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Why tlavour?




The flavour puzzle

_ see e.g. J. Zupan’s review arXiv:1903.05062
Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
Il 1l
mass | =fl2mevicc \ ) =128Gevic ) (=1731Geviz | fo =124.97 Gevic?
charge ! %3 : %3 ‘ 0 e b 0
spin % ") : 1 0 H
& l 9 _ de se pe
charm “ top gluon higgs
=47 MeV/c2 =96 MeV/c2 =4.18 GeV/c2 )
] . Uu+-e ol 1@
. @ J ;
down strange bottom photon
|\ | e o ue Te
=0.511 MeV/c2 ~=105.66 MeV/c2 =1.7768 GeV/c2 ~91 19 GeV/c | t
o L, o % U117 T I V1T T WV O WV S W VT W 1T S w17 i
O |V |- @ o = = o =
electron muon tau Z boson O @ < () D
U) B e N m 8 < < <
Z <1.0 eV/c2 <0.17 MeV/c2 <18.2 MeV/c2 =80.39 GeV/c2 LU 8
O 0 0 +1
Ve vVt @ O
electron J| muon tau @)
Iil'l \ neutrino neutrino /1 neutrino W boson O “>"
3 fermion generations (or families) Hierarchical fermion masses

You are here (why?) (why?)
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https://arxiv.org/abs/1903.05062

The flavour puzzle

Flavor in the SM courtesy of O. Sumensari

e The SM flavor sector is loose: (even w/o considering neutrinos)

= 13 free parameters (masses and quark mixing) — fixed by data.
EYuk = —ng @ide H — Y,J'J @iuRj ﬁ g Yeij ZieRj H + h.c.

= These (many) parameters exhibit a hierarchical structure which we do not understand.
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How to explain the observed patterns in terms of less and more fundamental parameters?
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Why flavour?

Why is Flavour Physics important?

We need to find the
scale of New Physics!

SM flavour puzzle

e Why three families? e LHC found a SM-like Higgs

e Why the hierarchies? * No sign of new phenomena
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Why flavour?

Do we really need New Physics?

e Hierachy Problem (?)

e Dark Matter/Dark Energy
e Inflation

 Neutrino masses

e Baryon asymmetry

e Origin of flavour hierarchies
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Why flavour?

Do we really need New Physics?

e Hierachy Problem (?) —» TeV-scale New Physics?

e Dark Matter/Dark Energy

e Inflation

 Neutrino masses — see-saw?

 Baryon asymmetry — new sources of CPV? leptogenesis?

e Origin of flavour hierarchies — symmetries of flavour?

Testable through hadronic/leptonic flavour/CP violation?
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Probing very high energies

Sensitivity to new physics scale
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https://arxiv.org/abs/1910.11775

Tera Z as a tlavour factory

Warning: here we focus on the CEPC,
but everything applies to the FCC-ee too!
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CEPC as a Tera Z factory

Nominal operation scheme (50 MW) as in the CEPC Accelerator TDR:

Operation mode Z factory WW threshold Higgs factory tt
Vs (GeV) 91.2 160 240 360
Run time (year) 2 1 10 5
Instait anf(;uf 1lumi]flosity 1017 06 7 g 3 0.83
(10°*cm™2s™+, per IP)
Integrated luminosity
100 6.9 21.6 1
(ab~ 1, 2 IPs)
Event yields 4.1 x 1012 2.1 x 108 4.3 x 106 0.6 x 106

The Z-peak run is expected to deliver a few x101!? visible Z decays
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Tera Z as a Flavour Factory

BR(Z — bb) ~ 15% , BR(Z — c¢) ~ 12%, BR(Z — 7t77) ~ 3%

4

Plenty of flavour physics opportunities from Z — bb, Z — cc, Z — 17

Particle BESIII  Belle IT (50 ab~! on Y(45)) LHCD (300 fb~1) | CEPC (4xTera-Z)
BY BO - 5.4 x 1010 3 x 1013 4.8 x 1011
B* - 5.7 x 1010 3 x 1013 4.8 x 1011
BY, BY - 6.0 x 10% (5 ab™! on T(59)) 1 x 1013 1.2 x 101
BF - - 1 x 101! 7.2 x 108
A, A} - - 2 x 10 1 x 101
D% DY 1.2 x 108 4.8 x 1010 1.4 x 1015 8.3 x 101!
DT 1.2x10% 4.8 x 1010 6 x 104 4.9 x 101
DF 1 x 107 1.6 x 1019 2 x 10 1.8 x 101!
AF 0.3 x107 1.6 x 1019 2 x 10 6.2 x 100
T 3.6 x 108 4.5 x 1019 1.2 x 101
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Tera Z as a Flavour Factory

Advantages of a high-energy ete- collider as flavour factory:

Luminosity

£=100/ab, O(10'%) Z decays = O(10%!) bb, cc, and 77 pairs

Energy

besides producing states unaccessible, e.g., at Belle II
Mz > 2mp, 2m., 2m. = surplus energy, boosted decay products

(better tracking and tagging, lower vertex uncertainty etc.)

Cleanliness

as for any leptonic machine, full knowledge of the initial state
(e.g. Z mass constraint on invariant masses more powerful)

= it enables searches involving neutral/invisible particles
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What flavour physics can we study at a Tera Z?

flavour-violating

forbidden processes
Z decays

[lepton flavour (universality)
violation, lepton/baryon
number violation...]

precise measurements
|ICKM UT angles, CPV...]

exotic hadrons @phy@
spectroscopy

... In one word (almost) everything

rare decays
[(semi-)leptonic B decays...]

CEPC Flavour Physics Lorenzo Calibbi (Nankai)



b — sTT

BR(Bs — 77)sm = (7.7 £ 0.5) x 1077 (Bobeth et al. 1311.0903)
BR(B — K77)sm = (1.240.1) x 1077 (Duetal. 1510.02349)

* Unobserved, weakly constrained (~10%-10-3 by Belle, Belle II can provide
an O(10) increased sensitivity)

e They can have huge new-physics enhancement (especially in theories
preferably coupling to third generation fermions)

« CEPC prospect: 10} mm Belle Il
v, | LHCb

Bl Tera-Z
B CEPC
10xTera-Z

=
o
~

Sensitivity on BR
S

=
o
&

107 7

3-prong v decays

BO—-K™ 0T+ T~ BO»¢TtT~ BYoK*TtT- BO»T* T

updated from Li Lingfeng and Liu Tao '20
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b — sTT

BR(Bs — 77)sm = (7.7 £ 0.5) x 1077 (Bobeth et al. 1311.0903)
BR(B — K77)sm = (1.240.1) x 1077 (Duetal. 1510.02349)

% ; CEPC bounds on new physics contributions: le
1G , O
- Het \/g VinVisg— (G50 + Cj0;) + (CLOL + CrOR) + hc.,
J
p 20 B CEPC (10) - -
° C 15 CEPC (20) )

ﬂ 1 51 1

6C3 6CTy cy ol

— sensitivity to new physics scales up to ~ 10 TeV

updated from Li Lingfeng and Liu Tao '20
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b — svv

Current Limit

Detector SM Prediction

BR(B" — K°vr)
BR(B? - K*%up)
BR(B* — K*up)

< 2.6 x 107" [3]
< 1.8 x107° [3]
(2.7 4 0.7) x 10~

<40x1077°
<54x%x1073

BR(B* — K**up)
BR(B, — ¢vp)

B
6

]
]

BELLE (3.69 £0.44) x 10~° [1]
BELLE 9.1940.99) x 10°°

( 1]

Belle 11 '23 (3.98 +0.47) x 107° [1]
BELLE (9.83 +1.06) x 107° [1]

6

DELPHI (9.93 £0.72) x 10~

* Also these modes can be greatly enhanced by new physics e.g. LC Crivellin Ota '15

e A Tera Z can measure B; — ¢vv with a percent level precision:
10.0

signal-hemisphere

B
> P <

b thrust

tag-hemisphere

2.0

0.0
1

Liet al. '22
—— Sensitivity (CEPC) E
---=Upper limit (LEP) E
BN SM prediction i
0° 10 10" 10" 10
BR (Bs—=¢vv)

e Similar precision is expected for the other b — syy modes Ahmis et al. (FCC-ee) 23
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B, — v

 Key observable to test possible LFU

anomalies in charged-current B decays
Alonso et al. '16

e SM prediction for the BR ~ 2%, beyond
the reach of LHCb

e Tera Z could measure it with percent
accuracy (hence providing a percent
level measurement of Vi)

Zheng et al. '20

Paradigmatic example:
too heavy for Belle II,
too “elusive” for LHCDb!

Br(B.-1v)

1.0

0.8}

0.6}

0.4}

0.2

0.0

o(w)/w/% for Tera-Z

1072
1072

107! 1 10
RBC/B
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Lepton Flavour Violation in Z decays

NP scale B ZZ->Tu)ME T o uuy MR TS uee BN TS U BT aU BTSNy |

100 N

- _ 1 5) (5 1 6) (6 1 E

_ 5 'CSMEFT—£SM+KZCL:CC(L >Qé>+ﬁ;(1§ )Qg)-FO(F) |

> i |

|9 - |

< /- :

future & ]

sensitivitw; 1
17

—

Measurement Current HL-LHC FCC CEPC prelim. M. Dam ‘18
BR(Z — 1p) <65x107% 1.4x107° 1079 10~

BR(Z —7e) <50x107% 1.1x107° 1079

BR(Z — pe) <2.62x1077 57x107% 1078 — 10719 10~

« LHC searches limited by backgrounds (in particular Z — 771):

max ~10 improvement can be expected at HL-LHC (3000/1b)
e A Tera Z can test LFV new physics searching for Z — ¢ at the level

of what Belle II (50/ab) will do through LFV tau decays (or better)

LC Marcano Roy '21

1 3
QU Q"

*7 NP ops
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LFU tests in B decays

Gauge interactions are flavour blind: the SM predicts
Lepton Flavour Universality (LFU) EW interactions

—> any deviation from LFU would be a clear indication of NP

R(D*)

0.35

0.3

0.25

0.2

Example: LFU tests in semileptonic (charged-current) B decays

BR(B — D™ rv)

BR(B — D®)/fv)

A

Moriond 2024

LHCb®

" 68% CL tontours

BaBar

LHCbH*

, L=ce, p
SM diagram Ve
o+
x W
7 <« > ¢
I{b< Hc
q > q

4 HFLAV SM Prediction
R(D) = 0.298 +0.004
R(D*) =0.254 +0.005

R(D) =0.342 +0.026,,
R(D*) =0.287 +0.012,,

p=-0.
P(y?) = 35% | -

0.2

0.3

0.5

- Current precision: ~5-10%
World average still somewhat in
tension with the SM prediction
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LFU tests in B decays

—> any deviation from LFU would be a clear indication of NP

0.3

0.25

0.2

Gauge interactions are flavour blind: the SM predicts
Lepton Flavour Universality (LFU) EW interactions

Ve

g-l—

Ex CEPC could achieve a precision(below 1%on
the LFU tests in b — crv decays:

Rp, SM Value Tera-Z dxTera-Z 10xTera-Z

Ry 0289  43x107% 21x107% 14x107?

Rp. 0.393 41x107% 21x1073 1.3x1073
i Rp+ 0.303  3.3x107° 1.6x107% 1.0x107"
. R, 0.334  9.8x107* 49x10~* 3.1x10*
= (estimates based on statistics only, but
- systematics mostly cancel in the ratios)
- HHPLAY SM Predicion R(D™ 0287 £0015% - Current precision: ~5-10%
s G World average still somewhat in

0.2 0.3

04

0.5

tension with the SM prediction
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Constraints on B LFU from tau LFU

New physics inducing operators involving mainly 37 family fermions

Ops with only 3 family:

1.0

B R}’ and R’;)/(P)
B LFV 7 decays

W Z-pole observables
0 RZ/“ ]

m All

110 1.15

R'r/(?

120 125 130 135 140

D)

1.0

0.8

0.6

0.4

0.2

0.0
1.00

1.06

T t T /
%4

—> :

1% b 1% 1%

Qé;) — (1_337“133)(@37“@3) 3 Qéz) — (537“71133)(@3%71623

X
3

173 7 L, /e =

B LFV 7 decays
m Z-pole observables

1.25 1.30 1.35 1.40

BR(T — (vv)
BR(u — evv

7 LFU

Feruglio Paradisi Pattori ’'16, 17
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LFU tests in tau decays

W
e _
Ve
/\ phase-space
Ju i _ BR(7 — o) f(mZ/m2) Ry factors radiati.ve
e B BR(1 — evv) f(m/%/mg) RW 7 /‘ corrections

(g_T>2 7 (mu)5@7 — LypDf (m?/m};) RiZ RY (0= e )

ge) “Co\@m) BR(u— evw) f(mi/m2) RiLR;
Currently LFU tested with per mil level precision:

I —1.0002 +0.0011., L& =1.001840.0014, T =1.0016 = 0.0014

Ge e 9v HFLAV, A. Lusiani ICHEP24

| error budget: 1.1%0 from BRs, 0.9%o0 from -, from m; |

LEP & Belle II Belle BESIII & Belle 11

CEPC Flavour Physics Lorenzo Calibbi (Nankai)


https://indico.cern.ch/event/1291157/contributions/5896342/

LFU tests in tau decays

m, PDG 2023
[ | m HFLAV 2023 prelim. (with Belle Il and KEDR 2023)

0.1790 4
68% CL contour
Average of measurement

and g,=g. prediction for -

BR(7 — evp)

N\

0.1785 -

B’(t — evv)

0.1780 -

A. Lusiani ICHEP24

289.5 290.0 290.5 29'1..0 291.5
t. [fs] tau lifetime

Test of new physics! Example, 3rd generation lepton-Higgs operator:

L@t 1D ) (Lar Il L _ (LY
FZ( 4 H )( 377 3) = Je = 4u =9, Gr =9 ‘|‘F

Current LFU limits set a bound on the NP scale of A > 8 TeV

CEPC Flavour Physics Lorenzo Calibbi (Nankai)


https://indico.cern.ch/event/1291157/contributions/5896342/

LFU tests in tau decays

Preliminary studies show that a 10-fold improvement of the systematics is possible:

Measurement Current Belle 11 FCC CEPC prelim.
Lifetime [sec] (2903 & 5) x 10716 + 6 x 10718 + 7 x 10718
BR(r — evi)  (17.82 +0.04)% + 0.003% + 0.003%
BR(r — pwi)  (17.39 £+ 0.04)% + 0.003% + 0.003%
+ 0.0016 (stat.
m. [MeV] 1776.93 + 0.09 (stat.)
+ 0.018 (syst.)
PDG 2024 [ CEPC estimate
0.1790 A
68% CL contour
Tera-Z factories could test tau
0.1785 0 LFU at the 0.1%o0 level
° This translates to a sensitivity
to LFU new-physics operators
0.1780- up to scales ~20 TeV
289.5 290.0 290.5 291.0 291.5
. [fs]
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Light invisible NP boson in LFV tau decays, 1 —» X

x10

/G 100 | T T 11 |1| LI | T T 11 | T T 11 | T T 11 | T—1]
S [ Belle Ldt 800 fb" Brx—pa) = 1.0x10° ]
)] L ¢ Data i
= 80} — Total background —
o FCJT—=uvv -
— ] Other backgrounds 7
< 60k o Toma, m m =0 GeV/c® N
1%)  Jt—ua, m =0.5 GeV/c i
c - (Jt—pa, m'=1.0 GeV/ic ]
q>) FCJt—pa, m =1.5 GeV/c .
L 40_— o
20_—
OO 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9
) 1.7
S 1055_ .....................................................................................................................................................
I S H# 98 08 NS L a0 Spperpd
g T Wen)'o A
(| 0_95;_ .......... "lh ................................................................................................................................
0% 01 02 03 04 05 06 07 08 09

@PC pI'OSpect ) P, [GeVic]

A.U.

5 Belle 2025 (800 fb!)
gx10-
OF T | | T 3
4;— Belle = - Expected UL —i
3 5:_ 4 Expected UL = 1o =
PE) L=8001b B Expected UL =20 3
3: 95% CL UL —— Observed UL =
) 5:_ —— Observed UL at Belle 115
"~ [PRL 130, 181803 (2023)] 1
2- =
1.55 =
1 -
0.5 E

0 02 04 06 08 1 12 1.4 16
m, [GeV/c?]

Bkg. 5x107%{ —— g2€[m2-0.1 GeV?, m2+0.1 GeV?]
ma = 0.01 GeV g2 €[m2 - 0.2 GeV?, m2 + 0.2 GeV?]
m;=0.1 GeV ) 5 5 5
m, = 0.7 GeV —o— g €[m;—0.3 GeVs, m; + 0.3 GeV~]
m.=1.0 GeV . —6— q?€[m3—0.4 GeV?, m; + 0.4 GeV?]
©
3
1 4x107°
~
=
‘ m
1 1 L
== e : —— — -6 . . .
-2 -1 0 1 2 3% 10 102 1071 10°
q? (GeV?) m, (GeV)
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https://arxiv.org/abs/2503.22195

Summary: benchmark searches and measurements

Z = it Xiny
7 = atn~

7 = gt 70

Z — J/y
Z — e

Z — e

4 =T

Z = py

Z — bs

Z —bd

Z — cu

Z — sd

BY — ¢rr7™

B — K*0rtr—

Bt — Ktrtr~

BY — tt7

BR

CEPC Flavour Physics

HRRRLY | LR | T T T T T
102 108 107 10°% 105 10* 103

10—2

T — pee

T = [

T — efuit

T — eee

T — ey

T — Wy

T _> /,LXinv

H —ep

H — pur

H — et

H — uc

H — sd

H — db

H — sb

1071 109 107®

SHANNUNE

1077 107

CEPC: Tera-Z
CEPC: Higgs
Current
Estimation
Fast simulation

Fast simulation(stat. only)
Full simulation

10~ 107* 10-3 1072 10!

BR
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Summary: benchmark searches and measurements

CEPC: Tera-Z
Z = pupXiny 3(|Ves)) CEPC: Higgs
(from WW — lvqq) Current
Z > atn~ 5(m, [MeV]) Estimation

(from 7 — incl.)

Fast simulation
Fast simulation(stat. only)
Full simulation

Z = ata—ad 5(7 [fs])

(from 7 — incl.)

SHANNUNE

Z — J/y o(¢s) [mrad] ™"

(from B — J/v¢)
Z = pe o(AT,) [ns] ™"
(from BY — J/+¢)

A — TEe O_(I—\S) [ns]—l

(from BY — J/¢)
Z—TH Ry (relative)
(from Ap — Aclv)

\

Z = py Rp-(relative)

(from BY — D?iv)

More than 40

Z — bs

Rp,(relative)
o 58 -2 D) benchmarks
Z — bd R,y (relative)
(from B. — J/4lv)
7z —
cu BR(r — lvi)
Z — sd
BR(BY — 797Y)
(relative)
BY — ¢rr7™

BR(B? — nt7™)
(relative)
BY —» K07t~

BR(B+ — 770
(relative)

Bt — Ktrtr~
BR(B? — ¢vi)

(relative)

BY — tt7

BR(B. — 7v)

(relative)

T T & T LR | L | L | LR | LR | T
1071 1077 104 10-° 10-2 107! 10° 10! 0=7 107° 105 107% 1073 107* 10~

Precision BR
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Summary: benchmark searches and measurements

T CEPC: Tera-Z
Z — i Xing H 5(|Ves)) 1 CEPC: Higgs
777 (rom W = trad) I Current
Zudars ff(mf [M?VI])) [ZZ1 Estimation
. F . I .
7y b0 V77 7A 5(r. [fs]) OO Fast s!mu at!on
(from ~ — incl) [°=3 Fast simulation(stat. only)
Z — J)py o (2) [mrad] " BAA Full simulation
(from BY — J /1)
Z — pe o(AT,) [ns]
(from BY — J/+¢)
A — TEe O'(FS) [ns]—l

In the white paper there is much more than what I could mention:

e opportunities beyond Z pole (top/Higgs FCNCs, CKM entries
measurements from W decays etc.)
e detector performance requirements for such an ambitious program

(relative)

BR(B? — ¢v7)

(relative)

BR(B. — 7v)

(relative)

™TTTTTT T ™TTTTTT T T TTTTT T T TTTTT T ™TTT mq—l—rrrrml—l—rrrrnq—l—rrrnm—l—rrrnrq—l—rrrnm—l—rrrrnq—l—rrrrm
10'—2 10'—1 160 161 0-7 107% 10-5 107* 10-3 107% 10-!

Precision BR
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Final remarks

Plenty of mystery (hence of opportunities to learn something)
in the flavour sector of the Standard Model

Through flavour observables, one can probe some of the
highest energy scales accessible in laboratory experiments

The Z-pole run of the CEPC would offer plenty of flavour
physics opportunities, summarised in our white paper

O(10'?) Z decays would enable us to study many processes with a
much higher precision than (or inaccessible to) other experiments

Examples of unique opportunities at Tera Z: rare B decays,
Z LFV decays, tests of LFU in tau decays or B. decays etc.

CEPC Flavour Physics Lorenzo Calibbi (Nankai)


https://arxiv.org/abs/2412.19743

Outlook

[t is not over: there is much more to study!
The “wish list” is long, here some examples:
e CKM: summarize the prospects for CKM measurements
(especially the new methodology of determine it directly from W and top decay)

« CPV: explore conventional CPV observation channels (including baryons like A,),
and discuss new methods

* Possible to probe matter origin? Any sensitivity to e.g. leptogenesis (heavy sterile
neutrinos?) and relevant physics processes (EWPT, QCD phase transition, etc.)

e Interplay between Flavour & QCD: (i) hadronization, (ii) form factors,
(iii)) QCD effects & B-anomalies ...

e Dedicated studies on charm (D, A, and strange hadrons

e Light new physics particles (X) in hadrons decays? D - 7 X, B — K X etc.

@one is welcomedto join these efforts and share their insight!

CEPC Flavour Physics Lorenzo Calibbi (Nankai)
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Z LFV prospects

A study in the context of the FCC-ee (5x10!2 Zs):
o / — Me : M. Dam @ Tau ’'18 & 1811.09408
In contrast to the LHC, no background from Z — 77 :

Z mass constraint much more effective (collision energy is known)

— background rate < 107!! (with a 0.1% momentum resolution at ~45 GeV)

Main issue: muons can release enough brems. energy in the ECAL to be mis-

id as electrons. Mis-id probability measured by NA62 for a LKr ECAL: 4x10°°
(for pM~45 GeV)

o
(3

Pb10°

ue

NA62 11 ()

3]
b

Bg. from Z — uu + mis-id u

(3x10°7 of all Z decays)

.
.
.
-

prob_gblllty P
N
|

n ¢ :
a1
T | T 1T T T T T T T T T

Phd

<
S :
. : b2
. : ¢
Ay : b
. : .
. - .
s : i3
. S
A S
. S
'y S
s .,
L S 03
. *
* .
(S
S

Sensitivity limited to: BR(Z — pe) ~ 107°

Mis-identgication
T

¢
e : .
. : .
SR
. .
. .
o .
.Q
heS .
AN .
e, .
: .
FCS S
FERN S
¥ . -
£y S
. = .
B . ¢
: * .

(Improved e/u separation? Down to 10-19)

: A i
10 20 30 40 50 60 70
Muon momentum, GeV/c
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Z LFV prospects

A study in the context of the FCC-ee (5x10!2 Zs):

e Z — 117 : M. Dam @ Tau ’18 & 1811.09408

To avoid mis-id, select one hadronic 7 (23 prong, or reconstructed excl. mode)

Main background from Z — 77 (with one leptonic 7 decay)

Simulated signal & background:

x10°
S 40 _I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I__
Q - ’
e 35 [ bckg: Z — 11, with T — vy
(7] - i
;E,' : signal: Z — tl
> 30 [ _
® : -7
- BR =10
25 - —
20 [ E Sensitivity:
_ . 9
15 [ 3 | BR(Z — ¢1) ~ 10
10 | -
5 | -

—_— : 1 1 1 [ [ [ I 1 1 1 1 :
~10° momentum res. ~9, 5995 ] v T 01
- . ° x = /

~107° collision E sprea =P/ Pocam
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Z LFV prospects

e CEPC can improve on present LHC (future HL-LHC) bounds up to 4 (3)
orders of magnitude, at least for the Z — 7 modes

 The question is: can CEPC searches find new physics with these modes?
e [t depends on the indirect constraints from other processes

e In particular low-energy LFV processes are unavoidably induced

- f T — bl
Z _ Z
e.g. : —> T T

Previous model-independent studies:

Nussinov Peccei Zhang ’00; Delepine Vissani '01; Gutsche et al. ’11; Crivellin Najjari Rosiek ’13; ...
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LFV in the SM effective field theory

| 1
. - = 5)OBd) o — 6)()(6)
If NP scale A»mw : £ = Loy + 5 Ea CORP + 13 Ea CLOO) 4. .

Dimension-6 effective operators that can induce CLFV

4-leptons operators Dipole operators
Qe (LeyuLr)(Loy*Lyr) Qew (Lro""er)T1®W,y,
Qee (ervuer)(ery"er) QeB (Lro"er)®B,.
Qe (LyuLr)(eéry"er)

2-lepton 2-quark operators

Qg (LeyuLe)(Qry"@Qr) Qeu (LryuLr)(@ry ur)
Q) (LLyutrLo)(Quy" QL) Qeu (eryuer)(@rY uR)
Qeq (ery"er)(QryuQr) Qredq (Lier)(drQ1)

Qea (Lryu L) (dry"dr) Qéiz-,u (LY er)ear(QYur)
Qed (eryuer)(dry"dr) Q) (Liouver)ear(QF 0" ur)

Lepton-Higgs operators

s;g @i, @)(Lw\jD B Vi D ) (Lo LD

Q‘I>e ((I)TZ Du (I))(éR’YMGR Qe@S (LLeRq))((I)TQD)

Grzadkowski et al. ’10; Crivellin Najjari Rosiek ‘13
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Z LFV in the SM EFT

The couplings of Z to leptons are protected by the SM gauge symmetry
— LFV effects must be proportional to the EW breaking:

4
BR(Z — £0') ~ BR(Z — 00) x C%p (AL>
NP

In the SM EFT, only 5 operators contribute at the tree level:
W) _ (ot D, B)(Tr~"! ®) _ (oti DI ®)(Fr 71! — (DT D, ®) (Tt p"
Qoo = (1D, @) (Lry"LL), Qg = (21D, ®)(LrTv"lL), Qoe = (21D @)(Lry"LR)
Qew = (Lo lp)T1® Wy, Qe = (Lro""lR)® B,

1

2
B (20 657 = 2 (7% (10 + 7+ IR+

;e 24711 |
2 2
ZL _ € v (1) fi (3)fi 5.2 | ZR _ € V" fi 6.2 o
Ui 28w ew <A2 <C¢l +C@0l ) + (1 QSW) 6]%) Ly 281 CW (A2 Cpe 28W5fz)
* v L f1 fi
CRR = O =2 (swClh +ewCliy )

Crivellin Najjari Rosiek 1312.0634
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Z LFV in the SM EFT

T Dipole operators: Higgs-lepton operators:

(@) 4

/

= (@1 D, ®)(lrTr™7),  Qae = (i D, ®)(Lr"l
Qew = (Lo lp) TP Wl{,/, Qep = (bpo*iR)® B,

If a single operator dominates, Z — ¢/’ constrain NP scales up to

Co=1: A25TeV (Z—pe), A=3TeV (Z— 10

28W CW

/l] . .
Cilt = CfM = - v (swCﬁ; + cngVZV)
Crivellin Najjari Rosiek 1312.0634
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Model-independent indirect limits on Z LFV decays

Observable Operator Indirect Limit on LEFVZD Strongest constraint
(1) (3) ~13
lepton-Higgs ops (Qui +Qup)™ 3.7 x 10 1L — e, Au
BR(Z ) e 9.4 x 10717 u— e, Au
— ue
o { @ 1.4 x 10723 [ — ey
ipole ops
Qv 1.6 x 1072 [ — ey
(Q(l) + Q(3)) 6.3 x 107° T — pe
BR(Z — ro) e 6.3 x 107 T = pe
Te
°r 1.2 x 1071 T — ey
T 1.3 x 10~ T — ey
QY + Q8N 43 %1078 T pu
BR(Z - 141 be 4.3 x 1078 T — p U
TH
e 1.5 x 1071° T — [y
H 1.7 x 10~ T — Wy
LC Marcano Roy 21
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https://arxiv.org/abs/2107.10273

Present/future limits on LFV tau decays

LFV tau decays:

2 0 0 0
g - by P 1S 1V 1 lhh
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Measurement Current Belle 11 FCC CEPC prelim.
BR(7 — pupupe) <21x1078 3.6 x 1010 1.4 x 101 1010
BR(T — ) < 4.4 %1078 6.9 x 1079 1.2 x 107 1010
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https://arxiv.org/abs/arXiv:2207.06307

LFU tests in Z decays

Universality presently tested at the per-mil level

LEP exps/SLD combination: hep-ex:0509008

BR(Z — p*p™)
BR(Z — ete™)

BR(Z — 7777)

= 1.0019 == 0.0032
BR(Z — eTe™)

= 1.0009 = 0.0028,

(1.7x107 Z decays at LEP + 6x10° Z decays with polarised beams at SLC)

o Very important test in view of the LFU anomalies in B decays

o At LEP statistical and systematic uncertainties of the same order
« With 1012 Z, CEPC has no problem of statistics

e Can systematics be controlled e.g. at the 10-* level?

o This would test new physics coupling preferably to tau up to scales
of the order of 10-20 TeV
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https://arxiv.org/abs/hep-ex/0509008

Present limitson r — e a, T — u a (invisible q)

A challenging search:

tau momentum / rest frame Pan . .
cannot be exactly reconstructed : *
BG: ordinary T — (v “" _s Pseudo-TRF 7*
0.06 T T T T T T e T T x10°°

|§ - 07T — ea o 253_ Belle Il —- Observed UL || Expected UL + 1 std. dev.
i 005 BT — uUua _*_ = det=62.8 fb - - - Expected UL Expected UL + 2 std. dev.
! 0.04 [ E 2 20f
R i -
g\ 0.03 — — 5 15:_
S ow —~ ~ g 1of

- : T
! 001 | - e 5
A : : @ |
Q S PRI IR IRV IR AERPEPS B BT PP W b

0 0.2 0.4 0.6 0.8 H 1.2 14 i.6 0 0.5 0.7 1 1:2 1.4 1.6
2
o Mass [GeV /c?] My laevic
ARGUS 1995 (472 pb) > Belle 11 2023 (62.8 fb!)
up to O(10) improvement!
BR(7 — pa) < 4.7x107* (90% CL) = f./C.:* > 5.1 x 10° GeV
mag= 0 :
* BR(T — ea) < 7.6 x 107% (90% CL) = f,/CYA > 4.0 x 10° GeV
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https://link.springer.com/article/10.1007/BF01579801
https://arxiv.org/pdf/2212.03634.pdf

Present limitson r — e a, T — u a (invisible q)

A challenging search:

7 1 (o

 NEW! Belle 2025 (800 fb})

P

Events /(10 MeV/c

Data/MC

100

80r

60[

401

20

—
_I

1.05

0.95:

0% 01 02 03 04 05 06 07 08 09

p; [GeV/c]

>_(L1IOI3I IIIIIIIIIIIIIIIIIIII |IIII|IIII|IIII|I_|_
i Belle Ldt = 800 fb Br(t—ua) = 1.0x10°
. ¢ Data

— Total background

-CJTt—=uvv

[ Other backgrounds
1—ua, m =0 GeV/c?

[[Jt—ua, m'=0.

[ CJt—uo, m®=1.0 GeV/c?

-CJt—ua, mZ=1 5

_________________ +¢ w‘,hw,.v”m.-

l

F_))')a-r - ﬂ /H‘nc

-3
4.5 ;<I1 IO T | T T T T | T T T | T T T .
42— Belle = - Expected UL —i
3 5:_ p Expected UL + 1o =
. T L =800 fb I Expected UL = 20 .
=. 2 5 —— Observed UL at Belle 113
’|‘ = [PRL 130, 181803 (2023)]
e 20 =
m 1.5 -
q ]

O 02 04 06 0.8 1 12 14 1.6
m, [GeV/c?]

(90% CL) = f,/CYA" > 4.0 x 10° GeV
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https://link.springer.com/article/10.1007/BF01579801
https://arxiv.org/pdf/2212.03634.pdf
https://arxiv.org/abs/2503.22195

Summary of searches for light invisible LFV ALPs

Lot = L8 (CY Tyl + CA Trst Lmi, (ov e iop p2 Ur
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 Decays mediated by dimension-5 operators: much larger NP scales can be
reached than with u — ey, u — eee etc. (from dim-6 operators)

« Mu/tau/astro interplay: if mqa > m, constraints mainly come from 7 decays
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https://arxiv.org/abs/2006.04795

