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The precision frontier of next decades in Higgs and electroweak physics

Is expected to be defined by a new e-e+collider.
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Circular version is especially suited
for the study on flavor physics, for
its high luminosity at Z pole
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W Key Collider Features for Flavor Physics

- Clean collider environment
Low QCD backgrounds
Negligible pile-ups
Approximately fixed Ecm
~  Beam energy much larger than the quark and lepton masses
Boosted dynamics
Higher precision of measuring momentum and efficiency for reconstructing vertex
Belle |I: asymmetric beam energy has been taken to improve event reconstruction
~ High production rate of relevant mesons, baryons, leptons, etc. at Z pole
Belle Il has no statistics for heavy hadrons due to the limitation of energy threshold.

Channel  Belle II LHCb Giga-Z Tera-Z  10xTera-Z
B BY 53x10° ~6x10° 12x100 12<100 12x10°
B* 5.6 x 1019 ~6x10% 1.2x10% 1.2x101 1.2 x10!2
B. B b57x10 210" 3210 3D 10" 32%10)
B* : ~d el 22102 22 <100 2910
Ay, Ay : ~2x1018 1.0x107 1.0x10° 1.0 x 10
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SPPC
: (pp/ep/eA)
I

SR Lumi, /IP | |ntegrated Total no. of
Power (10*em?s?) | Lymi. /vr | Integrated L events
WA (ab™, 21Ps) | (ab™, 2 IPs)

50 8.3 2.2 21.6 4.3 x 106
30 5 1.3 13 2.6 x 10°
50 192** 50 100 4.1 x 1012
30 115%** 30 60 2.5 x 1012
50 26.7 6.9 6.9 2.1 x 108
30 16 4.2 4.2 1.3 x 108
50 0.8 0.2 1.0 0.6 x 10°
30 0.5 0.13 0.65 0.4 x 10°

[see Yuhui Li’s talk]
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Present a phase-| picture on the CEPC potential, mainly at Z pole, in exploring flavor
physics

|dentify ““golden” channels for critical physics
High scientific value
Challenging or even inaccessible for existing experiments
complex event topology
suppressed productions at other machines
Develop new observables or methodologies, e.g., ML-based ones, for flavor physics

As the technology roadmap is close for CEPC and FCC-ee, many of the CEPC studies can
be applied to FCC-ee and vice versa

Most highlights below involve tau lepton decays:

Scientifically, crucial for achieving a picture of all flavors.
Technically, multi-body decays for tau leptons complicate the event topology and kinematics.

~ The decay products tend to be soft in B-factories, while the signature of neutrinos as
missing momentum is inaccessible at hadron colliders.

> The reconstruction of tau leptons and other intermediate particles can benefit from the
excellent collider environment of the CEPC and the high-performance of its detector.

=> define a series of the most representative cases for flavor physics at the CEPC.
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Historically, FCCC-mediated beta decays have resulted in the discovery of weak interactions.
They can be used to test lepton flavor universality.

Vy
o+
. w+
[ — cb = -
b ¢ - C b
Hy: ' H Hy!
q > q q
H H, SM Prediction 2  Experimental Average
Rr—=a" i’3+ PP+ 6-367 2] g.S&G—.L—&GﬁB—[—ZHg— Ry, = i )
Ry,  Be T/ 0.289 [4-6] 0.71+0.17 + 0.18 [7]
Rp, B Dy 0.393 [2, 8-13] N/A Current measurements:
Rp+ B, D* 0.303 [2, 8, 10, 13] N/A either no sensitivit cgr
Ry, Ay A, 0.334 [14-18] 0.242 + 0.076 [19] have a precision ~30%.
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Track-based strategy

(approximate reconstructed J/psi
vertex as the Bc+ vertex)

-

[T. Ho, X. Jiang, T. Kwok, L. Liand TL, arXiv: 2212.02433]
See also [Amhis et al. (2021), Zheng et al. (2020)]

Rel. precision | (1.35 x 107?)

1
BF =)yt v,
0.8 B =Jlyu* v, ‘
Bkg. :
0.6 l
0.2 e
.__l-—r-‘
0 T : S—
10 20 30 40 50
EB;‘ [GeV]
-2
RJ/¢ 4.25 x 10

Rel. precision | (1.30 X 10_3)

Rp | 4.09 x 103

S

‘ Rel. precision | (1.03 x 1073)

Rp: 3.26 x 1073

Rel.

R, 9.77 x 1074
precision | (3.09 x 10™%)

—9




{

U

2 o

Channel SM prediction for BR ¢ = m2_ (GeV?)
B? — K7t~ (0.98 +0.10) x 10~7 [11] [15,19]
Bs — ¢t~ (0.86 £ 0.06) x 10~7 [11] 15,18.8]
BT - K*trtr~ (1.20£0.12) x 10~7 [11] [15,22]
B; — 7t~ (7.73+0.49) x 10~7 [12] -

Current sensitivity
is still far from the
SM prediction.

0
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[TL and L. F. Li, JHEP (2021)]
See also [Kamenik et al. (2017); Monteil et. al., (2021)]
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Current Limit Detector SM Prediction
BR(B® — K%vp) < 2.6 x107° [3] BELLE (3.69 £ 0.44) x 10~ [1]
BR(B° — K*vp) < 1.8 x107° [3] BELLE (9.1940.99) x 107° [1]
BR(B* — K*vp) <1.6x107° [4] BABAR (3.98 £0.47) x 107° [1]
BR(B* — K**vp) < 4.0x 1075 [5] BELLE (9.83 +1.06) x 1076 [1]
BR(B, — ¢vD) <5.4x1073 [6] DELPHI (9.93+£0.72) x 10~°
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[L. Li, M. Ruan, et. al., Phys.Rev.D 105 (2022)]
See also [Batell et al. (2011), Dror et al. (2017)]
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An Overall Picture
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Important for achieving a full test of lepton flavor universality,
one of the main hypothetical principles in the SM.
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o ___ Interpretatio

SMEFT operators SMEFT operators (down basis)
(013332 [oy* Py + 74" Pp7][bry, Prs]
(013332 2V [y Pyl by Pue] — [79#Pryv — 79 Prr][by,PLs]
[Oecal3332 [Ty* Pr][byu PR3]
[O14]3332 [Py Prv + Ty* Po7][by, Prs|
[Oge3332 [Ty* Prr][byuPrs]
[O1cdq)3332 Vs [PPRrT][bPLc] + [T PRT][bPLs]
[Oiedq)3323 [T PrT|[SPLb]
[Ol(jgu]3332 Vs [VPRT][bPRC]
[Opoulass2 Vo5 [pot” Prr|[boy, Pre]
B Tera-Z
2 . 10xTera-Z
[10 TeV]
1
0 — — ‘ I | I i i = —
-1
-2
(x 100)

[Cia'13332 [Cio'l3332 [Ceal3ssz [Cralzasa [Cgelsssz [Credqlsssz [Credqlss2s [CJR) 13332 [Cf2) 13332
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[PICh (2014); Cells et al. (2014) CaI|bb| and Slgnorelll (2018)
Calibbi et. al. (2021, 2022) Dam (2019, 2021)]

Z pole is also good for the test of lepton flavor violation

Measurement Current [104-106] FCC [107] CEPC prelim. Comments
BR(Z — Tp) <6.5%x10°° O(1079) T

| ( 108 bkg, o (Dirack) & O(Epeas) limited
BR(Z »1e)  <5.0x107 oao?)  @mell08l 77 bk olpina) & 0(Fpean) limite
BR(Z — pe) <75x1077 1078 —-10"1% 1 x107? [109] PID limited

~ 0(10'° — 10™) 777~ pair events are expected to produce at Z pole

Measurement Current [149] FCC [107]  CEPC prelim. [108] Comments
Signal side Lifetime [sec] £5x 10716  +1x10718 from 3-prong decays, stat. limited
BR(7 — fvv) +4 x 1074 +3 x 107° 0.1x the ALEPH systematics
m(7) [MeV] +0.12 +0.004 + 0.1 0 (Pirack) limited
BR(7T — ppp) <21x1078  O(10719)
BR(T — eee) <2.7x1078 )
bkg f
BR(T — eup) <27x1078 010719 i o il
BR(T — pee) <1.8x1078 0O(10719)
BR(T - py) <44x107% ~2x107Y 10 -
10~ VA bk limited
BR(r 3ey) <33x10"8 ~2x10° S, B e TR

i
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© The light boson can be invisible (missing energy) or visible
© The coupling can be flavor-conserving or violating
~ The discussions are applied for both lepton and quark sector
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Translate to Br(z—pua) ~ O (10
for Belle Il (50/ab)

Belle |l collaboration,
hys.Rev.Lett (2023)]
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5x107%{ —&— g’ €[m?2-0.1 GeV?, m? + 0.1 GeV?]
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[For more details,

Other Opportunities
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©  Detector performance

More Comments
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~ Baseline detector profile has been applied for most of these studies

© Study on the relation between the sensitivities and detector performance can
help to optimize both detector design and physics target precision

5.0

—— Branch ratio sensitivity
Benchmark point 30
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BR(Bs — ¢vv) vs. PID performance
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©  Systematics understanding
Current discussions of sensitivities are essentially statistical

~ Can the experimental systematics be controlled to be below or comparable to the
statistical ones?

~ Can theoretical accuracy for the background calculations and the signal predictions
catch up with experiment progress by the time of CEPC data taking?

~ Advanced analysis tools such as deep neural network

Many of these studies so far are cut-based NN
To what extent the ML tool can help if the event topology is complex or the event-l“”“”“{ )
level message is relevant 53‘”“”*‘%

L) e o
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W ~ More Comments

© Theoretical understanding

© Full understanding on the relationship between various flavor phenomena
and fundamental physics is demanded

~ Explore the potential impacts of flavor physics for the matter evolution of
the universe, such as the origin of baryon asymmetry (for an early effort,
see, [TL, M. Ramsey-Musolf, J. Shu, Phys.Rev.Lett. 108 (2012)])
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The Large Hadron Collider beauty (LHCb) experiment specializes in investigating the slight differences
——== hetween matter and antimatter by studying a type of particle called the "beauty quark", or "b quark".



https://lhcb.web.cern.ch/
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Take-home Message
We live at a unique juncture in history!

As a multi-functional machine, we would like to know the capability of the next-
generation e-e+ colliders like CEPC, to push forward the relevant physics frontiers.

As part of its physics potential, Higgs physics, electroweak precision measurements
and top physics at such an e-e+ collider have been extensively studied

Flavor physics is of high scientific value. The opportunities brought up by such a
machine should be fully explored also. Efforts have been initiated in recent years. But,
more comprehensive study is still needed. Stay tuned!
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