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Introduction

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

BNLg2 — ° = [ New physics hints ]
FNAL g-2 + + °
g . % ? 2HDM
e MSSM

U(1) extension

———

e e
Standard Model Experiment
Average 1-loop diagrams
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Introduction

* The same diagrams will have contributions to CP
violating processes - eIectric dipole moment (EDM)

@ Relativistic Parity: S—+4S B—+B E— —E

LD —ay 4; (Ao’ 1) Fag — du%(ﬂgaﬁ%M)Faﬁ

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

if model has CP violating source, EDM is predicted!

e Lepton EDMSs constrain models with CPV



Introduction

* Experimental status of EDMs

electron /Severe! muon
d, <1.1x107*ecm (90%C.L.) d, <1.8x10 " ecm (95% C.L.)
ACME collab., Nature 562 (2018) 355 Muon (g-2) collab., PRD80(2009)052008

* Indirect bounds

inimal fl olati NPB292(1987)93, PRL65(1990)2939,
- Minimal flavor violation  p5500(2001)161, NPB645(2002)155, JHEPOS(2014)019

m
d |=|—~d
‘“‘ ‘mee

< 2.3 x 10727 ecm > Severe constraint for MEV models

- EDM of heavy atoms PRL128(2022)131803, arXiv:2207.01679
‘d,u‘ <1.7x107*°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
o [2] PTEP2019(2019)5, 053C02
J-PARC O(10==%) 2] [3] 2102.08838 [hep-ex]
—23 [4] 2201.06561 [hep-ex]
PS.I 6> 10 3-5) [5] PoS NuFact2021 (2022) 136
J-PARC (dedicated exp.) 10—24 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
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Introduction

* What kind of models can approach muon EDM?

- -di PRD82(2010)093015, PRD94(2016)055019,
ﬂavor Off dlagOnaI CPV JHEP06(2019)142, JHEP01(2022)092

v" No muon mass suppression, large d, will be predicted

<}:{> It may suffer from severe LFV constraints...

v" muon EDM is not unique probe of the model

- flavor diagonal CPV (free from LFV!)

v d, will be small, may not have enough sensitivity...

I:> There is interesting discussion on g-2 and EDM of muon
e.g.) PRD98(2018)113002

[ This is our main focus! J

Note: still, no simple model without ad hoc assumptions
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Introduction

* We give a complete benchmark model for muon EDM
muon specific two Higgs doublet model (2HDM)

Abe, Sato, Yagyu, JHEP07(2017)012

» One of the solutions of the muon g-2 anomaly

* CP violation - scalar potential

A . . .
Vo O _m%2¢1q)2 4 25 @];@2)2 + hec. [ Relative phase is physical ]
complex parameters

* This model can suppress electron EDM, but give
contributions to muon EDM

- enough size of muon EDM! ‘du| N 0(10—23) e cm


https://inspirehep.net/literature/1598051

Model Setup

* Muon specific 2HDM  Ref: Abe, sato, Yagyu, JHEP07(2017)012

¢ | uh | d% 05 07 (7 |er | TR | ur | 1 | P2

SUB)c| 3 | 3 | 3 1 1 1 |11 ]1]1]1
su2).| 2|1 1 2 2 2 111 2]2
Uy | 1/6|2/3| —1/3|-1/2| —1/2 | —1/2 | 1| -1 | —1| 1/2|1/2
Zy 1 1 1 1 1 ) 1 1 v |[(=1) 1

- /
V ~
Z, sym.: only muon couples to @, 2 scalar doublets

* Yukawa couplings:

Ly = —qrPYyur — GrPoYadp — Z yply ®2ER — y,lY ®1ur + hc.

E=e,7

Note: (5 ®27r, (] Poer is allowed, but can take zero by field rotations
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Model Setup

* Scalar potential: softly break Z,

A A
Vo = m2, @10 + m3,®10 — [m2,®]®, + hc] + EI(CI)J{CIM)Q 4 72(<1>§c1>2)2

A
2 (2]®:)" +he

v'm?,, s can be complex, relative phase is physical one

+ A3 (D]01) (P4 Do) + Ay (D] @) (D11) +

* Potential analysis is 2HDM with CP violation

minimization conditions: (%) = v, tan 8 = vy /v1, 0% = 02 + 02

Im)\5 _ 2 Im/”;’L%Q )\345 = )\3 + )\4 + Re)\5
SpCB (%
2 1 2.2 1 2.2 2 .
mi; = —§>\1v Cg — §>\345v sz + Remiytg In this model, we can take
1 1 large tan (~ O(1000)!)
may = —5)\21) 35 —)\345?) CB + Remmtﬁ
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Model Setup

* Mass matrix for neutral scalar (1 NG mode)

5~~ 5~ 5 5~ _ O M2 = Rem%Q
hh 0 hH hA\G} SBCp
2= | % M t+ogg  Oga O oo
0na  Oga  MP4dzz O hA> CHA T THAS
0 0 0 0

For later convenience, we define

T 32 1 2 2 2
RT M?R = diag(m}, m%, ,m%,,0) Am? = m3, —m?,

SM Higgs mass

* (Physical) Charged Higgs mass

,02

m%,i =M2— 9

(A1 + ReXs) = m¥, + Ami
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Model Setup

* Higgs quartic couplings - related to theoretical conditions
, 07 X
parameterize M? = m3; + saAm?, — 2t— -~ v2t—2
p B
Mo? ~mi + Xo?
Roughly, required to be:

Apv® = m X ~ O(1)
Asv® o= my, — 2sgAmiy + 2Am3 — 6 gt s Onrr ~ OV [tp)
Mv? ~ Am?3 — 2Am7 Amiy ~ v*

Redsv? o~ —cogAm?, Amzi ~ v

ImAsv? ~ S/zeAm%r Independent parameters of the model:

0: related to CP violating parameter [mQ Am2 AmQ ta. 0. X. §- ,.J
0 = 0 = CP conserving limit H> H> £+ Y6 ¥ » “hH
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Model Setup

* Muon physics > dominated by heavy neutral scalars, H, ,
g-2 EDM

4

ms  Am? m2 em> Am?2 m?
Aa, ~ ¢ H 42 000 10 H d, ~ — o H 42 s00log | —H2
HT 822 md, P g(mu g 32m202 mi, P 5 m2

* Both enhance large tanp and Am,?

e But different dependence of O
6 - 0 (or/2): Ag, J, d, "\ (CP conserving limit)
B = n/4: Aa, \, d, _J (maximal CP violation)

L 0 - /8 (sg = 0.35) will be important both for Aa, and d, }
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Model Setup

2

* Parameter scan strategy — we have 7 parameters
_ My

) ) , Th <X 510
my, Amyg, Ami, tg, 0, We can optimize these: 2
\ |67, <10 x .

B

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

[ Higher cutoff A_ ¢ Can be obtained! ]

satisfy all perturbative unitarity and
vacuum stability conditions at this scale

* We focus on m, = 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


https://inspirehep.net/literature/1598051

Results: tan3 = 3500
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n
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o
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d, [107% e-cm]: my = 650 GeV, t = 3500

T T W e
< 10TeV M:

Amy [GeV]

—
n
o

350F

300"

2 2

Note: Ampy = /m3, — mi,

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

2501

N
o
o

T T
q \7

Acut < 10NV <

Interesting parameter space: s, ~ 0.35, Am, ~ 320 GeV
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Results: Am,, = 300 GeV

4000

3500
3000
- [
2500

2000/

1500

d, [107% e-cm]: my = 650 GeV, Amy, = 300 GeV

I
‘M 1

-
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Note: Ampy = 2

My, — My,

4000

d, [107% e-cm]: my = 700 GeV, Amy, = 300 GeV

3500
3000/ !
2500 |
2000/

1500

|

Interesting parameter space: s ~ 0.35, tanf3 ~ 3700
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Conclusion and discussion

* We focus on flavor-diagonal CP violation of the muon

one benchmark: muon specific 2HDM

* We find viable parameter space for Aa, with large d,,

[ Amp ~ 320GeV, tg~ 3700, sy~ 0.35 for mpy = 650 GeV ]
\
\ myg, —Mg, ~~ 74 GeV 1

* LHC can also explore our viable parameter space: Aa,, |d,,| < —-
m
H

o AOM will be small (due to Lattice HVP), s.Borsanyi, et. al., Nature 593 (2021) 51

and more heavy m, is allowed: my ~ 760 GeV

we can choose sq ~ 0.7 to suppress Aa, which enhances d !

The muon EDM may have important key for the NP!


https://inspirehep.net/literature/1782626

Back up



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
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Potential analysis for 2HDM with CPV

Vo = m2, @@ + m2,05®5 — [m?,01 0y +hc] + = A (cb*cb ) 4 %(@5%)2

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

 We consider M2 > § ~ v?

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)
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Potential analysis for 2HDM with CPV

Vo = m2, @@ + m2,05®5 — [m?,01 0y +hc] + = A (cb*cb ) 4 %(@5%)2

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

* Expressions for A;in M2 > & and large tanf limit
A = mp 4 (miy + sgAmi — M?) t5 — 205 5t
Aov® > mj, 4+ (m3 + sgAmE — M?) t5% + 265 5t 5,
Agv? e my —myy — sgAmi — M® 4 2mie + 8,5 (tgl - tﬁ) )
Mv? ~ M? +m3 + cgAm3 — 2m3+

Redsv? ~ M? —m3 — c;Am3, ,

2 526 A
ImAsv° ~ — 2 _ 2 mH [ M? is chosen so that A; becomes O(1) in large tanf limit ]
B B
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Potential analysis for 2HDM with CPV

¥
Vo = m &1 0; + m2,010y — [m,01d0y + hc] + =

(@] 8) + 22 (8],)°

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

e Theoretical conditions

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

)\2>O,

[ Perturbative unitarity ]

3(A1 4+ A2) £ /9(A1 — A2)2 +4(203 + \y)?

2

(A1 +A2) £ /(A1 — A2)2 +4)2

< 8,
5 s

(A1 + A2) £ /(A1 — A2)2 + 4|A5]2

<8
2 T

\/)\1)\2+)\3+)\4—’>\5‘ > 0.

< 8w,
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‘)\3 + |)\5|‘ < 8.
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Potential analysis for 2HDM with CPV

* 1-loop RGEs for dimensionless couplings Mic_ L 5

_ dp 1672
- relevant couplings: g, A;, 4, v,

ﬁgl = +7g%7 Bgz = _3937 593 = _7g§7

3 3 9
B, +ng + 59593 + Zg% — 3gTA1 — 995 A1 + 12X7 + A3 + 43 Ay + 2X7 + 2| A5 + ANyl — 4y

3 3 9
Bx, = +=gf + =9195 + g5 — 395 A2 — 995 A + 1203 + 4X3 + 4Ag Ay + 2)0F + 2| 5| + 120007 — 12y,

4 2 4

3 3 9
Brs = 791 — 59192 + 795 + (24 + 657 — 397 — 995 + 6A1 + 620 + AXg)Ag + 2\ A + 2Xoda + 207 + 205,

Bra > 439795 + 8|As|” + (247 4+ 67 — 397 — 995 + 2X1 + 2X2 + 8Ag + 4h4) A,
Brs ~ +(2y5 + 6y7 — 397 — 995 + 2A1 + 2X2 + 8A3 + 12X\4) A5,

Byt &~ ‘|‘§y? + (—%Q% - %gg - 89%) Yt By“ =~ +gyi - Z<5g% + 3g§>yu.
V2m t
* We have large y,,: yu = — /1 + 152 = 0.6 Wgo
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1-loop integrals for Aa, and d,

 Neutral scalar contribution
7%(2 — x)

1
Is(r) = / dr—; (CP-even)
Ag. o Trzc—x+1

u

1 _ 3
Ip(T)E/O dxm:Q - (CP-odd)

332

1
; = d
i Jo(r) /0 YrrE—z 1

e Charged scalar contribution

1
Aa,: 10(7“)5/ dx
0

—z(1 — x)
rr+1—r




2-loop contributionto d,

* Dominant one: Barr-Zee type diagram with muon loop

em,,
(4m)?v?

1
K Ioopintegral:lu(r):/ dx
0

. 2
dfjjq”'”"y = — ri (R1; — Raitg) Raitg %IM(W)

L—a(l—a) [:13(1 —m)]

r—axz(l —x) r

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

v’ 1- and 2-loop contributions are
200 IM (’I“Z)

hi, ho, ha ,'II A , e~ )
’ AP VY — P x
H > 1" I'i 2%’ > s H a 7-‘- fO (/r’l,)

- 2a/m ~ 4.6 x 1073
acts: Iu(fr) ~ —(15-19) fo(r) [2-Ioop contribution is important!]
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T_ p a ra m Ete r Peskin and Takeuchi, PRL65(1990)964; PRD46(1992)381

2

e p-parameter: p = QmW — (= 1 in the SM)
m7, cos 0y,

* NP contributions deviate it from 1: Ap = T’
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

* In our model, Am,, is enough small to satisfy

e.g.) m, =650 GeV with Am,, =320 GeV and sy = 0.35
- T7T=-0.03
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h 2> U u decay
* Yukawa interaction in mass basis for scalars:

: m
,Cl}fvlt:—ZTf [(Rli-l—

VeI

Roi\ - . Rz ; il ) U
7 ) TI sy sl ] = S (B Rt — iRstsmrsu] o

V2 V2

—t[gmMVMPR,u — — Z mypy Prt

_|_{ \/_Zu mdaPR—muaPL)daH+
e oz

H++hc}
Utg

 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
our model
S 0(?)
<:> —R11—R21t5—1+M2 ~ 1+ =
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Lattice results on HVP

* Result: a,;° """ = 707.5(2.3)(5.0) x 1077

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

BMWc'20 | | —
Mainz’'19
FHM'19 |
ETM19 |
RBC’18 |
BMWc'17 |
DHMZ19 | —O—
KNT’19 HOH :
CHHKS’19 | | -9~ no newéphysics

660 680 700 720 740
1010 atO-HVP

..{3---

1]

1]

[l

1]
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Lattice results on HVP

* Result: a,;° """ = 707.5(2.3)(5.0) x 1077
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