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SM well describes high energy phenomena
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New physics must exist

Established BSM Phenomena Theoretical Issues
- Neutrino oscillations - Origin of EWSB
- Dark matter, dark energy - Flavor hierarchies
+ Baryon asymmetry of the Universe . Strong QCD
- Cosmic inflation . Unification of the forces

- Quantization of gravity, -

Some of these problems suggest the existence of TeV scale NP,

but why are they not found so far??



Where is New Physics?

1. New particles are heavy.

: : they feebly couple to SM particles.
2. New particles are light, but - .[

their decay is hidden by backgrounds.

Q. Are there any “traces” of NP effects in low energy observables?

A. Yes.

Lepton sector is a good example to provide such observables.



Lepton Sector Physics




Lepton Sector Physics
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Lepton Sector Physics
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Muon g-2 anomaly

FNAL, 2104.03281 [hep-ex]

BNL g-2 . @
FNAL g-2 + -
< 420 >
@ : &
Standard Model Experiment
Average

175 180185 10 195200 205 210 21 Exp _ oM
a,ux10 - 1165900

Aa” =a, y
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Muon g-2 anomaly

BMW Collaboration, 2002.12347 [hep-lat]
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Electron g-2 anomaly

Measurement of the fine-structure
constant as a test of the

Standard Model

Richard H. Parker,"* Chenghui Yu,"* Weicheng Zhong,' Brian Estey,' Holger Miiller>t

Measurements of the fine-structure constant a require methods from across subfields
and are thus powerful tests of the consistency of theory and experiment in physics.
Using the recoil frequency of cesium:133 atoms in a matter-wave interferometer,

we recorded the most accurate measurement of the fine-structure constant to date:
a = 1/137.035999046(27) at 2.0 x 1071° accuracy. Using multiphoton interactions
(Bragg diffraction and Bloch oscillations), we demonstrate the largest phase

(12 million radians) of any Ramsey-Bordé interferometer and control systematic
effects at a level of 0.12 part per billion. Comparison with Penning trap measurements
of the electron gyromagnetic anomaly g, — 2 via the Standard Model of particle physics
is now limited by the uncertainty in g, — 2: a 2.5¢ tension rejects dark photons as the
reason for the unexplained part of the muon’s magnetic moment at a 99% confidence
level. Implications for dark-sector candidates and electron substructure may be a

sign of physics beyond the Standard Model that warrants further investigation.

Aa, = a® — SM = (8.8 43.6) x 10713
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Science

Science 13 Apr 2018:
Vol. 360, Issue 6385, pp. 191-195
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CPV In neutrino oscillations

2108.08219 [hep-ex]

CPV in the neutrino sector can be sizable.

C. Jarlskog (1985)
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Lepton Sector Physics
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Lepton Sector Physics
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New physics contribution at 1-loop

O Effective dim. 5 dipole operator

1/ e _ y
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New physics contribution at 1-loop

O Effective dim. 5 dipole operator S IH;'J
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New physics contribution at 1-loop

O Effective dim. 5 dipole operator S ;f
e
1 € _ v Phd RN
Lo = _5 (2_af) /J’LU“ HR F;w + h.c. 7 A
m / F \.\
. : HL =—L———c—> -
O New interactions: f f

Loew = F(frPr + frPr)u S + h.c.

1 m M? M2
- ap = S?M—;foR [_QF Hp (M_§> + Qs Hs (M_g)]

2
~ Jrir (M Mg for Mg « Mg
82 \ Mp Mg

There are 2 enhancement sources, i.e., 1) coupling enhancement, 2) chiral enhancement.

Ex. in the charged radiative seesaw model (Sec. 3)

o _31eV fr  fr
NP 9
S VA RN




Quick review of 2 Higgs doublet models

m Higgs basis Davidson, Haber (2005) Q‘ P,
$, _ c?sﬂ —sin 3 (I’, tanB = v,/v, o GV
b, sinf cosf3 ¢ u~2A¢
NG Iboson Charged Higgs B &
1

¢ ¥ - " | W\ [ cos(p-a) sin8-af
d = , . = 1 "N [ cos(B—a) sin(B-a
[ %(hl +v+iG") ] ﬁ(hz t hlﬁl) (h’;) (— sin(3 —a) cos(f — a))@
A
/ c:-odd Higgs 125 GeV Higgs

CP-even Higgs

O Higgs boson masses

mhz nJ )\VZ, mq)z g IVI2 + )\IV2 (CD = H:tl Al H)

O Decoupling limit: M? — oo

O Alignment limit:  sin(8 — a) — 1



2HDM with NFC

O Natural Flavor Conservation (NFC) Scenario
D, 4 - Either ©; or O,

| Ly = YuQu(i02)®;up + YaQr®adp + Yelpdoep +he. |

O This can be realized by imposing a (softly-broken) Z, symmetry.

Barger, Hewett, Phillips, PRD41 (1990);Grossman, NPB426 (1994)

Type-1 Type-11 Type-X Ty|_3e-Y
® b, D, (Leptophilic) (Flipped)
2 D, b,
u u ®, o 1 2
d e d = u u

d e d e



Yukawa couplings

O Lepton Yukawa interactions

Liep = =Yy Lp®plr = YL (P + &P )R

A
me. 0 0
\/5(0 m, 0) cotp (Type-1, Y)  -tanp (Type-II, X)

YN0 0 m,

my
(SB « _l_ 66 O££E) (for h)




2HDMs with Z,

: , nmy,
O New interactions: .. -, S ﬂﬂf
T e o
Lnew = F(fLPL+fRPR)NS‘|‘hC d \\\

A / \
: / I“I \

. : |JL —> L > A > > |JR

Muon h, H, A and H* fL fr

This corresponds to the chirality suppressed case:

1 /my, . \2 m,, 2 9 100 GeV 7%
82 ( v &) 8 (mH> 2x 1077 My "\ 1000

Type-II and Type-X 2HDMs: &, — tan (3

However, such a super large tanf is not allowed in these 2HDMs (e.g., LHC, Flavor exp. ).



2HDMs with Z,

O New interactions: . Tfe S ﬂﬂf
L T .
[-:new F(fLPL+fRPR)MS—|—hC /f “\\
A / \
: / I“I \
. : |JL —> L > A > > |JR
Muon h, H, A and H* fL fr

This corresponds to the chirality suppressed case:

1 /my, . \2 m,, 2 9 100 GeV 7%
82 ( v &) 8 (mH> 2x 1077 My "\ 1000

Type-II and Type-X 2HDMs: &, — tan (3

However, such a super large tanf is not allowed in these 2HDMs (e.g., LHC, Flavor exp. ).

“Muon Specific 2HDM” Abe, Sato, KY, 1705.01469 (JHEP)

- Way out 1: Extending Z, and having tanf3 enhancement only in the muon Yukawa coupling.
- Way out 2: 2-loop Barr-Zee contribution in the Type-X 2HDM.
- Way out 3: Forget about the Z, symmetry.



2HDMs with Z,

O 2-loop Barr-Zee contribution

1’ mi mF
Ay ~ (1671'2) 166 gﬁéF

|J >
O In the Type-X case, tau-loop (F = T) can be important.

Chun et.al., 1409.3199

o 1omy oy, )
c.f. 1-loop contribution ~ ~ ke v—; x —- X (tan 3) Abe, Sato, KY, 1504.07059
H
2 2 2 2 2
1 5 My, m tan 20 GeV
a, ~ 16e* —£ —L (tan 3)? ~ 107 x & X
1672 v? m5 50 ma

Chun, Kang, Takeuchi, Tsai, 1507.08067
Light CP-odd Higgs boson is required, which mainly decays into a tau pair.
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2HDMs without Z,

Omura, Senaha, Tobe, 1502.07824

O New interactions: . Free parameters S ’/JI/JJ Y
Enew E(fLPL+fRPR)MS‘|‘hC /.a"'"»“‘*-\
/ ‘\
: Z / T N
T h, H, A and H* M ——L—p——¢ = »— Hgr
f fa

oNPfLfr (M Mp ’
H 872 \ Mp ) \ Mg

VI r x (frfr) ~ 1079 x (L) X (foR)

1672 m,;  m% mm 0.32

- We can explain (g-2),, but the flavor problem may happen ---

- Can we explain (g-2), and DM at the same time?

Yes!
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Fermion Mass Hierarchy
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Can we explain the mass hierarchy with O(1) couplings?



Fermion Mass Hierarchy

e, d, u M, S T, C, b t
| I | | I | |
» Mass
| I | | I | |
/ MeV GeV
SM : mf p— yf ()]
\ e, d, u U, S T,C, b t
» Yukawa

10 103 102 1

Can we explain the mass hierarchy with O(1) couplings?

In particular, we focus on the charged lepton mass hierarchy.



Dark sector as origin of lepton masses

O Introduction of “dark sector” to the SM

4 ) 4 )

Quantum effects

SM Sector Dark Sector

Lepton masses

1 \N /v
~ (1671-2) X (M) X YNew  “Radiative Charged Seesaw”

Dark sector simultaneously explains tiny lepton masses and (g-2), anomaly.



How to realize the mechanism?

1. Dark sector can be defined by introducing a Z, symmetry.

lIJSM — ‘l'\I’SM: leDark — _\DDark

2. Tree level Yukawa should be forbidden by another Z," symmetry which has to be

softly-broken to generate a finite mass.

Vector-like mass
3. Chirality flip should be introduced in the loop.

Higgs mechanism

<h>

______
- S
-~ “‘
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i
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lr lR » v
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oft-breaking




Model

O We consider the case with the tree level tau mass and 1-loop induced p/e masses.

Fermions Scalars
Fields (LS, LY, L7)  (er.ur.7r) { (F5,FY) (F§ FR)Y H {®p ®g )
U(1)¢ (exact) (9:01:0)  (4e:9:0) | (Geeqw)  (Gerqu) § 050 0
7y (exact) (4, +, +) (++4) 1 (--) (o) d+ - -
Z Csoft-bfé'akipg)-- ...... (+,+,+) (=/,—+) ’\(+,+) (—=—) /| + i\— -,
i AT R New particles (Dark sector)
Forbid LFVs Forbid tree level mixing Forbid tree level Yukawa
Stabilize the DM candidate
(H)
O Lagrangian for the lepton sector b= -
L ) il -..."‘.-::: R
L=-y, L Hrr— Y (M°F{Fgp+ ffL3®LF}+ fRla®rFy) pa ..., ... @
a=e,p L F'a,""a ] R
r Iy

— pH® PR



Charge assignment under SU(2),xU(1)y

O We list the possible sets of the SU(2); x U(1)y charge.
F~(Ip,Yr) ®rr~(ILR,YLR) Lp®1Fg

with YL:—I/Q—YF: Yp=—-1-Yp ZR(I)RFL

L (L.0) (2, 21/2) (L =1) forli £ Ma, 1311.3213
(1_1) (251/2) (10)

(3,—1) (2,1/2) (3,0)

(2,—-1/2)|| (1 or 3,0) (2,—-1/2) —or+ Common dark sector contributes to mass
(2,-3/2)|| (1or3,1) (2,1/2) — and (g-2), — Sign of (g-2),, is fixed.

(33 1) (23 _3/2) (3 _2) +

(33[]) (23_1/2) (3=_1) +

Let us focus on the simplest case with F ~ (1, 0).



Charged lepton masses

_ (cosf —sind @it
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- Case with an O(1) coupling :

Muon mass — M ~ O(1) TeV

Electron mass > M ~ O(1) PeV



Anomalous magnetic moments

exp SM

Aag=a, " — a; Y

__JLfRrS20 My
g 1672 Mg

Aa

2 ¢ —. ,
z[(%) !”gmn(;é/w)” CE

for M; » Mgy = Mg, (=Mo)

- It gives a positive contribution to (g-2), .

- The dependence of the new Yukawa couplings does not explicitly appear.



Anomalous magnetic moments

Cheng-Wei Chiang, KY, 2104.00890 [hep-ph]

FNAL (2021) Nature, 588 (2020)
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Yukawa coupling

O Yukawa coupling does not simply obey y; = m¢/v .
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- The deviation is not suppressed by the loop factor, and it can be sizable.



Yukawa coupling

Cheng-Wei Chiang, KY, 2104.00890 [hep-ph]

O Contoursfor Kg = yg/yﬁM
Mgt = 200 GeV

Allowed (95%CL) by the signal strength
for pp = h = pp.

ATLAS, 2007.07830 [hep-ex]
CMS-PAS-HIG-19-006

Excluded by perturbativity bound

by using 1-loop RGEs.

- Future measurements of the p-Yukawa:

| > HL-LHC ~ 7%, ILC(250) ~5%
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Dark matter

Kai-Feng Chen, Cheng-Wei Chiang, KY, 2006.07929 (JHEP)
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Mass Spectrum

mg+ = 200 GeV, mg+ = 300 GeV
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LHC Search

2106.01676 (ATLAS)

O SUSY search
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"o but a careful study is needed to apply the limit to our model.

- If ®,* are singlet-like, we may be able to avoid the bound even

Z™) for small mass region.



[LC Search

Cheng-Wei Chiang, Ryomei Obuchi, KY, work in progress

O Lighter charged scalars can be produced in pair.

Vs = 500 GeV, cosf = 0.1, Mgt = 200 GeV
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- New fermion can sizably change the cross section.

- Polarized beam would be useful to extract the signal.



Summary

Radiative charged seesaw scenarios can naturally solve DM and (g-2),.

4 ) 4 )

SM Sector Quantum effects Dark Sector

VL-fermions + Inert scalars

Massless fermlons ----------------------------------

Dark matter

Strong relation F‘_r"'d

Lepton masses

Predictions

(1) Large deviations in the muon Yukawa coupling

(2) Light dark scalars can directly be detected at collider experiments.
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Dark matter indirect searches
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The limits on the thermally averaged annihilation cross section of dark matter as a function of
energy. The different graphs represent various annihilation channels. (Credit: Fermi-LAT collab)
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tanf
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New physics contribution at 1-loop

O Effective dim. 5 dipole operator Y
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For M, » m,, the last term can be dominant. In this case, we can estimate
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