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Outline

CPV in the SM: CKM mixing, Jarlskog invariant, and
relations to the baryon asymmetry

2HDM (T. D. Lee, "73): additional CPV source from
the scalar sector

EDM constraints: electrons, and atoms

The LHC searches: diphoton, and Higgs pairs (very
specific)



SM: three generational fermions

Standard Model of Elementary Particles

three generations of matter
ifermicns)

mass [ <2.4 Mevie? 21,275 Gelle? =172 2 GeVje? 0 N =125095e%°

charge | 243 23 213 (
spir | 142 w 12 8 12 a C H
up

| . charm top gluon Higgs

4.8 Mev =05 Mavic* =£ 18 Gevjc" 0 h

13 /3 13 0
iE: 3 12 a 12 @ 1

-2

| down strange

50,511 MeVjz* =105.67 MeV/c* =1 7768 CeY,z’ =019 Covic* |
-1 -1 | -1 0 w
- @ @ |- @[ -
electron muon tau Z boson 8
L \ o
2 22 eVjc’ 1.7 Me/c <155 Maltic? -80.36 Govic® Y oM
O n n n +1 L
=2 W 1/2 m 112 w 1 (>
L -
T electron muon tau W boson | <
- neutrino neutrino neutrino O




CKM matrix for SM quarks

@ Three generational quark mixing:

V a5y Vi yusi
Lvie = Y (—-—=Yidds— —=Y/Uus+hc.
ij=1,2 ,3( ‘/é ‘/é )

can be diagonalized by

u — UUUL, up — KuUR, dL — UddL, dn — KddR
UJ YuKu — Mu — diag(mu y mc y mt)
U; Yde = Md = diag(md, ms, mb)

@ The Cabibbo-Kobayashi-Maskawa (CKM) matrix
e

\/ésw

[W: Eli’}’“ ngMd{ + h.C.] y Vexm = UJ Uqg




CKM matrix for SM quarks

@ The 3 x 3 unitary CKM matrix: 9 d.o.f.s
@ Six rephasing symmetries:
U{,R — exp(iaj)uLR, d{,R — exp(iﬂ,-)d{,,?
for aj = B; = 0, Vckm is unchanged. So 5 d.o.f.s can be eliminated.

@ Standard parametrization:

C13 0 si3€°

Vekm = R23(923)( 0 1 0 )R12(912)

—s13€° 0 i3
01> ~ 13.02°, 03 ~ 2.36°, 015 ~ 0.20°, d ~ 69°




EW CPV & Jarlskog invariant

@ Under the CP transformation:

e - T _ = .
/25 [WIUL( V(IKM) vHd + W, dL(VCKM)T"."L” UL]
W

EW interaction is CP invariant if Vg Is real. Alternatively, a non-zero Dirac phase
6 in the CKM matrix implies CPV.

@ The CPV is basis-independent.

=,

U_/'dn — Ku‘/dUJ/dU/'dR = Yu/d = Uu,/dMu/dU;/d - hermitian
no CPV if Y, /4 can be diagonalized simulataneously
det(i[Yy, Yql|) = -

o %(m, — mg)(me — my)(me — my)

det C

X (my — ms)(my — mg)(ms — mg)J
Jarlskog invariant  : 7 = (Vi1 Ve Vo Vo) = 812523813012023012385




EXP. tests: Kaon mixings

@ The neutral kaons are K° = (5d) and K° = (sd), under the CP transformation:
CPIK®) =K%,  CPIK®) = |K")

1 0 =0\
%“K ) = |K7))

@ Their decays (if no CPV): K1 — mw (short-living), and K> — o (long-living). It
turns out some long-lived kaons go to na (‘64, Christenson, Cronin, Fitch, Turlay).

CP eigenstates : |Kj o) =

mass eigenstates : Kg = Kj + €Kz, K=K, —eKi, e~2X 10—°




BAU

* The puzzle of baryon asymmetry in the Universe
(BAU)

e Sakharov conditions ('67): (1) Baryon-number
violation; (2) CP violation; (3) out-of-equilibrium
(strong first-order phase transition)




SM: insufficient for BAU

@ The SM contains (1), which is B + L violation through the instanton effect, but too
small tunneling rate: ~ exp(—4m/aw) ~ 10~"°°.

@ The SM also contains (2), but not sufficient:

B = %znb;nhr\JO_ﬁ, by CMB data

af',v T3

B ~ Scp ~ 10~ %dcp

dcp = %(mt — me)(my — my)(me. — my)
X (mMp — mg)(mp — Mg)(Ms — Mg)T ~ 10~

@ The SM is impossible to achieve (3). By analyzing the one-loop
Coleman-Weinberg potential,




CPV from scalar sector
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A Theory of Spontaneous 7" Violation*®

T. D. Lee
Depart ment of Physics, Columbia University, New York, New York 10027

(Received 11 April 1973)

A theory of spontaneous T violation is presented. The total Lagrangian is assumed to be
invariant under the time reversal T and a gauge transformation (e.g., the hypercharge
gauge), but the physical solutions are not. In addition to the spin-1 gauge field and the
known matter fields, in ite simplest form the theory consists of two complex spin-0 fields.
Through the spontaneous symmetry-breaking mechaniem of Goldstone and Higgs, the
vacuum expectation values of these two spin-0 fields can be characterized by the shape of a
triangle and their quantum fluctuations by its vibrational modes, just like a triangular
molecule. T violations can be produced among the known particles through virtual excita-
tions of the vibrational modes of the triangle which has a built-in T-violating phase angle.
Examples of both Abelian and nan-Abelian gauge groups are discussed. For renormalizable
theories, all spontaneously 7'-violating effects are finite. It is found that at low energy,
below the threshold of producing these vibrational quanta, T violation is always quite small.




CPV 2HDM

L = ) |D®>— V(d,d,)
i=1,2
1 1
V(®1,®2) = mi|®|° + map|®o|* — (M0 d, + H.c.) + 5 [®4]* + 5)\2|">2|4
1
£ Xal01 2] + M| @] 0l + 7 [A5(¢}‘¢2)(¢I¢2) + H.c.]

with m?, and s being complex.

&, — —SgH+ b, — .C3H+
T B+ HY —isgA) ) 27\ J5(ve€* + Hy +icsA),




Neutral HIggs masses

» Masses and mixings in the neutral sector:

Mg = (/\345 — I/)SgCﬁ /\23% -+ I/C% —%Im()\s) o

—3Im(Xs) sp —3Im(Xs)cs  —Re(Xs) +v

hy H?
( ho ) =  TRas(ac) Riz(ap) Riz2(a + ) ( )
hs A0

( )\162 + I/S% (X345 — )SBCp —%Im()\s) Sg ) ,
4

» Note that: (M3)13 = (M3)23 15,

= (M; — M3s3, — M5c2,)Sa, (1 + to) = (M5 — M5)(tats — 1)Sa,Ca,




Neutral Higgs couplings

—(C—"‘ @)C_JL&ztR— (C—“ @)5L¢2b3+h.c. YHDM — 1
L Sg V Sg V
(S,a y ) Q Dot + (CB y ) Q. ®1br + h.c. 2HDM —1I,
3 ) ) h
L= |—m (ciff + &, finst) + (2aMy W, W* + aM3Z,2") | .

=1

Ct,i Cb,i = Cr,j Ct,i Cb,i = Cr,i ai
| R,’g/Sg R,’g/Sg —R,g/tg R,’g/tg R,‘gSﬂ + R Cs
Il | Ri2/Sp Ri1/cCp —Ris/ 13 —Risls Ri2Ss + Ri1Cp




EDM as indirect
searches for the CPV



EDM experiments

@ ACME collaboration (arXiv: 1310.7534)

<B7x107% cm

de/e

@ neutron (arXiv: hep-ex/0602020)

'd,;/e) <29x107% cm
@ Mercury-199 (arXiv: 1601.04339)

di,/e| < 7.4 x 107 cm
@ Radium-225 (arXiv: 1504.07477, 1606.04931)

current : |dra/€] < 5.0 x 1072 cm
projected : |dk./€| < 1.0 x 107%° cm
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Improved limit on the **Ra electric dipole moment

Michael Bishol,!*” Richard H. Parker,**! Kevin G. Bailey," John P. Greene,! Roy J. Holt,! Mukut R. Kalita,'+*+#
Wolfgang Korsch,? Nathan D. Lemke,!* Zheng-Tian Lu, 2| Peter Mueller,! Thomas P. O’Connor, !
Jaideep T. Singh,* and Matthew R. Dietrich'
| Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
*Department of Physics and Enrico Fermi Institute, University of Chicago, Chicago, Hlinois 60637, USA
A Department of Physics and Astronomy, University of Kentucky, Lexingion, Kentucky 40500, USA
National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy, Michigan Siate University, East Lansing,
Michigan 48824, /SA
(Received 3 May 2016; published 2 August 2016)

Rackground: Octupole-deformed nuclei, such as that of %°Ra, are expected to amplify observable atomic electric
dipole moments (EDMs) that arisc from time-reversal and parity-violating interactions in the nuclear medium.
In 2015 we reported the first “prool-ol-principle™ measurement of the 2*Ra atomic BDM.

Purpose: This work reports on the first of several experimental upgrades to improve the statistical sensitivity of
our ***Ra EDM mcasurcments by orders of magnitude and cvaluates systematic cffccts that contribute to current
and future levels of experimental sensitivity.

Method: Lascr-coolcd and trapped ““Ra atoms arc held between two high-voltage clectrodes in an ultrahigh-
vacuum chamber at the center of a magnetically-shielded environment. We observe Larmor precession in a
uniform magnetic field using nuclear-spin-dependent laser light scattering and look for a phase shift proportional
(o the applied electric Oeld, which indicates the existence of an EDM. The main improvermnent lo our measurement
technique is an order-of-magnitude increase in spin-precession time, which is enabled by an improved vacuum
syslem and a reduction i trap-induced heating.

Results: We have measured the **Ra atomic EDM ta be less than 1.4 x 1077 ¢ em (95% confidence upper
limit), which is a factor of 36 improvement over our previous result.

Conclusions: Qur evaluation of systemabic ellecls shows that (his measurement is complelely mited by
statistical uncertainty. Combining this measurement technique with planned experimental upgrades, we project
a statistical sensitivily at the 1 x 1072 ¢ cm level and a total systemalic uncertainty at the 4 x 1072 & cm
level.

DOI: 10.1103/PhysRevC.94.025501



eEDM: eftective descriptions

The effective Lagrangian term

- Se .
Lot = —édeea,‘,,ﬁzseF“"_:ﬁemeea,,,,/yseF’“.

The ACME results:
de

<87x10""cm= 2"27"|5e <87 %10 % cm

The total contributions

de = (0a)y™ 4 (8a)7 ™ + (Go)yy™ + (Fe )y
+ ()T + ()2 + (S)i T




Atom EDM

* Three contributions: fEDM, gEDM, and three-gluon
Weinberg operators

e Atoms: RGE to the hadron scale
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mass splitting Vs. CPV mixings
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Heavy Higgs mass splittings &&

cancellations
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EDM constraints
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Searches for diphoton
in the CPV 2HDM



Why diphotons (for heavy
resonances)?

* Pro’s: very good energy resolutions and triggering
efficiency, compared to jets && leptons; N0 messy
QCD background

 Con’s: decay Br’s can be very small (~10/-5) for
heavy scalars (above the tt~ threshold) in a class
of models such as 2HDM

* One more thing: interference terms (resonance-
background, and quasi-degenerate resonance)



xamples of diphoton BR

2HDM-I: AM,, = 1 GeV, tang = 0.5, a, = rt/4 2HDM-II: AMy, = 1 GeV, tang = 05, a, = rt/4
- —
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Calculation of nearly-
degenerate resonances

@ The 2 x 2 propagator matrix for Hz 3:

-~ - -1
Pi(3) = S — Mé—i— iM22(8) ir|23(§2
y inzs(g) s — M§ -1- IT|33(§)

1 §— Mg;l— iMa3(8) —iﬁ23(§)
det Pij_I (8) —iM23(8) §—M;+iNxn(8) )

@ The self-energy terms for the propagator matrix:
My(8) = 017(3)+1;"(8) + 7% (8) + 1" (3),
X M) ~ M

Pilaftsis, hep-ph/9702393
Ellis, Lee, Pilaftsis, hep-ph/0404167



diphoton resonances

* Resonance, background, and interference via ggF

Drocess

d A tot
az

d ATES
adz

d A intf
dz

{X'}

6471'3{ !

2

aea’s res bkg *
64%8{23}M{>‘}M }+HC
{ | }

Dicus, Willenbrock, Phys.Rev.D 37,1801 (1988)



diphoton backgrounds

@ The helicity amplitudes for the background of gg — ~+:

ReMit++ = (Z:Qg){1+?_Talog‘%'
q
" ?22_2202 [logg 'i' +729(i)]}
mMsee = —( 3 GE)r[6(®) - 6(0)] (A—a t2+u2| ‘ ).
a

Mz = —(z(; Qg) -

@ And the background of gg — ~:




diphoton resonances

@ The non-vanishing amplitudes from resonances:

res GF§2 7 o
-’M:i:i‘:i::i: — 128 7!'2 Z (Cg o) :t ICg aJ;)ij(C"/ K :I: ,C'Y ~k) ?
jk—2,3
res GF§° o .
"M.L.L:F:F — 128 72 Z (Cg N + ’Cg J)’Djk(C‘T K -+ ,C‘Y .k)
jk=2,3

@ The effective H;gg and Hi~~ couplings are:

. i~ aH/A
Cy,i/Cg,i = Cq,i/Cq,iA //2 (79) 5

o~ ; o~ H/A
Cy i & i = G118, iNe (QE AT (1) + ...




diphoton interference

@ The imaginary terms of M4+ and M-+ are vanishing, up to | dz.

@ Further split the interference terms:

da_intf ,Re .
pr X 42 [(Cg,icfy ,j)ReP}j{ (Mirss + Mﬂ:ﬂﬁ?)Re
i
+  (Cg,iCy )P (—Mitts + Mii?ﬂRe]
da_intf Jm Im R
o ‘> [— (Cg,iCy j) P (Mittt + Maszz)C

ij
(B8 ) P (~ Mt + Maizg)™]




diphoton line shapes: no

CPV case

2HDM-1: AM, = * GeV, fanf =05, a. =D
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diphoton line shapes: no
CPV case

ZHOM-: ONy=16GeV, an=2, a.=0
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Some remarks for the no-
CPV case

@ Around the scalar resonance of M., ~ My, the real (imaginary) interference
effects are destructive (constructive), respectively.

@ The imaginary part of the interference term dominates around M, ~ My, as
(Mfw — MH)2 LK Myly,and Ny ~ I'}S

@ The total width 'y o< 1/tan” 3. Significant separation with AMy = 10 GeV and
tanB =2, since 'y < AMjy.

@ A dip around 2m; ~ 350 GeV from the real interference, with the depth
PU_1(2mt) ~ [y tan—2 B.




CPV eftects to diphoton

2HDM-1: AMy =1 GeV, tang = 0.5 2HDM-II: AMy = 1 GeV, tang = 0.5
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Some remarks for the CPV
effects

* The overall CPV effects in the diphoton spectrum
are controlled by the size of ac.

e Enhancements occur at My, ~ My, with a maximal
CPV mixing of ac=m/4.

 The CPV effects depend also on tang.



The HL-LHC prospects

@ To evaluate the signal and background events in a universal bin of 10 GeV:

My+5 GeV d
Aocyy(Mo) = / aM, 4

~y —_—
MO —5GeV dM'Y'Y

@ Count the number of events per bin and estimate x*:
¥ = ( NSE™ (Mo) )2
bins \/N};lfyg(Mo)

with (Ae) = 95 % and photon energy uncertainties < 2 %.




The HL-LHC signiticance

2HDM: AM,; = 1 GeV, tan8 = 0.5 2HDM: AM;; = 1 GeV, tanB = 2
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The HL-LHC prospects: no
CPV case

2HDM-1: AM,; = 1 GeV, a, = 0 2HDM-11: AM,, = 1 GeV, a, = 0
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| HC prospects:

The HL

| CPV case
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The HL-LHC prospects:
maximal CPV case
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I'he HIggs palr
oroductions In the
CPV ZHDM (a special case)



The SM case: @pp

H

g -~

Y  »-------e .

g "
H
o TTHTTTT Y] -9 H

Y A

g 299000908, o 4 7

Plenh, Spira, Zerwas,
hep-ph/9603205
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— Z ] — NLOHEFT |
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Special case for CPV 2HDM

Mass matrix

A1 C% -l Z/S% ()\345 — V)SgCg — %Im()\sez’&) S3
MS = (A3as — V)Sﬂcﬁ /\28‘;‘3 + V.CI% — §Im(A532’£) Cs Ve,
— %Im()\s 62'6) Sg - %Im()\semf) cs —Re(As 62'6) + v
with

Re(m7,€")
V2S5C3

A345 = A3 + A4 + Re( s e2i€) , 2

Constraint:

(M{ — M3 sz, — M5CE,)Sa, (1 + ta) = (M3 — Ms)(tats — 1)Sa, Ca,

M2=M3 m
y ap =0 or o= —
’ 4
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Including constraints

Combining the current LHC searches of WW , ZZ,
H->hh - bbt vy, A->hZ (bbbt £te~ jrrr— 4 £7¢7).
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Figure : Left: |ap = 0.1, right: |ap| = 0.05.



A [GeV]

Higgs self-couplings

» Witha = —#/4, t; = 1.0, and a. = 0:
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Benchmark models

|ab| = 0.1 |ab| = 0.05
My = M3(GeV) | meos(GeV) | A111(GeV) | A113(GeV) | mgop (GeV) | A111(GeV) | A113(GeV)
500 350 29.37 —-T70.33
600 400 19.45 —173.75 420 28.28 —102.66
700 440 16.80 —200.04 480 27.19 —133.01
800 480 13.89 —227.22 540 25.96 —167.14
900 520 10.74 —255.31 600 24.57 —205.05
1000 560 7.33 —284.30 660 23.05 —246.72
1100 710 21.66 —280.60
1200 770 19.87 —328.86




Cross sections at LHC/SppC
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Cross sections of a[pp — hihy — bbyv] and
olpp — hihy — bbW* W~] for the benchmark models.
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Summary/Outlook

The upgrade of the precise EDM experiments can further
test the BSM CPV.

Keep looking for BSM heavy Higgs boson @LHC: e.qg.,
diphoton, can be complementary to the EDM bounds for
small mass splitting regions.

To look for tt~ resonance searches @LHC/SppC (Carena
&& Liu, 1608.07282), and tau+tau-, compare their
sensitivities.

Generalization to the other modes for the direct CPV
measurements.



Thank you!



Searches for CPV in the SM-like Higgs

h > tau tau: 1308.1094, 1501.03156, 1510.03850
(LHC), and 1703.04855 (CEPC)

h > //: 1502.03045

tth: 1507.07926, 1605.03806 (LHC), and
1506.06453 (indirect at CEPC)

Many more ...



* This talk: focus on the CPV version of 2HDM (T. D.
Lee, "73)

 EDM constraints: electrons, and atoms; CPV in SM-
ike or BSM Higgs boson(s); mass splitting and
cancellations between heavy Higgs bosons

* The heavy resonance searches via diphotons @
HL-LHC: resonance-background, quasi-
degenerate heavy Higgs bosons




Atom EDM

@ Anatomy of contributions
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The 2HDM Input parameters

@ The total free input parameters in the physical basis:

M1:125 GCV,MQ,S,msoft, (aaabaacaﬁ)

@ Alignment limit of a = 8 — 7/2, favored by the current Higgs data.

@ Small mass splitting of AMy = M; — M> = (1,10) GeV, and fixed
Msore = 300 GeV.

@ The CPV mixing relation of

sines — | (Mz — M%) sin 2a.tan 23
°T 2 M2 — MZsin? ae — M2 cos? ac

Non-real solutions of «; are unphysical.
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Constraints: unitarity,
stability
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| HC direct searches

olgg = H;35 = XX) [pb]
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