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Previously on "Searches for CPV at the LHC"

© A benchmark model was born for CPV searches - The
Complex 2HDM or C2HDM

© Unexpected twist - large

CP-odd components of Yukawa
couplings

©® Season finale - combination

of 3 decays as a sign of
CP-violation




Season 2

© CP-violation in the Yukawas
© CP-violation in the couplings to gauge bosons

© CP-violation in a dark sector
(if T have time because
this is an episode from
season 1)

©® Conclusions




The C2ZHDM

A benchmark model was born for CPV searches -
the Complex 2HDM



Softly broken Z, symmetric 2HDM Higgs potential
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Lightest Higgs coupling modifiers (to gauge bosons)

h125

couplings measurements

CP-VIOLATING 2HDM

g%gM = sin(f — a)ggy
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/ "PSEUDOSCALAR" COMPONENT (DOUBLET)
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sina, =0 = h is a pure scalar

sina, =1 => h is a pure pseudoscalar
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ONLY TERM IN THE C2HDM AT TREE-LEVEL



Lightest Higgs coupling modifiers (to fermions)

h,,5 couplings measurements

C2HDM parameftrisation
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Yukawa types

For the real 2HDM (again for the lightest)

Type I esied-Sh
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For the C2ZHDM
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What are the bounds on the Yukawa couplings from rates only?

With the most relevant experimental and theoretical constraints
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Figure 1. C2HDM Type IL: for sample 1 (dark) and sample 2 (light) left: mixing angles oy and as of
the C2HDM mixing matrix R only including scenarios where Hy = hja5; right: Yukawa couplings.
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Figure 3. C2HDM Type II, h125 = Hy: Yukawa couplings to bottom quarks and tau leptons (left) — - >

and top quarks (right) for sample 1 (dark) and sample 2 (light).

FONTES, MUHLLEITNER, ROMAO, RS, SILVA, WITTBRODT, JHEP 1802 (2018) 073.



Unexpected twist! - large CP-odd components of Yukawa couplings

EDMs constraints completely kill large pseudoscalar components in Type II.

Not true in Flipped and Lepton Specific.
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Cancellations between diagrams occur.




The strange case of CP-violation in a complex 2HDM
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Probing one Yukawa coupling is not enough!

FONTES, MUHLLEITNER, RoOMAO, RS, SILVA, WITTBRODT, JHEP 1802 (2018) 073.
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A Type II model where
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How will it look in the future?

ABRAMOWICZ EAL, 1307.5288.

CLICDP, SICKING, NPPP, 273-275, 801 (2016) LHC Today

Parameter Relative precision [76,77] Model CxSM C2HDM II C2HDM I N2HDM II N2HDM I NMSSM
350 GeV  +1.4TeV +3.0 TeV (Zor V) gwea 1% 10% 20% 55% 25% 1%
500 fb~!  +1.5ab™1 +42.0ab”!

KHZZ 0.43% 0.31% 0.23%

KHWW 1.5% 0.15% 0.11% CLIC@3506eV (500/fb)

K b 1.7% 0.33% 0.21%

K Hee 3.1% 1.1% 0.75%

. _ 4.0% 4.0% Yi(Z)) £0.85% from «,,

KHrr 3.4% 1.3% <1.3%

RKHup 14% 5.5% If . . .

no new physics is discovered and the measured values

K 3.6% 0.76% 0.54%
%iii N 5'6<72 < 5.6% are in agreement with the SM predictions, the singlet and

pseudoscalar components will be below the % level.

Predicted precision for CLIC
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Beware of radiative corrections.
AZEVEDO, FERREIRA, MUHLLEITNER, RS, WITTBRODT, PRD99 (2019) 5, 055013 12



How will it look in the future?

PpC2HDM = R2

C2HDM - pseudoscalar component.

Unitarity = &2, ., + P(E) < 1

Typelll Typelll
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Figure 2: Mixing angles a2 vs. a1 (left) and cj vs. ¢ (right) for the C2HDM Type II. The blue points are for
Scl but without the constraints from Kpgy and kg~~; the green points are for Scl including kpg4g and the red
points are for Sc3 including kKrgg and Km~.

The deviations can be written in terms of the rotation matrix from gauge to mass eigenstates.

h p €16 5162 )
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AZEVEDO, FERREIRA, MUHLLEITNER, RS, WITTBRODT, PRD99 (2019) 5, 055013



Season finale - combination of 3 decays as a sign of CP-violation

h, — ZZ(+)hy, — ZZ(+)h, » h,Z Combinations of three decays

Many other combinations

hy > Z727Z < CP(h) =1 hy = hyhy = CP(h3) = CP(h,)
Decay CP eigenstates Model
hy = hyZ CP(hs) = — CP(h,) None C2HDM, other CPV extensions

hasy = MZ  CP(hys)=—1 2 CP-odd: None C2HDM, NMSSM,3HDM...

hy—Z2Z CP(hy) =1 3 CP-even; None C2HDM, cxSM, NMSSM,3HDM...

FONTES, ROMAO, RS, SILVA, PRD92 (2015) 5, 055014



pp — hitt

Season 2

The Yukawa Couplings

Donel

15



Great first episode - first appearance of a constraints on the top CPV angle!

— y _
pp = (h = yy)it CPY _ _ sz (K, + ik.ys) th

All measurements are consistent with the SM expectations, and the possibility of a pure CP-
odd coupling between the Higgs boson and top quark is severely constrained. A pure CP-odd
coupling is excluded at 3.90, and |a| > 43° is excluded at 95% CL.
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ATLAS COLLABORATION, PRL 125 (2020) 6, 061802 16



And also the first appearance of the tau CPV angle!

Yr
pp—h—ctr | Lo = Ry Th

Mixing angle between CP-even and CP-odd T Yukawa couplings measured 4 + 17°, compared to
an expected uncertainty of +23° at the 68% confidence level, while at the 95% confidence
level the observed (expected) uncertainties were +36° (+55)°.

Results compatible with SM predictions.
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CMS COLLABORATION, CMS-PAS-HIG-20-006



Can we get something of the same order with H->bb?

pp — Hitt

GUNION, HE, PRL77 (1996) 5172
BOUDJEMA, GODBOLE, GUADAGNOLI, MOHAN, PRD92 (2015) 015019
AMOR DOS SANTOS EAL PRD96 (2017) 013004

L = — %f(a + ibyo)th
>

Signal: we consider the tt fully
leptonic (but could add the or
semi-leptonic case) and H -> bb

Background: most relevant is the
irreducible tt background

18



The spin averaged cross section of tth productions has terms proportional to a2+b2 and to a2-
b2. Terms a2-b2 are proportional to the top quark mass. There are many operators that can
distinguish CP-even and CP-odd parts.

pips

by = Like a good port winel!

5l PtPt
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.‘I
.f .
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For cosa=0.7 the limit on a2 is 46° for
tanp=1 while for cosa=0.9 is 26° - close to

what we have today from indirect
measurements.

The difference is that the bound is now
directly imposed on the Yukawa coupling.

Ly = Kyt(cosa + isinays)th

Confidence Level
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pure scalar

|: S0, what is bound on the pseudoscalar component
| of the tth coupling at the end of the high

luminosity LHC?
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We are testing several variables, combining them, to improve the bounds

LHC, Vs =13 TeV sin(eﬂ"’)*sin(e‘*)
= tfo
mhcied et . tadccie oo oy Z425Ge"
Lumi= 3000 b m, = € ) 2 : _

e 0 0:75 e o
» 0.65 b
25 = 0 1 2 ° 25 A - 0 1
2 N < 2 2
x (ak; — bKy) x (ak; + bK;)
k':g, ET‘;!SNEV Best of All Asymmetries CL
Lumic 3000 b m, =125GeV . €y
L
Preliminary! - Asymmetries -
The plug plot o less systematics
-
25 5 0 4
. 21
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AZEVEDO, CAPUCHA, GOUVEIA, ONOFRE, RS, WORK IN PROGRESS
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Can we use the idea for bbh?

2| >~ 03 ~
35 — 35 —
-z LHC, fs =13 TeV -z LHC, Vs=13 TeV -

MadGraph5_aMC@NLO —_

HC_NLO_X0, NLO b bh(h=H)m, =125GeV MadGraphS_aMC@NLO b bh(th=H)m_=10 GeV

b T } 45— HC_NLO_X0,NLO N n

b bh(h=A)m, =125 GeV bbh(h:A)mA=10GeV
02—
o Not even for very light scalar.

0.1—
_|—\_‘=\_\_(?:\=_:—/'_I T
0

Xy = b4 Xy = b4

Figure 1: Parton level by distributions at NLO, normalized to unity, for me = 125 GeV (left) and my = 10 GeV
(right). Only events with pr(b) > 20 GeV and |n(b)| < 2.5 were selected, with pr and n being the transverse
momentum and the pseudo-rapidity, respectively.

The answer is no - the reason is that the interference term is
proportional to the quark mass. We have tried with bb and single b
production.

AZEVEDO, CAPUCHA, ONOFRE, RS, JHEPO6 (2020) 155.
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Resurrecting bbh with kinematic shapes

GROJEAN, PAUL, QIAN, ARXIV 2011.13945

Traditional cut-based analysis cannot separate the different bbh
— contributions — no y;, sensitivity at HL-LHC
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Finally the search for low/high mass scalars

AZEVEDO, CAPUCHA, ONOFRE, RS, JHEPO6 (2020) 155.

CP-even exclusion at 20 CL for mg = 40 GeV
3000 : : : : ;

L = rkuyit(cos a — ivy5 sin a)to
2500
pP-tte (pb) [NLO QCD] L, 2000
10F % . 1+ b8
E 1500 | beed
J | btd
1L @
g 1 o b
£ 1000
0100} — ¢=H -
— ¢=A 500
®
0.010} B 2 . H
0.2 0.4 06 0.8 10
Kt
0.001F 1
T a0 w0 om0 1000 MY L(x—4
Ky

These are the best possible results - we assume a CP-even scalar with SM-like
coupling modified by the factor «+ only. Now what can we say for a simple model like

the C2HDM with these results?

See poster by Rodrigo Capucha
25



Interpretation in the framework of the C2ZHDM

L = kpyrt(cos o — iyssina)td  Model independent coupling  “Facts are simple and facts
are straight ... Facts all

come with points of view"

mpyg - R R . .
Ly; = ——Li; [ 2 Z?’fyg,] YyH; C2HDM parametrisation .
v °p ts - David Byrne
This leads to
S1 €9
Kcosa = —
, o shK; = 5165 + 55C5 Yukawa type independent
Kesinoa = —
tg
cosa =0 =2 (if 5, =0 ~ L fer=0
In the two CP-conserving J cosa=1U = ft= ts (if s1=0) or k= » (if c2 = 0)
limits we get Sina =0 — 5= L
\ 5B

Experimentally we obtain a limit on «+. For this model the maximum value of «+ is /2 (due to
already known constraints on tang). The bound on «+ translates in a bound on the angles.

In the most general scenario (CP not defined) how does the C2ZHDM parameter space
looks like? And in particular what happens if we are close to the CP-even or to the CP- 26

odd scenario?



And so?

On the negative side even with high luminosity in can happen that the constraints will not
look great when applied to a specific model like the C2ZHDM.

On the positive side if we measure a non-zero « this implies a direct evidence of a CP-
violating interaction.

Where we are in the 0 <cosa <0.9

125 GeV Higgs.

0 <sina, <04

75 50 -2 0 25 50 75
a1 [7]

Figure 1. C2HDM Type I: for sample 1 (dark) and sample 2
the C2HDM mixing matrix R only including scenarios wher:
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The Higgs Coupling to gauge
bosons

28



CP numbers of the discovered Higgs (WWh and ZZh)

a ~
thZ — + ;hzﬂaaaazﬂ + th/WZ'W + %hZﬂDZMV

\ ONLY TERM IN THE C2HDM (AND SM!) AT TREE-LEVEL

by, Cw

i =1i(g,m,,) |l —(k; ) | + — kYK + ——e"Pok, k)
hWW 1) w mz 2 m%} 1™ m%y\ Ip ™20
TERM COMING FROM A CPV OPERATOR.

PRESENT RESULTS

CMS COLLABORATION, PRD100 (2019) 112002.

aW+W— = CW S [_081’ 03 1] ATLAS COLLABORATION, EPJC 76 (2016) 658. 29
1




What are the experiments doing?

KWV g2 4+ YV g2 . (1) ca(2) 1 o(1)
1 117K 49 m\2/1€v1€vz+“¥Vfuv( )f (2)m +a¥meS )f (2),pv

AHVV) ~ |aYV +

(AYY)?

EFFECTIVE LAGRANGIAN (CMS NOTATION)

CMS COLLABORATION, PRD100 (2019) 112002.

q W,Z,Y

FIG. 1. Examples of leading-order Feynman diagrams for H boson production via the gluon fusion (left), vector boson fusion
(middle), and associated production with a vector boson (right). The HWW and HZZ couplings may appear at tree level, as the SM
predicts. Additionally, HWW,Z HZZ, HZy, Hyy, and H gg couplings may be generated by loops of SM or unknown particles, as indicated
in the left diagram but not shown explicitly in the middle and right diagrams.

faz= |as|*o3 by = g (“_‘
7 aiPoy + |asloy + |asPos + a0 /(M) +0 T8 o
' |a;|*o; (a_
az - - - X 2 — ar “2
e 1[0 + |az*02 + |as P05 + Ga1/ (A1) + - - Pe & a,
far= an/(Ar)* )
Moy + [aofos + [asPos + aa /(M) + -0 O
~Zy 1 AZr\4
Zy ani/(AY) 2
Al = zr,

7 7 ’
la, o) + &} (/\1y)4 + -

FIG. 2. llustrations of H boson production in ¢¢" — gg9(qq') — H(qq') — t7(qq’) or VBF q¢' = V*V*(qq') - H(qq') — t7(qq’)
(left) and in associated production ¢g’ — V* — VH — ¢g'tz (right). The H — 77 decay is shown without further illustrating the 7 decay
chain. Angles and invariant masses fully characterize the orientation of the production and two-body decay chain and are defined in
suitable rest frames of the V and H bosons, except in the VBF case, where only the H boson rest frame is used [26,28].

= ¢, € [—0.81,0.31]
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Is it worth it?

THE SM CONTRIBUTION ARISE FROM THE CKM PHASE A, AND SHOULD THEREFORE BE PROPORTIONAL TO
THE JARLSKOG INVARIANT J = IM(V, Ve, VesVep ) = 3.00x107° . So, THE CPV HW*W™ VERTEX CAN

ONLY BE GENERATED AT TWO-LOOP SO THAT WE HAVE ENOUGH CKM MATRIX ELEMENT INSERTIONS IN
THE CORRESPONDING FEYNMAN DIAGRAMS.

M)

() L)

XTT[’Y“ll’Y o+ k) (L + L2+ 162) V(211 + k1 + k2) PrR]
[Tis;(m3, —m3 )(mG, —mG ) (i + k1)*[(l + 12 + ko) — 1]
LI+ k)? = mui][(ll +k2)? = m2 J(1F — m)[(lh + 12 + k2)? — mj ]

(2.6)

VERY COMPLICATED, SO YOU ESTIMATE

W+, ky W, ky W, ky W+r, &y
(d) (e)

SM ESTIMATE
Figure 1. Feynman diagrams leading to the CPV hW W~ coupling in the SM.

2 2
M|~ NeJ g \* s j(ma, —ma, ) (mg, —mg.)
CPV (167T2)2 \/§ m%/‘Q/

~9.1x107* ~ O(107%)
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Is it worth it?

W"'W_

C -
THE C2HDM CPV = 1W*W—

K Starting with f=t and f'=b

HUANG, MoORAIS, RS, JHEP 01 (2021) 168

MG~ [

7 1q 7
—V P —— | ——=VivwP, )| ——m
( 6% L) l— my ( \/§ w? L) l+k2 — my

X (—zn;t> (cf + zrtfyr)m]

B _Nc!]th\thF T[yu v PL(] + Ko + ma)(cf +icfvys) ([ + Ky + my)) (
- 2v (12 —=m2)[(L+ k2)? — mF][(l + kq1)? — m7] '

W* ko W ky

We can now extract the operator for this case

2

2 2 1
MmHDM Vib|“€wpo kT kS Ty | ——, —- Ii(z,y) = dc
167r2v mW| ol eupokrks T m%v' m%v 1(z,9) Jo Yoz + (1—-a)y—a(l —a)

And because f=b and f'=t can also contribute, the final result is

2 2 2 0. 2 2 2
C2HDM __ Necg 2 Ctmt my 1y, CpYy, my My
C V T + T
CPV th 1 : 1 :

327 2 W m%v m%,V m%v m%,v m%,v

USING THE BOUNDS

C2HDM 4 _3
CCpv 6.6 x 107" ~ O(1077) CALCULATED BEFORE.
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Is it worth it?

+ —
M

Ccpy =2 T

THE LEFT-RIGHT SYMMETRIC MODEL

N HUANG, MORAIS, RS, JHEP 01 (2021) 168

ELR D) _%VV:— 7—1"117“(‘/;1.,‘(1]‘ PL + Ull.jd"' P]?,)dj + h.c. )

1.1

The effective operator coefficient for this case is

2 2 2 X
CIG%V ~ Neg mt;nb 771; , 7n2b Im(thUtE) I(x,y) = / do o(l - a) .
82 myy, my, My, Jo ar+ (1—a)y—a(l —a)

Using the constraint

Illl(‘/ﬂ U"}) < 4 X 10—(5 DEKENS, BOER, NPB889 (2014) 727
0~ thb) —= ’

cipy ~ 9.1 x 10719 ~ 0(1077)
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High energy
isolated lepton

Large-R jet
2 b-tagged subjets

b
ire L =i(gm,) || 1+ay - ml;(k1 k) )+
w

e 4 benchmark couplings, /s = 14 TeV
® ayw = Cw = 0¢bw1 = 0.05; aw = Cw = OA, bw1 = 0.1
® Ay = le = O,CW = 0.05; aw = le = 0, cw = 0.1
e generated SM-like sample (aw = bw1 = cw = 0) for comparison

purposes
(W) (W)

. N . x
coso* — P Pw coss+ — P (PH X pw)
(W) (W)

e llpw| [pe”llpH % pwl
° p([w): 3-momentum of electron or muon in the W boson rest frame

e all other 3-momenta are defined in the lab frame.

Pre-Preliminary!

Slide from Ricardo
Barrué MSc thesis.

Back to experiment

Missing transverse eneray Tf indeed it is worth it, let us look at other processes

to look for CP-violation in VVh

GODBOLE, MILLER, MOHAN, WHITE, JHEP 15 (2015) 4.
BARRUE, MSc THESIS, 2020

BARRUE, CONDE-MUINO, DAO, RS, WORK IN PROGRESS

b c
2 KK+ ek, . ky,)

2 2
myy myy

cos 0 "asymmetry

High purity signal region, pr,, > 250 GeV

N(cosd* > 0) — N(cosd" < 0)

4
Alcos ™) = N(cosdt > 0) + N(cosdt < 0) (2)

Samples A(cos ™) (stat. unc.)

Backgrounds 0.003 + 0.028

SM -0.002 + 0.133

SM + b, = 0.05 0.142 + 0.087

SM + b,; =0.1 -0.081 + 0.055

SM + ¢, =0.05 -0.319 £ 0.112

SM + ¢, =0.1 -0.123 + 0.082

e for CP-even signals, asymmetry is non-zero, different signs
e for CP-odd signals, asymmetry decreases with value of coupling
e generated luminosities are higher than current luminosity

e differences start to be visible, higher luminosities are necessary 34



SENSITIVITY PROJECTIONS FOR FUTURE COLLIDERS

CMS PAS FTR-18-011

Table 10: Summary of the 95% CL intervals for f,3 cos (¢,3), under the assumption 'y = T3M

7

and for Ty under the assumption f,; = 0 for projections at 3000fb~'. Constraints on
fa3 cos (¢g3) are multiplied by 10%. Values are given for scenarios S1 (with Run 2 systematic

uncertainties [47]) and the approximate S2 scenario, as described in the text.

Parameter Scenario Projected 95% CL interval
faz cos (¢z3) x 10*  S1, only on-shell [—1.8,1.8]
faz cos (¢a3) x 10*  S1, on-shell and off-shell [—1.6,1.6]

I'y (MeV) S1 2.0,6.1]

I'y (MeV) S2 2.0,6.0]

The fraction as defined below is related to the effective coupling

|az |0

faZ -

= (cross section for a,-term with a, = 1)

ai
G ,, = (cross section for the A,-term with A, =1 TeV)x[TeV]’

ylk =c, = O(107?)

a
- , Qa2 = arg (—)
|a1|201 + |az[205 + |as|2os + a1/ (Ar)* + ... g
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SENSITIVITY PROJECTIONS FOR FUTURE COLLIDERS

Anomalous ZZH/yZH couplings IL;@
3-parameter fit ~
Lzzn = M} (l + al>Z Z"H + b—ZZ L2 H + b—ZZ VEWH
v AJH 2AH 201 (A=1TeV)
l— : : , T 04 _—
15=250GeV, P(c ¢*)=(-80%+30%), [ Ldt=250fb" L - 15=500GeV, P(c £*)=(-80% +30%), [ Ldt=500fb"
e*e =ZH-»u'wHie'e HiqqH(bb) 1 - c'e —ZH-»u"u Hie'e HiqqH(bb)

cezzsce ) ] SLIDE FROM KEISUKE FuJII’s
PRESENTATION AT HIGGS

COUPLINGS 2018, TOKYO

05 02}

< 0 & 0f
=05 SM 02 * M ]
Tp B T e 500GeV
— Ay=4 — Ay’=4
| S e 7 OSSO UOTOReY
04 02 0 02 04 ~0.15 0.1 -005 0 005 0. 015
S-parameter fit ZH + ZZ at 250 4+ 500 GeV with H20
]0- bourgds ' ay = 40.0223 (nZ ==0.5%) https://arxiv.org/abs/1506.07830
including 500 GeV operation 1 —.837 —.134 —.009 —.010
(zz = +0.0067 - 040 .008  .013
=40.0024 , p=| - - 1 .006  —.0012
ZZH [ yZH structures Saz = oo LD T T T
can be measured to ~0.5% | $zz = 0. - - - 1

The most comprehensive study for futures colliders so far was performed for the ILC. The work presents results
are for polarised beams P (e™, e*) = (-80%, 30%) and two COM energies 250 GeV (and an integrated luminosity
of 250 fb~!) and 500 GeV (and an integrated luminosity 500fb~!). Limits obtained for an energy of 250 GeV
were ¢V py € [-0.321,0.323] and ¢4 py € [-0.016,0.016]. For 500 GeV we get ¢V py € [-0.063,0.062] and

Zepy € [-0.0057,0.0057].

OGAWA, PHD THESIsS (2018)

THEREFORE MODELS SUCH AS THE C2HDM MAY BE WITHIN THE REACH OF THESE

36
MACHINES. CAN BE USED TO CONSTRAINT THE C2HDM AT LOOP-LEVEL



Dark sector and CP-violation

GAEMERS, GOUNARIS, ZPC1 (1979) 259
HAGIWARA, PECCEI, ZEPPENFELD, HIKASA, NPB282 (1987) 253
GRZADKOWSKI, OGREID, OSLAND, JHEP 05 (2016) 025

BELUSCA-MATTO, FALKOWSKI, FONTES, ROMAO, SILVA, JHEP 04 (2018) 002

AZEVEDO, FERREIRA, MUHLLEITNER, PATEL, RS, WITTBRODT, JHEP 1811 (2018) 091

CORDERO-CID, HERNANDEZ-SANCHEZ, KEUS, KING, S. MORETTI, ROJAS, SOKOLOWSKA, JHEP 12 (2016) 014
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But what if the three scalars are invisible?

Two doublets + one singlet and one exact Z, symmetry
D, - D, D, - — D, O; - — D
with the most general renormalizable potential
V=m}|® >+ mH| @, +(AD D, D+ 1 .c.)

p p
+71(c1>{q>1)2 + ?Z(cp;cpz)2 + 13(@] D) (@] ®D,) + A (@] D,) (@] ®))

’15 + mS2 2 ’16 4 ’17 + 2 ’18 + 2
+2 [(CDl(IJZ) +hoc. ] +—L0f + L0+ (@10 0F + @103

and the vacuum preserves the symmetry

G* H*
@, = é(v +h+iGy) P=1"Lp+in s = ps

The potential is invariant under the CP-symmetry

except for the term (A(I)J{CI)Z(I)S + h. C.) for complex A 38

AZEVEDO, FERREIRA, MUHLLEITNER, PATEL, RS, WITTBRODT, JHEP 1811 (2018) 091



Dark CP-violating sector

The Z, symmetry is exact - all particles are dark except the SM-like Higgs. The couplings
of the SM-like Higgs to all fermions and massive gauge bosons are exactly the SM ones.

The model is Type I - only the first doublet couples to all fermions

The neutral mass eigenstates are  fy . h,, h,

h, p €16 5162 )
hy| =R < n ) R=|—(c1583+81€3) €163 = 51555 €83

hy Ps —C155C3 + 85155 —(C153+ 515,C3) €3
But now how do we see signs of CP-violation?

Missing energy signals are similar to some extent for all dark matter models. They need
to be combined with a clear sign of CP-violation.

qq(ete™) » Z* - hihy, »> hihZ
Mono-Z and mono-Higgs events.
qq<e+€_) — /* - h1h2 —> h1h1h125 39



With one Z off-shell the most general ZZZ vertex has a CP-odd term of the form

pi —mg
; — Z 7 GAEMERS, GOUNARIS, ZPC1 (1979) 259
lr,uaﬁ = —€ 2 f4 (gﬂap2,ﬁ + g,uﬂp?),a) t... ‘ )

VA

HAGIWARA, PECCEI, ZEPPENFELD, HIKASA,
NPB282 (1987) 253

that comes from an effective operator (dim-6)

GRZADKOWSKI, OGREID, OSLAND, JHEP O5 (2016)
025

%gawﬂa?

Z
ﬁ\vﬁvz-a in our model it has the simple expression

]l] //l(,‘

b 4
o | 2
J 2ce
Zl\/\/\/\/\f( myy hy Ll = - — f123 E iji Coor (p1, mz, mz, m;,mj, mg)
7 1 . s p -
P1:f S m,; | 20w 1 0,5,k
hi ™
UH%Z
P J123 = R3Ry3Rs;3

Combining h,h,Z; hihyZ and h,h,Z 40



CPV in the triple gauge bosons couplings

hy — ZZ(+)hy » ZZ(+)h, > iZ | Combinations of three decays

h, > hZ CP(h,) = — CP(h))

Is there CP-violation here? Now let us Zs
hy = hZ CP(hy) =— CP(hy) take these three processes and build a ﬁ b2 @
nice Feynman diagram hi oo

/Hll' |

€ :I-' 7 -
ZRVAVAVAVAV.SR mpy hy,

pP1: [ ~m; |
III\ N |
With one Z off-shell ZZZ vertex has a CP-odd term (,/%
C2HDM Type T Z3
107 — —— p3, 3
V% =500 (GeV)
107 f S S f
) ) | PLOT FromM: BELUSCA-MAITO,
. pl — mZ 7 < 108 - .. FALKOWSKI, FONTES, ROMAO,
iLp=—ce 2 I5 Qualopt 8upPsa) + -+ — | | siLvA, JHEP 04 (2018) 002
2 ]

107 ¢

108

102 10*

The typical maximal value for f4 seems to be below 10-4. ol



Dark CP-violating model

Rc(ff/fms)

1.0
Y A N Im(ff/flzz)

The form factor f, normalised to f,,; for
m,=80.5 GeV, m,=162.9 GeV and m,=256.9 GeV

T | as afunction of the squared off-shell Z-boson
' ' 4-momentum, normalised to mz2.

0.5

-1.0

5 10 15 20 25 30 35 40

pi/m%

But the bounds we have from present measurements by ATLAS and CMS, show that
we are still two orders of magnitude away from what is needed.

CMS COLLABORATION, EPJC78 (2018) 165. —12x%x1073 < f42 <10x1073

ATLAS COLLABORATION, PRD97 (2018) 032005. —1.5%x 1073 < f42 <15x%x1073
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Conclusions

®© Higgs and fermions - two ongoing direct measurements of Yukawa

couplings - with top-quarks in the production and with tau-leptons
in the decays. The other Yukawas are measured indirectly by the
total rates. EDMs play a major role.

® Higgs and gauge bosons. CP-violating terms appear at the 2-loop

level in the SM but at 1-loop in many other extensions.
Coefficients are small but reachable in the (near?) future.

O TInvisible Higgs. If there is some invisible CPV around, perhaps it can

be measured indirectly - like in anomalous triple gauge bosons
couplings.

®O The end of season 2 is coming with stunning revelations!
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The End
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tan(B)

tan(B)

Limits on @, based on the rates only

Type | Typel
30 r 1 T T T T T 1
5F ] [ | osf .
! ) 08 | R |
20 F ] [ ] 06 | .
1 1= 1= i ]
15 k- 18 of 415 o4} J
g 1% {8 [ ;
10 | | [ | o2f A
: ] osf . - ~
5F . [ ] of .
0 [ P N T S S A [ el ! L 1 L ] 02 [ 1 1 L
-a0 -60 -30 0 a0 60 a( -90 60 -30 0 30 60 90 -90 -30 0 60 90
t = (DU tan™!(bya,) (deg) tan"'(bya,) (deq) tan"'(byya,) (deq)
Type ll Type ll Type ll
30 [ —T T .t rrrel 1 - T 1 T T T
sk ~ rates at | [ | sl l
i ° | osf - ~ » - :
ok 20% (gr'een), : | osf .
1 ) ( d) ]~ [ ] =
- J oo 41+
) 5% (red) 1z .t 1% os} -
' 148 18
10 ] . | o2} i
s ] 05| .
5F : i j o} .
0 [ P S S S S A [ —— 1 L 1 L N ] 02 1 1 L
-0 -60 -30 0 a0 60 ac -90 60 -30 0 30 60 9( -90 -30 0 60 90
tan”!(by/ay) (deg) tan"* (by/ay) (deg) tan"'{by/ay) (deg)

Competitive for Type I but not for Type II
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CP from direct measurements at the LHC (tth)

* A measurement of the angle

b, can be performed

tan®, = a_ with the accuracies
L

sin 3

tand_ = —-——tana, = tana, =

COS a

h + __— BERGE, BERNREUTHER, ZIETHE PRL 100 (2008) 171605
pp > > T T BERGE, BERNREUTHER, NIEPELT, SPIESBERGER, PRD84 (2011) 116003

AD_=15° < 150fb~"

AD =9° &« 500fb~!

T

NUMBERS FROM: BERGE, BERNREUTHER, KIRCHNER
PRD92 (2015) 096012

COS

—— L tan @,

sin 3

* It is not a direct measurement of the CP-violating angle ..
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Probing the nature of h in tth

The spin averaged cross section of tth productions has terms proportional to a?+b? and
to a2-b2. Terms a2-b2 are proportional to the top quark mass. We can define

o[6n] = [Ocp {do(pp — tth)/dPS}dPS e
7 [{do(pp — tth)/dPS}dPS V2

where the operator is chosen to maximise the sensitivity of a to the a2-b2 term. One of
the best operators from the ones proposed is

i<
b _ pl‘ pt GUNION, HE, PRL77 (1996) 5172
N =

P:Pr

Another option is to use angular distributions for which the CP-even and the CP-odd
terms behave differently.
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CP - what have ATLAS and CMS measured so far?

Correlations in the momentum distributions of leptons produced in the decays
pp = h = ZZ* — I
pp = h = WW* = (Lv)) (Ly,)

More correlations in the momentum distributions
pp = hV — t777jj
How large can the pseudoscalar component in the Yukawa couplings

pp — hitt
pp > h -ttt

CONCLUSIONS:
A) IF HIS A CP-EIGENSTATE IT IS NOT (REALLY NOT!) cP-ODD
B) SOME YUKAWA COUPLINGS ARE FINALLY BEING DIRECTLY PROBED
C) EFFECTIVE LAGRANGIAN FOR HVV ALSO PROBED
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Confidence Level

Confidence Level

Thee |FT R E = Py = Ky Fcosa + isinaysih
£l Zin cosa =1 pure scalar
4 Z

A Ve
0.8 e 0.8 .

- //% So, what is bound on the pseudoscalar

/V .

N component of the tth coupling at the end of

Integrated luminosity (fo™) Integrated luminosity (fo™) 1. h e h | 9 h l u m i n o S |‘|'y L H C ?

~®- cosa=0.9 ~#- cosa=0.8

T
—e— Full combinati 3 o i
4l combination CP-odd exclusi % —- cosa=0.7 ¥~ cosa=0.6 ﬁgis"Q Av|(H+,1-) —_
—#&— |+jets combination § st o cosacod dilepton q>_) - - - - — : : : A
—— Dilepton combination *f;-’ cosu=0.3 008¢:=0.0 3 cosa=0.9 cosa=0.8 COSG exclusmn
S 1 : I -
1 _ = R BRI @ —4— cosa:=0.7 —¥- cosa=0.6 . using An(tt) : .
sheesneanenend / ----- B B e R - 95% / 8 dileptoné
[0} cosa=0.5 -H- cosa=0.4
/ 4 é g : : : Poonol i
/ 0.8 / 8
0.8 )/ H
24 A/ O 1=
/ / ri// g "
"
/ o L‘/*j:_j.:fr% LA B ,4,/‘
[
0.6 —-—0—0—4r/"/
100 200 300 400 1000 2000 3000 100 200 300 400 1000 2000 3000
Integrated luminosity (fb™) Integrated luminosity (fb™

0.8/

For cosa=0.7 the limit on a2 is 46° for
tanp=1 while for cosa=0.9 is 26° - close to

what we have today from indirect 0.6
measurements. '

. . . 100 200 3(I)0 1000 20i00 10000
The difference is that the bound is now Integrated luminosity (fb™)

directly imposed on the Yukawa coupling. 49
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Interpretation in the framework of the C2ZHDM

1.0

sin(a)
0.20

018 <
S

016 3
o

0.14
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1.0
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0.0

Figure 19: Points allowed in the plane ¢; vs. s2 for 0.1 < k¢ < 1.2 and 0.1 <sina <0.2and 1 <tanp < 10. In
the left plot we see the variation with x;, in the middle with sin a and on the right with tan .
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Figure 20: Points allowed in the plane c; vs. s2 for 0.1 < k¢ < 1.2 and 0.8 <sina < 0.9 and 1 <tanp < 10. In
the left plot we see the variation with k¢, in the middle with sin @ and on the right with tan .
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