark sector with dark interactions/dark forces.

* Many diverese experiments currently searching an planning searches for dark
forces/dark sector.

« Searches are of general interests and many people are joining the effort.

* The “Dark Sectors 2016 Workshop: Community Report”, arXiv:1608.08632,
summurise the strategies and the experimental opportunities for the next 5-10
years.

THANK YOU FOR YOUR ATTENTION! 32
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