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ae I. Intro: General ZHDM for BAL]

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 Couplings OK / CPV in V(®,, ®,) problematic w/ d,
Wise to keep V(@,, ®,) CP Conserving

Comment: Known CPV in CKM = Yukawa's. Extra Yukawa's?,
Y
Killed by Z, (Glashow-Weinberg 1977)
for Flavor Conservation.
General ad hoc

2HDM:  O(1) Higgs Couplings OK / Ex’rr'a Yukawa's w/o
Natural:

ptt ’rhe driver; p.. the backup

N.B. SM-like flavor org., plus Data-driven p;: B — D™t Anomaly; t —ch; h — pr...
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# IT. General 2HDM (w/0 Z,): FCNH p;

General Yukawa interaction for up-‘rype quar'ks

—ucB v, = DSB

ysSM — 1 ca +Ys S3

mg = yf"t-’/\/§
VUJFYSMVE’ — diag(yu. Ye. y¢) =Yp  diagnonal

p = VET ( 1 S8 T Y5 CJS) LR FCNH (flavor changing neural H)

Neutral up-type Yukawa interaction - alignment
P=TYP cg—a —> U S

—Ly = ;L [yT;S,B—a + % CR— a] ujrh 1> diag. (SM-H)

~ N
[yl
+ Ut [ i/%j Ch—a — % 35—&] ujrH
. > FCNH [p;;
i
— — u;L pijuir A + h.c., b
N.B. tans unphysical V2 | |pijle' @i
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IIT. EWBG from py

strongly 1st o_rgar‘ EW phase transition (EWPT) *

Extra Higgs M AN
w/ @O(1) Higgs Coupling
C‘ZHDM OK  vie¥orion

by sphaleron

fig. stolen from Jim Cline *

g hanging rate (br)

Expanding Bubble of Broken Phase

To avoid ng washout:
- Hubble const.
r® (7o) < H(Te )|

+L

ve/Te > (spn(1c)
vev @ Tc

ViTe) +v3(Tc)

~O(1)

(keep vy, V,)

Planck 2014
YgPs =859 x 10~

31—\(534'111) 0
Baryon Asymm. of n./s T — — 2l p / d-' El( ,_r)E’—)\_z:
. B —_— P ‘ ) ot ’ e e
Universe (BAU) 2D, A\vs ) o
va(2) w(v) P = 120037 ng changing rate (sym)
- T —— D, ~ 89)T quark diffusion const
bubble *  cp tp S wall 5 entropy density
-/ X Ay = Uy bubble wall velocity
ty tr nL

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




~ CPV Top Interactions |
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CPV source term

%LJR Z)—*\CPQ E? D dtz (Z)

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

ﬂ-‘rc =3 # of color
F function of complex energies for i, jr
O, B(Z) physical variation (A3 = 0.015)

Baryon Asymm. of _,grstym) A
. oo ) AP -
Universe (BAU) ng/s | Y = 2D )\, s /DO dz El(* Je

bubble \\ R ;’ wall BAU < CPV Top Interactions ~
—_—— — — — —_—— at BUbble WG“ I:> nr, sklp
" N left-handed Top density > detail
2! coord. oppo. bubble exp. dir. (Transport)
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CPV Top Interactions

CPV source term “Jarlskog” both doublets par’n ipate

%LJR Z) —*\CPQ E? D dtz

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

To understand the plot to follow, suppose

(YD)e#0, (Y0, (Y)ue=(Y2)u#0 (3 Pﬂr'gq“s-)

all else vanish, and take t,=1 for convenience /

then V2VSM — vy, 4+ YV, diag. by just Vg 64®
but —Y7+ Y5 not diag.
= |Tm[(Y1)e(Y2)5,] = t — 0
CPV Source pte  still basically free param.
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Robust:
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Large Parameter Space for EWBG

100 |

scan over |pie| d1r dre |

YB/YE>

i robs
} Bﬁ B
[
[ ]

DclTC > O(l)

Pic. P satisfy
By s mixing, b — sy
for illustration (t;=1) Altunkaynak et al., 1506.00651

Remarkably
Sufficient for BAU

no obvious diff.
= pyt driven!

2 Y 43 :
= e s e T the charm of EWBG
|1t | my = myg = mygz = H00 GeV|
< 1 -
small by sub-TeV

vw =04  AB=0.015 D, =89/T Dy =101.9/T

"Te = 1102 GeV__ve = 176.7 GeV'

m-tH — 0622_‘

m.cR — D5DT F'IL,H — 022T Fg} — 1200!'?,‘;]—‘ Fss = 16&21—‘

my, = 0.59T
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(et ess Back on Earth

AL 1) I V- Y~ W ol o P
NATndriel Crdig & cro

Cl ) \N_O

C D cCAA
Uo7 DOV

Where are we? | ere or

/“Natural SUS \

HO, A0, H*

o leV
w
S—C
[
LR
h

Best case scenario given null results:
partner mass hierarchy inversely
proportional to contribution to Higgs mass

Supersymmetry

They?

Me: In SUSY there is 2" Higgs Doublet,
where do you place them ?

Craig: ... they are at e.g. 3 TeV ...

Me: OK, you take decoupling limit.




) L
[ nperiid
6]}

Back on Earth
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DA
D OIV\

/“Natural SUS \

Where are we? | ere or

5 TeV
w
He, A9, H* _
[ > g
[
L bLFI
Tevi __________ -
h

Best case scenario given null results:
partner mass hierarchy inversely
proportional to contribution to Higgs mass

Supersymmetry

They?

Me: In SUSY there is 2" Higgs Doublet,
where do you place them ?

Craig: ... they are at e.g. 3 TeV ...

Me: OK, you take decoupling limit.

e [backdrop: Alignment by Decoupling]
N.B. (3000/125)? » 600 |




The Alignment Enigma: cos(B—a) = 0

2HDM-IT
Impersonating the Standard Model Higgs boson:

alignment without decoupling 3 === 2014
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Marcela Carena,"¢ lan Low,%*/ Nausheen R. Shah,? and Carlos E.M. Wagner"“¢

Q‘A}S) 0(“\\06
: \
... @ hew solution also appears T
"\\\«} CU‘(“\O

AsMm —
tan 7 = —|— small terms
| (M)

quartic forbidden by Z,
— generated by soft breaking, hence “small”

r.h.s. large
|.h.s. large
N\

~
My Question: Why should |.h.s. = r.hs. |?

/

fine

what Howie Haber calls “accidental cancellation” tuned




L, . .
The Alignment Enigma: cos(p—a) =0
I o b
—BSMHOuttook

LI 9 L4 L N T N /I AN1~7
FrowTe Alaber & Toyama, 57 2017
based on Bechtle et al., EPTC'17

The squared-mass matrix is given with respect to the Higgs basis states,
{V2Re H? —v,v/2Re HY},

Zv? 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) S Ch—a V@ Re H 3 ’
where « is the diagonalizing angle of the squared-mass matrix with respect to

the ®Y-®9 basis of scalar fields and tan 8 = (®9)/(®{). In the approximate
alignment limit where mﬁ ~ Z1v?, we have

7 2
|"3 —a|ﬁ—”%{{l?
My — My,

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.

<0.05
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L, . .
The Alignment Enigma: cos(p—a) =0
I o b
—BSMHOuttook

LI 9 L4 L N T N /I AN1~7
FrowTe Alaber & Toyama, 57 2017
based on Bechtle et al., EPTC'17

The squared-mass matrix is given with respect to the Higgs basis states,
{V2Re H? —v,v/2Re HY},

Zv? 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) S Ch—a \/E Re H 3 ’
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

|Z|§',|’IJ'2
my — mp
which can be achieved in two different ways:

1. my4 > v, corresponding to the decoupling limit.
2. || Zs 1| allowing for approximate alignment without decoupling.

<45.\S\l5 shake off the MSSM mindset!
WSH & Kikuchi, 1706.07694

|Cl,3_ﬂ,| ~ < 1}
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IV. Bonus: Natural Alignment, w/ p,, Protection
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ol 2N
oenerar <o >
V(®, &= 13, |8 + 3, | '] — (47,@7®" + hec.)
' , 2 ,
- §|'1]'I|;l + n3|®[*|®')* + '?'?ﬂ1|'1"+'1]'f|2 assume CP-Inv.
EWSB - 2 2 2
{2 @0 + RS BT + 1.}
minimization ) 1 , ) 1 2
Hi1 = _5??11? . 12 = 5-;;61: , [see Haber & O'Neil, PRD'06
\ Y,

Y“soft breaking” term absorbed

"~ G2HDM-TopTwe eorae WS. Hou (NTU) = DPF@FNAL, 170802 14



IV. Bonus: Natural Alignment, w/ p,, Protection

SN
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...... LAaLiN
UC”C[ Ualr criov 2

V(o, = 1111 | R + 30| @7 — (u3,87®" + hoc.)
2 /
EWSB i ?@f'i + 113 ||| + [ @7 D' assume CP-Inv.
WS 5 3t a2 2 n21 &t 4/
+ {5 (2'0)" + |[16| @[ + 77| @7] @@ + hc.
minimization 5 | R 5 I
Hi1 = —73Mv . Hi2 = =Tgl , [see Haber & O'Neil, PRD'06
g 1 : ——
m2s = p2, + 5?'?3’”2: soft breaking” term absorbed
3 2 1 Coy, — 8-
ma = pios + 5 (??3 + 1y — 15)0° R, = [; . ! ] cos(B—a)
L S
2 2 diag. m2, 0
Ur.%' _ hv e RT TU'E R = H
even [ nﬁvﬁ ‘u%z 1 %(I’?g +, + 'I}'.S}Ug  E— even= Y 0 mi

G2HDM-TopTwo  George W.>. Hou (NTU)  DPF@FNAL, 170602 15



IV. Bonus: Natural Alignment, w/ p,, Protection
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...... IR YN
Generar2HD >

V(o, = 1111 | R + 30| @7 — (u3,87®" + hoc.)
S 19" 4 13| @197+ @7

EWSB —r assume CP-Inv.

+ B (@t 4[] @f + 1| @'*] 2T’ + hc.
2
minimization 5 1, 0 1
Hi1 = —73Mv . Hi2 = =Tgl , [see Haber & O'Neil, PRD'06
g 1 : ——
m2s = p2, + 5”3”2’ soft breaking” term absorbed
<
2 1 o Cry —Ss
ma = pios + 5 (7?3 + 1y — 15 )0° R, = . . cos(B—a)
. NS
N 02 2 diag. 2 0
n'fnicn — [ nt L :| |:> RT Tu-z R — H
o L76v” 13p + 5(ns + 1y +715)0° even 0 mj
2 _ 2 2
2 _ Tht — iy C A 2nev
© = m?3, —m; sin 2y = ﬁ
Near Alignment, ——— —ngv?
c,—0 —> |m = mj /v° ~0.26 — c, = o —m2

G2HDM-TopTwo  George W.S. Hou (NTU)  DPF@FNAL, 170802 16
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Natural Alignment in G2ZHDM: No need for Small ng!

2
Near Alignment, Cy = i 5 3 i 2
‘ —m; a9 + 5(ng + 1y +15)v
/

Condition: ‘ M6l S N3,4,5 =~ o) 5 Pﬂgzm

helps if 713,4,5 > 0, “positivity” (?)

nb.|m3 /v? ~ 0.26 |Not Required.

(S

For 1(1,)s.4,5 ~ O(1) and positive, with 1) somewhat
smaller, the mixing between the CP-even states is small.




SN
L. 2

Natural Alignment in G2ZHDM: No need for Small ng!

2
: —TlgV
Near Alignment, C, = .
T (g —mi| [ #3 + 500+ 0y +16)0°
/
Condition: ‘ Me6| S TN3,4,5 ™ O() < Pﬂgz/vg\

helps if 713,4,5 > 0, “positivity” (?)

nb.|m3 /v? ~ ().26 |Not Required.
/4
7
For 1n(1,)3,4,5 ~ OUYf and positive, with 1 somewhat
smaller, the mixing between the CP-even states is small.
/L

9 74

I-ﬁa ~ 1/ 4 would result in rather small cﬁfl

: ’ 2 Single term (EWSB)
ssence: M2 = Het
E even [ 'nﬁi}g@% (”3 + Th@ 4 terms

(S

 G2ZHDM-TopTwa eorge W.S. Hou (NTU)  DPF@FNAL, 170802 18 |



Custodial SU(2) Illustration
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__ 7
Mg =15 =17 = (1A = Mg+
1
M = p3y + 57?3’”2:
ATQHDM = % AT 2 2 1 2
™ v My = oy + 5(?’?3 + 1y — 1)V
' =600 GeV ) ] 600 GaV B T
=my,, = ~a_=m =600 GeV = e
?00._ l'll'\ ]T].H+ [= | Z L m“+ .:75 (I:V :
, £ . g
= 600} 475 GeV || |2 0.7}F 5
S b | ->§ < 06} /67 _0.2-
- A 1
E sool- = 2, 0sp [-s, = 0.980]i
>
) 0.4 /// -
soof ® sl - CYZ—O.l
350 GeV U 1 [-s, =0.995]
L o) 1 L L L | L
0.4 ul 1 0 0% i 05 I| | 1.5 2 25
1/4 s
ns = 0(1)

Alignment is Natural in General 2HDM w/o Z,

in contrast with fine-tuning in 2HDM-II

G2HDM-TopTwo  George W.S. Hou (NTU) DPF@FNAL, 170802 19



Custodial SU(2) Illustration
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_ ! N
HNa = Tl =1 = |1MaA — g+
2 2 1 2
Mg+ = Mz + 57307,
72HDM % , 2
AT — + AT 5 , 1 ,
I I I L ! I i T T T e T
m, =m,, =600GeV = m,, =600 GeV @ B
T =Hl |z e 475 GeV
i 9'- i = v/
| |2 0.8}
K 6001 475 GeV | |2 07k
L ; |
AR | 1 1B = 06
o [l a
g soof =| B 0.5
o) I
3 0.4
TE .., N
400} | x
350Gev Y  extreme
I L 2
0.4 0.1 0 02, J

ns = 0(1)

Alignment is Natural in General 2HDM w/o Z,

in contrast with fine-tuning in 2HDM-II
 G2HDM-TopTwo  George W.S.Hou (NTU) ~ DPF@FNAL, 170802 20
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Pdrely Bosonic Loops (O(1) couplings)

New
Yukawa
= Original Motivation fo Study Alignment in G2ZHDM
based on WSH & Kikuchi, 1704.03788, PRD'17

- G2V 100 1 WO ueolde vv.o. nou t N1 U ) JrEr(GUrFINAL, L/U0UZ Z1
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V. Pheno & Discussion

cﬁ—a_) 0

for illustration: #;=1, cpq=0.1 B(h — pt) < 0.25% CMS 13 TeV (2016)

B(t — ch) ~ 0.15%] for |ps| =1 —=> |B(7 — py) < 108| BelleII

Vs < 0.46% (0.40%) ATLAS (CMS)

charged Higgs HT

0.24% .
o I (,}\é:@ | h — py width reduction
e B i \
W ??C? ?\(\ —0.5[" Q}Q{é} ‘.‘ (ﬂtr Cornpe.nsaTe.)
e S - 0
N T P
e __ IS 4 £
%f}/ = - £ .‘;;.h“s
N £ -uaf 3 P T o Barr-Zee
) § ot = \ ACME, Science 20123
p?‘.f\’\--v/z/‘ - "\ |de| > 67(;('?35% e cm ::I e-EDM (2"00p
hH A, [ ZZZ’Y —2 A but: Cpa— 0
_ , B
¢ e L |peel ~ Ye
- cancellations
- when imaginary
-3+
10 107! 1

G2HDM-TopTwo  George W.S. Hou (NTU) DPF@FNAL, 170802 22



What does not vanish with Alignment, c, , — 0
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c[)’—a_) 0
B(h — pt) < 0.25% CMS 13 TeV (2016)
B(t — ch) =~ 0.15%] for |pt| = 1 —> |B(7 — py) < 108 Belle IT

for illustration: =1, | ¢, ,= 0.1

Vs < 0.46% (0.40%) ATLAS (CMS) charged Higgs H*

0.24%
. EWRG O(1) py & Complex h — py width reduction
(p« compensate)
* h — py width reduction cpqa— O
e  Apnn coupling
L Barr-Zee
Appn = (AZHDM _ \SMy/\SM ¢ yop
Wi — Mhhh)/ Ahhh e-EDM (2-loop
» Higgs @ LHC O(1) Higgs Couplings but: Cpa— O
the charm of EWB6 |Peel ~ Ye
imyg = ma,= my= = 500 GeV| cancellations
Y when imaginary
probably hidden % param. space
in tt(bar) much broader

G2HDM-TopTwo  George W.S. Hou (NTU)  DPF@FNAL, 170802 23



Jt Niche for Extra Higgses
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* D — Sy: New Bound m, >570 GeV (Misiak-Steinhauser THEP'17) for 2HDM-IT

= Misiak bound does not apply in GZHDM: depend on py, Pic. Pec Pob
=> Need targeted study | [underway i(Vp'R - p“VL)dH™

* Parameter space much larger than illustrated:
- Positivity not necessary;
- Custodial not necessary (e.g. also Twisted Custodial); H could be lighter than A, H*
- Link with EWBG nice, but not necessary
- Larger W,, bridges to Decoupling

} = Spectrum Sub-TeV preferred

* H-A mixing: With Imp needed for BAU, test at collider [under study

*H, A, H" Production & Decay: What is spectrum? Natural th\ss Range ?
- H, A: hidden by/in gg — tt(bar) ? ma = my+ = 350, 475, 600 GeV
- H*:  hidden by/in tb(bar) ? [tt(bar) BG] keep 13 5 3
iy /v: +1m5/2 ~ 2, 3.7, 6,
> ttH/A & tbH* way to go? e v

> (367 GeV)2, (519 GeV)?,

e H — {C search Altunkaynak et al., 1506.00651




T . . g0 AD Lt :
aE V. Conclusion : HY A% H T Our Time

« EWBG Surprisingly Efficient w/

Higgs quartics n;
o(1) g9s q i
New Yukawa py [and py.

N.B. O(1) Modulo flavor org. (of SM): much smaller Yuk. involving lower gen.
* Much New FPCP Pheno

» Alignment Emerges Naturally w/ O(1) Higgs quartics
- mild tuning (1/4) = Extreme Alignment
- mild Alignment (C,=-0.2) > low mj, by level repulsion
- sub-TeV H, A, H* preferred = rethink LHC Search

* Discover @ LHC /?
- NOT SUSY!
- Touch EWBGY [need CPV probe
- Another Energy Layer! [guaranteed by Landau pole




Jivi=tooe) v Wyt oo A




# EWBG in a nutshell

courtesy Eibun Senaha ="

[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 ('85) ]
symmetric phase

<(I)> — () ? H: Hubble constant

How do we test this scenario?

-> cannot redo EWPT in lab. exp.
So, test Sakharov'criteria instead.

probe by CPV physics

EDMs, B decays efc

< TeV
probe by collider physics
Higgs physics etc

(1) Asymmetries arise (-~ CPV) but no BAU. ns =ny —ny +n5' —ny’ =0

20 b
(2) LH part changes (.- sphaleron) -> BAU  np =n} —nj +ng —nff = np # 0
S —

(3) If [Fg) < H] the BAU can survive. changed




- Heavy Higgs loops can enhance E.

2 oas2 N2
'm’z':H,A,HJF_M + A

non-decoupling

(0 3/2 o
0 50 100 150 200 250 300 . —)\‘V‘EIE (l + i;) , for M?* < Ap?,
¢ (GeV) eff 2 9 - 4N 3/2 -
~[MPT (1+ ﬁfﬁ) for M2 > A2,
\

decoupling

Non-decoupling heavy Higgs bosons play a central role in enhancing E.

- G2HDM-TopIlwo ~ George W.>.Hou (NIU) DPF@FNAL, 1/0602 2o |



# 1st-order EWPT

Sg—a =tg=1,my+ =my, M =
A = A7 =0

- EWBG-viable region

ve/Te > 1.17

- Heavy Higgs w/ non-
decoupling plays a role.

- Too heavy Higgs could
violate perturbativity.

Benchmark point:
mpg =ma =mpg+ =500 GeV 40 Lt vt




