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® Motivation

Standard Model of Elementary Particles
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® Motivation

Standard Model of Elementary Particles

three generations of matter
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Andrei Sakharov
Sakharov conditions:
1. Baryon number violating process.

2. Violation of C and CP symmetries.
3. Out of thermal equilibrium.

The CP violation in SM 1s much smaller than needed.

e There must exist a new source of CP violation.
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® EDM @) Fuigiw
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® |_epton EDM

Lepton EDM in SM

i § A 5T

Table 1: Most stringent limits on electric dipole moments.

d®™ =5.8x10"*ecm,
d®™ =1.4x10"*ecm,

d®™ =_-7.3x10*ecm.

Mass m = 1776.93 £+ 0.09 MeV

(m_o — m__)/Myerage < 2.8 x 10~ 4 CL =90%
Mean life 7 = (290.3 + 0.5) x 1013 s

N =

The t lepton has a very short lifetime!

How can its EDM be detected?

EDM Limit (ecm) Source

Electron 1.1 x 1072 (90% C.L.) | ThO [31]
4.1 x 1073 (90% C.L.) | HIF T [32]

Muon 1.8 x 1079 (95% C.L.) | [33]

lon trap

\

| I

MCP

Molecular beam

5cm
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i § A 5T

, possible

] NP

: particle
X

o

Intermediate particles are on shell - EDM develops an imaginary part!

Strictly speaking, it is a form factor, but the PDG adopts the convention:

‘ Re(d;) JSON  INSPIREQ, Im(d,) JSON  INSPIREQ

—16
VALUE(10™° e cm) CL% DOCUMENT ID TECN COMMENT VALUE (10728 ¢ cm) CL% DOCUMENT ID TECN DMMENT
—0.185 to 0.061 95 L INAMI 2022 BELL EZf =10.6 GeV

—0.103 to 0.023 95 1 INAMI 2022 BELL E =10.6 Ge
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® The measurements

—e(3s+6m?) <i_ -k> <i+ -k> The momenta cannot be fully reconstructed
Im(d + , 2 n
(d.)= 4m. Js4/s —4m?| @, a, Fortunately, we can use (k“ — p;‘) =m? to reconstruct |- -k
9 s+ 2m? ~ R 4E .m? —-m?/s —m?/s
Re(dr)— = — > 2<(|_X|+)°k>, |+k:i Vs 4 T
4 o, @, m_\/s* —4sm’ - (mz . mﬁ) /S _am?
T T
{ Ore(10~®ecm) Y
W A ﬁ}r— 120 A
(k) Carry 7° Possible
information values of k
—~ 90-
\ — C:) \%; 3.9
“t f" Q 60-
f‘b ; “\ ::
: “\ a" 301 2.9
_ k \Y K4 .

\ 4 5 6 7
\V See also Jia Liu's talk  [§¥a Vis(GeV)
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® Future Experiment Limits L A

Improvement in experimental sensitivity

Y

— O e ~a— _—- NE Mys)y 4.2GeV 4.9 GeV 56 GeV 6.3 GeV 7 GeV
= 1 ‘— f l St 1.8 0.9 0.7 0.7 0.7 0.7
= Sre(30) | 11 4.4 3.2 2.9 2.8 2.9
S 2% ] 57 <
Super Tau- Charm Facmty Given in units of 10718 ecm
@ SRedY [ecm] 6ImdY [ecm]
Ea[T33] Eub|Orea. | Eq [(533] Eub[O1ma. ]

V/5=10.58 GeV | | |
2.93 x 10719 0.42 x 1020 508 x 1020 2.43 x 10720

(Ny+-- = 5.5 x 10'9)
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® The measurements

_2(s+2m’)(s+m’) 5(s+2m?)’

.
v

& § 4

64m_(2m; +5) (p-k)[ii '(pXk)}

7et, /s (s —4m?) | pxK|

Zlab
T

Re(a,) = T m) 20 (P}, m(a)=-
W ( _
(k) Carry 7 « o . <
information
\T
V& [GeV] [Re(a®EP)| bRe(a,) [|Im(a®FP)| 6Im (a)

1.11 x 1073 2.17 x 1072 6.39 x 1072 4.90 x 1073
2.44 x 107% 6.29 x 107° 2.18 x 10™% 5.02 x 107°

My (28)

STLF

Iy s

Belle I

Reach the level of one-loop QED predictions

i
L

Current constraints a_ =—-0.5"20 x107°,

OATLAS

EXPERIMENT

SM prediction 4, ~1.1721x10°.

<10 >



® Indirect Limit i § A%

Although direct measurements of d,(0) are not currently feasible, P p+q
it is indirectly constrained by the electron EDM. cr é g % g % Y
0 19 > g
|d, |<4.1x10*ecm =) |d’[<4.1x10 " ecm.
Consider the low energy effective field theory qT
Fu

| T (= — | e
Lo D FCSP (zys7)(77) - df E F~ 10, )sT.

No direct constraint on C¢j (m;) but from the running :

m e . A
df(y):df(A)+A ye CSP(A)In;,

2

Needs fine-tuning or NP at low energies to evade the eEDM constraint !!
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Let us start with a CP-violated ALP L= % (0,a)(0“a) — > mia®+a7(a, +ib,y)7,
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® L_ight new physics

Let us start with a CP-violated ALP
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® L_ight new physics

Let us start with a CP-violated ALP
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-no chiral enhancement
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— 7 experiment sensitivity
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® L_ight new physics
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) At A

. _ 1 1, ., .
Let us start with a CP-violated ALP L= > (0,a)(0“a) — % m;a°+a7 (a, +ib,y, )7,
L —
g 2 Ee ;
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® ] 1 0.16 <m,<1.0 GeV/c> [Ldt = 408 fb~! —— Observed
5' 1:— - 13:25 (Preliminary) +20
5 oo E S e 1o
: T 20}
b 3 T
o 1zl
>15:
T 1
, 10;
' Q
Sl +
10 2 5 -
F;: b 0 I M M 1 " " " 1 " L L 1 L L n 1
2 04| 2 4 6 8
=
= m, (GeV/c?)
—”" p-p s =7TeV
5| = Pb-Pb \/8xy = 5.5 TeV | g y
0 - See also Robin Leboucher’s talk

1 1 1 1 Il Il
S S5 2 40 60 8 100
m, (GeV)

<15>



® ALP

Im|d,]| @Belle II

0.5 1.5 2.5 3.5
m, (GeV)
The limit obtained from the imaginary part is more stringent than that from the real part. .



® Realization in a Renormalizable Model b § 45

Two-Higgs-doublet Model (2HDM)

1 2 1 2
V(®,,®,) = mD[D, + m5,d[d, — (M0, + c.c.)+§ﬂl (o]®,) + EAQ ()0, )

1 2
+, (@]D, ) (PJD, )+ 4, ((DI(DZ)((I)Z(Dl)+(§ﬂ5(CDICI)2) +(4D]D, + 2,0]0, ) (0, )+ c.c.).
In the HIggS basis (V1’V2) = (V,O) CMS 138 fb! (13 TeV)
2 S aa st hae
G H (3 pys
o =| 1 o =| 1 1.3F % o i
. ﬁ(v+h+iG°) b ﬁ(_H +iA) 11..21%: | S E
1E e E
A Re[ 4] —Im[ 4] 0.9F E
M? MZ. 1 1 0.8} \ -
~7=| Rel4] V;' +2 (A +Rel&)) ~ 5 ImLA] CorE N e - ;
. > 0.6 E
—Im[4] —— Im[4] 1+ = (4 —Re[4]) 085 0.9 095 1 105 1.4 1.15
2 Vv 2 Ky

In the aligned limit, A, = 0
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® Realization in a Renormalizable Model

F(mHi,mH)+F(mHi,mA)—F(mH,mA)
167°av
2 2 2.,2 2
X + X X = o0.0
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® Realization in a Renormalizable Model

F(mHi,mH)+F(mHi,mA)—F(mH,mA) “
AT = s , g1
167 °av os £
2 2 2,2 2
X° + X X koo
F(X’ y) — y - 2 y 2 In 2 . -0.2
2 X - y y B asymmelries.
mH ~ mHi > 80 GeV ————— 14 ~ —ﬂs Cos ; :::::gzzgtzgzzwfocor

-1.0
-1.8-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04 0.6 08 10 1.2 14 1.6 1.8

S

£, =LY/®l +LY, 0l +hc.

—TV | +T(—M—im%jm +|‘( Im(Y,) , ; Re(, )7/5jIA+(V Y,l.H* +he),

V2 V2 22
Take Y, =~/2(b, —ia,), A can be a few GeV, generating a - EDM of 10™°ecm.
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Take Y,” = NG (b, —ia,), A can be a few GeV, generating a - EDM of 10 ecm.
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® Conclusion

-Timelike t dipole moments open a new window for probing new
physics at future e*e™ colliders, with its g2 dependence.

-GeV-scale light new scalars can induce sizable d,(g?) within

Belle Il and STCF sensitivities.

-Im[d,(g?)] is usually more sensitive to light NP than Re[d,(gq?)].

-Meanwhile, a precise measurement of a. is still needed to test the
QED prediction.
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® Colliders in China

pui® y
BEPCII
(Circular part)

BESIII dtector

R W A
Vil A

;L‘.'l/ 7 - [ {

Encouraged by T. D. Lee during
early planning

Peak luminosity (cm?s )

) e d 4 %
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Produced 2.7 x 10°y(2S), around 107
events of ¥ (2S) » 171",
Luminosity will be shifted forward by two
orders in STCF.
1 ] TECCed
—1c _CEPC
1 036 b SuperkKEKE > e jg
1035 —7 #‘#,_.-f" STCF E_
KEKB ) L SCTF 3
10* PEPI| - ’ =
o — f’f,_-“"BﬂEPCII - 2
10% = CESR-c ;
1 BEPC -
10° SLC _§'
1030 | | | |—=
1980 2000 2020 2040

Year of Data Collection
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® Light new physics

We discuss some general aspects of generating the z EDM from new scalar bosons.

N

[NP = Z(Snz—-(an - ibn7/5)f)'

n

The corresponding Wilson coefficients are found to be

2

T N
=2 Z( =Ty B )Iog( ;j
n 72. n

m? m

n n

To obtain a large CZ5 but a small d?, a delicate cancellation must occur in the summation for

d? but not for C&%

Alternatively, one may evade these constraints by considering light NP.
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