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Search for dark sector physics
IN_ MISsing-energy events

S.N. Gninenko
INR, Moscow

Outline
* Introduction

 Direct search for the A" ->invisible decay
* First results (preliminary)

* Physics prospects

e Summary
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Motivation

« Dark Matter (DM) puzzle:
What makes up most of the Universe's mass?

« LHC Run I: no DM candidates so far.
LHC Run ll: focus on searching for “heavy” new physics.

« Various models for DM motivate “light” new physics that could
be observed in lower energy experiments.

One possibility is dark sector of SM singlet fields, coupled to
ordinary matter by gravity, and possibly by other very weak
forces. Searches for such dark forces and their mediators provide an
additional way to solve the DM problem.

Growing activities of high intensity/sensitivity experiments at sub-
GeV scale, e.g. many in Jlab, SHIP at CERN, ....

S.N. Gninenko(INR) - CERN, Feb. 5, 2016 - Search for dark sector physics



i The A° v

Okun, Holdom’86 ..

‘Dark Sector |

« extra (broken) U(1)", new massive boson A’ (dark photon)

- AL =g FWA" | - kinetic y-A"mixing € - coupling strength

- natural coupling € ~104-10-3

« A’ could be light:e.g. M - ~g 12 M,

« new phenomena: y-A” oscillations, LSW effect,... or

A’ decays:

) A" > ete, u*u, hadrons,..

i) A" invisible if M ,- > Mpy and apy >> €. Can explain:
(g-2),, hint on 17 MeV A", astrophys. observations, ...

Large literature, many new theoretical and experimental results
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CERN-SPSC-2013-034 / SPSC-P-348

06/12/2013

@

The P348 Collaboration, timeline

Reasearch program

Searches for sub-GeV Z°, NHL,...
coupled to e, 4, q, by using
New method: active beam dump
combined with missing-energy
technlque

Proposal for an Experiment
to Search for Light Dark Matter at the SPS

S. Andreas*’, S.V. Do k , P. Crivelli, A. Gardikiotis®, S.N. Gninenko/?,
N.A.Glb /FFGb API hkaMK /NVK snikov/,
V.A. Matveev/, Yu V. Mikhailo v¢, Yu.V. Musienko ,V.A.P olyakov ,A. Ringwald®,

A. Rubbia”, V.D. Samoylenko®, Y.K. Semertzidis”. K. Zioutas®

Deutsches Elektronen-Synchrotro DFSY)&()/H nburg, Notkestrasse 85, Ge ny
b Institut d’Astro pf} sique d Par [AP 75014 Paris, France

¢ State Res f’th,fP n Federatio l'ff/f High Energy Physic
142281 Pre

YETH Zurich, 1 stitute fo
¢ Physics Department, Un
I Institute for Nu l
9 Joint Institute for Nucle >search, 141980 Dubna, Russia

h Center for Azion and Precision Physics, IBS, Physics Dept., KAIST, Daejeon, Republic
of Korea

rticle Physics, CH-8093 Zurich, Switzerland
ity of Pa,f,m@ Patras, Greece
scow 117312, Russia

Proposal to search for the
A’ ->e+e- and A"-> inv decays

December 6, 2013
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Dec’13 - proposal to SPSC
Apr’14 - recommen.for tests

Apr.”14 - March’15 - design,

production, delivery at CERN
March -Sept’15 - assembly,
installation, commisioning
Oct’15 - 2 w test run

Jan’16 - recommended to RB

for approval as a SPS experiment
March’16 - final approval?

If yes, P348 -> NAGA4.

July, October’16 - 2 beam runs

Currently ~30 members from
Chile, Greece, Germany, Russia,
South Korea, Switzerland.

5, 2016 - Search for dark sector physics
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Search for A" -> invisible
decay
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# Test Beams at CERN -~

Accelerator chain of CERN (operating or approved projects)
not to scale

SPS Test Beams

Vers

AD Grand Sasso
i ——
P
neutrons &
- |
¢  Lnac” PS Test Beams
S S
—3 5
ISOLDE _ g
BOOSTER lons Leir :
P p (proton) PP (antiproton) AD Antiproton Decelerator LHC Large Hadron Collider ;
) ion -~ proton/antiproton conversion PS Proton Synchrotron n-ToF Neutrons Time of Flight Y
p neutrons p neutrinos SPS Super Proton Synchrotron CNGS Cern Neutrinos Grand Sasso z
Test Beams at CERN Michael Hauschild, LCWSO04, Paris, 22-Apr-2004, page 1
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SPS Layout

¢ SPS beam energy:
- 400 GeV/c (450 GeV/c max)
¢ Spill (at 400 GeV/c):

= 4.8 s spill length (at 400 Gevic)

= 1 spill every 16.8 s
¢ Beam extraction to:

= North Area (Prevessin site)
physics + test beams
- West Area (Meyrin site)

test beams only
will be closed end of 2004

Test Beams at CERN Michael Hauschild, LCWSO04, Paris, 22-Apr-2004, page 6
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#Direct Search for the A" ->invisible decay at CERN SPS

Invisible decay of Invisible State!

e- e— A _..---* | Dark . MUON1
T o 4mn calorimetry
¥ Veto
Target
i - S BGO

SR counters

Vacuum vessel

Ievel <1 O_-I 2 - 1 0-9/6‘ e- tagging

Magnet

RN

MM1 — MM3

S.G., PRD(2014)

e-, 50 - 150 GeV
Signature:

3 main components : «in- 100 GeV e- track

* clean, mono-energ. 100 GeV e-beam | J +. . 50 GeV e-m shower in ECAL
« e- tagging system: MM tracker + SR

411 fully hermetic ECAL+ HCAL

* no energy in the Veto and HCAL
« Sensitivity ~ €2
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H4 beamline

/pot/+2%Ap/p within £0.1mm*12(0.6)mrad

10 g

]
10 E

//_>&—‘\—~\\—[;;n * -, | at ~ 50 GeV,
= Now tuned to ~100 GeV
. 5 « for 3-4 102 pot/spill,
lhax ~ 100 e /splll

duty cycle is ~ 0.25
~101T e~ /month
additional tunning by

a factor 2-3 7

beam spot ~ cm?

150 200

p(GeV/e)
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hadron admixture < 1 %



Tagging of e-

N\

S

with SR photons

Dipole magnet

Vacuum beam pipe

ECAL1

BGO crystal for SR detection:

B field~1.4 T, max1.8 T
<AE>~30 MeV/100 GeV e-
E,m"~1 MeV ;n, ~10

* (hw),c~10 MeV

Events
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1
Total energy deposit inBGO -

= Entries 357716

- p—r Mean 45.96

C p— RMS 38.21

| —— simulation with pileup

- Data vs MC

0 2 w0 e 80 10 12 140 160 80 200
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Response to eZ->eZ+X in (Eycar;Eecal) planew35

GEANT4 SM: Egca+Encal = Eo
for every event

Events
—t
o
S
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Signature for eZ->eZA

GEANT4+code for A" emission in the
SM events: Eqcp +Eca = Ep process of e-m shower development
A" events: Eqca <Eo; Enea =0 _o(eZ->eZA") from Bjorken et al. 09

Events
—t
o
S
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i ECAL response to eZ->eZA~ (Geant4+A’ emission)
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dN/dE
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HCAL hermeticity

Pions, 100 GeV Neutrons, 100 GeV

No zero energy!

3
10 ° PIONS, 100 GeV

10 3 = NEUTRONS, 100 GeV

HCALIL, 20x20x120 cm®
— HCALZ2, 20x20x240 cm®

— HCALS3, 20x20x360 cm”

HCALI, 20x20x120 cm’
— HCAL2, 20x20x240 cm®

— HCALS3, 20x20x360 cm’

10 “F

10

1\l
| %

o o5 1 15 2 25 3 o \os 1 1s 2 25
Energy deposition, GeV Energy deposition, GeV

dN/oE

Expected HCAL energy threshold 102 et
~ 0.3-0.5 GeV (in units of hadronic ] ComEmImII
energy) determined by electronics e -
noise and pileups. ;
P(full E-leakage) < 107 / n - b

1 1 1 1 ii 1 g o
o 0.05 O.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Energy deposition, GeV

S.N. Gninenko(INR) - CERN, Feb. 5, 2016 - Search for dark sector physics



*Summary of background sources for A"-> invisible '>/**

Source Expected level Comment

Beam contamination

-7, p, i reactions and < 10-13-1012 Impurity < 1%
punchthroughs,...

- € low energy tail due to high precision MM
bremss., x,udecays in flight,.. < 1012 tracker + e-

SR photon tag
Detector
ECAL+HCAL energy Full upstream
resolution, hermeticity: holes, <1013 coverage
dead materials, cracks...
Physical
-hadron electroproduction, e.g. <1073 ~10 mb x nonherm.
e"A->ne"A*, n punchthrough; WI o estimated.

< 1013 textbook process,

- Wl process: e Z->e Zv v . :
P first observation?

Total (conservative ) < 10712
S.N. Gninenko(INR) — SPSC Open Session - CERN, January 14, 2014




Exclusion plots
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1074 L

GEANT4 +

The reach of P348, A" signal detec. eff. ~0.5

I < 10
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N A~ spectra, 100 GeV e-
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Current direct limits

-
p—__

from H.-S. Lee(2014)

BRIZ;—missing) = 1

10 =0 100 =00 1000

Z, masss [MeV)

Comparison with Izaguirre et al.(2015)

,
5

IKST,W, Egca <0.1 Eg . Eg=10 GeV, Ngor= 1
Sor50.1 Eo° Eq210 GeV, Neoos 1oq§ -

IKST, W, Egaac<0.1 Eq’ =
GKKD, Pb, Eggn <05 By, Eg=100 GeV, N = 102 ——
GKKD, Pb, Epar<0.5 Eq. Eg2100 GeV., Nearr 10

ALS 5
GKKD. W Ee6a <01 Eg. Eq=10 GeV. Negr= 103 ===~
GKKD, W, Epes 0.1 E, VE,210 GV, Neogr 1072 — — - -

: A
10’ 102 10°
mp / MeV
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Test Run 2015
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The P348 detector e

e e |\
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The P348 detector e
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BGOs, Micromegas, straws, hodoscopes, ...**

Micromegas
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Shashlik ECAL 21/35

« Matrix of 6x6 cells, PS+ECAL

« Cell: Pb-Sc sandwich, 38x38x450 mm?3
« WLS fiber readout

e (1.5mm Pb+1.5mm Sc)x150 layers

- Hermetic, 40 X,, no leak to HCAL

« fibers are inserted in a spiral

« Uniform, no cracks, holes

 Energy resolution~9% E(GeV)?0->

 Spatial resolution: 0.5- a few mm
- e/T rejection < 103

« lateral and longitudinal segmentation
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HCAL modules 22/35

Single HCAL module :

Fe-Sc sandwich, 60x60x150 cm3
Matrix 3x3 cells

WLS fiber readout

(25mm Fe + 4mm Sc) x 48 layers
Hermetic, ~7A

Uniform, no cracks, holes

Energy resolution ~ 60% E(GeV)™0->

Full HCAL: 4 modules, ~15 tons
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HCAL PED, muons

23/35

LED 1-1-0
Entries 49632
R Peak ~ 2.3 GeV__ | Mean 99.60
: ot o7 RMS 59.45
20000 |- Mean 186.4 o Underfl . 5
- RMS 5500 405 o
18000 - Overflow 0
. 5 12 / ndf 95.68 / 66
16000 — 35 Prob 0.009909
. Shape of energy spectrum : Constant  30.47 + 1.28
HIeoE of A”events in the HCAL, 0F hein,  TASILOW
12000 width ~ 100-200 MeV P —
10000 - F
3 20
8000 - E
z 151
6000 o
4000 [ 10
2000 5F-
00:] 1l 11001 1 12&[ 1 léoloj 1l laolol 1 lé& 1 1610101 1 l;olol 11 éoo 0 - r l a4 i 1 ¢ | | | . ) m
0 50 100 150 200 250 300 350

Njpe~ 150 / MIP
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First look, B-field off. 24/35

Hcal energy VS Ecal energy

hHCvsEC
Entries 139778
Mean x 93.21
T Mean y 1.487
........ RMS x 24.35

o RMS y 7618

Hadrons

Low energy e-

Muons

Bremss. Photons
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Performance of the SR tagging system *’*°

No SR tagging of e”’s With SR tagging of e’’s

Ecal energy (Ecal+Preshower) (4x4), cell(2,2) Ecal energy (Ecal+Preshower) (4x4), cell(2,2)

histECtotal16 i histECtotal16
16000 — Entries 352128 B Entries 208716
C Mean 97.8 B Mean 98.42
- RAMS 25 19000 — RMS 1.682
14000— i 5694/ 117 B 2 / ndf 724.5/58
Z Constant1.617e+04 = 3.701e+01 L Constant 1.079e+04 = 2.990e+01
12000 — Mean 98.31= 0.00 8000 — Mean 98.45 + 0.00
C Sigma 1.581+ 0.003 - Sigma 1.531+ 0.003
10000[— -
so00l— oo~ Much less talil
6000 — =
- 4000 —
4000{— B
2000 2000 —
C e 1 ! L -
Yo 80 110 120 T P 05 5o g
%0 80 90 100 110 120
Hcal energy VS Ecal energy (4x4), cell(2,2)[hHCvsEC16D U,TT,.. rejection > 100

Entries 352128 Hcal energy VS Ecal energy (4x4), cell(2,2) hHCvsEC16b

sl N Entries 208716

10° 4 10¢ 1+
107 4 10° 4+
1(1) 12 1+
100 "
90 1
100
50 0
60
ECAL, GeV'x ECAL, GeV,,” 2

40
HCAL, GeV
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Heal vs Ecal

Enlies 14009920407
82790404
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A" signal in the (EycasEeca ) plane
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Single hit in X-Y Hodoscope plane + SR tag

120

EccaL, GeV

Possible extension

of signal region
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A”signal in the (EycasEecar) plane

Conversion of bremss. y ->e*e” in ~200 pum MMZ2 inside the magnet

A\

Hcal vs Ecal
Entries 2150614

s, Mean x 9.395e+04
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Counts

MM tracker: tail background rejection

Hcal energy VS Ecal energy

| Energy deposited in ECal per event |

3,
T

Momentum Reconstructed (GeV)

28/35

hHCvsEC
Entries 139778 2 = :
Mean x 93.21 = E energyd
Meany 1.487 8 35— b
RMS x 24.35 e Entries 6938
RMSy 7.618 - remss. Y
30— . H Mean 77.44
i Econversion in MM2
10 250 RMS 22.9
1024~ =
10 F
i 20—
100 E
90 -
Iy 15—
120 - >
O
5
olﬁuﬂumnxu.....l... PETR I ST
0 20 40 60 80 100 120 140
Primary Energy
Entries > 120 =
Mean ) f—
Std Dev (0]
£ L
[0}
, s 100 no events
A spread of energy as shown in the plot c L '*"*
was given to the primaries and the 8 L
reconstructed momentum (when there is a hit in the ECA [9]
compared with the actual primary energy. s B
80—
1 1 I [
% ® e 120 Energg(GoV) As seen in the second plot the reconstructed momentur - o h 2
. compares well with the actual primary energy 60 —
Reconstructed Momentum vs Primary Energy . s
f the particles hitting the ECAL. Most low energy K
IJ il Palie e ) : » Entries  8.956947e+09
§:;b:s! . . primaries miss the ECAL due to the field. L N O b a C kg ro u n d eve n tS
lean y 988
- o expected for ~1010 g-  |Verx %%
Level of rejection of events when energy deposited in L Mean y 98.97
ECAL< 50 GeV and momentum reconstructed with
tracker > 50 GeV .... < 10-10 B Std Dev x 1.521
for 100 GeV primaries. -
20— Std Devy 174
%«LauPrmqu‘me C oo by o by by by by g
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E Dep(GeV)
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Physics prospects and plans
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Physics prospects

¥

30/35

Process New Physics Sensitivity
1.eZ->eZ+E_,.
+ A'-> ete Dark photons, 104<€e <10
< A-> invisible Hidden sectors, (g9-2), M, ~ sub-GeV
< alps new particles,
+ mQ milli-q e <10°-107
2. W Z>u 2+ E, .
S ZL,> VUV, UHU (9-2),, gauged L ,-L, a,<1011-10°
S U->T L-phobic boson Z,,LFV | <10°-108/
3. 7(K)p-> M°n -> E_..
+ K, -> invisible Bell-Steinberger Unitarity, | ~ 10
+ Ks-> invisible CP, CPT , Br < 108
< 19 n,n->invisible NHL, 2HDM, < 108-107
4. pA > X+ E,_ ..
+ leptophobic X +h ~ GeV DM <107-108 /p
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Search for the A" ->ete-decay

e, 100 GeV it

Veto 2 HH

Decay Volume
ScF-Pb HCAL

ScF-W ECAL2

1072

1073

R ScF-W ECAL1 10 —4
« A" decay outside W-Sc ECAL1 Yoo

*101< 1, < 10710, 0, /0, <1013-109
. Signature two separated e-m 10-6
showers from a single e-

S= ECAL1xS1xS2x ECAL2 xV1xV2xHCAL
¢ E-|< Eo, and EO= E-|+ EZ
* 0., Is small to be resolved

107

31/35

Expected limits vs eot
(background free case, 30 GeV )

%&% KLOE SINDRLFM HADES BaBa_E
- 3 A, WASA / A=
- Y&\ Dark—/ Al ]
B - N\ 1t / =
E E774 §.~§f/* APEX 5
: 9@\. ”\~~~.~ :
E OIS e _:
I 01013 ]

— 2
= — . — .-t vCall @) -
Pk ik = KEK i
3 Orsay =
| NOMAD N
E & PS191 S CHARM 3
B 1 1 111 | 1 111 | 1
1072 107! 1

M, [GeV]
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Summary of background sources for A"-> e+e-

Source Expected level Comment
Beam contamination
-7, 1 reactions, e.g. <1012 Impurity < 1%
Tt A-> 1 On+X, ... Leading n cross
-accidentals: T,y u, ... <1013 sect. ISR data
decays, e-n pairs, ...
Detector
- e,y punchthrough,
- ECAL thickness, <1013 Full upstream
dead zones, leaks coverage
Physical
hadron electroproduction: high precision
- eA->neA*, n -> ECALZ, <1013 MM tracker + e
- eA-> e+ +X, T->ev SR photon tag
Total <1012
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New leptophobic (muonic) Z, from gauged L -L, %%

Class of U(1) models: in SM it’s possible to gauge Exp4ected exclusion area
one of L.-L,, L.-L,, L,-L; LF differences without i
introducing an anomaly.
Broken U(1) of L -L.-> massive Z,.
Impact on: (g-2),, v-Physics, cosmology.
Strong motivation for a sensitive search for Z,->vv,
Uty in a near future experiment by using (unique)
high intensity muon beams at CERN. -
Z ! 1° 102 z l:lg:S, MeV
) H‘ Z, " s3
,’/ lJv ________________________ - Straw tube chambers
eu eu Vacuum
Y vessel
Vacuum g tamet
(9_2) " vessel
S1 )
0
/ icromegas
1,150 Gev \ ! :

Magnet SG, KrasnlkOV, MatveeV PRD(201 5)
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K, -> invisible: nothing in, nothing out ~ °**°

Rare kaon decays with “missing energy” PRD(R)’96.

William J. Marciano and Zohreh Parsa

and K; — vv (if neutrinos have mass). Those decays would
be interesting to explore, but their detection looks essentially
impossible. New ingenious experimental ideas are required.

SG, Krasnikov PRD(zo-I 5) Straw tube chambers
SG PRD(2014) %
M, K+p -> MO+ n
M0=ﬂ01 r]! r],1 KL7 KS i
Vacuum
vessel
s1
: » -- i, \ECAL Veto R i HEAL
& el Mizome Br(K, -> invisible )< 108

S

Magnet
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i Summary 35733

The conceptual idea of P348 is to search for dark sector physics
In missing-energy events with an active beam dump experiment.

The test run 2015:
The capability of such approach and background-free operation of the
P348 detector have been demonstrated for the first time.

The run 2016:

The further increase in efficiency and sensitivity over 2015 results
IS expected due to

1) the ability of a high efficiency tagging of initial state,

ii) precise measurement of the incoming electron momentum,

iil) and thus, rejection of all known backgrounds.

Runs >2016 :
Further increases in efficiency and other improvements are in
development, including increased beam rate.

These results expand the reach of P348.
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