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® |25 GeV, looks like SM Higgs - Great triumph.

® Where to look next?



Motivations for CPV

® Higgs boson may be a CP even-odd mixture.

® Well motivated: may account for origin of baryon
asymmetry (and dark matter) in the universe.

® FElectroweak baryogenesis / Electroweak Cogenesis.

® Constraints from experimental data.

® | HC Higgs search: rates, direct ...

® Flectric dipole moments.



Higgs Couplings
® SM, one Higgs doublet theory always £ ~ (v+ h)"

® Beyond SM, renormalizable model
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® (Calculable effective interactions (d=5)

Lot = cghG M G, + E,hGH G,
te hF M FS 4 & hFY F°
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Higgs Couplings

® SM, one Higgs doublet theory always £ ~ (v+ h)"

® Beyond SM, renormalizable model
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Search in golden channel

® Parametrize the amplitude NI

* Lk N ) A \
A(h — ZZ) = U_1€1M62V (alguuM% + CLSE,uz/aBQ?QQB) // &/

® So far only a rather weak bound.

as]?

ai]? + |as)?

Ja3 < 0.58 @ 95%C.L.

® a3 from dimension 6 operator H'HZ,,Z"" /A? ,
loop suppressed in renormalizable models.



Indirect measurement

® Higgs production and decay rates at LHC

T(h— ff) ~lesl® +ef? o
incoherent contributions
I'(h = yvy) ~ ‘Cv(cfa a)|2 T ‘67(5]‘)‘2

o(gg — h) ~T'(h — gg) ~ |Cg(cf)|2 T |5g(5f>|2

® Sizable CPV effects from EVV scale fermion,
e.g., top quark, etc.



Electric dipole moment

® Electric dipole moments (calculable parts)

t,b,t,(W)
H,,H,
Y,Z o
\ A
- S W .
Cf and more..




Early universe

® Effective coupling w7 [v+cf% + (§+5f%> m5] f

® Up to linear terms in h and ¢

mye(H L) f

h_
’U—I—Cf;

fr + h.c.

® |ntegrate out f1, which is charged under SU(2)

P
Chemical potentlal

for B number

np

h — fw (CPV)
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ZeroT



Type-Il 2HDM

® Yukawa = Ly =QYy(in)o3U + QYap1 D
® Higgs potential QYU + Q¥y(ima) 63D
V = 261607 + 2(8162) + Xa(6161) (61)

A8 62)(B561) + 5 [As(6162)? + Aa(6]62)(8161) + Ar(6]62) (6]) + hc ]

5 {3 (6lon) + [m3(0]6) + he] + mBy(0fen)}



Type-Il 2HDM

® Yukawa Ly = QYy(im2)d5U + QYyp1 D

® Higgs potential +HQYGoTU + QYiirri D

A A
V= (0101)° + 5 (0362) + As(0] ) (6102)
+Xa(p12) (9l ) + % A5 (0]62)? + Aalelon)ta11) + Mlaléntoids) + e
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® Natural flavor conservation, an approximate 7,
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® Yukawa Ly = QYy(im2)d5U + QYyp1 D

® Higgs potential +HQYGoTU + QYiirri D

A A
V= (0101)° + 5 (0362) + As(0] ) (6102)
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1

- {mh@101) + [ mia(6] ) + he. |+ my(ol6a) |

® Natural flavor conservation, an approximate 7,

e Complex parameters \s, m?,

=P only one CP violating phase



Only one CPV source

® General vevs: (41) = ( ,Ucosoﬁ/ﬂ ) (92) = ( vsmﬁng/ﬂ )

® Mass eigenstates

|25 GeV hl —SaCay CaCqy Say Hl
h2 — SaSapSa. — CaCa,. —SaCa. — CaSapSa. CapSa. H2



Only one CPV source

® General vevs: (41) = ( ,Ucosoﬁ/ﬂ ) (92) = ( vsmﬁng/ﬂ )

® Mass eigenstates
|25 GeV hl —SaCay CaCqy Say Hl
h2 — SaSapSa. — CaCa,. —SaCa. — CaSapSa. CapSa. H2
hs SaSayCa. + CaSa.  SaSa., — CaSapCa.  CaypCa, A

® Both £ and «y, a. depends on the only CPV
source - the phase mismatch Im [\ (m7,)?]



Riggs couplings

® Type Il 2HDM with CPV

COS (¢ COS QO SIN (¢ COS v,

Cp = g cp = — a = cos ap sin(f — a)
c; = —cot Bsinay, ¢, = —tan [ sin o

_ M2
L =" Fv+crh+crivsh)f + —Y (v + 2ah) W, W

U U



Global Fit to Higgs data

Combined, tan =0.6 Combmed tan f=1.0 Combined, tan =5
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® Strong constraint on CPC angle: a~ g —7/2

® For tan8 S 1, non-zero CPV angle oy, # 0 can

give better fit.
Jing Shu, Y.Z., arXiv: 1304.0773, Phys. Rev. Lett.



Global

Combined, tan =0.6
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Fit to Higgs data

Combined, tan f=1.0

T 10— ,@ ..................
4 41.‘ SR R
& *¥
I v CRR \"
e ,“&" ;.{',‘J A
l Ly -
0.5 11 \
\8
B
| il
0.0} LIRY
|
Il
i
-0.5} '7 ‘. ,;’-
o b /“ﬂ‘?i
' L‘J\ \‘ S i?
L " 4
- ey *"
-1.0

.A....A‘..AA....L........AA....A.Z

-15-10-0500 05 1.0
@

-1.0

0.5

0.0/

-05}

Combined, tan =5

.................................
-

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

-15-10-05 00 0S5

1.0 15

® CPV can give: relatively enhanced h — 77 rate
suppressed h — Vbb

Jing Shu, Y.Z., arXiv: 1304.0773, Phys. Rev. Lett.



A special direction

® An interesting case: o — 5 — /2 with non-zero s, a.
® When tan 5 ~ 1, couplings become
C; = Cp, = @ = COS (v}, C; = Cp = — SIn qy,

® Sizable a3 is allowed - can still fit the LHC rate
data well.

Jing Shu, Y.Z., arXiv: 1304.0773, Phys. Rev. Lett.



A special direction

® An interesting case: o — 5 — /2 with non-zero s, a.
® When tan 5 ~ 1, couplings become
C; = Cp, = @ = COS (v}, C; = Cp = — SIn qy,

® Sizable a3 is allowed - can still fit the LHC rate
data well.

® Real decoupling limit, second doublet mass goes
to infinity: o, a. —0, a = 8— /2

Jing Shu, Y.Z., arXiv: 1304.0773, Phys. Rev. Lett.



Electron EDM

less important

Jing Shu, Y.Z., arXiv: 1304.0773, Phys. Rev. Lett.



less important . / i f f

Jing Shu, Y.Z., arXiv: 1304.0773, Phys. Rev. Lett.



Electron EDM

:
t
2 5
less important g J y

® Strongest cancellation around tan s ~ 1

tan S=1.0
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Jing Shu, Y.Z., arXiv: 1304.0773, Phys. Rev. Lett.



eEDM vs Higgs Fit

Combined, tan =06 Combined. tan f=1.0 Combined, tan =5
1.0 1.0 L 1.0
EDM excl. 2011 F EDM excl
0.5 == s 05 B § 0.5
N ° = ) .::" s !
\\ i
Qi 00 SISMSM 0.0 (®lSM 0.0 SM &
/ i
=9 = el
~0.5 - - -05 1R\ 3 -0.5
) —_—
-1.0 -10 : -1.0
-15-10-05 00 05 10 15 -15-10-05 00 05 10 15 -15-10-0500 05 10 1.5

8}

® Before ACME result d. <1.25 x107*"ecm @ 95% C.L.

Hudson et al, Nature 473, 493 (2011)



eEDM vs Higgs Fit

Combined, tan =0.6

Combined, tan §=1.0

Combined, tan =5
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® ACME result: d. <1.025 x 10722ecm @ 95% C.L.

® Higgs data and EDMs are complementary.
ACME Collaboration, 1310.7534



Beyond lightest Higgs

® They also contribute to EDMs via CPV in the scalar
sector.

< (II) .
C_:; <—Z ot - . ”"l
S £ HY? ,
TR 1 +
H* HO/H* i :
"I N wE Nl
.. S| N\ :1 2 2 2
;{ - > » >i“ » = *
f f i f I ~ Im[A5(m7s)”]

® Remember there is only one CPV phase.

® Heavy Higgs are more important at large tan

Satoru Inoue, Michael Ramsey-Musolf, Y.Z., arXiv:1403.4257



Isin a|

The role of heavy Higgs

All Constraints
Neutron EDM

Theoretically inaccessible

Mercury EDM
Electron EDM

tanS

® The cancelation near tan g ~ 1 persists.

® New cancelation regime at tan ~ 10 — 20,

® Beware of uncertainties in neutron/atomic EDM.
Satoru Inoue, Michael Ramsey-Musolf, Y.Z., arXiv:1403.4257



|sin ap)

The role of heavy Higgs

All Constraints All Constraints

Theoretically inaccessible
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All Constraints

Theoretically inaccessible

® The cancelation near tan g ~ 1 persists.

® New cancelation regime at tan ~ 10 — 20,

® Beware of uncertainties in neutron/atomic EDM.
Satoru Inoue, Michael Ramsey-Musolf, Y.Z., arXiv:1403.4257



Baryon generation

f + Cf— FF
Chemical potentlal

for B number ng h — vy (CPV)
ct(§)

Dorsch, Huber, No, 1305.6610
Fromme, Huber, Seniuch, hep-ph/0605242



Baryon generation

—|— Cf — FF
Chemical potentlal

for B number ng h — ~vvy (CPV)
ct(§)

® Still need B violating process: sphaleron process.

® If in equilibrium,all T > H, final asymmetry is
determined by =9, ~t7! <« 107107

® First order EWV phase transition, possible in 2HDM.

Dorsch, Huber, No, 1305.6610
Fromme, Huber, Seniuch, hep-ph/0605242



CPV for Baryogenesis

CP violation £ ~ Aq he's q.q, + c.c. d
3
Py —qr — Pq%—ﬂzi X h%

Redistribute particle numbers

Cheung, Y.Z., arX1v:1306.4321, JHEP



CPV for Baryogenesis

CP violation £ ~ Aq he's q.q, + c.c.

dg§
FPop—qrn — Pgg,—qs X h%

Redistribute particle numbers

particle number O particle number

Cheung, Y.Z., arX1v:1306.4321, JHEP



CPV for Baryogenesis

CP violation £ ~ Aq he's q.q, + c.c. i

Por—ar — Pag—ag X h—

dt
Redistribute particle numbers

Shift o< h d_f
dt

particle number O particle number

Cheung, Y.Z., arX1v:1306.4321, JHEP



CPV for Baryogenesis

CP violation £ ~ Aq he's q.q, + c.c. d
§
Por—ar — Pag—ag X h—

D dt
Baryon number violation

Shift o hd—€

SM sphaleron process dt

QIS' _________

particle number O particle number

Cheung, Y.Z., arX1v:1306.4321, JHEP



CPV for Baryogenesis

CP violation £ ~ Aq he's q.q, + c.c. d
§
Por—ar — Pag—ag X h—

D dt
Baryon number violation

. d¢
SM sphaleron process Shift o< hE
SZfS' """"" Baryon
asymmetry

particle number O particle number

Cheung, Y.Z., arX1v:1306.4321, JHEP



ap = Ag(Tc)
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0.2

0.1

0.05

Connections

Old EDM excl.

0.5 1.0 1.5 2.0 2.5 3.0
tanf

Jing Shu, Y.Z., arXiv: 1304.0773, Phys. Rev. Lett.



Cogenesis

Observation: Qp ~ Qpa .

Today’s baryon number in our universe is
preserved due to an approximate global

symmetry U(1l)g -

Dark matter could also has an asymmetry
today, defined by another approximate global

symmetry U(1)py -

Same source of CP violation - Higgs!



CPV for DM-genesis

CP violation L~ Ay he’* S X +c.c.

|

DM partner dark matter
order parameter (DM) scalar

Cheung, Y.Z., arX1v:1306.4321, JHEP



CPV for DM-genesis

CP violation L~ Ay he’* S X +c.c.
DM partner dark matter
order parameter (DM) scalar
. d
Shift o h—g
dit
P =
particle number O particle number

Cheung, Y.Z., arX1v:1306.4321, JHEP



CPV for DM-genesis

CP violation L~ Ay he’* S X +c.c.
DM partner dark matter
order parameter (DM) scalar
IS — A(57)°5° Shift o hi—i

X-

SZIS- _________

particle number O particle number

Cheung, Y.Z., arX1v:1306.4321, JHEP



CPV for DM-genesis

CP violation L~ Ay he’* S X +c.c.
DM partner dark matter
order parameter (DM) scalar
IS — A(57)°5° Shift o hi—i

Dark matter
asymmetry

or

particle number O particle number

Cheung, Y.Z., arX1v:1306.4321, JHEP



Order parameters

%B U(l)p

U/L)pm U(1)pm

Electroweak scale time

Cheung, Y.Z., arX1v:1306.4321, JHEP



Order parameters

Higgs as order

%B parameter » U(l)g |turn on <H>

SM gauge structure

U/L)pm U(1)pm

Electroweak scale time

Cheung, Y.Z., arX1v:1306.4321, JHEP



Order parameters

Higgs as order

9(()3 parameter » U(l)g |turn on <H>

SM gauge structure

New order

UX)pm parameter _ U(l)pm  |turn off <S>

A scalar § carrying DM charge

Electroweak scale time

Cheung, Y.Z., arX1v:1306.4321, JHEP



Restore two symmetries

In a single step

Electroweak phase transition

Oo s O >

VUew
2

T
mi(T) ~ =iy, +3M0* + o (A + g + 47 + -+
2

Cheung, Y.Z., arX1v:1306.4321, JHEP



Restore two symmetries

In a single step

Electroweak phase transition

Vew

2 2 2 T2 2 2

mi (T) ~ —u; + 3\h +ﬁ()\—|—g +yr 4+ )
2

Cheung, Y.Z., arX1v:1306.4321, JHEP



History of symmetries

U(1)s;

bres

Cheung, Y.Z., arX1v:1306.4321, JHEP



History of symmetries

U(1)s;

bres

Cheung, Y.Z., arX1v:1306.4321, JHEP



History of symmetries

U(1)s;

bres

U(l)g, U(1)pm
restored

Cheung, Y.Z., arX1v:1306.4321, JHEP



History of symmetries

U(1)s,
bres

U(1l)s, U(1)pm
restored

(S) =0

(H) #0
® Dark matter sector helps triggering strong first order

EW phase transition.

® No effect on Higgs coupling to fermions/gauge bosons.
Cheung, Y.Z., arX1v:1306.4321, JHEP



Phenomenology

® Eliminate symmetric part of DM via Higgs portal.

® Weak scale ADM candidate, no light mediator.

® TJo be tested by future direct detection experiments.
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More tests

® Direct CPV:azimuthal phase shift:

® Higgs decays (also heavy Higgs decays)
h — 77*% 59 €—|-2 0~ Whitbeck, Moriond QCD 2013

Harnik, Martin, Okui,

_|_ -
h— 171" — 2m2v,2p2v Primolando, Yu, 1308.1094

[ _ Production pp — h + 2 ] : htt_ Klamke, Zeppenfeld, ‘07
Gunion, He, '96
® Virtual Higgs effects

® {{ production and leptonic decay: P1

distribution of charge lepton asymmetry.
Schmidt, Peskin 792



More tests

® Mono-particle searches




More tests

® Mono-particle searches




More tests

® Mono-particle searches

_|_
h1~~ k?_--]}%i))iH ,‘hl
N _ ADM, EWphT: A ~ O(1)
et e SRR WIMP : A ~ O(0.1)
1° *hy




Conclusion

® The |25 GeV Higgs boson could be a CP mixture.
Currently O(1) CP phase consistent with data.

® EDMs are powerful probes, barring uncertainties.

® [Future direct test at colliders.

® We construct a simple model of Electroweak
Cogenesis. Make a stronger case for studying CPV
associated with the Higgs boson.

® Also measure the 2HDM portal to ADM.



