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Scalar Extensions of the SM - why do they make us happy?

& They provide Dark Matter candidates compatible with all available experimental
constraints;

§ They provide new sources of CP-violation;

€ They can change the di-Higgs cross section;

$ They provide a means of having a strong first order phase transition;
€ They provide a 125 GeV scalar in agreement with all data;

€ You get a bunch of extra scalars, keeping everybody busy and happy.
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The many faces of CP-violation

€ Angular variables or CP-detecting variables;

GUNION, HE, PRL77 (1996) 5172.

P; P
. h, = L1 Many studies with angular variables in all
4 D.D7 kinds of final states.

€ Combination of three decays:;

FONTES, RoOMAO, RS, SILVA, PHYS.REV.D 92 (2015) 5, 055014.

hy — ZZ CP(hy) = 1 This scengrio has the (dis)advantage that one
needs to find at least one extra scalar (at tree-
h, - hwZ CP(h,) =—CP(hy) level). Or maybe we don't.

€ Strange CP - Decays that are CP-even and CP-odd at the same time;

FONTES, ROMAO, RS, SILVA, JHEP 06 (2015) 060.

hgy — 1t Agy — T In this case the particle’'s CP depend on the
final state.
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Our benchmark model - the C(2ZHDM)

In the SM the Higgs potential has only one quadratic and one quartic term
Voy = u2| @2+ A(@'D)%  u2<0; 1>0.

with the SU(2) Higgs field defined as
¢+
O=11 :
[E(V +p + 117)]

We end up with the SM Higgs boson and three Goldstone bosons. This potential does not allow for C or P
violation, either explicit or spontaneously.

The potential has a minimum at

2
v = ‘/ “; | = 246 GeV Which defines the electroweak scale

The Higgs mass is given by
m§=2/1v2=\/§|,u|

and has to be determined experimentally.
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Our benchmark model - the C(2ZHDM)

Potentials are usually used in minimal versions using ad-hoc symmetries. We just want them to suit
our benchmarking goals. The most general 2HDM is

Varpu = miy | @ ° + m3, | @, ° = (m}, @@, + h.c)
p p
71(c1>jc1>1)2 + 72@;@2)2 + 13(@]D ) (@I D,) + Ay(@]D,) (@] D))
45 .\ i i i
(@], + (@) + A1) | (@],) + ..

With the fields defined as (VEVs may be complex)
v, = 0, dark matter, IDM

o
— v+ p; +iny) Allows for a decoupling limit

\/5

The Z, symmetric version is Complex parameters - explicit CP-violation

Vasous = m? | @12+ m3y @,
)(D D)) D)+ h.c. }

—(cpch ) + —(clﬂcbz)2 + /13(cI>TcI>1)(cI>TcI>2) + /14(cI>TcI>2
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h,,5 couplings

v
82HDM

hVV

= sin(f — a)gSM Although the models look very different, the couplings to

gauge bosons have the same structure and are multiplied by a

numerical factor (except for CP-violating Yukawa couplings).

hVV

8coupm = COS X 8rnpm

hVV
CP-VIOLATING 2HDM

—— "PSEUDOSCALAR" COMPONENT (DOUBLET)

Type I

Lightest Higgs coupling modifiers

Type II

Type LS(X)

|sa| =0 = h; is a pure scalar,

|so| =1 = h; is a pure pseudoscalar

Ku =Ko = sinf3
J = o Kl =k = 222 These are coupling modifiers
sin 3 . oo relative to the SM coupling for the CP-
Type F(Y) kf =k =224 K-S conserving version of the 2HDM.
sinfp cosp Yukawa couplings can be larger than the
sina, SM ones.
KLL,S=K,LJS=C(.)SG K5 -
sin 3 cosf

Ycooupy = €08 Yo upay £ 175 sina, tan f(1/tan f3)
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Higgs couplings in Scalar Extensions

Yukawa

Gauge

Scalar

Ynewnoder =Jy(@) Yoy £ iy gy(@;)

8NewModel = jfg(ai)gSM

ﬁNewModel = fl(ai)/iSM

fy(@;) and gy(ar;) are numbers - functions
of mixing angles and (maybe) other

parameters. gy(a;) = 0 in the CP-
conserving limit.

fg(ai) is a number - function of mixing
angles and (maybe) other parameters.
fg(al-) = () in the CP-conserving limit for a
pseudoscalar state.

Like for the couplings with gauge bosons it
is the existence of combined terms that
show if CP is broken.

THE ALIGNMENT LIMIT - IT IS A LIMIT WHERE ALL COUPLINGS TO A CHOSEN SCALAR ARE THE

EXACTLY THE SM ONES.

R. Santos, LIP, 20 June 2024



CP violation from P violation -
assuming C and P are conserved separately




C and P numbers for the fields we know

The P and C transformations for a spin 1 field are (I will omit the fact that ¥ — — 7 in the RHS)
CX,C'=(-D%X; PXP'=xXV

For a real spin O field the P and C transformations are
CopC™' = (=1)“¢; PpP~' =(-1)"¢

For spin 1/2 fields only the P and C of the pair can be measured

p c CP
wy wy vy yy
Wysy —YYsy wysy —Yysy
A 'y a7 —vry
WY.rsW —wytysw WYYsW —wyrysy
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Dimension 4 InteractionTerms without fermions

Consider a gauge theory of spin-O and spin-1 fields. The terms with neutral gauge bosons can be of the
form

XX, X0

The more general couplings to scalars may have the form
X, X"AB, X, 0"'AB P(AB)P~' = AB

In a P-conserving theory A and B have the same P-numbers. If there is at least one P-even scalar, the
other scalar is also P-even. In the SM (due to spontaneous symmetry breaking)

hZZ = PhP1=h

Therefore all neutral Higgs that mix with the Higgs will be even under P. Clearly, in most scalar
extensions of the SM where P is conserved, all scalars can be considered P-even.

R. Santos, LIP, 20 June 2024 10



Dimension 4 InteractionTerms without fermions

Let us now look at C-invariance. From the previous P-invariant terms

X, X", X,0"

the first one is C-invariant while the second depends on the C-number of X,. The more general couplings
are again

X, X'AB, C(AB)C~' = AB
X,0"'AB C(AB)C™'=AB CX,C!

If X, is C-even, A and B need to have the same C numbers. In the SM, the neutral gauge bosons are
C-odd and this means that A and B need fo have opposite C-numbers and the vertices of the type
X, X*AB is not allowed.

C(A) = — C(B)

Otherwise C is not conserved. Therefore, in the absence of fermions, invariance under P is guaranteed.
If the bosonic Lagrangian violates CP, CP-violation must be associated with a P-conserving C-violating
observable.

R. Santos, LIP, 20 June 2024 11



C and P in the SM without fermions

For the photon we have

-1 _ . -1 _
CAC™'=—A; PAP =Ar

By construction, the Z-boson has the same quantum numbers
-1 _ . —1 _ —7u
czC'=-2z; PzP'=2Z
The coupling with the Z fixes the Higgs C and P quantum numbers
hZZ = ChC'=h PhP'=h
The neutral Nambu-Goldstone boson is the longitudinal component of the Z and so
Po*GyZ,P~" = 0,GyZ" Co*GyZ,C™" = 0,GyZ"
And therefore

P(Gy) = 1; C(Gy) = — 1

R. Santos, LIP, 20 June 2024
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C and P in a 2ZHDM without fermions

Let us introduce one extra scalar - an SU(2) doublet. We have now eight degrees of freedom. Three are
for the Goldstone bosons, two for the charged Higgs and ‘rhr‘ee for the neutral states

/ \ The spectrum includes 3

neutral scalars. hi, h2 and
B _(Vz +py + i) hs are ordered by mass.

"/

Go, h, H, A or Go, hl’ hz, h3

[7(1/1 +p, +iny)

If the vertices of the type hhh and HHH are present (h, H and A are C and P eigenstates),
P(h)=PH)=1; C(h) = C(H) = 1
Since the neutral Goldstone couples derivatively to the Z boson (and it mixes with the A)

Po*GyZ P~ = 0,G,Z"
Which means

P(Gy) = P(A) = 1; C(Gy) = C(A) = — 1

R. Santos, LIP, 20 June 2024 13



So how do we know if the model violates CP via C-violation?

First you find the mass eigenstates to find that you have three mixing neutral states
hy, hy, hs

and because they mix they have the same quantum numbers. Now you look for the interactions with
gauge bosons and you find

hl h2 a . Z, h2 h3 0 . Z, hl h3 a . Z a . Z is P-invariant
and to have a CP-conserving (C-conserving because we have P conservation) theory you would need

which is impossible.

R. Santos, LIP, 20 June 2024
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CP violation from C-violation - the triple gauge bosons loops

Assuming only Lorentz and U(1)em gauge invariance, the most general form of the ZZV (V = Z, y), vertex
can be written as

padu py — HPE—mY) rev i pa ub | pBouay _ gV s, _
s2v(Q, @, P) = 2 [f4 (Pg"” + PPgh*) — fi e (@1 Q2)p]
A

where the two Z are on-shell, the V is of f-shell but coupled to a conserved current. The corresponding
operator is

Lap = | = [FOF) + L 0,2 2a(0° Z5) + (1307 Foy) + F0 20, )12 2

Z \
P-CONSERVING CP-VIOLATING TERM

CP-VIOLATION IS INSIDE THE BLOB!

NOTE THAT THESE ARE DIMENSION SIX OPERATORS,
THEY APPEAR AT ONE-LOOP IN RENORMALISABLE
MODELS. THEY LEAD TO A FINITE RESULT WITH NO

NEED FOR RENORMALISATION.

IN THE SM f4V = (0 AT ONE-LOOP.

R. Santos, LIP, 20 June 2024 15



CP violation from C violation -
collider measurements




CP violation from C violation - three decays scenario

There are many other combinations if one moves away from the alignment limit

hy — ZZ( + @h2 ~nZ

TSN

Combinations of three decays

Forbidden in the exact alignment limit

h —ZZ < CP(h) =1

Decay CP eigenstates Model
hy — h,Z CP(h;) = — CP(h,) None C2HDM, other CPV extensions
h2(3) - hZ CP(h2(3)) =-—1 2 CP-odd; None C2HDM, NMSSM,3HDM...

h,—ZZ CP(hy) =1

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

3 CP-even; None C2HDM, cxSM, NMSSM ,3HDM...

R. Santos, LIP, 20 June 2024
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C2HDM Type I Hsm=H;1

ABOUABID, ARHRIB, AZEVEDO, EL-FALAKI, FERREIRA, MUHLLEITNER, RS, JHEP 09 (2022) 01 1

g , H;
Hy
Particle H; H, Hs H* .
g “H;
Mass [GeV]  125.09 265 267 236 hy — ZZ
i -3 -3 -3
Width [GeV] 4.106 10 3.265 10 4.880 10 0.37 h3 — hZ
Oprod [pb] 49.75 0.76 0.84 CP(h;) = — CP(h,)

Values for a chosen benchmark point in a type I C2HDM with the lightest Higgs as the 125 GeV one.

Test of CP in decays:
- Opr‘od(H3) X BR(H3">H1H1) = 235 fb CP+ AND Oprod(H3) X BR(H3‘>ZH1) =76 fb CP-

- Oprod(H3) X BR(H2->HiH1) = 192 fb CP+ AND 0prod(H2) X BR(H2->ZH1) = 122 fb CP-

R. Santos, LIP, 20 June 2024



CP violation can appear only in the other scalars

In the alignment limit /1, has exactly the SM couplings. In this case only if we find other particles a
search for CP-violation makes sense.

In this limit the CP-violating vertices are
hohahy,  hahohy; WHYH™;  hahghahys  hahohohy;  hahHYH™:
A different choice of the parameters of the potential would interchange /1, and #;.

A combination of 3 decays signalling CP-violation is now

hyH H™; hH*H™; Zh,h;

HABER, KEUS, RS, PRD 106 (2022) 9, 095038

R. Santos, LIP, 20 June 2024
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C2HDM at future colliders

It could happen that at the end of the last LHC run we just move closer and closer to the alignment
limit and to a very CP-even 125 GeV Higgs. Considering a few future lepton colliders

Accelerator | /s (TeV) | Integrated luminosity (ab™!)
CLIC 1.5 2.5
CLIC 3 5

Muon Collider 3 1
Muon Collider 7 10
Muon Collider 14 20
mp, = 125 GeV
mp, = my, = 200 GeV

=)

=

— 10% ¢

'éi

<

T

‘IE

T 107t

hyH*H™; hyH*H™; Zh,h,

This is an s-channel process with a Z exchange and
therefore a gauge coupling. We still need to detect
the 2 scalars.

R. Santos, LIP, 20 June 2024
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C2HDM at future colliders

If the new particles are heavier we will need more energy. Still it will be a hard task.

Ay =21, my, = 200 GeV A3 =27, myp, = 200 GeV \0
3 — B L .53
10° ¢ 9 Iy kz ] ’
z my, = 200 GeV 2 I A\,
/;: /’% /\/\/\N & M?: iy Z \r ey 255 hl
< < 107} ] e 2 =3
= 102 L = —’/ 3
T T mp, = 400 GeV ey 3 g
I mp, = 600 GeV I my, = 600 GeV 2
< &
Y g /\
1 é Z‘l é é 1‘0 1‘2 1;1 16 10! é 4‘1 é é 1‘0 1‘2 1‘4 16
o o hohshy;  hhohy;  Zhohs
A; =27, my, =125 GeV, mpy= = 150 GeV A; = 2w, my, =300 GeV, my= = 300 GeV e HJ.
o AL
; 2 i 4
ete~—ete"HYH h;
K L, / B
X 102 L Oete——ete-HYH-h; ‘_'_ :‘ A - 5 <
10° ¢ Cf ~ ~ &
Optp——p+rp—H+H-h; 5 4 < ",_ =
> > +u— +u—H+H-
é E prpm—ptpHTH=h; 2 = £+ g n
<) o}
102 3 \
O+~ —H+H-h; 10t + Opti-—HYH Iy
10 ‘ : : : : : : : ‘ : : : ‘ : h2H+H_; h3H+H_; Zh2h3
0 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
V5 (Tev) V5 (TeV)
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However ...

Disallowed in a CP conserving model. A is a pseudoscalar

Allowed in a CP-conserving model.

If this tree-level coupling is very
small (of the order of the loop
process below) it is not possible to
distinguish the models.

Both allowed in a CP-violating model.

0.1 T T T T T T T T 40

. Type |

0.01 e e et \s=14TeV -
. Fl

35

0.001 f 30

0.0001 F
25

1e-05 |

20
1e-06 |

15
1e-07 f

[o(gg—A)+o(bbA)].Br(A -ZZ)[pb]

1608 | 10

1e-09 F -

1 8_1 0 1 1 1 1 1 1 1 1
150 200 250 300 350 400 450 500 550 600
malGeV]
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CP-violation from C-violation in loops
- also available in the dark version




CP violation from C violation but inside loops (ZZZ)

Another possibility of detecting P-even CP-violating signals is via loops. Remember CP violation
could be seen via the combination

If we don't have access to the decays we can
hy > hZ CP(hy) = — CP(hy) build a nice Feynman diagram with the same
vertices.

hy — hZ CP(hy) = — CP(h,)

And see if it is possible to extract
information from the measurement of the
triple ZZZ anomalous coupling.

Can we build such a model?

R. Santos, LIP, 20 June 2024
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A sector with three invisible scalars

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

Two doublets + one singlet and one exact Z, symmetry

D, - D, D, - — D, O, - — D

with the most general renormalisable potential CP violating portal term

V=m%|® > +m2 |0, > HAD D, D+ /. c.) / :
M| Prl” +my | Py jm2esTh-C CP conserving portal terms

A )
+71(c1>’1fc1>1)2 + 72@;@2)2 +|23(DTD ) (D] D,) + 24 (P D) (D] D)) /7/7

s m52 Ag Ay 8
+2 [(rb{obz) +hoc ] + =203 + Lol ZL@0)0} S @]0)0

No VEVs - Z; is preserved - there
are three DM candidates

. :

(p +in) s = ps

and the vacuum preserves the symmetry

NG

G+
b, = 1 .
1 ﬁ(\/ +h+ lGO)

The potential is invariant under the CP-symmetry

q)lcp(t’ 7) = (I);k(t’ - ?)’ (I)gp(ta ’_:) = (D;k(ta - 7)7 q)gp(ta 7;) = (DS(L - ?)

except for the term (A®®,D + /1. c.) for complex A. This is a type I model.

R. Santos, LIP, 20 June 2024 25



CP violation from C-violation but inside loops (ZZZ)

The most general form of the vertex includes a P-even CP-violating term of the form

GAEMERS, GOUNARIS, ZPC1 (1979) 259; HAGIWARA, PECCEI,
2 2 ZEPPENFELD, HIKASA, NPB282 (1987) 253; GRZADKOWSKI,
T pl — mZ 7 OGREID, OSLAND, JHEP O5 (2016) 025
l = —@— ..
uap m2 f4 (g,uapz,ﬁ + g,uﬂp?),a) +
yA
137 fb' (13 TeV
N 0.002EMS 37 (13TeV)
h -
CMS COLLABORATION, EPJC78 (2018) 165. —12%x1073 < fZ < 1.0x 1073 0.001F S
. 4 . . L 7 —
L / f_\‘\\ \\
_ _ i \ N
ATLAS COLLABORATION, PRD97 (2018) 032005. —15%x1073 < f42 <15%1073 013 X \\ \\ \
C X J) |
0.001} N =l
FROM: BELUSCA-MATTO, -0.0 i = td68°/a_/
x - — — EXpecte o
FALKOWSKI, FONTES, ROMAO, [ T Exbected 95% L
SiLvVA, JHEP 04 (2018) 002 0.002 -~ Qbserved 95% Ci
PLOT FOR CP IN THE DARK . - Observed 95% CL (1D)
[ e Bestfit ]
C2HDM Type I —
10% - — - -0.002 -0.001 0 0.001 0.002
g : A/ 2 — ; 1.01 Re(f{/ fi2s) Y
: 4 500 (GeV) A N b Tm(f7/ fr23) f4
PLOT FOR THE C2HDM CMS COLLABORATION, EPJC81 (2021) 200.

10° g 05F

0.0f [ _ The invariant mass distribution of
the four-lepton system is used to set
limits on anomalous ZZZ and ZZy
couplings in pp — ZZ.

=

-0.5F
107 ¢

-1.0F

8 5 10 15 20 25 30 35 40
107 ==
10

pi/m

The typical maximal value for f4 seems to be below 10-4.
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CP violation from P violation




CP violation from P violation

As discussed, for a real spin O field the P and C transformations are
CHC'=(=1)¢p; PPP'=(-1)"¢

and for spin 1/2 fields only the parity of the pair can be measured?

P C
Yy 787/ 787/
Yysy —Yysy Wysy

CP
Wy
—Yysy

This means that a coupling of the type is P-violating and conserves C - it is CP-violating

w(a+ibys)y ¢
Again higher order operators may violate CP via P violation as showqfelow
2 ﬁ / , \\/Y
Lhzz = K_hZ '+ — hZ 0,0°Z! + — hZ M 4 = hZ Z,uv
V V V \\ v /

/

_—

P-VIOLATING, CP VIOLATION

R. Santos, LIP, 20 June 2024
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CP violation from P violation - the top Yukawa

Fermion currents with scalars can be CP (P) violating. Is there room for a CP-violating piece of the SM

Higgs?

Y
Wysy

C even P odd -> CP odd

pp — (h — yy)it

Consistent with the SM. Pure CP-odd coupling excluded at 3.90, and |a| > 43° excluded at 95% CL.

2

5 -
= e 1o - Best fit Y
o 1.5F —
« F 7T 20 ]
N S 36“‘ e . ., 3
—05F i
“'E ATLAS Preliminary |
—1.9 {5=13TeV, 1391 =
) N I I S B B I

) L A, o e e s . . P L ) . L . s )

C even P even -> CP even

CPV _ _

tth

C conserving, CP violating interaction

w(a+ ibys)y ¢

Vo
Tf F(k, + iR ys) th
2

need one Higgs only.

Rates alone already constrained a lot
the CP-odd component.

To probe this type of CP-violation we

K, =K COSQ

K, =K sina

R. Santos, LIP, 20 June 2024
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Allowed region in the Yukawa plane

R. Santos, LIP, 20 June 2024



Measurement of CPV angle in tth

o -
%}ZV = ———17(k, + IK,y5)Th

2

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)°. Compatible with SM predictions.

pp = h -ttt

Scenario excluded

% C
, CMS Preliminary 13761 (13TeV) at 95% CL
T T T T I T T T T I T T T T I T T T T |
[ * SM — 68%CL 7 | . T
- * Bestfit -- 95%CL 1 |1 2.00 CMS Preliminary —T378% 1 13TeV)  _ s A
I -y 99 : 70/0 CL ] __ 20 - 680/0 CL 7 2 T 1T 1T 1T 1T 1T T T T T T T T
1r 713 Best fit -- 95% CL i ST L
I 114 — 99.7% CL 2 1.8F # Bestfit 1o -
L 4 (4 ] B SM 20
- 1B S A 160 =
5 0 4 14 = r ]
we i i ﬁ 1.4 - .
[ ] {0 1.2F .
I : P L
: F - F (KTI kr) : 5 0.8 C ‘\»\ ’,"‘ {
i k=17 =0ViAT 0.6 R 3
_2 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 0 0.25 _ _ i 7:
~2 -1 0 1 2 1 | P =pv =1 %% atLas ]
KT 0.0990l 1 1 _45[ 1 1 O 1 1 1 45 1 1 1 90 0.2; Vg _ 13 Tev’ 139 fb'1 1
71 l L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1 ‘ L1 ‘ L1 l 17
¢rr(degrees) 0780-60-40 20 0 20 40 60 80
CMS COLLABORATION, CMS-PAS-HIG-20-006
¢_[degrees]
¢TT = ATLAS COLLABORATION, ARXIV:2212.05833V1.
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_ oo
pp = (h — yy)it Lin' =~ 7 1k, + iR,ys) th
Y _
K, ~ 1, i&,zo gg}f":__f,ct”h Scalar
V2
v
CPV — .~
—h— 777" L =~ —= T +ikys) Th
ppP \/5
Yo ..
Kk, ~0;, K =1 fCT};,V — = L T(ik,y5)Th  Pseudoscalar
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This scenario is possible in the C2ZHDM

There is a different way to look at the same problem

ZT(Clt + ibt]/S)td) bt ~ (0 a, ft¢ Scalar
T(a,+ibys)t ¢ a. =0 b. Tt ¢ Pseudoscalar

Taking the C2ZHDM couplings and setting a; = /2,

/ Close to 1

v o _ _ VvV hVV Vv
gcoppy = €08 Ay COS(f — ay)gqy, 8c2HDM SM
sin sin
huu — 1 . 2 hff CoSs
8caHDM = (COS Ay —— — 1 Vs) 8t huu 2 hff
8 = ; 8
sin f3 tan f C2HDM sin )5 | Ssm
cosa

hbb L hff b . h Small
8crHDM (cos ay cosﬂ 1SN o, tanﬂ 7/5> 8SM 8coppy = (Cisma, tanﬁ 5) gsg

Experiment tells us Can be large

sin a,
tan f

<1 But sina, tan f = O(1)

R. Santos, LIP, 20 June 2024 33



CP violation from P violation - a strange CP scenario

no EDM Ycooupy = ap + iysbg
1.0 A + Type II

by~0; ap =0

: A Type IT model where
—0.5 1 H, is the SM-like Higgs.

With the EDM result

: : : ACME 18
Find two particles of the same mass one produced in : :

Association with tops as CP-even

Type 2, h2=h125

and the other decaying to taus as CP-odd

hy=A - 177~

R. Santos, LIP, 20 June 2024 34



CP violation from P violation - a strange CP scenario

1.2

Type 2, h2=h125

0.6

sgn(ky) bp
o

-0.6

03

03

09 F

-1.2

sgn(ky) ap

What about other combinations of Yukawa?

h, = H;pp — Htt

and the other decaying to b-quarks as CP-odd?

LHC (direct)
experiments give us

information beyond
EDMs.

In many extensions of the SM,
probing one Yukawa coupling is
hot enough!

R. Santos, LIP, 20 June 2024
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CP violation from P violation - a strange CP scenario

BIEKOTTER, FONTES, MUHLLEITNER, ROMAO, RS, SILVA, JHEP 05 (2024) 127.

2017

€ 125 Higgs signal strengths from the combination of ATLAS and CMS collected at 7 TeV and 8 TeV:

¢ HiggsBounds 4.3.1 for data from searches for additional scalars;

¢ The electron dipole moment (eEDM) limit of 8.7 X 107 e.cm;

¢ The lower bound of 580 GeV on the charged Higgs mass from B-meson decays in the Type II and Flipped models.

2024 Recently we analysed this scenario with all new data.

€0

125 Higgs signal strengths ATLAS and CMS with all Run 2 data collected at 13 TeV;

‘€0

HiggsBounds 5.7.1 for data from searches for additional scalars with all available LHC data;

‘€0

The electron dipole moment (eEDM) limit of 1.1 X 107*° e.cm (ACME) and 4.1 X 107" e.cm (JILA):;

€

Updates bounds on the mass of the charged Higgs bosons from B-meson decays (discussion later);

*€C

The impact of direct searches and in particular the one using angular correlations in decay planes of the tau-lepton in

hi»s = ©777 setting an upper limit on the pseudoscalar component of the tau Yukawa coupling with a very strong
impact in our analysis.

R. Santos, LIP, 20 June 2024
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The strange CP scenario - type IT - bbh coupling

We have 3 neutral scalars hi, hz and hs. h; is always the lightest and hs is always
the heaviest. In this scenario hz is the SM-like Higgs.

Type-Il, hp=h12s Type-Il, hp=h1zs Note that most
" ' ' | ' ' " ' ' ' ' | scenarios were already
2024 | ._ excluded in the 2017

e, 3 study.

-

o
[$)]
T
o
[$)]
T

That is why we start
with the second Higgs
_ being the 125 GeV one.
ol i ‘ In this case hi has a
' mass below 125 GeV

sgn(ky) c§

-05

sgn(ky) c§
o
‘o

qs bl Y 31 S S T N R A—
-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5

Difference between old and new LHC data (left and right) and old
and new eEDM bound (light and dark points). Limit from tau angle
not included.
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The strange CP scenario - type IT - bbh coupling

Tvpelh iz Typelh iz The conclusions from the previous

2024 slide, in the Type-IT, crucially depend
' ' on a significant fine-tuning of
et ' the model parameters in order to be
compatible with the stringent
experimental upper bounds on the
eEDM.

sgn(ky) cB
o

sgn(ky) cB
o

S TR v e T These limits can be evaded only as a
sonkres sonlk) e result of a cancellation between
different contributions to the eEDM
at two-loop level in the perturbative
expansion.

Left - no constraints from searches from extra scalars Right
- constraints taken into account (all running masses in the
loop taken at the Z scale).

This cancellation gives rise to a strong dependence of the predicted eEDM on the model parameters,
including the values for the masses of the fermions that appear as virtual particles in the loops of
Barr-Zee type diagrams.
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The strange CP scenario - type LS - 7th coupling

Lepton-Specific, h1=h{25
1.5

2024

05

sgn(ky) ¢

-05 |-

-1.5

1 1 1
-1.5 -1 -0.5 0 0.5
sgn(ky) c§

sgn(ky) ¢

05

05 |

Lepton-Specific, hy=hq25

T
. ::".
5 S
w Tl
&g 5"7?.":'.
* i
< et ety
WS
e
1 1 1
15 - 05 0 05 1

sgn(ky) c§

Left - no constraints from direct hz*z~, Right - constraints

taken into account. Colour code as before - green 2017, red
2014, light and dark refer to eEDMs.

1.5

All data included in type
LS except limit from
tau angle included only

in the right plot.

LHC (direct)
experiments give us

information beyond
EDMs.

R. Santos, LIP, 20 June 2024
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Conclusions for the strange CP scenario in 2024

Can we still find large Yukawa couplings?

Type I | II | LS | Flipped
hi = hios | X | X X
ho="hios | X | X | T X
hs = hios | X | X X

Current results for the large Yukawa couplings:
@ A cross (x) means that is not possible to have a large CP-odd component;

® The notation T means that the exclusion comes from the direct searches for
CP-violationinh — t77~;

@ Underlined crosses refer to scenarios that were previously allowed.

R. Santos, LIP, 20 June 2024



What about the other Yukawas?

2|, 03 ~
S5 — 35 —
-z LHC, s =13 TeV -z LHC, Vs=13TeV -
MadGraph5_aMC@NLO -
HC_NLO_X0,NLO b bh (h=H) m, =125 GeV ?Iagd(N;igh)s(aall\\J/lfo@NLo b bh(h=H) m = 10 GeV
h->t 7 _ 0.15— — AU, _
b bh(h=A)m, =125GeV bbh(h:A)mA=10GeV
02—
oi— Not even for a very light scalar.
0.1—
_|—\_‘=\_\——:=\<—:—/'_I T
| | | | | |
03 0.5 0 0.5 03 05 0 0.5

1 1
Xy = b4 Xy = b4

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

Figure 1: Parton level by distributions at NLO, normalized to unity, for mg = 125 GeV (left) and mg = 10 GeV
(right). Only events with pr(b) > 20 GeV and |n(b)| < 2.5 were selected, with pr and 1 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.

ALONSO, FRASER-TALIENTE, HAYS, SPANNOWSKY, JHEP 08 (2021) 167

The Higgs boson yields therefore need to be very high to approach sensitivity, O(109) events,
beyond the reach of all proposed colliders except a high-luminosity 100 TeV muon collider. With such
a collider it may be possible to test maximal CP violation at the 20 level

h — bl_) — Abl_\b
h — cé — A,

R. Santos, LIP, 20 June 2024 41



Resurrecting bbh with kinematic shapes

GROJEAN, PAUL, QIAN, JHEP 04 (2021) 139.

Traditional cut-based analysis cannot separate the different bbh
— contributions — no y;, sensitivity at HL-LHC

9 b9 b
vE [ _____ A >umnr< 2 Basic selection (14 TeV HL-LHC):  signals
] b g b
Vot oy 7% . Channel | LO o (fb) | NLO-k-fact
2 bbh Y - ' C O
< = wy | 000829 | 19 Zhuoni Qian, HPNP2021
@ q TR ] 2
Yi 0.123 25 March 25th 2021
] b Zh 0.0827 1.3
7h 3 ’ >~ bbh 0.262 - i
: Ja bbyy 12.9 1}/ 000}
g PlEcAey el b . bbh background QCD-QED background
bbyy vy >mmn~<‘g : bbyy
NMAAAA, 7 bjet yjet
g TORT ) B pp > 30GeV, pp™ > 20GeV,
Mojet,yjet < 2.9, 110 < My (GeV) < 140.
GROJEAN, PAUL, QIAN, ARXIV 2011.13945
|res] = [0.979,1.023] | o] = [0.996,1.004]
_ _ HL-LHC FCC-hh
HL-LHC (no bbh) FCC-hh (no bbh) 20
Best Fit Point: Best Fit Point:
|kp| = 1.0 |y = 1.0 1.0
¢, =0.0° & =0.0° 15
1.0
0.5
% 6 = [—23.2°,23.5°) % 6= [~18.1°,18.2°]
0.5
40 40
& 0.0 M & 0.0
€0 S0
—40 —40 —05
—0.5
005 100 1.05 110  —40 0 40 80 005 100 105 110  —40 0 40 80 =10
ol o o o — g s 2 — g s 2
-L5 h =y Yt ~10 h =y Y
me h,— bb W combined | wesmp > bb s combined
_2'92.0 -15 —-1.0 =05 0.0 05 1.0 15 20 —1.0 -0.5 0.0 0.5 1.0

Kp Kp



More CP-violation from loops




CP violation from loops (hWW)

Back to the hZZ dimension six Lagrangian

// 2 \\
| Mz ﬂ a azi ﬁ Uy Y y411%
Ly = K—ZhZ 7 + —hZ,0,0°7" +“hz, 77 + Lz, 7
Ly / V V V
\\\ // * ONLY TERM IN THE C2HDM (AND SM) AT TREE-LEVEL
w o [ b LW W e
iy = (gm,,) g 1 + ay + — (. mW k k5 + m—%ve ki,-kop)

P-VIOLATING, CP VIOLATION

S N \
MWW ~ QWWV mgve;kwe;;/+g3w*w fod from

R. Santos, LIP, 20 June 2024
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CP violation from loops (hWW)

In this case we start with the most general WWh vertex

TERM COMING FROM A CPV OPERATOR.
— T — T CONTRIBUTION FROM THE SM AT 2-LOOP

MWW ~ @*W m‘%ve;‘kﬁeé (V*W ful D

TERM IN THE SM AT TREE-LEVEL
BUT ALSO IN MODELS WITH CP-VIOLATION

a3W+W_
o €[-0.81,0.31]
aq WY ko WHe ky
THE SM CONTRIBUTION SHOULD BE PROPORTIONAL
EXPERIMENTAL BOUND FROM ATLAS AND CMS TO THE JARLSKOG INVARIANT J = IM(V, V°

V. V., ) = 3.00x107° . THE CPV HW*'W~ VERTEX

ATLAS COLLABORATION, EPJC 76 (2016) 658. CAN ONLY BE GENERATED AT TWO-LOOP.

CMS COLLABORATION, PRD100 (2019) 112002.

-3 -3
- Observed/(1077) - Expected/ (;O ) Parameter Observed/(1073) Expected/(1073)
P 8% C.L. 95% C.L. 8% C.L. 95% C.L.
e 68%CL  95%CL  68%CL  95%CL
fuacos(das) 0.00+027 [-92,14] 0.00+023 [=1.2,1.2] —
x fus 020192 [-0.01,0.88] 0.0040.05 [—0.21,0.21]

CMS COLLABORATION, ARXIV:2205.05120vVv1.

THE BOUND HAS IMPROVED AT LEAST TWO ORDERS OF MAGNITUDE

R. Santos, LIP, 20 June 2024 45



What are the experiments doing?

KWV g2 4+ YV g2 . o(1) oo (1) 72(2) v
1 17K 49 m\2/1€v1€vz+a¥Vwa )f (2),;w+a\3/vfw( )f (2),pv

AHVV) ~ |2}V +

(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, 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.

. |a.1|2”3
fa3 = 2 2 2 p 4 s a3
la\|* 6y + |as|*0y + |as|*63 + G50 /(A))* + -+
for = |a,|*0, b
2 ay oy + |azfPor + |as|os + aar /(A + - “
. aa1/(A)?
f/\l = 2 2 2 ~ 4 ’ 4)/\1'
la\|* 6y + |as|*0y + |as|*o3 + 651/ (A))* + -+
.z Zy\4
Zy _ an/(AY) 7
N .

la, 2oy + & /(A7) + -

FIG. 2. Illustrations of H boson production in ¢¢' = gg(qq’) = H(qq') — t7(qq’) or VBF q¢¢' — V*V*(qq') = H(qq') — t(qq’)
(left) and in associated production ¢§’ — V* — VH — gtz (right). The H — 77 decay is shown without further illustrating the = 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].

R. Santos, LIP, 20 June 2024



Is it worth it?

THE C2HDM

Starting with f=t and f'=b Is it worth it?

h

-« JC2HDM ngNCcf m? 9 pro mf mg
iIM ~ \Vibl“€ oo kTS T | ——, ——
tb 2 2 pvpo vy v 2 0.2
167v my, miy, My ,
(0%

1
Iy(z,y) = /0 da(m: +(1-a)y—a(l-a)

W ky Wik

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

2 0,2 2 2 0.2 2 2

C2HDM Neg Voo |2 CtmtI my 1y, CpYy, T my, My

ccpv - 2‘ tb| 2 1 2 2 + 2 1 2 2
32m miy miy My miy miy  Miy

+_
CIWW

3 USING ALL EXPERIMENTAL (AND
al/ w-

THEORETICAL) BOUNDS

Ccpy =2 cS2IPM ~ 6.6 x 1074 ~ O(1072)

HUANG, MORAIS, RS, JHEP O1 (2021) 168
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And now with a different final state

High energy
isolated lepton If indeed it is worth it, let us look at other processes

to look for CP-violation in VVh

Missing transverse energy

GODBOLE, MILLER, MOHAN, WHITE, JHEP 15 (2015) 4.

Large-R jet BARRUE, MSC THESIS, 2020
2 b-tagged subjets

i —itom )| e (14 aw— 2 ko )+ 22 popr 4 Y oo g
WWW &my) | 8 w 7 172 m2 1™ 2 Ip*"20

My W myy
e 4 benchmark couplings, /s = 14 TeV
e ay =cyw =0,by; =0.05 aw =cw =0, by =0.1 coS (5+asymmetry
® aw = bW1 = O,CW = 0.05; aw = bw1 = 0, cw = 0.1
e generated SM-like sample (aw = bw1 = cw = 0) for comparison Hi . . .
igh purity signal region, p1, > 250 GeV
purposes gh purity sig g PTw
N(cos 6t > 0) — N(cosét <0
gr — P Pw 5+ - Pe_(pH X pw) N(cosdt > 0) + N(cosdt < 0)
Cos = W cos = (\/\/)7
e [lpw| Iz llPH % pw|
"
. p(KW): 3-momentum of electron or muon in the W boson rest frame Samples Alcos7) (stat. unc.)
o Backgrounds 0.003 £ 0.028
e all other 3-momenta are defined in the lab frame.
SM -0.002 + 0.133
SM + b,; =0.05 0.142 + 0.087
SM + b, =0.1 -0.081 + 0.055
R. BARRUE, P. CoNDE-MUiNoO, V. DAO, RS, SM + ¢, — 0.05 0.319 4+ 0.112
“SIMULATION BASED INFERENCE IN THE SEARCH FOR SM 4 ¢, — 0.1 0123 4 0.082
CP-VIOLATION IN LEPTONIC WH PRODUCTION”, JHEP 04
(2024) o14. 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

R. Santos, LIP, 20 June 2024 48



Summary

P Direct searches for a CP-odd component in the Higgs Yukawa couplings provide information that
cannot be obtained from the eEDMs.

2 So far only tau and top couplings were probed directly for CP-odd components.

® Combination of data (with eEDMs) has shown to be crucial to probe the entire parameter space
of the models, including the searches for new scalars.

2 Anomalous couplings experimental information is moving closer to the largest theoretical
estimates in simple models with CP-violation in the scalar sector.

P SM measurements are the starting point to probe BSM models.

R. Santos, LIP, 20 June 2024 49



The End



All potentials in one slide

2
V=ml | +mk | @, I(DZ +h. C_)+_Sq)§ Allows for a decoupling limit

Particle (type) spectrum

A A
+7'(CD’1(I>1)2+72(CD;CD2)2 + 23(DT D)) (D] D,) + 2,(PTD,)(D] D)) depends on the symmetries
imposed
A A A A
+22 l(CIJWILCIDZ)2 +h.c. ] +220f + —7(<I>T<I>1)<I>§+—8((I)E(I)z)cp?g on the model, and whether they
2 4 2 2 are
with fields spontaneously broken or not.

v, = 0, dark matter, IDM
The one with the larger

¢r : :
@ = : _ Pg spectrum is the N2HDM with
ﬁ(vl TPt inm) two charged and four neutral
particles.

magenta = SM vg = 0, singlet dark matter

magenta + blue = RxSM (also CxSM) Complex version - CP-violation

magenta + black = 2HDM (also C2HDM)

magenta + black + blue + red = N2HDM softly brokenZ, 2HDM : @, —» ®; &, — — ®,
~m2, and A, real 2HDM softly brokenZ, N2HDM : ®; - ®;; &, - — D,; Oy — Dy
’ m212 and >\5 Complex M exaCt Zé N2HDM . @1 — @1; @2 . @2; ®S - — ¢S

R. Santos, LIP, 20 June 2024 3



What are the experiments doing?

KWV g2 4+ YV g2 . o(1) oo (1) 72(2) v
1 17K 49 m\2/1€v1€vz+a¥Vwa )f (2),;w+a\3/vfw( )f (2),pv

AHVV) ~ |2}V +

(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, 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.

. |a3|2”3 as
faz = 2 2 2 ~ 1 ’ a3 = arg| —
la\|* 6y + |as|*0y + |as|*o3 + G501/ (A))* + -+ a
. |a2|262 2
= - N = ar. —
Ja = oy + aPor + [asPos + am/ Ay + - P2 =BG,
. aa1/(A)?
f/\l = 2 2 2 ~ 4 ’ 4)/\1'
la\[* o) + |ay|* 0y + |az|"o5 + G50 /(A))* + -
7z Zy\4
Zy _ an/(AY) 7
N .

la, 2oy + & /(A7) + -

FIG. 2. Illustrations of H boson production in ¢¢' = gg(qq’) = H(qq') — t7(qq’) or VBF q¢' — V*V*(qq') = H(qq') — ©(qq’)
(left) and in associated production ¢g’ — V* — VH — gtz (right). The H — 77 decay is shown without further illustrating the = 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,,Vcp' 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)

() )

XTY[’Y”ll’Y (J1+ k) (L1 + T2+ K2)7" (211 + Ky + ko) PRl
[Tis;(m3, —mi )(mG, —mG ) (I + k1)*[(l + b2 + k2)? — 1]
LI+ k)% = ma ][+ k2)? — m2 J(B — m2)[(l + ba + k2)? — m2)

(2.6)

VERY COMPLICATED, SO YOU ESTIMATE

W,y W, ky WY, ky WHr
(d) (e)
SM ESTIMATE
Figure 1. Feynman diagrams leading to the CPV hW W~ coupling in the SM.

SM N.J g 4 HZ)](m?Ll o m?L])(m?i, o mc21 )

lcepy| ~
(1672)2 \ /2 mip

~9.1x107* ~ O(10%)
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Is it worth it?

W+W_

C o
THE C2HDM CPV = 1W*W—

K Starting with f=t and f'=b

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

IMGZDM _ (_1) N, /Tr

) ig 7
—V P)+— | ——=Viv P, | ———
( t % L) l— my ( \/§ w? L) l+k2 — My

X (—@‘ Ut) (¢f +icfys )l+k12—

_ Neg®mu|Vip|* Trlyul v PL( + Ko + ma) (cf +ic?ys) (1 + Ky + mu)] (
20 (12 —=m2)[(L+ k2)? — mF][(l + k1)? — m7] '

WY ks W ky

We can now extract the operator for this case

2 2 1 2
C9HD g NC(’t mt 9 my  mj a
iMy 2HDM Vip|“€ kpkUI —_, Ti(z,y) = do
16720 lV| wl™eppokikz Tn nz%,'7n%v 1(@,y) Jo ar+ (1 —a)y — a(l — «a)

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

Ccpv ~ 392 2 9 2 2 09

2 2 2 0.9 2 2
coupMm _ INVeg 2 Ctmt my Ty, CpYy, my, My
|VZ | 7y ( - 7y
myy My, myy my, My,

W

USING THE BOUNDS

C2HDM 4 —3
Ccpv 6.6 x 1077 ~ O(1077) CALCULATED BEFORE.
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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 I'y = I'tM

7

and for Ty under the assumption f,; = 0 for projections at 3000fb~!. Constraints on
fa3 cos (¢3) 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 (¢pz3) 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]
[

Ty (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 @, = 1)

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

ylk =c, = O(107?)

a
- , P = arg (—)
|a1|20 + |az|20n + |as |20 + a1/ (A1)* + ... )
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SENSITIVITY PROJECTIONS FOR FUTURE COLLIDERS

Anomalous ZZH/yZH couplings IL@@
3-parameter fit i
1 ay by ~ ~ v by » ZW
Lizn = M2 (; + K)Z#ZNH tox L B H 4 5322 H(A:mv)
1 T T T T T B _0,4 T T T T T
15=250GeV, P(e £*)=(-80%.+30%), [ Ldt=250fb" L 15=500GeV, P(c *)=(-80% +30%), [Ldt=500fb"
cc—ZH->u'wHie'c H/gqgH(bb) .- - e'e —»ZH-»u"u Hie"e H/ggH(bb)

cezzvc'e ) ] SLIDE FROM KEISUKE FuUJII’S
PRESENTATION AT HIGGS

COUPLINGS 2018, TOKYO

05F 02}

< 0 & 0F
-05F SM —02f M .
| B T} B 500GeV
— Ay=4 \ — Ayi=4
| S ® e
04 02 0 02 04 2015 0.1 -005 0 005 0.1 0.15
5-parameter fit ZH + 27 at 250 + 500 GeV with H20
]0. bOUﬂdS ' az = 40.0223 (nZ =:0.5%) https://arxiv.org/abs/1506.07830
including 500 GeV operation 1 —.837 —.134 —.009 —.010
Czz = +0.0067 - 1 040 .008  .013
=40.0024 , p=| - - 1 .006  —.0012
ZZH [ yZH structures Caz = oo Lo 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 (e7, 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 THESIS (2018)

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

o6
MACHINES. CAN BE USED TO CONSTRAINT THE C2HDM AT LOOP-LEVEL



