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i”“'mﬂ O. Intro: Our Life & Times
o [ h(125Y V' New Physics X

Where is SUSY?
Out-of-the-box Searches (XLPs) & EFTs <= Where is Everybody?

Assuming only the SM states below some A:

e EEEE———
only SM states {

Me,h,W ~100 GeV

We can then Taylor expand (SM fields and derivative over A\):

|
1 New states (susy, compositeness,...)

A

(assuming lepton & baryon number)

At D_u gaH 95 ,RfL.R QFW
ﬂ“’f:g_gﬂ (T N TR ¥ ) =Ly Lot

dimension-4 terms dimension-6 terms:
The SM Leading deviations
Alex Pomarol @ LHCP from the SM
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i””vmﬂ O. Intro: Our Life & Times
. h(125Y V' New Physics X

Where is SUSY?
Out-of-the-box Searches (XLPs) & EFTs <= Where is Everybody?

unconventional-Conventional
Assuming only the SM states below some A: Road Not Take
e

e EEEE———
only SM states {
Me,h, W ~100 GeV

We can then Taylor expand (SM fields a

|
1 New states (susy, compositeness,...) Extra nggS Doublet w/
A Extra Yuka Cou lm s
& Extra Quar'

rivative over \):

(assuming lepton & baryon number) | H, A, [_1i ||

4 -
A SR e o \ | e
|d|men5|on-4 termsl + dimension-6 terms: s oy @
oV =
The SM (G2HDM) Leading deviations |
Alex Pomarol @ LHCP General 2HDM from the SM mass scale
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.TW 0. Intro: Our Life & Times
. h(125) v New Physics X

However, Where is SUSY?
Beyond CKM CPV.
EW BaryoGenesis (EWBG) , tension LHC
- more testable - ) © - No New Physics -

cEDM: ACME14 > ACMEIS

- L.E. Precision Frontier -

do| <1.1x102% e cm
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The Universe began

. wp: " - :
with a "Big Bang” 1 milioh'yeal X elements
~ 14 billion years ago stars and formed
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Enough CPV
for BAU ?

A\ 2 PhA
e _ACME experiment: Current frontline, Probe
CPV via eEDM, put check on Baryogenesis.

al Reef National Park
) Wally Pacholka
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IMM ' I. General 2HDM |

Two Higgs Doublet Madel

Whither 15t Order Phase Trans. / Sufficient CPV?

SM: Weak Int. foo 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. Extra Yukawa's?,

Y
Killed by Z, (Glashow-Wginberg 1977)

for Flavor Conservaton.
General ad hoc

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

=)

p.: The driver; p.. the backup

N.B. Data-drivenp;: t —ch; h— ur... Fuyuto, WSH, Senaha, Phys. Lett. B 776 (2018) 402
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ﬁmmm Extra Yukawa Couplings

s
Loeneral 2HD
&’ Wl T’ GAT -l TWIAT

General Yukawa interaction for up-type quarks

—Ly = q_%L( 137 I)l T }/213 I)Q)UJR + h.c.
V;=VC; V= VS,

Y’SM

1 ca —|_}/2 SB mp = yf’v/\/E

va}rSNIT/E — diag(ywu. Ye, y¢) =Yp  diagnonal

p=V rui (—Y7 sg + Yo CJS) VE| FCNH (flavor changing neural H)

Neutral up-type Yukawa interaction L St 0] alignment
;i 0; P CB—a 7 limit !
EY:ELIHS_ + L. ]uRh +> diag.
i \/5 p—a \/5 B—a | %] g
0 A
. [yﬁ o= 2L 5] uynH
?‘ > FCNH |2ij
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Extra Higgs Quartic Couplings
..... Sub-TeV Spectrum & 1StEWPT

G2HDM
p y Iy ! 1
SM 3 fll‘l) +ﬁ£§2|(t’ |2 — (,u?:,(l)hfi -+ h.(‘..) H%Q = 5”6“2 #Gev
V(®) ~ — 2| PP+ 2D | = > 5 @[ + | @[ @'[* + e @1 “min. cond” 7800
U '
02 ~ 22 {%(@19)? + gl & e @ B + ..}
S
WSH&Kikuchi, EPL'18 00
r . .
1s: sole param. for h-H mixing (c,) unnatural
L1600
m -... .“o
S s K
N " - - i 500
- Dim’les\params.|O(1)|(“Common” Naturalness): : :
= g with i = 1-7; p3,/v° | & i H, A, H*:
& : 400 *
I“. tli..ﬁ.
02800
L ) Alignment argument > ” incredulous

200
a Sakharov condition: 1StEWPT

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

100

fa) r‘c\l‘\ i Wal

LT
UHU h= e uw ‘

lepton down-type up-type vector scalar
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[

| IT. EWBG |

strongly 1st opder EW phase transition (EWPT) ?

Extra Higgs

M
w/ O(1) Higgs Quartic

AN

2HDM OK

baryon
violation

by sphaleron

fig stolen from Jim Cline *

Expanding Bubble of Broken Phase

To avoid ng washout:
Hubble const.

br) ;, .
R r (7o) < H(T@)l

g hClnging rate (br)

'l-’C/TC = Csph(TC)

vev @ Tc
VviTe) +v3(Te)

~ O(1)

Planck 2014
Y5Ps = 850 x 10711

Baryon Asymm. of na/s = _Brfﬁsym) /D d=' n..L(z")e_’}‘_zr
Universe (BAU) B 2D, A\vs ) o
val2) (1) r™ = 12005,T ng changing rate (sym)
—— T = D, ~ 89)T quark diffusion const
bubble % ¢t  wall s entropy density
-/ T —X T — Ap = Uy bubble wall velocity
ty lr nL

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

CPV Top interactions

CPV source term

N\ - (V- 7 2 s
Sirir(Z) = NeFlm |(Y1)i;(Y2);; )v*(Z) 8¢, 8(Z)
4 = (tz.Z4) position in heat bath (Very Early Univ.)
Noc = 3 # of color
F function of complex energies for i, jr
O, B(Z) physical variation (A3 = 0.015)
_31"(53’111) 0
Baryon Asymm. of n/s |V = L B / d-' El(%r)e—)\_zr
. B B L /] ) -
Universe (BAU) 2D A1 s ) oo
Va() b (Y)
— — —'r ————— "— — —
bubble \\ - ’;" wall BAU « CPV Top interactions ~
—_——— Y ——— at Bubble Wall —) _ :
oL skip
t L left-handed Top density detail
2! coord. oppo. bubble exp. dir. (Transport)
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!“TMM‘ CPV Top interactions

CPV source term

%LJR Z) —*\CPQ E? D dtz

I [(Y1)i(Y2)5;] = Im[(VEYDVe" )i (ViVR' )]

To understand the plot to follow, suppose (exercise)
(YD) #0, Y2)e 70, Y =(Y2)e 70 (3 Pﬂr'g}'\:s-)

all else vanish, and take t; =1 for convenience
v
then V2YSM — vy, + Y, diag. by just Vi /a)(“
but —Y7+ Y5 not diag.

— hﬂ[(Yﬂm(}fg)H = —ydm(pee).  per =0

Pte  still basically free param.

Fuyuto, WSH, Senaha, Phys. Lett. B 776 (2018) 402
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IMM Robust: Large Parameter Space for EWBG

100 |

Pic: P satisfy

scan over |pie| Gt e | B, . mixing, b — sy

all no obvious diff.

}/B,f'l }fglﬁ

= pyt driven!

the charm of EWBG

myg = maq = mg+ = 500 GeV|
< ]

velTe > O(1) small py

"Te =1102 GeV wec =176.7 GeV' v, =04  AB=0.015 D, =89/T Du=1019/T
my, = 0.59T me, =0.62T  m.,, =050T T,, , =022T TY =120a5T T..=16aT
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!M Simplified flop: ¢EDM “Prediction”

for illustration: #;=1, ¢pq= 0.1
/
B(t — ch) ~ ().y)"/ for |pee| = 1
Vs <).46% (0.40%) ATLAS (CMS)

<0073% T sg T

CMS TOP-20-007 ,
-0 ! L
[INTUCMS] U} X
4

Oy [I"(l( {I
|
—
(%)

IIIIIIIIIIIIIIIIIIIIIIIIII

lllllll

-...§

7% 107 e cm

1

107"
I/—'nl

p—
o

charged Higgs H*

/ h — yy width reduction
i (pi compensate)

Barr-Zee

ME Scsenc%%?::l e-EDM (Z-IOOD\

but:

Cﬂ_a—>0

|Pw|~}e

FHS'18 Fuyuto, WSH, Senaha, Phys Lett. B 776 (2018) 402
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Order of Magnitude Smaller Limit on the Electric Dipole
Moment of the Electron

The ACME Collaboration, J. Baron, W. C. Campbell. D, DeMille. J
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.

AVAAAS

2013)
Science 343 (6168), 269-272. [doi: 10.1126/science.1248213]

originally published online December 19, 2013

Editor's Summary

Stubbornly Spherical

JILA’17 (Cornell): <13 x1072° ecm

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

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

Spin.precession
L @r =1 ms

I |d| < 1.1 x 10 %% ch (5) 1
STIRAP -
Q state
at 90% confidence level. This i W han the best previous g
limit, from ACME I"®, Because parammagnictic molecules are sensitive =

xpreparatnon

to multiple time-reversal-symmetry-violating effects®), our measure-

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

= i and W= —2mhx 282 kHzis a
molecule-specific constant!®175_ 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 Cg 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
molecules

2= SS N W W \‘\"_.

Light collection B IS

A, “ “~‘

the possibility for new particles and new time-reversal-symmetry-

s,.gz,’& i i // 2
= — =

violating phases, ¢, that can lead to measurable EDMs. Within typical
extensions of the standard model, an EDM arising from new particles

18 OCTOBER 2018 | VOL 562 | NATURE | 359

R I Electric plates
Magnetic coils

5 layers of magnetic shields
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S ITT. Under the Heavens on Earth: ecEDM

physics
2 X
K. Fuyuto et al. / Physics Letters B 776 (2018) 402-406
FHS18  ACMEI1S
100 ¢ T T T - —ns - ot
05
B //x
_|:_ \}\\}
= 10 _ = LS
S ER:
5 L
S N
251
: -3f |
1 * = 1 1 L1111 . 1
107 10-2 - :

|F7'u|

EWBG =  2lmp, robust driver ® eEDM: (ZJmp,
O@y) =1 Ruled Out by ACME18!

[p. as backup Mech. to render small? Yes!/

 Extra- Yuks/eEDN George W.S. nou (N 1U) APS April 2020, 4/19 1/
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Cancellation Mechanism for dyho

— - 93\’. to survive
i dom. ACME18
de = dg" +d7" +d77)
i need cancellation |
W ! L{’ 4
= hH =
¢t - 2? ¢ £ -15
& N
d¢. FHS'18 -2}
8}’ aen S é :
(de), _ 1 2?; /ﬁl\ln.ﬁgq 25
e 12V§ﬁak@/ X
S9 I A ‘3:
e —6.6 10_29 _}’ - 4
SO0 X (0.2) (—0.1 ) (0.94
EWBG &

FHS'20 Fuyuto, WSH

2;Imp;; robust driver
—al!
O(4) =1

, Senaha, Phys. Rev. D 101, 011901(R) (2020)

g(mz/m3) — g(m?/mg)

x(1—x)
x(1—x)—z z

g(z)E%zJ; dx ] In

Barr, Zee, PRL'90
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Cancellation Mechanism for dy,

to survive ACME18:

dom.

de = d?7 4 d%? + d®V

turn o@,

N.B.

FHS'20

h— yy: W-loop > t-loop

need cancellation

(d2"),

h-H Tem qu
pur‘ely em
extr. Yuk. 12723 m,
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Pem ("Zy ¥
In{BigA 77,
64f 2 v

mp,, ¢ = (16/3)Ag/ (AT =
Impy,

.- s
Rep,,
Rep,, - w/ correlated

phase

(16/3)Af)
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mmm cancelt WA /110 = d + arpoCs| 1 ACMES
= mech. o — 15 x 10205 (4.3 +£4.0) x 1070 ec
Z W ]
de = dgw -I—‘df + d‘j‘ — %EG”“)/SE) F, @NN (eiyse)
10727 . : Shiffs : . e
cancellation r
point 150 = r=10
10728 pldel =8.7x107* ecm i E
i | 100
220 50 [
o 2
z sl 0 F
S 10730 © :BAU Yi/YE yobs _
= 50
-31 100 -
10 \dhol 5l 7 E
del —— ] 150 -
leernoCs | i - !
10_32 : ! 1 L MR | -
03 04 05 06 07 08 09 1 0.01 0.1 1
TR TR simplified | Tm p;; A lped
Cq = 2% [6.3(Cm, + Ca!e) + C, - “Ansatz” Iln P = T A—t .
79 MeV o e R \ I Follow SM Hierarchy I
o, 2 +0.062( *’”’+£)] CPrr AT
Me (GeV) mp my RE‘ ‘Ott )\t

consistent w/ Cesarotti

Lu, Nakai, Parikh, Reece, JHEP'18

N.B. I can be f-dep.
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"

Baryogenesis & electron EDM

-

AW‘&M
Fuyuto, WSH, Senaha, PLB'18 “

CO
‘ Fuyuto, WSH, Senaha, PRD-RC'20
(;b )
100 o .
I 107 T T
i 1§
ACME'14 . z _
10728 el =8.7x107* ecm v Z§L ]
\\\\\\\\ s e Py e ]
B —fee
o .
E 10 E 10 29
el
> L2
S =
% 1070 | lamoCs|
eN scattering |
PV u
|
i 31 P |
1 8 O ol — @D - |
0 do| —— %)
|orrnoClsl [: o
10732 . |
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
EWBG <= | A4lmp, robust driver —Pw )\ﬂ@ r
— Pir _ A1
~ implified| Impg A -
Oy = 1 simplified] m pst t || Follow SM Hierarchy!
[p,. as backup Ansatz” | Reprp  Ar
Re piy a3 depend on loop functions

- CPv2zbAvecomm  GeorgeWw.>. nou(nNIiy)  CFPP@NCISZ211U1Z2 Z1
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omplex —— "

- —

Fuyuto, WSH, Senaha, PLB'18

Fuyuto, WSH, Senaha, PRD-RC'20

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 <= | A4lmp, robust driver P
—_— Impsy _ Ar
O@y) =1 simplified| Im pz At
[p as backup "Ansatz’ | Reprr  As
Re Ptt )\t

Follow SM Hierarchy!

N.B. r depend on loop functions

- CPv2zbAvecomm  GeorgeWw.>. nou(nNIivy)  CFPP@NCISZ211U1Z2 22
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.’M complex I “
- .:*‘ Baryogenesis & electron EDM (@eo)

Fuyuto, WSH, Senaha, PLB'18

Fuyuto, WSH, Senaha, PRD-RC'20

We are Probing Extra Yukawa Couplings: pi. p,-
t—ch,h—ur *C

Glashow-Weinberg'77: Absence of 2" “Yukawa”|
G-W Knew:

me < my <K Mmr, Did not expect: Totally Out of Whack: .
mg € mg < mp, |'”?t/'”'?-b > 1, | | Viuo|* < |V |* < [Vue|? < [Vio|?
My K Me K My, 1986*

\

Mass-Mixirg Hierarchy
> Nature's Design

EWBG <= | A4lmp, robust driver | P T
— mp

Oy =1 simplified Im ps: At | Follow SM Hierarchy! |
[p as backup Ansatz”| Repry  Ar

Re pu M NB T depend on loop functions

- CPvZ2zbAvecomm  GeorgeWw.>. nou(nNIiy)  CFPP@NCISZ211U1Z2 25
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.HTWL On “the Heavens and the Earth”

In context of EWBG driven by an exira top Yukawa
coupling, the impressive ACME18 bound suggests an

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

to echo the hierarchical pattern of SM Yukawa couplings.

e ACME14 was confirmed by JILA17 using HfF*, i.e. different approach.
It is good that “JILA is chasing Harvard/Yale(/Northwestern).”
Personally, I don't think 10~2° ecm is finished business.

e Amusing: The /Jargest diagonal extra Yukawa py; drives BAU.,
in concert w/ smallest diagonal extraYukawa pg, to generate eEDM,
that might be revealed soon by very-low-energy ultraprecision probes.
For me, I think 1072° - 1073% ecm is just fabulous. |Godspeed success!

 cPvzeabeeom 0200 GeorgeW.>. nou(NIu)  CFPP@NCISZ211012 249
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extra Yukawas reflect SM Yukawa pattern

Pii = O(Ai): p1i S O(A1): p3; = O(A3) (7#1)

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

- CHPvZzbAbeebmi Georgew.o. hou(NIU)  CFPP@NCISZLIULZ 2O |
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Leading Search Modes at the LHC

G2HDM Sub-TeV Spectrum
- 800
AU/H[)
. Search-at-ATLAS/CMS started 760
ptC‘ \t
L+11600
o Kohda, Modak, WSH, PLB'18 ‘.0’ ",
S cg — tH/A Py tic(bar)  Same-Sign @ s
N : 5005
-5< Py ttt(bar) Triple-Top (High Lumi LHC; H H o
© higher mass, more exquisite, tiny SM) & "™ A
$ . 400 ;
cg — bH* — btb(bar) _ Top w/ two p; b-jets (H*) tt .
Ghosh, WSH, Modak, 1912.10613 (PRL'20) L300 \/
g V.€. V. HKM, PLB'18
ced =200
t
100
wZ
ell":: dsb uc J\JI £l
lepton down-type up-type vecﬁ’:)r scalar
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Glimpse of coming(New Flavor Eral
&1FV (Flav.Viol. in B deca

5 Grey boxes: Astounding BSM via
O o O “LO” from B-Anom.
o5k : O o O
poos .
2 A * N LHCb
2 © o *
) (o) O
3] 1
® i U O
QEI ]0-]0_ U
=T)
£ v 0
S o © O What hides H, A, H* effects so well from our view?
= ! -
E Pii = O(Ai): p1i S O(M): p3; = O(As) (1 #1)
M
1 0_] ' U U, © Current bound
Y Current range
n Y Future sensitivity | ]
| . * SM ]
| Much more|promising if . ggﬂgﬁl 2HDM | |
-2 i g
1 o-20, twon g-2}s harbinger . . . ]
sy 3Ry trEi[Edryy [R YRR
TTTT?‘TTTTTTTTT o N
3 ~ S ° | O = N A N
WSH&Kumar, PRD,20 <+ =X b R RN =1 R W q RN Belle IT
2107.14114 3 Belle IT LHCb Belle/IT CMS
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Our Life & Times
h(125) v New Physics X

High Scale SUSY?! Where is SUSY?

ExtAa Wein
& Extr Quar'

Ex¥a Higgs|| Doublet w/

rg Couplmg

Couplings

1StEWPT
Dim’less Quartics O(1) (Naturalnes):
n; with i = 1-7; pay/v?
100 TeV pp collider|
= Landau Pole ~ 10-20 TeV

125 GeV =

H,A,Hil

Sub

h

mass scale

- TeV
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IMM. TV'. Pheno ConsequenCCSZ one-loop muon g_2

s

e gg — H, A5 pt: stringent bound on p,, P, SO could appear soon!

p > 0.1 can still drive EWBG.

* oo &5 H, Apg tc:  p, can dilute the above

-2 |cg — bH* — bW+, tcbW*| fancy sigantures.
WSH, Jain, Kao, Kumar, Modak, 2105.11315

e Revival of muon physics:
- MEG II discovery plausible (with p_, ~ A,)
- follow-up by uN — €N, can even probe p,,!
- T — puy: probe p,, ~A;! / T — 3p: probe p,, ~A,!
WSH, Kumar, 2107.14114

* LEDM: Same one-loop diagram, complex p,,p,..
CPV

—> Possibly discoverable at PSI with planned sensitivity!
WSH, Kumar, 2109.08936 6 x 10722 ecm

N.B. This one-loop muon g—2 would
make Nature appear “whimsical”.
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I‘M‘ S /. Summary B

M

I have told you up front:
HO, A% H* ~ 500 GeV | CAN

can generate B.A.U.  Verify at LHC.

accommodate eEDM

& Fantasticll

and FPC® Probes !

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

Go CMS & Belle Il (and others) !
& Lattice
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Thank you!
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Enough CPV
for BAU ?

Gp’e[[e expemmen’ralls‘r KM go‘r Nobel but the KM
CPV phase is short of Baryogenesis by 10-10!
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