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Dark Matter: Astro + Cosmology through Gravitational effects

y‘ Some slides were adapted from F. Tanedo'’s talkk @ APS 2018, thanks Flip for sharing them!
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Does DM interact only gravitationally?

Dark matter interacting
only gravitationally

Nightmare scenario

particle physicist
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Is there an interaction between DM-SM other than gravity?

Relic densities of Standard Matter (SM)
and Dark Matter (DM) are “similar”

SUGGESTS COMMON ORIGIN BETWEEN SM and DM.

- Can those be related with A SINGLE THEORY?
\/ ADDITIONAL DM-SM interaction? If it exists it should be very weak...
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Weakly Interacting Massive Particles (WIMPs)
INTERACTS VIA WEAK FORCE (W and Z BOSONS)

WEAK FORCE?
Dark Matter Standard Model
{a ~ GFmX}

Dark matter searches related by crossing symmetry:

INDIRECT DIRECT COLLIDER
X sm X X sm X

Paolo Crivelli | 28.04.2020 | 5



The WIMP miracle
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Status of direct Searches
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Tough times for the WIMP miracle?
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Light Mediators searches complementary to WIMPs

For a review see e.g. https://arxiv.org/abs/2011.02157

Dark Matter - Standard Model

OBSERVED AMOUNT OF
DARK MATTER TODAY

The WIMPless MIRACLE

9 ) ( )
M 1 mx mx Mweak
U x s~ i mx oI
ov 9x g g
g y g X weak p
The WIMP miracle J. Feng and J. Kumar Phys.Rev.Lett.101:231301,2008
N (mx, 9x) ~ (Mweak; Gweak) Large range for gx and mx
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Renormalizable Portals & satel, M. Pospelov and A. Ritz, Phys. Rev. D80 (2009) 095024.

. “Axion” i Fl F17 axions &axion-like “Higgs” NH2S2 4+ H2S exotic Higgs decays?
Ja particles (ALPs)
& “ Y ; N sterile neutrinos?
* “Vector € FY'N/F,/W dark photon A’ * “Neutrino r (HL)N

T~

MAIN FOCUS OF THIS TALK

oo Uy
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DARK SECTORS - THE VECTOR PORTAL

Dark
J M I
Sector U(1)

DARK SECTOR (DS) charged under a new U(1)' gauge symmetry and interacts with SM
through kinetic mixing (¢) of a MASSIVE VECTOR MEDIATOR (A’) with our photon.

Dark matter with mass (my), part of DS. ,
1 € nm:+,
L= Lsw =3 FuF™ + 5P+ TAA;,A’”

Four parameters: ma, my, ap=€p?/4m,¢ . _ _
+ 'O — myx — epXrtAux,
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DARK SECTORS - THE VECTOR PORTAL

Dark
Sector

U(1)

Standard Model

In this framework DM can be produced thermally in the early Universe

OBSERVED AMOUNT OF
DARK MATTER TODAY

~ 21
1 m

Qx o ~ X
< vo > (7]

Q J
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The (y,mx) DM PARAMETER SPACE

For a review see e.g https://arxiv.org/pdf/1707.04591.pdf

Thermal and Asymmetric Targets at Accelerators
1077

10—8,
~ Probed T

— Solid lines
predictions from DM
relic abundance

mx [MGV]

o DM -> SM annihilation rate is ~ v,
\/ useful variable to compare exp. sensitivities
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Some production mechanisms for Dark Photons

e A’ N N Lg 2

annihilation bremsstrahlung meson decay



Decays Of Dark PhOtOﬂS Adapted from Natalia Toro, Dark Sectors 2017 (1608.03591)

mA’I off-shell
7

A =

€
A’\/V\/<

visible e
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SEARCHES FOR DARK SECTORS AT ACCELERATORS

INVISIBLE DECAY MODE  m’y > 2mx
1) BEAM DUMP APPROACH (MiniBooNE, LSND, NA62...)

Flux of X generated by decays of A's
produced in the dump.
Signal: X scattering in far detector

o X €4OéD
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SEARCHES FOR DARK SECTORS AT ACCELERATORS

INVISIBLE DECAY MODE  m/y > 2mx

2) NA64/LDMX APPROACH

A NA64 missing energy: produced A’s carry away
energy form the active dump used to measure
recoil e- energy

d 0'0(62
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The muon (g-2): an additional motivation to search for dark photons

https://www.nature.com/articles/s41567-018-0341-3
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M. Pospelov, A. Ritz and M. B. Voloshin, Phys. Lett. B 662, 53 (2008)

A’ may
explain
observed
anomaly
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Events

From positronium (search for massless dark photon) — NA64

S. L. Glashow, Phys. Lett. B167, 35 (1986)

5000
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R I T E | .4‘//. M R R A
200 400 600 800 1000 1200 1400 1600
Energy (keV)

< A. Badertscher, P. Crivelli et al., Phys. Rev. D. 75, 032004 (2007) ,
A Latest results 2020 C. Vigo, L. Gerchow, B. Radics, A. Rubbia, P. Crivelli, PRL124,101803
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E. Depero™, A. Dermenev®, S.V. Donskov’, R. Dusaev/, T. Enik’, V. Frolov®,
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Yu.V. Mikhailov’, L. Molina-Bueno™, D.V. Peshekhonov’, V.A. Polyakov’,

B. Radics™, A. Rubbia™, V.D. Samoylenko’, D. Shchukin/, V.0O. Tikhomirov/,
D.A. Tlisov®, A.N. Toropin¢, A.Yu. Trifonov’, P. Ulloa’, B.l. Vasilishin/,

B.M. Veit?, P.V. Volkov’?, and V.Yu. Volkov?

APA—" ETHziirich

The NA64 collaboration (~-50 researchers from 13 Institutes)

*Universitat Bonn, Helmholtz-Institut fir Strahlen-und Kernphysik, 53115 Bonn,
Germany

b Joint Institute for Nuclear Research, 141980 Dubna, Russia

¢Technische Unwversitat Minchen, Physik Dept., 85748 Garching, Germany
1CERN, European Organization for Nuclear Research, CH-1211 Geneva,
Switzerland

¢Institute for Nuclear Research, 117312 Moscow, Russia

FP.N. Lebedev Physics Institute, Moscow, Russia, 119 991 Moscow, Russia
9Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University,
Moscow, Russia

h Physics Department, University of Patras, Patras, Greece

State Scientific Center of the Russian Federation Institute for High Energy Physics
of National Research Center 'Kurchatov Institute’ (IHEP), 142281 Protvino, Russia
I Tomsk State Pedagogical University, 634061 Tomsk, Russia

¥ University of Illinois, Urbana Champaign, Illinois, USA

"Universidad Técnica Federico Santa Maria, 2390123 Valparaiso, Chile

™ETH Zurich, Institute for Particle Physics, CH-8093 Zirich, Switzerland

Proposed (P348) in 2014, first test beam in 2015 (2 weeks),

Approved by CERN SPSC in March 2016 — NAG64.
2016: 5 weeks, 2017: 5 weeks, 2018: 6 weeks.
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1) The NA64 search for A’ — XX

INVISIBLE DECAY MODE ~ m/y > 2mx

DS Lagrangian

1 m5,
L= Loy — 7 FuF™ +5 P P 4 TAA;,AW

+ iyt 0, — m iy —epirt ALy,

\X Missing Energy/momentum
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EXPLICIT TARGET FOR NAG64 (y,mx) DM PARAMETER SPACE

=)

y = e2ap(mx /ma)

recent review https://arxiv.org/pdf/1707.04591.pdf

Thermal and Asymmetric Targets at Accelerators
1077

——  Solid lines

“~ predictions from DM
relic abundance

Probed

NAG64e TARGET
T T

mx [MeV] higher mass region could

be covered by NA64 in muon mode
PLB796, 117 (2019)
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The NA64 method to search for A’ — XX

Requested ECAL ENERGY < 50 GeV
TAGGED 100 Gev

X
“BREMSSTRAHLUNG” OF A
Active Dump‘ 4

o ELECTROMAGNETIC
\ﬁ CALORIMETER (ECAL)
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The NA64 method to search for A’ — XX
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The NA64 method to search for A’ — XX

STANDARD

EecaL+ExcaL =100

MODEL.:

HADRONIC CALORIMETER (HCAL)

X
1 "ea Gey
X M MISSING ENERGY:
ELECTROMAGNETIC ECAL < 50 GeV
CALORIMETER (ECAL) HCAL < 2 GeV

GeV

Paolo Crivelli
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The CERN SPS H4 electron beam
30m

< P

100 GeV electrons
(tagged with S1.2.3)

Vacuum vessel

Magnet2
Magnetl

e~ , 100 GeV

+ Up to 7x106 e/spill, 2-4 spill/min, spill duration 5s
+ Low contamination: 7 (<1%), u/K (0.1%)

\/ + Low energy tails (<1%)

+ Beam spot of 1.5 cm (FWHM)

Paolo Crivelli | 28.04.2020 | 26




The CERN SPS H4 electron beam

CERN's Accelerator Complex

https://home.cern/science/accelerators
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The Electromagnetic Calorimeter (ECAL)

‘Active target‘

Vacuum vessel

Magnet2

Magnetl
T2

e~ , 100 GeVv
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The Electromagnetic Calorimeter (ECAL)

T AE + 2AE =E. +E =E
VIS

invis

Primary beam (e)

Number of events/GeV

Ey, —ajd

Hadron punchthrough (n/K))

incident ek
energy ok
‘20 ‘ 40l I I6|0I I |8|0‘ ‘ ‘1(‘)0l ‘ l120
Energy deposited [GeV]
absorber  detector ZaE, =E,
plates sheets mee

+ High hermeticity (~40 Xo)

+ PbSc sandwich, 6x6 matrix, cells 38x38x490 mm3
+ WLS fibers in spiral— suppress energy leaks

+ Energy resolution ~ 9%/V(E[GeV])

+ Longitudinal (Pre-shower) and lateral segmentation

\g/ — shower profiles (hadron rejection)
A
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The Hadronic Calorimeter (HCAL)

Events

Vacuum vessel

Magnet2
Magnetl

—
-

3
J B i

+ High hermeticity : 4 HCAL (~7 AM)module)

+ FeSc sandwich 3x3 matrix, cells 19.4x19.2x150 cm3
+ WLS fibers in spiral— suppress energy leaks
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e™, 100 Gev ¥ 8 XY multiplexed

The magnetic spectrometer @
P ETH:irich

D. Banerjee, P. Crivelli and A. Rubbia, Advances in HEP, 105730 (2015) and
D. Banerjee, PhD Thesis, ETH Zurich (2017)

MU3

incoming momentum

Number of eventslaev
= =) 3 3

A Reconstruction of e-

Vacuum vessel

Magnet2

Tracking system:

resistive micromegas
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The magnetic spectrometer

MBPL2
MBPL1

D. Banerjee et al., NIMA881 (2018) 72-81 and

D. Banerjee, PhD Thesis, ETH Zurich (2017)

MM4
/

/ |Tracking system MM1-MM4: multiplexed resistive micromegas |

SRD /

MM3
e

Synchrotron Radiation .

Drift field

Drift cathod
rift cathode HV1 ~ 0.6 kV/cm

320 strips/layer

Deflected Beam
. 5 mm

Y: 250/50 pm Nprim

Amplification cathode Amp lification field
=128.’;|;~| ...................... N;".n.p. - HV2 ~ 50 kV/Cm
N NN NN SN N N S - — -
T e I A e e W W W e e e e R strips
X : 250/200 pm PCB \

( R : 250/200 ym Y-strips
X-strips
p=gDBr

MM1

é“o"o" 3 27T ndf 825.9/23

5000 - Vean e 50574 0.0

Incoming Beam 20000 - Sigma 1.184 + 0.002
25000 -
20000 %—
- 15000 é
Reconstruction of e-
. = 5000 —

Incomlng momentum (1% 50 o T80 T
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The Synchrotron Radiation (SR) detector @
P ETH:irich

Particle identification

SR em[ssion ~1/m4

Vacuum vessel\S e

Magnet2
Magnetl
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The Synchrotron Radiation (SR) detector @
P ETH:irich

Bending magnet

Particle identification
SR emission ~ 1/m4

Primary beam axis

Bending magnet

Synchrotron radiation

5

ECAL+HCAL

Primary beam axis

12m 13

ECAL+HCAL

Efficiency > 95%
Suppression >10-5
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E. Depero et al., NIMA 866 (2017) 196-201 and
E. Depero, PhD thesis (defence 27.11.2020)
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The NA64 search for A’ — XX - results (July 2016, 2 weeks)

10°

™
r 1 1 1 | 1 1 | | 1 1 1 |
0 20 40 60 80 100

ENERGY DEPOSITED IN THE HCAL

* Region I: e-Z— e-Zy,y — Yty-

— benchmark for MC

*Region Il: SM events
EecaL + EncaL = 100 GeV

*Region lll —> pile-up events
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The NA64 search for A’ — XX - results (July 2016, 2 weeks)

120
ool | I N I_:1 Event Selection Criteria:
: : + Timing information — Pile up suppression.
i 5 | | |+ Clean incoming track: angle + single hit
60f e o In all trackers, correct momentum.
- A : 4+ Synchrotron radiation — Hadron suppression

40 AP W W—

Yo, I + Shower profile compatible with e-
|

Eican GeV

20 s R
| C

0 4 S l I [ 'Lﬁ-hl- L1 I
0 20 40 60 80 100
Eccal, GeV

‘AII selection cuts applied — no event in signal region

&

+ No activity in Veto counters.
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The NA64 search for A’ — XX - results (July 2016, 2 weeks)

2.75 x 10° electrons on target

1072

— exclusion of most of g-2 muon favored region
M. Pospelov, A. Ritz and M. B. Voloshin, Phys. Lett. B 662, 53 (2008)

7

€

COUPLING &

g-2 closed completely by BABAR results

BABAR collaboration, Phys. Rev. Lett. 119, 131804 (2017)

1072 10! 1 10
m ., GeV

o MASS OF THE DARK PHOTON
\g/‘ NAG64 collaboration, Phys. Rev. Lett. 118, 011802 (2017)

N
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The NA64 search for A’ — XX - results combined analysis 2016-2018

1077

NA64 sensitivityon |
light thermal DM .} .

—

start exceeding = < v

i E 11 Bigg e
. .. 1 constraints of beam :"
yabar | - S o

__ dump exp. o
| (suppressed by e2ap) o}

2.8 x 101 electrons on target
)

—_
9
w

COUPLING &

104 i .
NA64
A a
10_5: -
03 102 T T TS
my,GeV ) D X
MASS OF THE DARK PHOTON

\ﬁ NAB64 collaboration, Phys. Rev. Lett. 123, 121801 (2019) o
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The NA64 search for A’ — XX - Future prospects 2021-2023

107 ————
107
w0 ap= 0.1
S 100 and
*
£ o ma=3m,
]
S
o102
|
TR
10-14 Setup upgrade/
S B optimisation required
107° 102 . Gevl'o_l 1 (Ongoing)

MASS OF THE DARK PHOTON
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2) The NA64 search for A’ — ete-

!/
VISIBLE DECAY MODE M4 < 2mx

Pair production of
SM particles

=(



8Be anomaly and X boson

\ .. A J.Krasznahorkay et al. Phys. Rev. Lett.116, 042501 (2015)

"Li . SPECTROVETER and recent results for 4He arXiv:1910.10459
Be

P m=15.6 MeV = a0 :
S,  MoleEMeV = Could be explained by new
© - ' - ; oo | .

5 ‘protophobic’ gauge boson X

3 wol m=16.6 MeV with mass around 17 MeV

N wr  osignal .. J. L. Feng et al. Phys. Rev. D95, 035017 (2017)

80 90 100 110 120 130 140 150 160 170

\%/ Opening Angle [Deg] Invariant Mass, mee [MeV]
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The NAG64 search for A’IX17— e*e- - experimental setup

Addition of
W calorimeter

Magnet2
Magnet1

Vi T1

S1
e , 100 GeV

\%/A Zooming in (next slide) ‘
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The NA64 search for A’/ X17— e*e- - experimental signature

V3

WCAL: 30-40 Xo
Sandwich W-Sc

Signature:

1) EwcaL+EecaL = 100 GeV

2) No activity in V2 3and
HCAL

3) Signal in S3, S4

4) e-m shower in ECAL

V2
S2

WCAL
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The NA64 search for A’/ X17— e*e- - results (2017-2018)

160 .-........-...: ............ .-. ............... e
signal-like events (2017) :

neutral events  :(2017)

No signal-

140 - "7y neutralevents  {(2018) like event in
= signdl region (2017) ; .
% 120 [ e ———— . C__) T e S s|gn al box
S 100 - :
3 - > W
T ] B B %)
C -
> 271 ) AU U IO SO — E
Sk ~ 8x1010 EOT 2
w40 :1 ................................................ =
v y vV 7V O
Qoi;v . .mmzmmmmmmm"-mmé? ............................................................ (@)
0 : L 1 1 | 1 L 1 ; 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120
Energy in WCAL [GeV]

NAG64 collaboration, PRL 120, 231802 (2018), PRD 107, 071101 (R) 2020
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10~2
my,GeV
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The NA64 search for A’/ X17— e*e- - results (2017-2018)

‘ X17 very short lived <1013 s ‘

signal-like events (2017) :
neutral events '(2017)

140 - ' : v neutral events £(2018) ;
. - ] signdl region (2017) ;
% 120 TR R o s 11:)
3100 - :
S F > W
PYTIE: 0] EETTRPRR SRRSO SNSRI R S o
£ : =
P11 ) TN SNSRI S S—— CSe—— —
s F T
& 40 F =
" v 3
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0 20 40 60 80 100 120
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NAG64 collaboration, PRL 120, 231802 (2018), PRD 107, 071101 (R) 2020
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The NA64 search for X17— ete-

Optimization of
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The NA64 ALP search - results
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Closing the gap between beam
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The NA64 ALP search - future prospects

Feasibility of combining ALPs with A’ = XX search under study
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NA64 in muon mode- NA64,

CERN SPS M2 160 GeV muon beam offers unigue opportunities to further
searches for DS of particles predominantly weakly-coupled to 2nd second and
possibly 3rd generations of the SM.
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NA64 in muon mode- experimental setup (pilot run 2021, 2 weeks)
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NA64 in muon mode - Search for LDM

Search for Dark photons complementary to NA64e in mass region ma > 0.1 GeV
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The NA64 physics prospects

Process
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Summary and Outlook

DARK SECTORS: very interesting candidate for DM

NAG64: Active beam dump + missing-energy approach is very powerful

2016: A’ — XX

- July run: 2.75x10% EOT: no signal — most of g-2 muon favored region excluded (PRL118, 011802 (2017)) .
- October run : 4x1010 EOT: no signal — new constraints on TLDM (PRD97, 072002 (2018)).

2017-2018: - A’ — XX* 3x10" EOT collected PRL 123, 121801 (2019)
- X— e*e: Sx101°EOT@100 GeV PRL120, 231802 (2018), 3x101° EOT@150 GeV PRD (2020)

AFTER CERN LONGSHUDOWN (July 2021) resume data taking (upgrade)
GOAL to fully exploit potential to reach LTDM (>5x1012 EOT for A’ = XX and explore

remaining parameter space X— e+e-), Pilot run in 2021 at M2 (muon mode)
— Proposed searches in NA64 with leptonic and hadronic beams: unique sensitivities
highly complementary to similar projects.
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