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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
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3 fermion generations (or families)

You are here (why?)

Hierarchical fermion masses

(why?)
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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

e Why to go beyond the SM?
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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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Probing very high energies

And a muon collider could play a complementary role, e.g. searching for:
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https://arxiv.org/abs/2504.21417

Example: a (simple) way to address

the tflavour puzzle and how to test it




Froggatt-Nielsen flavour models

« SM fermions charged under a new horizontal symmetry Gp Froggatt Nielsen 79
Leurer Seiberg Nir 92, 93

e G forbids Yukawa couplings at the renormalisable level

e Gpspontaneously broken by the vev(s) of one or more scalars (the “flavons”)

 Yukawas arise as higher dimensional operators

A
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O(1) coefficients
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nij dictated by the symmetry

Gy could abelian or non-abelian, continuous or discrete, local or global
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The simplest option: Froggatt-Nielsen U(1)

Quark sector

FN charges
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Flavour-violating FN Z’

Flavour non-universal local U(1) symmetry generating the hierarchies of
fermion masses and mixing through the Froggatt-Nielsen mechanism

Smolkovi¢ Tammaro Zupan '19

(anomalies cancelled by suitable UV completions Bonnefoy Dudas Pokorski '19 )

Interactions of the new gauge boson Z’ flavour-violating by construction:
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Flavour-violating Z’ : flavour bounds

Meson decays into 2’ Lepton decays into Z’
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Flavour processes set stringent lower bounds on the U(1) breaking scale
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Blasi LC Mariotti Turbang 24
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Flavour bounds vs Gravitational Waves

A new promising direction: gravitational waves (GW) tests of new flavor dynamics

Flavor non-universal local U(1) symmetry generating the hierarchies of fermion
masses and mixing through the Froggatt-Nielsen mechanism

high-energy U(1) breaking — cosmic strings — emission of a GW background
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CEPC flavour white paper

arXiv:2412.19743v2 [hep-ex] 31 Dec 2024

Flavor Physics at CEPC: a General Perspective

Xiaocong Ai', Wolfgang Altmannshofer?, Peter Athron®, Xiaozhi Bai*, Lorenzo
Calibbi®*, Lu Cao%7", Yuzhi Che®?, Chunhui Chen'?, Ji-Yuan Chen?!, Long Chen!!,
Mingshui Chen®?77, Shanzhen Chen®? 77T, Xuan Chen'!, Shan Cheng'?, Cheng-Wei
Chiang'3, Andreas Crivellin!4!®, Hanhua Cui®?, Olivier Deschamps'®, Sébastien
Descotes-Genon'?, Xiaokang Du'®, Shuangshi Fang®®, Yu Gao®?, Li-Sheng Geng'?,
Pablo Goldenzweig?’, Jiayin Gu?"?223, Feng-Kun Guo®*??>1, Yuchen Guo?6:%7,
Zhi-Hui Guo?®', Tao Han?’, Hong-Jian He?*3!, Jibo He?, Miao He®", Yanping
Huang®?, Gino Isidori'®, Quan Ji®?, Jianfeng Jiang®®, Xu-Hui Jiang®3233, Jernej F.
Kamenik3*3%, Tsz Hong Kwok?®>!, Gang Li®?, Geng Li*¢, Haibo Li®?, Haitao Li'!,
Hengne Li%7, Honglei Li%%, Liang Li?%3!, Lingfeng Li*?3%*, Qiang Li‘, Shu Li33!,
Xiaomei Li%!, Xin-Qiang Li*21, Yiming Li®?, Yubo Li*3, Yuji L, Zhao Li*?, Hao
Liang®?, Zhijun Liang®?, Libo Liao**, Zoltan Ligeti'®, Jia Liu*%, Jianbei Liu"™ "%, Tao
Liu®3*, Yi Liu', Yong Liu®?, Zhen Liu?", Xinchou Lou®"""®, Peng-Cheng Lu'l,
Alberto Lusiani*®, Hong-Hao Ma?*’, Kai Ma®", Yaxian Mao??, David Marzocca®?,
Juan-Juan Niu®, Soeren Prell'®, Huirong Qi®*, Sen Qian®®, Zhuoni Qian®?, Qin
Qin®>T, Ariel Rock??, Jonathan L. Rosner®*®, Manqi Ruan®°7"*, Dingyu Shao®,
Chengping Shen®%23, Xiaoyan Shen®?, Haoyu Shi®?, Liaoshan Shi*":!, Zong-Guo Si'’,
Cristian Sierra®, Huayang Song?*, Shufang Su®®, Wei Su**, Michele Tammaro®, En
Wang!, Fei Wang!, Hengyu Wang®?, Jian Wang!!, Jianchun Wang®°, Kun Wang™,
Lian-Tao Wang®*, Wei Wang3%?, Xiaolong Wang’%, Xiaoping Wang'?, Yadi Wang®',
Yifang Wang®77, Yuexin Wang®%2t, Xing-Gang Wu%?, Yongcheng Wu?, Rui-Qing
Xiao?"31.64 Ke-Pan Xie'?, Yuehong Xie??, Zijun Xu®?, Haijun Yang3031:65:66  Hongtao
Yang?, Lin Yang®’, Shuo Yang?%27, Zhongbao Yin*?, Fusheng Yu®’, Changzheng
Yuan®?, Xing-Bo Yuan??, Xuhao Yuan®?, Chongxing Yue?6:27, Xi-Jie Zhan%8, Kaili
Zhang®%2, Liming Zhang®, Xiaoming Zhang®?, Yang Zhang', Yanxi Zhangf,
Yongchao Zhang™, Yu Zhang™!, Zhen-Hua Zhang’?, Zhong Zhang®’, Mingrui Zhao*',
Qiang Zhao®?, Xu-Chang Zheng%3, Yangheng Zheng®, Chen ZhouS, Pengxuan Zhu?*,
Yongfeng Zhu®, Xunwu Zuo?*!, Jure Zupan™

LSchool of Physics, Zhengzhou University, Zhengzhou, 450001, China

2 Department of Physics and Santa Cruz Institute for Particle Physics, University of California,
Santa Cruz, 95064, USA

3 Department of Physics and Institute of Theoretical Physics, Nanjing Normal University, Nanjing,
210023, China

*Corresponding author.
TPrimary contributor.

You can find it here:
arXiv:2412.19743 |hep-ex]

145 authors/endorsers
~80 institutions

69 pages (+biblio)

Flavour beyond the TeV scale

Lorenzo Calibbi (Nankai)



https://arxiv.org/abs/2412.19743

CEPC flavour white paper

arXiv:2412.19743v2 [hep-ex] 31 Dec 2024

Flavor Physics at CEPC: a General Perspective

Xiaocong Ai', Wolfgang Altmannshofer?, Peter Athron®, Xiaozhi Bai*, Lorenzo
Calibbi®*, Lu Cao%7, Yuzhi Che®?, Chunhui Chen'?, Ji-Yuan Chen?!, Long Chen'!
Mingshui Chen®?77, Shanzhen Chen®? 77T, Xuan Chen'!, Shan Cheng'?, Cheng-W
Chiang'3, Andreas Crivellin!41®, Hanhua Cui®?, Olivier Deschamps'®, Sébastien
Descotes-Genon'?, Xiaokang Du'®, Shuangshi Fang®®, Yu Gao®?, Li-Sheng Geng"
Pablo Goldenzweig?’, Jiayin Gu?"?223, Feng-Kun Guo®*??>1, Yuchen Guo?6:%7,
Zhi-Hui Guo?®', Tao Han?’, Hong-Jian He?*3!, Jibo He?, Miao He®", Yanping
Huang®?, Gino Isidori'®, Quan Ji®?, Jianfeng Jiang®?, Xu-Hui Jiang332:33, Jernej |
Kamenik3*3%, Tsz Hong Kwok?®>!, Gang Li®?, Geng Li*¢, Haibo Li®?, Haitao Li'l,
Hengne Li%7, Honglei Li%%, Liang Li?"3!, Lingfeng Li*?3%*, Qiang Li‘, Shu Li3°3!,
Xiaomei Li%!, Xin-Qiang Li*2T, Yiming Li®?, Yubo Li®3, Yuji Li, Zhao Li®?, Hao
Liang®?, Zhijun Liang®?, Libo Liao*?, Zoltan Ligeti*®, Jia Liu*6, Jianbei Liu™7, T
Liu®3*, Yi Liu', Yong Liu®?, Zhen Liu?’, Xinchou Lou®"""®, Peng-Cheng Lu'l,
Alberto Lusiani*®, Hong-Hao Ma*?, Kai Ma®", Yaxian Mao??, David Marzocca®?,
Juan-Juan Niu®, Soeren Prell'®, Huirong Qi®*, Sen Qian®®, Zhuoni Qian®?, Qin
Qin®>1, Ariel Rock??, Jonathan L. Rosner®*®, Manqi Ruan®°7"*, Dingyu Shao®,
Chengping Shen®%23, Xiaoyan Shen®?, Haoyu Shi®?, Liaoshan Shi®"f, Zong-Guo S
Cristian Sierra®, Huayang Song?*, Shufang Su®®, Wei Su**, Michele Tammaro®’, E
Wang!, Fei Wang!', Hengyu Wang®?, Jian Wang'!, Jianchun Wang®°, Kun Wang
Lian-Tao Wang®*, Wei Wang3:%°, Xiaolong Wang®%, Xiaoping Wang'?, Yadi Wang
Yifang Wang®?77, Yuexin Wang®%2, Xing-Gang Wu%3, Yongcheng Wu?, Rui-Qing
Xiao??31.64 Ke-Pan Xie'?, Yuehong Xie??, Zijun Xu®?, Haijun Yang3"31:65:66 Hong
Yang?, Lin Yang®’, Shuo Yang?%27, Zhongbao Yin*?, Fusheng Yu®’, Changzheng
Yuan®?, Xing-Bo Yuan??, Xuhao Yuan®?, Chongxing Yue?%-?7, Xi-Jie Zhan%®, Kaili
Zhang®%2, Liming Zhang®, Xiaoming Zhang®?, Yang Zhang', Yanxi Zhangf,
Yongchao Zhang™, Yu Zhang'', Zhen-Hua Zhang™?, Zhong Zhang®’, Mingrui Zha
Qiang Zhao®?, Xu-Chang Zheng%3, Yangheng Zheng®, Chen Zhou'%, Pengxuan Zh
Yongfeng Zhu®, Xunwu Zuo?*!, Jure Zupan™

LSchool of Physics, Zhengzhou University, Zhengzhou, 450001, China

2 Department of Physics and Santa Cruz Institute for Particle Physics, University of Califo
Santa Cruz, 95064, USA

3 Department of Physics and Institute of Theoretical Physics, Nanjing Normal University, Nan
210023, China

*Corresponding author.
TPrimary contributor.

Flavour beyond the TeV scale

Contents
Introduction

2 Description of CEPC Facility
2.1 Key Collider Features for Flavor Physics
2.2 Key Detector Features for Flavor Physics
2.3 Simulation Method

3 FCCC Semileptonic and Leptonic b-Hadron Decays
3.1 Leptonic Modes
3.2 Semileptonic Modes

4 FCNC b-Hadron Decays
4.1 Di-lepton Modes
4.2 Neutrino Modes
4.3 Radiative Modes
4.4 Tests of SM Global Symmetries

5 CP Violation in b-Hadron Decays
6 Charm and Strange Physics

7 7 Physics
7.1 LFV in 7 Decays
7.2 LFU of 7 Decays
7.3 Opportunities with Hadronic 7 Decays

8 Flavor Physics in Z Boson Decays
8.1 LFV and LFU
8.2 Factorization Theorem and Hadron Inner Structure

9 Flavor Physics beyond Z Pole
9.1 Flavor Physics and W Boson Decays
9.2 Flavor-Violating Higgs Boson Decays
9.3 FCNC Top Quark Physics

10 Spectroscopy and Exotics

11 Light BSM States from Heavy Flavors
11.1 Lepton Sector
11.2 Quark Sector

12 Detector Performance Requirements

13 Summary and Outlook

(=]

15

16
18
19

22
23
26
28
28

30

34

36
36
38
40

42
42
45

46
47
48
50

53
56
o7
58

59

62

Lorenzo Calibbi (Nankai)


https://arxiv.org/abs/2412.19743

CEPC flavour white paper

Contents
Flavor Physics at CEPC: a General Perspective
Introduction 2
2 Description of CEPC Facility 6
2.1 Key Collider Features for Flavor Physics 6
Xiaocong Ai', Wolfgang Altmannshofer?, Peter Athron®, Xiaozhi Bai*, Lorenzo 2.2 Key Detector Features for Flavor Physics 8
Calibbi®*, Lu Cao%7, Yuzhi Che®?, Chunhui Chen'?, Ji-Yuan Chen?!, Long Chen'! 2.3 Simulation Method 15
Mir'gShUi Chen®517, S.har!zhen Chen™*7T, )fuan C-h(-anll, Shan Cheng™, Che-ng-W 3 FCCC Semileptonic and Leptonic b-Hadron Decays 16
- Chiang'3, Andreas Crivellin!41®, Hanhua Cui®?, Olivier Deschamps'®, Sébastien 31 Leptonic Modes 18
AN Descotes-Genon'?, Xiaokang Du'®, Shuangshi Fang®®, Yu Gao®?, Li-Sheng Geng" 3.2 Semileptonic Modes 19
- Pablo Goldenzweig?’, Jiayin Gu?"?223, Feng-Kun Guo®*??>1, Yuchen Guo?6:%7,
N Zhi-Hui Guo?®', Tao Han?’, Hong-Jian He?*3!, Jibo He?, Miao He®", Yanping 4 FCNC b-Hadron Decays 22
8 Huang®?, Gino Isidori'®, Quan Ji®?, Jianfeng Jiang®?, Xu-Hui Jiang332:33, Jernej | 4.1 Di-lepton Modes 23
- Kamenik3*3%, Tsz Hong Kwok?®>!, Gang Li®?, Geng Li*¢, Haibo Li®?, Haitao Li'l, 4.2 Neutrino Modes 26
—_— Hengne Li%7, Honglei Li*, Liang Li**3!, Lingfeng Li3**33*, Qiang Li‘*, Shu Li3%31, 43 Radiative Modes 28
o Xiaomei Li‘!, Xin-Qiang Li‘%!, Yiming Li%?, Yubo Li*3, Yuji Li®, Zhao Li®9, Hao 4.4 Tests of SM Global Symmetries 28
— Liang®?, Zhijun Liang®?, Libo Liao**, Zol LG QL0 el il bbbt e e - - 30
:j Liu®3*, Yi Liu', Yopgbs=="
I o °
oAby A vast subject: today, I can only mention “
= ! . . . 36
S n
- aome @ few selected topics (guided by personal bias "
> Cristian Sierra®, Huaya 40
;I'q Wang!, Fei Wang', Hengyu Wang®?,
~ Lian-Tao Wang®, Wei Wang3!%, Xiaolong Wang®®, Xiaoping Wang'?, Yadi Wang 8 Flavor Physics in Z Boson Decays 42
a Yifang Wang®?77, Yuexin Wang®%2f, Xing-Gang Wu%3, Yongcheng Wu?, Rui-Qing 8.1 LFV a.nd PFU 42
(\i Xiao®"3164 Ke-Pan Xie'9, Yuehong Xie®2, Zijun Xu®?, Haijun Yang®316566 Hong 8.2 Factorization Theorem and Hadron Inner Structure 45
— Yang?, Lin Yang3?, Shuo Yang??7, Zhongbao Yin*?, Fusheng Yu®’, Changzheng 9 Flavor Physics beyond Z Pole 46
S-\] Yuan®?, Xing-Bo Yuan??, Xuhao Yuan®?, Chongxing Yue?%2, Xi-Jie Zhan®®, Kaili 9.1 Flavor Physics and W Boson Decays A7
°>' Zha"g8’62v Liming Zhang69, Xiaoming Zhang42, Yang Zhangl, Yanxi Zhang46, 9.2 Flavor-Violating Higgs Boson Decays 48
o Yongchao Zhang™, Yu Zhang'', Zhen-Hua Zhang™?, Zhong Zhang®’, Mingrui Zha 9.3 FCNC Top Quark Physics 50
ES Qiang Zhao®?, Xu-Chang Zheng%3, Yangheng Zheng®, Chen Zhou'%, Pengxuan Zh .
< Yongfeng Zhu®, Xunwu Zuo?*!, Jure Zupan™ 10 Spectroscopy and Exotics 53
LSchool of Physics, Zhengzhou University, Zhengzhou, 450001, China 11 Light BSM States from Heavy Flavors 56
2 Department of Physics and Santa Cruz Institute for Particle Physics, University of Califo 11.1 Lepton Sector 57
Santa Cruz, 95064, USA 11.2 Quark Sector 58
3 Department of Physics and Institute of Theoretical Physics, Nanjing Normal University, Nan
210023, China 12 Detector Performance Requirements 59
“Corresponding author. 13 Summary and Outlook 62

TPrimary contributor.

T ——
Flavour beyond the TeV scale Lorenzo Calibbi (Nankai)


https://arxiv.org/abs/2412.19743

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

Instantaneous luminosity

191.7 26.7 8.3 0.83
(10%*cm™2s7 !, per IP)
Integrat_eld luminosity 100 6.9 51 6 |
(ab™", 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 101
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!
D* 1.2 x 10% 4.8 x 1019 6 x 104 4.9 x 1011
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...]
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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)

* 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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https://arxiv.org/abs/2012.00665

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)

*U CEPC bounds on new physics contributions: le
a
1G , O
o HL = \/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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https://arxiv.org/abs/2012.00665

b — svv

Current Limit

Detector SM Prediction

BR(B® — K°uvp)

BR(B? - K*%up)
BR(B* — K*up)
BR(B* — K**up)

BR(B, — ¢vp)

< 2.6 x 107" [3]
< 1.8 x107° [3]

(2.7 £ 0.7) x 10~

<40x1077°
<54x%x1073

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

VS + B/S5(%)

8.0
6.0
4.0

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—¢uv)

e Similar precision is expected for the other b — syy modes Ahmis et al. (FCC-ee) 23
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https://arxiv.org/abs/1506.02661
https://arxiv.org/abs/2201.07374
https://arxiv.org/abs/2311.14647
https://arxiv.org/abs/2309.11353

B, — v

1.0

 Key observable to test the LFU 0.8

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

0.6}

Br(B,-1v)

0.4}

 SM prediction for the BR ~ 2%, beyond 0.2
the reach of LHCb

0002 024 026 028 030 032 034

e Tera Z could measure with percent level
accuracy (thus providing also a percent
level accurate measurement of Vep)

Zheng et al. '20

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

10—2 Lol L L1
10 107! 1 10
RBC/B
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https://arxiv.org/abs/1611.06676
https://arxiv.org/abs/2007.08234

Lepton Flavour Violation in Z decays

—

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)
o A Tera Z can test LFV new physics searching for Z — tf at the level

of what Belle II (50/ab) will do through LFV tau decays (or better)
LC Marcano Roy '21

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

*7 NP ops
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https://arxiv.org/abs/2207.10913
https://arxiv.org/abs/1811.09408

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

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

s _BR(B— D™ 1) ,
D) = , £t =6, I
BR(B — D®)/fv)
N\ 04 | [ T T T T T T T
68% CL t - .
a A oot 7 SM diagram vy
m — Moriond 2024 Belle? BaBar -
0.35 LHCb® ] AN
s = W+
*
03 > - ( cb _
L ] b < < C
N LHCb" Hy: He
0.25 = — q > q
L / e ] *
A S gﬁzg_lf 287 001" - Current precision: ~5-10%
. G World average still somewhat in
0.2 03 0.4 0.5 R(D) tension with the SM prediction
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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

Ex CEPC could achieve a precisionbelow 1%on Vs
the LFU tests in b — crv decays:

Ry,  SM Value Tera-Z dxTera-Z 10xTera-Z
Ry 0289  43x107% 21x107% 1.4x1072

04
Rp. 0.393 41x1073 21x1073% 1.3x1073 w7
035 Rp+ 0.303  3.3x107% 1.6x107° 1.0x107° L+
: R, 0.334 9.8 x107% 4.9x10"* 3.1 x 1074
03
L (estimates based on statistics only, but Fc
i . . . Hc
025__:' systematics mostly cancel in the ratios) b,
B L Rl
R vy KDY 20287 200152, - * Current precision: ~5-10%
. o T World average still somewhat in
02 03 0.4 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 3rd family: é;) = (L3v*L3)(Q37,Q3) , Qéz) = (L3v"71L3)(Q37,7 Q3

1.0

B R}’ and R’;)/(P)
B LFV 7 decays

W Z-pole observables
m R /1

m All

0.0 NS * - ~ ‘ ~
1.00 105 110 115 120 125 130 1.35
4
RD(*)

1.40

1.0

0.8

0.6

0.4

0.2

0.0
1.00

1.06

T t T /
%4

—> :

1% b 1% 1%

#% ¥ T

173 7 L, /e =

B LFV 7 decays
m Z-pole observables

BR(T — (vv)
BR(u — evi)

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
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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
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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 boson in LFV tau decays

/G 100)(10 | T T 11 | T T 11 | T T 11 | T T 11 | L | 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
o 1 ; - ; - ; ; ; ; -
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

T T HRRRLY | LR | T T T T T
10-1° 10% 107® 107" 10°% 10°® 10°* 10°°

BR

Flavour beyond the TeV scale

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 =T Ry, (relative)
(from Ay — Acly)

\

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 — K9+~

BR(B+ — 770
(relative)

Bt — Ktrtr~
BR(B? — ¢vi)

(relative)

BY — tt7

BR(B. — 7v)

(relative)

T T T T T T —TTTTTT T —TTTTTT T —TTTTTT T — T T T — T T T —T mq_l—rrrrnn_l—ﬁ'rrnq_l—rwrrm_l—rwrrrq_l—rwrml_l—rrrrnq_l—mrnr
10710 1070 ' 10-3 10-2 101 100 10! 07 107% 10-5 107* 10-3 107* 107!

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

Tera Z provides a unique opportunity to study rare B decays,
Z LFV decays, tests of LFU in tau decays or B. decays etc.
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https://arxiv.org/abs/2412.19743

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

Physics at the highest energies with colliders?

— Use colliders to do flavour physics!

O(10'?) Z decays wou ny processes with a
much higher precision than (or inaccessible to) other experiments

Tera Z provides a unique opportunity to study rare B decays,
Z LFV decays, tests of LFU in tau decays or B. decays etc.
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Thanks!

Questions?




Additional slides




FN U(1): lepton masses and mixing

Lepton sector

Qr.—9Qe. * Or.+9r . c 17\( T
0 (D))" - y (@ )\ (L§H)(H Ly)
A v Q ’I,_Q ; Qei_Qe-
A R A U i O ]

LH charges can chosen to give a (quasi-)anarchical Upyyng = V” V“

RH charges then responsible for charged leptons hierarchy

Examples: Altarelli Feruglio Masina Merlo ‘12
i AnarChy (QL17 QLQ) QLg) — (QL) QL) QL)
e Mu-tau anarchy  (9r,, 9r,, Qr,) = (Qr+1, 9r, Q1)
e Hierarchy (QLl, QLQ, QL3) — (QL +2, Qp + 1, QL)

Charged lepton hierarchy, e.g. : (Qel, Qe s Qe3) — (QL — 4,97 — 2,091 — 1)
(withey & e ~ 0.04)
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https://arxiv.org/abs/1207.0587

Local Froggatt-Nielsen U(1)

Flavour non-universal local U(1) symmetry generating the hierarchies of
fermion masses and mixing through the Froggatt-Nielsen mechanism

Smolkovi¢ Tammaro Zupan '19

(anomalies cancelled by suitable UV completions Bonnefoy Dudas Pokorski '1

@ow the cutoff A, only two new particD

Ve H :)
¢ — ¢ z@/v¢ longitudinal

/ \ omponent of

Physical flavon U(1) gauge boson, Z’
1
m;, = §>\¢U§5 mz = V2gr(d) = gr v
m! _ _
L=n] U: fiPrfj¢ LD gr fy*(Qs. Pr + Qsa PR)f Z,,

— both fields decay into SM fermions and are produced in the early universe by
thermal interactions (O(1) couplings with the fields at A)

— we have to require their lifetime < 0.1 s in order not to affect BBN

Flavour beyond the TeV scale Lorenzo Calibbi (Nankai)


https://arxiv.org/abs/1909.05336
https://arxiv.org/abs/1907.10063

Flavour-violating FN Z’

Flavour non-universal local U(1) symmetry generating the hierarchies of
fermion masses and mixing through the Froggatt-Nielsen mechanism

Smolkovi¢ Tammaro Zupan '19

(anomalies cancelled by suitable UV completions Bonnefoy Dudas Pokorski '1

Interactions of the new gauge boson Z’ flavour-violating by construction:

L = gFZZL {ﬂ&/yu(cﬁaﬁplz—i_c}éaﬁpfi)uﬁ +EO&’7M(C?QQBPL+C%QBPR)CZB+

-~

0 14 14 — 1%
new U(1) gauge Lay"(CT, af Pr, + CRozﬁ PR)gﬁ + v CF af Prug

coupling . - . F
o vyt fx o —w/ o
unitary rotations matrices of
to the fermion mass basis U(1) charges

Z’ mediates flavour-violating processes and,
—=> if light, mesons and leptons can decay into it, e.g.:

2 3 2 2
g m™m mw T,
BR(K* — nt2/) = 9 MK [A (1 | Z) 21 2

2
167 I' i m7,

9 3 9 2\ 2
BR(lo — £sZ') = —E——L2 (|0} o5* + |04 us)? > |1- =%
167 Iy . MY, my m,

(87 (81
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https://arxiv.org/abs/1909.05336
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Cosmic strings and gravitational waves

What if the U(1) breaking occurs at higher energies?
A new promising direction: gravitational waves (GW)

U(1) breaking — cosmic strings — emission of a GW background!

Kibble '"76 (for a review: Vilenkin Shellard '00)
\

Key assumptions:

. After inflation, the universe reheats with Tru > vy
—> FN U(1) unbroken in the early universe

. At T ~ vy the universe undergoes a 2nd order phase transition

—> gauge strings form

ratio squared

0.0 e S w A
0.05 0.10 0.50 1 5 10

r-m¢
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https://doi.org/10.1088/0305-4470/9/8/029
https://www.cambridge.org/mw/universitypress/subjects/physics/theoretical-physics-and-mathematical-physics/cosmic-strings-and-other-topological-defects?format=PB

Cosmic strings and gravitational waves

What if the U(1) breaking occurs at higher energies?
A new promising direction: gravitational waves (GW)

U(1) breaking — cosmic strings — emission of a GW background!
Kibble '"76 (for a review: Vilenkin Shellard '00)

A
EoM: D“DM¢ + 7¢¢ (¢¢* . 772) — O, a'uF/,ul/ — 29F Im (¢*Dl/¢)

static, cylindrically symmetric solutions (strings):

inb / n
¢3(I‘) — € g(?“) ) S,Q(r) — ——Oé(’l”)
grr
1.0(( . .
string profile | . string width
— depends on
(~¢/ vg) c 08 ; 5 — ] )
o0 I : : _ m )\
= I ; : ] _ b B &
\ B T from S ettt o s I s el
% ' | gy =1 - /c: m, 29F
éi; 04 flavon/Z’ mass
ER ratio squared
0.2
0.0- S T T R N B
0.05 0.10 0.50 1 5) 10

r~m¢
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https://www.cambridge.org/mw/universitypress/subjects/physics/theoretical-physics-and-mathematical-physics/cosmic-strings-and-other-topological-defects?format=PB
https://doi.org/10.1088/0305-4470/9/8/029

Cosmic strings and gravitational waves

Numerical solutions for the string width and tension:

1 W3 . TV B
W = —— p—
107( _ N
— Width w - my
7 Tension p/ in
10°
| 2
/ B = My _ As

1073 1072 107 10° 10 102 10° J
B - mé/m%/
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Cosmic strings and gravitational waves

Numerical solutions for the string width and tension:

1 /-n-rn2

String tension (energy per unit length): Gu = B(B)
8mM2
it grows quadratically with the U(1) breaking scale

String loops and string network collisions emit GWs

—> stochastic GW background with frequency spectrum

8T
3

QGW(f) — ZQE;]%ZI(JB) —
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[llustrative GW spectra

high-frequency
cut-off due to
large width effects

10—18 L 1 Lo Ll Ll Lol Ll Lo Lo Ll Lo Lo Lol Lo Lo

1076 1073 100 103
f [Hz)
string loops lose energy mostly through particle V< 0. ~ w
(Z’) emission below the critical size: © (I'Gp)?

Matsunamiet al '19
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https://arxiv.org/abs/1903.05102

Flavour limits vs future GW sensitivities

flavour exp mg [GeV] Planned GW exp
exclusion sensitivity

HH/

U(1) gauge
coupling

10—12§

BBN excl. 1072

my [GGV] ) new gauge

boson mass

GW and flavour exps. interplay can (almost) close the parameter space!
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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 pﬂ~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 Y
. *
* .
(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
T x1 A
lepton-Higgs ops (Q T @ ) 3.7 10 e € A
BR(Z ) e 9.4 x 10717 u— e, Au
— e
o @ 1.4 x 10723 [ — ey
ipole ops » s
Q. 1.6 x 10 [ — ey
QY + Q)T 6.3 x 1078 r— 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 4.3 x 1078 Ty
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:
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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
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1.05

0.95:
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|

i Belle Ldt = 800 fb Br(t—uo) = 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.-

p; [GeV/c]

-
P')‘rr -

"

l

/H‘nc

><I1IO_I3|III I N N R —
-~ Belle = = - Expected UL
p Expected UL = 10
L =800 fb I Expected UL = 20
95% CL UL —— Observed UL

—— Observed UL at Belle I
[PRL 130, 181803 (2023)]

02 04 06 0.8 1 1.2 14 1.6

m, [GeV/c?]
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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
all — 2fa ( ij i Yt + i i YuY5 j) |:> F(fz — gj a) — 64 fa2 <|C£i€j| —+ |C€i€j| ) 1 — m?z
- Céﬁj — Céﬁz i
B Mu3e, ~~. “‘
1010 T T T T T VEGHSfwd (F=100) TS S . couplings
_ a b ____MEGI-fwd (F=1) ! - all equal
U(1)-breaking / : — | \ '\!\ future ]
NP scale _ 4poLStar cooling odidio et al. \TWIST.  bounds._
T Y / :
O, I ‘. i ]
< 108— Ll Bellen =
Il Il (s0ab) ]
astrophysical I P RN
bounds 107 SNTIB7A Lo ]
- ’ !w/j
106_ I |||||||| 1 |||||||| 1 |||||||| 1 |||||||| 1 |||||||| I :IIIIILJ:l 1 |||||||| |
107 10° 10 10° 10° 107 108 10°
updated from LC Redigolo Ziegler Zupan '20 Ma [eV] < ALP mass

 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

