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for B.A.U.?
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we ACME experiment: Current frontline, Probe
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I. General 2HDM

Two ’Fﬁggc Doyblet Model

Whither 1 Order Phase Trans. / Sufficient CPV?

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

2HDM:  Of1) Higgs Quartics OK. /' CPVin V(®,, D,) problematic w/d,
Wise to keep V(@,, D,) CP Conserving

Comment: Known CPVin CKM, i.e. Yukawa's. Raxtra Yukawa's ? :

Killed by Z, (Glashow-Weinberg 1977)

“Natural Flavor Conseryation’ .

General U ad hoc
2HDM:  O(1) Higgs Quartics OK / Extra Yukawa's w/o 2,
(015}

p,, the driver; p,. the backup
WSH, PLB"92 M

NB. Data-drivenp..: t - ch; h - ut ... Fuyuto, WSH, Senaha, Phys. Lett. B 776 (2018) 402




alignment
C, small h-H mixing

PHYSICAL REVIEW LETTERS 129, 032001 (2022)

Search for Flavor-Changing Neutral Current Interactions of the Top Quark and
Higgs Boson in Final States with Two Photons in Proton-Proton Collisions at \/s =13 TeV

A. Tumasyan et al.”
(CMS Collaboration)

M (Received 3 November 2021; accepted 13 June 2022; published 13 July 2022)

Proton-proton interactions resulting in final states with two photons are studied in a search for the
signature of flavor-changing neutral current interactions of top quarks (7) and Higgs bosons (H). The
analysis 1s based on data collected at a center-of-mass energy of 13 TeV with the CMS detector at the LHC,
corresponding to an integrated luminosity of 137 fb~'. No significant excess above the background
prediction is observed. Upper limits on the branching fractions (B) of the top quark decaying to a Higgs
boson and an up (u#) or charm (c¢) quark are derived through a binned fit to the diphoton invariant mass
spectrum. The observed (expected) 95% confidence level upper limits are found to b(. () 019% (0.031 %) for
B(t = Hu) and 0.073% (0.051%) for B(t — Hc). These are the stricte > >

WSH, PLB 92 (ESI-PR-91-34)

Chen, WSH, éao, Eoﬁzfa, PLB'13



EEI e oiukowa Couplings

General YuKawa interaction for up-type quarks

U, =UC  L,= LS,

YSM — Y]_ Cﬁ —|_Y2 5}6 mysg = yf’u/\/§

vaYSMVE — dldg(yu Ye, yt) =Yp diagnonal

P = I/TELT ( —Yl SB -+ Yz ca ) I/T}% FCNH (flavor changing neural )

C

Neutral up-type Yukawa interaction "3,6’1&: 0 a_[%
—Ly = Ui1, [yj%j S8—a + % Cﬁ—a] ujrh - diag.
- N
app[r)c?)tf;ﬁgﬁﬁint! + UL [yjij CH-w = % Sﬁ—ﬂf] ujrRH|
- 2 1> FCNH |Py
[H+iA] 5 E WiLPijUjR A+hec, J ‘Pij olbij




Extra Higgs Quartic Couplings

..... ub-TeV Spectrum
G2HDM - SP
S V(®, 2y =711 | O+ p5o| @' — (pfa®' @’ + he) | |1ify = Se?
V(@) ~ - u2|<D[2 A0 = 2 121+ sl @|@ [ + ma| @7 min_cond” 7800
s
2 2 (@'e)? [q6|¢:|2 + 7|9 2] 1D + h.c. } wo?
.
Higgs basis WSH&Kikuchi, EPL'18 760
- -
1s: sole param. for h-H mixing (c,) unnatural
7600

) h

c

N

— Dim’less\params.|O(1)|(“Common" Naturalness):

o<

®

o)

7))

— 16V . \
i & w (near alignment)
T

a Sakharov condition:

1 EWPT

A38.0 (1) 1,’S needed for 1% order Phase Trans.,
prerequisite for ElectroWeak BaryoGenesis.
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strongly 1st order &pﬁase transition (EWPT)

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

ﬁlrpanding Bubble of Broken Phase

Extra Higgs m \
0

) To avoid n, washout:
w/ O (1) Higgs Quartics =0/ =v L S4Bl const.
br) /
B T r [I57(T0) < H(Te)
baryon —<+—1L ,
2HDM OK violation \conser R ny, changing rate (br)
by sphaleron . .
AN ve/Te > Cpn(To)~ 0w
p . * vev @ T,
fig. stolen from Jim Cline \/’U% To) 1 'Ug )
" s y _qrym) 0 Planck 2014
aryon Asymm. o " A e - yobs — 8 50 x 101!
Universe (BAU) /S B — 31 % / dz" n ({‘ )t B '
J iy — 00
va(z) v (y) I‘(Bsym) = 1 20@-%,T n, changing rate (sym)
___'T_____?__— Dy = BYAT quark diffusion const
A I
bubble®, cr,tr « wall S entropy density
Ap & Uy bubble wall velocity
t, t; nr, L.h. fermion density (Lh. top density)

coord. oppo. bubble exp. dir.




P CPV Top interactions

CPYV source term

Si030(2) = No R [0y ) ) (2) 9 2)

/= (t 7. 4 ) position in heat bath (Very Early Univ.)
Ne = 3 #of color
F Sfunction of complex energies fori,, j,
J; = B8 ( VA ) physical variation (N3 = 0.0)L5
(sym)
Baryon Asymm. of —30 B

0
7 — ’-f'! f ‘:’f -.i_A_zr
Universe (BAT) /S B — QDQ)\_|_.S / dz’|ng (*’-‘ )t

— 0

Vol vp (2
__wE®_ ____»E Puw P
\ ” * .
bubble, cp tn S wall BAU < CPVTop interactions -
———— - at Bubble Wall — nr, ‘
. ki
¢ t, left-handed Top density detail
L
2! coord. oppo. bubble exp. dir. _ (Zransport




P CPYV Top interactions
CPV source term
Si030(2) = NI 01y (2D (2) 9 2)

Im[(Y1)ij(Ya)};] = Im[(VEYD Ve (VEpVET)E]

lifted from Guo Li Liu,Ramsey-Musolf ,Shu PRD’17

To understand the plot of next page, suppose (exercise)

YD) Z0,(Y2)e 20, (Y = (Y2): 20 (3 Pam”3>)

all else vanish, and take ty = 1 for convenience

then VoYSM — v 4y, Vi W
but —Y1+Yo

= [m[(Y)re(Ya)i] = —yelm(pu). po =0

-} . .
Fuyuto, WSH, Senaha, Phys. Lett. B 776 (2018) 402 Pte still basically free param.

oV BAUC GeorgeW.s. Hou(NTU) . Irfu Saclay 221114




100 |

scamn over Iﬁtcl Dtt Dte |

}/B/‘l }fglﬁ

sin e =~ 1|

[
=
T

Picy Pie satisfy
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no obvious diff.

= P driven!

Vg (.I') I-ib(y) Q \_: 4 i _,_il'. ,-.."':1. ; ; - H i+
NI 77 S e
gl = TS 10 | thecharmof EWBG
P Py | pse] myg = my = myg+ = H00 GeV|
l‘f tL 1
uc/Te > small P _ythn(ptt)
ve = 176.7 GeV' vy, =04 AB = 0.015 D, =89/T Dg=101.9/T

"Te = 119020V
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II1. Under the Heavens on ‘Earth: e EDM

co-m_p-l-ex K. Fuyuto et al./ Physics Letters B 776 (2018) 402-406
FHS18 ACMEIS

lﬂ{]‘ r B T T T :I T 1T
05
_|f_ \3“}//
% 10 E ~1 5:_
5 “F 8
> - R
~2.51
: 31
1 £ = 1 | 1 1 1 11 | 1
102 107 10 |
|Pu|
Oversimplified: p,, = 0
EWBG = Almp, robust driver ® EDM: (AJmp,
Oo@m)=~1 uled Out by ACME18!
[P as backup Mech. to render small? Yes!

oV BAUC GeorgeW.s. Hou(NTU) . Irfu Saclay 221114



Cancellation Mechanism for dTﬁO

to survive

‘Barr-Zee Lom.
O
de = de =+ de + de
t Need to cancel
smg_ll _ h ‘]? )
. r ee ‘: 0 ] )
A/A FHS'18
(dg&y)r o aemSZy m I‘[.Aq
€ 12421 bw
| A
——66x10—29( 2)(".)( L
Ruled Out 0.2/ \-0.1/\0.94
TWBG &= }\tIlTl o Tobust driver
O@)~1
FHS’ 20 Fuyuto, WSH, Senaha, Phys. Rev. D 101, 011901(R) (2020)

ACMELS

(mr /mH)

1 lnx(l‘-x)
x(1—x)—z 2

(mr /th)

gz)= %Zj;ldx

Barr, Zee, PRL'I0




Cancellation Mechanism for d T

to survive ACME18S: turn o0 )
dom.
N
) dqﬁ‘y dq’)Z 1 d¢W Recall
5 e T € h - yy: W-loop > t-loop
t Need to cancel
Cy 2, (df”)r Jd_fy)w
small ¢ K 4 ‘;7" |
e @ e I
Pee |
t W
|
| |
¢ y
=h, fi{(A) e —
e Py e e
Pee
d¢ _ ( d‘;’}') . Abe,Hisano, Kitahara,Tobioka, JHEP 14
h-H ( e}’);‘mx XemS2y e II}VHX . engy y
Me 3 b | i
m [ “MH L/’e Tl
Imp.. 7] € = (16/3)80/ (AT} ~ (16/3)7)
ance — = X—
Cancel Imp,, At \
purely (dfl’)?"h Foini I - F(za) + 9(ta)] \ ‘h — ¢ =2
~ m T (A
extr. Juk, e 2m°m, ) gt Rep,, Imp,, Prt At
L B > 0 E—) - = w/ correlated

' Em m Repy, Imp,, | 4 P



mech.

d‘ThD

d, + arpoCys

7

(4.3 +£4.0) x

aT]]OA]5X 020

EDMSs [e cm]

l(?]'z*(j 3

10—29 =

10 3l

1[]—'.51

10732

il

do = d¥ + d0% + 0V - id)ec"yse)

sﬁifts

= 8.7x107* ecm

7

cancellation
point

0.5 0.6 0.7 0.8 0.9 1

Cy = —2¢° {6.3(@{8 + Cg) + C,.

79 MeV (Cbe £ )

41 MeV

N

+ 0.062
g (ge‘V)

my Iy

consistent w/ Cesarotti, Lu, NaKkai, Parikh, Reece, IHEP 18
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simplified
“‘Ansatz”

0.1 - 1
|ﬁtt\

I Follow SM Hierarchy I

NB. I can be F-dep.




Baryogenesis ¢ electron EDM

Fuyuto, WSH, Senaha, PLB 18

Fuyuto, WSH, Senaha, PRD-R( 20

Csl

e scattering
crv

-

/)

-

di?)
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100 ¢
' 1077 ¢ . .
L ACME 14
L 10728 E_|t:-".,| = 87x107 % ecm
2
Sy -
= 10 - = 10729
> : 3
-,
2 g
& =
“@ -
a 10 0 ‘(IT]]O
y a1 | .
! :_—2 10 ldhol {
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EWBG Almp, robust cfriverl P A
Impyy s
T et e
O@)=~1 simplified| Im pe At
Ip,. as backup “Ansatz”| Reprp  Af
Re prt At

0.6 0.7 0.8 0.9 1

“Know” SM Hierarchy! |

NB. T depend on loop functions
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Baryogenesis ¢ electron EDM

Fuyuto, WSH, Senaha, PRD-R(C20
comi lex ,,,

t
¢/ % %
e d ‘)7 e
’D
\J"¢ee/
O Lord, our Lord,
How Majestic is Thy Name
in all the Earth,

Who have set Thy Splendor
above the Heavens !

Psalm 8:1 (of David)

EWBG AImp,, robust driver e A
Imppp _ Af
N e I \
O(}‘t) ~ 1 S“Impllfle’(,j Hpre ! “Know” SM Hierarchy!
P, as backup Ansatz” | Repry ., Wi
Fuyuto, WSH, Senaha, PLB18 Re Ptt )\t NB. T depend on loop functions




p On “ the Heavens and the Earth”

* Amusing: Largest diagonal @XEXA Yikawap , drives B.AU.,
in concert w/smallest diagonal @XErA Yukgwap,, for ¢EDM;

could be revealed soon by very-L.E. ultraprecision probeg,

10-2-10% ecm looks fabulous . |

Only one expt has reached 10729 so far ...




Enigma
P 111 “Emergent: Nature's f[aerQSlgn

Fuyuto, WSH, Senaha, PLB 18

Fuyuto, WSH, Senaha, PRD-R( 20

We are Probing Extra Yukawa Couplings: P P

t - ch;h - pt o t /
Y N o/ 2
Glashow-Weinberg'77: Absence of 224" Yukawa'! : : ‘)7 °
Glas.-Wein. Knew:
me < my < Mmr, Did not expect: Totally Out of Whack: ca. 1983 .
mg € mg < my, F”“’f'”"'b = l_l |_‘-"’ub\2 < |Veb|? < |Vus|? < Vi
My K< Me K My 1986* B0 mixing] 10-5 1073 1/20

] Nature’'s Des

WISH, Kikuchi, EPL’ 18: Mass-Mixing Hier. + [ Retire Glas.-Wein. NFC |
EWBG )\tIm « Tobust cfriverl 7 AT )\:’\e
— mpry A
O@)=~1 S“Impllfle’(,j 1 p At “ Know” SM Hierarchy! |
.. as backup Ansatz” | Repry ., Ag =
Re Ptt )\t

NB. T depend on loop functions




extra Yukawas reflect SM Vukawa pattern

pii = O(Ai); p1i S O(A1); p3j S O(A3) (5 #1)

WSH e Kumar, PRD’ 20

IV, Phenomenological Consequences

H/A/H* Search e E lavor Frontier




Leading Search Modes at the LHC

G2HDM Sub-TeV Spectrum
WSH, Kikuchi, EPL’18 i
H/A/H=* Search . 800
A{]I/H[J
...................................... .""". o - A o “ Z0O0
: Dedrcn dv ATLAS/CHVS Stdrted ruyY
_ p. \t ATLAS-CONF-2022-039 (ICHEP)
L=11600
o (B8 o ",
S (cg = tHIA P ttc(bar)  Same-Sign Top + jet d k!
N ; 500
p : _ : _ . :
-5‘24 L 5t ttt(bar) Triple-Top (High Lumi LHC; : H A H :
S higher mass. more exquisite, tin Pl , :
N SM) s 1400 :;
Cg N bH+ N hIlQ(lDEI:J I ! I | i I (I I+) ',". tt’.,n
Ghosh, WSH, Modak, 1912.10613 (PRL'20) . 306 _________ ‘\/
L - V.CV. " HKM, PLB'18
>nhanced + 200
t
%100
wZ
el IT dsb 11 C A M)

{

scalar

IeEton down-type uE-type vecf%r



Glimpse of coming ﬂ\[{w Flavor zm ]

e TFV (Flav.Viol. in B deca

5 Grey boxes: Astounding BSM via
0
(-
o
ot
)
(]
8
o=
o g Y
-E [ U
"g, 10 O o What hides H, A, H" effects so well from our view?
© pii = O(Ai); p1i S O(M); paj S O(As) (1 # 1) 2ro20
Q -15 U
10 i U “Know” SM Hierarchy! I O Current bound
Q Y Current range
U > Future sensitivity |
‘ v * SM
Much more|promising if general 2HDM
muon g-2 is hagbinger U g2HDM
10‘2{}‘- o M i i M M 1 I
WV b~ ~ b~ WV WV W -~
Q‘g%i% hk—g%ﬁ‘g:ﬁ.n& Sy 3 ©
TTTTT TTTTTTTTT O B
X b~ Y | S A ° & 1R
WSHer Kumar, PRI 20 = i ke SIS a B[R S Q R X Bollo 1T

EPIC 21 Belle IT LHCH ﬂe[[eEII m



Our Life ¢ Times

High Scale SUSY?!

Space to be

Filled in the

‘Tuture. ..

ISEWPT Lattice

Dirm’ less Quartics O (1) Naturalness):

n; with i = 1-7; p3,/0°

100 Te'V pp collider
[l Landau Pole ~ 10-20 TeV

WSH, Kikuchi, EPL’18

T [1.4 H+ﬁl|
TeV

Su

125GeV =1 h

mass scale




i v summary

I could have told you up front:

EN
H° A° H* ~ 500 GeV CAN ‘
, [] Fantastic!!
can generate B.A.U g Verify at LHC.
accommodate @ EDM

and F P CP Propes!

Decadal Mission:

Find the extra H, A, H* bosons and Crack the F lavor .o!

GoCMS e Belle |l (and others) !
& Lattice

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



https://arxiv.org/abs/2109.02557

Thank you'!

Join the Mission

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






AVAAAS

M. Doyle
E. Kirilov, I. Kozyryev, B. R. O'Leary. C. D. Panda. M. F. Parsons.

Order of Magnitude Smaller Limit on the Electric Dipole

Moment of the Electron

The ACME Collaboration, J. Baron. W. C. Campbell, D, DeMille,
. G. Gabrielse. Y. V. Gurevich. P. W. Hess. N. R. Hutzler,

E. S. Petrik, B. Spaun, A. C. Vutha and A. D. West (December 19,

2013)

Science 343 (6168). 269-272. |

originally published

Editor's Summary ThO

Stubbornly Spherical

doi: 10.1126/science.1248213]
ACME14

polar molecule thorium monoxide, we measured d, = (—2.1 + 3.7 + 2.5¢) 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

JILA’17 (E. Cornell): < 13x107% ecm

| |d,| < 1.1 lO_zgech (5)

at 90% confidence level. This ' han the best previous
limit, from ACME I, Because paramagrietic molecules are sensitive
to multiple time-reversal-symmetry-violating effects®!, our measure-

ment can be more generally interpreted asfw™ = —d & + WiCd,
where Cs is a dimensionless time-reversal-symmetry-violating

= i and Ws= —2nhx 282 kHzisa
molecule-specific constant'%1735_ 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
model. Nearly every extension of the standard model*® introduces
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

ﬂCMZlg 18 OCTOBER 2018 | VOL 562 | NATURE | 359

& STIRAP - o :
state pip precession
l g. e pecbatetion L : =1 ms
2 pe

L
B

Beam of ThO 47@
molecules N

ML B8 QIS

Light collection

Electric plates
Magpnetic coils

5 layers of magnetic shields




0n
Pt

e gg — H, NG pt: stringent bound on p p,,., S0 could appear soon!
P> 0.1 can still drive EWBG.

ptt tc .
e go _, H, £ - tc:  p, can dilute the above

[] |_cg — bH* . utbW+*, tcbW" fancy LHC signatures.

WSH, Jain, Kao, Kumar, Modak, 2105.11315 (PRD 21)

 Revival of muon-related physics:
- MEG II discovery plausible (with p_, ~ A))

- follow-up by uN - eN, can even probe p, !

- T — py: probe p,, ~A! / T - 3u: probe p,, ~ A,

WSH, Kumar, 2107.14114 (EPIC21)

* WEDM: Same one-loop diagram, complex p_,p,,,

CPV
[] Possibly discoverable at PSI with planned sensitivity!
WSH, Kumar, 2109.08936 (JHEP'22) 6 x 1072 ecml

N,B. This one-loop muon g =2 would

make Nature appear “ whimsical” !
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