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The Flavor Puzzle

Quarks Leptons
u (¢ |t ¢ BT
S b Ve Uu V:

Experiment/observations (way) ahead of theory.

Unexplained observations (no theory of flavor)

* Three (“identical”) generations; universal interactions (why = 3?7 <? >?)

* Huge mass differences between and within the generations
Exceptionally small neutrino mass

 CP violation (at least in the quark sector)

» Remarkable symmetry between leptons and quarks (GUT, scale?)
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How to Delve into the Flavor Puzzle?

Experiments

» Particle properties: dipole moments

* Lepton Flavor Universality (LFU) tests: compare
ratios of rates "X— €/X— & °

* Non-SM flavor violation searches: {—¢ y

Theories — some may distinguish among flavors

Short Distance effects

* Distinct W-€-v couplings

 Lepto-quarks

Compositeness

Heavy neutral leptons (confuse experimental tests)
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Current Flavor Tensions in the SM

Several high precision measurements of accurately predicted SM processes show possible
indications of violating Lepton Flavor Universality and CKM unitarity.

Muon g-2 (4.2 o)

Deviation from theory -- new physics?
B Decay ratios: B - D*tv/B - D*pv; B >K*pp/ B -K*ee

R(DMY),R (K*), R(K): (2-4 0);

O(10%) deviations from universality.

Both heavy quarks and leptons involved!
CKM unitarity tests (3.7 0): 3 and K decays

May be related to LFUV.

 Lepton Flavor Universality in agreement with the SM at O(10-3) level
in 1, Tand K decays.
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Connection to LFU

CKM Unitarity

SM: V2 +V2+V.: =1

V, from f-decay & n-decay

0.226 . G” Fermi const. from u decay
- Agy = (19.5£5.3)x107 (3. F
[ used to extract V,
0.225+
: V. from K, and 7 decay
0.224| Vv K K
i — from —£2; also—2
i Vi ) 73
0.223 . o
i Agreement 1s poor; uncertainties
risa | from experiment and theory.
ool Deviations could be
: 0° — 0* (0.030%) — explained by small
0090l lNeutron. (0‘.0510%) — 1
' 8.960 0.965 0.970 0.975 Corrections gij to
\% L
e W -1-v couplings
D.B., A. Crivellin, V. Cirigliano, and G. Inguglia, 2111.05338 *Crivellin, Hoferichter, PRL 125, 111801 (2020)
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Hoferichter and Crivellin (2020)
Connecting CKM Unitarity and Lepton Flavor Universality

Modified W —| —v Couplings from u decay; Gy = GE(1 + €., + ¢,,)
input to V ,from Super-allowed £ decay: VP = VE (1 - B

LFU nt—>evintt > u'v
2..

nnnnnnnnnnnnnnnnnnn

r —>e wilth = uvy

-----
-
-~
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Charged Lepton Flavor Universality in 1t Decay

I'(7—>ev(y))

Rtheory _
T'(7— uv(y))

e/u

=(1.23524£0.00015) x10™* (£0.012%)

Marciano/Sirlin — Cirigliano

Possibly the most accurately calculated decay process involving hadrons.

Current Result (PDG): RE® =1.2327+0.0023x10™ (+0.19%)

"2 PILE NU

A
i =1.0010%0.0009 (£0.09%)

GOALS: PEN, PIENU (R <+0.1%); PIONEER (+0.01%)

e/u — —

Experiments are an order of magnitude less precise than theory.
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u-e Flavor Universality tested at O(10-3)

Light meson and Tau experiments compare SM expectations (A=A =A )

A] :_zﬁGFVud A,U . SI-\/I —
I 1
o E i~ T uv/iz—oev
l
V,,V I
I

e’

- T > UVV /T > EVV

|
A
2| 21.0010+0.0009 |
A ) _._: K-> uv/K—>ev
A
1 =0.9918+0.0014 '
A ) :
A B b K,u3 / Ke3
i ~0.9978+0.0018 I |
KI?2 : W — y72% /W — ev
A
[_ﬂj —1.0009+0.0018 -. A
A s = -

52660
05660
SL66°0
GZ00'T
0S00'T
GL00'T
00T0'T
GZIO'T

A
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T-p/e Flavor Universality tested at O(10-3)

N

| I

T—o>evv/ u—evy

Tonav/mT— uv

—> Kv/K —> uv

T— uvv/ u— evy

0860
G86'0
066'0
G660
000'T
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7° —e'v LFU Tests: Sensitivity to High Mass Scales

Pseudoscalar interactions

1 1 1
”Wv. o . e Ers . Charged Higgs (non-SM coupling)

=)

N |

1 — Re/iw N :F\/E';‘T i m72r (1T€V )2 @ 103 %
R} /jf Gu AZp me(mg + my) Acp

Marciano...

Phase I PIONEER Goal: 0.01 % measurement—=> A~3000 TeV

s a0 0s
3
€,.x10

Many others:

Leptoquarks Induced Scalar Currents
EXCited gauge bOSOI]S Campbell and Maybury (2005), Marciano

Compositeness Re/ﬂ (0.0 1 %) : As >180TeV (')
SU2)xSU(2)xSU2)xU(1)

Hidden sector ....

Apparent LFUV could also appear via massive sterile neutrinos (e.g. in
> I*v, with implications for leptogenesis (Elahi et al. 2109.09751).
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“LFU Violation” Example:
Massive Sterile Neutrinos e.g. " —e"vy

\ Extra channel changes
& s , the 7 — ev branching
1 X10 . e
$ ;. . ratio R P
'l
0.. .| O
! m, ~
':s
T —> eV,
AN
1111111 | TN = e P :

Energy (MeV) ‘
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Heavy Neutral Leptons Coupling to 15t Generation

2203.08039 [hep-ph]

Pion decay e "3‘5‘;’
10—11E, Seesay -
10-12 T | e T
10~ 107 10 107
Kaon decay my; (GeV)

5/25/2022 Doug Bryman ARIEL 2022 12



CKM Unitarity: Vud, Vus/Vud

Tested in super-allowed B (V,4) and K decays (V,/V4)

B(K = zlv . .V
Czarnecki, (+ - +) : Theoretically clean method to obtain —=.
Marciano , B(ﬂ' —> 7€ V) Vud
Sirlin (2020)

.. V
Improve B(z" — 7°e*v) precision by >3x - —% < +0.2%.
ud

Offers a new complementary constraint in the V -V, plane.

" — 7'e"v: Theoretically cleanest method to obtain V.,
PIBETA Experiment (+0.6%)

B(z" — 7°¢"v) = (1.03840.004
V,, =0.9738(28)_ (1)

exp th

+£0.004,, +0.002,,) x10*

stat —

Not presently competitive precision for V,. (Needs 10x precision.)
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Altmannshofer, Gori, Robinson, Phys.Rev.D 101 (2020) 7, 075002

Pion “B” Decay with Axion-like particles (ALP):
T—>eva& m—>eva;a—yy

alp — 7 Mixing vs. m,

1072

1074

sin?d

10—6 L

ZPENJ  PiBeta =

= PIENU (prompt
107 F =3 PIBETA (prompt
= B(;Z- e Va) VS ma 10 30 50 70 90 110 130
310°E mg [MeV]
§ - —_— T
e, [T N\ 0.15 ; .
’-f . . . ® Data I I
: N\ a — yy Angular distribution |- » |
(14 o~ ™ - 130 MeV (Pr
el E
g 7Z-_>eva;a_)7/7 < 010}
£ =
= . &
g . for different m, H
S1E  —_ picciotto et al. [21] £
s = 005t
E —=— This work ,",\2) :
= « Pl E NU
5’.1041.‘.1...1.,@ ........... 1
2 0 20 40 60 80 100 120 3 . ‘
Mass m,, (MeVic®) 160 165 170 175 180

7(
0, [deg
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W

Bordone, Buttazzo, Isidori, Monnard ArXiv:1705.10729

Testing LFU with K™ — 77vv

U.C. %

W

Involves third generation quarks (top) and leptons (z,v,)

EFT approach to LFU violations new interactions with U(2), x U(2), symmetry.

NP coupled to left-handed lepton and quark singlets. Tuned to R(D*)=1.25*SM

1—c13 9 uer ,_ _
‘C:sw—pbdvﬁ — A2 Hé Lts I';td(‘gL ﬂ."de)(U‘rf:’:p V‘r)- i I ]
a0 R sl _
i | | | c13 =2 1
= | | { ."I
- _ - o r os
Correlation of K™ — 7 vv T 4l [
/ | -
: o < ' L
with B > K vy h | I > 1.
s ' | .' Y . £
% 20 | | u|.4 [ ' . ;
m 1 [ | 4
— % 02 | [ 7 ]
B(K* — 7' v7) [=30%., +100%] N 4 -
i 0z | : _
104 !+ 4 ]
ol ey e ]
0 10 20 30 40

10" x BR{K* — n*vp)
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How to improve experimental precision by another order of magnitude to

match theory?

Ry, =(1.23524£0.00015)x10™ +0.012%

15 X more precise than experiments!

7" — e'v Experiments -- stopped pions
« CERN (1958) 6 events

« Chicago (1960) — magnetic spectrometer g AMIEE00 bt (1960)
* 1St precise measurement 6% . di Capua et al. (1964)
 Columbia (1964) Nal(TI) crystal; £ 2% o o ool (1956
 TRIUMF (1986, 1992, 2015 - PIENU)
Nal(TI)/Csl crystals T crapkerat (8
+ 0.24% —0.1%7? 10’ events fa” Sy 19

* PSI(1994 — PEN) N Pl
BGO N CSI Crystals >107 events 12 122 124 126 1.28 3 132 1%;?:(4104
+0.4% — <0.1%? LDora

« PIONEER: — <0.01%7
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I'(m — ev)

. Experimental M ethod

I'(m > uv)

Simple experiment: count e* from 1" decay
_|_

T @ e

N(z —ev) N(z — ev)
- € —>
X N(z —> uv) N(z—> u—evy)

H—NQ'
—_— e u— evv T — ev

7 -y * 0018 e :X1 04
L0 16 .0. .0‘ :

Lifetimes [~

d Amplitudes

llllll

7_=120NS

Normalize

awew
sawmssaws
B R e o o i e s o i .

T,=2.2uS

$ .

N

Time (ns) Energy (MeV)

N
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7 — ev: Experimental M

ethod

e Pions stopped in an active target

e Positrons tracked and energy measured (Range:~mm
in a calorimeter TN
e Decays tagged in target and by energy and timing 69.3MeV 0-52.3MeV
e Principal sytematic uncertainty: Low energy "tail" Sllorineies
of 7 — ev events under 1 — evv "background".
Target Energy (MC)

Calorimeter Energy (MC)

iy Y 0
/ 14 16 18 20 22 21Me y
T —> UV
L _
L.t T, =4.2MeV

(MeV]
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Many systematic
effects cancel in
measuring the ratio

T —>€

T—u—>e
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PIONEER

Next Generation Rare Pion Decay Experiment

Paul Scherrer Institut
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PIONEER

Next Generation Rare Pion Decay Experiment

PIONEER Goals:
e Phase I:
I'(mr—>ev+rx—ery)

* Measure R, = : O(20.01%)

I'(m— uv+rx— uvy)
* Improve exotic decay search sensitivities by an order of magnitude
e.g. TV T D> uv;Tt—>e/uvvvi,r —>e/ uvX
e Phase Il — III:

+ 0+
[z >7ev). O(£0.2% — +0.05%)
['(z7 — all)

* Measure R ; =
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PIONEER Method : 77 > e'v

(= Improvements Compared to PIENU)

25 X,, 37 sr calorimeter — Reduce Tail correction (5 x); — Improve uniformity (5 x)
Fast scintillation response (LXe)
Active Tracking Target — Reduce Tail correction uncertainty (10 x)
Fast pulse shape — allow 7 — 1 — e decay chain observation

Fast electronics and pipeline DAQ — Improve efficiency

Active Target
and tracking

layers
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PIONEER Central Region

Si strip
positron

\__,-—"’""_--:FRACKFR

B tracker

Active Target (ATAR) Y wn  ATAR: AE  vs 0
Low Gain Avalanche Detector e .

T — 1 —> e tracking -

48 layers X/Y strips ""']| ]I ' g
Strips: 120 gm thick, 200 gm wide "

Fast pulses, timing <100 ps "I

Fully active for energy measurements
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LGAD Si Strip Target

*Design: 48 layer Si strip target; stop pions
*Compact 2x2x1 cm block full of silicon strips
*See all t=>p decays; S 5 (<52
*Trackn>eandn>pu->e | u -~ MV

*Requirements "
e Longitudinal segmentation:
Track, stop, localize pions; detect decays in flight
* Compact, efficient: no dead material

*Fast collection time: separate pulses that are close
in time from n>u 2>e and n—>e decays

*Large Dynamic range (1000): detect energy
deposition from positrons and slow pions/muons

R&D in progress
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Simulated ATAR Event Displays

T—>e T—>1—>€ 7zDIF > u—>e

energy deposit in x strips energy deposit in x strips energy deposit in x strips
= - T I b 0 z 35 Tt 1
= 9B[-- i H = = '
g a : 8 & sof-
E 94[ ;. k E £
< : i n -1 = 2 48[ 10"
892k “ | £ 2 48
Xvs.Z ¥ ool |
[ H 44
s 10* 42 10*
5
freeeeed . :: a0f-! : ,
0710720 504050 075015 2072830454
layer number (z) layer number (z) layer number (z)
energy deposit in y strips energy deposit in y strips energy deposit in y strips
= o8 PR b = 26f] : = 760 P R
297k o 2 S i 3 76
E 96 o £ I ||'uz € 7af .
g i g HHH € 72F
Yvs.Z g |- I ek s 7o
[ ] ] i w : i @ g8
L 66f-- 10*
. e 64
; o 62
O0F L S RN T
0 10 20 30 40 0 5 10 15 20 25 30 35 40
layer number (z) layer number (z) layer number (z)
energy deposit per layer energy deposit per layer energy deposit per layer
%1_4-;. ...... T s . : Sl — —
: ] [} - i i H H : : ]
=12 = 1 i i 1 : R SR [
. " ]
uq" 1"2‘ %0'6 4 50_5 ..... =
dE_ vs.Z .
m " M3 0.4F
s IR 1 | SR 0.4
0.2 e | || 11| 0.2 0.2
0 0 10 20 30 40 50 0 0 10 20 30 40 50 0 0 5 10 15 20 25 30 35 40
layer number (z) layer number (z) layer number (z)
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PIONEER: LXe Scintillation Calorimeter

Performance expectations based on MEG LXe calorimeter
Active volume 2000 |

25 X,
At~100 ps

L Xe

e 1.5%
=
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PIONEER Simulated Energy Spectra

Background Suppression

1074

10°] | | i
—— n-pu-e[u DAR] /4 9 e :
T u—>e 7T —> € Lows] — noe (nDAR] rﬂ{
1071 ' ' —— n-p-e[uDIF] n
H
% q_l 10-8 Total rr =
A 1074 H I oy
g JzJ 1 o 107 iJ’
o e ©
310°¢ - L g | .rr’k_,; E
E __ ¥ ¢ 10- " 7 5 uDIF - e
1 E = = I i
T T T T T T T ]T -10 E
0 10 20 30 40 50 60 70 80 10 7DIF > u—e :
Energy [MeV] L‘
10—11
10~12 ! g
0 20 40 60 80

Energy [MeV]

Low energy tail measured in
situ using ATAR suppression
of u decay backgrounds.
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To be verified by
simulations and

7 — ev: Estimated Uncertainties prototype

PIENU 2015 PIONEER Estimate measurements'
Error Source % %
Statistics 0.19 0.007
Tail Correction 0.12 <0.01 (Canrimeter/ATAR)
to Correction 0.05 0.01 (ATAR timing/dE/dXx)
Muon DIF 0.05 0.005 (ATAR)
Parameter Fitting 0.05 -0.01 (Calorimeter/ATAR)
Selection Cuts 0.04 ~0.01 (Calorimeter/ATAR)
Acceptance Correction 0.03 0.003 (Calorimeter)
Total Uncertainty % 0.24 < 0.01 *

Pion lifetime uncertainty not included

7t = 7%e"v: Estimated Uncertainties

PiBeta PIONEER (Phase Il)

Statistics 0.4% 0.1%
Systematics 0.4% <0.1% (ATAR (B), MC, Photonuclear, T>ev)
Total 0.64% 0.2%
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Exotic Searches in PIONEER Phase |

Searches for
Sterile Neutrinos

PIONEERE'* """ WU |

1010 i TN ETETE SUETE STRTE i i
&0 70 80 a0 100 110 120 1 1 10.1 I B I T N T T T I I T
Neutrino mass (MeV/c’) 14 16 18 20 22 24 26 28 30

Neutrino mass (MeV/c?)

Also to be improved by an order of magnitude:

T —eluvX;, T —>eluvvv
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deGouvea, Kobach, PRD D 93, 033005 (2016)

Connections: LFU, LFV, LNV and Sterile Neutrinos

Constraints on |U_; |

ult—ey,ul/t— 3e, ueC Ov ,B,B Decay -- Majorana 1%
L . 10° = - -
\\\ \ = -1t Mgkt —[Jlﬂ. pt= [10[][\,10\) i
\ N 1 — Mg = 0.2V, p* = —(100 MeV)?
107! s 1072 x — e = 0, p* = —(100 MeV)? B
\ \\ B 10_3 \ -—- Mgkt = 0, p2 = —[2(](} ‘\-IE"'\'—:JZ i
o 102 5 L \
= 103 \ SElS \ f//f
i 1076 \ f/,
) “UM 2 _ |U'“4|2 = |Ung 2 = |U|2| 10 8 \%;’/
—d I I
= 107 10! 102 10° 101 1079 Ll . : ‘
my [GeV] 101077107107 10~* 107* 1072 1071 10° 10" 10% 10°
my [GPV]

Other connections with LNV : 4 Z —>e"(Z-2), K > zuy....
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Charged Lepton Flavor Violation

Another probe of the flavor puzzle

Many ongoing CLFV Experiments:
1 —e Conversion (4 Z — e Z):Mu2e (Fermilab); COMET (JPARC)
O(107%) = 0(10™"")
u—e y, u—3e: MEG (PSI); Mu3e (PSI)
O(107°) = O(10™), O(107*) = O(107')
T—>e/ uy, r > 3e..:Belle II (KEK), BESIII
O(10°%) > 0(107)
K" — 7" ue,.... NA62 (CERN)
0107y > 010
B — we, mue....: LHCB (CERN)
O(107) = 0(10")
Z — ue, ru,re.... LHC ATLAS,CMS (CERN)
O(107) = O(10")

Could a future upgrade of ARIEL or PERLE@Orsay Contribute?
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CLFV at “ARIEL200” or PERLE

Blazek and King (arXiv:hep-ph/0408157v1) estimated the cross section
for e+N — +N at E,=200 MeV in the Minimal Supersymmetric Standard Model (MSSM ):

4 M 2 2
o(etN = u+N)~10™ [m) [%] fb; and

I

—_———

MZ 2

4 ) 2 ¢ vt It
M ( M L ) M, Gaugino mass %1‘

BR(u —>ey)~107"| —% 12 :

(u—ey) (I\/I j [ ]

M 2 (M_),, ~ Slepton mass
2 2

o(etN - u+N)=10°xBR(u—¢ey) fb

Using the current MEG limit BR(¢ — ey)<4.2x107"
results in o(e+N — 1+N) < 4.2x107" fb.
Is this measurable?
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ARIEL200 Fantasy Experiment

Say, MEG II discovers ¢ — ey at BR =4.2x107"

Cpomey (€7Ta — p+Ta) = 4.2x107"° b
10 mA; 10 mm thick Ta target

Number of £~ events in 5 years: 230
Or, if 0 events observed — o(e+Ta — u+Ta) <4x107"* fb

— BR,,o, (£ —>ey)<4x107"
(O(10) x lower than current MEGII goal)
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ARIEL200 Fantasy Experiment
(ala COMET Phase 1)

H,O cooled
Ta target ,
Muon Capture Solenoid
with magnetic mirror
Q/\@O Detector
(Q?s Solenoid
O

Muon Transport
Solenoid

‘ Cosmic Ray Veto

nw—evv Detector
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Conclusions: Lepton Flavor Universality

* Lepton Flavor Universality and Lepton Flavor Violation reactions are
especially sensitivity to new physics effects hinted at by several
anomalies.

 u/Tr/K/T/B/Z results anticipated from Muon g-2, MEGII, Mu2e, Mu3e,
COMET, PIENU, PEN, NA62, BESSIII, BELLE-Il, LHCB, LHC ATLAS/CMS.
Important connections with searches for sterile neutrinos/dark sector
particles , high mass scale physics, LNV, and 0v33 searches.

- A next generation pion decay experiment PIONEKER aims at order of
magnitude improvements in high precision for measurements of m >ev
and pion beta decay to provide uniquely sensitive new information on
Lepton Flavor Universality and CKM unitarity.

* Could a future ARIEL upgrade or PERLE@Orsay play a role in this
field?
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