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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, i.e. Yukawa’s. Extra Yukawa's?,

Y
Killed by Z, (Glashow-Weinberg 1977)
for Flavor Conservation.
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Comment: Known CPV in CKM, i.e. Yukawa’s. Extra Yukawa's?,

Y
Killed by Z, (6lashow-Wginberg 1977)

for Flavor Conservaion.
General ad ho

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

p The driver; p.. the backup

N.B. Data-driven p;: B — D™1tv Anomaly; t — ch; h— put ...
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- II. Model |

General Yukawa interaction for up-type quarks

V; =VC; V= VS

YSM = ¥, 5+ Ya 55

my = yf’u/\/ﬁ
VETYSMVE — diag(yu; Ye, yt) =YD diagnonal
P = V'ET (Y3 sg + Yo Cf}) V&l FCNH (flavor changing neural H)

Neutral up-type Yukawa interaction

— —= UiLPijUjR A+ h.c.,

V2
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~ II. Model

General Yukawa interaction for up-type quarks

—Ly = q_EL( 177 I)l T }/213 I)Q)UJR + h.c.
V;=VC; v, = VS,

)% SM _

1 CB +Y5 S
VY SMVE — diag(yu, Ye, yt) = YD

mp = yjv/v2

diagnonal

(J—VUT(— -

1.5:5’ —F}’a Cﬁ)‘fﬁ

Neutral up-type Yukawa interaction

FCNH (flavor changing neural H)

alignment

1

CR—ax — 0

limit |

— E Ui L PijUjR A+ h.c.,

cx] Uth T dlClg

Pij

» e’f»qf?z'j
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. IIT. EWBG |

strongly 1st opder EW phase transition (EWPT) f
Extra Higgs W AN
w/ O(1) Higgs Coupling

baryor?'_
2HDM OK violation

by sphalerons

fig stolen from Jim Cline *

Expanding Bubble of Broken Phase

+L

w hangmg rate (br)
/ A vo/Te > Cpn(To)f O)

To avoid ng washout:
Hubble const.

rfb”(Tc) < H(Tg}l

vev @ Tc

Vvi(Te) +v3(Te)
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. IIT. EWBG |
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strongly 1st opder EW phase transition (EWPT) ?

Extra Higgs M

w/ ©(1) Higgs Coupling

AN

2HDM OK

Baryon Asymm. of
Universe (BAU)

ng/s

baryon
violation

by sphalerons

fig stolen from Jim Cline *

S hangmg rate (br)

Expanding Bubble of Broken Phase

To avoid ng washout:
Hubble const.
T (7o) < H(To)

+L

'1-‘(3/T(; > (sph (Tc) ~ O(1)
vev @ Tc
Vi(Te) +v3(Te)

Planck 2014
Y = 8.50 x 10711

—3 e
B = DA /;wa’./., nr(2)e

r(sym)

B
Dq

~ 8.9/T

—= 120a3,T 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.




“ - | CPV Top interactions |

Baryon Asymm. of
Universe (BAU) o/s |Yn

B _SFSYTH) /0
T 2D A5 ) oo

P

nr,

(

—~
A

I)E—)\_z’

BAU « CPV Top interactions

at Bubble Wall

o)

left-handed Top density

coord. oppo. bubble exp. dir.

—

nr,

skip
detail
(Transport)
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| CPV Top interactions |

CPV source term

Siin(Z) = NeFm | (Y1) (Y2)5 )0*(Z2) 0, B(Z)

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

Ne = 3 # of color
F function of complex energies for i, j
O, B(Z) physical variation (A3 = 0.015)
igl—‘(sym) 0
Baryon Asymm. of no/s | Vi = —Jlp ,,f -n.L("")e_}“—z’
Universe (BAU) B 2D Mys J_oo ' :
Va () vs(y)
bubble - 7 wall BAU & CPV Top interactions ~
—_—_——— ) —_—— at Bubble Wall — , )
oL . skip
y ) left-handed Top density detail
2! coord. oppo. bubble exp. dir. (Transport)
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- | CPV Top interactions |

CPV source term

Siin(Z) = NeFm | (Y1) (Y2)5 )0*(Z2) 0, B(Z)

To understand the plot to follow, suppose

(Y0, (Y)ie 70, Y1) =(Y2)u #0 (3 PGr'g)TS.)

all else vanish, and take ;=1 for convenignce
. v
then V2YSM = ¥ 4+ Y, diag. by just Vi f_/cp@
but —Y7+ Y5 not diag.

= [m[(V1)(V2)i] = —yeIm(pu). por =0

pPte  still basically free param.
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2 Robust: Large Parameter Space for EWBG

100 |

scan over |pic| Gur dre |

i robs
} Bﬁ B
[
[ ]

Pic. P satisfy
By s mixing, b — sy

no obvious diff.

= Pit driven!

the charm of EWBG

UclTC >A O(l)

myg = mag = myg+ = 500 GeV

D, =89/T Dy =101.9/T

Ve = 0.4 AB = 0.015

T, =1102 GeV ve = 176.7 GeV!
Mep = 0.50T F'il'L,IZ

0.59T my,, = 0.62T

—0.22T T =120a3, T T..=16a'T

ﬂlt} —
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Large Parameter Space for EWBG

Robust:

100 |

scan over |pic| Gur dre |

Pic. P satisfy
By s mixing, b — sy

CH no obvious diff.
= Pit driven!
| sin | = 1
P
L2 the charm of EWBG
|1t myg = mag = myg+ = 500 GeV
< ]
velTe 3 O(1) small py
ve =04  ABp=0015  D,=809/T Dy =1019/T

T, =1102 GeV ve = 176.7 GeV!

0.59T my, =062 m., =050T Ty, ,

—0.22T T =120a3, T T..=16a'T

ﬂlt}d — .
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-~ | IV. Pheno |

for illustration: t;=1,

Csa= 0.1

B(t — ch) ~ 0.15%

for |pe| = 1

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

0

-0.5

¢y |rad]

—-2.5

|
)

&

Ye/YE™ =1

de| > 8.7 x 10-2

"y

ME, Scnence..ém?

€ CIn

Q

N Heyy = U-Sj
~ ,f'
- i

charged Higgs H™

h — py width reduction
(p compensate)

Barr-Zee
— e-EDM (2-loop)
|Pee| ~VYe

—_
=
da
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~ IV. Pheno |

for illustration: t;=1,

Cso= 0.1

B(t — ch) ~ 0.15%

for |,Gtc| =1

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

B(h — p1) < 0.25% CMS 13 TeV (2016)

—>

B(r — py) < 1078

Belle IT

charged Higgs H™

Z4

0 T T
B & = h — py width reduction
- O :
-05F Q’Qﬁ?:& (p1 compensate)
RO Co.. — O
- v f—a
_1__ \{“- B
L I
p— B '_:_.f.n [}
£ 1sf 3 ! . “W Barr-Zee
- - = i
& - B~ ' ACME, Science 2014%—
N |'l |de| > 8.7 x 10722 ¢ cm< e_EDM (Z’IOOP)
B ‘\ ~
_2_5__ \\s ey :0.8‘; |pee| ye
B ‘-.“‘ 7
- \L
_3 H
(- | | 111 | | ! 1 1 0
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6 Does not vanish with Alignment, c;_, — O

C —>F
. . f—a

for illustration: t/,»— 1, Cpg= 0.1 B(h N ,u.’r) < 0.25% CMS 13 TeV (2016)
B(t — ch) ~ 0.15%| for |pw| = 1 —> |B(T — py) < 108| BelleII

vs < 0.46% (0.40%) ATLAS (CMS) charged Higgs H+

- EWBG h — py width reduction
« h — yp width reduction by Zompenzam)
: po
Apph coupling
Adppp = (AEDM _\SM O /ASM ~ 60% Barr-Zee
_ e-EDM (2-loop)
« Higgs @ LHC but: Cpqy— O
the charm of EWBG o
|Pee| Ye

; — — — K 1\
my = my, = my=x = 500 GeV

pr'obanyYhidden % param. space
in tt(bar) much broader
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for illustration: t/,»— 1, Cpg= 0.1 B(h N ,u.’r) < 0.25% CMS 13 TeV (2016)
B(t — ch) ~ 0.15%| for |pw| = 1 —> |B(T — py) < 108| BelleII

vs < 0.46% (0.40%) ATLAS (CMS) charged Higgs H+

- EWBG O(1) pit & Complex h — py width reduction
« h — yp width reduction by Zompenzam)
: pa
Apph coupling
Adppp = (AEDM _\SM O /ASM ~ 60% Barr-Zee
_ e-EDM (2-loop)
« Higgs @ LHC but: Cpqy— O
the charm of EWBG o
|peel Ye

; — — — K 1\
my = my, = my=x = 500 GeV

pr'obanyYhidden % param. space
in tt(bar) much broader

O(1) Higgs Couplings
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- V. Conclusion

WSH, E. Senaha, 1705.05034

Conclusion.— We have studied EWBGI induced by
the top quark in the general 2HDNM WithIFCNH colu-

plings. The leading effect arises from the extra py
coupling, where BAU can be 1n the right |ballpark for
psr = 0.01 with moderate CPV phase. Even ¥ p;; < 0.01,

Pte

~ 1 with large CPV phase can still generate sufh-

cient BAU. These scenarios are testable i the tuture,
with new flavor parameters that have rich implications,
and extra Higgs bosons below the TeV scale. Nature may
opt for a second Higgs doublet for generating the matter
asymmetry of the Universe, through a new CPV phase
assoclated with the top quark.
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Alignment Emerges Naturally from General 2HDM!

WSH, M. Kikuchi, 1706.07694
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