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How does flavor origin?

What governs the structure
of flavor couplings?

Are there new sources for
CP violation other than KM
phase?

Suppressed LFV, LFUV, etc:
accidental or fundamental?
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The new precision frontier in particle physics is expected to
be defined by a new e-e+collider.
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r Flavor Physics
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BR(Z — bb) ~ 15% , BR(Z — ce) ~ 12%, BR(Z — 7777) ~ 3%

Particle BESIII STCF (1 ab™) Belle II (50 ab™' on Y'(4S5)) LHCb (300 fb ") CEPC (TDR)
B°, B° - - 5.4x%10'0 3x 1013 4.8x10'
B* - - 5.7x 100 3x 10" 4.8x 10!
0 B - - 6.0% 10% (5 ab™' on Y(55)) 1x10" 1.2x 10"
B; - - - 1x 10! 7.2% 108
AY, AY - - - 2x10'3 1x10'"
D°, D° 1.2x108 7.2x10° 4.8x10'0 7x10' 8.3x10!!
D* 1.2x10% 5.6x10° 4.8x10'° 3x 10 4.9x10'
Dy 1x 107 1.8x10° 1.6x10'0 1x 10 1.8x 10!
A7 0.3x10’ 1.1x10° 1.6x10'0 1x10 6.2x 100
T 3.6x108 3.6x10° 4.5%10'° 1.2x10!!

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.
Clean collider environment
Low QCD backgrounds
Negligible pile-ups
Beam energy much larger than the quark and lepton masses
Boost kinematics
Higher precision of measuring momentum and efficiency for reconstructing vertex
m energy has been taken to improve event reconstruction
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W White Paper on Flavor Physics at CEPC

©  Present a picture of the CEPC potential, in
exploring flavor physics

© ldentify ""golden” channels (machine
operation mode, parent particle system,
physical processes) for critical physics

~ High scientific value

© Challenging or inaccessible for existing
experiments: complex event topology or
suppressed productions

~  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 these studies can be
directly applied to FCC-ee

[Led by Lorenzo Calibbi, Lingfeng Li, TL, and Manqi Ruan]
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W | * b — CTU Transition

- FCCC-mediated beta decays have resulted in the discovery of weak interactions.
~ Can be used to probe new physics and test LFU

4G
HeT ) = \/f ccho +hec.,

OSL(R) — (EPL(R)b) (¢PLv),
Ov,(r = (¥ Prgr)b)(lyu,PLv),
Or = (eo"b) (o, PLv),

1

~ (1.5 TeV) X dg;>

DN | =

ARG ~ (GF|Vip|dsL) ™
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JJ b — cTV Transition - Leptonic Hb Decays

(

E 7—+ ( B 7‘+
W+
B;h c?) B;h OBSM

C Vr \ C UV,
N
o
~ SM prediction: %’
S
BR(B. — 7v) ~ 2.3 x 1072 §
- Current constraint: i::
©

BR(B. — ) < 30%

© Expected CEPC sensitivities: for both
leptonic and three-prong tau decays

~ O(1%)
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b — cTV Transition - Semileptonic Hb Decays

_ Br(Hy, — H.1v)
° Br(Hy — H.lv)

Ry

Ry SM Value 4 Tera-Z

C

Ry 0289  21x1077

Rp. 0.393 2.1 x 103
Rp: 0.303 1.6 x 103
: R 0.334 4.9 x 104

C

Currently either no sensitivity

or a precision ~30%. e
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b — S Transition

© FCNC-mediated processes emerge at loop level in the SM
~ Can be used to probe new physics and test LFU

© Di-lepton (di-tau here) mode

© Di-neutrino mode

© Radiation mode

AG
el \/f VisVis > N7(Cj0; + CLO%) + (CLOL + CrOR) + hec.,
J
O = my(5Pp(1,b) (20), OY) = my(5Pp(1yb) (E4°0),
0f) = GV Pypb)lvub),  Of) = (57" Pu) (En2°0),
Orrs) = (50,ub) (o™ (°)8), 00 = L, (50 Pr(2yb) Fuw,

(&
OLr) = (S”Y“PL(R)b)(V’YnPLV)

2 1
2~ (2 Gp|VigVitldiare) * ~ (30 TeV) x brad

47t mW
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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.
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JJ b — STT Transition
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Current Limit

Detector

SM Prediction

BR(B® —» Kvp)
BR(B° —» K*%vp)
BR(B* — K*vp)
BR(B* — K**vp)
BR(B; — ¢vD)

<326 %10 (3]
< 1.8 x107° [3]
<1.6x107° [4]
<4.0x107° [5]
<54 x10 " [6]

BELLE
BELLE
BABAR
BELLE
DELPHI

(3.69 +0.44) x 10~ ° [1]
(9.19 +0.99) x 107° [1]
(3.98 £0.47) x 107° [1]
(9.83 +1.06) x 107° [1]
(9.93 £0.72) x 107°

|
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B Belle |l
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An all-three-family test of LFU in both charged and
neutral currents becomes possible!

i
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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




The LHCb ‘experiment will'shed light oniwhy we livelin a un
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A non-trivial task
to bridge the
potentially to-be-
observed CP-
violation and the
origin of CBA.
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r!se that!appears'to be'comﬁBs@d‘aln:?)g{enti‘rely of matter, but no antimatter
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Electroweak Beautygenesis:
From b — s CP Violation to the
Cosmic Baryon Asymmetry

Tao Liu', Michael J. Ramsey-Musolf?, and Jing Shu3

Show more v

Phys. Rev. Lett. 108, 221301 -
Published 29 May, 2012

DOI: https://doi.org/10.1103/
PhysRevLett.108.221301

|
|
tl

The Large Hadron Collider
beauty (LHCDb) experiment specializes
in investigating the slight differences

between matter and antimatter by
studying a type of particle called the
"beauty quark", or "b quark".

é@ Cornell University

Search...

d I‘le > hep-ph > arXiv:2502.00445

High Energy Physics - Phenomenology

[Submitted on 1 Feb 2025]

Electroweak baryogenesis from charged
current anomalies in B meson decays

Peter Athron, Michael J. Ramsey-Musolf, Cristian Sierra,
Yongcheng Wu

We demonstrate for the first time that new physics explaining
the long standing charged B meson anomalies, R(D(*)), can be
the source of CP violation that explains the observed baryon
asymmetry of the universe (BAU). We consider the general two
Higgs doublet model with complex Yukawa couplings and
compute the BAU in the semiclassical formalism, using a novel
analytic approximation for the latter. After imposing constraints
from both flavor observables and the electron electric dipole
moment (eEDM), we find that a significant BAU can still be

4



https://lhcb.web.cern.ch/
https://lhcb.web.cern.ch/
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CP-violation in B-Physic

© CP-violation in decay
© time-integrated asymmetry
© CP-violation in mixing

© time-integrated asymmetry and time-dependent asymmetry
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g Theory prediction -~
CEPC (Tera-Z, realistic PID) |
e CEPC (Tera-Z, intrinsic PID) =
w11+ w CEPC (Tera-Z, perfect PID)
s CEPC (10-Tera-Z, realistic PID)
e  CEPC (10-Tera-Z, intrinsic PID)
=111 m CEPC (10-Tera-Z, perfect PID) — |
s ATLAS (HL-LHC)

s CMS (HL-LHC)
s  LHCb (HL-LHC)

—
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Particle BESIII STCF (1 ab™) Belle IT (50 ab™! on Y'(4S5)) LHCb (300 fb ") CEPC (TDR)
B, B° - - 5.4x10'0 3x10"3 4.8 x 10!
B* - - 5.7x10'0 3x10"3 4.8 x 10!
BY, BY - - 6.0x 10% (5 ab™' on Y(5S)) 1x10" 1.2x 10"
B - - - 1% 10" 7.2% 108
AY, AY - - - 2x 1013 1x 10"
DO, D° 1.2x10% 7.2x10° 4.8x10'0 7x 10 8.3x10!!
D* 1.2x10% 5.6x10° 4.8x10'0 3x 10 4.9x 10!
Dy 1x 107 1.8x10° 1.6x10'° 1x10'" 1.8x 10!
AZ 0.3 x 10’ 1.1x10° 1.6x 100 1x10'" 6.2x10'°
e 3.6x 108 3.6 10° 4.5x 1010 C 12x 10“>
p—

Br (Z—> tau pair) ~3% + L_CEPC ~ 100/ab
> Yield at Z pole: 1.2 x 107M1

- Five orders of magnitude more than the LEP yield
LFV + LFUV




Tau Physics -

LFV

|
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- NP implications from CEPC:

# ('a’YMPL,RT) (/]'YuPL,RIi)

A > 44 TeV
L(ﬁO'“VPL RT)(I)F |
Tag side A2 J S
A > 2800 TeV
Measurement Current Belle 11 FCC CEPC prelim.
Lifetime [sec] (2903 £ 5) x 10716 +6x 10718 + 7x 10718
BR(r — evir)  (17.82+0.04)% + 0.003% + 0.003%
BR(r — pvo)  (17.39 +0.04)% + 0.003% + 0.003%
.0016 (stat.
m. [MeV] 1776.93 + 0.09 + 0.0016 (stat.)
+ 0.018 (syst.)
BR(T = ppp)  <21x107°  36x107"°  14x107" 1010
BR(T — uy) <44 %1078 6.9 x 107 1.2 x 107° 1010
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Tau Physics - LFUV
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Y
_ 9u / e
M > W-—
Je
Ve

PDG 2024 [l CEPC estimate

0.1790 -
68% CL contour

0.1785- 0
. /
m

0.1780 -

SM prediction
289.5 290.0 290.5 291.0 2915

T [fs]

Vr

9r /e,,u,d,s
- >

T W—

Ve, Vp, Uy U

- SM prediction
9e = Gu = 9r = 9 = e/sinHW

. Current precision
z—T — 1.0018 = 0.0014, g—T —1.0016 =+ 0.0014
e 7

- NP implications: ~ 104 =>
. Awg ==
+i(®171D,, ®)(Lsr!y*Ls)

A =~ 20 TeV.




) - _ Mavor Physies on

EW scales

|

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~2s~!, per IP)
Integrat:a;i luminosity 100 6.9 91 6 1
(ab™ ", 2 IPs)
Event yields 4.1 x 10'2 2.1 x 108 4.3 x10° 0.6 x 10°

© Flavor physics can be directly investigated at EW-scale
~ decays of Z boson, W boson, Higgs boson, top quark
~ Well-complement heavy flavor physics (b, c, tau)
~ Different energy scales
- Different physical effects (e.g., QCD)




“"u JJ Z Boson-LFV and LUV
Measurement Current HL-LHC FCC CEPC prelim.
BR(Z - 1u) <6.5x107% 1.4x10°° 10~ 10~
BR(Z - 71e) <50x107°% 1.1x107° 10~
BR(Z — pe) <2.62x1077 57x107% 1078 —10"1Y 10~

W7o TU MR T U WET e WN T - P N T - U W T S Uy |
1001 E

A[TeV]

0(1)#7

o O/ Ofe ot

we

- Higgs current operators: 0Y) = i(®1D,, ®)(L1*L), OF) = i(®tr'D, @)(Lr'y*L), Oy = i(®'D,, ®)(E1E)

- Dipole operators: Oz = (sin 0,0, + cos0,O0qw) With Oep = (Lo*E)®B,,, Oew = (Lo* E)r! @Wl{,,.

|

|

Dark: ATLAS + PDG

Light: CEPC Z pole + Belle Il
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Unpol.(5 ab™})

Unpol. (20 ab™})

Unpol. (5 ab-H+ww exclusive e
Unpol. (20 ab-H+ww

i

B inclusive

Pol. (0.5 ab™})

Optimjistic

Pol. 2 ab™})

Conservative

CEPC baseline o35 0030 0040 0041
|Vcb|

0.042  0.043

|

d, ‘/Ild Vus Vub
sl - 1V Vv Vg
b Va1 vl

~ Current precision is of percent level.
~ Discrepancy exists

~ At CEPC, could be measured through
© b ->ctransition at Z pole
v W ->Dbc at WW threshold

~ Could be improved by one more order of
magnitude at CEPC, potentially resolving
the tension




W Huggs Boson FlavorvnolatngecayS

10° 5 4.0
] —— Upper limit on Br -
—— H—-5sb, Br = 1073 L 3.5 é:)
10% 5 H - bb/célgg c
: _ —
] . Z-qq 3.0 O
J W - \O
10° 4 - Wmad in
S F2.5 9
o ©
Q
- 102 20 9
=
S s
S m
Ll 1.5 c
10t o
4
1.0 g
10° o
05 o
o
-’
1071 0.0
0.0 0.2 0.4 0.6 0.8 1.0

Combined scores for H—>sb

ofd) = (8'9)Q,8U; , 05 = (2'®)Q,eD,

~ 6D Yukawa operators: misaligned
fermion mass matrix and Yukawa
couplings => Flavor off-diagonal effects.

© Contribute to both Higgs decays and
heavy-flavor physics (mixing and decays)

—
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103 3
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10°
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0.

0.001}
x 1074}

.x10_45‘
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5 x10°8}
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107

=
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5 >
Upper limit on Bry_ 4 at 95% CL (1073)

T
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(92}

0 0.2 0.4 0.6 0.8 1.0
Combined scores for H - uc

B(ep) B(e) B(u1)
[Ieptonlc tau decays conS|dered]




W . TopQuark )

© Single top productions

~ Two-fermion FCNC operators
(mainly constrained by LHC) . X
e t e t

0l = i (qﬂﬁﬂ @) (U~*U;5) ,
0L = (Qio"r'U;) @W],, 0% = (Qio"U;) ®B,u, \\ /

e~ q e q
© Four fermion contact operators (mainly
constrained by LEPII)

0" = (LivLy) (Qk7 @), O™ = (Linur' Ly) (Qurr' Q1) | |
Ol(:;gkl) _ (Lz'y,uL ) (0197“(][) 15- 95% Cb_\ir=1d1iv_:_c::7I limits |
0" = (B ) (@17#Q) O = () (B0,
Oren” = ( Ej) e (QuU1), O = (LiowEj) € (Quo™Uy) - ‘§ N [
- Can be expanded to top pair events. E.g., % | | mr-tHoHEPw
- Current LHC bound: g | | @ GErc boceline
BR(t — cH) < 4.3x10~* at 95% C.L. - | BT
~ At CEPC: could be improved by one ool m | | me 0L B R B

-@B+a) | (@3) @3) | -(13+a) | _(13+a) = S1.a3) | T(1a3)

order of magnitude Sy Ay A e A QY




~ Light bosons (axion, dark photon, dark pion, etc.) can couple to lepton and
quark sectors, in a way either flavor-conserving or violating

~ Thus could be radiated from initial or final state particles, or produced in
lepton/quark decays, in flavor-physics experiments

- Yield a signature of missing energy, a long-lived particle or a visible resonance

.
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Light Hidden

Bosons - Axions

|

U

Z = 1(— £ + Missing)t(— 3nv)

Bkg. __ of 5x107%{ —&— g’ €[m?2-0.1 GeV?, m? + 0.1 GeV?]
m, = 0.01 GeV ~&— q?€[m?—-0.2 GeV?, m2 + 0.2 GeV?]
m, = 0.1 GeV —6— g?E€[m2-0.3 GeV2, m2 + 0.3 GeV?]
m, = 0.7 GeV —6— g2 €E€[m?—0.4 GeV2, m? + 0.4 GeV?]
m, = 1.0 GeV - ol :
a . m
-
- T 4x10°®
= [
< = v
m 7 >
| L 5 5
3 x 10 s d T T
. ‘ 1072 101 10°
-2 -1 2o : 1 2 m; (GeV)
q° (GeV?)
x1073
o5 _ Belle Il —- Observed UL || Expected UL + 1 std. dev.
JLdt =62.8fb" --- Expected UL Expected UL + 2 std. dev.

Translate to Br(z—ua) ~ O (10'5) o
for Belle Il (50/ab)

Belle |l collaboration,
hys.Rev.Lett (2023)]

BT - pa)/B (T = WV, V)

0 0.5 0.7 1 1.2 1.4 1.6

M, [GeV/c?]




Z = pupXinw
Z—7nta-
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CEPC: Higgs

Current
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Fast simulation(stat. only)
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{trom BY — J/y)
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Precision

Figure 46: Anticipated upper limits or measurement precisions for the flavor physics benchmarks at the CEPC. It should be remarked
that the limits of Z hadronic FCNC decays are statistic w.r.t. current performance of jet origin identification, whose calibration remains
challenging. A breakthrough is thus needed to control the relevant systematic uncertainty to a level comparable to their statistic ones.
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S+ B/S (%)

tor Performance

|

- Baseline detector profile has been applied for most of these studies

© Study on the correlation between the sensitivities and detector performance can
help to optimize both detector design and physics target precision
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—— Branch ratio sensitivity
Benchmark point 30
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Comments - Systematics and Al

©  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 Al tools
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Most studies here are cut-based
ML tools can address complex event topology

Al agent may further boost the efficiency of data analysis and
theory interpretation
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Take-home Message

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 broadly studied

Flavor physics is of high scientific value. The opportunities brought up by such a
machine should be fully explored also.

This white paper aims to offer a perspective - a comprehensive survey is still needed.
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