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Motivation

Neutrino masses/oscillations <+— /E e, /EIM /ET

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

In the SM + neutrino masses, (Amy

4
N o 10—50
CLFV rates suppressed by My ) = BR(Z = {0') = 10

CLFV: clear signal of New Physics, stringent test of NP physics
coupling to leptons, probe of scales way beyond the LHC reach

for a pedagogical introduction — LC & Signorelli ‘17
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Present limits on LFV Z decays

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

BR(Z — ue) < 1.7x 1070 <75x107" 8 TeV, 20/fb
no candidates
BR(Z — Te) {’ < 9.8 %107 < 8.1x 107 ’} 8+13 TeV,
BR(Z — m11) f < 1.2x 107 <9.5x 1076 | 207140/
l OPAL 95, DELPHI ‘97 ATLAS ’14, 20
Z—1t bg (2010.02566)

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

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

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

« Z— le: 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 p,~45 GeV)
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Z LFV prospects

A study in the context of the FCC-ee (5x10!2 Zs):
o« 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 — 7 (with one leptonic 7 decay)

Simulated signal & background:

x10°
g 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
(/2] - i
;E,' : signal: Z — tl
3 30 | .
: BR = 10~
25 - —
20 [ E Sensitivity:
_ . o)
s | 3 | BR(Z — ¢1) ~ 10
10 | -
5 | -

_ : 1 1 1 1 1 1 I 1 1 1 1 :
~10” momentum res. %, 0.995 1 1.005  1.01
i, . . x,=p./

~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 — 77 modes

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

e In particular low-energy LFV processes are unavoidably induced

- f T — bl
A - Z
E.g. : —> T = pT

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% 5% 1 6 6
If NP scale A»my L_LSM+K%:CC§ >Qg)+p;q§ Q® + ...

Dimension-6 effective operators that can induce CLFV

4-leptons operators Dipole operators
Qe (LzyuLr)(Ley*Lr) Qew (Lro" er)mi ®W,,
Qee (ervuer)(ery"er) Qes (Lro"er)®B.
Qe (LryuLr)(eéry"er)

2-lepton 2-quark operators

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

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

Lepton-Higgs operators

s;g @i, @)(Lmu\jD B Vi D ) (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 — £0) x C%p (AL)
NP

In the SM EFT, only 5 operators contribute at the tree level:
W) _ (ot D, B)(Tr 1! B) _ (o1 DI ®) (T, 710" — (DT D, ®)(Torty!
Qoo = (P1iD, ®)(£Ly"ly), Qg = (1D, ®)(lpmy"ly),  Qoe = (®'i D, ®)(Ury"lE)
Qew — (ZLO"“VK{Q)T](I) W/{w QeB — (ZLO"UJV@/Q)(I) B,uu

1

2
Br {ZO _%J%ﬂ = Sint [méz (‘CﬁR\Q t+ \CﬁL|2) +|PF 7R

- 24nly, |
2 2
2L _ € v (1) fi (3)fi 5.2 _ ZR _ e U" ~fi 0.2 5
Ui 2swew <A2 <C¢l + CSOZ ) + (1 QSW) 6]%) L 281 CW (A2 Cpe 28W5fz)
ZR _ oZLx _ v fi fi
Cpit = Ciy 7 = VIV (SWCGB T CWCeW)

Crivellin Najjari Rosiek 1312.0634
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Z LFV in the SM EFT

f! Dipole operators: Higgs-lepton operators:

(@) /
\ Ca mz/A2
g/

. _ /
Qoe = (®1i D, ®)(Lry"l})

ch - ((I)T’iDp{ (I’)(ZLTW“%),

Qew = (Lo lp)T1® Wi,,, Qep = (bpo*lR)® B,

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

Co=1: A25TeV (Z— pe), A=3TeV (Z— 10

28W CWw

/l] . .
CiR = C%L* = (swCéfé + cngVZV)
Crivellin Najjari Rosiek 1312.0634
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Indirect constraints

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

pe: u— ey, [ — eee,  — e in nuclei
™: T4y, TV, T=>ln, 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

9

JCHID)
IO SO 2 (ML) 1S (0O,

€.g. 16
S " dlog 1

off

1 2
+ QXCg)l(l) + gg%Cfgl(l) + gg%tf[(}m(l)waﬁ —6(C"TCY)ap

dC? 1 1
167 1o = 5 (Cap™ = Cap ) (V) = CF P I — 6 (30057 + RC5) 8as
1 HI(3 HI(1 Hi(3) 1 HI(1 HI(3
+ 5V Y0as (CF5Y = €3V = (VY0 O3 = 2bas (1005 + 3005
2
g5 HI(3) HI(3) W+ ~W
+3 (Cms O+ Chp 0 6) — 2G5, Cs 4 leptons operators

Jenkins Manohar Trott ’13 (x2); Alonso et al. ‘13 induced at 1 100p
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Indirect constraints

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

pe: u— ey, [ — eee,  — e in nuclei
™: T4y, TV, T=>ln, 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:

(ii) Matching at mzto the low-energy EFT : 0, = ($alAPxv3) (T aPrxs)

(i.e. integrating out Higgs & EW gauge bosons)
e.g. Jenkins Manohar Stoffer ’17; Davidson ’16; Coy Frigerio ’18; ...

1
—> e.g. Cllhs=Clas+s (1+282) | (CHV +CLY) b5+ das (Ol + € <>)]

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

e.g. Crivellin Davidson Pruna Signer ’17; Jenkins Manohar Stoffer '17

(iv) Compute the low-energy observables

Celis Cirigliano Passemar ’13; Crivellin at al.’13; Pruna Signer ’'14; Crivellin at al. ’17; Aebischer et al. ’18; .
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Present/future limits on LFV muon decays

90% -CL bound

Bl Belle/BaBar
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Present/future limits on LFV tau decays
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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 v
A% /2

g — g/f}/ through LD (ZLO'MVK;:{) F,uz/a 067 ~ COS QWCeB — sin HWCeW

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

BR(p — ey) <4.2x 107" [MEG'16] = BR(Z —eu) 10722 — 107
BR(T = ev) <3.3x107® [BaBar’10] = BR(Z —=71e)<107—-107%

BR(T — ,u’y) 5 4.4 x 1078 [BaBar ’10] — BR(Z — T,LL) 5 1014 — 10713

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

Indirect limits on BR(Z — ¢¢') from single operators
Operator Limit Strongest constraint
(CIDTzD ®)(ery'ur) BR(Z — pe) < 3.7x 1071 [ — ece
1
EI)E) (P14 Du d)(ery'rm)  BR(Z — 71e) < 85 %1078 T — pe
<
(@1 D, ®)(jizy*71) BR(Z = 71p) < 6.6x 1078 T — p L
<
(@i D! ®)(ep v ur) BR(Z = pe) S 3.7 x 1077 [ — eee
AN
g)g) (@' D} ®)(eLry*1,) BR(Z —7e) < 85x107° T — pe
(P14 Bj ®)(prTyH1m) BR(Z — 1) < 6.6 x 1078 T—pU
<
(®Ti D, ®)(egy*ur) BR(Z — pe) < 6.5 x 10712 1 — eee
A
Qoe (91D, ®)(epy*tr) BR(Z — 7e) < 9.8 x 1078 T pe
<
(®Te D, ®)(igy*rr) BR(Z —7p) S 7.6 x 1078 T —pU

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

<>
(@i D, ®)(ery"7s) A=1TeV
’ P ‘ it currently ::Z;Z \
——BR((Z —-er) =105 17 . N
o CBR(Zoer) = 10 allowed region - pe
10—1; — - = BR(Z->er)=10" HF ?10—1
: — — BR(Z->er)=10"11 1F |
5 | | 5
=3 1072 r w 107 35
107 1073
L | Lo ‘ Ll | L
1 107" 1072 1073 1073 1072 107" 1
—Coe Coe
<
(qfrz D, ®)(ery"7R) expected Belle-II bound
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Two operators

=
Ts =AM ]
(@i Dy, @)(ery*r) A=1TeV
- . mm T > eee -
A =1TeV 1 I
——BR(Z->1e) =107 T -::;’Lew
— —=BR(Z->1e)=10" 1L
101 — - —BR(Z-71e)=10" - 410"
i — —BR(Z-71e)=10"" al: ]

1 107! 102 10-2 10-2 10-2 101 1
__(eTree €Tee
{f 7
(ervuTr)(€ryuer) 4-lepton operator — cancellations are possible
or some observable

Z LFV at the CEPC 17 Lorenzo Calibbi (Nankai)



Two operators

~
((I)TZ DH (I))(éL’)/’U'TL)

A ]
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Two operators

(010 D, ®)(e,7"7,) A =1TeV

\\\‘ T T T \\\\\:1

‘ i mm T o eee

RZore 11 BT o euu

I Il T - pe
— —=BR(Z->71e)=10"7 1k

10_1§ — - = BR(Z->1e)=10"

107"
P — —BR(Z->71e)=10"1 l; |
__.x_ — _/_/;'—-'_ i

-
" e

1 10—1 10—2 10—3 10_3 10_2 10_1 :
_C%M C%M
(éL”YMTL)(EL’YugL) LFU current: C§/*c=C;/" =C5]™"
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Two operators

<
—i—. — lLl, -
((I) ZD,LL (I))(QR’Y TR) A=1TeV
1 . 1
‘ l: T > eee
A =1TeV il e
——BR(Z > 71e) =105 I e

— —=BRZ->71e)=10"

10—1? — - =BR(Z->1e)=10"° HF —:10‘1
: — —BR(Z-te)=10"1! i) ,

1 10" 10-2 10-3 10-3 10-2 100" 1

eTee cree
—C* Cee

(ErYuTR)(ERVLER) RH operators
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Conclusions

Preliminary results: systematical study on the way...

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

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 the CEPC
(and complementarity with B-factory searches)
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Thank you!




