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Probing CP violation in T sector’
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Dipole moment: a brief review

» The anomalous magnetic dipole moment (MDM), a; = (g —2)/2,

ieaf_ . A e
OCeff:)% U'VfF;wN.uaS'Br }ta=%af

- electric dipole moment (EDM): df,
df UV~ 5 G
Legs D ?faﬂ YV fFu, ~dS5-E, Ceven, Podd

* At tree level, g =2 and df = 0.
. they are sensitive to the new particle and new interaction. (o (m;/A)>.)

- An EDM is a direct probe of CP violation.



The SM prediction

- In SM, the CP-violating invariant: § = Im[V, V%V 4,V ].

Suppressed by Glashow-Iliopoulos—Maiani
(GIM) mechanism, EDM « (m%mgmg)/m?

2006.00281

Atoms 7 (2019) 1, 28:

a, ~ 1.15 965 218 059 x 1073,

Lepton EDM in SM:

d5M| ~ 5.8 x 10~4%ecm
@M ~ 1.4 x 107%8ecm

d5M| ~ 7.3 x 10~38ecm

2505.21476:
a, ~ 116592033 x 10~°.

hep-ph/0701260:
a, ~ 11721 x 1073
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Lepton sector

- 2% =1159 652 180 59(13) x 1014 + a4, P =116 592 0715(145) x 10712 2506.03069
arXiv:2209.13084 . d;Xp < 1.8 x 107 %ecm 95% C.L. arxiv: 08111207
« d2P < 4.1 x 1073%cm 90% C.L. (ion trap,

arXiv:2212.11841)

- the a, and d, remain poorly constrained due to 7 short life (¢, ~ 10~13s).
» Suggest to study at collider.



EM form factor

_(&=2)r

ickvq,
2m.,

H, +Y*9°F4 + o#*'9°q,Hy v
CP violating d ,

' =1 ’)’va+

- In 7 pair production, F;, H; - F;(¢4%),H;(4?).
-2 -
4.(4%) = eHr(¢?), o< (%) = E52% = Hy ()

@ * Intermediate particles are on shell:
> form factor develop imaginary part.

- The imaginary d, is more sensitive to some NP

model.




Current Experiment Status (From PDG (2026))

d. @ (\/? = 10.58 GeV) (2108.11543):;
Re[d.] = (6.2 + 6.3) x 10~ 8ecm,
Im[d.] = (4.0 + 3.2) x 10~ 18ecm.

A, @ LW, pp — TH T (250319836) + The data is analyzed in the EFT framework.

() =t+26 -3
aT _ 0.5_09 X 10 d OBLEFT = ‘/_Iv CT,),TLU'#VTRPFV + h.c.
2A2
Anda,. @ LYY = TTT™ (2406.03975):
S — zﬁmTvRe(cw) 5d. — ‘/Evlm(cm)
a, = 09737 x 1078, T e Az T A2

Both 4. measurement assume no new physical at low energy.

No H, (4%) or a(4%) measured yet.
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The measurement

1og
I’V = L_l(’)/'uFV + :

2m, 7
iMP ~ le, TF2 ~1+b, -5, +b_-5_—§,-C-5_,
- §,:spin polarization of t#, analyzed by 7 decay

- The CP violation is included in the asymmetry of §,,.] T

» dI'/dcosf, ~ %(1 ianfni -§J_r)

15ee JHEP 04, 110 (2022) =, Phys. Rev. D 110, no.7, 076019 (2024),  JHEP 04 (2025) 001,  Phys. Rev. D 112, no.7, 075039 (2025), Phys.Rev.D 112 (2025) 7,075039 ...
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Map(2s)

My (4s)

o« LT,
L

65_(10"8ecm) 4, (1073)

4.0+ 0.71 /
83 + 1.8i 22 +49i
0.7 + 0.5i 0.06 + 0.05i

68% C.L.
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3 e(s+2m? d_-ky .-k
Im[dT] = —1 ( T) ( P + -;_C 7
m,/sys — 4m2 h h !
2m2 X ey =
Re[d,] = eZ il (L xI,) -k
who'ch,mﬂ/sz — 4sm2
_2(s+2m%)(s+m3) 5(s+ 2m.2E)2 2
Rela.] = s(s —4m2) B s(s — 4m2) (p ' k) y
e G s) (B[t (2]
Al = iy, _V5(s — 4m2) [P x k| .

The QED oneloop prediction (in unit of 10~3):
ar(my(2s)) ~ 1.1+ 64i, ar(mygus) ~ 024+ 0.22i.

. qz—dependence matters.

also see Phys.Rev.D 112 (2025) 7, 075039, JHEP 07 (2025) 172,...
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Light new phySiCS generate CP violation

Lint = ai—(gr + igr')’s)T

Scenario: A new light scalar (GeV) couple to T with both parities.
- May arise from CPV axion-like particle(ALP) model, multi-Higgs doublets model(e.g. 2HDM), ...

10

« The tightest constraint 9* — ay?, 0

102 3
103

104

— 0 5
T fy ‘TPT' :0 6
T 107
2 | > 10-8
q > 0 | a 6 1079
‘e ammaas — 1010
: a = 10114 o T
. f)/ &~1012
=
! 20 Parameter
Tt space

10 10 10° 10* 10° 10° 107 10% 10° 10' 10" 10"

m, [eV]

1 https://github.com/cajohare/AxionLimits
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EDM result . — m,=30GeV | —— m,=3.0GeV
§ 44 m,=1.5 GeV g 44 m, =15 GeV
_ S — m,=0.5 GeV L — m,=0.5 GeV
! T3 T3
9 X o o
q° >0 | = =
| a X 21 : X 21 9
' - i -
| = 1] = 1
' 0 /JK\/ g
o+ K —_ (\
01 | 0
-20 0 20 40 60 80 100 -20 0 20 40 60 80 100
q2(GeV2) qQ(GeV2)

- At one loop, d; ~ 10~ecm at 1(2s).

_ benchmark: g, ~ g, ~ 0.2,
e d. ~107%%ecm at Y (4s).

«—Bar-Zee type diagram,’

 no chiral enhancement.
or
« Numerically, two orders smaller than

L
‘ | ) experiment sensitivity.
L-loop shrinks to aFF.

TRev. Lett. 65, 21 (1990)
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Parameter space

10

Loce D 1 FF + —3FF
eff Zg ;Lg

LHC (,“}’)

collider searching: @BESIII (2211.12699) + @OPAL(hep-
ex/0210016 )

By —»a) _ 4(8° +§2)( m2)3

= 1— 2
B(y* - ete™) 327 e g>

7

§x&r 8§ x&r g [eV]
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Conclusion

. Spin-dependent T decay correlations provide access to both real and imaginary part of
d. and a..

. Timelike T dipole moments open a new window for probing new physics at future ete™
colliders.

. Im[d ] is particularly sensitive to CP violation involving light new scalar.

. Meanwhile, a precise measurement of a, is still needed to test the QED prediction.

Thank you for your attention!
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Two Higgs Doublet(2HDM) Realization

- Two-Higgs-doublet models are conservative extensions of the Higgs sector.

- They add a second SU(2); doublet and produce a scalar spectrum containing two CP- ™

even neutral states, one CP-odd neutral state, and charged Higgs bosons in the CP-
conserving limit.

V(®@1, D,) = mi) DD + m3,Phd, — (m3, P} D, + hc.)

1

1
+§/\1(q>{q>1)2 + E)\2(<1>§<I>2)2 + A3(P] D1 ) (PID,) + Ay (P D, ) (PP )
1

2
+[§A5(q>{q>2) + (AP} D1 + A, D1, ) (D1D,) + c.c.]
Higgs flavor symmetry: SU(2) x U(1) on (P, D,),

&, - elhd, , O, U,D,
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T T
In the Higgs basis, @, = [ G+, 2G| | O, = [ H+ HHA )
n the Higgs basis 1 ( 5 5 5
The mass matrix (b, H,A) is 3
M2 /\1 Re[/\6] —1Im[/\6]
v—z = Re[/\6] m22 2()\3 +/\4 + Re[/\5])vz Im[/\5]
—Im[Ag] —2 Im[As] My + 5 (/\3 + A4 — Re[A5])v?

« Decoupling: my;, m4 > v.

Alignment limit: A¢ = 0. (allow light states)

« corresponds to suppressing the mixing between the SM-like direction and the extra
neutral states.



- Consider the T sector (no flavor changing)

Ly D —(i)T[Yl(U+h)+Y2(H+iA’)/5)]T 14
V2

There are two invariant CP sources: Im[/\gY%], Im[/lgxlg] in alignment limit.
A nonzero Im[A5] induces mixing between the CP-even and CP-odd neutral scalars.
After U(1) rephasing: H, — Hze_% agds o (H,A) —» H', A’
the CP eigenstates (H,A) become the mass eigenstates (H',A’).
Ly =T(ag +ibyys)TH + T(ay +ibyys)TA
 For simplicity, set Im[As] =0,

Y Y %
“H=ReM, by = Im—=. aAz—Im[ 2], bA=Re[ 2]

V2 V2 V2 V2



Undetermined

* The momenta cannot be fully reconstructed. T

I -

A P

3 (S+2m

Im (d‘b') =

| R <l
Fortunately, we can use (K — p;")* = m;; toreconstructp, - k. N -

. AE_.m? — m}\s — m*\/s ‘\ :"
Pt k== \‘ 'l
(m2—m2) /s — 4m2 3 K
« With E_, we can determine p . - k and k up to a circle. ‘*"'
Vs | myps) 42GeV 4.9 GeV 5.6 GeV 6.3 GeV 7 GeV
om | 1.8 0.9 0.7 0.7 0.7 0.7

Table. Precision at ST[,'F in units of IO_ISecm, an order better than current data.

((ﬁ,, ] I’€> + <ﬁ,,+ : k)) Possible
m\/_\/s—étmz values of k

Fd LT
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Interpretation
The analysis of a. for experiment depends on the EFT framework:

1 _ _ 16
OCSMEFT D) F[ng (LTO'VVTR)HBI/”/ + Cg&,(LTUﬂVTR)TIHWLV] + h.c.
(4 _
— £LEFT = A2 CT,),TLU"MVTRP’MV + h.c. , CT’)/ = CWng — SWCS%[;
2\2m.,v Re<CT'r> Im(‘:m)
5a, = , 6d, = 2o—
e A? A?

The @ experiment actually means to Re(c,,, ) ~ —0.40f8:32(%)2,

and @ 8 means Re(c.., ) ~ —022+978(A Y.

Both assume no new physical at low energy. No H,(4?) or a,(g?) measured yet.



MDM result
with the same parameter setup: g, ~ g, ~ 0.2,

— m,;=0.5GeV
— m,=1GeV

— m,=3GeV
- —=- SM QED (one loop)

e ar(q?)

Im a-(q?)

a=1/a? (Gev]

« The oneloop QED dominated.

but with g, ~ 0.2, ~ 0.8, it can achieves the QED level.
 The precision test of QED.

~
~~o

@®) Fudsia
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— m,=0.5GeV
— m,=1GeV

— m,=3GeV

==+ SM QED (one loop)

(o7
q=1q? [GeV]




a.(g?) effect is hard to isolate in physical observable. But numerically possible.
- may suffers other spin-mode as background. (no symmetry protect)

> e.g. QED box diagram which can be ignored (~ O(m?)), see JHEP 07 (2025) 172. 18

- as long as the observable is symmetric under Mandelstam variables exchange t « u,

(cos @ & —cos 0).

2(s+2m2)(s+m%) 5(s+ 2m2)2

2) N2
Refa-] = s(s — 4m2) - s(s — 4m2) (p-k) g
o mmes) (R (pxR)
T 73| S R



The measurement of (¢ —2);

_2(s+2m%)(s+m%) 5(s+2m%)" [, .\2
Re (a,) = 5(5 — 4m2) — 5(s — 4n2) <<P-k> >, 19

Im (a;) = - 64m(2m2 +5) [ (P-k)[lz- (P xK)]
Y maye3(s — 4m2) |;5 X IAc| '
S 4| 00-0)°
AO; = ~— i=1L2,..,6.
2 4 42 1752
ARe (z,) = s+2m2 \132m7+6 mlTs+ S ,
s(s —4m?2) 14N
4 2 2
ATm (a,) = i4m72 dmz + 6m;s + 2s .
7T(s —4m3) s 30N
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Table II. Projected sensitivities to g — 2 at /s = My (2s) and N mry4s)- The one-loop QED prediction are
also shown in this table. Here we consider both 7 and p decay channel, and take the spatial resolution D = 30um
and 15um for STCF and Belle 11, respectively, as an illustration. At STCF, the luminosity is expected to reach

1 ab~—1 per year. Over ten years of data collection, the total number of 1)(2S) events is anticipated to be about

2 x 1010 [67]. At Belle II, the events number N, +,- ~ 4.5 x 1010 [65] [66].

vV q? [GeV] |Re(a®PP)|  ARe(ar) [Im(a¥®?)| Alm (ar)
My (25)(3.686GeV) 1.11 x 107% 2.17 x 10*3 6.39 x 10°% 4.90 x 10~?
M (4s5)(10.58GeV) 2.44 x 107* 6.29 x 107° 2.18 x 10~* 5.02 x 10~°




The SMEFT for (¢ —2) . and d.;

Css Cpp Cép ea?

aCeffDA—(TT)2+ 2 (Tl’)/5T) + if(?i’)g’[)(?’() F TO,,T — do P T Y5 T

d T2 21
C2 .02 > (33 C33
OCSMEFT D) L[(L H)TR] /\ezB (LTO':”VTR>HB + /iw (L 0' TR)U'aHWL’?V + h.c..
v 33 TT v’
Css = —Cpp ~ IA2 Re[c(eH)Z]’ Csp = EI [C(eH)Z]
a —2‘/5::17 Re[cwcgg SWCSI?V], dY = —ﬂ Im[cWC — sy C ]



Coefficient fit result (linear) fit result (linear + quad.)
oy ~0.002°53%8 ~0.002°931%
cly 0.010% 0.01°%1%
005713 ~0.05%13
Cld -0.02*03 -0.02*030
0,019 0,015
Cru 0.01+0-04 0.01+0-0%
Crd 0.07+0-32 0.07+9:32
i -1t -1.07})
i1 0.7:03% 07403
Hl L7t My
CHr 610 0.7*3-§
Crw 15*13 0.070
-30%, 0211
Crz 20+ 0.0+0-4
Cry 17 -0.1%5%

¢z, Measurement by ATLAS
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Two loop table
d, x<g.8.=1Iintable.

Table I. The upper bound of the two-loop corrections to d, at /s = 6.3 GeV, in units of 1072! ecm. Here, S and

mg(GeV) mp =m,: mp = 100 GeV mp = 200 GeV mp = 500 GeV mp = 1000 GeV mp = 2000 GeV

0.5 S —66.4448.17  2.69 + 0.83¢ 1.49 + 0.39¢ 0.68 + 0.162 0.38 + 0.09¢ 0.20 + 0.06¢

" P —1724228{ 4.46+ 1.22i 2.43 + 0.581 111+ 0.224 0.61 + 0.114 0.33 + 0.06¢

1 S —70.9+414.3: 2.64 4+ 0.81: 1.46 + 0.39¢ 0.67 + 0.15¢ 0.37 + 0.08¢ 0.20 + 0.06¢

P —1654 23% 4.39 + 1.152 2.40 + 0.55¢ 1.08 4+ 0.212 0.60 + 0.10z 0.33 + 0.052

9 S —944+43.4i 243+ 0.73¢ 1.34 + 0.354 0.62 4+ 0.144 0.34 4 0.08: 0.18 + 0.064¢

P —133+4 268 4.05+0.892 2.21 +0.42¢ 1.00 + 0.164 0.55 + 0.08 0.30 + 0.04¢

3 S —122476.4i 6.27+ 1.762 3.45 + 0.84i 1.58 + 0.34¢ 0.87 + 0.19¢ 0.47 4 0.15¢

' P —76.8+4+288 10.2 + 1.662 5.55 + 0.791 2.52 + 0.30¢ 1.38 + 0.15: 0.76 + 0.07%

P denotes new particle couples to F' as a scalar and pseudoscalar, respectively.

mg (GeV)

Mp = My

mp = 100 GeV mp = 200 GeV mp = 500 GeV mp = 1000 GeV mp = 2000 GeV

0.5 S —279+4152i 2374+ 0.92¢ 1.34 4+ 0.43¢ 0.627 + 0.17i 0.35 + 0.08i 0.19 + 0.044
a P —88.3 4517 3974 13T 2.20 + 0.654 1.02 + 0.25¢ 0.56 + 0.124 0.31 + 0.06¢
1 S 2784 14.6i 2.32+ 0.90i 1.31 4+ 0.43: 0.61 4+ 0.17¢ 0.34 4+ 0.08¢ 0.19 + 0.044

P —88.3+53.8; 3.91+ 1.32¢ 2.17 + 0.634 1.00 + 0.24: 0.55 + 0.12¢ 3.06 + 0.06¢
9 S —285+12.60 213+ 0.82 1.20 + 0.39: 0.56 + 0.15¢ 3.14 4 0.084 0.17 + 0.044

P —86.8+61.00 3.60+ 1.14¢ 1.99 + 0.54: 0.92 4+ 0.214 0.51 4+ 0.10¢ 0.28 4 0.05¢
3 S —3L.0+10.5 5404 2.044 3.014 4+ 0.974 1.42 + 0.38: 0.79 4+ 0.19¢ 0.44 + 0.104
’ P

—82.7+ 70.3¢

9.16 + 2.6114 5.06 + 1.244

2.33 + 0.48i

1.29 + 0.244

0.71 + 0.12¢

Table II. The legend is the same as in Table but for /s = 10.58GeV.

A d 4 kT
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