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Standard Model and Beyond

SM is the EFT validated up to E ~ 100’s GeV but going beyond is needed
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Standard Model and Beyond

SM is the EFT validated up to E ~ 100’s GeV but going beyond is needed
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« EW hierarchy problem -+ C9 Agv H f H co ~ 0.008 ( A
uv

« strong CP problem -+ 9 Guyéul/ ) < 10_10

strong CP problem (IR): axion from global U(1)pg which is anomalous,
spontaneously broken at high scale f,, and explicitly broken by QCD instantons
New Physics strong CP problem (UV): P-invariance in UV (Left-Right sym.),
CP-invariance in UV but spont. broken

(Nelson-Barr, modular-invariance, ...)



CP violation in QCD

» Yukawa quark couplings
- mass matrix after EWSB is neither Hermitian nor diagonal
Z D q;M;q+h.c.
. from flavor to mass basis: (large) mixing in the CKM matrix dcgpy ~ 1

e Theta term

abc
/ A
3

This is CP odd topological term - it’s a total derivative but i) K, not gauge-inv. and

4 >0GG=0,kK" K,=0¢,,,| ALGL

UAPAC
ULPO aAbAc

ii) its integral is nonzero. It measures the change of winding number of gauge
configurations; @ is a global property of the state (€ vacuum).

 Chiral rotations of the quark fields
the mass matrix M, is diagonalized by transformations § U(Z\gc) 4 XS U(M)V

. to remove the overall phase, rotate gp; — €*%* gp/;
. the physical theta is the rotation invariant combination: 8 = @ — arg det M



Consequences of CPV

» Electric dipole moments
. JEDM l/_/O'IW }/5 w F* - dEDM? . E} EF,WG“V _ . ((B +iF)d

— T~ — — 2 (E — ZE)E")
« UnderT: F—> FE, 0 > —o0
e d*PM & 0 # 0 indicates T violation, which by the CPT theorem, is equivalent to CPV
- The non-observation of d]%DM implies that |é| < 10710 > fine-tuning! (strong CP problem)

The anthropic bound is weak: 056 < 0.1
Ubaldi Phys.Rev.D81 025011, 2010; Lee et al. Phys. Rev. Research 2, 033392 (2020)

» Sakharov conditions for baryogenesis MB) 109> 10-20
- (C and CP violation N) SM
. Baryon number violation (sphelarons) BSM

 Departure from thermal equilibrium (electroweak and QCD phase transitions are
smooth crossovers)

- BSM with CPV is expected

. We will study patterns of d*PM

induced by some dim-6 CPV operators predicted by
« BSM that solves the strong CP problem by introducing axion

. other solution



Towards the Axion

 Digression
. what about O\, FF and 0., F, F?

« the first is unphysical since it always integrates to zero
for finite-energy configurations (no abelian instantons)
- the second can be rotated away due to the chiral anomaly; since
the weak force involves only the left-handed quarks, this is U(1)g
+ For QCD with m, =0: 0 =0 — argdet M = 0 and the same applies.

» Let’s compute the QCD vacuum energy using CHPT
- WLOG 0 =0 — argdet M = — arg det M (complex masses); &£ D G M;q;+h.c.

_ Adm., m 0 1 M., M —92
1% 2 r2 d . 2 02 d : . )
(9) — —m2 7r\/1 _ ( : Uu d)2 Sln2 (5) ~ §m7rf7r( - U d)20 . Di Vecchia, Veneziano 80

V(0) is periodic with minimum at the origin Vafa, Witten 84

1012 GeV

“Promote” O(x) = a(x)/f,, m, = 5.7 X (

> MGV Peccei, Quinn 77; Weinberg 78; Wilczek 78
a

(a got mass from the QCD anomaly: m, ~ AéCD/fa)



Peccel-Quinn Axion

* There iS a NEW glOba’lp Chira’l Symmetry U(I)PQ Peccei, Quinn 77; Weinberg 78; Wilczek 78

tie; al2
» the quarks have non-zero charges e; and transtorm as gz, — e qRr.L,

. Assigning the charges such that ) e # 0, the U(1)pg X SU(3)* current

1s anomalous and @ can be rotated away like in the m, = 0 solution.
» Actually, this is impossible in the SM if U(1)pq is not broken
. Normalizing ¥ e =1, Q; HDy implies H — He'™® while Q; HUp: H — He ™/

+ Evaded if U(1)pq is spontaneously broken; the pseudoGoldstone boson a(x) has
approximate shift symmetry while anomaly indicates there is explicit breaking by instantons

- SSB does not spoil the physical éph = 0+ alf, ~ 0. The shift symmetry is
broken by a(x)G(x)G(x) and condition éph ~ () is equivalent to (a/f,) ~ — 0.

» Since U(l)pg is chiral, the axion a is a pseudoscalar, and the aGG term is CP even.

- What is the scale f,?

* ]Ca — vSM Peccei, Quinn 77; Weinberg 78; Wilczek 78 Excluded by K — 7ma

* fa > VSM  Kksvz (1979) and DFSZ (1980) “invisible axions” The targets of Primakoff effect searches, helioscopes, etc.
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The Invisible QCD Axion

° DFSZ Dine, Fischler, Srednicki; Zhitnitsky (1980)

- Repeat the PQWW axion:
- add a second Higgs doublet H, and a scalar @

H{ — 6ia/6H1, Hy — 6_7;04/6[{27 P — /6P

e

« The axion field is a linear combination of the phases

« The PQ scale : \/’Uf + 3 + g
a p—
0

e KSVY7  Xim: Shifman Vainshtein, Zakharov (1979)

. quarks have e; = 0; instead, add heavy quark ¥ ~ (3,1,0) with ey = e4/2
- We also introduce a singlet field ®, whose vev will give my

E.D )\@TL\PR—I—hC |<(I)>| :’U@/\/i. |
PQinv o = (fa + O-(m))eza(:c)/ﬂfa

- Often called a “hadronic axion” - leptons through photon loops

e Axion or ALP? discrete shift symmetry @ — @ 2 fa and coupling to gluons GH VGW/




P(Q quality problem

» The U(1)pgy was assumed to be nearly exact, broken only by non-
perturbative QCD effects or by very high-dimension irrelevant operators

. C
For PQ) field ® = f—ae‘“/fa a PQ-violating operator ——®" + h.c. induces

V2 My

Via) ~ — 2| Cn|M£z,< Ja ) COS (ﬂ + 5n>. This shifts the axion field from

V2Mp,

a

the CP-conserving minimum by 10f
| Aa

4 n [
M !
| ~ 2n|c,sino, | i Ja 0.5}\
Ja Aqcp \/EMP,. < ;

Barr, Seckel 92, Kamionkowski, March-Russel 92 0.0k

« In particular, (quantum) gravity is _O.Sf_ i — Voeo
expected to violate any global symmetries | i AV

-1.0}

VIAQcD

e.g., gravitational instanton potential duve b .. . 8,

=S -3 -2 -1 0 1 2 3

to Worthle indUCe Heff ~ 1 Giddings, Strominger 88 _ &
6 + —
(AgenRo) "




P(Q quality problem

The physical QCD angle receives three independent contributions:
6 ph = QSM + QBSM/PQ + eQCﬂ where QSM =~ 10_19 QBSM/PQ N 10_10 HQG ~ 7

e The global anomalous U(l)PQ

. 1s an accidental symmetry, e.g., discrete gauge symmetries
Kraus, Wilczek 89

- comes from 5D gauge symmetry
Cheng, Kaplan 01; Izawa, Watari, Yanagida 02; Arkani-Hamed, Cheng, Creminelli, Randall 03

. predicted by SO(32) superstring theory (zero modes of p-form gauge field)
Witten 84
. 1s actually gauged
« by introducing second sector which cancels the anomaly
Barr, Seckel 92; Suzuki, Yanagida, Ibe 18

 using the dual description: two-form axionic gauged shift symmetry
Dvali 05

Can we distinguish Oggyypo from Oog? The latter only influences (a).
11



Electric dipole moments

. A

. dEDMl/—jaﬂy}/SwF,uy_)dEDM?. E.

~—
« UnderT: E—-E, o —>—T7 3
. d"PM « 0 # 0 indicates T violation, which d ﬁ“ P ¢
by the CPT theorem, is equivalent to CPV d
T ™
N —

| F

Wi = 2(uB+ dE)/h wy) = 2(uB —dE) /T ¢“
dEPM — %(a)TT — a)Tl) No EDM was detected since in the SM

dy ~ (1073%8km + 10710 8) e cm
de ~ (107** 8cpp + 10727 8) e cm

“Never measure anything but frequency!”

Arthur Schawlow 81
12



Flectric dipole moments

JEDM 76, },5 w A — dEDM? CE

E
— Schiff’s Theorem

—

EDM Snowmass 2203.08103

EDM of nucleus is screened (assuming non-relativistic, point-like EM constituents).

10719 -

dEPM <2 x 107%°e-cm  Abelet. al 0
dPPM < 4.1 x 107 - cm  Roussy et al. 22

1 g 1023 -

dy ~ 2 ﬁ; -

lém= A g

— A~10-100TeV ¢ 10"

p 1 mg =
¢ 1612 A2 " 10777
1029 -

Nuclear and atomic EDMs will be significantly improved.

We focus on nucleons and diamagnetic atoms since they

—&— Neutron EDM (Achieved)

—il— Proton EDM (Planned)
—%¥— Deuteron EDM (Planned)

.\‘

—&— Proton EDM indirect (Achieved)

are the most sensitive to hadronic CPV.

1960

1970 1980 1990 2000 2010 2020 2030
Year

2040
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Connecting Agqy to EDM

A\

A

AQCD nonpert. ~ 1GeV

ACHPT ~ 100 MeV Hadronic and nuclear EDMs

A~ am o = 1 keV  Atomic/Molecular observables

BSM input

perturbative QFT

non-perturbative QFT

many body QM problem

14



Connecting Agqy to EDM

A\

A

AQCD nonpert. ~ 1GeV

A ~am, ~1keV

fachaGbéC + ‘H‘2Gé —+ HQLO"LWGw/dR

+ HQLO'MVB,LWCZR - Z_;LeRJRQL

Matching after EWSB

fachagbéc + C_YO"UJVi’YSG,ul/q

-+ QO'MVZ.”)%FMVC] + éO"UJVZ.’%F,uI/e -+ qqqq + eeqq

031(02)

\

Q4 charm threshold

" 05
bottom threshold

0.2 _
-—- nexp(—Q%Q3)

0.1

10 107 10° 10’ 10° 10° 100 Q2 [GeV] 15



BSM scenarios with CPV

fUGGGE + 30 i G a0t s i + €™ i Fywe + dad  eed)
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S
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Leptoquarks; LR-symmetric; MSSM in certain parameter region
de Vries, Draper, Fuyuto, Kozaczuk, Lillard 21

Some works: de Vries et al. 1109.3604, 18059.10143, 2107.04046

LR Model

LR

d, [107%% e cm]
de Vries, Draper, Fuyuto, Kozaczuk, Lillard 21

-10

No Weinberg operator
LR Model

LR

Pure 6

d, [107% ¢ cm]

Weinberg operator impact on EDMs studied recently Yamanaka, Hiyama 20; Osamura, Gubler, Yamanaka 22.

Sizable contribution to g, d,, etc.

Kiyoto Ogawa’s poster: The significance of the electric dipole moments of electron
induced by the electroweak Weinberg operator (2408.02375)

and Tatsuya Banno’s: two-loop renormalization of 6 (2311.07817) 16



BSM scenarios Wlth CPV

[fabCGaGch + QO"LWZ"}%GW/Q"' qo' 275F/wq MV75FV6'+ qqqq + eeqq

Klwoon Ch01 Sang Hu1 Im KJ JHEP 04 (2024) 007

2HDM
Weinberg 89 t
Gunion, Wyler 90 M
Jung, Pich 14 .

fr. fr

" H
i g

split SUSY, MSSM

f////
Giudice, Romanino 04 '
. JANANYANYANYANFANDAN ‘|
I‘IlS&IlO7 et al. 15 Av \VARV/ \/ \V/ v \VARV/
fr .yt ¥ IR

VLQ + singlet

Choi et al. 16
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QCD Sum Rules vs NDA

2
PQ/no PQ ie ]/’/l>X< _ A)( A)( ~
NDA: dy~— +-2d, +—=d,
Weinberg 91 A)( Y 4” f[

A, = 4nf,, 1/m.=1/m, + 1/m,
consistent with sum rules (with large uncertainty)

P2 (Byy, dg, dg, w) = — 0.46 x 10786y ecm — e (0.58Ju + 0.073d'd)

QCD
Sum + 0.36d,, — 0.089d; — 18w e MeV,
Rules dEByy, d, dgyw) = 0.31 x 107 60yy ecm + (0.15Ju + 0.29Jd)
Shifman, Vainshtein, Zakharov 79 — 0089du -+ 036dd 4+ 20w e MGV,

— 046 x 10 %Fecm + e (—0.17Ju +0.12d, + 0.0098@)

S
~ N
S
Q.
S
Sy
'S
S
N—"
|

+0.36d,, — 0.09d,; — 18w e MeV,
dp(0,dy, dy,w) =0.31 x 107 6F e cm + e (—0.13&, +0.16d, — 0.006653)
—0.09d,, + 0.36d, + 20w e MeV.

Pospelov, Ritz 99; Hisano, Lee, Nagata, Shimizu 12; Hisano, Kobayashi, Kuramoto, Kuwahara 15; Yamanaka, Hiyama 20 Kaneta et. al., 23

With QCD axion/Without QCD axion
d,(8,d,) ~ —d,(8,d,) while d,,(d,) =~ —7d,(d,)

18



EDMs

- Diamagnetic atoms

 closed-shells — atomic EDM vanishes in
ground state, but nuclear effects
reintroduce EDM
- nuclear polarization due to
CPV nuclear forces - Fig. 1
- nucleon EDMs

«  Schiff moments (shape deformation)

dpp = (0.94 £ 0.01)(d, + d,) + (0.18 £ 0.02)g, efm
dye = 0.9d, — 0.05d, + [(0.1 £ 0.03)g, + (0.14 £ 0.03)g,] efm

Chupp et al. 1710.02504

dp, = 7.7-107*(2.5 £7.5)g, — (65 £ 40)g,] efm

de Vries, et al. 2107.04046

dy,=13-102d —1.7-107 g, efm - 1.6 - 107> g,efm

Osamura, Gubler, Yamanaka, 2203.06878

HQCD GG
d,=(1.5%£0.7)-107"°0ecm g, = (14.7+2.3)-10730
d,=—(1x0.5)d, g, =—B4%x24)-10730

de Vries, et al. 2107.04046

L.N = goNT TN + g1imaNN

cEDM
go=1[1.138] GeV (d,+d,) g =1[21.5,60.5] GeV (d,—d,)

de Vries, et al. 2107.04046

Weinberg operator
d = (wxGeV?)(20=%12)x2- 10" 7ecm
d,=(wxGeV*)(-18 £ 11) X 2 - 10" 7ecm
g, =+ (wxGeV?H)[1.1,4]- 1073

Yamanaka, Oka 2208.03920 Osamura, Gubler, Yamanaka, 2203.06878

19
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Patterns of Nucleon EDMs

ABSM — AQCD nonpert.

1 TeV - 1 GeV
m&r =P 0.33 gmﬁﬂ‘g +014q—b-Cji>— -007q—>—<ﬁ:—
: Wlthout QCD axion : o Wlth QCD axion
— Ll 0 | — ol 0
S L CEDM S L CEDM
N Weinberg T . S Weinberg
SR E———— | —————— e
| : | e 7
S = r T
< 5 2f
d,(8,d,,) ~ —d (9 d )whlled (dq) 7d,f%d”q)
Yo s o0 os 1.0 TS Y 00 05 0
d,[107%% e cm] d,[107% e em)

« The radiatively induced quark-CEDM from the gluon CEDM is the dominant contribution
to g, and subdominant to d,,.

» The ratio d, /d, can clearly distinguish quark CEDM-dominant CPV without axion from the others,
including the -dominant CPV. However, it is a fine-tuned scenario with = 0.

» For other models, the d,/d, ~ — 1 within uncertainties regardless of the source.
20



Results

1.0
T os|
S i
\B)
O
N 0.0
-
_
S
~ -0.5
“““ qcepm (no PQ)
“““ gcepm (PQ) ‘ I
G4 ~1.0—
-1.0 -0.5 0.5 1.0 -1.0 0.5
—26
dp[1077 € cm) e cm|
. 11mji 0.00010 —
dp, (no limit) _ =
. will be probed up to ~ 1072 e - cm in storage ring o a
experiments CPEDM Collaboration 19 g 0.00005 L ) 2 ]
« quark CEDM domination scenario can be O /’/ ______________
discriminated from others (generic) g? 000000 AP el
« gluon CEDM domination (Weinberg) is not - .
distinguishable from the # domination )
~§ ~0.00005 - -
e dp, $1x107%¢-cm
. will be probed up to ~ 10728 e - cm Bishof et al. 16 ~0.00010 L— A .
-1.0 0.5 1.0

. dy, may distinguish 0 from other sources

e cm)

1.0
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drc[107%° e cm]

dpc[107%° e cm]

Results

Hehon EDM depends on the unknown signs of 4- nucleon operators e.g., NN D (NS”N )

1.0 1.0
0.5F S o5F
S [
N
I o i
0.0 N 0.0
i L i
Al
\B}
-05F 'Bm -0.5
~1.0L— ~1.0—
-1.0 -1.0
1.0 10—
0.5— E 05_ ', “/,‘ |
Q o 4 ‘v -
L _
i O i '4“6’-'—':-:::::——_—
0.0 R 0.0 -
_ - B o
— :,——“"
\B} L
-0.5F ~§ —05 |
1.0l Lo S
-1.0 -1.0 -0.5 0.0 0.5 1.0

d,[107%° e cm]
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Conclusions

EDMs may provide not only the information on BSM CPV, but also the origin
of the axion VEV (the PQ quality problem). Future experimental progress will
allow to probe some well-motivated BSM physics up to A ~ 10— 100 TeV.

We analyzed if several generic BSM CPV scenarios can be discriminated
from each other based on EDMs with and without the PQQ mechanism:
1) 6 domination
2) Weinberg operator domination
3) quark CEDM domination

Currently, the analysis is quite limited due to the lack of knowledge of precise
values of certain hadronic parameters. However, certain BSM scenarios result
in clearly distinguishable patterns of EDMs. In particular, it d, and d, will be
measured and |d,/d,| > 1, QCD axion likely does not exist.
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LA C
Thank you!
Dziekuje!



