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Introduction



Top quark physics

Top quark is expected to be the most sensitive to
New Physics due to the large Yukawa couplings.

Experimentally, top quarks can be copiously
produced in high-energy proton-proton collisions.

Precise measurements of top-quark couplings are
key searches for New Physics.

This talk : CP-violating coupling



CP-violating top quark coupling

|) CP-violating top-Higgs coupling

Yt J. Brod, et al, JHEPI 1(2013)180

Ly = — "5 (Kbl 4 iRetyst) b s

v/ Application in electroweak baryogenesis

2) Top-quark electric dipole operator

Sensitivities at LHC:
PRD92 014006(2015),

(A
_ v PRDS8 033003(2013),
EEDM — 5 dttO-'u V5 tF,ul/ PRD87 074015,

PRD71 054013(2005)

¢/ Implication from electron EDM



Top-driven Electroweak Baryogenesis



Kuzmin, Rubakov, Shaposhnikov, PLB155 36(1985)

E I e Ct rowea I( Ba ryoge nes i S For review,see; A. Cohen, D. Kaplan, A. Nelson,NP$43(1993)27

D.E. Morrissey, M. Ramsey-Musolf, New ] Phys 14(2012)125003

Sakharov’s conditions can be satisfied as follows:

(1) Baryon number violation

Sphaleron process

(2) C and CP violation

Chiral gauge theory and CP phase

(3) Out of equilibrium

First order EVV phase transition
with expansion of bubble wall
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Sakharov’s conditions can be satisfied as follows:

(1) Baryon number violation

Sphaleron process

(2) C and CP violation
*SM fails ¢/  Chiral gauge theory and CP phase

(3) Out of equilibrium

First order EVV phase transition
with expansion of bubble wall
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Possibility of EWWBG in New Physics

Successful scenario for EWBG needs

|) New Scalar for the |t order PT

2) New CP violation



Possibility of EWWBG in New Physics

General Two Higgs Doublet Model

|) New Scalar for the |t order PT

Two Higgs doublet : @4 5

Sensitivity at LHC and EDMs

Haolin's talk (1708.00435) *Two doublets couple to fermions.

T. Liu, et al, PRL108(2012)221301

2) New CP violation KF, et al, PLB762(2016)315,

HK Guo, et al, PRD96(2017) 115034
KF, et al, PLB 776 (2018) 402

v Complex Yukawa couplings



General Two Higgs Doublet Model



General Two Higgs Doublet Model

Yukawa interactions : 4, j : Flavor indices

—Ly = i1, (le'j(i)l =+ Y2iji)2) u;r + h.c.

_ bi .
Piz12 = (%(Uz + Ry +ia;) O, = iTo®,

01:?}0085 /UQZUSinﬁ We take t521.

Y7, Y5 : Complex numbers Important couplings!



General Two Higgs Doublet Model
CP-violating interaction with expanding bubble:
—£Y = qiL (le] U1 + Y2ij ’UQ) UjiR + h.c.

Bubble

Broken AN fj !

phase ;2/\ ) /\Y<

fi fi fi




General Two Higgs Doublet Model

CP-violating interaction with expanding bubble:

—£Y = QL (lej U1 + Y2ij ’02) UjiR + h.c.

’UQ(y)O Ovl(aj)
Sakharov’s 2" condition: R f. )t
) Yo > J Y,
np o< Im [(Yl)ij (Yz)z‘g} / \\
fi fi

Im [Y,Y,] leads to the BAU.



General Two Higgs Doublet Model

After diagonalizing mass matrices

Yi 1
—Ly = gL \/55@-3-35_@ + ﬁpfjcﬁ «|uirh +h.c.
Yukawa : —— Complex : ]pij‘e *J
U

Sg—q =sin(f —a) *SMlimitis sg_q =1

@ : Mixing angle between 7 and H
with 125 GeV



General Two Higgs Doublet Model

After diagonalizing mass matrices

_ Yi 1

—»CY = UL E(S@'jS@_a + ﬁp?jcﬂ_a ’LLth —I—h.C.
Yt 2 -

— ~ 7 (Kett + iRetyst) h
h _ , | p33]
where Ry = Sg—a T C—aCess
Yt

__ |pss]
Rt — B—a° @33 We take CB—a = 0.1.



General Two Higgs Doublet Model

After diagonalizing mass matrices

—Ly = UL %5@-35_@ + %p?jcﬁ_a u;rh +h.c.
Relationship :

Y| = Vg lcgy — sap] V}Jg ur, — VguL

Y = VLT spy + cap) VRlL up — Veup

Nonzero P can be induced by the nonzero Y, andY,.



T. Liu, et al, PRL108(2012)221301

Approximate diagonalization HK Guo, et al, PRD96(2017) 115034

KF et al, PLB 776 (2018) 402
Assumption: ¢ = 1,2

0 0
and (Y71)33 = (Y32)33

In this case,

Ve (Yicg + Yasg) Vi = dia (0,0,y;) with V, =1

Im [(Y1)32(Y2)32] = —yeIm (p33)
BAU Low energy

* Our numerical analysis take a nonzero (Y}),, such that
charm Yukawa is achieved.



Phenomenology

- Electron EDM: t
de| < 8.7x107%" e cm (90% CL) p7;

/
/
L

- Signal strength of h — 2 :

*Top quark and charged scalars can contribute

_ +0.19 Combined Run I limit from ATLAS and CMS
:u’y'y — 1'14—0.18 JHEP08(2016)045

- B physics constraint : |p33| < 1 at myg = 500 GeV

B.Altunkaynak, et al PLB751(2015) 135

For estimate of the BAU, we use CTP formalism with VEV insertion.



Results

Black line satisfies the observed BAU.
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Results Black line satisfies the observed BAU.

¢33 [I’&d]

0 T T
o (Ipssl, ¢33)
R \J\Q = (0.1, —2.8)
1 ¥ - ke = 0.98
L 5 ft = —3.4 x 1077
: 3
2 (lpssl, ¥33)
sl = (4 x 1072,1.57)
ke = 0.99
R ARV 1)

| p33]



Results

Black line satisfies the observed BAU.
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Results Black line satisfies the observed BAU.

¢33 [rad]

. &
- P v Electron EDM
-0.5[~ +®
- Blue region is excluded.
// . .
| RS Gray line is d,=10%° e cm
B I
1.5 J;\m
i ~ v Signal strength
o Blue dotted line
25 p~~ = 1.0, 0.9, 0.8
_3__ ] ] ] ] I I | | i 0
10~ 107" 1
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Top quark EDM



Top-quark dipole operators

Another key to CPV effects on top quark might be
dipole operator:

OtB — QO”LWthB/u/
Oww = Qa“”tRTAFIWfV

* LHC attempts to give constraints on their Wilson coefficients.

JHEPO1(2016)096, 1711.02547



Top-quark dipole operators

Another key to CPV effects on top quark might be
dipole operator:

OtB — QO”LWtRjV{B,uV
Oww = Qa“”tRTAFIWfV

After EW symmetry breaking, these operators induce
(A
Top-quark EDM: LEDM = —§dttO“V”y5tFw/

with 9
d, = (%) {Tm(Cp) + Tm(Chw) }

€
(%



Top-quark dipole operators

Another key to CPV effects on top quark might be
dipole operator:

OtB — QO”LWtRjV{B,uV
Oww = Qa“”tRTAFIWfV

After EW symmetry breaking, these operators induce

1
Top-quark EDM: LEDM = —§dttO“V”y5tFw/
Naively, X 10°
Me m
de ~ A2 < dy ~ A_Qt Much enhanced



Operator mixing

Suppose that the two dipole operators appear at A .

Top dipole operator

Hp Qa
N\

OtB — QO”thRﬁBMV
Oww = Qa“’/tRTA}NIW:‘V



Operator mixing

Suppose that the two dipole operators appear at A .

Top dipole operator Two-loop Barr-Zee diagram

H

Hy Qa
N\

The top dipole operators can induce electron dipole
operators through the two-loop Barr-Zee diagrams.



Operator mixing

Suppose that the two dipole operators appear at A .

Top dipole operator Two-loop Barr-Zee diagram

H

Hy Qa
N\

This implies operator mixing between the electron and
top quark through the EWV running.



Translation from limit on d, to d,

Once the electron dipole operators are induced,
they yield the electron EDM as in the top EDM.

e /v

de = — (K)Z {Im(Cep) — Im(Cew ) }

where Cep ~AxCig+ B xCiwy

CeWNDXCtB+EXCtW

Experimental limit : |d.| < 8.7 X 107%Y e cm

The top dipole operators can be restricted.



Translation from limit on d, to d,

Once the electron dipole operators are induced,
they yield the electron EDM as in the top EDM.

e /v

de = — (K)Z {Im(Cep) — Im(Cew ) }

where Cep ~AxCig+ B xCiwy

Cow ~ D x Cip + FE X Cow

Experimental limit : |d.| < 8.7 X 107%Y e cm

We show the limit on Im(C; ) and d, from d, and d.,.



Two-loop Barr-Zee diagrams

H

|
Electron and down quark !
dipole operators :




| -loop diagrams

| -loop diagrams with counter terms for the upper and
lower loops are also included.

The calculations of all diagrams lead to f=eu,d
1
My~ 5 |(AsCip + ByCiw )Oyp + (DyCip + EyCew ) Opw

Divergence . 4 _ d — € (A,B,C and D :CoefﬁCientS)



| -loop diagrams

| -loop diagrams with counter terms for the upper and
lower loops are also included.

The calculations of all diagrams lead to f=eu,d
1
My ~ 5 |(AsCip + ByCiw )Oyp + (DyCi + ECew ) Opw

= CrgOsp + Crw Orw (A,B,C and D : Coefficients)



Electroweak running

Using the leading-logarithmic approximation, we obtain the Wilson
coefficients at EW scale. (1 — ¢ 4, d)

1 AN?
CfB(v) — _i(AfCtB - BfCtW) log (;)

1 AN°
wa(v) — _i(DfOtB -+ Efth) log (;)

Enhancement



Electroweak running

Using the leading-logarithmic approximation, we obtain the Wilson
coefficients at EW scale. (1 — ¢ 4, d)

1 AN
Crp(v) = _§(AfCtB + ByCyw ) log (;)

1 AN°
wa(?}) — _i(DfCtB + EfOtw) log (5>

Finally, the EDMs are given by —(+) for e(u)
e (V)2 AN°
dy = —— (—) log ( =
/ 20 \A/ 8 (v >

’ [(Af - D)n(Cup) + (B + Efﬂm(ctW)]



Electroweak running

Using the leading-logarithmic approximation, we obtain the Wilson
coefficients at EW scale. (1 — ¢ 4, d)

AN 2
Crp(v) = (ArCip + B¢Cyw) log (;)

1
2
1 AN’

Cyw(v) = =5 (DyCp + ECov ) log (;)

Finally, the EDMs are given by : (1) Im(CtW) >0
5 ..
df = ¢ (2) log <é> (ii) Im(Cyw) <0

20 \A v

’ [(Af - D)n(Cup) + (B + Efﬂm(ctW)]



Positive case

Current limits with A = 1 TeV
10_1: T IIIIIII| T IIIIIII| T IIIIIII|

T1d,=1.0x 107" e cm

107 =

(v/A)* Im(Cyw)

1074 E

1073 A Lol

| 1 1 11111 | 1 11
1073 107 1073 1072

(v/A)?* Im(C)

11
107!

Green :
Excluded by the neutron EDM

d,| < 3.0x 1072 e ¢cm

Blue :
Excluded by the electron EDM

d.| < 8.7x107* e cm

Black lines : top EDM

dy| =10~ 18720 ¢ cm

Current limit: |d;| < 6.5 X 1072° e cm



(v/A)* Im(Cyw)

Positive case

Current limits with A = 1 TeV

10_1— I I TTT

T1d,=1.0x 107" e cm

107 =

(v/A)?* Im(C)

|
1072

11
107!

Green :
Excluded by the neutron EDM

d,| < 3.0x 1072 e ¢cm

Blue :
Excluded by the electron EDM

d.| < 8.7x107* e cm

Excluded region:

(%)21111 (Cip) > 8 x 1074

(%)2 Im (Chyy) > 4 x 1074



(v/A)* Im(Cyw)

Positive case with future sensitivities

Current limits with A = 1 TeV

Future limits with A = 1 TeV

10_1: T T T T T T TTTTT T T TTTTT T T TTTTY 10_1: T T TTTTT] T T T TTT T T TTTTT T T TTTTY
C1dl=1.0x 1078 e cm ] C1dl=1.0x 1078 e cm ]
1072 = - 1072 = —
C1.0x 107" ] C1.0x107" ]
1073 — -] 1073 — —
1.0 x 1072° 1.0 x 1072
107 E - 10 E —
1075 Lol Ll Lol Ll o8 Ll Lol Ll N R
1073 107 1073 1072 1070 107 107 1073 1072 107!
2 2
(v/A)” Im(Cip) (v/A)” Im(Cip)

d. =1.0x 10722 ¢ cm
—29
dp = 1.0 x 107" e cm d, =3.0x107%% ¢ cm



(v/A)* Im(Cyw)

Positive case with future sensitivities

Current limits with A = 1 TeV

Future limits with A = 1 TeV

10_1: T T T T T T TTTTT T T TTTTT T T TTTTY 10_1: T T TTTTT] T T T TTT T T TTTTT T T TTTTY
C1dl=1.0x 1078 e cm ] C1dl=1.0x 1078 e cm ]
1072 = - 1072 = —
C1.0x 107" ] C1.0x107" ]
1073 — -] 1073 — —
1.0 x 1072° 1.0 x 1072
107 E - 10 E —
1075 Lol Ll Lol Ll o8 Ll Lol Ll N R
1073 107 1073 1072 1070 107 107 1073 1072 107!
2 2
(v/A)” Im(Cip) (v/A)” Im(Cip)

Future limit : |d;| < 3.2 X 107! e cm



Negative case

Current limits with A = 1 TeV
1071: T IIIIIII| T IIIIIII| T IIIIIII|

Green :
Excluded by the neutron EDM
| |d] =1.0x 107" e cm i
0 E d,| < 3.0 x 1072 e cm
’% N
Sé/ Blue :
% e 7 Excluded by the electron EDM
¢ d.| < 8.7x1072? e cm
Black lines : top EDM
s ool 17 = 1078729 ¢ em

(v/A)? Im(Ci)

Allowed

Cancellation region of the electron EDM exists.



Negative case

Current limits with A = 1 TeV
1071: T IIIIIII| T IIIIIII| T IIIIIII|

Green :
Excluded by the neutron EDM
| |d] =1.0x 107" e cm i
0 E d,| < 3.0 x 1072 e cm
’% N
Sé/ Blue :
% e 7 Excluded by the electron EDM
¢ d.| < 8.7x1072? e cm
Black lines : top EDM
s ool 17 = 1078729 ¢ em

(v/A)? Im(Ci)

Current limit : ‘dt‘ SJ 3.5 x 107 ¢ cm



Negative case with future sensitivities

~(v/A)?* Tm(Cyw)

Current limits with A = 1 TeV Future limits with A =1 TeV

1071: T T T T T T T T T T TTT] 1071: T T T T T T T T T T | ——
B p— —18 — — _ —18 —
|d/]=1.0%x10""° e cm |[d|=1.0%x10""° e cm
1072 = — 1072 —
1.0x107" ] [ 1.0x 107" ]
107 & - 107 -
10_4__ —_10_4_— —
1075 Ll Ll Lol L L1 iil l1075 L1 aaanl Lol Lol Ll L aiil
1073 107 1073 1072 1070 1073 107 1073 1072 107!

(v/A)? Im(Ci) (v/A)? Im(C)

Future limit : |d;| < 2.5 X 102" e cm



Conclusion

- Top quark might a key particle to look for New Physics due to its
large Yukawa coupling.

Two CP-violating couplings :

Top-Higgs /%Ji’%ih Top EDM dth'“V’yg)tFw/

- G2HDM is one successful scenario for EWBG.
It is important to examine possible parameter regions with
several experiments.

- Current electron EDM limit implies d; < 6.5 X 107" e cm .

Thank you very much for your attention :)



