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Outline

1) Few keV muons for muonium spectroscopy: MuMASS @ PSI

2) Sub TeV muons for dark sector searches: NA64mu @ CERN SPS
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The Mu-MASS experiment at PSI




The muonium (M)

= M (positive muon-electron bound state)
Predicted in 1957 (Friedmann, Telegdi, Hughes)
Unstable with lifetime of 2.2 us

Main decay channel: p+ => e+ + by + ve ST aagnes

= Discovered in 1960 (Hughes) by detecting muonium spin (Larmor) precession in
an external magnetic field perpendicular to the spin direction.

= Being purely leptonic, devoid of uncertainties in the calculations from
nuclear size effects present in normal atoms. Therefore, any deviation between
theory and measurements could be a signal of New Physics.

= From measurements with M one can extract the muon mass and muon magnetic
moment.

| i%i Paolo Crivelli | 08.12.2023 | 4

Mu-Mass



Muonium spectroscopy Theory and Experiments until recently

B HFS (LAMPF 1999)  tuetai piise, 711 (1om)
. _1S-2$ (RAL 1999) Meyer et al. PRL84, 1136 (2000)

S. G. Karshenboim, Phys. Rep. 422, 1 (2005). I - LS (TR'UMF/LAMPF) C.J. Orametal., PRL 52, 910 (1984)

K. Woodle et al., PRA 41, 93 (1990)

I . FS (LAMPF 1 990) K. S. Kettel, PhD Thesis, LA—11893-T (1990)

M. |. Eides et al., Phys. Rep. 342, 63 (2001).
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Muonium spectroscopy current status of Theory and Experiments

Karshenboim et al. PRA 103, 022805 (2021) _
Fides, Phys. Lett. B 795, 113 (2019) _ HFS (LAMPF 1 999) Liu et al. PRL82, 711 (1999)
- _ 1S-2S (R AL 1 999) Meyer et al. PRL84, 1136 (2000)
V.A. Yerokhin, et al. Ann. der Phys. 531, 1800324 (2019) I - LS (PS' 2022) B. Ohayon et al, PRL 128, 011802 (2022)
M. Heides et al. PRA 105 (2022) 1, 012803
G. Janka et al. EPJ Web Conf. 262, 01001 (2022) I . FS (LAMPF 1 990) K. S. Kettel, PhD Thesis, LA—11893-T (1990)

Adkins et al. PRL130, 023004 (2023)
|. Cortinovis et al., EPJD 77, 66 (2023)
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Muonium spectroscopy - ongoing experiments

S. Kanda et a. PLB 815 (2021) 136154
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Muonium Lamb shift Recoil corrections are enhanced for M
(9 times lighter than H)

Muonium Largest Order Hydrogen Muonium
(MHz) (MHz)
mg=-1 m.=0 mg=+1
e F=1 Esk a (Za)* L 1084.128  1070.940
25,/ 558 MHz 4

b F<0 Evp @ Za)! i ~26.853  —26.510
vy Evpyihaa | @ (Za)*(m./my) —0.001 -0.001

g‘ 583 MHz
z Erpn o> (Za)* 0.065 0.065
. 1/a T F=1 Espn > (Za)* 0.000 0.000
o —Y_@ e E Za)* (m./m,) 0002  -0.168

- a me/my —U. —Vu.
" - F=0 EBKS (Za)S L (m/my) 0.358 3.138
Erecr (Za)®  (m./m,) -0.001 -0.012
THEORY  (E(2S,,) — E(2Py ), = 1047.498(1) MHz. s (é“); <(m//m>) g
RR a a me/my, —V. —0U.
G. Janka et al. EPJ Web Conf. 262, 01001 (2022) ERR2e+p @ (Za)y  (mg/m,)? 0.000 0.000
ERR3 a*(Za)  (m,/m,) —0.000 ~0.000
E(2 — E(2P “P =1042(22) MHz.
EXPERIMENT (E(2S1/2) — E(2P12))m, = 1042(22) Een | 220 2o mjmy [ROOOTE 004
C .J. Oram et al. Phys. Rev. Lett. 52, 910 (1984). DOI 10.1103/PhysRevLett.52.910. @ TRIUMF Exrs a*(Za)? (m,/my,)? 0.002 0.019
K. Woodle, et al., Phys. Rev. A 41, 93 (1990). DOI 10.1103/ PhysRevA.41.93 @ LAMPF

_’_k,_p Sum | 1047.498(1)
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The PSI low energy muon beam (LEM)
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Measurement of M the Lamb shift

LEM M(2S) formation & tagging
beamline
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Measurement of M the Lamb shift
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Lya detector
»

—
M(1S, 2S) M(1S) E
p+

Lya detector

RF field - 1GHz

2P
Top=1.6 ns

25
Tog = 2.2 s

not allowed

- s

Mu-Mass

Lyman alpha photon (121 nm)
NOT DETECTED

Paolo Crivelli | 08.12.2023 | 11



Measurement of M the Lamb shift

Lya detection region
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Measurement of M the Lamb shift

Lya detection region

Lya detector
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Results of the M Lamb shift B. Ohayon, P. Crivelli, et al. Phys. Rev Lett. 128, 011802 (2022)
G. Janka, P .Crivelli, et al., NC 13, 7273 (2022)

48 HOURS DATA TAKING (100x statistics compared to previous measurements)

— Central Value Uncertainty
= 0.003F Fitting 1139.9 2.3
g E 4S contribution < 1.0
. 0.0028 .
,g - MW-Beam alignment < 0.32
s, 0.00261 MW field intensity < 0.04
v 0.002 4:_ M velocity distribution < 0.01
- AC Stark 2P5/5 +0.26 < 0.02
0'0022:_ 27d_order Doppler +0.06 < 0.01
0.002 Earth’s Field < 0.05
0.0018F (jsuantur;;nterference — <20.504
C F=1—2L1/2 F=1 . .
0.0016[ Hyperfine —93.0 0.0
0.001 § r Lamb Shift 1047.2 2.5
00 900 lOOO 1100 1200 1300 1400 1500 1600 Theoretical value 1047.47 0.02

Frequency [MHz]

Results in agreement with theoretical calculations.
Precision is not enough to test b-QED but can be used to constrain new physics,

e.g. SME coefficients.
D. Colladay and V. A. Kostelecky. Phys. Rev. D, 55:6760-6774, 1997 welli | 08122023 | 14
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Muonium spectroscopy as a probe for new muonic forces

C Frugiuele et al., Phys. Rev. D100, 015010 (2019)

-1 .
= 118_2 oo Bands: region suggested by (g-2),
o0 1073 — Lamb Shift B. Abi, et al. Phys. Rev. Lett. 126, 141801 (2021)
10—4 --1S-2S future projection )
10_5 ---Lamb Shift future projection -’ @
10_6 g'2 Brookhaven _, +

10_7 ~~~~ ’/’ /f' result !
10—8 e el < Fermilab
——— S S e result ¢
10_9 ~~~~ _ —‘—‘ ‘,' ""'¢
1077 e
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10° 10* 1072 102 107" 1 10 10?

M. Pospelov, A. Ritz and M. B. Voloshin, Phys Lett. B 662, 53 (2008)

. m, [MeV] ] _
= Perturbations combined with bound from (g-2)e
0 oy _ 91953 4 2M?af+1 L. Morel et al, Nature 588, 61 (2020),
AE (25" - 15°) = inz (a (Mag+2)?  4a (Ma0+1)4) AL H. Parker et al., Seience 360, 191 (2018).
0 0 2 " 0 D. Hanneke et al. e Phys. Rev. Lett. 100, 120801 (2008)
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Summary & Outlook - MUMASS

= Prospects for improved Lamb shift and fine structure (2S12—2P32) measurements

Beamline Target Timeline  M(2S) LS Uncertainty Contributions
(Hz) (kHz /10d) [muCool] A. Antognini, D. Tagqu,
PiE4/LEM C-Foil 2023 20 <1000 Esg, Evp, Erecs SciPost Phys. Proc. 5, 030 (2021)
PiE4/LEM Graphene 2025 100 200 EBka [HIMB] M. Aiba et al. (2021),
PiE1l/muCool  Graphene 2026 1000 70 Epn 2111.05788
H1MB/muC001 Gas 2029 100 000 10 ERRa EHFSa Erec,R, ESEN

= Measurement of 1S-2S transition with Doppler free CW laser spectroscopy

In preparation. N. Zhadnov, P Crivelli, et al., Optics Express 31, 28470 (2023)

Aim to 10 kHz accuracy = Muon mass @ 1 ppb P Crivelli, arXiv:1811.00310

Beamline Target Timeline  1S-2S Uncertainty
(kHz)
PiE4/LEM Si02 @ 300K  2024-2025 100
PiEl/muCool  SiO2 @ 100K 2026 10

HiMB/muCool SFHe 2029- 1 Paolo Crivelli | 08.12.2023 | 16
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The NA64 experiment in muon mode at the CERN SPS




Dark sectors and thermal light Dark Matter

, : : 1 m
= [nteractions between DM and SM particles could be carried by giiiR\l\/lliDT'?llinogONDTA\?F Ox x ~ X

a new force through mediators

For a recent review see e.g.

£ — EDS —|— ACPortal —|- LSM, Lanfranchi/Pospelov/Schuster
oA Ann. Rev. Nucl. Part. Sci. 71 (2021)

= Canonical model with dark photon A’ model (vector boson

from broken U(1) symmetry) 10-7
2 / 1 * ﬂ’-a 1078+
LD —gpxy"A,x + mTAA:LA“’ + %Fl’wF‘“’ - ZF“VFW’ g 109
T SR % 10—10
7 a
X f £
Q
DM SM .
M 1014
>
¥ -151 . . Lo .
X f 10 1 10 102 10°
¢ < mMpmM [MeV] Battaglieri et al.
\g/ DISCLAIMER: slides adapted from PhD defence of Henri Sieber 1707.04591
Avy who successfully defended his thesis at ETH last Monday :-) Paolo Crivelli | 08.122023 | 18


https://arxiv.org/abs/1707.04591
https://www.annualreviews.org/doi/10.1146/annurev-nucl-102419-055056

The muon (g-2): an additional motivation to search for dark photons

M. Pospelov, A. Ritz and M. B. Voloshin, 107
Phys. Lett. B 662, 53 (2008)
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LATEST RESULTS NAG64 collaboration
Phys. Rev. Lett. 131 (2023) 161801

LSND

NA64e with 1012
EOT starts probing
LTDM
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161801

Scenarios with gauged SM symmetries: the Lﬂ — L_ model

. Light Z’ vector boson associated with the broken U(1); _; symmetry
‘U T

Muon g — 2
1 2 / Z/
LD —3FigF™ + T2 2,2 — g5 25,
JY = (87" — YT + 0 y* Py, — 1,9 Prus), ”

He et al. Phys.Rev.D 44 (1991) 2118 2 1 2(1 — )
z gZ/ xr T
Foot et al. Phys.Rev.D 50 (1994) 4571-4580 Aay, = dx ;
: Ho 42 z2 + (1 — £)m%,/m2
Gninenko et al. Phys. Rev.D 91 (2015) 095015 0 Z'

= Extension to DM through additional dark current in Lagrangian

Light DM

L D X (', — my)x + 95 XV XZ,,

Altmannshofer et al. JHEP 12 (2016) 106

Paolo Crivelli | 08.12.2023 | 20

\ﬁ Z’ (L” — L) could solve simultaneously both muon (g-2) and DM problems!

Holst et al. Phys.Rev.Lett. 128 (2022) 14, 141802


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.44.2118
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.50.4571
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.095015
https://inspirehep.net/literature/1486518

The NA64 experiment running with muons at M2 beam line

= Proposal to the CERN SPSC for the NA64 muon
program in 2018

= Exploit unigue muon M2 beamline at the CERN SPS
160 GeV muons, up to 2x108 muons/spill

= First pilot runs in 2021 and 2022, total of 2x1010 MOT
= 2023 upgraded setup 1.5x1011 MOT
= Plan before LS3 to accumulate 1012 MOT of the

statistics
Phase 1 Phase 2 beyond LS3
2021 - 2023 > 2026

>

Z' — invisible Z', A’ = invisible, Qx’ U—T, ...

Cover (g — 2)” Start exploring DM Fully cover LDM  Search for milliQ
parameter space parameter space particles, LFV, ...

Nyor ~ 10" Nyor R 10"
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o
.
> N
3
,

Final state
Single scattered p with muon
compatible energy deposit in the

:/r\;'tllla:j sft_ate ] detector and momentum < 80 GeV/c
vvet-aetined + missing energy
incoming p with ~
160 GeV/c BCAL HCAL
Ay e R R $ e
Ey
BEND Trigger 1-f)-E
2 [T I
‘_5,_200_— Experimental signature
3 Lsm
Ein = Eout
DM : s 1
E. >E e o T 0 10 lzoq'__

p=0-=f)-E, GeV
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The NA64 experiment running with muons at M2 beam line

= Located at the CERN North Area (NA) in the EHNZ2 building

ALICE
= Total available space is ~ 100 meters (experiment divided into an
& upstream and downstream part)
2NN 1SQLDE
Uy
> REX/HIE
"o m — RastArea
g Downstream iﬁ:tcri r?!ocated for the 2021-2023
& N — O THH [
=/ — i

& e
\%/!‘ @CERN Courier
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The NA64 experiment running with muons at M2 beam line

e}
. 2 = 450 GeV/c protons extracted from the CERN SPS to NA
e & o
(172:17)GeV/c TR |§ | - = Interactions in a beryllium target produce hadrons (mostly pions and kaons)
p g Lk [ GeVIC o . _
_'!- o ! lgs0:® " | = From in-flight decays, muons in the range of 100-225 GeV/c with beam
Hadron Decay Section ' Muon Cleaning Section intensity 106 —_ 108 ’u/sp|||
Initial state definition
Well-defined incoming
U with ~ 160 GeV/c
~ 82 m QPL,, QPL;, MMy, QPLysapc
A — - Hin
o A Upstrea
BEND6 BMS;5  BMS; 0 ECAL
Min —— I B E=pal B HESSeser o _Jf oSSR - _fa-- 0
E(J
1 V2 VHCAL MMs_7 g " .
~16m _ (1= Dk Downstream
) > Final state measurement ECAL

Single scattered p with muon

N - compatible energy deposit in the
A detector and momentum < 80 GeV/c

o + missing energy Paolo Crivelli | 08.12.2023 |
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Signal and trigger optimisation

= Implementation of the underlying physics in GEANT4

g ! WW with m,=10 MeV Tg

© -+ Sample'_ h": 10°

ECAL . EO 1 — Reference PDF g 102

1 I mZ’ 10
Ey l///’t E 1 W with m.<

0 e
107 —Refe':ence PDF
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Optimization of the trigger for final state muons L1 jumz=100Mevy
e m, < 100 MeV: high yield, low acceptance = my=10MeV [+ - 1 AR
i : b3 + E E { 3
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" r:‘r‘m‘w'q""'".".f.‘“‘.‘.‘\ ‘ mm‘?. ‘ ; 3 Mm“‘“.v‘#‘ m‘"..‘ %
HCAL oM 0 %00 R D e 8 R L
:zzg +++H++++++H++++++++ ++++++ :i Emo;— #Hﬂt mZ’ = ].Ge V é
TN T B I
- ooy
‘;Z}nz = 500MeV *** E Wl s
a ' ' ' ' ' ' ‘ ‘ ' N 007” 0‘ 0 ' GU ' 80‘ 00 “M‘l;.“dﬂ 60‘ BO H20

®,
.
,
>\
-\
.

Paolo Crivelli | 08.12.2023 | 24



Data analysis

= Main selection criterion Statistics
(1.98 £ 0.02) x 10! MOT

= Incoming momentum in the range [140, 180] GeV/c

= Single reconstructed track in the downstream set-up (momentum < 80 GeV/c) sool :

= No activity in the VHCAL and Veto, energy compatible with a muon (MIP) in
ECAL and HCAL

102
150

= Study of the background sources, with dominant contributions extrapolated
to the blinded signal region

100 0

CAL=ECAL+VHCAL+HCAL, GeV

Background source Background level 50

1) Momentum mis-reconstruction 0.045+0.031 ;
2) Hadron in-flight decays 0.010£0.001 % 5

3) Calorimeter non-hermeticity <0.01 p, GeV
Total (conservatively) 0.07+0.03

box ~ (p < 80, CAL < 12) GeV
= Systematics of 8% in the signal yield (MC accuracy, underlying Z’ physics, trigger

\%/ alignment...)

Paolo Crivelli | 08.12.2023 | 25



Unblinding

= Analysis note (H. Sieber, Molina Bueno, Crivelli, and Tuzi, NA64-NOTE-22-05) was reviewed by the collaboration
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Unblinding

= Analysis note (H. Sieber, Molina Bueno, Crivelli, and Tuzi, NA64-NOTE-22-05) was reviewed by the collaboration

= Analysis approved and green light for unblinding — no event within the signal box!
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o o o i
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Constraints on the muon (g — 2) , in the U(I)L”_LT scenario

* Upper limits computed at 90% CL in the modified

frequentist approach — first results in the search for a
light Z” with a muon beam 1071

L, — L; 7vanilla” model

* Part of the remaining parameter space compatible with the

102
muon (g — 2), excluded

7 ~
§§10—3_ : ' ™
( )2m2 m? ] - +—Ba+—/'
Ag ~ -5Z _”+@<_”> j NAGA ee - ptpZ |
y o 12a2 m2, ms, = < utN - utNZ7Z
] %o*e
Voo —e Aa, favoured
_ woooo (20) )
+ Complement previous experiments in the mass region ; ' LHC searches
- —4 10~ TR R IRRRE —
O(10 — 100 MeV) with g, < 6 x 10 7 e 700
my [GGV]

o Paolo Crivelli | 08.12.2023 | 28
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Exploring the thermal DM parameter space

* Results also allow one to constrain predictive scenarios

for thermal DM Thermal Dark Matter, g, = 5- 1072, mz = 3m,,

p+N = u+N+(Z = jy) 1077

PRELIMINARY (PAPER UNDER COLLABORATION RE

= First results with a muon beam constraining
y<$6x10712

Aa,, favoured

\?%e“ Relic abundance  (+20)
1071 ——r
1077 1072 107
m, |GeV]
\g/ = Paper under internal review of the collaboration -> submission to the arXiv coming soon (include scalar mediator)
Avy Paolo Crivelli | 08.12.2023 | 29



Future prospects of NA64 in muon mode

= NA64 in muon mode is planned to run until the CERN Long Shutdown 3 (LS3) and beyond
to fully exploit its potential to explore DS weakly coupled to muons

= Plans before LS3

= Complement NA64 in the high mass region (> 0.1 GeV) in the search for

Probe the remaining (g — Z)M parameter space
(in 2023 1.5 X 10''MOT already accumulated)

invisible A
(in 2024/25 accumulate ~ 10'> MOT but this depends on the beam

time availability at M2)

= Plans beyond LS3

= Upgrade the experiment to fully exploit the M2 beamline capabilities

= Cover the A’ high-mass region in the thermal target with > 2 X 103 MOT

(running at few 107 p/spill)

= Explore scenarios involving ALPs, milli-charged (milliQ)particles, lepton flavour

conversion (LFC), ...Any new idea?

1077

Gninenko et al.
Phys. Lett. B 796 (2019) 117-122
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Thank you!
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