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Motivation

In the SM, electroweak interactions are lepton flavour universal
and (with massless neutrinos) lepton flavour conserving

Neutrino masses/oscillations <— /E e, /L/'u, /ET

Lepton family numbers are not conserved: why not charged
lepton flavour violation (CLFV): u — ey, 7 — puy, p — eee, etc.?

In the SM + neutrino masses, CLFV <Am,,>4 1018
rates suppressed by a factor My )

CLFV: clear signal of New Physics, stringent test of NP physics

coupling to leptons, probe of scales way beyond the LHC reach
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LFV decays of the Z

mainly based on LC, X. Marcano, J. Roy arXiv:2107.10273



https://arxiv.org/abs/2107.10273

Present limits on LFV Z decays

N
Mode LEP bound (95% CL) LHC bound (95% CL)

BR(Z — ue) < 1.7x 1076 <75x107" 8TeV, 20/fb
no candidates
f —6 —6
BR(Z — Te) < < 9.8 x 10 < 5.0 x 10 | 8+13 TeV,
BR(Z — T“)r <12x107 <6.5x 1076 | (20+139)/1b
l OPAL 95, DELPHI 97 ATLAS 21
Z—17 bg (2105.12491)

Thad-vis o Thad-vis v iCt (- Tlmd-vis)
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Present limits on LFV Z decays

with 4%x10° Zs —
)

Mode LEP bound (95% CL) LHC bound (95% CL)

BR(Z — ue) < 1.7x 1076 <75x107" 8TeV, 20/fb
no candidates
r —6 —6
BR(Z — Te) < < 9.8 x 10 < 5.0 x 10 | 8+13 TeV,
BR(Z — w)f <12x107 <6.5x 1076 | (20+139)/1b
l OPAL 95, DELPHI ‘97 ATLAS 21
(2105.12491)

Z—71t bg

« LHC searches limited by backgrounds (in particular Z — 71):
max ~10 improvement can be expected at HL-LHC (3000/1{b)

e Operating as a “Tera-Z” factory (running at the Z pole and collecting
~10'2 Zs) CEPC/FCC-ee can definitely reach better sensitivities
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Z LFV prospects

A study in the context of the FCC-ee (5x10!2 Zs):
. 7 ne: 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 < 10!! (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: 4x107°
(for pﬂ~45 GeV)
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Z LFV prospects

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

« 7 1 M. Dam @ Tau ’18 & 1811.09408

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

Main background from Z — zr (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
3 30 | .
: BR = 10"
25 [ —
20 [ E Sensitivity:
_ . 9
15 [ 3 | BR(Z — ¢1) ~ 10
10 | -
5 | 3
|

~107° momentum res.
~1073 collision E sprea
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Z LFV prospects

e CEPC/FCC-ee can improve on present LHC (future HL-LHC) bounds up

to 4 (3) orders of magnitude, at least for the Z — £ modes

 The question is: can we find new physics searching for these modes?
e [t depends on the indirect constraints from other processes

e In particular low-energy LFV decays are unavoidably induced

- f T — bl
Z _ Z
e.g.: —> T = pT

Previous related 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 1
.o (5)(5) 6)()(6)
If NP scale A»my : E_LSM+A§G:CG Q)+ 5 EG:CCQ Q) 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 (LryuLr)(eéry"er)

2-lepton 2-quark operators

Qg (LeyuLe)(Qry"Qr) Qeu (LeyuLr)(@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, @)(Lmu\jD B Vi D 9) (Lo LD

Q‘I>e ((I)TZ Du (I))(éR’YMGR Qecbg (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:

QY = (@D, o) Tyey), QY = (@1iDI @) Ty ly),  Que = (B1i D, ®) Ty L))

QeW — (ZLO’LWK{Q)T](I) W/{V, QeB — (ZLO"UJV@/Q)(I) B,uu
m 2 2 m2 12 |2
BR (Z — Ul ) 19 ?Z{ ‘gVRdij + 59V7R ij &L + TZ (‘5972}3 + |5g:,%7L > }

Lo = (QVR 035 + 5933) Uiy Prl; + (gVL 035 + 59%%) Zﬂ”PLﬁj}Z

bgéZR Z@-JWPR@ -+ g;ZL ZiO"W/PLEj} Z'LW + h.c.,
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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 — ') ~ BR(Z — #0) x C¥p <AL)
NP

In the SM EFT, only 5 operators contribute at the tree level:

(1) _ (amte B N7 i) (3) _ (ati T BTl p)] (BT D BV(F by
Qop = (@1 D, @)(LLy"Lr), Wap = (P ZDLL ®)(LrTvHeyL), Qoe = (21D, @)((ry"lR)

QeW = (ZLO’LWK{Q)T](I) W/{V, QeB — (ZLO"UJV@/Q)(I) B,uu
m 2 2 m2 12 |2
BR (Z — figj) — z ‘9\/1%57;3' + 0gyr| + ‘gVL(Sij +0gyr| + = ‘59721% T |59T7L
1271, 2
5 g ev” O 5 g ev’ C(l) ] —I—C(S) ]
VR~ 25w Cw N2 ¥C VL = 25wCw A2\ ¥E ot )
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Z LFV in the SM EFT

BE

Dipole operators: Higgs-lepton operators:

Qew = (Lo lp) TP Wl{,/, Qep = (bro*lR)® B,

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

Co=1: A25TeV (Z—pe), A=3TeV (Z— 10
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Indirect constraints

 These operators give rise to low-energy lepton LFV too:

pe: W — ey, [ — eee, — € in nuclei
™: Ty, TV, T—=>lr, T—lp, ...
e How large can LFV Z rates be without conflict with these bounds?

e To calculate this, we have to adopt the standard procedure:

(i) Running of the operators from A to the electroweak scale ~mz

— operator mixing
(i) Matching at mz to the low-energy EFT 0. s = (Yol aPxts) (T aPyxs)
(i.e. integrating out Higgs & EW gauge bosons)

(iii) QED*QCD running from mz down to m_,,

(iv) Compute the low-energy observables
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One operator dominance: Dipoles

Let’s start switching on only one operator at the time at the scale A

Dipole operators can not play a major role, as they directly contribute to
Cey

/
¢ — ¢~y through £ > A2 5

(Urotv i) F,,, Cey=cosbyCep —sinbyCew

—>  if dominant LFV effects stem from Cecp, Cew :

BR(u —ey) $42x 107" [MEG 16] = BR(Z — pe) 1072 —107%
BR(T = ey) $3.3x107° [BaBar'10] = BR(Z — 71e) <107'° —10~"

BR(7 — puvy) < 4.4 % 10~°8 BaBar '10] = BR(Z — tu) < 107 1071

(BRs suppressed by the large Z width, compared to lepton decays)
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One operator dominance: Higgs currents

Observable Operator Indirect Limit on LEFVZD Strongest constraint
QY + Q)™ 3.7 % 1013 14— e, Au
e 9.4 x 10717 u— e, Au
BR(Z — pe)
@ 1.4 x 10723 [ — ey
Qv 1.6 x 1072 [ — ey
(Q(l) + Q(3)) 6.3 x 107° T — pe
e 6.3 x 107 T = pe
BR(Z — Te)
°r 1.2 x 1071 T — ey
T 1.3 x 10~ T — ey
QY + Q8N 4.3 x 1078 Ty
De 4.3 x 1078 T —
BR(Z — 7u) - E
e 1.5 x 1071° T — [y
H 1.7 x 10~ T — Wy

Wilson (Aebischer Kumar Straub ’18) and Flavio (Straub ’18) packages
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One operator dominance: Higgs currents

Observable Operator Indirect Limit on LEFVZD Strongest constraint
QY + Q)™ 3.7 x 10-13 = e, Au

o 4~

e A Tera Z can test LFV new physics scales searching for Z — 7 £ at the
level of what Belle II will do through LFV tau decays (or better)

B Z->Tu)ME T o uuu MR TS uee BN TS o BT U BT S uy

future
sensitivity

o

Wilson (Aebischer Kumar Straub ’18) and Flavio (Straub ’18) packages
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Two operators

1073

currently

&
((I)T’L l)’u (I))(éL’}/’uTL)

A=1TeV

——BR(Z->1e)=10"°

— —=-BR(Z->71e)=10"7
= == BR(Z->71e)=10"°
. BR(Z-te) =101

allowed region

(@ry,m ur) Ly )

expected Belle-II bound

Z and quarkonium LFV

Lorenzo Calibbi (Nankai)



Two operators

<
(®%i D, ®)(epy" L) A=1TeV
( ; T > eee ]
——BR(Z->71e)=10" T ommToe
———BR(Z%TC):10_7 11 T > pe
= == BR(Z->71e)=10"°
10_1 - - - BR(Z->1e)=10"U1 ElS 10—1

o — — — — — — — — — _

-1 ~10~" ~1072 -1072 1073 1072 107 1
ceeT CeeeT
74 44

> > 4_lepton operators —sccancellations possible only
(€L7uTL) (€L7u€L) p p Qome observables
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Two operators

-1

<
(®Ti D, ®)(ery"Tr) A=1TeV
T [rerr T [rerrr T T | 1
[ BR(Z—>Te):10—5] F :::;Ze :

Sensitivity of 7 — ep on 4-lepton operators

stems from the low-energy EFT running:

14 €

"

1

1073

f f

-10~" 10"

s ccer
(éL’YuT L)(é LYu€ L) J 4-lepton operators H@tions possible only

or some observables
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Z LFV: Summary

u-e LFV in Z decays seems to be beyond CEPC sensitivity

SMEFT dipole operators severely constrained, unlike
(2 combinations of) Higgs-lepton operators

BR(Z — 7¢) ~ 10~ " still compatible with bounds from tau decays
(future Belle-II limits may push the indirect limit down to 10°)

Different operator dependence of different observables tends to
cover possible cancellations in the NP parameter space

Still plenty of room to discover (tau) LFV at a Tera Z
(and complementarity with B-factory searches)
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LFV quarkonium decays

mainly based on LC, T. Li, X. Marcano, M. Schmidt arXiv:2207.10913



https://arxiv.org/abs/2207.10913

Experimental status and prospect: BESIII, STCF, Belle II...

LFVQD Present bounds on BR (90% CL)
J/ — ep 4.5 x 1072 BESIII (2022) [16]
T(1S) —wen 3.6 x 1077 Belle (2022) 17]
T(1S) — ey 4.2 x 1077 Belle (2022) 17]
T/ — er 7.5 % 10-° BESIII (2021) [18
YT(1S) —wer  24x107% Belle (2022) 17]
T(1S) — ety 6.5x107% Belle (2022) [17]
T(2S) w er  3.2x10°% BaBar (2010) [19)
T(3S) —er  4.2x107% BaBar (2010) [19
J/p — ut 2.0 x 107% BES (2004) 20
YT(1S) = ur 2.6 x 1075 Belle (2022) 17]
YT(1S) — uty 6.1 x107% Belle (2022) 17]
T(2S) = ur 3.3 x10°% BaBar (2010)  [19)
T(35) — ur  3.1x 10 BaBar (2010) [19

Table 1: Present 90% CL upper limits on vector quarkonium LFV decays. No limit is currently
available for LFV decays of (pseudo)scalar or other vector resonances.

BESIII continues taking data, a high-lumi Super Tau-Charm Factory (STCF)
is being discussed with c.o.m. E ~2-7 GeV that could produce ~1013 J/y

(1000x current BESIII), Belle II will collect 50-100x the data of Belle/BaBar

Z and quarkonium LFV
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What can we learn from these processes?

o In principle, ideal modes to test 2g27¢ operators involving heavy quarks

(that could stem e.g. from by Z°/LQs with MFV-like couplings)

e Searches for radiative modes and decays of (pseudo)scalar resonances
would be sensitive to different LEFT operators than the vector ones

* Again, strongly limited by indirect constraints from tau/mu processes:

Effect summarised by the RGE running of the LEFT operators
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Indirect constraints on quarkonium LFV

V,LL n V.RR /5
£2q2€ — Ceq prst ( P/y PLE )(QS’YMPL%) + C eq,prst (KP/YMPRK )(QSVMPRCR

)
(Cpy" PLle)(Gs7uPrat) + Coe st (@ v Prar) (Es7* Prey)

CVLR )
eq,prst
LEFT 2qg21 ops: . SRR . :
+ [Oeq, prst (E PRE )( SPLQt) + Ceq prst (KPPRKT)(QSPR%) lngle OperatOI’
T RR [y, _ = a -
+ C eq,prst (KPO-/WPRE )(QSO_LWPR%) + h.c.|, at H [qq
Indirect limits on BR
Operator Strongest constraint HETECh UPDET TS O
J/p — 00 W(28) — o
Ceijicee p— e, Au 1.6 - 0.07] x 10~15 28 025106
7
ColE . 1 — e, Au [1.5-0.07] x1071%  [2.8-0.2] x 10716
Cerirproce W ey 3.4-0.5] x 10721 [7.8- 1.4] x 1022
Cer pie po— ey 2.6 - 2.5] x10726 6.3 - 0.5] x10727
Vo
Coilkee T — pe 6.6 - 0.1] x 107 1.2 - 0.05] x 1072
Coli. T — pe 6.5 - 0.1] x 10° 1.2 - 0.04] x 1072
CLRE, T ey [1.2-0.05] x10712  [2.3-0.2] x10~1?
Cor re T — ey [1.7-1.6] x107 18 4.7 - 3.5] x10~%°
Coith . T = pu [4.5 - 0.09] x 1079 7.9 - 0.3] x 10710
Coitht.. T — pu 4.4 - 0.09] x 1079 7.9 -0.3] x 10710
i
CLin T =y [1.6 - 0.07] x 10712 [2.9-0.3] x 1013
Conrp T =y 2.2 - 2.1] x10718 6.1 - 4.5] x10~%°
(a) Vector and tensor operators.| The operators C’;;IZRCC, CX;LCZJ, C;Ijic and Ce j; lead, respec-
tively, to the same results as cVrtk VL CoTER and

eu,ijcc’ ~eu,ijcc’ T eu,ijcc ev,tj -
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Indirect constraints on quarkonium LFV

V.LL il V.RR /5 _
£2q2€ — Ceq’ prst ( p” PLE )(QS’Y,LLPth) + C eq,prst (KPVMPRET‘)(qS,Y,uPRQt)
+ Cv,prst <_ Y PLK (QS/YMPR%) + qu pfst (qp,YMPLQTﬂgS’yMPREt)

)
LEFT 2921 ops: + ot Pt @ Prar) + Coltey (6 Prb:) (@ Prar)

+ CLER (0,0, Prt,)(@s0™ Prar) + hec.| |

Indirect upper limits on BR

O t Str. t.
PETATOT o COIR T/ — 00 e — 00 o(1P) = €l

Coltfe  p—e Au [15-14] x1072  [2.0-1.9] x10720  [3.4-3.2] x10719
Coltt. p—e Au [15-14 x10721  [2.0-1.9] x1072  [3.4-3.2] x1071

CoRE, T ey [1.7-0.003] x10710  [6.8-0.01] x 107 [1.5-0.003] x 1077
Colit, ey [20-0.09] x10710  [9.2-04] x107°  [1.3-0.08] x 107
ColEE . Ty [2.2-0.004] x 10710 [8.7-0.02] x 1070  [1.9- 0.003] x 1077
CoiE . Ty [26-01] x10710  [1.2-0.05] x 1078 [1.7-0.1] x 1077

(b) Scalar operators. We find similar limits for ¢(2S) — £¢'~, about a factor of 4 (2) stronger for the
pe (7¢) channels. See text for details on how the indirect upper limits have been estimated.
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Indirect constraints on quarkonium LFV

V,.LL /5 7 _
£2q2€ — Ceq’ prst ( p7 "Pre, )(QS’YMPL%) + C‘f]]f;?}jst (KPVMPRET)(qS,YMPRQt)

V.L _ _
+ C ,prst ( pY PLE (QS/Y,MPth) + C eprst (QP’Y,U/PLQT><€8,YMPR£15)

)
LEFT 2921 ops: (0p Prty) (35 Prar) + C2ER (8,Prt,) (@5 Prar)

S.RL
+ [Oeq prst
T,RR [y, _
+ C eq,prst (KPO_MVPRE )(QSO-LWPR%) + h.c. ,

0O ¢ gt ‘ Indirect upper limits on BR

perator r. const. . / /

T(15) — &/ T(25) — ¢ T(35) — &/

Coivew  m—e, Au [L1-0.08] x10712 [9.9-0.8] x 107 [1.1-0.1] x 107"
Coivty  m—e, Au [1L1-0.08] x10712 [9.9-0.8] x 107 [1.1-0.1] x 107"
Coirn p—ey  [47-07 x10710  [4.3-0.7 x1071°  [4.8-0.9] x 10719

Cler e = ey 1.6 x 1072 1.5 x 1072 1.6 x 1072
oVl T = pe 1-02] x1076  [2.8-02] x1076  [3.0-0.3] x 10~

ed,Tebb
Coices T = pe 1-02] x1076  [2.8-0.2] x107®  [3.0-0.3] x10~5
Coitts T—ey  [4.0-06] x1071  [37-06] x10 T [4.1-0.8] x 10~

Cer,re T ey 1.4 x 10717 1.3 x 10717 1.4 x 10717
Codirm TSP 21-0.2] x107%  [1.9-0.2] x107¢  [2.1-0.2] x 1076
Cort T — pp 0.2l x1076  [1.9-0.3] x107¢  [2.1-0.2] x 10=6
Coimits Ty [52-07] x1071 [4.8-0.7] x 1007 [5.3-0.9] x 1071

Cev,ru T = Y 1.8 x 10717 1.6 x 10717 1.8 x 10717

T.RR
C

(a) Vector and tensor operators. The operators cVEE - oV.LE ed. jibb and Ce j; lead, respectively

ed,ijbb?’ ~de,bbij”’
V,LL V,LR T,RR
C C C

to the same results as Cj 7y Cogiipy: Ced ijop @0d Cer 45
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SMEFT analysis

SMEFT running and SMEFT/LEFT matching induce stronger bounds:

||||1|0‘_2 I I |||||1IO‘_1 I I ||||IIT

||||10

m J/y—>er mmT o eee mm ToOEUL wm T o pe

mToc mZ-oET mT-oey

.
(1)

C/q, Te22

[
(3)

qu, 7622
[

Cfu, T€22

L

Crd, re22
[

qu, 2271e
1T

Ceu, 722

L |
Ced, T€22
\
‘ Ll I‘ | | ‘ Ll
10 2 10—1 1 10

A[TeV]

C%), 7633
Cg?]) 7€33
Cru, res3
Crd, re33
qu, 3371e

Ceu, 7e33

Ced, 7€33

ST S K E ¢
m Y(1S)»er mm 7> ecee mm ToeuU wm T pe
T 7e m/->erT mT-oey
[T
=S "\
= Z LFV
INEEE]
\
[
Iy
ImEnn
\
il A
(10,100,100)x
| | present limit
I TV T R (¢
A[TeV]
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SMEFT analysis

SMEFT running and SMEFT/LEFT matching induce stronger bounds:

||||1|0\ T ||||||1|q_1 T |||||||‘\] T |||||||1\O |||||1|0\_2 T ||||||1|0‘_1 T |||||||? T |||||||1\0

SMEFT running induce large coefficients of Higgs-
lepton ops (for 2921 ops involving top quarks):

—> large effects for tau decays and Z LFV

T

Ceu, 7€33

(10,100,100)x
j RN RN e =0l LTI T LT present limit

| 102 10~" 1 10 102 10~" 1 T o
A[TeV] A[TeV]

Ced, 7€33
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SMEFT analysis

Flat directions are possible along which all indirect constraint vanish:

11

-1 —  BR(Y(1S)-er)=10"° || p
0 ~ - -BR(Y(1§)>er)=10""" [} 10
— - = BR(Y(1S)»er)=10"" [}
; ()
3 "
3 1072 102 ¢
© O

1073, 1072

-1072
qu, 33 7e

-10-3

1073 1072

qu, 33 1e
Z LFV @ CEPC/FCC-ee
(similar situation for operators involving LH leptonic currents)
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Quarkonium LFV: Summary

Again, searches for quarkonium LFV decays are not sensitive to
u-e LFV due to the strong indirect constraints

In the most optimistic case, charmonium LFV rates are 1-2 orders
below current BESIII bounds (partially within STFC sensitivity)

Indirect bounds on bottomonium LFV are at the level of present
B-factory limits

SMEFT RGEs makes indirect bounds more important (especially
for ops involving tops) — ~1000x increase of sensitivity needed

Flat directions are possible that only Y LFV decays could probe

Z and quarkonium LFV Lorenzo Calibbi (Nankai)






CEPC/FCC-ee as Tera Z factories

CEPC Physics Program

CEPC Operation mode

Run time [years]
L / IP [x1034 cm-2s-1]
[ab-1, 2 IPs]
Event vields [2 IPs]

Run time [years]

L /1P [x1034 cm-2s-1]
[ab-1, 2 |Ps]

Event yields [2 IPs]

Large physics samples: ~10¢ Higgs, ~1012 Z, ~108 W bosons, ~10¢ top quarks

Talk by J. Guimaraes Costa (@ CEPC workshop 2022

The Z-peak run of CEPC/FCC-ee can deliver a fewx101? visible Z decays

Z and quarkonium LFV Lorenzo Calibbi (Nankai)


https://indico.ihep.ac.cn/event/17020/contributions/117889/attachments/64239/74992/20221024-CEPC-Workshop-goodR.pdf

Tera Z as a Flavour Factory

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

Particle Tera-Z Belle 11 LHCb
b hadrons

BT 6 x 10 3 x 10'° (50 ab~! on T(4S5)) 3 X 1013
B 6 x 1010 3 x 1019 (50ab~! on T(45)) 3 x 1013
B, 2 x 1010 3 x10% (5ab~!on T(55)) 8 x 1012
b baryons 1 x 101 1 x 1013
Ay 1 x 1019 1 x 10"
c hadrons

DO 2 x 1011

Dt 6 x 1010

Df 3 x 1019

A 2 x 1019

Tt 3 x 101 5x 10 (50 ab~! on T(45))

@aeh 1012 7 de@/

CEPC Study Group arXiv:1811.10545

see also the Snowmass report: The Physics potential of the CEPC
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https://arxiv.org/abs/1811.10545
https://arxiv.org/abs/2205.08553

Tera Z as a Flavour Factory

Advantages of a high-energy e+e- collider as flavour factory:

Luminosity

£=100/ab, O(10'?) Z decays = O(10'}) bb, cc, and rr pairs

Energy

besides producing states unaccessible 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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Summary of the tau and Z prospects

Measurement ~ Current [126] FCC [115] Tera-Z Prelim. [127] Comments
Lifetime [sec] +5 x 10710 £1 x 10718 from 3-prong decays, stat. limited
BR(7 — (vi) +4 x107%  £3x107° 0.1x the ALEPH systematics
m(7) [MeV] +0.12 +0.004 £ 0.1 0 (Ptrack) limited
BR(r —3u) <21x107% 0O(10719) same bkg free
BR(t —3e) <2.7x107% 010719 bkg free

BR(7T — eup) <2.7x107%  O(10719) bkg free

BR(r* — pee) < 1.8x107% ©O(10719) bkg free
BR(T — uy) <44x107% ~2x107Y O(10719) Z — 77 bkg , o(p,) limited
BR(r —ey) <33x107% ~2x107° Z — 1717 bkg, o(p,) limited
BR(Z —Ttu) <12x107° O(107Y) same 7T bkg, 0(ptrack) & 0(Fpeam) limited
BR(Z —1e) <98x107% 0O(1079) 77 bkg, 0(pirack) & 0(Epeam) limited
BR(Z — pe) < 7.5x1077 1078 — 10710 O(107?) PID limited

BR(Z — ntn7) O(10719) 0 (Pirack) limited, good PID

BR(Z — nta—n0) O(107?) 7T bkg

BR(Z — J/vy) <1.4x107° 1072 — 10710 Cly+T177 bkg

BR(Z — py) <25x107° O(107?) 777 bkg, 0 (pirack) limited

From the Snowmass report: The Physics potential of the CEPC
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Quarkonium LFV decay widths
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Example: 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)

 They can have a large new-physics enhancement

e Tera Z prospects:

0010“ i
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3-prong t decays

B'5KPVtt ™ B¢ttt BYosKitr

LiL.and Liu T. '20
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https://arxiv.org/abs/2012.00665

Example: b — svv

Liet al. '22
Current Limit Detector SM Prediction
BR(B" — K"vp) < 2.6 x 107° [3] BELLE (3.69 £ 0.44) x 10~° [1]
BR(B° — K*%uvi) < 1.8 x 107° [3] BELLE (9.19 £ 0.99) x 107° [1]
BR(B* — K*up) <1.6x107° [4] BABAR (3.98 +0.47) x 107° [1]
BR(B* — K**up) < 4.0x107° [5] BELLE (9.83 +1.06) x 107° [1]
BR(Bs — ¢vi) < 5.4x1072 6] DELPHI (9.934+0.72) x 107°

e Also these modes can be greatly enhanced by new physics responsible
for the B anomalies see e.g. LC Crivellin Ota '15

A Tera Z can measure Bs; — ¢vv with a percent level precision:
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Present/future limits on LFV muon decays
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Present/future limits on LFV tau decays
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Z LFU tests

Universality presently tested at the per-mil level

LEP exps/SLD combination hep-ex:0509008
B(Z — p"p)
= 1.0009 £ 0.0028
B(Z — e+e_)
B(Z — 77717)
= 1.0019 = 0.0032
B(Z — ete™)

(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

« With 1012 Z, CEPC/FCC-ee has no problem of statistics

o Can systematics (lepton-id efficiencies? what else?) be controlled

so as to measure BRs with e.g. 10 precision?

Z and quarkonium LFV Lorenzo Calibbi (Nankai)



LFU tests in tau decays

Neglecting radiative corrections:

() - PR ke (L) - () T

HFLAV '17:  gu/ge = 1.0019 £0.0014 g /g, = 1.0010 +0.0015 g, /ge = 1.0029 & 0.0015

BR o 0.1790
’ Universality test uncertainty
0.1785- now limited by leptonic BRs
=
l? 01780 4 input Ainput Atest
= 7, 0.090% 0.18% < Belle
0.17751 B,..e 0115% 0.23% < LEP
m, 0.022% 0.009% «— BESIII
0.1770 - l Spring 2017'
269 290 291 . . 292 A. Lusiani @ Tau ’18

1.(fs) Lifetime
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Tau LFU prospects

Preliminary study for the FCC-ee (101! tau pairs):

Observable Measurement Current precision FCC-ee stat. Possible syst. Challenge

Threshold /

- - 1776.86 £ 0.12 0.00 0.12 Mass scale
inv. mass endpoint 7 5

m. [MeV]

Vertex detector

T [fs Flight distance 290.3x 0.5 fs . <O0. .
v [fs] ight di 90.3 £ 0.5 0.005 0.040 alignment
B(t—evv) [%] | SeIgFtlop of r*r.', 17.82 + 0.05 No estimate; Etfcieniey i,
identification of final 0.0001 | iblv 0.00 Particle ID
B(t—pvv) [%0] state 17.39 £ 0.05 possibly 0.003
§ 17.90
Lepton Universality Tests: = Today (2018)
. - . @ 17.85 —
Quantity | Measurement | Current precision FCC-ee precision L
o
l9u/ge| Mol Teoe 1.0018 + 0.0015 TR By 17.80 —
19+/g,| Fevel Tve  EER G factor 10 or more
17.75 -
With the precise FCC-ee measurements of lifetime and BRs, m, 17.70 — ' —
could become the limiting measurement in the universality test Legtan univeralin with
m,=1776.86 + 0.12 MeV
17.65 |
289 290 201
M. Dam @ Tau ’18 & 1811.09408 T lifetime [fs]
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Indirect constraints from searches for LFV at the LHC

Many cc scatterings in pp collisions at the LHC

Parton-Parton Luminosities Dj-lepton invariant mass
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ATLAS 1807.06573

LHC di-lepton tails constrain CC Z/L‘g j contact interactions up to A > 2-3 TeV
= [Indirect LHC bounds (if EFT is valid):

BR(J/1 — ep) <1071, BR(J/¢ = er) <6 x 107", BR(J/9 — pr) <7 x 107
Angelescu et al. 2002.05684
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Comparison of indirect constraints
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SMEFT analysis

That’s not the case for charmonium decays:
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