CP Violation for the Heavens and on Earth

George W.S. Hou ({1 #479)

National Taiwan University

May 13 @ Beyon-LHC 2022, S1RE #ATLTi (Matsue)

o

National Taiwan University

Universe 8 (2022) 234 [2201.13245 [hep-ph]]
' CPVBAUd, ~  GeorgeWS.Hou(NTU) BeyorlHC220513 1 |



http://www.ntu.edu.tw/chinese/PageN.php
http://www.ntu.edu.tw/chinese/PageN.php
http://www.ntu.edu.tw/chinese/PageB.php
http://www.ntu.edu.tw/chinese/PageB.php
http://www.ntu.edu.tw/chinese/PageN.php
http://www.ntu.edu.tw/chinese/PageN.php

CP Violation for the Heavens and on Earth
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0. Intro: Our Life & Times
h(125) v New Physics X

Where is SUSY/WIMP?

Beyond CKM CPV_ (Large)
EW BaryoGenesis (EWBG) tension | LHC

)
) J L4

- more testable - - No New Physics -

eEDM: ACME14 > ACMEI18

o . d,| <1.1x1072% e cm
- L.E. Precision Frontier -
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I. General 2HDM

Two Higgs Doublet Madel

Whither 15t Order Phase Trans. / Sufficient CPV?

SM: Weak Int. too Weak / Jarlskog Invariant way too small!
All 3 gens. = Mass and CKM suppressed

2HDM:  O(1) Higgs Quartics OK / CPVin V(®,,®,) problematic w/ d,
Wise to keep V(®,, ®,) CP Conserving

Comment: Known CPV in CKM, i.e. Yukawa's. \Ex’rm Yukawa's?j
Y

Killed by Z, (Glashow-Weinberg 1977)
“Natural Flavor Co\r?%'va‘rion”.

General ad hoc
2HDM:  O(1) Higgs Quartics OK / Extra Yukawa's w/o

=)

p, The driver; p.. the backup
EWBG

WSH, PLB°92

N.B. Data-drivenp;: t — ch; h — ut ... Fuyuto, WSH, Senaha, Phys. Lett. B 776 (2018) 402
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Extra Yukawa Couplings
General 2HDM w/o Z,

General Yukawa interaction for up-type quarks

—Ly = q_%L( 137 I)l T }/213 I)Q)U.’:'R + h.c.
V4 UCB 1) USB

Y’SM

1 cg —|_}/2 SB mp = yf’u/\/E

I/fTYSMT/}% = diag(yy. ye. y¢) =Yp  diagnonal

P = T/ ruf ( 1 S T Y5 CJS) VR FCNH (flavor changing neural H)

Neutral up-type Yukawa interaction L ©r — (] alignment
“6-a limit !

| yio ;
—Ly = u;L [ﬂ,ﬂﬁ_a + = Ca— a] U;,-Rh — leg.

+u.3-L[ == C3—a ,95_,.1] 5
V2 V2 — FCNH Ipl

V2

CPV-BAUd, eorge W.S. Hou (N1U)
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Extra Higgs Quartic Couplings |
Sub-TeV Spectrum & 1S"EWPT

SM | A I
V(D) ~ - 2| PP+ AD[*| = s |<b’|1 + 13| @2 |@'|? + ma| 01D ‘min_cond” 7800
02~ p2/2 + [n6]®I* + 17| @' *] BT’ + h-(‘-} w/o Z,
S
Higgs basis| (CP Conserving WSH&Kikuchi, EPL'18 700
f . .
1s: sole param. for h-H mixing (c,) unnatural
L1600
2 -... .“o
c : '
N : : 500 3
- Dim’les\params.|O(1)|(“Common” Naturalness): : t
S — : :
= g with i = 1-7; p3, /0| & i H, A, H*:
& : 400
tt
—116V” - \ L300
e, = —5 5 (near alignment) e 390&
Tomy — g i
. , > || incredulous

200
a Sakharov condition: 1StEWPT

N.B. O(1) 5,’s needed for 15t order Phase Trans.,
prerequisite for ElectroWeak BaryoGenesis.

100

Kanemura,5kada,$enaha, PLB'0O5
fay il lend r‘ fal l‘l A WAl

UHU h= e uw ‘

lepton down-type up-type vector scalar

CPV-BAUd, eorge W.>. nou(nNIit)  peyorrLnC 2205015 ©
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o II. EWBG B

2HDM OK

Baryon Asymm. of

Universe (BAU) ng/s

strongly 1st opder EW phase transition (EWPT) ?

Extra Higgs 'IM

w/ @O(1) Higgs Quartic

AN

Fuyuto, WSH, Senaha, Phys. Lett. B 776 (2018) 402
Expanding Bubble of Broken Phase

A

To avoid ng washout:

=0 /(H) = v L Hubble const.
b - - Ty (To) < H('Tc)l
si?lrggion conser R hg changing rate (br)
by sphalerons
“ o/ To = (T} O

fig. stolen from Jim Cline *

vev @ T,
ViiTe) +v3(Ic)

— D20

Planck 2014

—3riym o ,
= 5D / dz' np(2)e 7 Y™ =859 %1071
g A+ S

bubble

cr,tr ’

o™ = 12005, T

~ 8.9/T

)\:t =~ Vw

ng changing rate (sym)
quark diffusion const
entropy density
bubble wall velocity

l.h. fermion density (l.h. top density)
coord. oppo. bubble exp. dir.

" CPV-BAUd.. eorge W.S. Hou (NTU) Beyon-LH (
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- CPV Top interactions |

CPV source term

Sirin(Z) = NeFm | (Y1) (Y2)5 v*(2) 0, B(Z)

Ne = 3
F
(‘_)tzj(z)

position in heat bath (Very Early Univ.)
# of color
function of complex energies for i, j,

physical variation (A3 = 0.015)

Baryon Asymm. of

Universe (BAU) ng/s |Yp =

gm0
QDQ/\+S/ &' [ ")e

— D20

Vo () U-b ()

bubble

crtp wall

BAU « CPV Top interactions

at Bubble Wall

— nr,

left-handed Top density

o~
St

 CPV-BAUQ, eorge W.>. nou(NIU)  peyorrLAC 220515 &

coord. oppo. bubble exp. dir.

skip
detail
(Transport)
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CPV Top interactions

CPV source term

SaLj‘R —*\CFQ )ij( D dtz )

Im[(Y1):5(Y2)5] = Im[(VEYpVED) i (VEpVET)E]

lifted from Guo Li Liu,Ramsey-Musolf Shu PRD’17
To understand the plot of next page, suppose (exercise)

YDt 70, (Y2)ie £0, (Y= Y2)e #0 (3 Par§\n5-)

all else vanish, and take #; =1 for convenience

then V2YSM = vy 4 Yy diag. by just Vi /a)o@

but —Y7+ Y5 not diag.

— 1111[(1”1)134}5);} = —ydm(pee).  per =0

Pte  still basically free param.

Fuyuto, WSH, Senaha, Phys. Lett. B 776 (2018) 402

 CPV-BAUd, eorge W.S. Hou (NTU)
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Robust: Large Parameter Space for EWBG

100 |

scan over |pie| G1r Gre |

}/B,f'l }fglﬁ
[a—
=

sin pe| ~ 1 |

Ptes Py satisty
B, , mixing, b — sy

no obvious diff.
= p; driven!

the charm of EWBG

myg = ma = mg+ = 500 GeV|

DC/TC > O(l)

'"Te =119.2 GeV v = 176.7 GeV' vy = 0.4 Ap =0.015

0.59T me, =062 m., =050T I, ,

D, =89/T Dy =101.9/T

= 0.22T T% =120a3,T T..=16a'T

Ty I =

 CPV-BAUQ, eorge W.>. nou(NIU)  peyornrLAC 220515 10
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ITT. Under the Heavens on Earth: eEDM

= A K. Fuyuto et al. / Physics Letters B 776 (2018) 402-406
FHs'18 ACME18

100 —_—
—D.E:_—
B //x
B ™
_|__ \?\\_.v.-
é'ﬁ e C
_."-3:; 10 | % —1.5
N < [1%
5 o 2
2 IS
o C <
251
: -3f |
1 L = 1 | 1 1 11 11 :
10°2 107 ™ |

|F7'u|

Oversimplified: p,, =0
EWBG <= J,Imp, robust driver ® eEDM: (Jmp,

Oy =1 Ruled Out by ACME18!
[p,c as backup Mech. to render small? Yes!

CPV-BAUd, eorge W.S. Hou (N1U)
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Cancellation Mechanism for dyno

to survive
B| Z DU J\‘
prrzee 2 dom. _ACME18
Z W I A
dp = d%7 + d%% + d? N
! need cancellation | N:;G ‘
@ _,.# /? Vv Y
e :h:_IJ ‘}? e ? -1.5F Ilr BT
'Dcv =0 E B !| ““hh""‘"k-.
FHS'18 _2:_ '\‘|d,| >87%x 107 ¢ cm
(dg.y); o aemSZy @In‘.ﬁ(}' -
u— 4, -2 5l—
e 12273 L‘W

— 66 x 102 (32 (Ingl) (2 3‘ _ ——
Ruled ous! \0-2/ \ 0.1/ 10.94 |

EWBG <= | 4Imp, robust driver

g(mz/m3) — g(m?/mg)

(4,)

O4,) =1 1 (1—x)
g(z)—zzj; dxx(l—x)—zln .

FHS’20 Fuyuto, WSH, Senaha, Phys. Rev. D 101, 011901(R) (2020) Barr, Zee, PRL'90

 CPV-BAUd, eorge W.>. Aou(NIY)  peyorrLAC 220515 12
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Cancellation Mechanism for dyy,

to survive ACMELS:

Barr-Zee

complex

dom.
de = d?7 4 d%? + d®V

Turn oﬁ&%

N.B.
h — yy: W-loop > t-loop

FHS’20

need cancellation

(d2"),

Lee
6,
=hs/H
e e e
Pee
d‘ib : (d‘i’}') : Abe Hisano Kitahara, Tobioka, THEP’14
h-H ( 8},)?]”( XemS2y e 1‘1an Pem qu y
> = I +—1 = Tw
mixing e 12273 n.Af L/ € 64fﬂ v l‘l.ﬁ
Imp,, A | € = (16/3)Ag/ (AT, — (16/3)Af)
Cancel == | ——=cx—
dfﬁJ’) : mpy, 1 .
pur‘ely ( e ?K] Aem T > ‘ S —
extr. Yuk. e ]211:3”1 I 4 U (TIA) + Q(TIA” Ro Im .
t ! | R Pee ee
— 0 — Ren..  Imo. |J W/ correlated
[my — my, Pt P Shase

 LPV-BAUQ,

George V.S, fou (N 1U)
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EDMs [e cm]

107%

10

10

10—31

10732

29 [

ST

concal . d ThO — d 1 {IT]]()C ACMEI830
mQCh. ' aAtho — 1.5 %10~ —20 (4 :i: 4 0) ]0_ ecC
— VA w i v
de = dfﬂf -I—‘df + di" — 56‘0"” yse)Fy, @NN (eiyse)
1 IShITTsl 1 T T T T T
cancellation -
poin-l- 150 N r=1.0
| |d.| = 8.7x107%? eem i C
] 100
1.1x10"%° e cm 50
v o i B
FF_Z__.-—’ - '-------_._____. ﬁ U -_ - - ]
‘dtg‘ < :BAU Y5 / r.:-hl-a_
| 50 [
100 F
|dTho| |d:':n - -
% [ I T
w 150
loruoCs| |z — ’ L | -
03 04 05 06 0.7 08 09 1 0.01 0.1 1
T . -
implifi Im A ‘Ptt‘
Co = 22]63(Cpy + Cp) 4 C 41 MeV %A p te’(’j Pif _ A
s — 2 e ue de se Mg nsaitz Iln ‘Ott At I FO”OW SM Hier'ar'chy I
1o, DMV 0062(Cb2 C—)] Repyy . Ar
m, (GeV) \ 1 My
consistent w/ Cesarotti, Lu, Nakai, Parikh, Reece, THEP’18 Re prt A N.B. r can bef-dep.

CPV-BAUd, eorgeW.>. nou(NIty)  peyorrLnC 220015 14
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B - Baryogenesis & electron EDM x
Fuyuto, WSH, Senaha, PLB’18 601"?&‘/\‘ Fuyuto, WSH, Senaha, PRD-RC’20
,,,
100 —— —————
- I P ID_QT s ! 1
g t
ACME'14 B
10728 Hlde| =8.7x107* ecm v Z‘); ]
\\\\\\\\ E C__‘ e
- Pee
2
E_"S 10 | E 10—‘29
~ [ W
- z
< -
P .
a 107 lamoCs|
eN scattering |
CPV |
|
, 31 | S | |
1 E 10 ldrhol Qe —— - 7 :
10 o] ——  |dP7]
|orrnoClsl [: 4 A
1D_32 1 1 1 1 | |
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
EWBG <= | 4,Imp, robust driver Pz <
Impsy _ Ar
Oy = 1 simplified }I{m Pt :\\t Follow SM Hierarchy!
[p,. as backup Ansatz’ | Reppr  _ Ar
Re pyy A | N r depend on loop functions

- -v-eAa, ~  eorgeVW.>.. nou(NIU) peyornLnC 2ZU>515 1O
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ITT'. Emergent: Nature's Flavor Design

Fuyuto, WSH, Senaha, PLB’18

We are Probing Extra Yukawa Couplings: p,. p,.

t — ch; h — ur

Glashow-Weinberg'77: Absence of 2™ “Yukawa”l
Glas.-Wein. Knew:
Mme K my, << Mr,

Did not expect:

Fuyuto, WSH, Senaha, PRD-RC*2

mg < mg < my,

|?J?fﬁ;‘x-ﬂ?b > l | | |Ivub‘2 < |I}'b|2 < “TUL

‘-2‘2 < I’/be|2 ,

My K Me K My, 1986+

\

Mass—Mixir\\ﬁgHiemrchy

2> Nature's Design

| WSH, Kikuchi, EPL’18: Mass-Mixing Hier. +

nt = Retire Glas.-Wein. NFC |

EWB6 <¢= | 2Imp, robust driver |

O@) =1
[p,.. as backup

simplified
“‘Ansatz”

o i
A,
Im Ptt At
Re ;Off — ﬁ
Re Ptt /\t

Follow SM Hierarchy! |

N.B. r depend on loop functions

eorge W.S. Hou

 CPV-BAUqQ,

(NTU)
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On “the Heavens and the Earth”

In context of EWB& driven by an extra top Yukawa || p,,
coupling, the impressive ACME18 bound suggests an

P.e || extra electron Yukawa coupling that works in concert to
give exguisite cancellation among dangerous diagrams.
The cancellation mechanism calls for the extra Yukawas

to echo the hierarchical pattern of SM Yukawa couplings.

Ruowwn

e ACME14 was confirmed by JILA17 using HfF™, i.e. good that
“JILA is chasing Harvard/Yale(/Northwestern).”

* Amusing: Largest diagonal extraYukawa p, drives BAU.,
in concert w/ smallest diagonal extraYukawa p,, for eEDM;

could be revealed soon by very-L.E. ultraprecision probes.
102 - 10~ ecm looks fabulous. | Godspeed success!

 o-voAUa, 000000 GeorgeWw.>. nou(NIU) peyorrLnlC ZZU015 1/
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extra Yukawas reflect SM Yukawa pattern

Pii = O(A:i); p1i S O(A); p3; S O(A3) (7#1)

IV. Phenomenological Consequences
H/A/H* Search & Flavor Frontier

WSH&Kumar, PRD’20

- -vy-obAUGQG, georgevw.o. nou(Niv) - peEVorrLrL ZZUos15 10 |
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Leading Search Modes at the LHC

G2HDM

Sub-TeV Spectrum

Sea&ch Zone

A{)/H[J

WSH, Kikuchi, EPL’18

cg — tH/A Zscic(bar)

¢ wi(bar)

Search-at-ATLAS/CMS started 760
Rt 600
Kohda, Modak, WSH, PLB'18 ‘.0’ ",
Same-Sign @+ jet s
. 500--=

Triple-Top (High Lumi LHC;
higher mass, more exquisite, tiny SM)

X 400
cg — bH* — btb(bar) _ Top w/ two p; b-jets (H*) tt .
Ghosh, WSH, Modak, 1912.10613 (PRL'20) 3@0 _________ \/
V.€.V. HKM, PLB'18
ced - 200
t

%100
WZ
it ehrl e +g

lepton down-type up-type vecér scalar

CPV-BAUd, eorge W.>. nou(nNIity)  peyorrLnC 220515 19
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Glimpse of coming(New Flavor Eral
& tFV (Flav.Viol. in B deca

5 Grey boxes: Astounding BSM via
o o O “LO” from B-Anom.
1o-5k : O o O
poo .
.ifr_:r_u:,.iul'r_:rc_u) *
a Pue * LHCb
@) O
- o *
° U o o}
® - U O
QEI 1 0-]0 - U
=T)
g v '
S o © O What hides H, A, H* effects so well from our view?
= I
E pii = O(A:): pri = O(M): paj = O(A3) (J #1)| PRD’20
M .
1 0_] ' U U, © Current bound
Y Current range
| n U Future sensitivity | ]
. . * SM
| Much more promising if general 2HDM
- i Ue '
Jo-20ll mwon g-2}s harbinger L 0 0, . 0, 00— ]
sty FEE[AFE vy R I ¢
T 2 1T 1 T 7 ) THIT ) T 1 ) (N o O
S8 (3 S o A | Y o = 3R
WSH&Kumar, PRD’20 < =X b R A q B |X R/ Q R_A Belle IT
EPIC’21 Y Belle IT LHCb Belle/IT CMS

- CPV-BAUd, eorge W.S. Hou (NTU)
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Our Life & Times
h(125) vV New Physics X

High Scale SUSY?! Where is SUSY?

uncogventional-Conventional
@)ad Not Tal@
v

Ex¥ra Higgs[| Doublet w/
Extia Weinllerg Couplings
& Extr§ Quariic Couplings

s
1*EWPT t
Dim’less Quartics O(1) (Naturalnes): 1
i With i = 17; 12,)0° T [8.4 Hi“
100 TeV pp collider Sub}TeV
= Landau Pole ~ 10-20 TeV
WSH, Kikuchi, EPL’18 )
125GeV == h
mass_s::ale

CPV-BAUqd, eorge W.S. Hou (NTU)
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IV’ Pheno Consequences: one-loop muon g—2

* oo il H, A ut: stringent bound on p,, P> SO could appear soon!

P« > 0.1 can still drive EWBG.

p ¢ :
° oo =5 H, Api> tc:  p,. can dilute the above

= |cg — bH* — utbW™, tcbW*| fancy LHC signatures.
WSH, Jain, Kao, Kumar, Modak, 2105.11315 (PRD'21)

e Revival of muon-related physics:
- MEG II discovery plausible (with p_, ~4,)
- follow-up by uN — eN, can even probe p,,!
- T — py: probe p.. ~A;! / T — 3p: probe p,, ~A,!
WSH, Kumar, 2107.14114 (EPJC'21)

e nEDM: Same one-loop diagram, complex PepPpur

PV S Possibly discoverable at PSI with planned sensitivity!

WSH, Kumar, 2109.08936 (JHEP'22) 6 x 10723 ecm

N.B. This one-loop muon g—2 would
make Nature appear “whimsical”.

 CPV-BAUd, eorge W.>. Aou(NIY)  peyorrLAC 220515 22
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I could have told you up front:

H A9 H* ~ 500 GeV CAN
can generate B.A.U.  Verify at LHC.

€ Fantasticll

accommodate eEDM
and FPC® Probes !

Decadal Mission:
Find the extra H, A, H" bosons and crack the Flavor code!

Go CMS & Belle |l (and others) !
& Lattice

Chin. J. Phys. 77 (2022) 432-451 [2109.02557 [hep-ph]]

 CPV-BAUd, eorge W.>. Hou(NTU) ~ BeyorrLAC 220515 25
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Thank you!

Join the Mission
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Enough CPV
for BAU ?

AN : i
ACME experiment: Current frontline, Probe
CPV via eEDM, put check on Baryogenesis.

-
TE

Capital Reef National Park
{c) Wally Pacholka



http://www.ntu.edu.tw/chinese/PageN.php
http://www.ntu.edu.tw/chinese/PageN.php

Enter
the Advanced Cold Molecule Electron EDM Experiment

Order of Magnitude Smaller Limit on the Electric Dipole
Moment of the Electron

M. Dovle. G. Gabrielse. Y. V. Gurevich. P. W. Hess. N. R. Hutzler. |
E. Kirilov, I. Kozyryev. B. R. O'Leary, C. D. Panda. M. F. Parsons. §
E. S. Petrik, B. Spaun. A. C. Vutha and A. D. West (December 19,
2013)

Science 343 (6168), 269-272. [doi: 10.1126/science.1248213]

originally published online December 19, 2013
ThO

polar molecule thorium monoxide, we measured d, = (—2.1 £ 3.7 * 2.54) X 10~%° e.cm. This
corresponds to an upper limit of |d,| < 8.7 x 107*° e-cm with 90% confidence, an order of magnitude

AVAAAS

Editor's Summary

Stubbornly Spherical

JILA’17 (Cornell): <13 x 1072 ecm

I |d,| <1.1x 10_296'5.',1‘:1' (5) 1
STIRAP -
g W state Spip.grecession
at 90% confidence level. This ' han the best previous : preparation L @: =1 ms
limit, from ACME ', Because parammagnietic molecules are sensitive >7\

to multiple time-reversal-symmetry-violating effects®, our measure-
ment can be more generally interpreted asliw™* = —d, &5+ WCd,s
where Cs is a dimensionless time-reversal-symmetry-violating
_ i and Wy= —2whx 282 kHzis a
molecule-specific constant'®175_For the d, limit given above, we
assume Cg= 0. Assuming d, = 0 instead gives |Cs| < 7.3 x 1071 (90%
confidence level).
Because the values of d, and Cs predicted by the standard model
are many orders of magnitude below our sensitivity>?, this measure- ’
ment is a background-free probe for new physics beyond the standard .

—T ra Y
| coel

Light collection

Bhca 33 & 8 § S

o

S,
model. Nearly every extension of the standard model*® introduces Beam of ThO {9&%
i1 s1s . . molecules . B W
the possibility for new particles and new time-reversal-symmetry- Nt :
violating phases, ¢, that can lead to measurable EDMs. Within typical v 7 [ Electric plates
extensions of the standard model, an EDM arising from new particles Magnetic coils
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