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1. Introduction

Two lines of research in experimental

elementary particle physics:
1. High energies > search for new massive
particles (CMS and ATLAS mainly)
2. Relatively low energies = search for
new relatively light O(10) GeV or
less new particles with small coupling

constants
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1. Introduction

Known physics Energy Frontier
SUSY, extra dim.
Composite Higgs

= EHE ELE

Intensity Frontier
Hidden Sector

= Fixed target facility _
Unknown physics
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1. Introduction

Light particles:

1. S = 0 - scalar portal - axions,
flavons, ...

2.S =% - neutrino portal - neutral
leptons (sterile neutrino)

3. S =1 - vector portal - light dark
vector boson

4.S = 3/2 - gravitino
As a review: arXiv:1504.04855
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1. Introduction

Dark Force searches in the Labs

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

SLAC (USA)

SLAC
- LCLS
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Experimental bounds

» Astrophysical bounds

» Photon Regeneration Experiments
» K-meson decays

> Upsilon decays

> Electron Beam Dump experiments
> Electron Fixed-Target Experiments
» Proton Beam Dump Experiments
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General idea

Besides SM we have some hidden sector
and this sector interacts with our world
due some dark force exchange. The
most popular mediator is massive vector
boson (dark photon)

L.Okun(1982), B.Holdom(1986), ...

For a recent review: P.Hansson Adrian, et
al., arXiv:1311.0029(2013)
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Muon (g-2) anomaly.
The muon g-2 anomaly discovered at
BNL AGS experiment 821

a;"p —aiM =288(80)x 107"
gives 3.6 o difference with the SM prediction
A lot of explanations exist:

Supersymmetry, leptoquarks, additional

vector boson (dark boson)
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1. Introduction

e An explanation of g-2 with additional
light vector boson (S.N.Gninenko &

N.V.K., Phys.Lett. B513,119, 2001)
assumes vector like interaction

of new light boson A (Z° ) with muons
with a,=~0(10")
coupling constant

For instance for, very light (much lighter
than y-meson) vector boson

a,=(18+08)x10™
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Anomalous Magnetic Moment

o /o
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X
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guBS

(magnetic moment) =
4 Green band: explains the 3.60 deviation in ay
5x1077 v / - (possibly early hint of Dark Force)

[Gninenko, Krasnikov (2001); Pospelov (2008)]
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ap=(gu-2) I 2 : Always an important motivation/constraint for New Physics.

- One of the major motivations for the light Dark gauge boson (Z').
- Unlike other motivations, it is independent of the unknown Dark Matter properties.
- ltis independent of the Z’' decay branching ratios.
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JKCnepuM. yKa3aHUs Ha cyllecTtBoBaHne A°

week ending

PHYSICAL REVIEW LETTERS 29 JANUARY 2016

PRL 116, 042501 (2016)

Observation of Anomalous Internal Pair Creation in 8Be: A Possible Indication of a Light,
Neutral Boson

AL Krasznahorkay,‘ M. Csatl6s, L. Csige, Z. Gécsi, J. Gulyds, M. Hunyadi, I. Kuti, B. M. Nyaké, L. Stuhl, J. Timdr,
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FIG. 5. Invariant mass distribution derived for the 18.15 MeV
transition in ®*Be.

Br(A"—> ete’)=1, €2~ 10

Br(A” - inv)=0.9, €2~106
Br(A”=> ete’)=0.1
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myc* = 16.70 £ 0.35(stat) £+ 0.5(syst) MeV. The branch-
ing ratio of the e* ¢~ decay of such a boson to the y decay of
the 18.15 MeV level of *Be is found to be 5.8 x 106 for
the best fit.

Such a boson might be a good candidate for the relatively
light U(1), gauge boson [4], or the light mediator of the
secluded WIMP dark matter scenario [5] or the dark Z (Z,;)
suggested for explaining the muon anomalous magnetic
moment [7].

Very recently dark photon (DP) signals were searched for
in the z° - ye*e" decay [2). No signal was observed, and
the obtained upper limits ruled out the DP as an explanation
for the muon (g-2) measurement under the assumption that
the DP couples to quarks and decays predominantly to
standard model fermions. However, in the case of the dark
Z, the predominant decay to e*e~ is not assumed [42].

Our observed branching ratio can also be related to the
mixing parameter ¢2 [2]. A somewhat similar calculation
was performed by Donnelly et al. [43] for nuclear deexci-
tations via axions. When we use Eq. 22a of that article, our
experimental branching ratio gives an ¢ in the 107 range,
which is already below the best upper limit published
recently [2]. If we consider a vector or axial vector dark Z
particle, which decays only with 10% branching to e¢"e”
pairs, than our ¢’ is consistent with the description of the
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1. Introduction

Lz, = eufivopZy . (2)
The interaction (2) gives additional contribution to the
muon anomalous magnetic moment a, = 5 2

1 2 1 —
afr = 2 k) )
7™ Jo x®+ (1 —z)Mz /m;

where «, = (e,)?/4m and Mz, is the mass of the Z,-
boson. Equation (3) allows to determine the a, which
explains g, — 2 anomaly. For Mz, < m, we find from

Eq.(1) that
a, = (1.8+0.5) x 107% (4)
For another limiting case Mz, > m, Eq.(1) leads to

2

ap~—s— = (2.7£0.8) x 107° (5)
MZ
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1. Introduction

But the postulation of the interaction of
dark boson with muon is not the end of
the story. What about the interaction of
the new boson with other quarks an
leptons? Very popular scenario in which
Z, -boson interact with electromagnetic
current of leptons and hadrons

_ em Vv
Liw=eJ, Z,

int™

Dubna, April 14, 2016 14



The most popular scenario

New hidden vector boson A (Z ) interacts

with our world only due to kinetic mixing with
photon(or maybe with Z boson)

2AL =€ F “VA‘W
Due to this mixing dark photon interacts

with our matter with the €€ charge

Dubna, April 14, 2016 15



An example of dark mediator A"

Holdom’86, earlier work by Okun, ..

« extra U (1), new gauge boson A" (dark or hidden photon,...)

« 2AL = e F WA |, - Kinetic mixing

« v-A" mixing, € - strength of coupling to SM

« A" could be light: e.g. M ,- ~ ¢ 172 M,

* new phenomena: y-A oscillations, LSW effect, A decays,..

« A decay modes: e+e-, u+u-, hadrons,.. or A -> DM particles,
i.e. A -> invisible decays

Large literature, >100 papers /few last years, many new
theoretical and experimental results

Dubna, April 14, 2016
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Decay modes and signatures

Unfortunately theory can’t predict the mass

of A*(Z ) and its coupling constants with our world
and

hidden sector. We shall be interested in the region
when the A’ mass is between 1T MeV and O(1) TeV.
For A° mass lighter than 210 MeV A" boson decays
Into electron-positron pair, invisible modes if A"
acquires a mass by Stueckelberg mechanism

Dubna, April 14, 2016
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2. Experimental bounds

For this scenario there are several

bounds which exclude possible

g-2 anomaly explanation

1. Bound from electron magnetic moment

excludes masses below 30 MeV

2. Phenix collaboration excluded masses
between 36 MeV and 90 MeV

Dubna, April 14, 2016 I8



2. Experimental bounds

3. The A1 and NA48 collaborations excluded
masses between 30 MeV and 300 MeV.

BaBar collaboration excluded masses between
32 MeV and 10.2 GeV.

So the possibility of g-2 anomaly explanation in
the model is excluded.

Dubna, April 14, 2016 19



Exclusion plot

NA48/2
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2. Experimental bounds

It should be noted that in the considered

model for A (Z ) boson lighter than 210
MeV the A (Z ) boson decays mainly into
electron-positron pair

Dubna, April 14, 2016 21



2. Experimental bounds

There is also possibility that new boson A (Z )
decays mainly into invisible modes,

new light particles y. For such scenario
bound from K™ — " + nothing decay and the off
resonance Ba Bar result exclude masses

except 30 MeV and 50 and around 140 MeV

Dubna, April 14, 2016 22



2. Experimental bounds

Invisibly decaying Dark gauge boson

(ii) Missing Energy (Z' — yy) searches
(i) K¥* — 1* + nothing (BNL E787+E949)

1x10™*
[Pospelov (2009); and othe s}
5x107° d
W:t
__________ Seal
1x107°F = Z 148 d S s d ‘i
5)(10_6 ______________ f : ' Zd
"
______________ (ii)) e*e™ — y + nothing (BABAR)
1x 106} [lzaguirre et al (2013); Essig et al (2013)]
787+E949
5% 107} ¢t VWV ?
BR(Z;—missing) = 1 X
D107 =g 50100 500 1000 © Wz\.,A< ]
Z; mass [MeV] X
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2.

Experimental bounds

Other possibility is that new boson Z interacts

only with

eptonic current

: E”‘r,,e + VelLYuVel, + V7 L — UuL YoVuL

+T T T == VTL IVI/TL]ZZ

The bound from Borexino 862 KeV "Be

experiment excludes the p055|b|I|ty of g-2
explanation

Dubna, April 14, 2016
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2. Experimental bounds

[LEE (2014)]

Dark Leptonic Gauge Boson

1x10~* y : .
S5x 10|
2x 102
/ W
= 1x107°| y trident >
\ S -
— e
5 x 1075 e g
Ay expl ined >
2% 105} JE—— _
——————— =
1x 106} & A]
L / Borexino
solar neutring/ BABAR
5 10 ~ 50 100 500 100C
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Experimental bounds

There is possibility that new boson Z° interacts
only with L, - L. current

o B _ - | y
LZ,1 = Eu LTV + VL VvVu — T T — VTLA)'VVTL]Z,J

For this model the most nontrivial bound
(W.Almannsofer et. al) comes from CCFR
data on neutrino trident v,N =y, N+p"p~
production. Masses my, > 400 MeV are excluded
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2.Experimental bounds

5x 107 (g-2),
preferred

BBN excluded, 95% C.L.
1 5 10 50 100 500 1000
Mz [MeV]
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2.Experimental bounds

Light vector boson explanation of g-2
muon anomaly is strongly restricted but
not excluded

Dubna, April 14, 2016
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3. EXPERIMENT
P348(NA64) at CERN SPS




PREPARED FOR SUBMISSION TO SPSC

Proposal for an Experiment

to Search for Light Dark Matter at the SPS
(Search for A”"->e+e- and A”-> invisible Decays of Dark Photons)

S. Andreas®”, S.V. Donskov- , P. Crivelli“, A. Gardikiotis®, S.N. Gninenko/!,

N.A. Golubev’, F.F. Guber/, A.P. Ivashkin/, M.M. Kirsanov’/, N.V. Krasnikov’,
V.A. Matveev/-9, Yu.V. Mikhailov®, Yu.V. Musienko®, V.A. Polyakov®, A. Ringwald®,
A. Rubbia?, V.D. Samoylenko®, Y.K. Semertzidis”, K. Zioutas®

“ Deutsches Elektronen-Synchrotron DESY, 22607 Hamburg, Notkestrasse 85, Germany

b Institut d’Astrophysique de Paris IAP, 75014 Paris, France

© State Research Center of the Russian Federation, Institute for High Energy Physics,
142281 Protvino, Russia

dETH Zurich, Institute for Particle Physics, CH-8093 Zurich, Switzerland

“ Physics Department, University of Patras, Patras, Greece

f Institute for Nuclear Research, Moscow 117312, Russia

9 Joint Institute for Nuclear Research, 141980 Dubna, Russia

hCenter for Azrion and Precision Physics, IBS, Physics Dept., KAIST, Daejeon, Republic
of Korea

06/12/2013

' CERN-SPSC-2013-034 / SPSC-P-348

)

,
RN
{

“~
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Kpatkas ictopusa NA64

Dec’ 13 - proposal to SPSC
Apr’ 14 - SPSC recommendation for tests in 2015.
O6pauweHne B Pabouyto Npynny. MNpoTtokon N°02/14, 30.05.2014

Apr.” 14 - design, production, delivery at CERN, assembly,
Sept’ 15 commisioning. O6meH nucbemamn LUEPH, P, MOH.

Oct’ 15 - two weeks run. Two reports: CERN-SPSC-2015-037 / SPSC-SR-172;
CERN-SPSC-2015-042 / SPSC-P-348-ADD-1

Jan’ 16 - SPSC recommendation to the Reasearch Board to approve
as a SPS experiment with the focus on the A" invisible mode.

March’ 16 — CERN Research Board approved NA64,
as a part of the CERN Research Programme.
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Konnabopaunsa NA64 (2015)

Technical University UTFSM, Valparaiso, Chile
S. Kuleshov, W. K. Brooks, H. Hakobyan, R. Rios,

Deutsches Elektronen-Synchrotron DESY, 22607 Hamburg, Notkesstrasse 85, Germany
S. Andreas, A. Ringwald

Physics Department, University of Patras, Patras , Greece
A. Gardikiotis, K. Zioutas

State Research Center of the Russian Federation, Institute for High Energy Physics, IHEP,
142281 Protvino Russia

S.V. Donskov, V.A. Kachanov, Yu.V. Mikhailov, V.A. Poliakov, V.D. Samoylenko

Joint Institute for Nuclear Research (JINR) , 141980 Dubna, Russia
G.D. Kekelidze, V. Kramarenko, V.A. Matveev, V.V. Myalkovskiy, D.V. Peshekhonov, V.D.
Peshekhonov, A.A. Savenkov, |.A. Zhukov

P.N.Lebedev Physical Institute of the Russian Academy of Sciences, Moscow 119991, Russia
F. Dubinin, I.V. Konorov, V.0.Tikhomirov

Institute for Nuclear Research (INR) RAS, Moscow 117312, Russia
A.V. Dermenev, S.N. Gninenko, A.E. Karneyeu, M.M. Kirsanov, N.V. Krasnikov, D.A. Tlisov,
A.N. Toropin

Tomsk Polytechnic University, Lenin Avenue 30, 634050 Tomsk, Russia
R.R. Dusaev, V.E. Lyubovitskij, B.l. Vasilishin

ETH Zurich, Institute for Particle Physics, CH-8093 Zurich, Switzerland
D. Banerjee, E. Depero, P. Crivelli, H-S. Cheng, A. Rubbia

2016: ~ 35 yvacTtHmka, MoU B npouecce nogroToBKu

Chile, Greece, Germany, South Korea, Switzerland, and JINR.

PO: NOB3, UAN, DUNAH, TITY, ~ 20 ¢pm3unk + S acnup. + 4 MarncTp-cTyaeHTa.
Bknag PO WHctutyToB: ~ 370 kCHF / 520 kCHF ~ 70 %.
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RARE DECAYS, NEW U(1) BOSUNS AND THE FIFTH FURCE
T.M.ALIEV, M,.I.DOBROLIUBQV, A,.Yu,IGNATIEV, V,A,MATVEEV
TESTS Institute for Nuclear Research of the Academy of

OF FUNDAM!NTAL 3:10::33’ of the U:SI;,-GSOth Uctober Anniversary pr,,7a,
LAWS IN PHYSICS 7312 Moscow, U R

sdind by O Pakbar oot | Trs Thasy Ve

ABSTRACT

We present a brief review of a number of works discover—
ing new perspectives of looking for new light particles in
rare meson decays, Amo them are the production of light

photinos in the decay -—s“nothéms" and preoduction of new
/ A%*% \ U“I) gauge bosons in the decays % —9?’ + "nothing" and
1 " ot S K" —» x" + "nothing". We alsc discuss the problem of kaon de-

cay constraints on the carrier cof the fifth force,

January 21-28, 1989

H.B.KpacHukoB (MSIM PAH) MapkoBckue uteHus 14 man 2014 11/33
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[porpamma uccnepoBanmn NAG64 (Il)

Reasearch program: Searches for sub-GeV Z boson, NHL,... coupled to e, i, q’s.
New method: Active beam dump combined with missing-energy technique

1. Beam Purity for Light Dark Matter Search in Beam Dump Experiment
D. Banerjee, P. Crivelli, and A. Rubbia (Zurich, ETH)  Adv.High Energy Phys. 2015(2015)105730
2. On detection of narrow angle e+e- pairs from dark photon decays
A.V. Dermenev, S.V. Donskov, S.N. Gninenko, S.B. Kuleshov, V.A. Matveev, V.V. Myalkovskiy,
V.D. Peshekhonov, V.A. Poliakov, A.A. Savenkov, V.O. Tikhomirov, I.A.Zhukov
IEEE Trans.Nucl.Sc. 62 (2015) 3283;
3. The K_L invisible decays as a probe of new physics
S.N. Gninenko and N.V. Krasnikov
Phys. Rev. D92 (2015) 034009;
4. Search for invisible decays of 0, n, n', K_S and K_L: A probe of new physics and test using
the Bell-Steinberger relation
S.N. Gninenko,
Phys. Rev. D91 (2015) 015004;
5. Muon g-2 and searches for a new leptophobic sub-GeV dark
S.N. Gninenko, N.V. Krasnikov, V.A. Matveev,
Phys. Rev. D91 (2015) 095015;
6. Search for MeV dark photons in a light-shining-through-walls experiment at CERN
S.N. Gninenko,
Phys. Rev. D89 (2014) 075008
7. The Muon anomalous magnetic moment and a new light gauge boson,
S.N. Gninenko and N.V. Krasnikov,
Phys. Lett. B420 (2000) 9;
8. Proposal for an Experiment to Search for Light Dark Matter at the SPS
S. Andreas, D. Banerjee, S.V. Donskov, P. Crivelli, A. Gardikiotis, S.N. Gninenko, F. Guber et al.,
arXiv:1312.3309[hep-ex]

Dubna, April 14, 2016

34



[lonckn pacnanos
A -> invisible n A" -> ete
Ha SPS CERN

Dubna, April 14, 2016
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YctaHoBka ang noucka A “->invisible Ha CERN SPS

Invisible decay of Invisible State!

‘o e- N .-~ | Dark
TSR I Sector

Y

z

3 main components :
« clean, mono-energ. 100 GeV e- beam

« e- tagging system: MM tracker + SR
« 4 7t fully hermetic ECAL+ HCAL

S.G., PRD(2014)

Signature:

«in: 100 GeV e- track

« out: < 50 GeV e-m shower in ECAL
* no energy in the Veto and HCAL

- Sensitivity ~ €2

Dubna, April 14, 2016
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dN/dE

Exclusion plots

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

GEANT4 +
A~ emission

1072 107! 1 10
my,GeV

M, = 500 MeV

102; ] W
- .

10 I rnh‘=10Mev p
ey g [N

y gt
o 2|o 410 Hslol l lslo Il1oo
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A'D“k & £ x L\.ed{'n’c r—L\ﬂUL

Amaéx'v 'u"la.'t E ~ lé—sj ’”’D".k ~ G‘V- s
at wled .d[

N. Arkani-Hamed,
Snowmass 2013

'Comparisc‘)n with Izaguirre et al.(2015)

-
IKST,W, E <0.1 Ey . Eg=10 GeV, Nggr= 103 ==-=--=
IKST W, Ereonbo i £ Eol10 Gov, NesoL 1012
GKKD, Pb, Egan; <0.5 By, Eg=100 GeV., Neg = 103 ———
GKKD, Pb. Egga 205 Eq. Eg2100 GeV. Neare 10'2
GKKD. W, G <0-1 Eo. Eo=10 GeV. Negr= 103 —= == E
GKKD, W, Egen 201 Eg CEq210 GeV, Npags 1072 — —— -
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e”, 100 GeV

[lonckn pacnaga A ->e*e

« A" decay outside W-Sc ECALT

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

S= ECAL1xS1xS2x ECAL2 xV1xV2xHCAL
o E‘|< Eo, and EO= E'|+ EZ
* 8. Is small to be resolved

MU4

Dubna, April 14, 2016
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v

Exclusion plot A " ->e*e

e, 100 GeV; Expected limits vs eot
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YctaHoBka NAG64 (2015)
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YctaHoBka NAG64 (2015)
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hodoscopes,

)

Micromegas, straws

)

BGOs

44
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Performance of the SR tagging system
With SR tagging of e”’s

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

No SR tagging of e”’s

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

histECtotal16
16000 — Entries 352128
C Mean 97.8
- RMS 25
14000 — 2/ ndf 569.4/117
C Constant1.617e+04 = 3.701e+01
12000{— Mean 9831+ 0.00
- Sigma 1.581= 0.003
10000{—
8000{—
6000 (—
4000{—
2000[—
C o 1 L
) 80 110 120
Hcal energy VS Ecal energy (4x4), cell(2,2) hHCVsSEC16b
Entries 352128
10° X
104 4
10° ¢
1024
101
1 3
100
90

5 HCAL, GeV
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8000

6000

4000

2000

IIIIIIIIIIIIIIIIIIIIII

Much less tail

histECtotal16
Entries 208716
Mean 98.42
RMS 1.682
%2 / ndf 724.5/58
Constant 1.079e+04 + 2.990e+01
Mean 98.45 + 0.00
Sigma 1.531+ 0.003

P B I |
110 120

I

80 90

U,TT,.. rejection > 100

Hcal energy VS Ecal energy (4x4), cell(2,2)[ ,qcvsEC16b

Entries 208716




Heal vs Ecal
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Curnan A" B nnockoct (Epcar; Eecar)

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

\

Hcal vs Ecal
Entries 2150614

..................... Mean x 9.395e+04

. Mean y 384.6
"‘.' .......................................... RMS X 2072
............... RMS y 389

IH

10°
104 ? ........................................
3 1. || o DAL -
10 E: | ||||f||| | 1| ’ ............
10° o 'S " |
: 1000
10§
E I,I u '
) | I wr I 3000

4000

20 0

SR tag is triggered by either SR y from 50 GeV
or by low energy bremss. y/knock-on
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Counts

MM tracker: tail background rejection

Primary Energy

Hcal energy VS Ecal energy

5;
T T T

Momentum Reconstructed (GeV)

60 80 100

120

Reconstructed Momentum vs Primary Energy

1
Enelgy’(GeVl

[ pot____]
Entres 9590296
Mean x 99.01
Mean y 988
Std Dev x 1.001

Std Dev y

*

0 60 80

100
Primary Energy (GeV)

hHCvsEC
Entries 139778
Mean x 93.21
Mean y 1.487
RMS x 24.35
RMS 'y 7.618

A spread of energy as shown in the plot
was given to the primaries and the
reconstructed momentum (when there is a hit in the ECA
compared with the actual primary energy.

As seen in the second plot the reconstructed momentur
compares well with the actual primary energy
of the particles hitting the ECAL. Most low energy
primaries miss the ECAL due to the field.

Level of rejection of events when energy deposited in
ECAL< 50 GeV and momentum reconstructed with
tracker > 50 GeV .... <10-10
for 100 GeV primaries.

Dubna, April 14, 2016
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NAG64 in the Grey Book !
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(g-2) anomaly explanation due to
existence of hypothetical light vector
boson is severely restricted (but not
excluded by current experiments).
P348(NA64) experiment at CERN and(or)
experiment with muon beams will allow
to discover new light vector boson or
reject this explanation of (g-2) anomaly.
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BACKUP
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low-mass (< MeV) A’ parameter space

\ mwLSW
-3 Coulomb | \ ’
= Q N\
—
O __9____ """"""""""""""
q non—Thermal DM i
-2~ Hidden Higgs (my,~m,)
~15
il IR | | I TR N |
-18 -15 -12 -9 -6 -3
Jaeckel, Redondo, Ringwald, ... Logl OmAI [eV]

-12

-15

+ M. Betz et al., First results of the CERN Resonant WISP search (CROWS)
arXiv:1310.8098
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High mass (> MeV) A" parameter space

THE TERRITORY
(A" Electron/Muon Decays)

A' - Standard Model
162

1073 : - : 4 Abo.rl‘- / (-_5 £ eled(‘n'c GL'UL

10_4 : /(ma"':j

; fﬂi Mtta{ m'f

'Umi En 10-3) W'D!{"(" C‘V‘IJ

N. Arkani-Hamed,
Snowmass 2013
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Experiment proposal

We propose to use SPS e-beams with

an energy of electrons 30 — 300 GeV to
produce A" bosons in reaction

eZ =2 eZA (A bremsstrahlung)
and to use decays

A" 2 e+e-

A" -2 invisible

Dubna, April 14, 2016



MeV A" production and decay
K{A’ ________ *<e+:

Y & bremsstrahlung A"

e Z->e Z A cross section 0, ~ &2 (m./M,-)?0, ; Bjorken’09, Andreas’12
- decay rate [ (A -> e+e-) ~ ae”M,./3 is dominant for M,.< 2 m,
* sensitivity ~g4 for long-lived A", typical for beam dump searches

For 10~< € <103, My.< ~100 MeV

« very short-lived A™: 107%<1,. < 10105
- very rare events: 0,./0, < 107°-107

|

« A energy boost to displace decay vertex,
g ~10%, M, ~50 MeV, E,-~100 GeV, Lyi~1Tm
« background suppression
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S2
S1

Decay Volume

e-,10-300 GeV
ScF-W ECAL1

Setup

Qsi
AN

Veto 2

ScF-Pb HCAL
ScF-W ECAL2

« H4-H8 beamline

- ECAL1,2

- V1,2 veto counters
 Decay volume ( vacuum )
« HCAL

- S1,S2 fiber-tracker

Dubna, April 14, 2016
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/pot/22%Ap/p within £0.1mm=*12(0.6)mrad

SPS e- beams

H4, | ..~ 50 GeV e-
1072 pot per SPS spill,
~ 5x106 e- per spill
duty cycle is 0.25
~1072 e- / month
additional tunning by
a factor 2-3 7
beam spot ~ cm?

beam purity < 1 %

p(GeV/e)

Dubna, April 14, 2016
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Search for A" ->e*e in a LSW experiment

e-, 30-100 GeV

Decay Volume

e—,10-300 GeV

ScF-W ECAL1

« A s decay mostly outside ECAL1
« Sighature: two separated e-m
showers from a single e-

S= ECAL1xS1xS2x ECAL2 xV1xV2xHCAL
«E;<< Ey, and Ep= E;+ E,
* 0., too small to be resolved

Events/0.6 GeV

S2
S1

ScF-Pb HCAL

N

ScF-W ECAL2

Sensitivity ~ €2

30 GeV
el->eZ A

> 80% events

5 10 15 20 25 30
Energy, GeV

Dubna, April 14, 2016
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Specially designed ECAL
ECAL1 “bubble chamber”

e W-Sc sandwich + fiber readout
- compact, hermetic, dense, fast
- rad. hard, side SiPM readout
- lateral and longitudinal segmentation
e - elementary cell V ~ R?, x few X
3.5 mm Tungsten - good energy, space resolution
- e/ 1 rejection < 103

WLS-fiber

SiPM

oaz [ Geant4

Resolution AE/E

o 20 a0 60 80 100 120 140
Energy, GeV
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Summary of background sources for A -> e+e-

Source Expected leve

Beam contamination

-7, 1 reactions, e.qg. <1072
7T A-> 1T On+X, ...
-accidentals: T,y u, ... <1013

decays, e-n pairs, ...
Detector

- e,y punchthrough,
- ECAL thickness, <1073
dead zones, leaks

Physical
hadron electroproduction: -
eA->neA*, n -> ECALZ, <1013
- eA-> e+ +X, T->ev
Total <1012

Comment

Impurity < 1%
Leading n cross
sect. ISR data

Full upstream
coverage

Dubna, April 14, 2016
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Expected limits on A -> e+e- decays
vs accumulated N.. (background free case)
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Search for invisible decay A -> Xx

Remember Z-->invisible e-, 30-100 GeV
in the SM | -

—
y - -
- ‘ el el
A ‘ A P
| o
! )y

P
// P /
I /‘ ‘ 1
- i
e- e— ’ \ -
A Tl -
________________________ Vv \ s
_____—-——._____\_. - - et
— A7
% (e
' . il
Y il I
W [ l
-
I ‘ l
Il y
| .
4 I

il W
z o =
S1
Decay Volume /\
;’ X

« Signature:
single e-m shower in ECAL1 +
SoF-W ECAL1 no activity in the rest of the detector
S= ECAL1xV1xS1xS2x ECALZ2x VZ2xHCAL
«E,<< Ep,and Ey = E;+ E, = E,;
« detector hermeticity is a crucial item

ScF-W ECAL2

Sensitivity ~ €2

e-,10-300 GeV
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“B decay” analogy

210Bj B decay e- spectrum SPS e- spectrum
: [ =} :
o patal| “: 1_2 I
| i ; i e, 100 GeV
1 -
el o I
= 0.8 |-
il B I
s - — 0.6 |-
18 K -7
=il il 0.4 - "
_ Lis " ” \
0 0.5 L0 ) 15 - o '2|o' a0 'elo' ' 'slo' ‘ I'I(IJOI ' '12|o' ' '1:10'
Electron kinetic energy (MeV) E GeV
Figure 9.1 The continuous electron distribution from the 8 decay of 2'°E, ..... el

called RaE in the literature).

Pauli, 1931
? _invisible V
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Massive HCAL to enhance longitudinal hermeticity

Single module of the hadronic calorimeter:

«  Pb-Sc sandwich + fiber readout

« 20x20 cm?x (16mm Pb + 4mm Sc) x 60 layers
« hermetic at ~6 A

« uniform, no cracks, holes

. good energy resolution

Full HCAL : 2x2x3 modules, ~ 7 tons

Prototype

[
E—
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Massive HCAL to enhance longitudinal hermeticity

Single module of the hadronic calorimeter:

«  Pb-Sc sandwich + fiber readout

« 20x20 cm?x (16mm Pb + 4mm Sc) x 60 layers
« hermetic at ~6 A

« uniform, no cracks, holes

. good energy resolution

Full HCAL : 2x2x3 modules, ~ 7 tons

Prototype

[
E—
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dN/dE

HCAL hermeticity for 3 consequtive modules

Pions, 100 GeV

No zero energy!

3
10 = PIONS, 100 GeV

HCALI1, 20x20x120 cm>
— HCALZ2, 20x20x240 cm’

— HCAL3, 20x20x360 cm®

10 “F

10

1.5 2 25 3
Energy deposition, GeV

dNV/oE

Expected HCAL energy threshold
~ 20-50 keV determined by noise

and pileups.

10 3¢

Neutrons, 100 GeV

NEUTRONS, 100 GeV

HCALI1, 20x20x120 cm”
— HCALZ2, 20x20x240 cm>

_ HCALS3, 20x20x360 cm>

1.5 2 25 3
Energy deposition, GeV

10

NEUTRONS, 100 GeV

HCALIL., 20x20x120cm™
— HCATL.2, 20x20x240 cm™

.....

L 1 L 1 HEH L JEsg
0.05 o.1 o.15 o.2 o.25 o.3 o0.35 o.4 0.45 0.5

Energy deposition, GeV
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Events/0.5 GeV

Estimated ECALZ2+ HCAL3 nonhermeticity

5x10° n, 90 GeV
ECALZ2 + HCALS3

el
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Energy, GeV

Fit of the low energy
tail with a smooth
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Summary of background sources for A -> invisible

Source
Beam contamination

-7, p, M reactions and
punchthroughs,...

- e- low energy tail due to

bremss., x,udecays in flight,..

Detector

ECAL+HCAL energy resolution,
hermeticity: holes, dead
materials, cracks...

Physical

-hadron electroproduction, e.g.
eA->neA*, n punchthrough;

- Wl process: eZ>eZv v

Total

Expected leve

< 1013-1012

?

<1013

<1013

<1013

<1012 47

Comment

Impurity < 1%

SR photon tag

Full upstream
coverage

~10 mb x nonherm.
WI o estimated.
textbook process,
first observation?

Dubna, April 14, 2016
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N (a.u.)

N (a.u.)

Additional tag of electrons with SR photons

Dipole magnet

Vacuum beam pipe

]
ST [N ST N SO TS N T TN | P I\ R N S S |

20 40 60 80 100 120 140

Fake ECAL1 signal . el s ECAL1
L
10 LHF .
10 o » e- tag enhancement with SR vy
10 5f B field ~0.1- 1T
1055 | * (hw),¢ ~ E2 B, n,/m~ 6 B(T)
/A P R *cutE, > 0.1 (hw),c~100 keV

0 20 40 60 80 I100 120 140I .
» LYSO crystal, good resolution

for > ~50 keV y

Hypothetical e- beam energy distribution o ¢\ itable for vacuum
(not simulated).

Energy, GeV
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HCAL hermeticity for 3 consequtive modules

Pions, 100 GeV
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