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NAG4

NA64 designed to search for new physics in missing-energy
events was approved in March’16. A wider program of searches
with e, u, m, K, p beams was proposed at PBC’16.



e beam

«dark pseudoscalar(s), vector(A”) = invisible decays
s, A"> e+e- decays

«3Be* anomaly: a new light boson?

*ALP: a > vy

emilli-Q



\/ Search for A”->invisible decays at the CERN SPS

M4

R BCEE” Signature:
" = in: 100 GeV e- track

= out: Egca < E, shower in ECAL
= no energy in Veto and HCAL

2016 run: 0.3x1019(July)+4x101°(Oct) EOT

m

v
bl
=", 100 GeV a.
g

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

Main components :
* clean 100 GeV e- beam
® e-tagging: tracker+SRD
* fully hermetic ECAL+HCAL

Ega. GV

No A’ signal for 4.3x101° EOT
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July’16 run:

A”explanation for(g-2),, is ruled out

CERMN Courier April 2017
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of Caltech, who has worked on dark-photon

m,. (GeV)

models. “In contrast to massless dark
photons, which are analogous to ordinary
photons, this experiment constrains a

slightly different idea of dark force-carrying
particles that are associated with a broken
symmetry, which therefore get a mass and

10

Regions of the dark-photon
parameter space (mixing
strength versus mass)
excluded by BaBar (green)
compared with the previous
constraints. The new
analysis rules out
dark-photon coupling as
the explanation for the
muon (g-2) anomaly and
places stringent constraints
ondark-sector models.

then can decay. They are more like ‘dark
Z bosons’ than dark photons.”

® Furtherreading

BaBar Collaboration 2017 arXiv:1702.03327.
NAG64 Collaboration 2017 Phys. Rev. Lett. 118
011802.




\/ 2016 Results, Projected Sensitivity

A 3 arXiv: 1710.00971

Exact tree-level calculations of cross sections c(eZ->eZA").
Large corrections to the WW approximation for m,-> ~100 MeV.
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Plans to accumulate ~ 4x1012 EQT after LS2



\/ Projected Sensitivity for Light Thermal Dark Matter
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* Sensitivity of a beam-dump ~&?x&2ap(m, /my)* =2y, NAG4~c?
® (Constraints on relic adandance from freeze out annihilation

* Bounds from LSND, SLAC, MiniBooNE for ~1022, 10%°, 10%° POT
* NAG64 can cover significant area with ~ a few 1012 EOT



\/ 2016 Results and Expected Bounds on oy,
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Ao’ Sensitivity to p-s, A" ->invisible decays, m g ,- <IMeV

N Thanks to J. Jaeckel.

Pseudoscalar case, m,;,<1 MeV

*Calculation of 65-/og

*Full simulation in progress
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N 8Be* anomaly: a new light X boson?

AN
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week ending
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FIG. 5. Inwvariant mass distribution derived for the 18.15 MeWV

transition in *Be.

X cannot be A"due to
constraints from n®->Xy decay:

X

~

[(n0->Xy)~ (SUQU'ngd)Z ~0
if 2¢,=-¢4 -> protophobic X
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\7\ Search for the X,A”->e*e" and a ->yy decays
X

e e . e 0,/0,~1019, 1,~1013s

HHHHH

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

Oct’16, Nov’'1l7 runs: e, 100 GeV

= M 51’

» X’s decay mostly outside WCAL

» Signature: two separated showers
from a single e-

* Ewe< Eo, and Eg= Eyct Egc

*0.... too small to be resolved

» background mainly from

-bremss y punchthrough

-beam and secondary hadrons
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Expected Bounds on X, A" > e'e

Could be covered
by using Si pixels X,A"> ete

Under study.
E
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2016 — test run
2017 - ~5 1019 EOT at 100 GeV. Analysis in progress. 2018+beyond LS2 -
~ 101 EOT at 150 GeV required



u beam

(pseudo)scalar, Z . = Invisible decays
(pseudo)scalar, Z . - p*u decays
L - T conversion

Z,.=L, L. gauge boson

14.



\/A Searches for E,...in muon events

Motivated by g -2 and other anomalies, Dark Matter, LFV, ..

1. Search for a new sub-GeV Z , (pseudo)scalars coupled to pand <

v, W

Vv, U
Signature: E

miss

miss

leg. LQ Signature: E

orm,,

15.
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\/ Search for Z, in missing energy events with M2 beam

W

“\" Jnitial muon ID:l tagging + momentum Detelctor SG, Krasnikov, Matveev PRD(2015)
| \ | \
160 GeV muon SM events
4 9
MST 10 /il
10°
BMS I o W
Hermetic Detector 10
Hcal (secondaries) 10
Target

MS2 (Puout)

! u/n(x
I

target ladron cal nd muon tracki
s
s, s
160 GeV muon
—
08m | 17m Lim 17m
|_ [ T [

<
<

~20m
Main components : Signature:
* clean, mono-energ. 160 GeV u- beam *in: 160 GeV pu- track
e in u tagging: MM/GEM tracker e out: <100 GeV pu- track
 out u tagging: GEM/Straw tracker * no energy inthe ECAL, Veto, HCAL

« 417 fully hermetic detector * Sensitivity ~ g,
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Update on PBC’16 list of issues

Thanks to C. Vallee and COMPASS

P," momentum measurements.
Cross-check: available COMPASS data sample vs MC under study.

M2 p intensity: | ~107-108 p/spill. Trigger rate.

Background due to =, K -> uv decays.
Hadron contaminantion, expected =/ ~ 10~ or so.
Beam test at COMPASS in October. Currenly under study.

HCAL size optimization :
- Hermeticity. HCAL transvserse, longitudinal size
- HCAL length vs P °“"accuracy

Target size optimization vs P °! precision measurement

Important feedback from PBC EHN2 muon-WG meetings.
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" P, BMS vs SM2 test in COMPASS. Data sample 2016.

v Beam P VS Spectrometer track P [GeV]
Beam P VS Spectrometer track P [GeV]

No selections—— [
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o © “Thanks to
S. Gerassimov

155

Beam trigger: ifiterections in target Beam P VS Spectrometer track P [GeV]
h2_02

Beam P VS Spectrometer track P [GeV] Entries 763858

Mean x 159.4
.| Meany 158.2
“|StdDevx 5.263

. |StdDevy 4.799
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Sid Devy 5320

4
10* 10
3
10° 10
102 10?
10
10 ; _ -1
1111 . S ————: 17111
i i L ; O i 0
200
180
160 18960

0 0



\/ Measurements of n,K contamination in the M2 beam
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SUM Energy for sel.chn

— selEnergy
& Entries 4.090143e+07
! Mean 4469
4 E\ Data RMS 7967
= Underflow 548
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E Integral 4.09e+07
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Preliminary results: ©,K /u = (9.7+1.4)x107°
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A few days runin Octoberl?
sempty LiH target

*HCAL calibration, == 160 GeV
Statistics ~ 5x108 MOT
«Sensitivity (rough)estimate: /u ~
6x10>/(Nyo7/108)0->

: AP
L

6 absorbers

- f Fhrgllaalh ‘“kﬁ“mﬁ
9 absorbers

Data

Fit= F,(E,9) + F.(E)
TN

T, 160 Gev\m% o

PR I T T S TR T NS TN N T

100 120 140 160 180 200 220

(6 absorbers)

Background from =, K -> uv decays is expected to be small (prelim.)
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. dark leptonic (pseudo)scalars

\/A Projected sensitivity: Z

7 S invisible (pseudo)scalars = invisible
ut

T

ERW s

Plans: Proposal to the SPSC in 2018
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N u A -> 1 X conversion (preliminary)

T\\‘- ..
A N4

The e — 7 and u — 7 Lagrangians read:

—2
_ £T eT
Lor= > (AI”,XY ot ., + He
I1,if, XY

where (’)i; - dimension-6 operators:
360 = 6 x 6 x 10 operators for the 6 quark flavors for each quark field and 10
possible chirality Px y = (1 &+ «5)/2 combinations

Oﬁ:f,xy :(?PXFII)(quYf\IQE): FI®fI:I®I, "}"M@’}"@, O"uv®o'p,1,

Mass scale Af;‘f Xy set strength of low-energy effect of correspondina operator
T 1

R =6(LA—>TX )/o(uA—>puX) < ~1012 | tau energy
H1, ZEUS vs NA64 bounds: | E =160 GeV
oS operators: A®=0.2 TeV; Av*=1.3 TeV
*VV operators: A®=0.3 TeV; Av=2.4 TeV _
T operators: A®=0.3 TeV; Av=2.6 TeV

0o 0.2 04 0.6 0.8 1.0

21.



n, K, p beams

o'’.n,m’ =2 invisible

K, K, =2 Invisible

Leptophobic light Dark Matter
In pA->DM+X reactions

22.



\/A Update on charge-exchange cross sections

Copious and important results from experiments
performed in 70-80’s at IHEP, Protvino

VN, Bolotor et al., = charge exchange 159
=
J. pbarn Zi

Table 1 7 X
Cross sections for the renctions (1) and (2) at P = 48 GeVe (in ub)y?) Lo / + + ™
a - — — S— — — E— T— — r /-

T Nuclews  H[3,5] Li C Al Cu i |

— -
Cross section \\K“ T
_ "U - . -_ __ - -_ T T W= //

oin Ay =l A, ) %1+ D4 2Hs10 2WT414 36 +20 3 . § s *
reaction (1) s [ n°
a140m Az = nAz ] 1.20 « 0,07 1i=z04 4404 56 10 4.8= 2.9 - s
reaction (2) s }

ol® Ay = hAs ) b 32 0.2 G2=1.0 116+ 1.0 147+ 2.6 126=7.5 +
2oy (n”) 24300 32:02  40:02 43:08 af
2 iy 157 29203  37:03  47:07  4.0=24 P
—_— - - - _— _— - - - ] Li [ Al Cu
%) Cross sections were determined within the range of four-amomentum transler O <« < 2 {(]c"-‘.u'n:‘:l:. . z & & w0 20 &0
T 7" decay channels are considered, 1':-,..:"]'3" 0,338, z

R Cross sections for the lcuctiol;l! {1 (black points) and (2) (circles) at F = 48 GeV/c. The
straight lines are dependences o ~ Z5.

Estimate for the yield of %, n, n”, and possibly for K, K.
Measurements of the yield in situ in 2018 run is under study.
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\/A Projected sensitivity for 719, n, n *, K, Ks-> invisible

TABLE I. Expected upper limits on the branching ratios of

different decays into invisible final states calculated for the

5% 10" incident ~ 40 GeV 7~ or K~

Expected limits on Present limit |

the branching ratio PDG(2017) :‘%

Br(Ks — inisible) < 107 0o E
Br(K, — invisible) <107° - 107" 0 A

Br(r - invisible) < 107 <27x107 g

Br(n — invisible) < 107° <L0x107™ |

Br(y' — invisible) 107 <52x107

my [GeV]

Under study: Possibility to search for
K, -> invisible at lower energy with > 1013 KOT



\/ Summary of NA64++ Physics Prospects beyond LS2

25.

™
Beam and process Motivation Required number of POT

l.e”Z
<> A”-> invisible S,V mediator of light DM ~5x1012EOT
< X(16.7),A” -> e*e production

’ L. ~5x102EOT
<+ pseudoscalar ->invisible °Be anomaly,

Leptonic pseudogoldstone,
<-a->vyy
- ALP decays, miii-Q
<> milli-Q
2. 1 Z
& Zy -> v, P (9-2),, New gauged
< pseudoscalar -> invisible symmetry L -L.. Leptonic 10*10% MOT
& U->T conversion pseudo-goldstone,
LFV

3. 'IT(K) p-> MOn + Emis.s
+ K-> invisible NHL, ¢¢,
+ Kg-> invisible Bell-Steinberger Unitarity, ~5x1012 P(K)OT
& 119, n,n-> invisible CP, CPT symmetry
4.p A-> X+ E e
<+ leptophobic X ~ GeV DM ~5x1012 POT
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N Summary

New physics (dark sector, new symmetries, hidden particles, ..) at a scale of
the visible sector can be effectively probed with the NA64 approach by using
e, M, m, K, and p beams at CERN in the medium term future. The physics
results are expected to be rich. In some cases they might be unexpected.

NA64++ provisional time schedule

2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 |

e H4> (g2),8Be,DarkSector [INNESZINNN 8Be, Dark Sector  [MMMLSSNNN  Dark Sector

W, M2 > Proposal, Preparation g,-2, Dark sector, m-t _ Dark sector, m=t

n, K-, H2-H8. T9 >  Proposal |®na’ K>inv S ~nn KeKoin
v



BACKUP
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TOP VIEW

The NA64 detector in 2017

V, S, uM,, S, V, GOLIATH . VetoLG
HCALO-
— Ml | -~ p=20mrad . =
GEM,, St,, I VETO 08m
Vacuum pipe Goliath table >
\
2.3 m 6m 10.2m 50m
[— > > > > —>
SIDE VIEW

127 cm

28.



\/ Beam dump vs NA64++

Beam dump
Shield
82 820LD X """
€ R ____—A\-;- ""'-__-X- ------ l) ””””

Sensitivity ~g2xe?op(m, /my)* =g2y

29.

NA64 approach:

active beam dump + E

A
e \ - Search for
> e E_._.events

miss

Sensitivity~¢?

active beam dump +
missing energy
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Results from Oct’16 run, ~0.5x101°9 EQT.

Br(X = e*e’)=1 Expected X exclusion area (>10' EOT)

£

MESA
DarkLight

Could be covered
.| by using Si pixels |
. h\uUnder study.

Neutral events: 10- SIS

*background from punchthrough yCis Exclusion area for A” > e*e
*Search for short-lived ALPs: a->yy

m, [GeV]



Events/5 GeV

N MC: detector hermeticity

V1 Magnet

V2
ECAL 1|
' I i =IE:_:-:- 5:—:—23}3::::1}3:131:: I | ||| S3
— A - e

£ o
HCAL
> £
: g 10 |
2 - . F
000 + B @ 10°L E <100 Gevv/;mmm“‘
L | = g (
1750 - E H<100 GeV —LL — 60x60 cm? :>: 10 2% vvvé Q
- — 120x120 cm? g v e .
1500 |- ' 2 10 - ‘
. 5 150x150 cm B YY 5
1250 | = LI
1000 - % 107L / - 60x60 cm?
; 4 2 - 120x120 cm?
750 | \ ' 1 10 3* - 150x150 cm?
: L 10 £
500 [ T -4
N I_ 10 ?/
250 |- M 5L
. _ 10 =
o _ l = i:_r ! I ! ! : l ' : ! l ! ] | = 10 -GE Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il
0 20 40 60 80 100 120 140 0O 20 40 60 80 100 120 140

S
Bt GeV Eox GeV

Choice of the HCAL transverse size is a crucial issue !



4 ™, n, N, Kg, K-> invisible decays

Straw lube chambers 53

SG, Krasnikov PRD(ZOlé}T —
SG PRD(2014) \ ~

Motivation for K :
scomplementary to K ->n'vv
*NHL, ¢, Bell-Steinberger, ...

eeeee

T Source of MY charge exchange
reactions: 1, K+p -> M% n

N MO=11%, n, ", Ky, Ks...

Main components :

Signature:
* 20-50 GeV n~K" beam e in: 20-50 GeV r, K-track
* MM tracker, ECAL target « out; no energy in ECAL, Veto, HCAL
o 411 fully hermetic system:  Complete disappearance of beam

Veto +ECAL+HCAL energy !

32.



Status of NA64++

Outline

e Searches with e, u, w, K, p beams
e Summary

34.
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