5. CKM first row unitarity

=) See Talks on Tuesday afternoon RF2 session



Cabibbo Anomaly

M.Moulson, E.PL@CKM2021
Recent discrepancy with CKM unitarity:

IV, ] =0.97373(31)
IV, 1 = 0.2231(6)
y v, AV, =0.2311(5)
“ [ 68%CL ellipse k./m.| Fitresults, no constraint
- Without scaling S = 2.6 12! T2
0.226 "
Vus\\]“
it with
fit unitarity
0.224 -
Vs 2 2 2
v+ %\ “1+A,
K J
0" > 0" g B Negligible ~2x10
= (B decays)
0.222 - ~ s
Via < Broad sensitivity to BSM
1 I [} 1 [} ] I 1 1 1 I
0.965 0.97
Emilie Passemar
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K(;P) n(f)
V. from K, (K — TIlv))
4

= (P - p)

« Master formula for K — 1rlv;; K = {K*,K%}, I={e,p}

Gim:
(K- niv[y])=Br(K,)/t=C] Koz SinlV

EW

fFr (0)‘ (1+24% +24%7,)

SUQ2)

Average and work by Flavianet Kaon WG Antonelli et al’11 and then by
M. Moulson, see e.g. Moulson.@CKM2021

| - Iay_A
Experimental results on BRs, lifetime and FFs from: net
KLOE, KTeV, NA48, ISTRA “"Kaon WG
* New results on K* BRs from KLOE-2 and ISTRA+
* New results on K* FFs by NA48/2 and OKA

« Since 2018: First experimental measurement of BR of Kg — muv
BR(Kg — muv) = (4.56 £ 0.20) x104 KLOE-2

PLB 804 (2020)

Emilie Passemar 3



K(P) 7(p)

3
V. from K,, (K — TtlV
us 13 ( 1) = (P —p)2 v
« Master formula for K — 1rlv;; K = {K*,K%}, I={e,p} ’
_ 2 Gimf( K Kﬂ: AKI AKr
(K- nlv[y])=Br(K,)/t=C} ¥ Tagm SenlV (0)‘ 1+2 +2 SU(Z))

Average and work by Flavianet Kaon WG Antonelli et al’11 and then by
M. Moulson, see e.g. Moulson.@CKM2021

Theoretically
- Update on long-distance EM corrections for K., ~ Seng et al.’21

* Improvement on Isospin breaking evaluation due to more precise dominant
input: quark mass ratio fromn — 3n Colangelo et al.’18

* Progress from lattice QCD on the K — 11 FF

(70| 57,u [K' @)= O (P+p), £ )+(P=-p), 7 0]

Emilie Passemar 4



f,(0)V, from K, - 2011

Vsl £+(0)

0.214

0.216 0.218

—— K,e3 0.2163(6)

——  K,u3 0.2166(6)

. Ke3 0.2155(13)
. K*e3 0.2160(11)
d K:u3  0.2158(14)
0.2I14I I l0.2116. | l0.2l18

M.Moulson, E.P.@CKM2021

Approx. contrib. to % err from:

% err BR T A

026 0.09 0.20 0.11

029 0.15 0.18 0.11

0.61 060 0.03 0.11

0.52 0.31 0.09 0.40

0.63 047 0.08 0.39

Average: |V, | f.(0) = 0.2163(5)

LUndf = 0.77/4 (94%)

Int

0.06

0.08

0.06

0.06

0.08



f,(0)V, from K;; - now M.Moulson, E.P@CKM2021

| Vsl S+(0) Approx. contrib. to % err from:
0.21 0.215 % err BR T A Int

K,e3 0.2162(5) 0.23 0.09 0.20 0.02 0.05

K,u3 0.2167(6) 0.29 0.15 0.18 0.11 0.07

Ke3 0.2154(13) 0.60 0.60 0.02 0.02 0.05

. Ku3 0.2126(47) 2.2 22 0.02 0.11 0.07
K*e3 0.2167(7) 032 027 0.06 0.17 0.05

*u3 0.2167(11) 050 0.45 0.06 0.21 0.07

0.21 0.215

~



24141

N¢=

2+1

N¢

non-lattice

1

. (0) from lattice QCD

« Recent progress on Lattice QCD for determining f,(0)

FIAG2021

f1(0)

FLAG average for Ny=2+1+1

FNAL/MILC 18
ETM 16
FNAL/MILC 13E

Tom] Wil

FLAG average for Ny=2+1

PACS 19

JLQCD 17
RBC/UKQCD 15A
RBC/UKQCD 13
FNAL/MILC 12!
JLQCD 12

JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

FLAG average for Ny=2

ETM 10D (stat. err. only)
ETM 09A

Kastner 08
Cirigliano 05
Jamin 04
Bijnens 03
Leutwyler 84

0.95 0.97 0.99

1.01

£(0) 5 = 0.9698(17)
0.18% uncertainty

to be compared to

£.(0)7451 = 0.9704(32)
S/
£,(0)3'2,,, = 0.959(50)

Uncertainty divided by ~2 w/
2016 and by 25 w/ 2011!

Lattice uncertainties
at the same level as exp.

—

-3.20 away from unitarity!

2011: Vg = 0.2254(3) xp(1M)at 2 Vs = 0. 2231(4)p(4) 1t



V. /V  fromK,/ T,

1/2
Vus| fx (FKuz(v)mﬁi> l—mﬁ/mii (1—l 1 )

£ Sen — —O«
Vid| fx Ip . Mg 5 OEM ~ 5050(2)

n2(y)

Recent progress on radiative corrections computed on lattice:
Di Carlo et al.’19

« Main input hadronic input: f/f__

* In2011: V/V g = 0.2312(4) ¢ (12)

* In2021: VIV 4 = 0. 2311(3)e,(4) o the lattice error is reducing by a factor
of 3 compared to 2011! It is now of the same order as the experimental

uncertainty.
-1.80 away from unitarity



vV ./V fromK,/ T,

Progress since 2018: =) new results from ET\M’21 and Callat’20
FIAG 2021 fies/frx

2+1+1

N¢

Nf=2+1

Ne=2

FLAG average orn—2+1+1 | Now Lattice collaborations
e 2L include SU(2) IB corr.
- ETh TAE For N=2+1+1, FLAG2021

FNAL/MILC 14A

LT3 f.]f. =11932(21)

HH MILC 11 (stat. err. onIY
—1+— ETM 10E (stat. err. only)

FLAG average for Ny =2+1 .
)—O—E—E—I{ QCDSF/UKQCD 16 - 0.18% uncertainty
RBC/UKACD 13" Results have been stable
MILC 10 over the years

For average substract IB corr.

KQCD 07

MILE 04 [,/ f. =1.1967(18)
} } FLAG average for Ns=

HH ETM 14D3(stat err. onIy)

ltEE' é‘ll:M 10D état err. only) . — 1.193 6
s i QCDSFIUKQCD 07 In 2011: fK/f” (6)

1.14 1.18 1.22 1.26
=) V,/Vy4=0.23108(29),,,(42)

exp lat



Experimental Prospects for V

On Kaon side
« NAG62 could measure several BRs: Kp3/Ku2, K — 3m, sz/K — TTTT

* Note that the high precision measurement of BR(K ;) (0.3%) comes only
from a single experiment: KLOE. It would be good to have another
measurement at the same level of accuracy

« LHCb : could measure BR(Kg — muv) at the < 1% level?
Ks — v measured by KLOE-II but not competitive

7 known to 0.04% (vs 0.41% for 7, 0.12% for z,)

« V, from Tau decays at Belle /I: WP soon on ArXiv

https://www.slac.stanford.edu/~mpeskin/Snowmass2021/
BellellIPhysicsforSnowmass.pdf

Belle Il with 50 ab-' and ~4.6 x 10" T pairs will improve V  extraction from

T decays
Inclusive measurement is an opportunity to have a complete independent

extraction of V,; ==) not easy as you have to measure many channels

— |V | = 0.2184 #0.0018 \+0.0011 To be competitive theory error
< 2 ™1 will have to be improved as well

HFLAV'21



V. . from Hyperon decays

V,, can be measured from Hyperon decays:
AN — pev, Possible measurement at BES//I, Super r-Charm factory?

- Possibilities at L HCbH? Talk by Dettori@FPCP20
Channel R €L €D or(MeV/c?) op(MeV/c®) R = ratio of
KIS — pu 1 1.0 (1.0) 1.8 (1.8) ~ 3.0 ~ 8.0 .
KS = ntn~ 1 1.1 (0.30) 1 9 (0 91) ~ 2.5 ~ 7.0 pI’OdUCthH
KQ = %t~ 1 0.93 (0.93) 5 (1.5) ~ 35 ~ 45 _ .
K — yutp~ 1 0.85 (0.85) 4 (1.4) ~ 60 ~ 60 € = ratio of
RS — 1 0.37 (0.37) 1 (L.1) ~ 1.0 ~6.0 efficiencies
KY — ptu ~1 2.7 (2.7) x107? 0 014 (0.014) ~ 3.0 ~ 7.0
Kt —rtrtr™ ~ 2 9.0 (0.75) x10™2 41 (8.6) x10™? ~ 1.0 ~ 4.0
Kt —rtptp~ ~ 2 6.3 (2.3) x107%  0.030 (0.014) ~ 1.5 ~ 4.5

~0.13 0.28 (0.28) 0.64 (0.64) ~ 1.0 ~ 3.0

~ 0.45 0.41 (0.075) 1.3 (0.39) ~ 1.5 ~ 5.0

~ 0.45 0.32 (0.31) 0.88 (0.86) - -

~ 0.04 (5.7) x107? 0.27 (0.09) — -

~0.03 24 (4.9) x107? 0.21 (0.068) - -
=) ~0.03 0 41(0 05) 0. 94 (0.20) ~ 3.0 ~ 9.0
20— ~0.03 0 (0.48) 0 (1.3) ~ 5.0 ~ 10
Q" — An~ ~ 0.001 ( 7) x107° 0. 32 (0.10) ~ 7.0 ~ 20

- To be able to extract V ( one needs to compute form factors precisely
) Lattice effort from RBC/UKQCD



Theoretical Prospects for V

« Lattice Progress on hadronic matrix elements: decay constants,
FFs

« Full QCD+QED decay rate on the lattice,for Leptonic decays of
kaons and pions =—) Inclusion of EM and IB corrections :

* Perturbative treatment of QED on lattice established
« Formalism for K,, worked out

« Application of the method for semileptonic Kaon (K;;) and Baryon
decays

=—> Aim: Per mille level within 10 years



|'V_,|from 0*— 0* superallowed B decays
See Talk by Misha Gorshteyn

PDG 2018:

IV 2+ 1V, * +] ,,,|2=0.9994(4)V @y

9800
Vud

9750

9700

o
o
L*)

.002

Uncertainty

o
o
-

-

©

1

V., =0, 97420 18 1())

1

|

1

;&- =2
Experiment

Radiative correction

nuclear neutron nuclear pion
ot-»ot mirrors
= |— = -
. =1

- Nuclear correction

@CKM2021
| Figure adapted
PDG 2020: from J. Hardy
I ull + | le o I lbl =0. 9985(3)V (4)V
ool — 0.97370( 10)pc (10)
Vud l
9750 - L
v ] },
e uclear heutron nuclear Pil°"
= ot ) E mirrors e -
— -l - — A g,

Experiment - Radiative correction

. Nuclear correction

Recent improvement on the theoretical RCs +Nuclear Structure Corrections
) Use of a data driven dispersive approach

Seng et al.’18’18, Gorshteyn’18

13



VvV from Neutrons
| ud |

» Master Formula:

n—>pt+e +v,

2 5024.7s p(udu) v, e
‘e (14347)(1+4,) W\\/
/ 1
Lifetime A=g, /gV i

« Needs OMA =3 x 10~* and 8T, = 0.3 s to compete with 0* — 0* transitions.

» Theoretically, the radiative corrections are under control (same as for 0* — 0%)

 Recent progress :

— New Perkeo lll result: PERKEO Il result improves world-average of beta
asymmetry by factor 5! Half of it is due to the reduction of the scale factor

—

— Tension with aSPECT resullt: davg = —1.2754(13), S = 2.7

A =-0.11958(21), S=12 1,=-12757(5)

14



|V_,| from Neutrons

» Master Formula:

ud

2

~ 5024.7s

1, (14347) (144,

/1

Lifetime A=g. /g,

n—>pt+e +v,

p(udu) S
n(udd)

« Needs OMA =3 x 10~* and 8T, = 0.3 s to compete with 0* — 0* transitions.
« Theoretically, the radiative corrections are under control (same as for 0* — 0%)
 Recent progress :

— New Perkeo lll result: PERKEO Il result improves world-average of beta
asymmetry by factor 5! Half of it is due to the reduction of the scale factor

=) | A=-0.11958(21), S =12 1, =—-1.2757(5)

0.22

_ +
— New result for Lifetime from UCNT Tpn = 877.75 + 0-28_0_16 S

—

improvement by a factor of 2.25 compared to previous result

15



Measurement of g,

Correlations in Neutron Decay Bastian Mérkisch@CKM2021
Determination of 1 = g5 /gy from neutron decay via angular 2+ 1— 22
correlations; (typically) beta asymmetry A, or electron-neutrino A= —Zm a= 1131

correlation a:

A

Electron p, o,

Neutrino p,

O. Naviliat-Cuncic and M. Gonzalez-Alonso, Ann. Phys. 525,
8-9, 600-619 (2013)
Dubbers and Schmidt, Rev. Mod. Phys (2012)

Proton p,

Typically, specialised instruments / setups required for different observables.

More on neutron beta decay:  Falkowski, et al., J. High Energ. Phys. 2021, 126 (2021)
Dubbers & BM, Ann. Rev. Nucl. Part. Sci. 71, 139-163 (2021)

See also results from aCORN at NIST and aSPECT at Grenoble

Emilie Passemar 16



| V. 4| from Neutrons
See Talk by Chen Yu Liu

@CKMZ2021
* Using UCNzresult for T, and PERKEOIII result for g,
=) Agreement with unitarity CKM Matrix Element Vg
0.9760
« But Beam and Bottle el
experiment for T, give 2703 VI Val®
different results 0.9745 -
3 09740 N
« There are tension on g, s =
results before and after 2002 lb Q¢
0.9730 v Vual
i APDG
Prospects: 0.9725 - Apkill
« UCNt + (immediate future): P
elevator loading, reaching “l1280  -1278 -1276  -1274  -1272 1270
0t=0.1s A= galgv

UCNT 2 (future): superconducting coils (conceptual design), reaching 6t=0.01 s

« Nab at the SNS is currently commissioning
=) goal dMA~0.03%

17



|V 4| from pion f decay: it — nle™v

» Theoretically cleanest method to extract V 4 : corrections computed in SU(2)
ChPT Sirlin’78, Cirigliano et al.’03, Passera et al’11

* Present result: PIBETA Experiment (2004) — Uncertainty: 0.64%

B(z" — 7'e'v)=(1.036+0.004,, £0.004_ +0.003_,) x10" (+0.6%)

stat —

=) |V,|=0.9739(28),,,(1), | tobecomparedto |V, |=0.97373(31)

» Reduction of the theory error thanks to a new lattice calculation for RC Feng et al’20
* Next generation experiment PIONEER Phase Il and Ill measurement at 0.02%
level =) will be competitive with current 0* - 0* extraction

» Would be completely independent check! No nuclear correction and different RCs

compared to neutron decay

B(K — xlv) Czarnecki, Marciano, Sirlin’20

Bzt — 7'e'v) EW Rad. Corr. cancel

* Opportunity to extract V J/V 4 from

Improve precision on B(Tr* — m%e*v) by x3 =) V /V 4 < +0.2%



6. Physics Opportunities in studying rare 1 and
N’ decays

See Talks in Wednesday morning RF2 session
And WP ArXiv: 2203.07651 [hep-ex]



Experimental program in N and 1’ decays

Upcoming experiments:
Jefferson Eta Factory (JEF) at Jefferson Lab — Hall D (approved)

n n
Tagged mesons 6.5x10’ 4.9x107 per 100 days

Rare Eta Decays TO Probe new physics (REDTOP)

Phase | (untagged mode) 2x101 1013 3 years
Phase I+ (tagged mode) 1x1014 1013

Previous experiments:

Experiment Total n Total '
CB at AGS 107

CB MAMI-B 2x107

CB MAMI-C 6x107 108
WASA-COSY ~3x107 (p+d), ~5x108 (p+p)

KLOE-II 3x108 5x10°
BESIII ~107 ~5x107

From S. Tulin

20



Jefferson Eta Factory (JEF) experiment vy beam (10 GeV) on H target
GlueX + upgraded forward calorimeter at Jefferson Lab (Hall D)

forward calorimeter

barrel time-of
I l 'E /\/\/\/\/ calorimeter -flight
target

photon beam

forward drift
chambers

central drift FCAL'”

chamber

superconducting
magnet

electron tagger magnet EBeanm

beam tagger to detector distance
is not to scale

Data taking expected in 2024

Calorimeter (tiles)
Scint. + heavy glass
sandwich
20X (~64 cm deep)
Triple-readout +PFA
96% coverage

Central Tracker
~ Imx1.5m
Thin LGAD

98% coverage

Rare Eta Decays TO Probe new
physics (REDTOP)

Proton beam (1-3 GeV) on nuclear
target (Be/D)

M-polarizer
Active version (from
TREK exp.) - optional

RICh
~Imx15m
Lead-glass tiles
98% coverage

10x Be or Li targets

Fiber tracker or ITS3

for rejection of y-conversion
and vertexing




Physics Motivation

From S. Tulin

Standard Model highlights

* Theory input for light-by-light
scattering for (g-2)M

e Extraction of light quark masses

* QCD scalar dynamics

Fundamental symmetry tests
 PCP violation

* C,CP violation

[Kobzarev & Okun (1964), Prentki &

Veltman (1965), Lee (1965), Lee &
Wolfenstein (1965), Bernstein et al (1965)]

Dark sectors (MeV—GeV)
* Vector bosons

* Scalars

* Pseudoscalars (ALPs)

(Plus other channels that have
not been searched for to date)

Channel Expt. branching ratio  Discussion
n— 2y 39.41(20)% chiral anomaly, 7—1" mixing
32.68(23)% My — My
2.56(22) x 10~ XPT at O(p°®), leptophobic B boson,
light Higgs scalars
n — 1%y <12x1073 xPT. axion-like particles (ALPs)
2 2.8% 10 <0 152]
22.92(28)% m, — my, C/CP violation,
light Higgs scalars
4.22(8)% chiral anomaly, theory input for singly-virtual TFF
and (g - 2),. P/CP violation
n—ntryy <2.1x107? XPT, ALPs
6.9(4) x 1073 theory input for (g — 2),.
dark photon, protophobic X boson
3.14)x 107* theory input for (g — 2),,, dark photon
< T % 107 theory input for (g — 2),,, BSM weak decays
5.8(8) x 107 theory input for (g - 2),, BSM weak decays,

n—eteete

n—ete utu
n = u e
n— 'y
n — 1=e¥y,
n—o

n — 2n°

n— 4n°

2.68(11)x 1074
<3.6x10™

2.40(22) x 1073
<1.6x10™
<3.6x107*
<5x107*

< 75 107
<4.4x107°[53]
<35x10™*
<6.9x1077

P/CP violation
C/CP violation, ALPs

theory input for doubly-virtual TFF and (g — 2),.
P/CP violation, ALPs

theory input for doubly-virtual TFF and (g - 2),,,
P/CP violation, ALPs

theory input for (g — 2),,
theory input for (g — 2),,
theory input for (g — 2),,
direct emission only
second-class current
P/CP violation
P/CP violation
P/CP violation

Gan, Kubis, E.P,
Tulin’21




New Light Particles beyond the SM

See e.g. Fayet’07,

. Reece & Wan’09,
Dark photons and other hidden vector bosons Bjorken et al.’09,

Batell et al.’09

’ = 2 3
By — A'y) = 282B( = yy) [Foyye (m3,. O (1 = m, /M7) .

* Resonances in the dilepton invariant mass spectrum for n(') —> L0y
102 g

Projected sensitivies for visibly-
decaying A’ from n, n' decays at
REDTORP for:

 apom) Y  Dashed: expected flux 10'7 POT
. « Solid: : expected flux 108 POT

10-3 (9 = 2)y prefesred © -

kinetic mixing £
e
o

Dark shaded band is preferred to
explain (g — 2),, anomaly, while other
shaded regions are exclusions.

._.
(=)
&

10703 10~ 10 10°
dark photon mass m 4 (GeV)
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New Light Particles beyond the SM

Dark photons and other hidden vector bosons

* Leptophobic vector bosons: B boson from gauged U(1); symmetry

:> non-leptonic signatures, e.g., 7%y resonance in n — By — 10y

Leptophobic B*
(dark w, yg, or Z'): gggéy“un

0.1

T

Gauged baryon symmetry U(1)g
Lee and Yang’55
0.01

T

* mg<m, is strongly constrained
by long-range forces searches

« mg>50 GeV investigated by
collider experiments.

» GeV-scale domain is nearly
untouched:
=) a discovery opportunity!

Emilie Passemar 24
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JEF Experimental Reach forB .1 can

1. Meson decay n— By —nyy 2. Photoproduction yp—Bp
.......... B .
n PL, B221, 80 (1989) T \N\N\\N\N— NN\ B
Tt ud;s PR,D89,114008 . P
.......... Y ) R ! , )
1 EI TTT T T T | T T | TTT] T |§| | T [ | I,‘ﬂ TT | T[T T TTTT I 152
- / § //, > 7 1
107 B A Y R
E :. ,Y( 18)— hadrons ‘j_; E
102 T 107
107 AiLoQQEV)V—-”‘* T ;E
2 B
10 ] z107
10° o 7_/}5LI¢£ ——T T i_é 10—6 '
10 S
100 days’beam 1 GlueX (Phase IV)
71 j,,,_fé A I R - A | M
wE Vv o 10750072007 600 800
10-8 I/I [ I I | | I‘[ [ |"‘T F le r|7-l/-|7 L1 | L1 11 | L1 11 | L1 11 | L1l l | I_ mB [MeV]

0 100 200 300 400 500 600 700 800 900

m [MeV] arXiv:1605.07161



New Light Particles beyond the SM

Scalar particles

-« n(’) decays =) the strongest limits on a scalar S coupling to light quarks
instead of heavy quarks

— For leptophobic scalar, signal channels are:
n(') — mOyy or n(') — 31 with S a yy or 2T resonance.

— For more general models, S can be discovered as a dilepton resonance

in |n® — z°¢7¢"| channel motivated mainly for C and CP searches

) Work remains to be done:

» Map out the more general parameter space for these decays

» Compute the transition form factors for n' decays needed to access a
wider range of mg

Here only 2 examples of search for New light particles but much more can be
done =) 4 portals can be studied with REDTOP

Emilie Passemar



Discrete symmetry tests and lepton flavor violation

P and CP violation

* Alarge number of P,CP-violating n(') decays indirectly excluded from
extremely stringent neutron EDM bounds

» The only exception: investigation of the muon polarization asymmetries in

n—u+u— : EDM constraints at 2 loop order Sanchez-Puertas’19

Lo = —%{ o | () (&iy*u) + (@i u)(aw) | - Im ez | () (diy’d) — (iy*p)(dd)|

—Im c??jj[(ﬂ,u)(ﬂy S) (ﬂi’ys,u)(is)]}

probe flavour-conserving CP-violation in the second generation
possible with REDTOP statistics

Emilie Passemar 27



Discrete symmetry tests and lepton flavor violation

REDTOP sensitivity studies:

FIG. 11. Kinematics of the process. The decaying muons’ momenta in the 7 rest frame are noted
as p,+, while the e* momenta, P}, is shown in the corresponding u* reference frame along with
the momenta of the v7 system. The Z axis is chosen along p,,+.

introduced two different muon’s polarization asymmetries,
N(cosf > 0)

— N(cosf < 0) (1)2211

AL = v =415 — 27(Cpeqy, + Cleag)] X 1072, (47)
N(sin® > 0) — N(sin® < 0) 1)2211 1) _3
Ay = = =Tm[2.5¢222 — 1.6(ch't + 2] x 1078, (48)
Process | Trigger| Trigger| Trigger| Reconstruction Total Branching ratio
LO L1 L2 f analysis sensitivity
n—utu|66.3% | 16.3% | 51.9% 69.6% 3.9% 2.7x107% £3.0x 10710
Urgmd 21.7% | 1.7% | 22.2% | 8.6 x 1073% ||7.0 x 10-% -
1122y _ -1 1122y _ 2222 -
AlChequ) = 0.1 x 1077, Alcgegy) = 0.1,  Alcpzg,) = 6.6 X 102,

Emilie Passemar
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Discrete symmetry tests and lepton flavor violation

C and CP violation
« n()—3y: C, P-violating but CP-conserving.

3y BR Upper Limit vs Accepted Eta Decays

1E-03

BR Upper Limit

1E-08
1E+04

1'E_04 e - -

1.E‘07 - . - .

(100 days’ beam)

1.E+05

1.E+06
Total Accepted Eta Decays

Proj. JEF

Background

.. fraction: ...

1E407

1E+08

Emilie Passemar

JEF could Improve the
BR upper limit
by one order of magnitude
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Discrete symmetry tests and lepton flavor violation

C and CP violation

More processes can be studied

* C- and CP-violating asymmetries in the n—1+m—110 Dalitz-plot
Gardner & Shi’20

Kubis et al. 21

« C- and CP-violating channels used to search for new light particles:
n(’) — oI~ and n(') — 2mOI*-

Emilie Passemar 30



Discrete symmetry tests and lepton flavor violation

Lepton Flavour Violation

* In light of strong constraints on y—e conversion on nuclei, further theoretical
study is needed to motivate searching for n(')—e*u*

« But decays that violate charged lepton flavour by two units, n(')—efe*uu* are
worth investigated since they are not similarly constrained

Lepton Flavour Universality Violation
* n—oyee vs n—oyuy

Emilie Passemar
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JEF program

Time line

Emilie Passemar

The data collection for non rare decays has been in progress since fall 2016.
A significant improvement on the light quark mass ratio will be achieved in the
next 3-4 years by a combination of a new Primakoff measurement of the n
radiative decay width and the improvements in the Dalitz distributions of
n— 31 for both charged and neutral channels.

The second phase of JEF will run with an upgraded forward calorimeter:

— 2018 - 2023, development of an upgraded forward calorimeter (FCAL-II)
with a PWO crystal insert

— 2024 first run with an upgraded FCAL-II for rare decays expected

Within 100 days of beam time for the phase Il, JEF will have sufficient
precision to explore the role of scalar meson dynamics in chiral perturbation
theory, to search for sub-GeV dark gauge bosons (vector, scalar, and axion-
like particles) by improving the existing bounds by two orders of magnitude
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REDTOP program

Proposed REDTOP experiment at several laboratories:
— Fermilab - HIAF - GSI
— CERN - BNL

Projected n production rate at the level of 1.1x10'* (a factor of ten more
forphase Il) per year.

Expected backgrounds in REDTOP about several orders of magnitude higher
than in the JEF experiment compensated for by an enormous n yield.

The recoil detection technique considered for phase Il will help further
reducing the backgrounds.

The proposed muon polarimeter (and an optional photon polarimeter) for the
REDTOP apparatus will offer additional capability to measure the longitudinal
polarization of final-state muons (and possibly photons), which are not
available in most other experiments, including JEF.

33



REDTOP program

In the foreseeable future, REDTOP will offer the most sensitive probes for the
rare charged decay channels, while the JEF experiment will remain leading in
the rare neutral decays because of lower backgrounds and higher
experimental resolutions

The JEF and REDTOP experiments are complementary to each other,
promising a new exciting era for n(') physics.
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K(P) 7(p)
B

s =

V. _from K, (K — TT1V))

= (P - p)

« Master formula for K — 1rlv;; K = {K*,K%}, I={e,p}

v

4

EW

Gim:
(K- niv[y])=Br(K,)/t=C] FTagn SinlV.

fFr (0)‘ (1+24% +2A%

SUQ) )

Recent progress on theory side:
« Theoretically update on long-distance EM corrections for K_;
AEM(K® ) =(0.50+0.11) % =) (0.580 =0.016) %

Senqg et al.’21
AEM(K* ;) = (0.50 £ 0.11) % :> (0.105 £ 0.024) % J

fi (0™
f(0)K%%
) better Q value determination from Lattice QCD or eta decays

« Improvement on Isospin breaking evaluation ASV(?)

Colangelo et al.’18

* Progress from lattice QCD on the K — 11 FF

(7= )| 57,0 [K°@®)=1" O (P+p), F*"0)+(P-p), 7" )]

Emilie Passemar
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2.1 V _from K13 Matthew Moulson,
Chien Yeah Seng

Progress since 2018:
« First experimental measurement of BR of Kg — muv i {Xe] =Ly

BR(Ks — muv) = (4.56 * 0.20) x10~4

PLB 804 (2020)

« Theoretically update on long-distance EM corrections:
v s . a . i
_MV = i &V _S:%V
~ ~ ~
£y E N n
~ ~ ~
~ ~ ~

Up to now computation at fixed order e2p? + model estimate for the LECs
Cirigliano et al. '08

New calculation of complete EW RC using hybrid current algebra and ChPT
(Sirlin’s representation) with resummation of largest terms to all chiral orders
— Reduced uncertainties at O(e?p*)

— Lattice evaluation of QCD contributions to yW box diagrams
Seng et al.’21
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2.1 V,_from K,

Matthew Moulson,
Chien Yeah Seng
Progress since 2018:
* First experimental measurement of BR of Kg — muv (X6l Ly

BR(Ks — muv) = (4.56 + 0.20) x10~4 PLB 804 (2020)

« Theoretically update on long-distance EM corrections:

_MV - &V _S:‘N_VXV
~ ~ ~
£ EN EN
~ ~ ~
~ ~ ~

Cirigliano et al. ’08 Seng et al. ’21

Only K.; at present AEM(KO ) [%] 0.50 + 0.11 0.580 + 0.016

For K,; modes
continue to use AEM(K*,3) [%] 0.05 +0.13 0.105 = 0.024

Cirigliano et al. ’08 P +0.081 -0.039
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2.1 V,_from K,

Matthew Moulson

Progress since 2018:

AS U2

Theoretical progress on isospin breaking correction

f+(O)K+7cO Strong isospin breaking
)= 7 (O) w— — 1 Quark mass differences, #-z° mixing in K*z° channel
_|_
72 2 A2 x4=0.252
— 3 _|_ Apt (1 4 @) 0% = s —m NLO in strong interaction
4 Q? 2 m mi—m2  O(e%p?) term epy™® ~ 1076

Cirigliano et al., ’02; Gasser & Leutwyler, 85

= +2.61(17)% Calculated using:

0 =221(7) Colangelo et al. 18, avg. from  — 3«
my/m =27.23(10)  FLAG 20, N, = 2+1+1 avg.
My = 494.2(3)

] Isospin-limit meson masses from FLAG 17

M, = 134.8(3)
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2.1 V __ from K,

Matthew Moulson

Previous to recent results for O, uncertainty on A5V was leading contributor
to uncertainty on ¥V, from K*decays

n - 3In
. yPT O(p*) (Gasser, Leutwyler'85)
. yPT O(p”) (Bijnens, Ghorbani'07)
b e dispersive (Anisovich et al."96)
e dispersive (Kambor et al."06)
boe dispersive (Kampf et al.'11)
3 « disp, single-channel (Albaladejo et al."17)
- disp, coupled-channel (Albaladejo et al."17)
- dispersive (Guo et al,, JPAC'1S'1T)
* dispersive (Colangelo et al."18)
knon mass splitting
Weinberg'77
- Kastner, Neufeld08
lattice, FLAG'19
} Cn\'j
—e— Ny=241
—e— Nyw24141
A 'S A A 'S A A o
20 21 22 23 24
Q E. Passemar, CD 2021

Reference value of Q from
dispersion relation analyses of
n — 3z Dalitz plots

Colangelo et al., 18

Lattice results for 0 somewhat
higher than analytical results

But, lattice results have finite
correction to LO expectation:

Q2 =_MK MK_MJI
M= v v2 a2
n ko K+

Low-energy theorem: Q has no
correction at NLO
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V_ . from Tau decays

o Vis Kas N, = 24141, 2021 update  -3.20
0.2231+ 0.0006
o Vis Koo N, = 2¢1+1, PDG 2020 -2.70
0'2252;. 0.0005 M. Moulson, E. Passemar
—o— CKM unitarity &V &V, CKM202|
0.2277 + 0.0013
—e— T o XV _
0.2184 + 0.0021 3.70
—e— T o> Kv /1oy ]
0.2229+ 0.0019 2.1c
—e—i T — Ky
0.2219+ 0.0017 -2.60
——i 1 exclusive average
0.2222+ 0.0017 -2.50
——] T average
: : . 0:2207:0.0014 -3.50
0.22 0.225 0.23
V| L HFLAV
us [Preliminary]| [ 2021

« Belle Il with 50 ab-"and ~4.6 x 10"° T pairs will improve V  extraction

* Inclusive measurement is an opportunity to have a complete independent
measurement of V,; ==) not easy as you have to measure many
channels



V. _from Tau decays

1"(1:_ —>V_+ hadrons)
R =

T

=N

C

e 13: HFLAV 2021 7 branching fractions to strange final states.

F(’c‘ — Vre_;e)

Branching fraction HFLAV 2021 fit (%)

parton model prediction

K v, 0.6957 + 0.0096
K7, 0.4322 4 0.0148

i ’; i R R
K~27%, (ex.K°) 0.0634 4 0.0219 =_©N _ 7.8
K31, (ex.K°,n) 0.0465 + 0.0213 4 |V |2 7ah
K, 0.8375 + 0.0139 ud us
K r%, 0.3810 4 0.0129

-0
K 21%;, (ex.K°) 0.0234 + 0.0231 . .
A " SU(3) breaku?g quantity, strong
pa 90 oo dependence in mg computed from
K~ v, 0.0048 =+ 0.0012 OPE (L+T) + phenomenology
 Konu, 0.0094  0.0015 Gamiz et al’07,
K~ wus 0.0410 + 0.0092 OR,_, =0.0242(32) Maltman’11
K- o(KtK ), 0.0022 + 0.0008
K~ ¢(K2K?)v., 0.0015 = 0.0006 R
K-m~n%u, (ex.K°,w) 0.2924 -+ 0.0068 = G
K n ntnlu, (ex.K° w, . .

7 T vy (ex. KW, w,n) 0.0387 + 0.0142 7.NS 6R
K 2r 2ntv, (ex.K°) 0.0001 = 0.0001 — 5, 0K
K 2r 27t 7%, (ex.K®) 0.0001 4 0.0001 2.90 away from unitarity!

X v,

2.9076 +0.0478

HFLAv21 == (V] =0.21840.0018 )+0.0011,



|'V_,|from 0"— 0* superallowed B decays

See Talk by Misha Gorshteyn
@CKM2021

Recent improvement on the theoretical RCs: ,
|Vua|° Uncertainty Budget

 Universal Radiative corrections have been
reevaluated using Dispersion Relations:

:> allow to combine independent inputs

Experimental neutrino data +
lattice QCD + ChPT + Regge phenomenology

0.05

o
o
5

0.03+

\%

e 0.02+

Frac. Uncert. [%]

w N9,

0.01+

0.00

Seng, Gorshteyn, Patel, Ramsey-
Musolf’18,

Seng, Gorshteyn, Ramsey-Musolf’18,
Gorshteyn’18
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1.2 |V_,|from 0*— 0" superallowed B decays

See Talk by Misha Gorshteyn
@CKM2021

|Vua|° Uncertainty Budget

Recent improvement on the theoretical RCs:

 Universal Radiative corrections have been
reevaluated using Dispersion Relations:

:> allow to combine independent inputs

Experimental neutrino data +
lattice QCD + ChPT + Regge phenomenology

0.05

o
o
S

0.03+

* Nuclear Structure Corrections: largest source
of uncertainties in V 4 extraction _
Corresponds to the fact of introducing nuclear oot

0.02+-

Frac. Uncert. [%]

corrections |
Old estimate: 5Ft=—(1.8+04)s + (0=x0)s 000
New estimate: 0Ft =—(3.5%£1.0)s + (1.6x0.5)s

44



VvV from Neutrons
| ud |

* Only two free parameters in the standard model:

— Decay asymmetry: A= 8 4 / 8y

— Lifetime: T, p(udu) 3

n—>pt+e +v,

V

ud

v \/
 Master Formula: >> ______
2 5024.7s

— n(udd)

7, (14327)(1+4,)

* Recent progress :

— New Perkeo lll result: PERKEO [l result improves world-average of beta
asymmetry by factor 5! Half of it is due to the reduction of the scale factor

=) | A=-0.11958(21), S =12 1, =—-1.2757(5)

Emilie Passemar
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| V. 4| from Neutrons

* Only two free parameters in the standard model:

— Decay asymmetry: A= 8 4 / 8y

— Lifetime: T,

» Master Formula:

V

ud

2

_ 5024.7s

7, (14327)(1+4,)

* Recent progress presented here:

— New result for Lifetime from UCNT

n—>pt+e +v,

p(udu) v

3

n(udd)

:> improvement by a factor of 2.25 compared to previous result

Emilie Passemar
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Measurement of gA Bastian Markisch

Axial Coupling: Status Tum

Results from beta asymmetry A, unless where noted otherwise

Bopp et al., 1986 ; I — ' PERKEO |
Liaud et al., 1997 C —
Yerozlimsky et al,, 1997 ; R ——
Mostovoi et al., 2001 (A & B) [ : 4 |
Stratowa et al., 1978 (a) — = electron-neutrino
Byme et 2/, 1003-62) - : correlation a
- Darius et al, 2017 (a) : 1
aSpect, 2018, prelim. (a) l—e—i—l
Pattie et al,, 2009 — 2 i | UCNA
Liu et al, 2010 G e (newer results mostly
Mendenhall et a/., 2013 —— include older data)
Brown et al,, 2018 ——t |

Abele et al., 1997
Abele et al/., 2002

Schumann let-a/-2008-(€) 3

Mund et al., 2013
Markisch et al., 2018 @

Chang et al., 2018 (QCD)

PERKEO Il
(newer A results
include older data)

H

UCNA == | PERKEO Il
PERKEQ II =~

PERKEO III t=—o—

—é— Scale: 2.4 Lattice QCD
PDG 2018 +—&—

-1.28 -1.27 -1.26 -1.25

A=
Bastian Markisch (TUM) | Vud from Neutron Decagf/-ggtatus and Prospects | 16.5.2019 35



Measurement of neutron lifetime

Chen-Yu Liu
UCNtau results (2018)
900
895 \\\I\ :
ING
830 ; ‘%\ A ] J : beam
885 T S B —t
_ ‘ b \i [ ~10s,>40
- 880 @ i-} g g T
T LR tra
875 PDG W p
® Cold Neutron Beam
870
e UCN trap=
865 | UCNTauresult
860 - = Bottle Average
1985 1990 1995 2000 2005 2010 2015 2020

Year

UCNT results confirm trap results with independent systematics
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Measurement of neutron lifetime
Chen-Yu Liu

New Result: T,, = 877.75 + 0.2810:4% 5

G 8775+ 0.7 877.58 + 0.28 Uncorrected Value!
UCN Event Definition 0+ 0.04 0+0.13 Single photon analysis vs.
Coincidence analysis
Normalization Weighting -- 0+ 0.06 Previously unable to estimate
Depolarization 0+ 0.07 0+ 0.07
Uncleaned UCN 0+ 0.07 0+ 0.11
Heated UCN 0+ 0.24 0+ 0.08
Phase Space Evolution 0+0.10 -- Now included in stat. uncertainty
Al Block -- 0.06 + 0.05 Accidentally dropped into trap...
Residual Gas Scattering 0.16 £ 0.03 0.11 £ 0.06
Sys. Total 0.16704 0.17%322
TOTAL 877.7 +0.7+94 877.75 + 0.2873%2
UCN</ F. M. Gonzalez et al. Phys. Rev. Lett. 127 162501 (October 13, 2021)
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1.3 |V 4| from Neutrons
Chen-Yu Liu

With new UCNtau lifetime result (+ Perkeo Ill), the
extracted V4 agrees with the CKM unitarity.

Recent Bottle Experiments 09760 CKM Matrix Element V4
mm 1,=8784+05 T
841 UCNT 0.9755
¥ Other Bottle
! 0.9750 A
882 1 V1—|Vysl
0.9745 -
4 ] 3
5 880 - ]: g 0.9740 &5
0.9735 - = o
878 0.9730 - S Vual
ApDG
- 0.9725 - Apkil
876 1 T, = 877.75 + 0.28%0:22 09720
: . . , . : . . 1280 -1.278 1276  -1274 -1.272 -1.270
2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 A=
Year of Publication = galgv

We report a measurement of t, with 0.34 s (0.039%) uncertainty, improving upon our past results by a factor of
2.25 using two blinded datasets from 2017 and 2018. The new result incorporates improved experimental and
analysis techniques over our previous result [Science 360, 627 (2018)].

Y, This is the first neutron lifetime measurement precise enough to confront SM theoretical uncertainties.
C 28
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2.3 Experimental facilities and role of JLab 12

World competition in n decays

KLOE-2 at DAGNE BESIII at BEPCII From Liping Gan
Collider o ==
[. CLAS
8 e e
WASA at COSY
i hadroproduction
Fixed-target
Crystall Ball at MAMI

JEF at Jlab

forward calorimeter
)
v

. —
photoproduction  deecon K

Emilie Passemar
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2.3 Experimental facilities and role of JLab 12

World competition in n decays

KLOE-2 at DAONE BESIII at BEPCII From Liping Gan
ete- [
Collider Qez=
L{%fﬁy_‘-l__ﬁf
WASA at COSY
- hadroproductig
Fixed-target
Crystall Ball at MAMI
Y _— JEF at Jlab

LA T\ Guup (v e
. PID & tracking F/
photoproduction desectors KK

VAT
0

diamond

<<<<<<<<

eeeeeeee

Emilie Passemar



JEF program

« The ongoing JLab Eta Factory experiment will open a new avenue for
precision measurements of various decays of n and n' in one setting, with
unprecedented low backgrounds in rare decays, particularly in neutral modes.

Emilie Passemar
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JEF program

forward calorimeter
barrel time-of

GLue )X e R

photon beam

forward drift
chambers

central drift FCA L' I I

chamber

electron
electron tagger magnet beam
beam tagger to detector distance
is not to scale

superconducting
magnet

Simultaneously measure n/n' decays: n—n’yy, n—3y, and ...
€ /' produced on LH, target with 8.4-11.7 GeV tagged photon beam:
vtp — n/n'+p

€ Reduce non-coplanar backgrounds by detecting recoil protons
with GlueX detector

€ Upgraded Forward Calorimeter with High resolution, high granularity
PWO insertion (FCAL-II) to detect multi-photons from the n decays
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JEF program

« The ongoing JLab Eta Factory experiment will open a new avenue for
precision measurements of various decays of n and n' in one setting, with
unprecedented low backgrounds in rare decays, particularly in neutral modes.

* Highly boosted n and n' by a~12 GeV photon beam will help reducing the
experimental systematics, offering complementary cross checks on the
results from A2, BESIIl, KLOE-Il, WASA-at-COSY, and future REDTOP
experiments, where the produced mesons have relatively small kinetic

energies in the lab frame.

Emilie Passemar
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2.6

- Isospin violating process =) possibility to extract the quark mass ratio Q:

S | K

2 A2
Q2=ms_m
= 2 2
md_mu

A(s,t,u) = %M(s,t,u)

* M(s,t,u) determined through
the dispersive analysis of
the data but for N one has

to rely on ChPT

* Analysis by JPAC Guo et al’15 using

WASA@COSY

n— 3
XPT O(p*
XPT O(p°

Gasser,Leutwyler)

P

Bijnens,Ghorbani)

)

)

dispersive (Anisovich et al.)
dispersive (Kambor et al.)
dispersive (Kampf et al.)
dispersive (Colangelo et al. prel.)

JPAC

kaon mass splitting
Weinberg 77
Kastner,Neufeld

0=21.4+04

and KLOE-2@DA¢YNE

0=21.7+0.4

—e— lattice (FLAG 2015)
L | L | L | L | L | L
20 21 22 23 24
Q In preparation
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2.6 M — 3mand light quark masses

H. Leutwyler

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
i lattice %
o5 \ — _—— o5
: \\\ >//I/ ]
N —L | ® Weinberg 1977
m_ 20F — T | s = 27.5(4) FLAG 2013
FS : \T\ \ — My
“« | = T\ Q=23
15[ e intersection ﬁ\‘\\\ 115
_— / \\ .
- ) i
. n decay (preliminary) \ i
10 N 10
50 15
ol 1o
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Zu
md

Emilie Passemar
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Experimental Measurements of n—3m rrom Liping Gan

40

€ 3of

(0/0) 25¢F

xor

35}

KLOE

- THEP 0805 (2008) 006

T

Y

15:...|...|...|...|...|...|...|...|...|...
-1 08 -06 -04-02 -0 02 04 06 08 1

0 =M,-2M_-M

- 3 4 1 o >2 -2

(”_’) }=2WQ ((.‘IO—J‘IKQ) —S)—l |Z=‘\-+).
. - Jj&=c
”JJ
Total world data 6.5 6.0
(include prel. WASA
and prel. KLOE)
GlueX+PrimEx-n 20 19.6

+JEF

€ Existing data from the low energy

facilities are sensitive to the detection

IIIIHII|IIIIIHII|HH f

+
%Htﬂjrﬂﬁi{ ++H++|++h+{+++#’f#++*}“Jr#”Hﬁ#ﬂ#’fﬂ*ﬂ’rmﬁ+++*+*++FHH+ ;

n *}‘rﬁ{}

threshold effects

€ JEF at high energy has uniform detection
efficiency over Dalitz phase space

€ JEF will offer large statistics and improved
systematics
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2.6 N—3mand light quark masses

Colangelo, Lanz, Leutwyler,
E.P, in preparation

» Uncertainties in the quark mass ratio (rough attempt)

- Can be investigated and reduced at JEF
Preliminary

Matching to ChPT
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