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Charged Lepton Flavour Violation

“* Neutrino oscillations: generalization of the Standard Model.
s Within vSM, CLFV is induced by neutrino oscillation in loops.
> Unlike FCNC involving quarks, CLFV rates are negligible.

Example: pu — e?y W f},

H vy, Ve ©
. 2
Jo * Amy; —54
B(p — ey) = 397 Z UuiUeiW ~ 10
1=2,3

« This suppression is accidental due to smallness of Am=;;.
% Can be enhanced beyond the SM (e.g. massive sleptons).
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Experiments: history & prospects

Not discussed here:

B and t decays,
L-—e* conversions,

muonium oscillations.

Existing limits
n kaon decays
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New physics contributions: p—e

Loop terms (i.e. SUSY):
H X0 e
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Contact terms (particle exchange):

WV ,,,
N
w

~100 TeV mass scales already excluded.
Near-future experiments aim
at ~103 TeV scale.
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New physics scale A, TeV

“loop terms”

Sensitivity of p—e experiments

(following de Gouvéa and Vogel, 2013)
B(uN — eN) in ?"Al < 1078

— - -
-

rd

/ " COMET/MuZ2e
& P B(;M’Vn_;. eN) in 2?Alr < 10-16

[
L

B(u—3e)<10-¢

10 + B(n —>ey) <10

MEG 2011:
B(u — ey) <2.4x 1012

SINDRUM Il Excluded
(uN—> eN on Au)
<7.0x1013

10! 102
““contact terms”
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LFV in K decays

Kaons decays:

¢ Copious production: high statistics.
*» Simple decay topologies: clean experimental signatures.
“ Source of tagged =n° via K"»>n*n®, K, —»3n°, ... :

best limits for LFV ©° decays.

Sensitivity to the 4-fermion contact terms:

Example: Kj; — pte~ Dimensional argument:
+ I'x (gX MW>4
gw Mx

S M — ~
I'sm
X
o0 O For gx =~ gw and B ~ 102,
d e Mx ~ 100 TeV
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Muon conversion
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Muonic atoms

Muonic atom formation:

— ¢ Stopped p falls into the 1s ground state.

H e .
s Emission of characteristic X-rays:

can count stopped muons.

Nucleus

Muonic atom lifetimes

(a) Muon decay-in-orbit (DIO):
p (A, Z) = e vevy (A, Z)
v’ rate weakly decreases with Z

Lifetime, ns
3,

(b) Muon capture by nucleus:
p (A, Z) > vu(A, Z — 1)
v rate ~ Z*4:
v’ unstable daughter nucleus
(n, p, Y emission)

102

(c) New Physics: coherent muon conversion D'"i'd"élci"é'd'ﬁ'{i"élti"é::i"?ld”'slf:i”é'd'i'ﬂo

puw— N — e~ N Atomic number (Z6)
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Muon conversion: un~ N — e~ N

* Monochromatic electrons (E,~m =106 MeV)
well above Michel endpoint for free muon decay (E;~m /2 =53 MeV).

¢ Background is beam-related rather than detector-related.
¢ Very high rate experiments are in principle possible.

For muonic Al,

Z?a*m
H —
\ J \ J
Y Y
Binding energy  Nuclear recoil (~=1/A)
= 0.5 MeV = 0.2 MeV

I'(u~N — e N)

+ The measured quantity: R,,. =
| Y o T(wN = y,N)
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Decay-in-orbit (DIO)

— DIO spectrum for 27Al

- ~ o (zoom, E,>100MeV)
- L .

— Michel spectrum QL no recoll

- endpoint: - _ S

= m,/2=52.8 MeV o with nuclear recoil s A
: >

- Ll 1078

— . © \
: Conversion ™ \
— 10-20k

- S 7 i
2 o6 tail /oo 101 102 103 104 105
- (e-N interaction) Electron energy, MeV
- L | (Czarnecki, Garcia i Torno, Marciano,

0 20 40 60 80 100 PRDS84 (2011) 013006)
Electron energy E., MeV

*» Key issues: good energy resolution and minimal energy loss.
% Fraction of DIO within 1 MeV from endpoint: ~10-17.

< Energy resolution of near-future experiments: 6E_~100 keV.
« DIO is not a limiting factor at R ,~10-*" precision.
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Radiative pion capture (RPC)

x10~4

N, / MeV / pion
AN

N

Beamline design for RPC suppression: 10

< using a degrader; 10:'
» if muonic atom lifetime > =~ lifetime 10__
(=26 ns), with timing conditions. 10

mr

-—

Photon spectrum from RPC in %*Mg

Bistirlich et al., PRC5 (1972) 1867 |

ConversionA
in 27Al

| I | | |

|
70 90 1o 130

E,, MeV
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Residual = in u~ beam:

7N — N'~A® ~ 5 ete™

- Compatible to p—e conversion.

Anti-proton annihilation
Is similarly a background

J (production threshold: E=7m =6.6 GeV)

SINDRUM II carbene (CH,) degrader
| performance @ 52 MeV/c

.........
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Muonic atom lifetimes

—
o
T

Lifetime, ns

10?

0 10 20 30 40 50 60 70 80

vy
90 100

RPC: timing

** Near-future experiments COMET, MuZ2e:
bunched proton beams (=100 ns / ~1 ps).
* Low-Z (Al) target: RPC is prompt background.
% Proton extinction factor <10-° required.
** High-Z measurements would elucidate
underlying physics of a potential signal.

[Muonic atom lifetime data:

Atomic number (Z) D.FEMeasday, Phys.Rept.354 (2001) 243]

0.08 §_ Protons POT puilse (Mu2e example)
0.07 = n arrival/decay time ( x 1M)
0.06 — “Beam flash”’ w arrival time ( x 400 )
E <€ > - wn decay/capture time ( x 400)
0.05E .
— p1rons
0.04 — Background studies Live time window:
0.03 = 51% acceptance
0.02 ;
oot U/ L o muons
Oi | 1 1 -.-J-:— 1 3 | 1 ___l_.-|_-.-|-.1‘-|__|-_-|---_—|—‘|_-|1_-‘l__r_r_l_"T— 1
0 200 400 600 800 1000 1200 1400 1600 180010
Time (ns)
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SINDRUM-II at PSI

» target I dipole magnet »*Proton beam:

> — [ quadrupol t

' ' =1 sextupolo magnet 590 MeV/c, 0.3/19.75 ns.
—concrete block % RPC suppression: CH, degrader.

s Ti, Pb, Au targets.

proton beam

Limit for muonic gold:

nS—————— = | pAu _»  10-13 (90% CL
transport solenoid m He < ( 0 )
SINDRUM I

[Bertl et al., EPJ C47 (2006) 337]

54 50
a p, (MeVic)

| | o0,

104 1 All e- from target _ + " measurement
(3 Prompts removed | '3 +
103 B Cosmics removed e” measurement
@ Simulated signal 1 MIO simulation
2 1024
10 ] ue simulation
10 10 - 3
%o i
1 : '__ ° Rue:4x 10—12 1 A "E
Ti results 5 Au results :
| % | - — T . s . | . . — NG
70 80 90 100 110 120 80 90 100
Electron energy, MeV Electron momentum, MeV/cl 1
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COMET at J-PARC

Pulsed 8 GeV _ -
roton beam Pion capture section:
I?100/110%8) _ H high magnetic field (5T)
QA to collect low momentum
§ broaneion DACkwards travelling pions

K

[

Target

Data taking: 2016+

Phase |
SES = 3x10°15

n
I
Ll

RN

L

am

&

Transport solenoid:

charge and momentum selection.
~ p,<70 MeV/c: kinematic rejection
of prompt background from
u-—e~vv decays in flight

. V.

S T (LT
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Stopping Al
target
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Forward detector:

straw tracker followed by EM calorimeter.

Rate < 1MHz.

Curved solenoid:
high-momentum e~ selection,
stops most DIO and

muon capture products

Phase Il (full setup)
SES = 3x10-Y/
Data taking: 2020+

12



COMET phase | (2016+)

A dedicated detector: cylindrical drift chamber in 1T solenoidal field.
“ Higher acceptance but worse resolution (6p.~0.5 MeV/c) wrt Phase II.
% No charge selection: can search for LNV process £~ N — e N' .

Pion Capture Section
\\\‘\\‘\5‘::_-9100 Production Target
\ e

Muon-Stopping Target

Pion-Decay and 17><200Mm dlSkS

Muon-Transport Section

¢ Protons on target: 4x1018,

 Signal acceptance: ~6%.
(timing: 39%, geometrical: 24%,
momentum cut: 74%, trigger: 90%). o

o Expected background: 0.03 events 0.06
(DIO: 0.01 [determines the p, cut],
RPC: 0.01, anti-protons: 0.01).

% Expected SES: 3x10-1°, 002
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L ~| Sensitivity for R ,=3x107"°
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MuZ2e at FNAL

Detector Solenoid

Protons: 1.7us structure,
8 kW, E,;,=8 GeV

Ansport Solenoid

o,

=T Collimator s

Production Solenoid

Production Target

Straw tracker in 1T magnetic field.
~22k Mylar straws tubes (D=5mm). EM calorimeter
dE/dx capability for proton suppression; 4x11x44 LYSO crystals

6p<0.18 MeV/c. arranged in 4 vanes.

—

®
4

Resolutions:

¢ energy: 4.5% at 105 MeV;
% position: 4 mm;

s timing: ~1ns.

Jversion
O

E. Goudzovski /IOP meeting, 8 April 2014

14




Mu2e sensitivity

% Protons on target: 3.6x102°,
% u~ stops per proton on target: 0.16%.
> Signal acceptance: 5.25% (timing: 51%, selection & trigger: 10%).
¢ Expected total background: 0.41 events
(DIO: 0.22, cosmic: 0.05, RPC: 0.03, anti-protons: 0.10).
% Goal SES: 2.4x10°7,

Sensitivity for R ,=1x10-1°

o [
S0.16]— | 7.6 x 10" stopped Signal Window
=
S0.14— R, =1.00 x 107 < »
£ i
20.12— J. Conversion = 5.06 + 0.03 : |
s F }NW%
0.1~ J DIO =0.20 +0.01 M | i |
0.08/— _ | M U
- RPC+AP+Cosmic = 0.18 } mhﬂ i
0.06— ! Hﬂ |
004 0 uﬂ
I ! {}-l}ﬂ :
0.02— + Wﬁﬂﬂ*ﬂm i )
DE_ datht mﬁim‘ﬂmw;%‘#ﬂﬂw+ d*% 4 4
| | | | | | 1 | | | | | | | | | | 1
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Pe, MeV/c 15
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LFV muon decays
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ut*—e*y: backgrounds

Signal: Backgrounds:
two-body decay Radiative Michel decay (RMD) Accidental
180° / i
(\ e’ V\U A v & MK A

™m
_ _ e
Ee = E, = o 52.8 MeV Michel decay and photon
967 — 1800, te‘j’ —0 from RMD, e+e‘—)W, eN—)eN'Y

Accidental background dominates (>90%):

< contamination (N,../N;,) scales linearly with instantaneous muon rate;
% therefore continuous rather than pulsed beam (~3x107 pu*/s);
** background level is determined by the detector resolution.

acc 2 2
- ~ By 0B - (0E,)? - Stey - (00cy)
S18 Y Y Hf_l Hf_l

Approximate MEG values: 0.5MeV 1.0MeV 130ps ~0.015 17
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MEG at PSI (2008-2013)

im
COBRA Magnet — cOnstant projected Bending RAdius
Drift chamber
i 1 f [ I

Muon Beam _ )\ L
~30MeV/c A et . .
Stopping Target | Timing counter
| - —
—f: —]
: = —— -~ —— |
T "
P
Liquid Xenon (e ----
Scintillation Detector | | ]

Gradient magnetic field: bending radius ~p, not ~p;
+» only e* near Michel endpoint reach the tracker;

*» small number of curls for e* emitted at 6=90°;

+» therefore excellent spectrometer rate capability.

EM calorimeter: 846 PMTs immersed in 900 litres of LXe.
s prompt response: low pile-up.
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MEG 2009-2011 data
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MEG result

Data statistics

Final result with 2009-2011 sample
(3.6x10% stopped p):

B(pt = ety) < 5.7 x 1071 (90%CL)
PRL 110 (2013) 201801

Normalization-factor/10'2

2008 | 2009 2010 2011 2012 2013

“* MEG data taking completed in 2013.
> Sensitivity is limited by
the accidental background.

“* Improved detector resolution required
to go beyond the ~10-13 sensitivity.

20
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MEG upgrade
“ Higher beam rate (~108 p*/s). " e
< Thinner stopping target (e* direction). = [ 7
% Higher tracker granularity (5E.). <—— MEG 20092010
% New pixelated timing counter (&t,).
’:’ EM Calorlmeter more PMTS (SEY’ plleup) 1{'—12 B A I G R e e S e s e e

Example: photon energy measurement
=
m

k . MEG final (estimated)

0.5

0.6

10—13 s g s

%49505152535455555?53 i

E, (MeV) 1{'.]_4||||i||||§||||||u
2013 2014 2015 2016 2017 2018 0 50 lﬂu 15“

B - (B - (B Weeks
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Mu3e at PSI: p*—>e*e*e-

For loop NP contributions, B(u™ — eTete™)/B(p™ — eT7) ~
Mu3e goal: B(u™ — etete™) ~ 1071¢ (4 orders below SINDRUM, 1988)
Note: ™ — eteTe™ is sensitive to contact interactions.

Dominant irreducible background:

radiative Miche+l decay + conversion
E

pnt — eTvoy*
— eteTe vis
Excellent momentum

resolution required (<1MeV/c);
determines the sensitivity

------ u —» eeevv generated
— | > @€EVV SiMmulated
— Signal BF 1072
------ Signal BF 10°"°
sesnsens Signal BF 107
------ Signal BF 107'°
—— Signal BF 10''°
Signal BF 1077

Electrons (e-) from:

* photon conversions;

+ Bhabha scattering

(e+e~ vertex, missing energy);
“* mis-reconstruction.

Excellent vertex and
time resolution required

22

HE. Y

T N B ii;I R RS- R R
101 102 103 104 105 106
E. Goudzovski /IOP meeting, 8 April 2014 Reconstructed Mass [MeV/cQ]




Mu3e detector

“ Acceptance over a wide momentum range: MEG tracker cannot be adapted.
< Beamline upgrade (~10° u*/s) required to reach ~10-1° sensitivity.
+ SINDRUM sensitivity was limited by radiative background (~10-14)

though upper limit (B<10-1?) is determined by the number of muon stops.

Recurl pixel layers |

Scintillator tiles Scintillating fibres

Inner pixel layers

Target

= pBeam

| Outer pixel layers

Homogeneous 1T field

Precision tracking: ~108 Monolithic Active Pixel Sensors (HV-MAPS).
High granularity, minimal material budget
(pixel size: ~80 pm, thickness: ~50 pm).

Precision timing: scintillator fibre/tile hodoscope, ~100ps resolution. 23

E. Goudzovski /IOP meeting, 8 April 2014



Charged kaon decays

E. Goudzovski /IOP meeting, 8 April 2014
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NA62 at CERN

Earlier: NA31

1997: ¢&’/e: K +Kq

- e

Jura mountains - 1998: K +Kq

1999: K +Kq K HI

NA48Y

discovery| 12000: K, only |KsHI

of direct

CPV | [2001: K +Ks  |KsHiI

‘ NA48/1{ 2002: K¢/hyperons

2003: K*/K-

2004: K*/K-

)
| NA62] [2007: Kea/ke,, [rests

<
Re phase] 1508 KeoolKE 5 | tests
Kaon decay in flight experiments. NA62- 2012: technical run
NAG2: _curr_ent_ly ~180 partmpants, 2014 15t K* v Fun
29 Institutions, 12 countries -

25
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The challenge: K—»nvv

SM: box and penguin diagrams

8 4% v S W d
S pwwwawwnw
u,c,t u,c, t
u,c,ty 1€, 1,
VA
VAV
/('}J/ W \‘y\ v vV
Ultra-rare decays with SM branching ratios
11
A~ (M/my)? ViVl ~ A8 Hode e
K*—>n*vv(y) 7.81+0.75+0.29
% Hadronic matrix element related K =>7movv 2.43+0. 39+0 06
to a measured quantity (K*—nrle*v). ﬂ
* SM precision surpasses any other Intrinsic
FCNC process involving quarks. CKM
< Measurement of |V | complementary parametric
to those from B—B mixing or B%—py. Theoretically clean,
< Optimal probe for non-MFV sensitive to new physics,
(Gino Isidori, ESPP open symposium 2012) almost unexplored 26
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K—nvv: experiment vs theory

BR(K,—>1%v¥) vs BR(K*—7*vv) CKM unitarity triangle with kaons

K, —uw

{ E949 10

SM4

Experimental result: )
BNL E747/949

100 x BR(K — 7Ovi)

(littlest D. Straub | I

i _ CKM 2010 AL

0 1 2 3 4
1019 x BR(KT — 7tvp)

NA62 aim: collect ~100 SM K*—n*vv decays with <20% background
in 2 years of data taking using a novel decay-in-flight technique.

Decay signature: high momentum K* (75GeV/c) - low momentum =* (15-35 GeV/c).

Advantages: max detected K* decays/proton (p./p,=0.2); efficient photon veto
(>40 GeV missing energy); good n* vs u* identification with RICH.

Un-separated beam (6% kaons) - higher rates, additional backgrounds. 27
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Un-separated hadron (n*/p/K*) beam: e
400GeV SPS protons - 75GeV (£1%) kaons V: Total length: ~270m

750MHz beam; 45MHz kaons; 10MHz LO rate | Large Angle Photon Veto SAV:

Small Angle Photon Veto
Vacuum Tank

GTK: beam
spectrometer

Beam
pipe

Target \7 \
TRILLL I
R— oo J
, [ r—’H Vacuum: p<10-> mbar I I - |
i | | """"""""::"':-"-'-':-'-‘:.‘.':_'; ----
(Cherenkov / mell I
kaon tagger) Anti- L T T J M

Hodoscope

<80ps timing counters ||||'l||\|' ||||' RICH LKr MUV
, = Y 4 Straw  <80ps timing
Signal & backgrounds (events/year) Decay region: L=65m Track
Signal 45 FECHER
K+ +0 5 . . - :
K:ﬁ’vt - % Kinematic rejection factors
P —— <1 (limited by beam pileup and tails of MCS):
Other 3-track decays <1 5X103 fOl' K+—)TC+TCO, 15)(104 fOl’ K—)l.l+v.
E—”T*’TOV(I(EE;) (1): < Photon veto: ~108 suppression of ©0—yy.
+—>H+VY . ] .
Total background <10 % Particle ID: ~107 muon suppression. 28
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NA62 installation

Photon veto (LAV) mstallatlon

Vacuum tank view in 2012

= __'

Cherenkov kaon tagger (CEDAR+KTAG)
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LFV in K* and =% decays

Mode UL at 90% CL Experiment Retference
KT >7mruTe 1.3 x 107! BNL E777/E865 PRD 72 (2005) 012005
K+ —wtu—et 5.3 % 109
KT s aputet 5.0 x 10~10 FBNL E865" PRL 85 (2000) 2877
T 3y etet 6.4 % 10—1°
K3 — nFpTp® 1.1 x 10~ CCERN NA48/2> PLB 697 (2011) 107

KT > pretet 2.0 x 10~® Geneva-Saclay ~ PL 62B (1976) 485
Kt s e vutut no data

o — e 3.6 x 1019 FNAL KTeV PRL 100 (2008) 131803
70— pTet 3.6 x 10—

* CERN NA48/2 sensitivities for these 3 modes are similar to those of BNL E865

NA62: nominally 1.2x10'2 K* decays in fiducial volume.
Expected SES: ~10-12 for K* decays, <10-!! for n° decays.

NAG2 iIs expected to improve on all these decay modes
30
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Example: K*—ntputut at NA62

Arbitrary units
=

10°

10

NA48/2 (K. MC)

T T
2~
b=}
=

Signal region

m

w

a
Arbitrary units

10?

10

n-utut invariant mass, GeV/c?

due to t*—p*v decays

In the spectrometer
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NA62 (K, MC)

- Ky, MC Signal region
: <)
E' | LI | | | ] | 1 | | 11 | 1 11 . 1 | | ] | L) L1 | | ]

036 0.38 04 042 0.44 D.4W.52 0.54

n-utu* invariant mass, GeV/c?

/- back q NAG62: no K, background due to higher
NA4B/2: Ks, background to Ky, spectrometer P kick (270 vs 120 MeV/c)

and improved nup mass resolution

(1.1 vs 2.6 MeV/c?) 31



Summary

“* Muons will play a central role in LFV searches.
Upcoming specialized experiments: COMET, Mu2e, MEG-II, Mu3e.

¢ Near-future muon conversion and decay experiments aim at
sensitivities from ~10-13 to ~10-17.

¢ In other sectors, significant progress can be achieved
at marginal cost by building on existing experiments.

* NAGZ Is expected operate as a multi-purpose K* decay experiment
with ~10-12 sensitivity to LFV K* and =° decays.

32
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COMET phase || detector prototype

E. Goudzovski /IOP meeting, 8 April 2014

“Transverse tracker™:

Straw tube tracker (5 multi-layer modules).
B NAG62-type straws produced at JINR (Dubna).

I Momentum resolution: §p, = few x 100 keV/c.

(to be tested during Phase 1)

EM calorimeter:
GSO or LYSO crystals.

Resolutions:

¢ Energy: <5% at 105 MeV.
¢ Position: <1.5 cm.

v Redundant momentum

measurement, avoiding tracker
pattern recognition errors.

v’ Provides the trigger.
34



Recent K* experiments at CERN

Experiment NA48/2 NAG2-Ry NAG2
(KY) (K) (K*; planned)
Data taking period 2003-2004 | 2007-2008 | 2014-2017
Beam momentum, GeV/c 60 74 75
RMS momentum bite, GeV/c 2.2 1.4 0.8
Spectrometer thickness, X, 2.8% 2.8% 1.8%
Spectrometer P kick, MeV/c 120 265 270
M(K*—r*r*n-) resolution, MeV/c? 1.7 1.2 0.8
K decays in fiducial volume 1.9x10%1 2.5x1010 1.2x1013
Main trigger Three-track; et Koy T oo
Kft—>ntnOn?
— 7

The new NA62 detector:

4

o,

(R )

o,

(R )

*» hermetic photon veto.
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~—
Same detector (NA48)

» beam spectrometer and kaon tagger,;
» iImproved mass reconstruction and particle identification;

35



NA48/2 Kif—n*ptut upper limit

- 10° — Upper limits on LFV/LNV K decays
E o aKomwh
g -5
L1 e N A St SR
o 6
m 10' _______________________________________________________________________________________________

. Kioeteuu\ i CERN |
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¢ Previous BNL E865 limit improved by a factor ~3.

% By-product of the K*—>z*ufp* analysis: non-optimized procedure.
% A dedicated re-analysis has a potential sensitivity of ~10-1°,
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K*—n*vv at BNL E747/E949
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NA62: K_ . signal region

Missing mass: signal and backgrounds

92% of total
background
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mZ2.__[GeV?/c*]

¢ Outside the signal
Kinematic region.

¢ Signal region is split into
Region | and Region |l
by the K*—>n*n° peak.

» Span across the signal region
» Not rejected by kinematic criteria
» Rejection relies on vetoes/PID
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LNV in K decays

Kt = W_ﬁir@", L =e,p
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Littenberg and Shrock,
PLB491 (2000) 285
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Majorana neutrino
exclusion regions
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Proof of principle: NA48/2

PLB 697 (2011) 107
FCNC K_,,, candidates 105 “Wrong sign” up pair
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Ndata =52
Nokg = 52.6+19.8;

 Precision limited by background from n*—p*v, despite SES =~ 3x10-11,
% A dedicated re-analysis (in progress) has a sensitivity of ~10-1°,

E. Goudzovski /IOP meeting, 8 April 2014

= B(KT - atptpt) < 1.1 x 1072 @90% CL
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NA62 timeline
IMEZQ

Dec 2008 Oct 2012 Oct 2014
NAG2 Technical 1t Physics
approved Run Test Run
today LHC LHe

LS1 LS2

Physics Physics Physics

) 2009-2012 )2013—2014 ) 2015) 2016 ) 2017 ) 2018-2019 )

t

Detector design, construction
and installation

¢ 5 years of construction interleaved with a Technical Run in October 2012
¢ First Run with full detector in 2014
¢ Plan 3 physics data taking runs before LHC Long Shutdown 2 (LS2)

41
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Triggering on lepton pairs

NAG2 three-track decay rate upstream CHOD: F, .. = 640 kHz
- Too high to collect all three-track decays

Available LO trigger primitives:

% Q,: at least N hodoscope quadrants;

X . at least N LKr clusters
with energy E>x GeV,

% MUV: hits in at least N MUV3 pads.

Possible LO triggers for LFV searches:

ee pair: Q, X
pe pair: Q, X x MUV,
Ly pair: Q, x MUV,

Total expected lepton pair LO rate: ~100 kHz
- Charge-blind lepton pair collection is feasible 42
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