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Two lines of research in experimental
elementary particle physics

1. High energies - search for new
massive particles (LHC 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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Known physics Energy Frontier
SUSY, extra dim.
Composite Higgs
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Intensity Frontier
Hidden Sector

= Fixed target facility :
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1.Introduction

Light particles:

1. S= 0 - scalar portal — axions, higgs like
states

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

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

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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The aim of this talk 1s the discussion

of the vector portal (theoretical
arguments and experimental searches
of light vector particles

There are several motivations

1. Dark matter motivations(excess of
positrons, hint in favor of dark matter
selfinteraction
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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

noson (dark photon)
|.Okun(1982), B.Holdom(19806), ...

—0r 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’® —a," =288(80)x10 "
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

* 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" with muons with
coupling constant «, ~O(107)

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

a, = (1.840.8)x10°

Dubna, July 28, 2015 10



Anomalous Magnetic Moment

(magnetic moment) — —%

Green band: explains the 3.60 devi
(possibly early hint of Dark Fc

EcC=a/a

[Gninenko, Krasnikov (2001); Pospe

5 10 50 100 500 1000

Mdark photon [MGV]

au= (gu-2) / 2 : Always an important motivation/constraint for New Physics.

- One of the major motivations for the light Dark gauge boson (Z').




1.Introduction

Lz, = eufivu iz, - (2)
The interaction (2) gives additional contribution to the
muon anomalous magnetic moment a, = 9“2_2
1 2
Zy _ O r“(1 — x) 3)

@ T Jo 22+ (1 — mjﬂi’%p /m?’

where a,, = (e,)?/4m and Mz, is the mass of the Z,-
boson. Equation (3) allows to determine the «, which
explains g, — 2 anomaly. For Mz, < m, we find from
Eq.(1) that

o, = (1.8 £0.5) x 10~® (4)
For another limiting case Mz, > m, Eq.(1) leads to

'il“'_-‘}!-2

oy~ = (2.7£0.8) x 10°° (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 | 4
L. = eﬂJV Zﬂ

Dubna, July 28, 2015 13
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The most popular scenario

New hidden vector boson A" interacts

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

2AL =g F VA"

Due to this mixing dark photon interacts
with our matter with the ¢e charge

14



An example of dark mediator A’

Holdom’86, earlier work by Okun, ..

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

« 20AL =¢ F WA - kinetic mixing

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

« A" could be light: e.g. M ,- ~ ¢ Y2 M,

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

* A'decay modes: e+e-, u+u-, hadrons,.. or A -> DM particles,
l.e. A ->invisible decays

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

Dubna, July 28, 2015
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Decay modes and sighatures

» Unfortunately theory can’t predict the mass

« of A" and its coupling constants with our
world and hidden sector. We shall be
interested in the region when the A" mass

* is between 1 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, July 28, 2015
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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, July 28, 2015 17



2. Experimental bounds

3. The A1 and NAA48 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 due to existence of light
vector boson Is excluded

Dubna, July 28, 2015 18



Exclusion plot
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2.Experimental bounds

It should be noted that in the considered
model for A" boson lighter than 210 MeV
the A" boson decays mainly into electron
positron pair

Dubna, July 28, 2015 20



2.Experimental bounds

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

new light particles y. For such scenario
bound from «+ - 7+ + nathing decay and the off
resonance Ba Bar result exclude masses
except 30 MeV and 50 and around 140 MeV

Dubna, July 28, 2015 21



2.Experimental bounds

Invisibly decaying Dark gauge boson

(i) Missing Energy (Z' — yy) searches

1x107

5x107°F

(i) K* — 1* + nothing (BNL E787+E949)
[Pospelov (2009); and othe s}
d

, Wi
Lzaguirre et al
et
1x 1075 o /z """""" = 3 d + 2 d I
5x 105 o Z,
%
_______ (ii) e*e™ — y + nothing (BABAR)
1x 10-5} [lzaguirre et al (2013); Essig et al (2013)]
E7874+E949
5x1077F e« AVAVAVAVAVAVERS
BR(Z;—»missing) = | X

Ix1077 =545 30100 500 1000 ¢ 2 )

Zi mass [MeV] X
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22



2.Experimental bounds

Other possiblility is that new boson Z
Interacts only with leptonic current
LE” = €y [EH.'“IJE + VeLVwoVeL + Eﬁ.’:,r.tf-‘l' + E#L'.:EIJH#L

+TYT +VrL Vo H’."L]ZE

The bound from $62 kev 'Be Borexino
experiment excludes the possibility of g-2
explanation

Dubna, July 28, 2015 23



u/a

2.Experimental bounds
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Experimental bounds

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

Lz, = eulipp+0uryur =TT = Ve Yo¥rL|Z,
For this model the most nontrivial bound
(W.AImannsofer et. al) comes from CCFR
data on neutrino trident »N-=uN+pf
production. Masses myz, 2 400 MeV
are excluded

Dubna, July 28, 2015 25
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3. EXPERIMENT P348 at
CERN SPS
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Experimental
proposal(S.Andreas et
al.,arXiv:1308.6521

We proposed to use SPS secondary
e-beams with an energy of electrons 30
-300 GeV to produce A bosons in
reaction eZ ---->eZA (A
bremsstrahlung) and to use decays

A ---2e+te- and A -—invisible

Dubna, July 28, 2015



Research program of P348 (still under developme

1. Searches for A ->e+e- and A ->Invisible decay
of massive dark photons (Dark matter)

2. Search for electrophobic hew gauge boson
/ (muon g-2 anomaly )

3. Searches for the decays 7% n,n’ -> invisible

4. Searches for the decays K¢, K, -> Invisible anc
test of the Bell-Steinberger relation

Program Is based on the missing-energy approac
developed for fixted-target experiments

Focus of this talk on items 1. and 2.



SPSC recommended to focus on A ->invisible decay
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December 6, 2013

MINUTES of the 113™ Meeting of the SPSC
Held on Tuesday 8 April and Wednesday 9 April 201

1. FOLLOW-UP ON EXPERIMENTS AND PROPOSALS

1.1 P38

The SPSC received with interest the answers to the referees” questior
P348, describing the search for light dark matter using the SPS.

The Committee recommends that the Collaboration place more focus
channel, the more competitive of the two channels.

The SPSC recommends a test run of two weeks at the SPS for the me
backgrounds, a study of the performance of the apparatus and an initia
mattér.
The Committee also recommends that the results of the test run, a8 we
simulation studies, should serve as input for a technical design report &
SPSC.
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Search for invisible decay A -> xX

Remember Z-->invisible e-, 30-100 GeV
In the SM !

I -
| o - |t
fl \/“/’ il
o ‘ i A [l
Ilf [l [ Al
P U/ i |

fl |1 [l \/,//
e- e= A / ‘ T ‘ Ml
________________________ }“ 3 A
W (e
x AT
b gl
) ‘ il il
gt >
O _
I I
‘ i

‘ |
74 s2 W
S1 |
Decay Volume /\ 1
: X
-y %
i

« Signature:
single e-m shower in ECALL +

ScF-W ECAL2

Sensitivity ~ €2

e-,10-300 GeV

ScF-W ECAL1 no activity in the rest of the detector
S= ECAL1xV1xS1xS2x ECAL2x V2xHCAL
E,<< Ejand E, # E;+ E,=E;
* detector hermeticity is a crucial item
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Setup to search for A ->e+e- and A -> invisible d

Part for measurements

in 2015 ~—

Decay Volume

Velo 1

« H4 beamline

- ECALT1,2

- V1,2 veto counters
e-10-300 GV SeFW EEAL « Decay volume ( vacuum
- HCAL

« 51,52 fiber-tracker




Setup for invisible A™ decay in 2015

Three basic components

H4 bgamline e- Tagging system Detect
! |
b il Magnet, 1.5 T uHegm:ﬁtlawTube';
C2
- ot
P
)

VYacuum'He
15-20 m

=l

C1
" Signature: large (>50%) missing e- beam ener
ein(120 GeV) x &7, (Egca < 60 GeV) x (V,Eyca
I,‘I]BGE‘!’ 4




dN/dE

HCAL hermeticity for 3 consequtive modules

Pions, 100 GeV Neutrons, 100 GeV

No zero energy! /

3 . e < <
10 3| PIONS, 100 GeV 10 3 -~ NEUTRONS, 100 GeV
g HCALI, 20x20x120 cm’ F HCALI1, 20x20x120 cm’
— HCALZ, 20x20x240 cm® — HCALZ2, 20x20x240 cm”
i — HCAL3, 20x20x360 cm® — HCALS3, 20x20x360 cm®
2 2
10 “F 10 “ -
{hn‘ | 3
i I i
10 'l'[ 10 ¢

h | PR SR T IR T SR SR S R T S §E§§
3

1.5 2 2.5

BTRE. Al

o 0.5 1 1.5. 2 .2.5. 3 o 0.5
Energy deposition, GeV Energy deposition, GeV

ANV

Expected HCAL energy threshold T neana oot
~ 20-50 keV determined by noise I
and pileups.

1 1 L 1
o 0.05 0.1 0.15 0.2 0.25 0.3
Energy deposition, GeV

34

‘% & 1 [
0.35 0.4 0.45 O0.5
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Events/0.5 GeV

Estimated ECAL2+ HCAL3 nonhermeticity

5x10% n, 90 GeV
ECAL2 + HCALS

0

5 10 15 20 25 30 35 40 45 50
Energy, GeV

Fit of the low energy
tail with a smooth
function f(E)
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nonhermeticity as a funcion
of the energy threshold
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Summary of background sources for A -> invisible

Source

Expected level

Comment

Beam contamination

-TT, p, M reactions and < 1013-1012 Impurity < 1%
punchthroughs,...

- e- low energy tail due to ? SR photon tag

bremss., 1,udecays in flight,..

Detector

ECAL+HCAL energy resolution, Full upstream

hermeticity: holes, dead materials, | < 1013 coverage

cracks...

Physical

-hadron electroproduction, e.g. <1013 ~10 mb x nonherm.

eA->neA*, n punchthrough; WI o estimated.

_WI process: e Z->e Zwv < 1013 textbook process,
first observation?

Total <1012 +7?

Jubhs 28 2015
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N (a.u.)

N (a.u.)

1.2

0.8
0.6
0.4
0.2

10

10.
10 .
10 .
10.
10.
10 .
10 .

10

Additional tag of electrons with SR photons

|
1
1
| )
1
1
|
-
-
-
FEIHETR . ERTEREES P s 3 s g gl

0 20 46\ 60 80 100 120 140
Fake ECAL1 signal . Eneray, GeV
: /
|
=
28 : -
ar 4
56 L
6;_ L,\,:A
7E 1
8{..I.|...|...|...|...|...|...|.
0 20 40 60 80 100 120 140

Energy, GeV

Hypothetical e- beam energy distribution
(not simulated).

Dipole magnet

Vacuum beam pipe

ECAL1

* e- tag enhancement with SR vy
* B field ~0.1- 1T

* (hw),* ~ E? B, n,/m~ 6 B(T)

*cutk > 0.1 (hw),~100 keV

* LYSO crystal, good resolution
for > ~50 keV y

* suitable for vacuum
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Expected limits on A*-> invisible decays vs accumulated
N.. (background free case)

With one day of running we could cover completely the (g-2), favored region!

10_2: T I ]‘.llllll LI L I_III'III I ol I |||||| I I 1 LI -
- I s P17 -'1/ 3 BaBar | -

g v, 1/ / §
:—T—‘/’)ﬂ J/\ [KomAlY 1
S _A___) ) E787, E949 -

3 a, favored | ' 7 ,]

10_ = == = == == = _—*'H ~ ’ improved <! 'E
5 \ | Belle 1777

T A ,_/' _____________________ N low-E, I, 7

L Vs TN Bellell ! -
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g SRR
- - ’ elle

10_4 —— ‘./ VEPPS . standard |
- P . =

E ’/' 109 E

: LSND -=--= 30 GeV |

e - 100 GeV
—5| .

10 [ 1 1 |||||l| 1 1 |||||l| 1 1 IIIIIII 1 1 ||I|||-I:
1072 107! 1 10

np [GGV]
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3. P348 experiment

P348 experiment Is able to completely
eliminate the possibility with invisible A’
decays

Dubna, July 28, 2015
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4.The experiment at CERN
SPS muon beam

Dubna, July 28, 2015
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4. The experiment with muon
beam
Existing experimental data restrict rather
strongly(but not comletely close) dark
vector boson g-2 explanation.The aim of

this part is short review of our recent
proposal

(S.Gninenko, N.K and V.Matveev,
Phys.Rev. D91(2015)095015)

to look for dark boson at collisions of
CEF ulp) + Z(P)=Z(P) + ulp) + Zu(k)

Dubna, July 28, 2015 41



4.The experiment at CERN

SPS muon beam
In the Weizsaker-Willlams approximation

the z-production cross section is
(J.Bjorken et al.)

dU{p?—E—Z—}#—I—Z# —I—Z] _ay E.]Ilﬁg# »
dEz,dcostgz, o 1—x

do(p+q—p +k)

d(pk} |t:tmin

T EEZH/Eg,

—_ 2
t:_q 1

Bz, = /(1 - m%, /ER)

Dubna, July 28, 2015
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4.The experiment at CERN
SPS muon beam

2
q[I _ |“'ﬂ ~ U?
M 292 g 1—x 2
UEU(Ingp):EDH.Z#I_FmZH - —|—m#:ﬂ
U
|q_] = ?
2E0(1 — z)
At the ¢2,,,, kinematics [31]
2 2

—ﬁzm#—ug=2p-k—m3#=[f,

Dubna, July 28, 2015
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4.The experiment at CERN
SPS beam

do 2maaqy, - S —1 m?  m 2 2
— A—H 4 B2 Dy T
i, @ gt g ) HEE)
Qm% to 1 1
u 2 2,49 1o

In the Weizsacker-Williams approximation the cross sec-
tion of the u(p) + Z(P) — Z(P) + plp) + Z.(k)
reaction 1s given by
1 do oo XBz,. . Co Cy Cy
—4 H i
B2 dedeosty, — iy it (

24)

where

Co=(1—z)+(1—x)*, (25)
Cs = —2z(1 —z)’m%, —4dmiz(1 —z)*,  (26)

Cy = 2m7y (1—z)*+(1—z)*[dm,2*+2m;m7 (x*+(1—z)*)].
(27)
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SPS muon beam

By integrating with respect to #z, we find that

der a?a,xBz,  Cs 'y C'y
-9 A [z
iz g e tagysh

where

(28)

- +mim (29)

V =Ul(z,0z, =0)=m3

For a general electric form factor Ga(t) [30] an effective
flux of photons vy is

S

For the M, < 2Zm, the decays 4, —+ [ijt are prohibited
and Z,, decays mainly into Z,, — v, 7,,v;V.. For 2m, <
Mz, < 2m, besides decays into neutrino pairs Z,, also
decays into g™ p~-pair with decay width

- a,Mz, 2m? m?
D(Zy = ) = 2522 (14 g2 [1 = aqp- 31
[ T

4.The experiment at CERN

X =2%Log.

Dubna, July 28, 2015
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4.The experiment at CERN

BZ > w, %)

SPS muon beam

The branching ratio into g~ p™ pair is determined by the

formulae
K (572
Br(Z, —p pt) = - (32)
H 1+ K(Ef:)
where

2 2
my, Em# ) g
Ko, =Utae )14 39

—
=z, R

. o
o
17 | 17 | 17 | T T | T 1 ‘ T T

o 1 L : L 1 ) ) ) | : : : I : L
200 400 600 800 1000

Zpl mass, MeV

o]
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4.The experiment at CERN
SPS muon beam

x10 ~

01

dN/dx
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Schematic illustration of the
setup to search for dark boson

5T9 aT10 ST aT12

Magnet L Magnet

ECAL ST7 518 -
's'rs 814 o STESTﬁ- prm h
S i L TEIEE TEk i
l I (I P i | LI 3
i —Jr- scattered |

o \"
1‘3“"’@6
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4. The experiment at CERN
SPS muon beam

ST1- ST4, ST5-ST6 —straw tubes
S1,52 ,S3 —fiber hodoscopes
V1,V2 —veto counters

Dubna, July 28, 2015
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The experiment at CERN SPS
muon beam

Coming muon produce dark boson at the
target. Dark boson decays into neutrino

and escapes the detection. So the
signature is imbalance in energy for

Incoming and outcoming muons without
big activity in HCAL and ECAL

Dubna, July 28, 2015 50



he crusial point - backgrounds
wo type of backgrounds

1.Beam related — nonexact knowledge of
muon momentum — low energy tails

2. The presence in the beam of kaons
and pions decaying into muons

Simulations show that it is possible to
get rid of such backgrounds at the level

107% <
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Second type of backgrounds include:

1. Hard bremsstrahlung

2. Pair production

3. Photonuclear production of of neutral

penetrating particles (photons,neutrons,K-
mesons)

Simulations show that for good ECAL and
HCAL it Is possible to get rid of such
instrumental backgrounds at the level 107
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he crusial point - backgrounds
wo type of backgrounds

1.Beam related — nonexact knowledge of
muon momentum — low energy tails

2. The presence in the beam of kaons
and pions decaying into muons

Simulations show that it is possible to
get rid of such backgrounds at the level

107% <
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4a.backqgrounds
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Events/5 GeV

4a.backgrounds
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Events/0.4 GeV

4a.backgrounds

103 a 95Gev

K'+p — K%+n
60x60 cm?x2 modules
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Events/0.4 GeV

4a.backgrounds

107 -

10 °

10 ©

b) 95 GeV

K+p — K%n

60x60 cm>x4 modules

20 40 60 80 100 120 140
HCAL energy, GeV
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4a.backgrounds

TABLE I: Expected contributions to the total level of back-
cround from different background sources estimated for the

beam energy 150 GeV (see text for details).

Source of background Expected level
i low energy tail <107
HCAL non-hermeticity <107
i induced photo-nuclear reactions <1071
i trident events < 107"
Total (conservatively) <107

Dubna, July 28, 2015
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4b.Expected sensitivity

For 10" muons with average energy
150 GeV and in the assumption of
zero background we find that it is
possible test dark boson muon coupling
constantupto «,210"

Dubna, July 28, 2015
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4b.Expected sensitivity

Exclusion region

10- 1 Ll ! Ll 1 Lol

1 10 102 10°
ZM mass, MeV
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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 experiment at CERN and(or) an
experiment with muon beams will

allow to discover new light vector boson
or reject this explanation of (g-2)
anomaly.

Dubna, July 28, 2015 61



62/53

BACKUP

Dubna, July 28, 2015



low-mass (< MeV) A’ parameter space

0
-3 - - .4 > Coulomb, \ | -3
S,
-6 -6
=)
™
O ] R 20
1 non—Thermal DM l
-121- Hidden Higgs (my,~m.) - )
-15 —-15
el __ |- | __1
-18 -15 -12 -9 -6 -3 0 3 6
Jaeckel, Redondo, Ringwald, ... LoglomA’ [eV]

+ 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

F THE TERRITORY "V
(A’ Electron/Muon Decays) g

A' - Standard Model

102

AB«“

‘ ‘_5 £ x J:Jm J\ ¢

Unexplored |

El41

\ Orsay

N. Arkani-Hamed,
Snowmass 2013

001
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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

o eZ -2 eZA" (A bremsstrahlung)
* and to use decays

e A" ---2e+e-

* A'-—>invisible

Dubna, July 28, 2015



MeV A" production and decay

Ke{i\’ ........ »<:

e bremsstrahlung A’
Y

e Z->e Z A'cross section 0, ~ £* (m./M,.)?0, ; Bjorken'09, Andreas’12
- decay rate [ (A'-> e+e-) ~ 0e” M, /3 is dominant for My<2 m,,
* sensitivity ~¢4 for long-lived A", typical for beam dump searches

For 10~°< ¢ <103, M,.<~100 MeV

* very short-lived A™: 10*< 71, < 10'°s
- very rare events: 0,/0, < 10°°-107

l

» A'energy boost to displace decay vertex,
£ ~104, M, ~50 MeV, E,-~100 GeV, Lys~1m
» background suppression

Dubna, July 28, 2015
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S1

S2

Setup

0N
A

Veto 2

Decay Volume

ScF-Pb HCAL

ScF-W ECAL2

e-,10-300 GeV
ScF-W ECAL1

« H4-H8 beamline

« ECAL1,2

« V1,2 veto counters

« Decay volume ( vacuum)
« HCAL

« S1,S2 fiber-tracker

Dubna, July 28, 2015
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/pot/+2%Ap/p within £0.1mm*+12(0.6)mrad

SPS e- beams

antiprofon

150

p(GeV/e)

e H4, |
1012 pot per SPS spill,
» ~ 5x10° e- per spill
 duty cycle is 0.25
« ~10'%e- / month

~ 50 GeV e-

maxX

additional tunning by
a factor 2-3 ?

« beam spot ~ cm?

beam purity <1 %

Dubna, July 28, 2015
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Search for A"->e*e"in a LSW experiment

e-, 30-100 GeV

“““m|||||||n||||||||.".|'""a'"'m un|||||||||||| “““”NWWN |\|| Nmmmm

e i
Y Decay Volume } s1 > ; Iﬂmﬂn """" ||||||

/‘\ : / | ScF-W ECAL2 SRR TR
Z -

Veto 1 A v

W Sensitivity ~ €2
\H\HHN

e—,10-300 GeV

ScF-W ECAL1

Events/0.6 GeV
H
o

» A's decay mostly outside ECAL1

* Signature: two separated e-m ol
showers from a single e- 25 || ecaLt
S= ECAL1xS1xS2x ECAL2 xV1xV2xHCAL S pL o Cut-01SE,
- > 80% events
* B,,.. too small to be resolved 5|
° 0 ""~ 25 30

Energy, GeV
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Specially designed ECAL

SiPM

ECAL1 “bubble chamber”

s~ W-Sc sandwich + fiber readout

- compact, hermetic, dense, fast

- rad. hard, side SiPM readout

- lateral and longitudinal segmentation
30 e cintilator - elementary cell V ~ R?, x few X,
3.5 mm Tungsten - good energy, space resolution

- /1T rejection < 103

WLS-fiber

SIPM
= Geant4

Resolution AE/E
Q
N

o 20 a0 60 80 100 120 140
Energy, GeV

Dubna, July 28, 2015 0



Summary of background sources for A -> e+e-

Source

Expected level

Comment

-TT,M reactions, e.g. <1012 Impurity < 1%
TA->TOn+X, ... Leading n cross
-accidentals: 1T, up, ... <101 sect. ISR data
decays, e-n pairs, ...
- e,y punchthrough,
- ECAL thickness, <1013 Full upstream
dead zones, leaks coverage

hadron electroproduction: -
eA->neA*, n -> ECAL?2, <1013
- eA-> e+1T+X, TT->ev

Total <1012

Dubna, |

July 28, 2015
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Expected limits on A'-> e+e- decays
vs accumulated N, (background free case)

—2t .
107", KLOE SINDRUM 1\ DES BaBar
R P g
L aH \'.N —
3 N, a
1077¢ E774 N~ E
= \‘ E
- 10“ .
10—4 E_ 10‘/ _E
E E141 . >’ 3
10_5 ;—___ —— — _;
. — -7 .- =
AL KEK ]
107° E Orsay E
10-7L NOMAD B
E & PS191 E137 CHARM E
[ 1 1 1 1 111 I| 1 1 1 111 III 1 1 1 1111 I_
1072 107! 1

m, [GeV|]
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Search for invisible decay A -> xX

Remember Z-->invisible e-, 30-100 GeV
In the SM !

I -
| o - |t
fl \/“/’ il
o ‘ i A [l
Ilf [l [ Al
P U/ i |

fl |1 [l \/,//
e- e= A / ‘ T ‘ Ml
________________________ }“ 3 A
W (e
x AT
b gl
) ‘ il il
gt >
O _
I I
‘ i

‘ |
74 s2 W
S1 |
Decay Volume /\ 1
: X
-y %
i

« Signature:
single e-m shower in ECALL +

ScF-W ECAL2

Sensitivity ~ €2

e-,10-300 GeV

ScF-W ECAL1 no activity in the rest of the detector
S= ECAL1xV1xS1xS2x ECAL2x V2xHCAL
E,<< Ejand E, # E;+ E,=E;
* detector hermeticity is a crucial item

Dubna, July 28, 2015 3



“B decay” analogy

210Bi B decay e- spectrum SPS e- spectrum
: I =) -
p— - =l m- 1_2 -
= | ; i e,100 GeV
1 —
!é! -
5 =3 0.8 |-
; — — 0.6
8L ki ?
= [ o 04 |- .
- l.is ] " \
0 0.5 L0 ) 15 o '2|o' a0 'slo' ' I8I0I ‘ '1cl)o' ' '1210' ' '1:10'
Electron kinetic energy (MeV) o GeV
Figure 9.1 The continuous electron distribution from the g decay of 2'9E,, ...... gy

called RaE in the literature).

Pauli, 1931
? =invisible V

Dubna, July 28, 2015



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

—>

Dubna, July 28, 2015
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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

—>
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dN/dE

HCAL hermeticity for 3 consequtive modules

Pions, 100 GeV Neutrons, 100 GeV

No zero energy! /

3 . e < <
10 3| PIONS, 100 GeV 10 3 -~ NEUTRONS, 100 GeV
g HCALI, 20x20x120 cm’ F HCALI1, 20x20x120 cm’
— HCALZ, 20x20x240 cm® — HCALZ2, 20x20x240 cm”
i — HCAL3, 20x20x360 cm® — HCALS3, 20x20x360 cm®
2 2
10 “F 10 “ -
{hn‘ | 3
i I i
10 'l'[ 10 ¢

h | PR SR T IR T SR SR S R T S §E§§
3

1.5 2 2.5

BTRE. Al

o 0.5 1 1.5. 2 .2.5. 3 o 0.5
Energy deposition, GeV Energy deposition, GeV

ANV

Expected HCAL energy threshold T neana oot
~ 20-50 keV determined by noise I
and pileups.

1 1 L 1
o 0.05 0.1 0.15 0.2 0.25 0.3
Energy deposition, GeV
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0.35 0.4 0.45 O0.5

Dubna, July 28, 2015



Events/0.5 GeV

Estimated ECAL2+ HCAL3 nonhermeticity

5x10% n, 90 GeV
ECAL2 + HCALS

0

5 10 15 20 25 30 35 40 45 50
Energy, GeV

Fit of the low energy
tail with a smooth
function f(E)
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OAN1 2 3 4 5 6 7 8 9 10
Energy threshold, GeV

ECAL2+HCAL3
nonhermeticity as a funcion
of the energy threshold
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Summary of background sources for A -> invisible

Source

Expected level

Comment

Beam contamination

-TT, p, M reactions and < 1013-1012 Impurity < 1%
punchthroughs,...

- e- low energy tail due to ? SR photon tag

bremss., 1,udecays in flight,..

Detector

ECAL+HCAL energy resolution, Full upstream

hermeticity: holes, dead materials, | < 1013 coverage

cracks...

Physical

-hadron electroproduction, e.g. <1013 ~10 mb x nonherm.

eA->neA*, n punchthrough; WI o estimated.

_WI process: e Z->e Zwv < 1013 textbook process,
first observation?

Total <1012 +7?

Jubhs 28 2015
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N (a.u.)

N (a.u.)

1.2

0.8
0.6
0.4
0.2

10

10.
10 .
10 .
10.
10.
10 .
10 .

10

Additional tag of electrons with SR photons

|
1
1
| )
1
1
|
-
-
-
FEIHETR . ERTEREES P s 3 s g gl

0 20 46\ 60 80 100 120 140
Fake ECAL1 signal . Eneray, GeV
: /
|
=
28 : -
ar 4
56 L
6;_ L,\,:A
7E 1
8{..I.|...|...|...|...|...|...|.
0 20 40 60 80 100 120 140

Energy, GeV

Hypothetical e- beam energy distribution
(not simulated).

Dipole magnet

Vacuum beam pipe

ECAL1

* e- tag enhancement with SR vy
* B field ~0.1- 1T

* (hw),* ~ E? B, n,/m~ 6 B(T)

*cutk > 0.1 (hw),~100 keV

* LYSO crystal, good resolution
for > ~50 keV y

* suitable for vacuum
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dN/dE

HCAL hermeticity for 3 consequtive modules

Pions, 100 GeV Neutrons, 100 GeV

No zero energy! /
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Expected HCAL energy threshold T neana oot
~ 20-50 keV determined by noise I
and pileups.
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Energy deposition, GeV
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