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The Case for Extra Yukawas

LISBOA

I. Intro: 2HDM-III
Extra Yukawa Coupling Thoughts

IT. EWBG
O(1) Quartics: 1sf Order PT

O(1) Imp,:  Source of CPV 2" Top Yukawa

ITI. Extra Yukawas an Experimental Question

IV. Curious: Alignment

O(1) Quartics Consistent!
Alignment: Replaces Glashow-Weinberg NFC

V. Conclusion: FPCP Bonanza & H% A° H* in Our Time
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LISBOA

I. Intro: 2HDM-III

Extra Yukawa Coupling Thoughts
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a second Higgs

let's assume fundamental, then.... Highly Plausible!

Known CPV in CKM = Yukawd's. Extra Yukawa's?

Jarlskog Invariant way too small for Universe ! . Y
Killed by Z, (Glashow-Weinberg 1977)

Natural Flavor Conservation

Glashow-Weinberg’77 vs (Fritzsch-)Cheng-Sher’87
No Extra Yukawas Genuine Extra Yukawas (2HDM)
by Z, h

u-, d-type mass each
from separate doublet

- Same Yuks. as SM

FCNC OK, |f M:}H ~Aﬂk}1£m;mj

XtraYukawa eorge W.S. Hou (NTU) WHEFP, Lisb [17/2019 /7 |
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LISBOA
My take (1991): ¢— ch
PLB'92 ————————
Physics Letters B 296 (1992) 179-184 PHYSICS LETTERS B

Morth-Holland

Tree level t—ch® or h°—1t¢ decays

particularly well defined, amounts to a third type of

Wei-Shu Hou ! two Higgs doublet model (Model III), so let us re-
Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland capitulate its properties: The NFC condition is not
PSI-PR-91-34 imposed, but low energy FCNC constraints are

Received 25 June 1992 evaded b i eg. (4) that
reflecCfermion mass and mixing hierarchies)Neutral

@Fid type of two Higgs model, where neutral scalar bosons possess flavor changing uuh® couplings proportional 1o

ow energy constraints are evaded. With the top as the heaviest fermion, tree level flavor changing t—ch® or h®—1¢ decays
may be competitive with, if not dominant over, the corresponding t—+bW* or h®-+bb decays. The CDF limit of m,> 91 GeV may
be evaded by the t—ch” mode if mye < m, < My, while the h?—12 mode may be useful for the study of intermediate mass Higgs
bosons at hadronic supercolliders. The scenario can be distinguished from the existence of exotic quarks since flavor changing Z
couplings are absent.

XtraYukawa eorge W.S. Hou(NTU)  WHFP Lisbon, 1/17/2019 8
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2012+ One Higgs = 2" Higgs
\

LISBOA J
Y-
, Highly Plausible !
PLB'13 gnily
- : . 0
When the Higgs meets the top: Search for t — ch" at the LHC
CrossMark
Kai-Feng Chen?, Wei-Shu Hou®*, Chung Kao®", Masaya Kohda*
2 Department of Physics, National Taiwan University, Taipei 10617, Taiwan
b Homer L. Dodge Department of Physics and Astronomy, University of Oklchoma, Norman, OK 73019, USA
ARTICLE INFO ABSTRACT
Article history: The newly discovered “Higgs” boson h”, being lighter than the top quark ¢, opens up new probes for
Received 18 June 2013 flavor and mass generation. In the general two Higgs doublet model, new ct, cc and ¢ Yukawa couplings
:‘I?lgfld ZEI!”'Y;EH J013 could modify h° properties. If t — ch” occurs at the percent level, the obseried ZZ* and yy signal
E;?t'ﬂr, JE ﬂ';;lz ugust events may have accompanying chW activity coming from tt feeddown. We suggest that t — ch® can be
" searched for via h® — ZZ*, yy, WW* and bb, perhaps even =t~ modes in {t events. Existing data
might be able to reveal some clues for t — ch® signature, or push the branching fratio Bt — ch”) down
to below the percent level.

C m; | only scaffold
Per COS( — ar)Cth’ /| oty sea

FCNH modulated by h—H mixing Pcc  Pet
Pic Ptrt

Extra Yukawas

- “Alignment” could overtake Glashow-Weinberg NFC

XtraYukawa eorge W.S. Hou (NTU) WHFP D /17/2019 S
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2HDM (w/0 Z,): FCNH p;;

- Alignment can overtake Glashow-Weinberg NFC
General Yukawa interaction for up-type quarks

—Ly = q_%L( 137 1)1 T }/213 I)Q)U.’:'R + h.c.
V;=VC; V= VS,

LISBOA

Y’SM

1 ca +Ys S3

mg = yf"t-’/\/§
VUJFYSMVE’ = diag(yu, ve, yi) = YD diagonal

p = VET ( Fl 53 —+ Y Cﬁ) LR FCNH (Flavor Changing Neutral H)

Neutral up-type Yukawa interaction Ao — 0 alignment

- limit !
Ui O s .
—Ly = U, [yi/%j S58—a t+ Pij B— a] ujrh 4 diag. (SM-h)

7 -
N.B. tan/s unphysical 5 uirpijujr A+l | pij|et®ia
[2HDM IT notation]

XtraYukawa eorge W.S. Hou (NTU)
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LISBOA

IT. ElectroWeak BaryoGenesis

O(1) Quartics: 15t Order PT
O(1) Imp,:  Source of CPV  2"¢ Top Yukawa

- Atffay b\ af\a ... @georaevw.o. nrouiNnIL)  Wnreg Lisbon, 1/1/7/ZUl1lY 11 |
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Contents lists available at ScienceDirect

PHYSICS LETTERS 2

Physics Letters B

LL R,L‘.,' th www.elsevier.com/locate/physletbh

Electroweak barvogenesis with lepton flavor violation @ oo
Cheng-Wei Chiang -%4, Kaori Fuyuto®, Eibun Senaha-2:*
99
4 Deporement of Physics, Norional Taiwon [niversicy, Toipei ?f}ﬁxﬁ% CUH'
b Deparoment of Physics and Cencer for Machemerics and Theor ISiCs, hc:mnc[ffnrr&[ Unt‘arWkam Tomwan CMS 2015
© Inseirure of Physics, Acodemia Sinica, Toipei 11520, Toiwan lh b Ip WO
4 Mysics Division, Notional Cfnrer_FurmeﬂmﬂmISHmfes.Hsmll .';‘E ia t Bf(h — 1.) (0 84—|—0 39)/6
* Department of Physics, Sogo University, Sogo 840-8502. Jopon MOT'VGT'O“ ﬂ - —037
disappeared since

ARTICLE INFO ABSTRACT
Arricle history: We investigate the feasibility of electroweak baryogenesis in a two-Higgs doublet model with lepton
Received '_-:”"'“E‘_H 2016 flavor violation. By scrutinizing the heavy Higgs boson mass spectrum, regions satisfying both strong
ggii_wm in revised form 24 Seprember first-order electroweak phase transition and the muon g — 2 anomaly are identified. We also estimate

the baryon number density by exploiting extra Yukawa couplings in the p-7 sector It is found that a
:E?I];Etﬁg i]?:;;egmg;:;ir 2016 (CP-violating source term can be enhanced by the p-t flavorviolating coupling together with the extra ©
Editor: |, Hisano coupling. With (1) Yukawa couplings and CP-violating phases, the observed barvon number density is

marginally produced under a generous assumption for the bubble wall profile.
i 2016 The Authors. Published by Elsevier BV. This is an open access article under the CC BY license
(http:[/creativecommons.org/licenses/ v/ 4.0/ ). Funded by SCOAP2,

- AtraYukawa  (GeorgeW.>. Afou(NIv)  WRHFF, Lisbon, 1/1//2019 12 |
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EWRBG2:

LISBOA

~ O(1)
“)\ui”; Impf‘-

s‘rrow order EW phase transition (EWPT) ? Expanding Bubble of Broken Phase

Extra Hig al Loops \
w/ Q1) Higgs i

( baryoﬁ-_

ZHDM OK violation

see e.g. Kanemura, Okada, Senaha, PLB'05

fig. stolen from Jim Cline *

To avoid ng washout:
Hubble const.

T (1) < H(To)
hanging ra’r%broken phase)
vev @ Tc
Vo) +v3(Tc)  (keep vy, vy)

Baryon Asymm. of —3TE 0 Planck 2014
. AN “+ B il AR - yebs — g 50 % 1011
Universe (BAU) ng/s | Y5 9D \.s / dz El(* Je B X
q - —00
va(2) () r™ — 12005,T ng changing rate (sym)
—— I D, ~ 89)T quark diffusion const
bubble Y ¢zt S wall S entropy density
I 2 At & Uy bubble wall velocity
t, t nr, l.h. fermion density (l.h. fop density)

M
K. Fuyuto, WSH, & E. Senaha, PLB'18 [1705.05034] ~
XtraYukawa

coord. oppo. bubble exp. dir.

eorge W.S. Hou(NTU)  WHFP,Lisbon, 1/17/2019 13 |
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LISBOA

| CPV Top Interactions |

Extra Yukawas

CPV source term

Siin(Z) = NeFlm | (Y1) (Y2)5 )0*(2) 0, B(Z)

4 = (tz.Z4) position in heat bath (Very Early Univ.)
Ne = 3 # of color (quark based)

F Function® of complex energies for i, j
O, B(Z) physical variation (A5 = 0.015)

* See e.g. Chiang, Fuyuto, Senaha, PLB'16

!
dz

—ar iy /“
" 2Dgh.s )

oo

E(zf)e—}\_zr

Baryon Asymm. of /s |y
Universe (BAU) g
Va(2) b (Y)
— — —.T ————— , ,— — —
bubble (¢, , wall
ty tr

BAU < CPV Top Interactions ~
at Bubble Wall — nr, <ki
left-handed Top density det gil
coord. oppo. bubble exp. dir. (Transport)

’
K. Fuyuto, WSH, & E. Senaha, PLB'18 [1705.05034] ~

o
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CPV Top Interactions
LISBOA Extra Yukawas ‘s
CPV source term “Jarlskog” both doublets participate

Sizir ZJ—AC[@ )ij D Z) 0y, B(Z)

[ (Y1) (Ya)5;] = Im [(VAYRVED) 5 (ViEpVEt)z ]

To understand the EWBG scatter plot to follow, suppose (H.K. 6uo et al. 1609/09849)

(YD) #0, (Y2 0, (Y)ie=(Y2)u#0 (3 Pﬂr'g):ns-)

all else vanish, and take t; =1 for conveni

: : r v
then V2VSM — vy, 4+ YV, diag. by just Vg 604
but —Y7+ Y5 not diag.
—
CPV Source Pte  still basically free param.
Pit and Py least constrained
K. Fuyuto, WSH, & E. Senaha, PLB'18 [1705.05034] Altunkaynak WSH Kao Kohda McCoy PLBR'15

XtraYukawa eorge W.S. Hou(NTU)  WHFP Lisbon, 1/17/2019 15
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Bonus: Extra Yukawa Drive EWBG!
BaryoGenesis

Fuyuto, WSH, & Senaha, PLB'18
[1705 05034]

LISBOA
]_UD T T T T T T T T T T T T I‘ T T

[ 0.1 < |pge| < 0.
05 < |pr| < 1.0

Ptc. Py satisfy
By s mixing, b — sy
Altunkaynak et al., 1506.00651

scan over |pie| G1r G |
for illustration (t; = 1)

Ptt: Remarkably

2 Sufficient for BAU
Ye/YEPS = —
G no obvious diff.
= pi; driven!
g :
B0 L
PRt T 0l | L@ the charm of EWBG
|12 ".*n.H =my = myg+ = 500 GeV|
< : b-TeV
small sub-te
velTe > O(1) Pt
ve = 176.7 GeV' v, =04  AB=0.015 D,=80/T Dy =101.0/T
= 0.22T T =120a3,T T..=16a’T

'"Te = 119.2 GeV

U 59T m‘t;{ - 0621—1 m‘c;g - D5OT F'IIJ,IZ —

ﬂ?’tL = .
XtraYukawa eorge W.S5. Hou(NTU)  WHFP, Lisbon, 1/1//2019 16 |
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ITT. Extra Yukawas — an Experimental Question

LISBOA

* When h(125) was found lighter than top, there is no way to stop the experimentalist,
young or hot so young (e.g. Daniel Fournier) from t — ch searching, because s/he can.

* If s/he was told that Glashow&Weinberg somehow forbade it since 1977, the response
would be ... What!? ... ... (pause) ... — Splendid, so much the better, Can Not Lose!

* The bottom line: It is a PDG Entry. [my bottom line for 46 search at LHC]

Note: tch coupling is dimension-4, Not a Higher Dim. Operator.
It is in the form of a Yukawa coupling, but forbidden in SM.
It implies an Extra Scalar Doublet to have Extra Yukawa Couplings.

By generalization, it should be extended to Extra Yukawa Couplings
fori,j=1-3,and for F=u, d, ¢.

‘ Existence of Extra Yukawas is an Experimental Issue ‘

XtraYukawa George W.S. Hou (NTU WHEFP, Lisbon, 1/17/2019 17



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

IV. Curious: Alignment

O(1) Quartics Consistent!
Alignment: Replaces Glashow-Weinberg NFC

- Atfayu«\afa .- georgevv.o. nrou(NIiv)  VWAreE LIsbon, 1/1//ZUl9 10 |


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

The Alignment Enigma: cos(f—a) = 0

based on Bechtle et al., EPTC'17

LISBOA

The squared-mass matrix is given with respect to the Higgs basis states,
{Vv2Re H? —v,v/2Re HY},

Z1v? Zgv?
2 _ 1 i
M= (Zﬁ'UE mi + Zﬁ,?)ﬂ) ’

The CP-even Higgs mass eigenstates h and H (with m; < my) are given by,

HY (cs_a —88_a) [V2Re H) —v

h )  \Sg-a Co—a V2Re HY ]’
where « is the diagonalizing angle of the squared-mass matrix with respect to
the ®Y-®Y basis of scalar fields and tan 3 = (®9)/(®Y). In the approximate
alignment limit where mﬁ ~ Z1v?, we have

|Zﬁr,|’U‘2

m2, —m?
which can be achieved in two different ways:

1. m4 > v, corresponding to the decoupling limit.,
2. || Zs| < 1] allowing for approximate alignment without decoupling.

<06 (s Alignment w/o decoupling seems not easy ...

|Cl,3_ﬂ,| ~ < 1}

- Xtrayukawa ~ GeorgeW.S. Hou(NTU)  WHFP, Lisbon, 1/1//2019 19
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Alignment.  tang, M, vs 1, 7 4y

L5804 2HDM-IT vs 2HDM w/o Z,
V(e =131 |8F + 13, |0 — (u7,@7®" + hec.) Higgs basis

Jr ??@fri n ?}3|f}[’|2|fbr|2 +'ﬂ4|‘1’+‘1’r|2 (tan unphysical)

EWSB 2 assume CP-Inv
((+ { HQ (@7®")* + 6| @[ + 5|2 |7] T + h.c.} '

minimization 5 1, 0 1
Hi1 = —5'??1?} . Hio = ET}'E.U " [see Haber & O'Neil, PRD'06
\ )

Y“soft breaking” term absorbed
N 1S Unigue mixing parameter

 Xtrayukawa  GeorgeW.>. fou(NIU)  WHFP, Lisbon, 1/1//2019 20 |
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Abgnment.  tanB, m*, vs g, 117, Moo

EEINE 2HDM-ITI vs 2HDM w/o Z,
V(o, = 1111 | R + 13| @7 — (43,079 + hoc.) Higes basis
i 32 |‘1.’f|:1 + ??3|(I)| |(I) | + n4|‘1."|' ‘1.’I| (tanp unphysical)
EWSB - assume CP-Inv
+ { HQ (@7®")* + 6| @[ + 5|2 |7] T + h.c.} |
minimization\ 2 1 5 2 1 5 o |
Hi1 = —2??17_.7 . Hio = 2]"}'6?_,? _ [see Haber & O'Neil, PRD'06
\
f
1
— 2 4 Tpa2 sof‘r breaking” term absorbed
. Mp+ = Mz T 5llst 1s IS unique mlxmg parameter
1 _
m? = pag + — (r}a + 1y — )V R, = [ T ] cos(B—o.
¢ S-r- C-r-
2 2 diag. m2. 0
Ur}! _ hv MgV } RT TU'E R _ [ H ]
even 1 ,}},61}2 ;UJ%Q 1 %(‘T}.S + 1y + 'WE:}UB  E— even 0 mi

2 9 2
2 _ Thv” —my 2 2ngv
Cy = 2 2 sin 2 -2 2

A
Near Alignment,
—

C, small

2 2 - 2 . 2
n10% — my, sub-v - NV
{ —) c, = —5 5

My? —my? > several v2 miy — my

XtraYukawa eorge W.S. Hou(NTU)  WHFP Lisbon, 1/17/2019 21 |
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i

— !
Ny =15 =1 = |ma = Mg+ ) , 1
_ . M+ = Hap + 57307,
Custodial SU(2) Illustration ., 1 ;
My = Hog T 5('3?3 + 1y —n5)v

s + ATsy,

EW Precision Constraint ————T % T @
T m, =TS GeV S
0.9} PETS e i
sl 350GeV = S b N5 <3
_my:_level repulsion ;-
n;i’s: Higgs L -
Self-Couplings =06 — N
f pling = 06 =02
05} [-s,=0.980]
0.4 /T N
extreme 030222 O_géé
alignment _ 2 vl] :
i 1.5 2 25
Me
m2 [v?
"‘ 5= O(2) 41

. el :
‘ O(1) Higgs (quartic) self-couplings > Near Alignment: ¢, Small \

XtraYukawa eorge W.S. Hou(NTU)  WHFP, Lisbon, 1/1//2019 25 |
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VI. Conclusion: FPCP Bonanza
LISBOA & HO, AO, HZ in Qur Time

* Higgs boson h? 125 GeV in mass discovered in 2012, HO A0 H2
If remnant member of fundamental Higgs doublet - 214 Doublet Reasonable

» Exquisite CKM “Flavor” picture (mass-mixing structure) at B Factories & LHCb
—> The Flavor physicists feel the Yukawa Dynamics in their bones!

» Happy marriage of Glashow-Weinberg NFC and SUSY for years: 2HDM-II
Alignment: h°resembles SM Higgs! —> 2" Doublet is Multi-TeV (decoupled)?
and SUSY not seen ...
* Remove NFC, i.e. allow Flavor-Changing Neutral Higgs Couplings

> Alignment can Emerge for O(1) Higgs Quartic Self-Couplings
WSH & M. Kikuchi, EPL'18

-HO% A®% HZ*at Sub-TeV! = Potential LHC Discovery

- Extra Yukawa’s: pj; esp. py, p, 2 Impact Flav. Phys. & CP Violation
O(1 no time to touch ...
( ) Fuyuto, WSH, Seneha, PLB'18

- Bonus: account for Baryon Asymmetry of the Universe |?

triple-top!
Verification: Extra Higgs Discovery @ LHC (e.g. cg — tH, tA)
Broad Future FPCP Program Kohda, Modak, WSH, PLB'18

XtraYukawa eorge W.S. Hou (NTU) WHEFP, Lisb [17/2019 24 |
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Thank you!

SM2: SM with 2"d Higgs Doublet

No further assumptions,
except learn from Nature.

"FPCP" Review: Chang, Chen, WSH, PNPP'17
"HEP Window" Review: WSH, 1901.04033

- Atffay b\ ayY\a ... @georaevv.o. nrouiNnIn)  Wnreg Lisbon, 1/1/7/ZUl1lY Zo |
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Much New FPCP Pheno

most vanish with c, — 0

LISBOA
for illustration: _le =01
c,—0 _
B(ﬁ — Ch) ~ T TO/0] for

B(h — pt) < 0,

Q=07 £MS 13 TeV (2016)

|,|Gti'3| = ]_ |:>

B(T — puy

C?—>0
=~ 1U

[l

8| Belle IT

vs < 0:46% (0-40%) ATLAS (CMS)

0.22% ATLAS 1
0

707.01404

e

charged Higgs H™

- S " h — py width reduction
- . QJO-"T-»"' ‘3' H
_U.J:_ ((,Q((_)}\'}/ (ptt coamnonc Te)
- YS’Q\N:} C? — 0
N
—1—
C - — .
(; . : L|| ;
- 3 - T ! .
; ;/ N ; = lop ) :l e '---nm;yezo Barr-Zee
\ A < B -~ ' , Science ;‘:. _ (2 lan
f)f.fk--,/i - \lde| > 8.7 x 1072 e cm e-ED P)
hH A, T Z;/_(3'7’ 21 \ but: c,—0|
e "! VA e B \\
# - B N\ ~
—Q_a_— \\s Py = 08.! |pee| ye
- S i cancellations
_ ; . .
. | \ when imaginary
107 107 1

XtraYukawa eorge W.S. Hou(NTU)  WHFP Lisbon, 1/17/2019 28
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LISBOA

for illustration: e =01 B(h — pr) < 0.

207 £MS 13 TeV (2016)

Cy—>0

C—>0

vs < 0:46% (0-40%) ATLAS (CMS)
0.22% ATLAS 1707.01404
o1 & Complex
EWBG ()Ptjt p |
O(1) Higgs Quartics
h — py width reduction

Ahhh coupling

Alpnh = (AZRE™M = Nanp)/ Ao =~ 60%

Higgs @ LHC
the charm of EWBG
L-m.H = ma, = my+ = 500 GeV|

pr'obablyYhidden % param. space
in t1(bar) much broader

charged Higgs H™

B(t — ch) ~ U T /0] for |pse| = 1 = |B(T = uvy <—1u 8| BelleII

h — py width reduction
(ptt Gomnenc Te)

Cz,—>0

Barr-Zee

e-EDN—(2-Lagp)

but: Cr — 0
|Pee| ~ Ye

’

cancellations

when imaginary

XtraYukawa eorge W.S. Hou(NTU)  WHFP, Lisbon, 1/1//2019 29 |
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Pt
- One-loop Protection -

|1/2

LISBOA

kz (~ |Thozze /TN 450 measured experimentally)

m,=m, = 350 GeV '15 =0.25, 0.50, 0.5, 1.0 m =m, = 475 Gev m =m, = 600 GeV

|
102 :
[ |

1.0
058
056

0,547

K=z

052
0.50

sk

0.86

Purely Bo3onic Loops (O(1) couplings)

New
Yukawa
= Original Motivation to Study Alignment in G2HDM
based on WSH & Kikuchi, 1704.03788 [PRD'17]

VVIOIrrE, LISDOIN, 1/71/7/ZU1Y HSU |

- AlUdYUKawWwd ueorde vv.o. noutiN 1 v j


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

