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Flavour-changing neutral currents as probes for new physics

- NA62 measures K > vy

(Standard model at ~ 10°1°

. Mu3e searches p* > e'ee’

(Standard model at ~ 10%)

. Both extremely sensitive for new physics
out to very large mass scales / o

. Or very weakly coupled MeVish new L T
particles

. Complementary to collider searches
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Kaon decays in NA62 and beyond

NAG2 {

Thanks to R. Wanke for all the input
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”‘529 NAG62 at the CERN SPS

Measurement of:
K* > 17'wW

. Golden channel for physics beyond SM £787/E949

- Standard model (V,_V* ). 120
B(K* > m*ww) =8 - 10"

. Previous measurement (E787/E949, 2008)
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E787/E949 68% CL

2

B(K* = vw) = (17 + 11)- 10"

BK;-n%v) [10°1)]
)

b
o

. Complementary: KOTO (JPARC):
KL - TI'OVG 00
BEK* >t viy) [107"]

Models beyond the SM
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”‘529 NAG62 at the CERN SPS

Measurement of: K* > v
. Aim for ~100 decays
Signal/Background 5-10 120

Fixed-target experiment at the SPS 100

80

~ 10" kaon decays/year in fiducial volume

Three years of data taking 2016-2018

E787/E949 68% CL

BK;-n%v) [10°1)]

Models beyond the SM
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Vacuum Tank with embedded Detectors

~

Vacuum tank Il @=2800 mm

NAG2p, =
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29 institutes from 13 countries

German contribution,
Mainz: V. Buscher, R. Wanke

+ Hodoscope for charged particles
- L1/L2 PCfarm
+ Data analysis

Hadron calorimeter/muon veto system
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”‘Ez Q Time scale

}ﬁfféz%g"i'd& alazfgmczm gzmaiaa &1;2“%193 a4 mazznf:!gad}maz;zilam a 5023;235&4 Qi sz if;:ia«; a1 i{:zn;; a4|a1 Eazzuiza‘r; 4|a1 5;203;5{24 a1 Lz?z{; .04]a1 i;j Ef:;iafa
:-l::':ctnrs Run 2 Ls 2 r Run 3 LS 3 B ] Run 4
Kt — ntuvp Broad physics program KLEVER
. 2016: Sensitivity for + Lepton Flavour + Measurement of
1 SM event Violation/ Lepton K > mw
(result in summer) Number Violation
. 2017/18: - Rare m° decays
109 measurement .
SFK* 5 10 . lll—l'eav>/ neutrmc?’s,
hidden sector
+ As much other particles
physics as

trigger allows
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: : 0
NAG2 Q Example: Dark Photon in m° decay

. Search form > A’y with A’ > e’e
. Expect 10° % > y e’e” decays a year

- m_ resolution ~ 1 MeV

- Sensitive tom, < 100 MeV at e = 1073

m,. (MeV/c)
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”ﬂEZQ NA62 in beam dump mode

. Close collimators

. Search for long-lived neutral particles:

’ : ;
Dark photon: |A” coupling to ordinary ‘f|"'- T, NASL KLOR, 41,0
] + _ + _ |.1--
A > e'e and 'y o i
10°
1|:|-1‘|
10 WL
NAG2.
10.15_ Eecludad regions ELX, AND _,.-I Py Pwm._!i:..lfrwm tlewny=)]
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”‘529 NA62 in beam dump mode

. Close collimators

. Search for long-lived neutral particles:

Dark photon |HNL coupling to p|?
A > e'e and up i

107

Heavy neutral lepton 10
HNL > me® /my’ 10°

T T S HINL mass (GeV /)
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”ﬂEZQ NA62 in beam dump mode

. Close collimators

. Search for long-lived neutral particles:

Dark photon ALP-y cnuplin [EU'll

A > e'e and 'y . ~ 14,

#1.3 x 10" POT (~1 day)
NAG2:

Heavy neutral lepton 104N
HNL - me® /m

Axion-like particles
ALP >yy 10~

10~ ALP mass [GeV]
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NAG2 [

Close collimators
Search for long-lived neutral particles

Similar to SHiP, 5 years earlier

Changes to detector:

Veto-detector to suppress particles
upstream of decay region
(Interest of Italian and Russian groups)

Preshower detector for photon direction:

m,inX-=>yy
(Interest of Mainz, synergy with SHiP)

NA62 in beam dump mode

| A’ coupling to ordinary y|? ]
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KLEVER

- Measure ~ 100 K - vV events + Proposal well-founded
Sional/Backeround ~ 1 feasibility and financing need to be
& & demonstrated
. Almost completely new experiment:
Reuse calorimeter, but new veto system
: LAV 22-26
: LAV 18-21 i LKr
T LAV 1-12 LAV 1317 L /
E
(o
N
IRC
SAC
- =
| ; Y ; cPv |
80 m 105 m 155 m 2415 m
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Searching for

Lepton Flavour Violation
with Mu3e
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//3@ History of Lepton Flavour Violation searches
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(Updated from WJ. Marciano, T. Mori and .M. Roney,
Ann.Rev.Nucl.Part.Sci. 58, 315 (2008))
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/3@ LFV Muon Decays: Experimental Situation

A) 13+
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/3@ LFV Muon Decays: Experimental Situation

—+

Q.;-

/ N e e
- ’\ \l\/
) P

J/W s>e'y uN->eN € U > e‘ee’ e

MEG (PSI) SINDRUM 11 (PSI)  SINDRUM (PS|)
B(ur > e'y)<4.2- 10" B(LAu->eAu)<7 10"  B(u'>e'ee’)<1.0-10"
(2016) (2006) (1988)
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/3@ LFV Muon Decays: Experimental Situation

—+

<

VA T2 L
o ’\ \'\/
) U

J/W s>e'y uN->eN € U > e‘ee’ e

MEG (PSI) SINDRUM 11 (PSI)  SINDRUM (PS|)
B(ur > e'y)<4.2- 10" B(LAu->eAu)<7 10"  B(u'>e'ee’)<1.0-10"
(2016) (2006) (1988)

upgrading Mu2e/Comet Mu3e
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/3@ LFV Muon Decays: Experimental Situation

e~ e”
- N o
O S
/\}O \}o\\’
o S \\/
+ + + C/ At +
ST ety > cet @

MEG (PSI) SINDRUM 11 (PSI)  SINDRUM (PS|)
B(ur > e'y)<4.2- 10" B(LAu->eAu)<7 10"  B(u'>e'ee’)<1.0-10"
(2016) (2006) (1988)

upgrading Mu2e/Comet Mu3e
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/43@ Low Energy Muon Beams
PSI JPARC

Hadron Beam Facility

e o
—— 5 ; X Ring
Nuclear - &&(ﬁ\ :
il SR, S e 2
k| 1 Y s::n?:r:’ f‘zipﬁ‘i,ﬁV.ﬁb?n g 50 623\17 2‘:‘,.'3\,) Ring [Ee
o SRR R = ————
World's most intensive
proton beam 10" p/s from
8 GeV/c protons ATy 1.
2.2 mA at 590 MeV: 1.3 MW of Re-use part of the Tevatron
beam power pulsea infrastructure
10° /s available Proton pulses every 1700 ns
Study for 100 p/s > 10" /s
Continuous beam Proton Improvement Plan-Il:

another 2 orders of magnitude
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The Mu3e Collaboration
/3@

’ﬂ UNIVERSITE
’ DE GENEVE

PAUL SCHERRER INSTITUT

—

L_

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

- DPNC, Geneva University

+ Physics Institute, Heidelberg University
- KIP, Heidelberg University

+ IPE, Karlsruhe Institute of Technology

+ Institute of Nuclear Physics, JGU Mainz
+ Paul Scherrer Institute

« Physics Institute, Zurich University

- Institute for Particle Physics, ETH Zirich

- UK institutes in the process of joining
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The Mu3e Detector
/s@

Recurl pixel layers

Scintillator tiles Inner pixel layers

AN
B ——
————F MBeam Target
-

7

T T T I Sonilating fibres

Ay 7

\/ Outer pixel layers

- HV-MAPS pixel detector: Heidelberg (Schoning),
Karlsruhe (Peri¢) + UK

+ Tile detector: Heidelberg (Schultz-Coulon)
. Fibre detector: PSI ETHZ, Geneva
. DAQ, filter farm, reconstruction: Mainz (Berger)

. Beam and infrastructure: PSI
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Mu3e highlights
/a@ s'is™!

+ First large-scale use of HV-MAPS
detectors

- Pixel layers just 0.1% X, thick

- Innovative gaseous Helium cooling

e CFD simulation
e P/A = 400mW /cm?

P * ATna < 50°C . New track fit, reconstructing all 10°
@ tracks/s on just 12 GPU computers

Technical design of the Phase |

Mu3e Experiment

+ Technical design report presented to PSI
last December
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o Mu3e timeline

Inner pixel layers

. 2019: Magnet delivery, engineering run S Tafgeté

Scintillating fibres ﬁ

Outer pixel layers

+ 2020+: Phase | data taking
A
(GX]St]ng beamllne> Scintilli

SES: 2 - 107" after three years S i

Scintillating fibres

Inner pixel layers

LI LTI
[EEEEEEEEEE NN R

Outer pixel layers
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Mu3e timeline
/a@

. 2019: Magnet delivery, engineering run

) 101 E 3
3 - Mu3e Phase | 10” muon stops/s
1 - 18.4% signal efficiency
_ Snte ]
. 2020+: Phase | data taking o 10 SINDRUM 1988
(existing beamline)
SES: 2 - 107" after three years 0L
10_14 — SES 950/0 CL
C 2 %107
10_15—|||||||||||||||||||||||||||||
0 50 100 150 200 250 300

Data taking days

Niklaus Berger — Mainz, April 2017 - Slide 25



/3@ High intensity Muon Beamline HiMB

Ongoing study at PS
+ Should provide at least 10" p/s
. Mu3e as first user

. Second beamline for uSR
(solid state physics)

. Requires significant investment at PS|

+ PSI'managment/
Swiss government decision

solenoid solenoid
500 mm aper

“500 mm 250 mm 250 mm 500 mm
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o Mu3e timeline

. 2019: Magnet delivery, engineering run

+ 2020+: Phase | data taking
(existing beamline)
SES: 2 - 107" after three years

. 2023++: New beamline, phase Il data
taking

Inner pixel layers

_—
_— >
———— pBeam Target é
—_—
7
Scintillating fibres ﬁ

Outer pixel layers

Recurl pixel layers

Scintillator tiles

Inner pixel layers

— >
J—

e Targei
J—

Scintillating fibres

LI LTI
[EEEEEEEEEE NN R

Outer pixel layers

SES: 1107 after three years

Thin timing detector
O T ) O Ty
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Mu3e beyond u > eee
/@@ )4 M

| lel Sensitivity to 1 — e X for 1- 10" muon stops
n paralle
(partially requires filter farm extensions): )
.15310 = 90% CL
© - — 4-hit
- U>e X T rere 6-88-hit
X e.g. a Familon g — TSt
&

]
b

s U>e Avwith A > e'e
A a dark photon

1077
. 1> eeeee s
Familon induced, better with lower field
10—9 | | | 1 | | | | | | | | | | 1 | | | 1 | 1 | 1 | 1 | | | | | | | | |
30 40 50 60 70 80 90

Familon Mass [MeV]

\W/ith detector modifications:

+ W~ ey with photon conversion
SES estimated at roughly 10

- Muonium-Antimuonium oscillations
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”A Ez Q Summary -

NAG2 has an exciting program beyond Mu3e searches for p - eee

o> mw Phase | to start 2019
- Rare and forbidden decays

Phase Il requires high-intensity beamline
+ Beam dump mode: Mini-SHiP at PS|

- K > vy with KLEVER

Other rare and forbidden p decays in

parallel

Possible p > ey extension

Search for Muonium oscillations

Secondary Kaon Beam Line ~ Fiducial Region
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Backup
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”ﬂEZQ LFV, LNV decays with NA62

Channel Violation 90% CL Limit Experiment NAG62 Reach
Kt — a*tnte LFV < 1.3 x 107" EB65 ~ 1012
K*— ntu et LFV <5.2 x 10710 EB65 ~ 1012
K*— n u*et LFV, LNV < 5.0 x 10°C EB65 ~ 10712

K+ — nmete* LNV < 6.4 x 1010 EB65 ~2 x 10712
K*— n n*pn* LNV <1.1x10° NA48/2 < 1012
K*— unvete* LNV <2.0x 108  Geneva/Saclay ~5x 1071
n® = et LFV < 3.4 x 1079 KTeV < 10710

0 = ute LFV < 3.8 x 10710 KTeV < 10710

> uvetet LFV < 1.6 x 107 JINR-Spec < 10710
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”ﬂEZQ Non LFV/LNV decays with NA62

Channel Motivation 90% CL Limit Experiment
K+ — m*+ X0 new particle < 5.9 x 107" (mx=0) E787, E949
Kr—=atyy new particles = E949

Kt — ntate v AS = AQ <1.2x107° Geneva/Saclay
Ktr—=atatuv AS = AQ <3.0x10° Geneva/Saclay
i’ — ete (y) dark photon — —

n' »>ete"ete- T violation C=-0.77 £ 0.53 Samios et al.
0= yyy C violation <3.1x10°® Crystal Box
0 yyyy light scalar <2 x10° Crystal Box

02 vy RH neutrino <27 x107 F949
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/3@ LFV Muon Decays: Experimental signatures

/
o

Q
J/W s>e'y uN->eN € U > e‘ee’ e

A) 13+

Kinematics Kinematics Kinematics
. 2-body decay + Quasi 2-body decay + 3-body decay
- Monoenergetic e*, y - Monoenergetic e + Invariant mass constraint
+ Back-to-back + Single particle detected - 2p =0
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/3@ LFV Muon Decays: Experimental signatures

—+

o

/
o

Q
J/W s>e'y uN->eN € U > e‘ee’ e

A) 13+

Kinematics Kinematics Kinematics
. 2-body decay + Quasi 2-body decay + 3-body decay
- Monoenergetic e*, y - Monoenergetic e + Invariant mass constraint
+ Back-to-back + Single particle detected - 2p =0
Background Background Background
- Accidental background . Decay in orbit - Radiative decay

. Antiprotons, pions, cosmics + Accidental background
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/3@ LFV Muon Decays: Experimental signatures

o

/

ot

Q
J/W s>e'y uN->eN € U > e‘ee’ e

A) 13+

Kinematics Kinematics Kinematics
. 2-body decay @fb@ . Quasi 2-body dfé\ + 3-body decay @fb®
: l\/\onoenergz«f\}c_jb , : I\/\onoenerg{b@’b + Invariant mafc_:b -aint
+ Back-to-F 0O - Single p7 &Y .etected - 2p =0 QQQ
Backgror & Backgro’&‘—)@ Backgro &
: /AC/O(\ .l background Y orbit : PC/O(\ - decay
- Al protons, pions . Ac gental background
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//%%/ LFV Muon Decays: Standard Model

A} 13+
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LFV Muon Decays: Susy Loops
/@@ )4 Y P

A} I - B &

G -
/ E / e
Y 0 Y & /NG
/‘/\ i \Q Q‘/ /I/I_ p \\E - /'/)4 // \\ ew‘
. X - Ll Pz T S XJ ——
Coherent conversion in Suppressed by extra

nucleus field for Q*(y) ~ 0 vertex wrt. g - ey
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S LFV Muon Decays: Susy Loops

SUSY - like many BSM models - naturally induces LFV
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S LFV Muon Decays: Susy Loops

SUSY - like many BSM models - naturally induces LFV

LFVin y* > ey implies LFV also in yN > e'N and
u"->e'ee’
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LFV Muon Decays: Tree diagrams
/@@ )4 g

A} 13+

UN>eN €
]
Not allowed e.g. Leptoquarks e.g. extra Z, LFV Higgs etc.
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(A

/3@ Muonium-Antimuonium oscillations

AL =2 pump——(x)
iron |
- y'e to e’ magnetic field coils M‘CP\
_ hodoscope Csl |
. Detect u decay oy ::C \:S «
with Mu3e annihilation f,ﬁ?\
\ Ll';eam counter photons— | T [T |
. Add detector for | SiOstarget —| |
slow positron \ L g
| accelerator
L e H
- Exciting progress [ N ! 771 collimator—]
inJapan forMu -'Ldp\.:li f-- = | | A
production \' i :%':_L — | f/j/ S
u— O [0 —
) = — ,.
\V\ separator
‘ | | \\ _ .
e—Tm——m e Willmann et al., PRL 82, 49 (1999)
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Fast and thin sensors: HV-MAPS
/@@

- Implement logic directly in N-well in the

High voltage monolithic active pixel pixel - smart diode array

sensors - lvan Peric . Can be thinned down to < 50 ym

+ Use a high voltage commercial

Ve i |Peri¢ NIM A 582 (2007) 876
process (automotive industry) (IPeric (2007)876)

. Small active region, fast charge
collection via drift

Particle
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Performance

Mupix7, 735 mV threshold, HV = -85V
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First large (2x1 cm?) prototype arriving these

days
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/3@ Mechanics

» 50 um silicon

- 25 um Kapton™ flexprint with aluminium
traces

+ 25 pm Kapton™ frame as support

- About 1%o of a radiation length per layer
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/3@ Timing Detector: Scintillating tiles
+ ~ 0.5 cm’ scintillating tiles

+ Read-out by silicon photomultipliers
(SiPMs) and custom ASIC (STiC)

10000 |-
mm} 0=79.2ps

6000 |

4000 |—

=12cm

2000 |-

o _ N T
Scintillator Tiles Time Difference [ps]

. Test beam with tiles, SiPMs and readout
ASIC

SiPM

Readout

Electronics - Timing resolution ~ 80 ps
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