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1.Introduction

Energy Frontier
SUSY, extra dim.

Composite Higgs
= LHC, FHC

Intensity Frontier
Hidden Sector

= Fixed target facility
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1. Introduction

The main motivation in favor of BSM physics Is
dark matter

also probably some hints as:

1. (g-2)-muon anomaly

3. B-mesons semi leptonic decays

There are a lot of dark matter models

For many years SUSY with R-parity was
the most popular dark matter model
However LHC failed to discover SUSY
Other models became popular now
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We know that dark matter exists and it is cold
(nonrelativistic) or warm

But we don't know:

1. Spin of dark matter particles

2. Mass of dark matter particles

In SUSY with R-parity LSP is gaugino

with s = %2 and m = O(100 GeV) as a

rule
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From E. Depero, PhD thesis 2020 (ETH Zirich)
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1. Dark matter 1s nonrelativistic or warm

2. From PLANCK experiment (CMB bounds)
data s-wave annihilation Is

excluded for dark matter masses
m, <10 GeV
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2.Light dark matter
It IS possible that dark matter particles
are relatively light with masses O(1 GeV) or
less (C.Boehm, P.Fayet)
To avoid Lee-Weinberg “theorem”
Renormalizable realization — additional
Interaction connects our world and dark world
The most popular scenario — model with vector
messenger dark photon (B.Holdom, L.Okun).
Also models with scalar mediator exist
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An example of dark mediator A’

Holdom'86, earlier work by Okun, ..

Dark Sector

« extra U (1), new gauge boson A’

° 2 - kinetic mixing

. mixing, ¢ - strength of coupling to SM

* A" could be light: e.g.

* new phenomena:

* A'decay modes: DT
l.e. decays

Large literature, >500 papers /few last years, new
theoretical and experimental results
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Three most popular light dark models

1. Scalar dark matter

2. Majorana dark matter

3. Pseudo Dirac dark matter

The main assumption — in the early Universe
dark matter is in equilibrium with observable

matter. At some temperature dark matter
decouples.

Observable dark matter density allows to
predict the annihilation cross section
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The most popular light dark matter model —
model with additional U(1) gauge field

A’ — dark photon model (Holdom, Okun)
Dark photon connects our world and dark
matter world due to nonzero kinetic mixing
between dark photon and ordinary photon
The Lagrangian is the sum of 3 terms
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T LSM ¥ LSM,dark i I—dark
o — the SM Lagrangian

Lok - dark particles Lagrangian
-SM,dark ~ '(E/ZCOS(GW))F’WBHV
F . =0A -0A
B, = aqu‘deu
B, - U(1) gauge field of SM
SU(2)-U(1) — gauge fields
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Ljark s=(Oux-1epA’ X) "™ (9, x-iepA’ X) —m2 "X —A(XX) 2
'(1/4)FIHVF'”V + (mzA’/z)Au’A’p’
It IS possible to use Higgs mechanism to

create dark photon mass in a gauge invariant
way

Also models with majorana fermion
(x = Cx’) are often used

Ly = (€p/2)X* Y, VsXA™

Dubna, 13 october 2021



If we assume that in the early Universe dark
matter is in equilibrium with the SM matter

Today DM density tells us about annihilation
cross-section. Correct DM density
corresponds to <o,,v> ~ O(1) pbn

Dubna, 13 october 2021



Direct annihilation
XX -->ete, ... (m, <mpy)
Secluded annihilation
Yy -->A'A" m, > m,
For dark photon model secluded annihilation is s-
wave and for light

dark matter it is excluded . For scalar mediator
secluded annihilation is

possible. Here we shall consider direct annihilation
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d
% + 3H(T)'ﬂd = — < OUpel > (nz - nieq) .

The dark matter relic density can be numerically estimated as

T, dT
Qgh? = 8.76 x 107GV 2 [ (g% < ov >) ]!
T M

nT) = [ 5250

In nonrelativistic approximation with < owv,, >= o,z,;" one can find that

(D7 0576 107Gy o= (ot infe),

Qpyh? = 0.1(

1/2) 70

(Gus/ s 9
Mplmxa'g)

*

c= ln(0.038(n + 1)

Here g., g.s are the effective relarivistic energy and entropy degrees of freedom and g is an

internal number of freedom degree. If DM particles differ from DM antiparticles o, = “3*.

1 g
1/2 (?d)

Gx,av

< OV >=T7.3-1070GeV 2.
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Scalar dark matter (p-wave)

My

)2
MeV
for Majorana dark matter additional factor 1/2

62@1) ~ 10_11 ' (

For fermion dark matter(s-wave)

My

2 N .4.1—12. 2
€ Ap 0 0 (MBV)
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So the main features of light dark matter
1. p-wave annihilation(or annihilation
shuts off before CMB) (Planck data)
2. The annihilation cross-section
<g_,v>=0(1) pbn = The main assumption

at the early Universe dark matter is in equilibrium
with our matter

However other scenario are possible
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S.Dimopoulos and H.Georgi, 1981

L.J.Hall et al., 2010

R.Essig et al., 2012

Dark sector is never in thermal equilibrium with
the SM, out-of-equilibrium scattering populates
the dark matter. Couplings are very small.

ape? = 0(3-10%%) for m,,=100 MeV

Not very exciting from accelerator point of view
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The concrete number depends on the Landau pole
scale A and the model. For instance,

forA=1TeV
a,< 0.8(0.2) for scalar(Majorana or pseudo Dirac)
for A=M,,=1.2-10%° GeV

ay< 0.2(0.05) for scalar(Majorana or pseudo Dirac)
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Visible and invisible A’ decays

Visible A’ decays A = e‘e ,u"Ww
1. Prompt decays — resonant behavior in
Invariant mass distribution
2. Displaced decays —long lived A (NA64 exp.)
Invisible decays
3. Missing momentum(energy) from
A’ = xx decays into dark matter particles
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1. Beam dump (SHIP, ...)

2. Missing mass measurement — resonant
distribution (PADME, ...)

3. Missing energy measurement (NA64)
4. Missing momentum measurement (LDMX)

Dubna, 13 october 2021



Dark Force searches in the Labs

Many searches for Dark Force in the Labs around the world (ongoing/proposed).

SLAC (USA)




3. NA64
experiment

NAG64 - Searches
A -> invisible, A ->
ete
at SPS CERN
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NAG4 fExyeriment

Dark
Sector

NA64 is a fixed target experiment combining the active beam dump technique with
missing energy measurement searching for invisible decays of massive A’ produced
in the reaction eZ—> eZA’ of electrons scattering off a nuclei (A,Z), with a mixing

strength 10°° <& < 10° and masses My < 100 MeV.
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47 researchers from 12 institutes
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Two main reactions
“ S. Andreas et al., arXiv:1312.3309 (2013)

S. N. Gninenko, Phys. Rev. D 89, 075008 (2014)

Setup: Visible mode Invisible mode
] my < 2m, o my > 2m, =
£ SM )%
A€
Y SM X
N N
Signature: SM particles Missing energy

pair production

L.Molina Bueno
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search for A ™->invisible at CERN SPS

Invisible decay of Invisible State!

P T _ concrete
e- e- A ...~ | Dark e .
"""""""""""""" I | Secior - - —
s = =
fY Mu3
L. HCALS S E~10 mrad
—_— MUL HCALS N
v2 HCAL2 :
. S3
2 CA
T4

S.G., PRD(2014)

Signature:
3 main components : e in: 100 GeV e- track
* clean, mono-energ. 100 GeV e- beam e out: < 50 GeV e-m shower in ECAL

* e- tagging system: MM tracker + SR
* 411 fully hermetic ECAL+ HCAL

* no energy inthe Veto and HCAL
* Sensitivity ~ €2
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A’ — production in ECAL, invisible decay
The A’ production in electron nucleus interactions

eZ 2e/ZA’, A - Invisible

Signature: missing energy in ECAL + HCAL
In comparison with initial 100 GeV electron
plus no essential activity iIn HCAL(E,c <2 GeV)
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A" signal in (Eyca; Eecal) plaine

Heal vs Ecal

Tr = S0 x S1x PS(>2 GeV) x ECAL(< 95 GeV)

Loose selection cuts Single hitin X-Y Hodoscope plane + SR tag

Meany 2006
RMS x 26380404 pom
RMSy 645

|
500011 Heal vs Ecal |
| Entries 2150614

10000}~ = 1(° H Mean x 9.395¢+04
; [Meany 3846
1 4000- RMS x 2072
= 1 RMS y 389 ! !
S 8000 i ; |
o ¢ 3000(— Wl
2— i Al
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Possible extension
of signal region
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NA64 collaboration, arXiv:2108.04195
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FIG. 4. The new NA64 exclusion limit in the (y,m,) plane, including the ee™ annihilation process, in the (my,y) plane, for
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for the observed dark matter relic density for different variations of the model.




1 TeV Landau Pole _ 1 TeV Landau Pole

Majorana Thermal DM

Pseudo Dirac Thermal DM




Summary plot for visible A’ decays

m,. (MeV/c?)
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S.Gninenko, N.Krasnikov and V.Matveev,
Phys.Rev. D91(2015)095015

Proposal to look for dark photon at
collisions of

CERN SPS muon beams

u(p) + Z(P)= Z(P) + ulp) + Zu(k)
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The NA64 experiment at CERN
with muon beam
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Schematic illustration of the
setup to search for dark boson

5T4 oo
1 y

__xp-
53
-1~- scattered L

Dubna, 13 october 2021



Coming muon produces dark boson at the
target. Dark boson decays into neutrino or light
dark matter and escapes the detection. So the
signature is imbalance in energy for

Incoming and outcoming muons without

big activity in HCAL and ECAL
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Motivation for the muon beam use

There Is possibility that new boson Z, interacts
only withL, — L, current

- T . = -, s - - L/
LE“ — Cu [.Iu I ‘|‘H,u LvVul —T7VeT — VL _:"Ja"il"ll'."f.-]zlf_,g

For this model the most nontrivial bound
(W.Almannsofer et. al) comes from CCFR

data on neutrino trident v, N — v, N+pu"p~
production. Masses m; > 400 MeV are excluded
New BaBaR bound excludes m > 214 MeV
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BaBar bound
Phys.Rev.D94,011102(R) (2016)

The main diagram

Only masses <214 MeV survive

107

uL g'

102
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1. Light dark matter — good alternative to SUSY and other
models (axions, sterile neutrino, ...)

2. Dark photon model is the simplest
realization

3. Dark photon model predicts mixing interesting for
experimental search

4. NA64 with future statistics 5-:102 EOT will
be able to test the most interesting models
5. NA64p has good perspectives to test L ,-L, model
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Additional slides
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2 Upper bound on «ap

One can obtain upper bound on ap by the requirement of the absence of Landau pole
singularity for the effective coupling constant ap(x) up to some scale A [16]. One loop 3

function for ap(p) is

_ 5(2 4 Nng
B(ap) = ﬁ[g(@%nk‘ + Q%Z ] (5)
Here B(ap) = ,udg—uD and ng (ns) is the number of fermions (scalars) with the U’ (1) charge
Qr(Qs). For the model with pseudo Dirac fermion we must have additional scalar with

Qa4 = 2 to realize the splitting between fermion masses, so one loop S function is B(ap) =
1%&:2_ For the model with Majorana fermions we also must have an additional scalar field
with the charge Q¢ = 2 and additional Majorana field to cancel 5 anomalies, so the 3
function coincides with the 8 function for the model with pseudo Dirac fermions. For the
model with charged scalar matter in order to create nonzero dark photon mass we have

to introduce additional scalar field with Qs = 1 so one loop 3 function is 8 = 2x«a?/127;..
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From the requirement that A > 1 TeV [16]:2 we find that ap < 0.2 for pseudo Dirac and
Majorana fermions and ap < 0.8 for charged scalars. Here ap is an effective low energy
coupling at scale u ~ my, i.e. ap = ap(My ). In our calculations we used the value
My =10 MeV. In the assumption that dark photon model is valid up to Planck scale,
ie. A= Mpp =12-10" GeV, we find that for pseudo Dirac and Majorana fermions
ap < 0.05 while for scalars ap < 0.2. In the SM the SU.(3), SUL(2) and U(1) gauge
coupling constants are equal to ~ (1/30—1/50) at the Planck scale. It is natural to assume
that the gauge coupling ap(u = Mpy) also lies within the interval ~ (1/30 — 1/50. As
a consequence we find that low energy coupling constant ap ~ (0.014 — 0.02). So the
values ap ~ (0.014 — 0.02) are the the most natural for ap. In the next section we shall

use the values ap = 0.2 , ap = 0.05 and ap = 0.02 for numerical estimates.
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Visible decays activity- the check of the ATOMKI

experiment

PRL 116, 042501 (2016) PHYSICAL REVIEW LETTERS 29 IARY Bt

Observation of Anomalous Internal Pair Creation in ¥Be: A Possible Indication of a Light,
Neutral Boson

A.T. Krasenahorkzy,” M. Csatlés, L. Csige, 7. Gécsi, J. Gulyss, M. Hunyadi, T Kuti, B.M. Nyakd, L. Swhl, T. Timdr,
T. G. Tomyi, and Zs. Vajta
Institute for Nuclear Research, Hungarian Academy of Sciences (MTA Atombi), P.0. Box 51, H400] Debrecen, Hungary

T. 1. Ketel
Nikkef National Insuitwse for Subatomic Physics, Science Park 105, 1098 XG Amsterdarm, Netherlands

A, Krasenahorkay
CERN, CH-1211 Geneva 23, Switzerland and Institute for Nuclear Research, Hungarian Academy of Sciences (MTA Atownki),

*Be*

]

=

P.O. Bax 51, H-4001 Debrecen, Hungary
(Received T April 2015; published 26 Tanuary 2016)

G\

ATOMK] PAR
SPECTROMETER

pr—0—= @

'Li

Feng et al, 2016
2x10%< e,.<1.4x1073

FIG. 5.

N, (Weighted Counts$ MeY)

SETERE

7Li(p, v )2Be, My =16.7 MeV

Ty

8Be” anomaly: a new light X boson?
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X cannot be A’due to
constraints from a’->Xy decay:

X

"}..

[(7%->Xy)~ (2,0,-8494)% ~ O
if 2¢,=-g4 -> protophobic X
S.N. Gninenko - NA64 Status Report, SPSC Open Meeting, CERN, June 20-21, 2017

10.

Invariant mass distribution derived for the 18.15 MeWV
transition in *Be.
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Future and current visible decays searches
. APEX at JLab(USA) —prompt decays
. HPS at JLab — prompt decays
. NA64 — displaced decays
. Belle-|| at KEK(Japan) — prompt decays
. MAGIX at MESA(Germany) —prompt decays
. SHIP at CERN — displaced decays
. VEPP3 at BINP(Russia) — prompt decays

. SeaQuest(FNAL, USA) — dark photon
ecays Into muons

O 00 N O B~ B OWOWDN PR
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Visible decays. New NA64 result-October 2017 run
with 4.5*10“4EOT

New NA64 result:
arXiv:1803.07748

ALLOWED REGION,

J.Feng et al., Phys.Rev.Lett., 117, 071803
(2016)

1072

1074 < e, <1073

The part of this region is excluded , namely:

13 %107 < e < 42 x 1074

w 10-3

for

npor :_5.4 3{ lﬂm E{E}'I:

10—
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Search for A ->ete-

MU4

MU3

magnet 2

e”, 100 GeV

e, 100 GeV
« A” decay outside W-Sc ECAL1

e Signature: two separated e-m
showers from a single e

S= ECAL1xS1xS2x ECAL2 xV1xV2xHCAL
 E;<E, and E,= E;+ E,
* B.... IS small to be resolved
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Current (2017) exclusion plot
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LAST NA64 RESULTS. INVISIBLE DARK PHOTON DECAY
MODE(arXiv:1906.00176). BOUND ON ¢ PARAMETER OF DARK
PHOTON MIXING WITH ORDINARY PHOTON
We have improved our last 2018 bound on £ parameter by factor ~3

102 Ly
E787, E

a ]

] j)d T ;i: I 4
VO A

a, f& )

[\

10—4 L
NAG4

10*5 L

1073 1072 101 1 10
my, GeV




Current experimental bounds

1. The A1l and NA48 collaborations excluded

masses between 30 MeV and 300 MeV as muon g-2

anomaly explanation.

2. BaBar collaboration excluded masses between

32 MeV and 10.2 GeV.

So the possiblility of g-2 anomaly explanation in

the model with visible A" decays is excluded.

Also beam dump experiments(electron beam dump —
E137, E774, E141) exclude some regions in ¢
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Recent experimental results from NA64 and
BaBar exclude (g-2) anomaly explanation

1072

Y

1072

-3 2 1
10 10 10 1 m,. (GeV) 10
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Current and future invisible decays

searches
NA64 — missing energy searches

PADME at LNF(ltaly) — missing mass searches

1
2
3. VEPP3 at BINP(Russia) — missing mass searches
4. Belle-|| at KEK(Japan) — missing mass searches

5.
6
7
8
9

DarkLight at JLab(USA) — missing mass searches

. MMAPS at Cornell(USA) — missing mass searches
. LDMX at SLAC(USA) — missing momentum searches
. MiniBooNE at FNAL(USA) — proton beam-dump

SHIP at CERN — proton beam —dump

10.SBN at FNAL(USA) — proton beam-dump
11.COHERENT at ORNL(USA) — proton beam- dump
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Missing energy(momentum) reaction
NA64 and LDMX

A (*) X

E _ —

‘Ei<x
Nucleus

7262
2
A,"

0O X
e
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LDMX DISCOVERY POTENTIAL

Thermal Relic Targets & Current Constraints

ID—4_

10-3|LEP LDMX Phase I @ 4 GeV
0.1-0.3 X, target

10—6_

1004 LDMX Phase II @ 8 GeV

1015 E" 0.1-0.3 X, target

lﬂ'lﬁ', ————— e e L
1 10 102 10°

my [MeV]
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