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Introduction

* Muon anomalous magnetic moment (muon g-2)
Muon g-2 collab., PRL126(2021)141801

[ New physics hints ]
BNL g-2 : = -
FNAL g-2 + —@ * 2ZHDM
e MSSM
* U(1) extension
< 420 > ( )
® e
Standard Model Experiment
Average 1-loop diagrams
175 180 185 190 195 200 205 210 215 -
9
a,x10° - 1165900 o

v’ CP conserving process 4@
[ T
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* The same diagrams will have contributions to CP violating
processes = electric dipole moment (EDM)

4 9 Relativistic
Parity: S—+S B—-+B E — —E

LD —%472M (o’ 1) Fop —d ;(MU Pys 1) Fogs

* EDM (d,): same type of operator as g-2

if model has CP violating source, EDM is predicted!

* Lepton EDMSs constrain models with CPV



Introduction

* Experimental status of EDMs
electron muon
de] <1.1x107* ecm (90%C.L.)  |d,| < 1.8 x 10~ ecm (95% C.L.)

ACME collab., Nature 562 (2018) 355

de| < 4.1 x 107 ecm (90% C.L.)

JILA, 2212.11841

Muon (g-2) collab., PRD80(2009)052008

Note: For tau EDM, < O(10Y7) e cm

Belle collab., PLB551(2003)16

* Indirect bounds

. : : NPB292(1987)93, PRL65(1990)2939,
- Minimal flavor violation PLB500(2001)161, NPB645(2002)155, JHEPO8(2014)019

‘du| — ﬂde

< 2.3 %1072 ecm - Severe constraint for MFV models
mMe

- EDM of heavy atoms

Ema, Gao, Pospelov, PRL128(2022)131803, PLB835(2022)137496

‘d'u‘ <1.7%x107%% ecm - One order smaller than direct bound
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Introduction

* Future prospects

|d,| [ecm] Ref.

Fermilab (g — 2) exp 10— 21 1 [1] EPJ Web Conf. 118 (2016) 01005
' o1 = [2] PTEP2019(2019)5, 053C02
J-PARC O(10—=) [2 [3] 2102.08838 [hep-ex]
—23 _ [4] 2201.06561 [hep-ex]
PS,I 6 x 1024 [3 5] [5] PoS NuFact2021 (2022) 136
J-PARC (dedicated exp.) 10~ 6] [6] PRL93(2004)052001

[ Muon EDM is also important obs. for NP search! ]

Note: similar contributions to muon g-2 and EDM predict

| ~ %Aau ~ 234 x 1072 cem
7

 What kind of model can predict “large” muon EDM?
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Introduction

d,, ~ 0cpv X {

. e . . d0cpv : CPV phase
* Model classification - rough estimate M : New physics mass scale

( )2 k m . A : Coupling in loop

( 1672 ) M'L; (SPUI"IOH) Yur : LFV coupling

k : Loop level

v A2 \*m

)lf > <167r2) ﬁg (Flavor changing)

% (Radiative stability)

A2 g VH 4mv .

\)\ (167‘(‘2) Ve < e (Tuning, A < 47)
use A~ 0.65, y,, ~ 0.3 1-loop 2-loop

NP scale M

Spurion

300 GeV (75 GeV) | 16 GeV (4 GeV)

-

Flavor changing

580 GeV (140 GeV) | 30 GeV (7 GeV)

Radiative stability

5900 GeV (1400 GeV)

Tuning

1.0 x 10° GeV (2.5 x 10° GeV)

Y. Shigekami (TDLI)

Produce PSI (Fermilab and J-PARC)

Large muon EDM in two Higgs doublet model and its extension

Large d,!



Introduction

* We focus on Spurion and radiative stability approaches

for g-2 explanation,

Spurion ... muon specific two Higgs doublet model (2HDM) seroz20171012

» CPV source > scalar potential: Vo > —m?,®1®, + %(@{@2)2 +h.c.
» Large muon EDM from large tanp ~ (O(1000)

> |du| ~ O(107%3) ecm

Radiative stability ... radiative muon mass model for g-2 explanation, 1eros 20211174

mrr

» CPV source = exotic fermion sector: £ > —mpirir — , Vs
» Large muon EDM due to radiative mass — %w_ﬁiw;{ +hec.
rad YLYR _929
dyymi o S5 ) |dy| ~ O(107%%) ecm

[ Both models can be explored by future experiments! J
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Muon specific 2HDM

Ref: Abe, Sato, Yagyu, JHEP07(2017)012

* Model: muon exclusively couples to 1 scalar doublet
¢ | uh | d% 05 07 (7 |er | TR | ur | 1 | P2

SUB)c| 3 | 3 3 1 1 1 1 1111
SU((2)L 2 1 1 2 2 2 1 1 1 2 2

Ul)y [1/6|2/3|—=1/3|—-1/2| -1/2 | =1/2 | -1| —1|—-1|1/2]|1/2

Z4 1 1 1 1 1 ) 1 1 ) —1 1

Z, sym.: only muon couples to @, S

2 scalar doublets
* Yukawa couplings and scalar potential

Ly = -1 Y,up — GrP2Yydp — Z yely ®2ER — v, lh ®1up + hec.
E=e,r

A
Vo = m2,®{®; +m2,0l 0, — chg +h.c] LA L(@le,)” + —2(@5@2)2

+ A3 (D] D) (2105) + A4 @TN /@qﬂ% +hc]

CP sources, relative phase is phy5|cal



https://inspirehep.net/literature/1598051

Muon specific 2HDM

* Muon magnetic and electric dipole moments
g-2 EDM

4 2 2 3 2 2

m,; Am m em; Am m

-~ p H ,2 H -~ m H ,2 H

Aa, ~ S22 4}{ tcog log (—2 ) d, ~ — 4}{ t3s2¢ log (—)
m ”lu m

Sg: mixing between CP-odd and CP-even heavy Higgses
2 2

Both enhance large tanB and Am3, = m3,, — myp,

* Dependence of 6
6 - 0 (orm/2): Aa, /, d, \ (CP conserving limit)
B = n/4: Aa, ,d, J (maximal CP violation)

L 0 - 1/8 (sg > 0.35) will be important both for Aa, and d, }
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Ref: Nakai, Sato, YS, PLB831(2022)137194

2

Muon specific 2HDM
Note: Ampy = y/m3, —m3,

* Results: tanf = 3500 (left); Am, = 300 GeV (right)

d, [1072® e-cm]: my = 650 GeV, tz = 3500 dy [10°° -23 e-cm]: M = 650 GeV, Amy = 300 GeV
: 4000—

3507

300

3500/
250 - 7
7 3000
= 200
O | SN
- | 25001
€ i I
E 150

2000 |

100

1500 |

00 01 02 03 04 05 06 07 0.0

[ Interesting parameter space: s5 ~ 0.35 ]
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Ref: Nakai, Sato, YS, PLB831(2022)137194

Muon specific 2HDM
Note:AmHz\/m

* Results: tanf = 3500 (left); Am, = 300 GeV (right)

However, LHC Run 2 full result pushes up the lower bound on m,!

CP-conserving muon specific 2HDM case: m, > 900 GeV is required

Iguro, Kitahara, Lang, Takeuchi, 2304.09887

When m, =900 GeV is applied...
e g-2 band is disappeared (or require lower cutoff)
* itis difficult to test at PSI experiment, although d, = O(1023) e cm

Amiy 42
4 "B

Note: Aa,,, d, o
po Qpu m,


https://inspirehep.net/literature/2064297
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Radiative muon mass (Rad-m,) model

Ref: M.J. Baker, P. Cox, R.R. Volkas, JHEP05(2021)174

* Model: singlet fermion + singlet scalar + doublet scalar

LY pr H Y Yr ¢ 1 Assign four Z, symmetries:
SU2)L|l 2 1 2 1 1 2 1  L,.. muon number
Y _% 1 % 0 0 % 1 -> avoit-j LFV constraints
L, _ — 4+ T T - — e X ;e[)x&tf r;}lj.inber
X T A — e S, ... softSI; blrlo\lien
Sa + - L - forbid Higgs Yukawa

* Lagrangian
1 - - mrr 5 ¢ MRR——
LD (—WLL(b YR — Ynrnpur|— mpYrLYr — YLy, — 7¢R¢R + h-C-) — Vel

2

V= X |mistat 56187 4 dmo(H )60
s=H,p,n

)\//
# Xigg (H10)(H) + (attto + 252 (7o)

Aty (HVH) (') + Agy (070) (n'n)

One phase of (m,, m,;, mgz) cannot removed - CP source of the model


https://inspirehep.net/literature/1853442

Rad—mu model

* Radiative muon mass (with zi. = m%. /m,)

mrad _ yiay%z, Li,a In Li,a - YopYn S2052a
g 1672 Y @y, —1  |1672 4

1,Q

* Attach photon - dipole operators:
— _af

€
4m’ua’,“d('u0- ’LL)FQ‘B_Q

~

YoYn S2052a
1672 4

Ldipole

ay,, d,

—dy, (iP5 1) Fup

MR
Yq

1,2, @f2 : mass eigenstates

v, 0 : mixing angles for i, gozz-t

KR

* Loop factor + couplings > m, [

Enhancement is expected!

Y. Shigekami (TDLI)

Large muon EDM in two Higgs doublet model and its extension
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Rad—mu model

e Constraints on the model

h > p*u- decay; Z > 'y decay Small NP effects
Pt lsaee BR(Z — up™) 1 are required
P L(h— ptp)|sm BR(Z — ete™)

Scalar couplings ... unitarity constraints, T-parameter and SM vacuum
trilinear (a) and quartic (A;) couplings are constrained

Collider searches for exotic particles

slepton searches can be applied to our model

Dark Matter (DM)

check relic abundance (DM candidate is (4 in our analysis)

* We explore viable parameter space which is consistent
with these constraints and (g-2), with large d,,



Ref: Khaw, Nakai, Sato, YS, Zhang, JHEP02(2023)234

Rad—mu model

[ ye =12, Mg = (1000GeV)?, a = 900 GeV,
* Results Inputs:

mp = 700 GeV, mprr — 1000 GeV, Qphys =1.0

dy [[1'0‘?3 e cm] (Bpnys = 1)

850; ~// i v d,>102%2ecm!
: Aa, 20 A //
800" (5,7 Note: PSI sensitivity ~ 6 X 1023 e cm
L / ég
ol ‘e v’ Aa,: Exotic mass of 700 GeV
S <
S 700 v DM relic = coannihilation
—_ 7
G o/ is required
650 - A N
| 728 Il v Enough small contributions
L &'\
s0of ¢ :*g toh > utp and Z > pu
I 7))
T . .
i T d, > 10?! e cm is predicted
L/ k- SERTEE
>50 A YAA. ... FNAL, J-PARC prospects
prosp
550 600 650 700 750 800 850
my, [GeV]

Y. Shigekami (TDLI) Large muon EDM in two Higgs doublet model and its extension 14


https://inspirehep.net/literature/2611054

Summary and Discussion

* We explore the possibilities to predict large muon EDM
focus on muon specific 2HDM and Rad-m, model

— N

Large tan3 ~ 3500 No loop suppression

* Predictions:

muon specific 2HDM ... O(107%3) e cm - constrained by LHC...
Rad-m, model ... 0(1072%2) e cm - can be tested by PSI!

* Rad-m, model has a parameter space which can be
tested by FNAL and J-PRAC experiments (O(1021) e cm)

[ The muon EDM may have important key for the NP! J




Back up



2

Muon specific 2HDM
Note: Ampy = \/m3;, —m7,

* Results: tanf = 3500 (left); Am, = 300 GeV (right)
my =700 GeV case

d, [107% e-cm]: my = 700 GeV, tg = 3500

350 7 : e NE— r
i Acutdys S 10V . T ] 4000
300" I
’ 3500 -
2501 i 7
; 3000 !
= 200
O o |
e r “ N
EN 2500, |
E 150
? 2000 |
1000 . ,
1500 -
00 01 02 03 04 05 06 07 0.0
So Se
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Potential analysis for 2HDM with CPV

Vo = mf @1 @1 +m3,05®@: — [mip @] P2 + huc] + %(qﬂ@lf i %(@5%)2

A
2 (@10)) (®102) + Au(@10,) (0101) + [?5 (01,)° + h.c.]

 Mass matrix elements of neutral scalars:

5;& = )\1’1}26% —+ )\2?}28% + 2)\345’028%0% . <<I>2> = Vo, tan § = 712/711,U2 = U% ‘1”“3
5 3 9 3 )\345 = )\3 + )\4 + Re)\5
5}1[3 = — (A1 — A3g5)v S3C3 + (A2 — A3q5)v 53C8

5ﬁﬁ = ()\1 + Ay — 2)\345)?}28%6% ,

07,4 = —Im)\5'025505 :
| - 0 for CP conserving models
Ogi = 5(—0% + sé)lm)\wz :

i1 = —Relsv?. > CP-odd scalar mass for CP conserving models

Y. Shigekami (TDLI) Large muon EDM in two Higgs doublet model and its extension 18



Potential analysis for 2HDM with CPV

)W )
Vo = m3 ®1®) + mZ®i®; — [m2,®] @y + hc] + 25 (cb*cb )+ 72(c1>§c1>2)2

+ A3 (@]D1) (BIDs) + Ay (B]D2) (B]D1) + [ (0] ®,) —I—h.c.]

 We consider M2 > 6 ~ v2

mass matrix is approximately diagonalized:

RT M?R = diag(m2,m%, ,m%_,0) > diagonalizing matrix: R = Ry R3

1 8; 7 /M? 6 :/M? 0 1 0 0 0

- 5Eﬁ/M2 1 0 0 . 0 Co Se 0
Hy = 67 7/ M? 0 1 of =10 —s5 ¢ o0
0 0 0 1 0 0 0 1

mj, = 6;, + O(1/M?),

Mass eigenvalues: < mi, = M* + 6555 — 205 450co + 05555 + O(1/M?),

m%{z = M2 —I—(Sggsg + 25ﬁASQCQ —|—5AA63 —+ O(l/M2)

Y. Shigekami (TDLI) Large muon EDM in two Higgs doublet model and its extension 19



Potential analysis for 2HDM with CPV

Vo = mf @1 @1 +m3,05®@: — [mip @] P2 + huc] + %(qﬂ@lf i %(@5%)2

A
2 (@10)) (®102) + Au(@10,) (0101) + [?5 (01,)° + h.c.]

* Expressions for A;in M? > & and large tanf limit
Av? ~mi + (m% + saAm3, — M2) t% — 207 gt3,

Aov® > mj, 4+ (m3 + sgAmE — M?) t5% + 265 5t 5,
A3v® ~mi —mi — sgAmiy — M? 4+ 2m%. + 67 5 (tgl - tﬁ) ;
Mv? ~ M? +m?3 + cgAmy — 2m?’{ﬂ: ;

Redsv? ~ M? —m3 — c;Am3, ,

2 520 A2
ImAsv° ~ — 2 _ 2 My - [ M? is chosen so that A; becomes O(1) in large tanf limit ]
B 6
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Potential analysis for 2HDM with CPV

)W )
Vo = m3 ®1®) + mZ®i®; — [m2,®] @y + hc] + 25 (cb*cb )+ 72@);@2)2

+ A3 (@]D1) (BIDs) + Ay (B]D2) (B]D1) + { (0] ®,) +h.cl

e Theoretical conditions

[Vacuum stability ] A1 >0, VAide+ A3 >0,

)\2>O, \/)\1)\2+)\3+)\4—’>\5‘>0.

[ Perturbative unitarity ] B(A1 + A2) £ V/I(A — A2)? + 4(2A3 + \a)?
2

(A1 +A2) £ /(A1 — A2)2 +4)2
2

< 8w,

(A1 + A2) £ /(A1 — A2)2 + 4|A5]2
2

< 8w,

Y. Shigekami (TDLI) Large muon EDM in two Higgs doublet model and its extension

< 8w,

)\3:|:>\4‘ < 8r,

‘)\3 + |)\5|‘ < 8.
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)\3‘1‘2)\4:*:‘)\5“ < 8w,



Potential analysis for 2HDM with CPV

* Higgs quartic couplings —> related to theoretical conditions

2

. Rem 07 7 X
Parameterize: 2 = m? + sgAmy — 2-0HE 2
sgcg lg tﬁ

Av? ~mi 4+ Xo?

Roughly, required to be:

2 .2
A2u” = mj, X ~O(1)
)\37J2 ~ m% — 253Am%{ + QATTL?E — 5;”5[155 OnE ~ O(’UZ/tB)
2 2
v ~ Am?3 — 2Am7 Ami ~ v
Am3i ~ v?

Relsv? ~ —CQQAm%,
ImA5v° ~ SZQAm%[ 0 =0 - CP conserving limit

Scalar masses:

2 2 2 _ 2 2
{mh7mH17mH2 = my, +Amy

) [ Large tanf is important for Aa,, d, ]

2 2
M+ = my, +Ami

Y. Shigekami (TDLI) Large muon EDM in two Higgs doublet model and its extension 22



Potential analysis for 2HDM with CPV

* 1-loop RGEs for dimensionless couplings

d 1 3
- relevant couplings: g;, A;, v+, y,, Pan©~ 16m2"

591 = +7g?7 592 = _3937 593 = _7937

3, 3 9
B, = +701 + 59105 + 795 = 301 A — 993 M + 1207 + 4N + Ahsha + 205 + 25 F + 4y, — dy

3, 3 9
B, =~ +ng + 59593 + Zgg — 397 Xo — 9g5Aa 4+ 1223 + 4X2 + 4X3)y + 203 + 2|52 + 12097 — 12y7

3, 3 9
B, ™ +ng — §g§g§ + Zg% + 2y + 6y7 — 397 — 993 + 6A1 + 62 + 4X3) A3 + 2A1 Ag + 220 + 277 + 2| A5 )7,

Bra = 39105 + 8[As|° + (2u; + 657 — 397 — 995 + 201 + 202 + 8A3 +4Aa)
Brs ~ +(2y5 + 6y7 — 397 — 995 + 2A1 + 2X2 + 8A3 + 12X\4) A5,

9 17, 9 5. 3
By = 5 + (—1—295 - 595~ 89§> yooo | By =AU - 1<5gf + 395)%-

2m t
* We have Iarge y“: Yy = Q\/l +t52 = 0.6 X (Wf)())

U
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Muon specific 2HDM

* Parameter scan strategy — we have 7 parameters
_ M

my, Amy, AmZ, tg, 0, We can optimize these: 2
\ [0ha| S10x
8

Sub-dominant for Aa,, we can fix it as Am3 = Am3; /2 = Ay ~ 0

[ Higher cutoff A+ can be obtained! ]

satisfy all perturbative unitarity and
vacuum stability conditions at this scale

* We focus on my = 650 GeV to avoid LHC constraint
Abe, Sato, Yagyu, JHEP07(2017)012

* Find parameter space for (sg, Am,) and (sg, tanp) planes

we assume A ¢ = 10 TeV is viable parameter space

Y. Shigekami (TDLI) Large muon EDM in two Higgs doublet model and its extension 24
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f couplings in muon specific 2HDM

* Fermion-neutral scalar couplings:

Ly = —qr®2Yyur — P2 Yyadp — Z yely ®sER —{y, 0} ®1pR|+ h.c.

E=e,r
- m Ro;\ -, . Rz ;
Ly D — Z Tf [(Ru + tz ) ff+28ft—3f%f] i
& &
f#u
m . _
— TM {(Rli — Roitg) iy — ’LR3it6,LW5ﬂ] ;i

+1 for f=d,e
S =
/ —1 for f=u

* Only muon coupling is enhanced by tanf3

Note: Ri1 =~ 1, R; < 1



1-loop integrals for Aa, and d,

 Neutral scalar contribution
1 2
2 _
Is(r) = / dx x2( z) (CP-even)
Ag. - 0o Trzc—x+1

u

1 _ 3
IP(T)E/O da:ij . (CP-0dd)

— T+

.’L‘2

1
d,: = [ d
wi Jolr) /0 i — x4 1

e Charged scalar contribution

1
Aa,: Ic(T)E/ dx
0

—z(1 — x)
rr+1—r




2-loop contributionto d,,

* Dominant one: Barr-Zee type diagram with muon loop
emu
(47)202

. 2
d;’fbi'%'y = — ri (R1; — Raitg) Raitg ?Oéfu("“i)

1—a(l—a) [x(l —x)]

1
loop integral: Iu(r):/ dx
0

n‘}f

JHEP01(2014)106, JHEP08(2017)031, JHEP12(2019)068

!
h, ho, hs '
!

v’ 1- and 2-loop contributions are
7 U

o, di,¢7;—'y—’y _ dz < 20 I,LL (TZ)
7 H o fo(ri)

* Facts: [2a/m ~ 4.6 x 1073
L,(r) ~ —(15-19) fo(r) [Z-Ioop contribution is important!]
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[-parameter

Peskin and Takeuchi, PRL65(1990)964; PRD46(1992)381

(=1 in the SM)

2
Miy

* p-parameter: p = — 5= 5
Z %

* NP contributions deviate it from 1: Ap = oT
experimental status (PDG): |T'| < 0.2

* In 2HDM, mass differences among H, , and H* are crucial

Grimus, Lavoura, Ogreid, Osland, J.Phys.G35(2008)075001; NPB801(2008)81

* For muon specific 2HDM, Am, is enough small to satisfy
e.g.) m, = 650 GeV with Am, =320 GeV and s =0.35 2 T=-0.03

* Radiative m, model also predicts small T ~ 0.002


https://pdg.lbl.gov/index.html
https://inspirehep.net/literature/296528
https://inspirehep.net/literature/321491
https://inspirehep.net/literature/768571
https://inspirehep.net/literature/780413

h 2> utu decay in u2HDM

 Yukawa interaction in mass basis for scalars:

: m R i = ) R i = m _ . —
LY = — g it [(Ru + t2 ) ff+ ZSf—Sf%f] ¢; — —+ [[(Ru — R2itﬁ)]/l,u — ZRsitBM%M] O
A" ? & ’

V2 V2

—thMVMPR,u - — Z mgl/gPRe

_|_{ \/—Zu mdaPR—muaPL)daH+
vip £ p

vtg

H+—|—hc}

* Large tan limit, h-u-u coupling may be large

current experimental status (95% C.L.):
k| <1.47 (ATLAS)

ATLAS collab., PLB812(2021)135980

0.61 < |k,| < 1.44 (CMS) CMS collab., JHEP01(2021)148
U2HDM
Oh i O(v?)
<:> —R11—Rz1t5—1+M2 ~ 1+ )
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Mass spectrum in radiative m, model

* Fermion sector
L, - — (mrr, mp (3
_5 (¢L ¢R) (mD MRR (%D]I%) +he.
\ ( Co, Sae_iT)

M ding = U;Mijg , Uy =

1T

( 1
mfbl — 5( <0 4—177,%,‘1%—|—2|mD|2 — Amfb)

Eigenvalues: < 1
kmpr — 5( QLL —|—fnﬁ;m—|—2|mD|2 —I—Am?p)

2
2 2 2 , .
Amw = \/(m% 5, m2RR) +4 ‘mp‘ ‘m[ LE i0phys + mRRewphys

Mixing angle and phase:

2 mp ;
| 2‘ ‘mLL6 Phvs | et VPhye
Am

" \

T=0when B,,,,=00rm; =mgg

mrr —MRR
; tanT = — tan Opnys
mrr + MRR

—10

sin 2o =

1
Physical phase of model: 6,5 = 5 (0 +0r —20p)
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Diagonalization of M,

* M, is complex symmetric matrix
Real eigenvalues can be obtained by M, 7M,,

MMy = (

\mD| (mLLewphys + mRRe_wPhYS) m%—m + mD|2

Comparing with diagonal matrix, M, gias ™M giag = diag(my,;2, my,?)

2 2 2 2 2 .2 i
my, Co + My, S (M3, —my, )SaCat
2 2 2
(M3, —my, )Sacae :

—T

* ] T _
* Each off-diagonal element gives sin2a and tant:

il (mipe P+ mane ) = (md, — w3, Jsacac”

1
Physical phase of model: 6,y = B (0 +60r — 20p)




Mass spectrum in radiative m, model

e Scalar sector Parameterize exotic scalars:
. B ot .
neutral scalar (basis (oy, ay)) ¢ = <% (04 +iay)) > 1=
2 MB—M 2
MO — )\_ = ( 0¢ m2 )
0 Mi + %ﬁﬁv%{ i

charged scalar (basis ($p*, n*))

2 i \/§ 2 2 )‘H¢,Hn 2
Mz = , Mgy =g+ —0— Uk

— M
V2 K

: . . Co  So . V2avy
> Diagonalizing matrix: Uy = sin 20 =
g g S <—SQ CQ) mi; _miik
/ -
] oo m2y = 5 | M3+ M — \/(M¢ — M2)? + 20203 |
igenvalues: . T 2 : — _
m?y = 5 | M2+ M7+ /(M2 = M2)? + 20%03;




Radiative muon mass model

. . Yi .-T “~. P
* Radiative muon mass (with zi. = m2. /mj,) , \
rad yiay%" xi,a In xi,a y¢yn S$2052a MR : ’ : 1753
m = m X Wy
b 1672 Y 2 ,—1 1672 4 s

1,Q |¢1,2, gofz : mass eigenstates|

 Similar diagram (attach SM Higgs) gives effective Yukawa:

ff, 2 yZLa?J%aA" 2 2 2 2 2 2
e . ()
Yu (ph) - E : 1672 mwaco(mwmwph?m@;r’mwaamcp;k)
i,j7a
| eff

I:> |mLad\ + ?{‘/‘i vy :constraint will come from h > u*u decay

Relevant couplings:

(i,a) yia yia (i, 5) A Diagonalizing matrices:
(1,1) | —ypco8ae™™  —ypseca | (1,1) | —asze + vV2v0m (Amgcd + Aunsg) U, — Ca See T for ¥ n
(1,2) YsCoCa —yns0sa€” || (1,2) | acop + V20 (Mg — Aiy) Seco ¥ —Ssq,e 7 Co
(2,1) | —ygspsae™"" YnCoCa (2,1) | acop + V2vg (Ao — AHn) SoCo [ Co S ‘ ¢+ +
. = or
(2,2) | Yss0Ca UnCoSa€’™ || (2,2) | asag + V20 (Augsi + AnC3) 5 —Sg  Cp 11
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Radiative muon mass model

e Point: mrad has phase mrad _ mﬂe’i% Need chiral rotation
//L % e—ielu’)/g;/Zlu)

* This affects dipole operators f
e (& e . -co N
Ldipole = _§CT(Q2) (MUO‘BM) Fop — §CT’(Q2) (mio B%M) Fup “P?Ix” RONL
€ - Il/ — ’ll \\‘l
=, (A0 1) Fop = 5 (R0 5p1) Fog - i ——— p

:> g—2:a, =2m, (Cr(0)cosb, + Cr/(0)sinf,)
EDM :d, =e(Cr/(0)cosf, — Cr(0)sind,)

Relyiye] @7, — 1 — 2250 In(75,0) Im[yityie] 27, — 1 = 225 o In(24,4)
C O = ’ ’ C , O — ) )
T( ) Z 1672 2m¢,a(1 — $¢,a)3 ’ r ( ) Z 1672 2m¢,a<1 - xi,a)3

1,Q 1,Q

* Loop factor and some coupling can be replaced by m,

rad yqbyn
m,,, Cr(0), COr/(0) o 1672 Enhancement is expected!
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Full forms for v (p7), Cr(¢?), Cr (¢°)

yiayja o
yi(p7) = Z{mea%(mi, M, Ph M )

167T2 ®;
Ajs . .

J . rad [, iax*, ja 2 2 2 2 2 2
—sm, {yR g“{CH(Wh”ph,WHHana,nzﬂq7n +)
167 ©; #;

,L?‘])a

+

ia, Ja * 2 9 92 9 9 9
TYL YL Cz(mu,ph,mu,m%,m(p+,m¢+)} }
i J

Re yiayia
Crlg?) = Z{ R, [Qs (Colatm?, m?.) + 201 (g2 md, m2.)) = 2V, Cr (g2, )]

v+ sl
1672

Re[mzﬁ] {QSCsub(q27 m?paa mi—k) + chsub(q27 mi-ﬂ m%{;a )} }

Im ia,yia
Cr(q*) = z{ TVEVE 1, Qs (Cota? m, 2 ) + 201 m3, ) = 2, Ca(g?m? 3, )
Q 2 Q 2
B ’yL + ’yR
1672

Im[mfff] {QSCsub(q27 m?paa mi+) + Y¢CSUb(q2’ m?o‘f’ m12/1a )} }

2 2 2 — 2 2 2 2 2 2
CO(q 7m¢aam¢;¢—) - CO(m,pm/uq 7m<pj-7m¢a7m¢j-)

with Cn(¢?,m4,mB) = Cn(m2, ¢ m,m%, mp,my) (N =1,11,12)

Csub(q27 m,%h mQB) = Cl(q27 m,%h mQB) + Cll(q27m,247 mQB) + 012(q27 m?47m2B>
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Muon couplings to bosons

eff

* Higgs coupling: L. o —%

Decay width in our model

mh 4m2 4mi eff \ 2 eff \ 2
Pt = 7a0\[1 ~ m?2 [(1 mj, (Re )"+ (Im g,

|:> ! i 4777% - off) 2
|"3u’—— (Rey ) + 11— m? (Imyu)

. . g
Z boson coupling: £, > o

297 Re (69} ) + 295 Re (dgh)
(97)% + (9%)?

/ZL,uRhO + h.c.

iy [(g% + 6g%) P + (g% + 0g%) Pr] nZ,

D(Z = ptp™)

~ 1
['(Z — ete™) i

59’5,3 in our model can be found in Ref. JHEP04(2021)151



https://inspirehep.net/literature/1837620

Dark matter in Rad-m, model ()

* Main annihilation mode: muon in the final state

Y1 \/ 7 (O \/ 7
0 P
wl /\ ﬁ (pil— - ’\’\/\’\/\,\M ’y/Z
self-annihilation co-annihilation
* Direct detection: 4, ”
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Lattice results on HVP

* Result: a;°MY" =707.5(2.3)(5.0) x 107"

lattice —B—
R-ratio —e— S. Borsanyi, et. al., Nature 593 (2021) 51

BMWc'20 | | ]
Mainz'19 | - &
FHM19 | '
ETM'19 |
RBC'18 |
BMWc'17 |
DHMZ'19 | e
KNT'19 | =y .
CHHKS'19 | - =~ no new:physics

660 680 700 720 740
1010 atO-HVP

1]

1]

[

1]
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https://inspirehep.net/literature/1782626

Lattice results on HVP

* Result: a;°MY" =707.5(2.3)(5.0) x 107"

1 I I I 1 I 1 |

{156 >

' @ i | @ |
Standard Model with  Experimental
BMWec lattice LO-HVP Average

< 420 >

: o :
White Paper
Standard Model

|

175 18 185 19 195 20 205 21 215
aux109—1165900

Figure from talk of L. Lellouch (Wits ICPP iThemba Labs seminar)
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