NA64 Status Report
S.N. Gninenko (INR, Moscow)
SPSC Open Session, CERN, June 20-21, 2017
Outline

* NAG64 overview

e Status and results from the 2016 run
- A -> invisible decay, dimuon events
- light X-boson from the 8Be excess

« Conclusion, plans
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~7 NA64

NAG4 is designed to search for new, in particular Dark
Sector physics in missing energy events. Broad research
program with e, u, «r, K, and p beams at SPC (PBC’16/17)

e- program approved in March 2016

- 2016: test run in July (2w), physics run October(4w)
- 2017: 5w run in autumn

« Main goals for 2016:

- Search for invisible decay of the A", in particular in

the parameter space which could explain the muon
g-2 anomaly

- Feasibility of the search for the light X-boson from
the 8Be excess

- ~ 40 participants from Chile, Germany, Greece, Russia,
Switzerland and CERN

S.N. Gninenko - NA64 Status Report, SPSC Open Meeting, CERN, June 20-21, 2017



VA Sub-GeV Thermal DM from Dark Sector +
y Dark Energy

Atoms S 1%

4%

What makes up most of the Universe's mass?
Dark Matter
22%

ueV keV MeV GeV TeV

Axion Sterile v Dark Sector

WIMP

Various models motivate sub-GeV Thermal DM from Dark Sector:
« If DM is in sub-GeV range it must be SM neutral
« Thermal freeze-out motivate new interaction to mediate DM&—->SM

annihilation. New force in additional to gravity!
« The TDM candidates y : scalars, Majorana, Pseudo-Dirac fermions.

Predictions of annihilation rate give important target for their
(couplings;masses) parameter space which can be probed at SPS !
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VA Vector portal to Dark Sector

. Okun, Holdom’ 86 .. ap=€ep?/4n

------

new massive boson A’ (dark photon) which has kinetic mixing
with ordinary photon: AL = &/2 F WA"

GUT prediction for the size of the y-A"mixing strength (e<<1): 1-
loop: € ~104-102; 2 loops: € ~10>-103, m,- ~€ 172 M,
Production: A" - bremsstrahlung e-Z> e Z A", 0~Z%€2/m,-?
Decays:

- Visible: A" > e*e, u*u-,_hadrons,..

- Invisible: A" > yx if my- > 2my, opy >> €

Can explain (g-2),, astrophys. observations Y

Cross section for x-DM annihilation: ov ~ [apy sz(mx/mA,)“]' a/m.?
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Signature:
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= in: 100 GeV e- track

= out: Egcp < Ey shower in ECAL

S.Andreas et al., arXiv: 1312.3309

S.G., PRD(2014) no energy in Veto and HCAL

Main components : Background:

* clean 100 GeV e- beam ¢ u,m K decays in flight
e e- tagging system: tracker+SRD ¢ Tail <50 GeVin the e- beam

* 47 fully hermetic ECAL+ HCAL ¢ Energy leak from ECAL+HCAL
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Signature for eZ->eZA"; A" -> invisible

X

GEANT4+code for A" emission in the process of e-m
shower development o(eZ->eZA") from Bjorken et al. 09

SG, Kirsanov, Krasnikov,
Kirpichnikov PRD(2016)

SM events:
EccartEncar = Eo

Events

e 20 10 0 A events:
L . —
Gev Ecca<Eo; Exca =0
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VA Summary of the 2016 run >

> Fws? run period, 29.06-13.07, 2 w
Try- =Ms; x V1 x PS(E>Eps) X ECAL(E<Egcp)
« 0.88x10° eot, 0.3x106 e "/spill, BGO run
« 1.87x10° eot, 1.3x10%e/spill, PbSc run
« Total number ~ 2.75 x10° eot

» Second run period, 12.10-09.11, 4 w
e 23 October - start data taking;
« Total accumulated electrons ~2x1079,S, rate 1.5+2.2x106;
« Total accumulated electrons ~1.5x10'9, S, rate 2.4+3.2x106;
« Total accumulated electrons ~1.0x10'9, S, rate 4.6+5.0x10%; ~0.6 day
* Total number ~ 4.5 x1070 eot
05.11-09.11 8Be anomaly test

« Test visible mode, second tungsten electromagnetic calorimeters,
additional veto counters were installed downstream of vacuum pipe;

« Data taking, ~ 5x102eot, 2.8+3.0x10° e-/spill (2 days)
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H4 beam line,

100 GeV e-

e By
\/‘
A i
xX

Beam parameters:
Intensity - up to 5x10°
Hallo - less than 5%
Beam size upstream of
MBPL: s, = 3.0mm; s, =
2.5mm; Beam size
downstream of MBPL:

Sy = 2.0mm; s, = 5.omm;

Hadron contamination in
electron beam ~ 1%;
Muon contamination in
electron beam ~ 0.2%;
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Very nice electron beam




Vt H4 beam line, 100 GeV e- o
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Typical pre-selection cuts used: ©,, 6,, < 0.005-0.01
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V‘ Electron tagging with synchrotron radiation (SR)
A
E 450 = Entries 8883
woE peak~ 20 MeV/7 vy EEEMW 210321
- ) DeﬂeCted g Overflow 0
Beam position SoE
300 SRD: PbSc, 200 layers
250 - 0.08 mm Pb+1mm Sc
< ~ 30 cm e 200

Amount of detected SR energy, vy’s: 150

AE ~ Ej3/m# | <Ey>~ 2 MeV, <Ny> ~ 30 100

July run: BGO SRD - good AE/E, afterglow. e TS

Replaced with a fine segmentation sum ofampliuaes

Pb-Sc SRD - fast, poor AE/E B B
. .;. 9005_ %%q_ ---e data ng — v data
October run: Pb-Sc with transv. & ¢ § % e g e
segmentation. Tuning halo. S ok f ¥ "
sooi— { E =
. 500;—’; :& e_
SRD selection cuts: i | 1Y
300—!l B,

« 1 < SRD, < 80 MeV i b

* Al SRD; in time within 22 ns =~

« Efficiency egzp > 0.95 T T T ergyMev) ST T T T Leray Mev
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12.

\/Ak H4 e beam purity (to appear in NIM)
-

SRD sum (zoom) Hadron rejection

: SR tagging :
T rejection >104

400

300
200

100

Entries 6193446

(o] 100 200 300 400 500 600
sum of amplitudes

SRD selection cuts:
« 1 < SRD; < 80 MeV
3 SRD; in time within £1 ns
> SRD, < ~ 120 MeV
additional factor ~5 from PS+ECAL
gcpp > 0.95, m/e < ~ 10°
Hadronic background < 10-13 per EOT
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\7\‘ Shashlik ECAL: hermeticity scan

yx ECAL cell

\\\

NN
RN
m\\\\\\\“\\\\\\\\\\b\}\&\\\\

* WLS fibers go in a spiral to avoid E-leak

* Transverse X-Y scan showed no
significant non-uniformity in vicinity of
fibers 6E/E < 2 %

* Variation of ECAL energy in vicinity of

rods 8E/E < 10 %

No potential source of background
is found

Ecal energy (Ecal+Preshower) (4x4), cell(3,3)

1 OO GeV

0. 1/15O 5

histECtotaliBafterCuts
Entries 612398
: Mean 101.4
| swDer 3.602
¥ ndt 244.8/31
Constant 4.057e+04 = 6.551e+01
Mean 101.2+ 0.0

Sigma 2.393 + 0.002

e,y punchthroughs
60 \
i
of

20

-40
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Crucial number <N, . >/MIP ~ 150-200 ph.e. ( target~100 ph.e.)

o/E = 0.56/E%> + 0.02 , negligible background from the leak to signal box
HCAL module hermeticity. n-punchthrough level ~ 3x10-3

in agreement with MC. Neutrals are estimated from MC.

Large transverse h-shower fluctuations (NOMAD)

No source of a significant background is identified
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AQ 00 GeV e calibration and physical events
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\/A July run: A" signal event selection

A~ selection criteria
optimization:

- maximal A~ efficiency,

— minimal level of background

A~ selection efficiencies
cross-checked with the data
from e- beams and MC.

The overall A" detection
efficiency is ¢,-~0.54-0.62
depending on m,-

Signal box
Erc < 50 GeV, HCAL<1 GeV

16.

Summary of e and A" efficiencies
selection criteria efficiency
incoming e- selection

S, - tracker hits in time 0.98
SRD; in-time, SR range 0.98
no large ©;, angle tracks 0.95

P momentum in range 0.80

A’ signal

Yield e, ECAL < 50 GeV | m,- dependent
eps, PS> 0.3 G 0.94
esy, ECAL in time
+ shower shape 0.96
gy ,Veto < MIP 0.97
eyc, HCAL<1 GeV 0.96
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Events

MC vs Data: A’ yield and selection cuts

V Geant4+WW approximation for o(eZ->eZA")

JA’ spectra
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P 5 8.
\/At Results from July run, 2.75x10° EOT |

~106 e-/spill A" signal box: Egc < 50; Eyc < ~1 GeV
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2t 1 ... 1
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FIG. 2. The left panel shows the measured distribution of events in the (Egca; i Eqcar) plane from the combined BGO and PbSc run
data at the earlier phase of the analysis. Another plot shows the same distribution after applying all selection criteria. The dashed area is
the signal box region which is open. The side bands A and C are the ones used for the background estimate inside the signal box. For
illustration purposes the size of the signal box along the Ey-,; axis is increased by a factor of 5.

Systematics errors are dominated by the uncertainties in
the A" yield ~20%. Cross checked with dimuon production.
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< ‘" T SRS _ 10.
\X Gauge: dimuon production in eZ->eZy, y->u*u
—
B U " R
> 80_ .
8 60E 1 — MC
_I.\ 4o -~
<{ =
O o e e I =
T % oo 2000 3o 70000 80000 90000 - T O S T R
ECAL, GeV Energy in ECAL [GeV]
Rare QED reference process ~10~>/EOT: Lo
« similar to the A" production s
o . 2 ~ 2 i ~ 2 200
same region of g~ m¢,-/E~ m=  /E F HCAL, w+u—
» cross check of A’ yield, systematic errors -
« background prediction from data sof - |
« cross check of overall efficiency L e
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\/A‘ A”explanation of (g-2), anomaly is ruled out®

\\N(
CERN Courier April 2017

News
£ 102 Regions of the dark-photon
n parameter space (mixing

strength versus mass)
excludga . green)
copthbared w:th the prev =
s BaBar 2017 gonstraints. The new
e 10 ' analysis rules out
| dark-photon coupling as
the explanation for the
muon (g-2) anomaly and
= Rlaces stringent constrainty
10— T ndark-sector models.
it 1073 1072 107! 1 10
m,. (GeV)
of Caltech, who has worked on dark-photon then can decay. They are more like ‘dark
models. “In contrast to massless dark Z bosons’ than dark photons.”
photons, which are analogous to ordinary
h  photons, this experiment constrains a e Furtherreading
slightly different idea of dark force-carrying BaBar Collaboration 2017 arXiv:1702.03327.
particles that are associated with a broken NA64 Collaboration 2017 Phys. Rev. Lelt. 118
symmetry, which therefore get a mass and 011802.
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et Results from July run

week endin

PRL 118, 011802 (2017) PHYSICAL REVIEW LETTERS 6 JANUARY 2017

Search for Invisible Decays of Sub-GeV Dark Photons
in Missing-Energy Events at the CERN SPS

D. Banerjee,'" V. Burtsev,” D. Cooke,'' P. Crivelli,'' E. Depero,'’ A.V. Dermenev,’ S. V. Donskov,” E. Dubinin,’
R.R. Dusaev,” S. Emmenegger,'' A. Fabich,’ V.N. Frolov,” A. Gardikiotis,” S. N. Gninenko,*' M. Hosgen,'
V. A. Kachanov,” A. E. Kameyeu,” B. Ketzer,' D. V. Kirpichnikov,” M. M. Kirsanov, S. G. Kovalenko,"”

V. A. Kramarenko,® L. V. Kravchuk,* N. V. Krasnikov,* S. V. Kuleshov,'” V. E. Lyubovitskij,” V. Lysan,” V. A. Matveev,”
Yu. V. Mikhailov,” V. V. Myalkovskiy,” V. D. Peshekhonov,”” D. V. Peshekhonov,” O. Petuhov,’ V. A. Polyakov,”
B. Radics,'' A. Rubbia,'’ V.D. Samoylenko,® V. O. Tikhomirov,” D. A. Tlisov,’ A.N. Toropin,” A. Yu. Trifonov,

B. Vasilishin,” G. Vasquez Arenas,'” P. Ulloa,'” K. Zhukov,” and K. Zioutas’

(NA64 Collaboration)

'Universitdt Bonn, Helmholiz-Institut fiir Strahlen-und Kernphysik, 53115 Bonn, Germany
2Joint Institute Jfor Nuclear Research, 141980 Dubna, Russia
*CERN, European Organization for Nuclear Research, CH-1211 Geneva, Switzerland
Institute Jor Nuclear Research, 117312 Moscow, Russia
SP.N. Lebedey Physics Institute, Moscow, Russia, 119991 Moscow, Russia
Skobeltsyn Insmu:e of Nuclear Physics, Lomonosov Moscow State University, 119991 Moscow, Russia
Ph)sws Department, University of Patras, 26504 Patras, Greece
“State Scientific Center of the Russian Federation Institute for High Energy Physics of National Research Center
'Kurchatov Institute’ (IHEP), 142281 Protvino, Russia
“Tomsk Polytechnic University, 634050 Tomsk, Russia
“Universidad Técnica Federico Santa Maria, 2390123 Valparaiso, Chile
UETH Ziirich, Institute for Particle Physics, CH-8093 Ziirich, Switzerland
(Received 17 October 2016; published 5 January 2017)
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‘ > 22.
V« Search for L, -L, Z, in a muon NA64-like experiment

Remaining explanation of (g-2), anomaly:

”YZ” -------- -| new massive Z, from the broken U(1)_, _,, symmetry

that coupleor predominantly to wand v (PBC’'16/17)

SG, Krasnikov,
Matveev PRD(2015)

S1

HCAL

Z>w Mg <2m,

Magnet

2206w Proposal for experiment at M2 beam :
. _ « clean 150 GeV u- beam
.Sli?:?t;(;eéev ) M2 BMS « initial u state can be tagged with BMS.
: " Study is needed:
« out: < 100 GeV w-, Zué VvV . /< 10-5-6) purlty7
* E~0 in the hermetic ECAL+ HCAL . njtial, final u state tagging purity?
- Sensitivity ~ g, * trigger rate?

« calorimeter hermeticity?
NA64-COMPASS: Beam tests are planed and partly performed
S.N. Gninenko - NA64++ - PBC BSM WG, CERN, March 1-2, 2017
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Preliminary results from October run

Data analysis in progress.

~2x106 e-/spill ~3x106¢ e-/spill ~5x106 e-/spill
“F T (eneies roc:] [l . WE
wof 1. Runs 2288 — 2361. wf-'y 2. Runs 2366 — 2436. w3, Runs 2441 = 2457.
b : s &2 wf--=; =
éisz' é%“;‘ df*’" . ~-."'
=t of
kg 1
. . P event-2439-4-15/ECAL1-3-2/Waveform
Pileup removal algorithm efficiency s :
Intensity per o
P ox106 | ~3x106 | ~5x106 | .
spill - "\%
no pileup 0.53 0.45 0.32 “F 0
algorithm 1 - pedestal maste
pileup 0.72 0.65 0.55 Z\ T \J B
algorlthm 0 5 10 15 20 25 aoﬁmesa“nple
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Summary of background

X

Source

Expected level

Comment

Beam contamination

-7, p, 1 reactions and < 1013-1012 | Impurity < 1%
punchthroughs,... high precision MM
- 7, 1 -decays in flight... < 10713 tracker + e~ SR tag

- e below ~50 GeV +

wide secondaries from <1012 Full downstream V
upstream interactions coverage required
Detector
ECAL+HCAL energy resolution, <1013 Full upstream
holes, dead material, cracks... coverage
Physical
- hadron electroproduction, <1013

e.g. eA->e’ A* + n,xm,p,J/ - HERA ep-data

- n punchthrough, u inefficiency (H1 Collaboration)
_ D A Tea- <1013

WI process: e Z->e Zvv WI o estimated.

Total < 1012
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V Existing and projected limits on light TDM

Missing mass / momentum / energy

Missing Mass/Momentum Experiments (Kinetic Mixing)
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Lessons from 2016: ~107 e/spill, NA64 has a good potential to cover
region sub-GeV thermal DM targets.

NeoT~

6x10'2/6 m are feasible

LDMX@SLAC ~ 2021/22->

Plots from US Cosmic Visions Workshop, March 2017
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The 8Be excess
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\/A« A new light X from 8Be* transition ?
A

28.

. 7] i 8 —
PRL 116, 042501 (2016) PHYSICAL REVIEW LETTERS g0 preck ending L|(p, 7 )8Be, M X =16.7 MeV
Observation of Anomalous Internal Pair Creation in ®Be: A Possible Indication of a Light, 800 :l»
Neutral Boson 700 |

AL Krasmahorkay,' M. Csatlds, L. Csige, Z. Gécsi, J. Gulyds, M. Hunyadi, I. Kuti, B. M. Nyaké, L. Stuhl, J. Timér,
T. G. Tornyi, and Zs. Vajta
Institute for Nuclear Research, Hungarian Academy of Sciences (MTA Atomki), P.O. Box 51, H-4001 Debrecen, Hungary

o |
= R
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(Weighted Counts/0.5 MeV)
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g
T.J. Ketel 300 [ IPC, M1+E1 +++ 1
Nikhef National Institute for Subatomic Physics, Science Park 105, 1098 XG Amsterdam, Netherlands =4 +’+ r ++
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FIG. 5. Invariant mass distribution derived for the 18.15 MeV

"Be’ §+<> X cannot be A"due to
((@ X __constraints from n0->Xy decay:

X
nt \ '
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!
Feng et al, 2016 F(n0—>Xy)~ (Suqu_edqd)z ~0

2x10™ < €,<1.4%x1073 if 2¢,=-g4 -> protophobic X
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\/ Fea5|b|I|ty test for the X(A")->e*e-decay

X e+ 0,/0,~1079, 1, ~10"3s "

S.Andreas et al., arXiv: 1312.3309
S.G., PRD(2014)

October run e, 100 GeV

» X’s decay mostly outside WCAL S N M & v

« Signature: two separated showers
from a single e-

Ewc< Eo, and Eg= Eyyc+ Egc

0 ... too small to be resolved

background mainly from
bremss y punchthrough
beam and secondary hadrons
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30.

Results from October run, ~0.5x10'0 EOT (preliminary)
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\/ Conclusions

2016 runs:
Detector is fully operational and working
Good quality data data from July (2.75x10° EOT)
and October (4.05x1070 EOT) runs.

July run: The results rule out the invisible A" as the
explanation for the muon g-2 anomaly (PRL paper)

October run: Analysis of the data set in good progress.
Goal: to test A" SES down to ~10~1! per EOT

Preliminary results from the feasibility study of the
X(A")->e*e-decays look promissing

Searching for missing-energy events in an active beam
dump is a sensitive probe of dark sector physics.
Excellent potential of a broad NA64 physics program.
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YA Plans for 2017 >

Data taking for: A"-> invisible, X (A" )->e*e-, muon test
2017 intensity: (5-8) x10° e-/spill, ~ 3x103 spills/day
2017 runs expectations:

~ 10" EOT for A”-> invisible

~ 107 EOT for X (A" )->e*e-

Upgrade:

Increase the number of tracker stations up to

12 (MM, GEM,ST) + beam hodoscopes; SRD green-
extended PMT, large downstream Veto, O-angle HCAL.

2018 run: Permanent location at H4 is requested.
Would be very useful to avoid assembly (disassembly)
and tuning of the quite complicated detector and beam.
Would save several weeks of beam time.
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VA« The NA64 detector in 2017

TOP VIEW
GOLIATH SRD h VetoLG
[
- o e=2omrad || . ol
GEM,, St _ | VETO 08m
Vacuum pipe Goliath table -
| 2.3m 6m 10.2 m 50m
- >l >l > <t —
SIDE VIEW

127 cm
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BACKUP
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V‘ NA64 approach to search for new physics >

‘Iéem{A64 Is a new fixed-target experiment aiming to search for
dark photon A" ->invisible decays at the CERN SPS with a new approach:
the active beam dump combined with missing energy technique.

NAG64 approach:
>

Beam dump: < Complementary to each other

active beam dump + E, ;.

IUIé Shield T ",\/4
,,l%’: Vo |l ,»"é+ T, K lL{JZ,/” Search for
Ll N RS \
7T, K <e— GT E s €VEnts
Sensitivity ~[UI4 Sensitivity~|U|?

e.g. SHIP, A. Golutvin talk

Goal of the talk: to show that this approach allows a sensitive probe of
“light new physics“ (dark sector physics, new symmetries, new WI sub-
GeV particles coupled to e, 4, g’'s) by usinge, u, m, K, and p beams
from existing facilities at CERN.
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\/k Cuts and efficiencies

/ _-—-_“_

Run 2363 2365 2406 2410 2438 2439
Trigger sSv SVPs SVPs sv sSv SVPs
Intensity 2.0x10° 2.4x%10°% 3.1x10° 3.2x10°% 4 6x10° 5.1x10°%
S1 time cut, % 1.10 1.12 1.25 1.28 1.61 1.62
ECxy cut, % 1.15 0.60 0.62 1.37 1.62 0.85
SRD cut, % 1.23 1.12 1.26 1.78 2.33 1.99
VETO cut, % 8.50 8.76 9.66 13.0 24.8 23.6
EcalBadEnergy, % 2.31 2.05 DT 3.04 3.01 2.46
Efficiency, % 85.7 86.3 85.0 79.5 66.7 69.5

l_ - — I T “ -
2406 2410
Trigger Sv SVPs SVPs sV SV SVPs
Intensity 2.0x10° 2.4x10°% 3.1x10° 3.2x10° 4.6x10°% 5.1x10%
S1 time cut, % 1.10 1.12 1.25 1.28 1.61 1.62
ECxy cut, % 1.15 0.60 0.62 1.37 1.62 0.85
SRD cut, % 1.20 1.08 1.22 1.73 2.26 1.92
VETO cut, % 8.51 8.76 9.67 13.0 248 23.6
EcalBadEnergy, % 2.33 2.06 224 3.06 3.03 2.48
MMGoodTrack, % 3.81 3.78 5.43 5.76 7.67 5.06
ShowerChisq, % 6.71 6.76 7.42 7.74 7.59 7.45
ECratio, % 0.0009 0.0008 0.0005 0.0005 0.0003 0.0003
HCpass1, % 2.74 2.78 2.46 232 1.61 1.79
HCpass2, % 0.31 0.33 0.28 0.27 0.22 0.27
Efficiency, % 2 72.7 69.4 63.4 49.6 54.9
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\/A Expectation for TDM

All Experiments (Kinetic Mixing + Elastically Coupled DM)

1 0—4LLHC
]0—5 .LEP
107" DarkLight : =
“u%" N E787/949@BNL %
-

10-15" e Phase 2 ==
= (4 & 8 GeV)
10-l6f’.‘- : Y R S BT 4 4 : - . ea 2 2 2 222}
1 10 102 10°
mX (MeV) MU3 |"U4
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\/ New leptonic Z” (or Z,) from gauged L ,-L, 38.

. Clagof U(1) models: in SM it’ s possible to gauge z,
one of L.-L,, L.-L,, L,-L. LN differences. No anomaly.

 Extra (broken) U(1)”, new massive boson Z~ coupled : e:u éu
predominantly to wand T through the L , — L, current %Y

(leptonic dark photon)

_ Altmannshofer et al.,
« M ,. could be in sub-GeV range arXiv:1406.2332

Z'> pwor Z>wyif My <2m, el
ation of (g-2),

NTP excluded,

* Impact on: v-physics, exp 956 C.L.

Strong motivation for a sensitive
search for Z"->vv, p*p in a near
future experiment by using (unique)
high intensity muon beam at CERN.

BBN excluded, 95% C.L.

1x107*
1 5 10 50 100 500 1000
The upgraded muon beam at the SPS My MaV]
(4
. * 1
N. Doble, L. Gatignon *, G. von Holtey, F. Novoskoltsev From J.Heeck PLB’16

CERN, SIL. Dunsion, CH-1211 Geneva 23, Switzerland
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< > 39.
VA« Expected exclusion area
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Signature for uwZ->uw'ZZ°;Z -> vv
in (E,-; Eiot) plane

Same signature for LFV u -> t ->uvv
conversion
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