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@ CP Violation for the Heavens and on Earth
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LConnecting Top aﬁffawuﬂ
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V. Summary

 CPV-HEA(v) eorge W.>. Rou(NTU) ~  JOP220908 5 |


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

@ 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,
I Wise to keep V(®,, ®,) CP Conserving

Comment: Known CPV in CKM, i.e. Yukawd's. Extra Yukawa's?,
Y
Killed by Z, (Glashow-Weinberg 1977)
“Natural Flavor Co\r?%'va‘rion”.

General J ad hoc
2HDM:  O(1) Higgs Quartics OK / Extra Yukawd’s w/o
+)

p, The driver; p.. the backup
WSH, PLB’92 EWBG

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 = QEL(}/MJ 1)1 + }’213 I)Q)UJR + h.c.
V4 UCB 1) USB

Y’SM

1 Cg —|_}/2 SB mp = yf’u/\/E

I/TETYSMVE = diag(yy. ye. y¢) =Yp  diagnonal

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

: Cy
Neutral up-type Yukawa IHTQPGCTI?H C,{Bia —~ 0 alilgi:\rirﬁm
_ | Yi%iy Pij : ‘
—Ly = u;, [—Sﬁ—a + —=c¢g—a| ujrh 4> diag
. . A
. [yﬁ o= 22 5] uynH
’i > FCNH |25
— — UL piitin A + h.c.. .
‘\/5 1 p"] J } ‘f.}@j e’i‘;(,f?ij

- CPV—HEA(V) eorge W.S. Hou (NTU)
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Extra Higgs Quartic Couplings

..... Sub-TeV Spectrum & IS'EWPT
G2HDM
S_M V(‘I). Hl‘I) ; + ﬁ£22|(t’ |2 %@*‘I” -+ h.(‘..) H%Q = ;”6“2 §GeV
V(@) ~ - 2[R+ AP | = 5 @[ + | @[ '* + | @12 “‘min. cond” 7800
02~ W2/ A {2 (@) + [el®f + el @] 970! + b } | w/o Z,
..... hy 4
Higgs basis| (CP Conserving WSH&Kikuchi, EPL'18 760
f
1s: sole param. for h-H mixing (c,) unnatural
L1600
2 -... .“o
c : ’,
O N = K
N — - " : 500
- Dim’les\params.|O(1)|(“Common” Naturalness): F :
§< i with i = 1-7; p3,/0%] & i+ H, A, H':
2 400 ;
tt
~116V” - \ L300
¢y, ~ —3 5 (near alignment) - 390&
T omy —myg .
L L , V. > || incredulous

200
a Sakharov condition: 1StEWPT

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

prerequisite for ElectroWeak BaryoGenesis.

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

100
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e
2%

e IT. EWBGC BB

2HDM OK

Baryon Asymm. of

Universe (BAU) nﬂlj

strongly 1st opder EW phase transition (EWPT) ?

Extra Higgs 'IM

w/ (1) Higgs Quartic

AN

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

/

To avoid ng washout:

=0 /(H) = v L Hubble const.
b - - & Ty (To) < H('Tc)l
3??12::1ion conser R hg changing rate (br)
by sphalerons
“ v/ To = on(To)} O

fig. stolen from Jim Cline *

vev @ T,
Vvi(Te) + v3(Te)

— OO

Planck 2014

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

bubble

cr,lr ’

o™ = 12005, T

~ 8.9/T

)\j: =~ 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.
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@ CPV Top interactions

CPV source term

%LJR Z)—*\C‘Pq E? D dtz (Z)

(tz, Z) position in heat bath (Very Early Univ.)

A"TC = 3 # of color
F function of complex energies for i, j;
O, B(Z) physical variation (A3 = 0.015)

Baryon Asymm. of _‘3F(BSYIH) A
: AR il AP W
Universe (BAU) I'—‘B/j B = 2D )\ s /DO dz El(* Je

bubble Y ¢p ¢, , wall BAU & CPV Top interactions -
————f at Bubble Wall —) _ ,
oL skip
L ) left-handed Top density p detail
2! coord. oppo. bubble exp. dir. (Transport)

- CPV-—HEA(V) eorge W.>. nou(NIJ) ~~ [OP220906 ©
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CPV Top interactions

CPV source term

Sivir(Z —*\CPQ )ij D

(—)I: E )

Im[(Y1):5(Y2)5] = Im[(VEYpVET ) (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 tg=1 for conveni

still basically free param.

then V2YSM — v, 4+ Y, diag. by just Vi /<
but —Y1+ Y2 notdiag.
- .~ pheno
: Im [(}1 )w(}g);} — _ytlm(Ptt)-_ pet = 0
Fuyuto, WSH, Senaha, Phys. Lett. B 776 (2018) 402 Jﬂtﬂ

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

100 |

scan over |pie| i oy

c |

Ptes Py satisty
B, , mixing, b — sy

o
=10t . .
X no obvious diff.
= p; driven!
|singge| =1 |
2
Vg (:r) 3-"1)(?1) ?‘C 4 ] . *+.-i *
N T T S 1( e % e L
bubble %\ cp,tp /1 wall 5 S o . the charm of EWBG
|12 myg = maq = mg+ = 500 GeV|
t tr 1
o/ Te > O(1) small p
vw =04  AB=0.015 D,=89/T Dy =101.9/T
—=0.22T T =120a3T T..=16a'T

ITe =119.2 GeV _ ve = 176.7 GeV"
0.597T my,, = 0.62T

me, = 0.507 F‘TL,R

ﬂ?’tL = .
- CPV-HEA(V) eorge W.S. Hou (NTU) OP 220908 (
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ITT. Under the Heavens on Earth: eEDM

100 [

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

ACME18

B
if 10 E = 53—
& . & N
= i
S i
251
, —3:—
1 '2 _1
10° 10
EWBG &= A,1Imp, robust driver ®
H_l
Oy =1
[p.. as backup

- CPV—HEA(V) eorge W.S. Hou (NTU)

10
|F‘g|

Oversimplified: p,, =0
eEDM: (Jmp,
Ruled Out by ACME18!

Mech. to render small? Yes!
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@ Cancellation Mechanism for dv.o

to survive

AP

DU A,

Barr-Zee

dom. ACME18
de = d2 + d9% +d2%

Need to cancel

¢y [rad]
L
[
I

Ao /2 FHS' 18 —23—

(dgﬁy); o TemS2y ﬁl\
e 12273 jjwln.ﬁg,

— 6.6 1072 (22) (It 2 e T
Rutedioas \02) \=0.1 ) \0.947\ l

EWBG <= | 4Imp, robust driver

g(mz/m3) — g(m?/mg)

O,

i)~ 1 -

t — 1 1 x(l 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-—HEA(V) eorge W.>. nou(NIJ) ~ [OP220906 12
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9%

Cancellation Mechanism for dyy,

Barr-Zee

@[ dom

d, = d®7 + d%% + @*W Recall
e e -I_ e -l_ e h—)WZ E—]oop > Z‘IOOE

complex to survive ACME1S: M

FHS’20

Need to cancel

(de"),

h-H (dg’l");nix

miXing e N

purely (a2 )t N

extr. Yuk. e

o,
=h/H
e . )
Pee
(dfi,},)mix Abe Hisano Kitahara, Tobioka, THEP 14
emS2y e Jw | Xem qu y
".A + Irr.ﬁ _ 7
Q ' /q]/ ¢ 64v210 10ee
Cancel —= |17 2, | € = (16/3)89/ (AT} - (16/3)A)
— X —
ance v /11
Xem | U( )+ ( )] . “ . C.—
T T
1 1 2]1'3 ny I ‘ 1A 9\ TrA Repee Impee .
0 Rep,  Imp, |) W/ correlated
DL i@ Lo bhase

OP'220908 13
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E]
g

22
concal . d ThO — d 1 {IT]]OC ACME18
mech. o — 15 x 1020 (4.3 +£4.0) x 1070 ec
— Z w i v
de = dfy -I—‘df + di" - EEO"” 75€) F,, @NN (eiyse)
]D_ET T IShITTsl T T T T 11
cancellation -
poin-l- 150 N r=1.0
10728 Hldel =8.7x107* ecm ] C
_ - 100
g 02 11x107 ecm B 50 —
o, atv o .
2R L Sl TBAU: va/ v =1
= 50 [
a1 -100 :—
O Jdmol g p— :
do| —— a7 o
- _1: L
lorhoCs| 1 S 50 )
10_32 : ! 1 L Lol =
03 04 05 06 07 08 0.9 1 0.01 0.1 1
r . -
tt
: FTRYY s“lmpllfle,(’:l Impygs N Tﬁ Prt|
CS = —21‘) 6-3(Cue =+ Cde) =+ Cse . Ansatz Ilﬂ ptt At -
‘ I Follow SM Hierarchy I
Lo MYV 0062(Cb2 C—)] Repyy . Ar
n, (GeV) \ M M, Re \
consistent w/ Cesarotti, Lu, Nakai, Parikh, Reece, JTHEP’18 put t J N.B. rcan bef-dep.

- CPV—HEA(V) eorge W.>. nou(niy) —— [OPZ2Z20%06 14
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E]
P

the Heavens

Baryogenesis & electron EDM

the Earth

Fuyuto, WSH, Senaha, PLB’18

100

= 10
3 -
5
<
(4]
L
1072
EWBG &=

Fuyuto, WSH, Senaha, PRD-RC’20
@

2JImp, robust driver

O@) =1
[p,. as backup

10727 . :
i t
ACME'14 , Z
——— 6, A
10728 :_|dn| =8.7x107*" ecm , é 4
\\\\\\\\\ I E!__‘ e
E 102
L,
l';|l'3
r:" ¥
% 10°0 | lamoCs|
eN scattering |
PV n
|
. |
-31 e |
L7 ol /)
de| ——— |d27]
lernoCs| |z —
10732 . .
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Pee A7
Im pff _ ﬁ
' ifi Im N A :
simplified] m ps: t || Follow SM Hierarchy!
Ansatz” | Repyy Af
Repn
et t | N.B. r depend on loop functions

- oev—HcAvyth oo GeorgeW.>. nrou(NIL)  JOUPZ2Z090c 15
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On “the Heavens and the Earth”

* 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.

1072% - 1073 ecm looks fabulous. |Godspeed success! I

- PV—reAvyth o GeorgeW.>. nou(NIU)  JOPZZU2Uc 10
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%

IIT'. Emergent: Nature's Flavor Design

Fuyuto, WSH, Senaha, PLB’18

Fuyuto, WSH, Senaha, PRD-RC*20

t
Glashow-Weinberg'77: Absence of 2™ “Yukawa”| —e 2 .
Glas.-Wein. Knew:
me < my <K mr, Did not expect: Totally Out of Whack: ca. 1983
mg K mg <K my, |'Hw‘°mb > 1, | | Van|* < [Veo|* < [Vius|* < |V * 2 1, |
my K me K my, 1986* [BO mixing] 105 103 1/20 _J

EWBG <= | 4,Imp, robust driver |

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

simplified
“‘Ansatz”

2> Nature's Design

Im ffef _ ., )\_f:?
Im pye At
Repgr _ Ar
Re Ptt /\t

Follow SM Hierarchy!

N.B. r depend on loop functions

(iniy - [OPZ22000c 1/

- CPV—HEA(V) eorge VV.>. nou
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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:

Fuyuto, WSH, Senaha, PRD-RC*2

me < my <K mr, Did not expect: Totally Out of Whack: .
mg < mg < mp, | e /my > 1,| ||1----:ub\2 < Ve | < [Vus|? < [Vin|* N
My <K Me K My, 1986™ [BO mixing] 10-5 10-3 1/20

\

Mass—Mixirwierorchy

2> Nature's Design

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

nt = Retire Glas.-Wein. NFC |

EWBG &= | 4,Imp, robust driver | —Pz %3
/] mpsf _ ﬁ
O@) =1 simplified| Im pz At

[p,. as backup "Ansatz”| Repsp s

Re Ptt /\t

- CPV-—HEA(V)

Follow SM Hierarchy! |

N.B. r depend on loop functions

eorge W.S. Hou

(niwy - [0P 220008 16
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extra Yukawas reflect SM Yukawa pattern
Pii E ﬂ{}kt).’ M E @{)&1)? P34 5 @(}Lg) {j ?é ]_:]- WSH & Kumar, PRD’20

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

- o v-acA\vVv)rn o george w.o>. rou(nivy - JOUPF Z2ZUJU0 137 |
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Leading Search Modes at the LHC

G2HDM Sub-TeV Spectrum
WSH, Kikuchi, EPL’18
A{i/HlJ
...................................... c SearCha*ATLAS/Cl‘V‘\S Sal.ai..i.ed ?00
_ Py \t ATLAS-CONF-2022-039 (Sheirich talk, Wed)
g
L+1600
" Kohda,Modak, WSH, PLB'18 o ",
S (cg — tH/IA 25 tic(bar) Same-Sign To§)+ jet w S
N : 500
-S-< L Py ttt(bar) Triple-Top (High Lumi LHC; J Lt
S higher mass, more exquisite, tiny SM)/ } H, 4 H":
$ s 400 E
cg — bH" — btb(bar) __Top w/ two p; b-jets (H*) tt .
Ghosh, WSH, Modak, 1912.10613 (PRL'20) . 300 \/
_ V.€., HKM, PLB'18
iced (over 2HDM 1) 1200
t
1100
wZ
it ehrl e +g
lepton down-type up-type vecér scalar

- CPV-HEA(V) eorge W.S. Hou (NTU) OP 220908 (
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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.
107°F © 0 ©
*
E * LHCb
s * o o
® - U O
QEI 1 0-]0 - U
=T)
g v '
< o © o What hides H, A, H* effects so well from our view?
S Q¢ NS well
E pii = O(Ni): pui = O(M); P35 = O(A3) (j #1)| PRD*20
M .
1 0_] g U U, © Current bound
Y Current range
| n U Future sensitivity | ]
. . . * SM -
| Much more promising if general 2HDM
- o . U g
: 0_20=_muor_l g-2is harbinger (backup) =~ _ .
. >
c 3Ry FEE[EAFE vy R I ¢
T 2 1T 1 T 7 ) THIT ) T 1 ) (N o O
3 b Y o o [l PSS P = N QA
WSH&Kumar, PRD’20 1 = b e - =] Q[ Ay i) By
EPIC’21 Y Belle IT LHCb Belle/IT CMS

- CPV-—HEA(V) eorge W.S. Hou (NTU)
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@ Our Life & Times
h(125) vV New Physics X

Where is SUSY?

High Scale SUSY?!

uncoyventional-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 [0.4 Hi"
100 TeV pp collider Sub}TeV
= Landau Pole ~ 10-20 TeV
WSH, Kikuchi, EPL’18 )
125GeV == h
mass_s::ale

CPV-HEA(v) eorge W.S. Hou (NTU)
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@ | V. Summary |

I could have told you up front:

H?, A°, H* ~ 500 GeV | CAN
can generate B.A.U.  Verify at LHC.
accommodate eEDM _

€ Fantastic!l

and FPCP® 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-—HEA(V) eorge W.>. nou(NIJ) ~ [OP220906 25
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https://arxiv.org/abs/2109.02557

Thank you!

Join the Mission

Caution: strong reasoning does not mean Nature has to oblige ... a Higgs; and a 2" Higgs ...

- oev—HcAvytnh oo GeorgeW.>. nrou(NIL)  JUPZ2Z2090c 29
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Y ey

"« Baryon Number V iolation

o CP Violation
e Deviation from Equilibrium

- Matter left!

h¢ i
Equal Matter A _';?I"'t_ . i

- CPV-BEW(a)


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

Enough CPV
for BAU ?

Capital Reef National Park
{c) Wally Pacholka

CPV via eEDM, put check on Baryogenesis.

CPV-BAU-d, e R
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Enter
the Advanced Cold Molecule Electron EDM Experiment

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

The ACME Collaboration. J. Baron, W. C. Campbell. D, DeMille T§
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
i ACME14

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 (E. Cornell): <13 x107% ecm

I |d,| <1.1x 10_29€CHII (5)

STIRAP -
4V state Spipgrecession
at 90% confidence level. This ' han the best previous : preparation L @: =1 ms
limit, from ACME ', Because parammagnietic molecules are sensitive %\

Ajneig

to multiple time-reversal-symmetry-violating effects*, our measure-
ment can be more generally interpreted asfiw™* = —d, &z + WCs s
where Cs is a dimensionless time-reversal-symmetry-violating I '

_ i and Ws=—2mh =282 kHzis a
molecule-specific constant!®1735_For the d, limit given above, we
assume Cs=0. Assuming d, = 0 instead gives |Cs| < 7.3 x 107'% (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 |
model. Nearly every extension of the standard model*® introduces Beam of ThO : By

molecules |8 e W
—

—

Light collection

30 3% 3D S

A

the possibility for new particles and new time-reversal-symmetry-
violating phases, ¢, that can lead to measurable EDMs. Within typical
extensions of the standard model, an EDM arising from new particles

ACME]-S 18 OCTOBER 2018 | VOL 562 | NATURE | 359 * 5 layers of magnetic shields

= [ Electric plates
Magnetic coils

CPV-HEA(Vv)rth eorge W.S. Hou
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vy, —

@ ATLAS CONF Note y

ATLAS ATLAS-CONE-2022-039 7
EXPERIMENT
[1th July 2022

Search for heavy Higgs bosons from a g2HDM in
multilepton plus b-jets final states in pp collisions
at 13 TeV with the ATLAS detector

q

Ptq t _
e prq H pg<q ! pra H fg<f
, T o
-
q Ptq t g t g t

- CPV—HEA(V) 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!

Py > 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
CPV

—> 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—HEA(V) eorge W.S. Hou (NTU) OP 220906 50
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https://arxiv.org/abs/2105.11315
https://arxiv.org/abs/2107.14114
https://arxiv.org/abs/2109.08936
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