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CP violation in the SM (hWW)

The most general WWh vertex can be written as

M(hWW™) ~ﬁ*W mZex e*\+@

N vty

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

+ a—
CZWW

-3
P e [-0.81,0.31]

EXPERIMENTAL BOUND FROM ATLAS AND CMS

ATLAS COLLABORATION, EPJC 76 (2016) 658.

CMS COLLABORATION, PRD100 (2019) 112002.

Observed/(1073) Expected/(1073)

TERM COMING FROM A CPV OPERATOR.

i \/4 CONTRIBUTION FROM THE SM AT 2-LOOP

WS

—uv

/ 'h

WY ky WHE k
THE SM CONTRIBUTION SHOULD BE PROPORTIONAL
TO THE JARLSKOG INVARIANT J = IM(V, V"

V._.V._")= 3.00x10° > . THE CPV HW W™ VERTEX

Cs " Ccb

CAN ONLY BE GENERATED AT TWO-LOOP.

- - ; 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] —
= = fia 020702 [-0.01,0.88] 0.00+0.05 [—0.21,0.21]

CMS COLLABORATION, ARXIV:2205.05120v1.

THE BOUND HAS IMPROVED AT LEAST TWO ORDERS OF MAGNITUDE

R. Santos, CKM2023, SC, 18 Sep 2023



Higgs couplings in Scalar Extensions

Yukawa Ynewoder =Jy(@) Yoy £ iys5 gy(@;)
Gauge 8NewModel = f:g(ai)gSM
Scalar ANewdodel = J1(0)Asy

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

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

Jo(@;) is a number - function of mixing
angles and (maybe) other parameters.
jfg,(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 that CP is broken.

R. Santos, CKM2023, SC, 18 Sep 2023



A lot of potentials in one slide

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

Particle (type) spectrum

Moo 22 (. ) i i i i :
By )T 2 3 1 2 4 2 1 epends on The symmeTtrie
+ > (Q D))"+ > (D, D) + A3(P D)D) D,) + (D D,)(PD) depends .n th Sdmm tries
impose
+§ l(CIDWILCIDZ)2 +h.c. ] +ﬁ<b§ + ﬁ(@jcbl)(b%&(fbgsz)d)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,; O3 — Dy
’ m212 and >\5 Complex M exaCt Zé N2HDM . @1 — @1; @2 . @2; ®S - — ¢S
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hy,5 couplings (gauge)

8%‘5]\4 — sin(ﬂ — a)gglﬂ‘gv 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).
gg‘Z/I‘—I/DM = COS a2 géll‘-I/gM CP-VIOLATING 2HDM
"PSEUDOSCALAR" COMPONENT (DOUBLET)
WV WV |sa| =0 = hy is a pure scalar,

= COS
EN2HDM 2 82HDM |sa| =1 = h; is a pure pseudoscalar

\

SM + COMPLEX SINGLET

SM + REAL SINGLET gél‘)‘ésyM = COSs a; COS ggz]‘\;v
hvV  _ hVV
ERxsm = COS A1 8y / N
REAL COMPONENT IMAGINARY COMPONENT

Lightest Higgs coupling modifiers (to gauge bosons)

R. Santos, CKM2023, SC, 18 Sep 2023 6



hy,5 couplings (Yukawa)

Type I K, =Kg=1<[=cs?§g

Type II K/l = cost k! =kl = _sino These are coupling modifiers
sinf3 cosfp relative to the SM coupling.

e RO T e e

TypeLS(X)  xf-xf =S w00

ITIT =T' = Y = Flipped = 4...
IV = IT' = X = Lepton Specific= 3..

Yooupy = €08 Y, upy £ iys sina, tan f(1/tan §)

Ynoupym = €OS Yo upy

R. Santos, CKM2023, SC, 18 Sep 2023



CP-violation from P-violation




CP violation from P violation

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

l/_/w C even P even -> CP even C conserving, CP violating interaction

WYy  CevenPodd -> CP odd w(a+ ibys)y ¢

— To probe this type of CP-violation we
PP — (h — }/}/)tt need one Higgs only.

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

3 2:I';'Ic"" ""I""I""'I""I""I: _
ERL [ R Vi o N K, = K COS
B0 O Lot = ——= K+ IiKys)th _
05 ;NS Rates alone already constrained a lot the CP-odd
~E ATLAS Preliminary = component.
—1.5E {5-13Tev, 139 1b" =
T T Now, also available in pp — (h — bb)it.

R. Santos, CKM2023, SC, 18 Sep 2023 9



Probing the nature of h in tth

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

a[@CP] = I@CP {da(pp _ tth)/dPS}dPS Ly =~ %f(a +ibys)th

[{do(pp — tth)/dPS}dPS 2

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

<<
b pl‘ pt GUNION, HE, PRL77 (1996) 5172
4 —

P:Pr

Another option is to use angular distributions for which the CP-even and the CP-odd
terms behave differently.



Can we use the idea for bbh?

2,7 03 _
Olo — Ol —
-z LHC, s =13 TeV -z LHC, Vs=13TeV -
MadGraph5_aMC@NLO -
HC_NLO_X0,NLO b bh (h=H)m, =125 GeV MadGraphS_aMC@NLO b bh(h=Hm_ =10GeV
B v T ) 45— HC_NLO_X0, NLO i
bbh(h:A)mA=125CeV bbh(l‘l:A)mA=10GeV
02—
oi- Not even for very light scalar.
01—
_|—\_‘=\_\——:=\<—:—/'_I T
0 ! ! | ! ! |
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Xy = b4 Xy = b4

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 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.



Measurement of CPV angle in tth

pp = h -ttt

CPV _

Tth

Yy

\/5

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.

———=7(k,+ K y5)Th

Scenario excluded

at 95% CL
, CMS Preliminary 137 fb~! (13 TeV) ”s
T T T T I T T T T I T T T T I T T T T |
[ * SM — 68%CL 1 | -1
[ # Best fit - 95%CL ] | 200 AT 550 e
I - 99.70/0CL_ __20 —68‘.%’CL ] E 2!{\\\‘\\\‘\\\\\\\\\ L
1k |4 *+ Best fit -- 95% CL ] . ]
N 4 1] g — 99.7% CL 2 1.8~ * Bestfit —1o 4
= i 1.50 . ¥ SM ~-20
L 4 415 t}o Va 1.6 E
o 114 29 1.25 E E
0 5 1.4¢
I 1 H109 & 100 1.2 3
L 9 0.75 13 .‘ b
L _ 0.8F .
[ 1 B° 050 : S )
i Ki=1%=0Vi#T ] 06 T -
_2 i e e e b by oy i 0 0.25 ]lggH = IJV =3 04? -
_2 _1 O 1 2 000 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 : ATLAS
Kt =90 —45 0 45 90 0-25’ /s =13 TeV, 139 fb”' *
¢re(degrees) 0 802604020 0 20 40 60 80
CMS COLLABORATION, CMS-PAS-HIG-20-006
¢_[degrees]
¢TT = ATLAS COLLABORATION, ARXIV:2212.05833v1.

R. Santos, CKM2023, SC, 18 Sep 2023
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CP violation from P violation (only strangel!)

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

by~0; ap =0

A Type IT model where

—0.5 ' r —0.5 1 : H, is the SM-like Higgs.
—1.01 ' s —1.01 .

With the latest
15— (') 1 —L5— 4 EDM result

ROUSSY ET AL., SCIENCE 381 (2023) 6653.

Find two particles of the same mass one produced in ADPGA084, SCIENCE 381 (2023) 46.

Association with tops as CP-even

Type 2, h2=h125

and the other decaying to taus as CP-odd

hy=A - 177~

FONTES, RomMAO, RS, SILVA, JHEP 06 (2015) 060

_12‘. M I L " 1 L M 1 M " 1 M " 1 M " 1 M " 1 " --

R. Santos, CKM2023, SC, 18 Sep 2023 11



CP violation from P violation (only strangel!)

Type 2, h2=h125
12— 77T 7T T T

Z: q ﬁﬁc,ﬁm&nﬁ : LHC ( direc‘l‘)
o ’ experiments give us
- information beyond

L e . S e J
C TR . I”’i E
09 Ehat ".‘”‘1’5}""‘"..;- e Lk S -

_1.2-..I..I..I..I..I..I..I..-
12 09 -06 -03 0 03 06 09 12

sgn(ky) ap

03
= -'A.*;--—.

03

sgn(ky) bp

Any scenario in any extension of the SM involving couplings to tfop-quarks and to tau-leptons, where
the 125 GeV has an anomalous coupling (close to pure pseudoscalar) is now excluded. Still

h, = H;pp — Htt

In many extensions of the SM,
and the other decaying to b-quarks as CP-odd? Y

probing one Yukawa coupling is

— —_— 2 |
One attempt I know of h2 A bb hot enough!

h — bb — Ay
h — cc — A,

“The Higgs boson yields therefore need to be very high to approach sensitivity, O(10°) 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.”

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

R. Santos, CKM2023, SC, 18 Sep 2023 12



CP-violation from C-violation




CP violation from C violation

Suppose we have a 2ZHDM extension of the SM but with no fermions. Also let us assume for
the moment that the theory conserves C and P separately. The C and P quantum numbers of the
Z boson is

-1 _ . -1 _
C2C=-2; pPZpP =Z7Z¢

Because we have vertices of the type hhh and HHH,
P(h) =PH)=1; C(h) = CH) = 1

Since the neutral Goldstone couples derivatively o the Z boson (and mixes with the A)
PO'"GyZ,P~ = 0,GoZ"  C(Z,0'Ah) = 1;P(Z,0"Ah) = 1

Which means

P(Gy) = P(A) = 1; C(G,) = C(A) = — 1

R. Santos, CKM2023, SC, 18 Sep 2023 14



CP violation from C violation

In the absence of fermions, theory in invariant under P is guaranteed. If the bosonic Lagrangian
violates CP, CP-violation must be associated with a P-conserving C-violating observable.

Let us now consider the CP-violating 2HDM, with scalar states ki, h,, h; . Let us make our life

harder by considering we are in the alignment limit (meaning /1, has exactly the SM couplings). In
this limit the vertices that are CP-violating

hihshy,  hshohy,  hsHYH™;  hshshshy,  hshohohys  hsh HTH™,
A different choice of the parameters of the potential would interchange h, and 7.

A combination of 3 decays signals CP-violation
hyH H™; hH*H™; Zh,h;

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

R. Santos, CKM2023, SC, 18 Sep 2023 15



CP violation from C violation

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, RoMAoO, RS, SILVA, PRD92 (2015) 5, 055014

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

R. Santos, CKM2023, SC, 18 Sep 2023
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C2HDM T1 Hsm=H1

ABOUABID, ARHRIB, AZEVEDO, EL-FALAKI, FERREIRA, MUHLLEITNER, RS, JHEP 09 (2022) 011.

Particle Hi Ha Hs H*
Mass [GeV] 125.09 265 267 236
Width [GeV] 4.106 103 3.265 103 4.880 10-3 0.37

Oprod [pb] 49.75 0.76 0.84

Resonant production : oprod(H2) X BR(H2->H1H1) = 760 fb x 0.252 = 192 fb
+ Oprod(H3) X BR(H3->H1H1) = 840 fb x 0.280 = 235 fb

Interesting feature: Test of CP in decays:

- Oprod(H3) x BR(H3->WW) = 316 fb and oprod(H3) x BR(H3->HiH:) = 235 fb CP+ AND
- oprod(HS) X BR(H3'>ZH1) - 76 fb CP-

- Oprod(H2) X BR(H2->WW) = 255 fb and oprod(H3) x BR(H2->H:iH1) = 192 fb CP+ AND
- O'pr'od(HZ) X BR(H2'>ZH1) =122 fb CP-

R. Santos, CKM2023, SC, 18 Sep 2023
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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

2 4 6 8 10 12 14

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, CKM2023, SC, 18 Sep 2023
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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 =27, my, = 200 GeV A3 =27, myp, = 200 GeV \0
10% S | - ’ L .0
L i - o
— — ” l"Z, /
2 mp, = 200 GeV 2 y YA Al |
— — N 15
~ = aVAYAVA N \,,,; f Z . 2
< < 102 | ] % .
< 102 L < ,’/ 3
+ 1 mp, = 400 GeV ¥ 3 2
L i, = 600 GeV L i, = 600 GeV L
< &
: : /\
o - . . . o~ .
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16 . . Z
o S hohshy,  hshohy;  Zhohs
Ai =27, my, =125 GeV, mg+ = 150 GeV A; = 2w, my, =300 GeV, my= = 300 GeV i 13+
2 A‘ A e ’
2 e g
Octe——ete"HTHh;
gl L,
; 102 L Oete——ete-HYH-h; ‘:-b‘: h - Sh 7 i
10° C'f Y i &
Outp——p+rp—HTH-h; 5 4 < ,’,_ -
_ > +u— +u—H+H-
@/ :% pwrpm—ptpmHTH ™ hy 2 +— £+ £ n
<) o}
10% ¢ \
O+~ —H+H-h; 10t + Opti-—HYH Iy 1
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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CP-violation from loops




CP violation from loops (ZZZ)

Another possibility of detecting P-even CP-violating signals is via loops. Remember CP-

violation could be seen via the combination:

(,1.' e
Z) SNVK
And see if it is possible to extract PLH

information from the measurement of the
triple ZZZ anomalous coupling.

So we can take these three processes and
hy = hZ CP(hy) =— CP(hy)) build a nice Feynman diagram.

P2, (x

¥
sy
mpy hy,
A ’Q: |
ll[' N |

D. AZEVEDO, P.M. FERREIRA, M. MUHLLEITNER S. PATEL, RS, J. WITTBRODT, JHEP 11 (2018) 091.

R. Santos, CKM2023, SC, 18 Sep 2023
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CP violation from loops (ZZZ)

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

GAEMERS, GOUNARIS, ZPC1 (1979) 259
p12 _ m2 HAGIWARA, PECCEI, ZEPPENFELD, HIKASA, NPB282 (1987) 253
. _ Z 7 GRZADKOWSKI, OGREID, OSLAND, JHEP O5 (2016) 025
lr,uaﬂ =—¢ m2 f4 (gﬂaPZ,ﬁ + g,uﬁpfi,a) + ...
y4 N < 0_002_QM3. o I1;7|fb"y(1;'Teyz
h -
-3 7 -3 0.001F R P
CMS COLLABORATION, EPJC78 (2018) 165. —1.2%X 107° < f4 <1.0x10 Ly ﬁ\ S
NN AN
0: \\ N
ATLAS COLLABORATION, PRD97 (2018) 032005. —1.5%X 1073 < f42 <15%1073 0001: \\\\\\_,/ )
’ [ — — Expected 68%& -
| — — Expected 95% CL
_0002 —..Qbserved.95%.Cl
PLOT FOR THE C2HDM i gg;s{srr'\{edss%cum)
BELUSCA-MAITTO, FALKOWSKI, FONTES, RoMAO, SILVA, JHEP 04 (2018) 002. -0.0dé I—('J.O(IJ1I I '0 - 0001 I0'.002
f'Y
C2HDM Type I PLOT FOR CP IN THE DARK 4
10% - - N CMS COLLABORATION, EPJC81 (2021) 81.
g V@? =500 (GeV) |
1.0 Re(f{/ frzs)
T e T\ -ni e L 1 (f7/ fizs)
ol The form factor f, normalised to
Tl S 5 N R ] = ) SN e f 5 for m;=80.5 GeV, m,=162.9
s 0O GeV and m,=256.9 GeV as a
A I S TR S B i function of the squared off-shell
10
-05} .
Z-boson 4-momentum, normalised
o B 1 to mz2.
10' TS PRy A | ! ! L -1.0p .. _." T
2 3 4 , , , , , , , ,
10 10 10 5 10 15 20 25 30 35 40
mpy (GeV)

pi/my
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CP violation from loops (WWW)

High energy In this case we start with the most general
isolated lepton WWh tex
verte

Missing transverse energy

Large-R jet , TERM COMING FROM A CPV OPERATOR.
2 b-tagged subjets
CONTRIBUTION FROM THE SM AT 2-LOOP

b 7

ke

e o

(hW+W ) N\\ mWE;X;HGW \\ / 1 7,

WHw-

as
W e [—0.81,0.31]

W+
ajp

CMS COLLABORATION, PRD100 (2019) 112002.

TERM IN THE SM AT TREE-LEVEL

BUT ALSO IN MODELS WITH CP-VIOLATION

WHv, ky WHHky

PRESENT EXPERIMENTAL BOUND THE SM CONTRIBUTION SHOULD BE PROPORTIONAL
FROM ATLAS AND CMs

TO THE JARLSKOG INVARIANT J = IM(V, V"

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

CAN ONLY BE GENERATED AT TWO-LOOP.

ATLAS COLLABORATION, EPJC 76 (2016) 658.

23
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CP violation from loops (WWW)

THE c2HDM

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

I/l

- A (C2HDM i.quch mf 2 pLo mf mg
M, ~ 2 5 | Vao|“€upok k3 Th | —5— —5-
167v my, m?," m?,

(12

1
Il(-T-,?/) E/0 d(lam+(1_a)?/_(y(l—ﬂ)

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 v |2 Cymy T my My, n CbmbI my, My
Copv = Go_o | Vtb 1 1

2 2 1 9 2 2 9
327 miy miy, Miy miy my, My

wtw=
as COHDM 4 _3 USING ALL EXPERIMENTAL (AND
CPV alVrw- cCcpv ~ 6.6 x 10 (10 ) THEORETICAL) BOUNDS

D. HUANG, A.P. MORAIS, RS, JHEP 01 (2021) 168.
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Sensitivity projections for future colliders (hWW)

Table 10: Summary of the 95% CL intervals for f,3cos (¢,3), under the assumption T'yy = T'$M,

- and for Ty under the assumption f,; = 0 for projections at 3000fb~'. Constraints on
fa3 cos (¢a3) 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 (¢a3) x 10*  S1, only on-shell [—1.8,1.8]
fazcos (¢s3) x 10*  S1, on-shell and off-shell [—1.6,1.6]

' (MeV) S1 [2.0,6.1]

'y (MeV) S2 [2.0,6.0]

Anomalous ZZH/yZH couplings

3-parameter fit
1 az

ILD
A
Lomn — M2 2y 2y ey b 3y

zzn = | Z(;er) » +ﬂ ar +ﬁ v

(A=1TeV)

65000V, P £9m(80%:430%),[Lakes00ms
e ~ZH o Hle's HiggH(bh)

CMS PAS FTR-18-011

ylk =c, = O(107?)

05

SLIDE FROM KEISUKE FuUJII’S
PRESENTATION AT HIGGS COUPLINGS o
2018, TOKYO

-1

,,,,,,,,

250GeV

]

-02

500GeV

— Ayt

04 02 0 02 04

_0;0,15 0.1 005 0 005 0.1 015
b,

Most comprehensive study performed for the ILC. The
work presents results are for polarised beams P (e, )

= (—80%, 30%) and two CM energies 250 GeV (and an
integrated luminosity of 250 fb~!) and 500 GeV (and an

5-parameter nt ZH + ZZ at 250 + 500 GeV with H20
tps:

1o bounds z = +0.0223 (Nz=0.5% o ’
including 500 GeV operation az 0223 (nz 1 702237 —.134 —.000 —.010
-1 040 008 013

integrated luminosity 500fb™!).

Czz = £0.0067
Caz = 400024 , p=|- - 1006 —.0012

ZZH | yZH structures Erp = +0.0100 - - 1 ,o;uo

can be measured to ~0.5%

Limits obtained for an energy of 250 GeV were ¢V, € [-0.321,0.323] and ¢*. ;. € [-0.016,0.016]. For 500 GeV we get
WV, € [-0.063,0.062] and %y, € [<0.0057, 0.0057].

OGAWA, PHD THESIs (2018)

THEREFORE MODELS SUCH AS THE C2HDM MAY BE (BARELY) WITHIN THE REACH OF THESE
MACHINES. CAN BE USED TO CONSTRAINT THE C2HDM AT LOOP-LEVEL

R. Santos, CKM2023, SC, 18 Sep 2023 25



Searches for a scalar in top anti-top final states

LI ghT nggs Exclusion Limits Exclusion Limits
L = 3000 b~ from bY? from b
(68% CL) (95% CL) (68% CL) (95% CL)

k € | [-0.05, 40.05] [-0.11, +0.11] | [-0.05, 40.05] [-0.11, 4+0.11]

mey = 12GeV | _
k€ | [-0.26, +0.26] [-0.50, +0.50] | [-0.26, +0.26] [-0.50, 4+0.50]
k € | [-0.07, +0.07] [-0.13, +0.13] | [-0.07, +0.07] [-0.13, 4+0.13]

m¢ =20 GGV -
k€ | [10.26, 40.26] [-0.49, +0.49] | [-0.26, +0.26] [-0.50, +0.50]
k € | [-0.07, +0.07] [-0.14, +0.14] | [-0.07, +0.07] [-0.14, 4+0.14]

m¢ =30 GeV -
k€ | [-0.26, +0.20] [-0.50, +0.50] | [-0.26, +0.26] [-0.50, 4+0.50]
-0.17, +0.17]  [-0.32, +0.32 -0.17, +0.17] [-0.32, +0.32
o anGey | M€ | FOTT F0TT (032, 1032 T LOLT 40.17) (082, 4082
k€ | [-0.53, +0.53] [-1.00, +1.00] | [-0.53, +0.53] [-1.01, +1.01]

Table 2. Exclusion limits for the tt¢ CP-couplings as a function of the ¢ boson mass, and a fixed
luminosity of 3000 fb~!. The limits are shown at confidence levels of 68% and 95%, for the variables
bt and b4?.

Invisible Higgs

Exclusion Limits L =200 fb~! L = 3000 fb~1
from Agy+;- (68% CL) (95% CL) (68% CL) (95% CL)

s = 1 GeV g%g € | [-0.073, 40.073] [-0.142, +0.142] | [-0.038, +0.038] [-0.068, 4+-0.068]
gk . €| [-0.89, +0.89] [-1.65, +1.65] [-0.43, +0.43] [-0.83, +0.83]

iy, = 10 GeV g%s € | [0.198, +0.198] [-0.368, +0.372] | [-0.098, +0.098] [-0.188, 40.188]
gh. €| [-0.87, +0.87] [1.65, +1.65] [-0.44, +0.44] [-0.83, +0.83]

iy, = 125 GeV g%B € | [0.328,+0.322] [-0.608, +0.612] | [-0.162, +0.162] [-0.308, 40.308]
gk €| [1.48, +1.49] [-2.77, +2.78] [-0.75, +0.75] [-1.41, +1.41]

Table 2: Exclusion limits for the t£Yy; CP-couplings for fixed luminosities of 200 fb~! and 3000 fb~! of the SM plus
Yo, assuming the SM as null hypothesis, for Y5 masses of 1 GeV (top), 10 GeV (middle) and 125 GeV (bottom).
The limits are shown at confidence levels of 68% and 95%, for the A¢,+,— variable.

R. Santos, CKM2023, SC, 18 Sep 2023
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Summary

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

P However the combination of EDMs and direct searches will most probably exclude a lot of
scenarios in specific models.

® While CP-violation coming from P-violation needs only one Higgs, the one coming from C-violation
needs at least two.

P As expected, clean signatures of these C-originated CP-violation signals would be more easily
studied at lepton colliders.

P Still, discovering extra scalars and test their CP-numbers at the LHC is within the reach of
many models.

P Loop induced processes can also provide information on the models.

e ————— e

Thank youl!

R. Santos, LHCP2023, Belgrade, 23 May 2023 27



LHC—

ﬁlggs

Working Group

Announcement!

The WG2- CP-violation and WG3 - Extended scalars - one day meeting to
discuss CP-violation in the Higgs couplings in your favourite BSM/scalar
extension model. The meeting is scheduled for 26 September 2023.

https://indico.cern.ch/event/1327545/



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

9 b9 b
vE [ _____ A >umnr< 2 Basic selection (14 TeV HL-LHC):  signals
] b g b
i Channel | LO o (fb) | NLO-k-fact
' r y ; W ”: 0618 — SLIDE FROM
2 b N . . .
@] : >m<[""< bbh oo |19 Zhuoni Qian, HPNP2021
@ Ry T S el
y? 0.123 2.5 March 25th 2021
4 b Zh 0.0827 1.3
7h 2 ’ >~ bbh 0.262 - i
: i bbyy 12.9 1}/ 000}
g PlEcAey el b . bbh background QCD-QED background
bbyy vy >mmn~<‘g : bbyy
AN, 7 bjet yjet
g TORT ) B pp > 30GeV, pp™ > 20GeV,
Mhjetyior 2.0, 110 <m.. (CeV) < 140
|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° 1.5
1.0
0.5
% ¢ = [~23.2°,23.57 % & = [~18.1°,18.2°]
0.5
40 40
- - & 0.0 M & 0.0
< -
—40 —40 —0.5
—0.5
005 100 1.05 110  —40 0 40 80 005 100 105 110  —40 0 40 80 =10
Il & il » w— gy — b -y m—gg — h -y
-1.5 h— 7y o ~10 b=y Yoe
W b, —> bb W combined 7| = p— bb e combined
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Finally the search for low/high mass scalars

AZEVEDO, CAPUCHA, ONOFRE, RS, JHEPOG6 (2020) 155.

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

L = rkuyst(cos a — ivys sin o)t
2500
pp->ttdh (pb) [NLO QCD] L 2000
1ol z . )
E 1500/ | bR
1 3 - bt
- [0}
g - by
£ 1000
0100 - ¢=H ®
A sl
®
0010k o 3 =
0:2 0:4 0:6 0:8 1:0
Kt
0.001 ¢ 1
T e w0 w0 o 1000 ™GV La_4
K

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

the C2ZHDM with these results?



Light Higgs

Exclusion Limits Exclusion Limits
L = 3000 b from b5? from bL?
(68% CL) (95% CL) (68% CL) (95% CL)
k€ | [0.05, +0.05] [0.11, +0.11] | [-0.05, +0.05] [-0.11, +0.11]
me =12GeV o | 0,26, £0.26]  [0.50, 40.50] | [-0.26, +0.26] [-0.50, +0.50]
k€ | [0.07, +0.07] [0.13, +0.13] | [-0.07, +0.07] [-0.13, +0.13]
me =206V o | 1096, 0.26]  [0.49, +0.49] | [-0.26, +0.26] [-0.50, +0.50]
k€ | [0.07, +0.07] [0.14, +0.14] | [-0.07, +0.07] [-0.14, +0.14]
m =306V | L | 0,26, 020 [0.50, 40.50] | [-0.26, +0.26] [-0.50, +0.50]
my = 10GeY | < -0.17, +0.17] [-0.32, +0.32] | [-0.17, +0.17] [-0.32, +0.32]
e | [053, 4053 [-1.00, +1.00] | [-0.53, +0.53] [-1.01, +1.01]

Table 2. Exclusion limits for the tt¢ CP-couplings as a function of the ¢ boson mass, and a fixed
luminosity of 3000 fb~!. The limits are shown at confidence levels of 68% and 95%, for the variables
b and bL?.

Invisible Higgs

Exclusion Limits L =200 fb~? L = 3000 fb~!
from Ay (68% CL) (95% CL) (68% CL) (95% CL)
1| GeV g533 € [—0.073, —|—0.073] [—0.142, —|—0.142] [—0.038, —I—0.038] [—0.068, +0.068]
my, = €
’ Juss € [—0.89, —|—O.89] [—1.65, +1.65] [—0.43, —|—0.43] [—0.83, +0.83]
Juss € [—0.198, —|—0.198] [—0.368, —}—0.372] [—0.098, —1—0.098] [—0.188, +0.188]
my, = 10 GeV
gb €| [0.87,+087]  [1.65, +1.65] | [-0.44, +0.44]  [-0.83, +-0.83]
g5, €| [0.328,40.322] [-0.608, +0.612] | [-0.162, +0.162] [-0.308, +0.308]
my, = 125 GeV P
Juss € [—1.48, —|—1.49] [—2.77, —|—2.78] [—0.75, —|—O.75] [—1.41, +1.41]
Table 2: Exclusion limits for the t£Yy; CP-couplings for fixed luminosities of 200 fb~! and 3000 fb~! of the SM plus

Yo, assuming the SM as null hypothesis, for Y5 masses of 1 GeV (top), 10 GeV (middle) and 125 GeV (bottom).
The limits are shown at confidence levels of 68% and 95%, for the A¢,+,— variable.



CP violation from P violation (but strange!)

There is a different way fo look at the same problem

f(dt + ibﬂ’s)td) bt ~ (0 a, ft¢ Scalar
T(a,+ibys)t ¢ a. =0 b. Tt ¢ Pseudoscalar

If an experiment can tell us that ¢ couples approximately as scalar do top quarks and as a

pseudoscalar to tau leptons, it is a sign of CP-violation.

Wwv oo _ A%
gconpy = COS &y cos(ff — al)gSM

in in
mun o, oL 202 Wt
8C2HDM 2 Sin tan Vs | 8y

cosa
hbb  _ Lo hif
8C2HDM = <COS ) cos isina, tan f§ 75> 851

Experiment tells us

sin a,
tan f

<1 But

Close to 1

v o _ hVV
8c2HDM @’ 8sm
- cos %) ) g
C2HDM Sinﬂ 3 SM
Small
hbb Y xR h
8conpy = (isina, tan f ) gS{{

Can be large

sina, tan f = O(1)

R. Santos, CKM2023, SC, 18 Sep 2023



Also available for invisible scalars

Two doublets + one singlet and one exact Z, symmetry

D, - D, b, - - D,, Oy - — D

with the most general renormalizable potential

V=m?|®*+m2|P, |2+(Aq>jq>2q>s +h.c)

A A
(@[ + ZHRO) + (@ NDIP,) + AP (DLP))

A mg A
+75 [(¢I®2)+h.c.] +TSCI>§+T6<I>§+

and the vacuum preserves the symmetry

G+
b, = 1 .
1 ﬁ(v +h+ lGO)

The potential is invariant under the CP-symmetry

Ay Ag
7((1);@1)@% + 7((1);@2)@%

q)fp(ta 7) = q)ik(ta - 7)9 (I)gp(t? 7) = (I);(ta - 7)7 q)gp(ta ?) = (I)S(ta - 7)

except for the term (A(I)WIL(I)Zq)S +h.c) for complex A

R. Santos, CKM2023, SC, 18 Sep 2023
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Also available for invisible scalars

In our model it has the simple expression

20 m2
Z( 2\ __ Z 2 2 2 2 2 2
f4 (pl) - - nge p% _m2Z f123 gk €ijk 0001(p1,mz,mz,mi,mj,mk) f123 — R13R23R33
Z’.]?

1.0r

Re(ff/fl%)
""" Im(ff/fm)

The form factor f, normalised to f,; for m=80.5 GeV,
m,=162.9 GeV and m,=256.9 GeV as a function of the

2 ook ] squared off-shell Z-boson 4-momentum, normalised to
[ " ] ma2

0.5

0~7]

f123

-0.5F

-1.0f

EI'> 1IO 1I5 2I0 2IS 3IO 3'5 4IO
pi/my
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 to probe these models. 3HDMs may get us
closer.

R. Santos, CKM2023, SC, 18 Sep 2023 37



CP numbers of the discovered Higgs (WWh and ZZh)

/ N
p

L7z = KThZ 2"+ 2hz,0,0°7 + ~hZ,, 2" + %hzﬂyzﬂv

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

Cyw
k”k” + —e#P%k, - ky,)

2
mW\

%(hw+W—) NClIW W= m%,€*+€* +‘ClW w f +f —pv
wwe 3 2 /
. N
PRESENT RESULTS
?YV-I_W_ CMS COLLABORATION, PRD100 (2019) 112002.
aW+W_ — CW S [_081’ 03 1] ATLAS COLLABORATION, EPJC 76 (2016) 658.
1

TERM COMING FROM A CPV OPERATOR.
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What are the experiments doing?

kVVg2 1+ xVVg2 . ) o
AHVV) ~ |a)V + 2 q1 2 493 m\2/1€V1€vz+a¥nyv( )f (2),;w+a\3/vfw( ) @)

(ATY)

EFFECTIVE LAGRANGIAN (CMS NOTATION)

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.

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].

W = Cy c [—081,031]
1

fa3=17 3 |a3|27(;3 . ,
lai oy + |asl?oy + |as P03 + Ga1 /(A)* + -
- |a;|*o;
Jar= lai|*o1 + |az*0; + |as|o3 + 6a1 /(A1) + -+
P /1 —
lai oy + |asl?oy + |as|Po5 + Ga1 /(A + -
2 _ a0/ (AT
A= Zr

Zy

Al»

CMS COLLABORATION, PRD100 (2019) 112002.
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Can we get something of the same order with H->bb?

pp — Htt

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

P = — %f(a + ibyo)th
>

Signal: we consider the 1t fully leptonic
(but could add the or semi-leptonic
case) and H -> bb

Background: most relevant is the irreducible
1 background
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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 fop quark mass. There are many operators that can distinguish
CP-even and CP-odd parts (maximize the a2-b2 term).

[—
SI% PP @ (s=13TeV ttH ttA ttbb GUNION, HE, PRL77 (1996) 5172
0.04|MadGraph5_aMC@NLO K-S test (ttH, ftA) =  0.267
[ Parton level
ol b . pf p%
0.03[F y =
. PtPt
-
0.01
by  §lF 004~ .
pPp @ Vs =13 TeV ftH 1A tibb
MadGraph5_aMC@NLO  K-Stest (tfH, ffA) = 0.157
Rec. w/o truth-match
Sl 0.04 — 0.03
T pp @ {s=13Tev fiH tiA tibb

MadGraph5_aMC@NLO  K-Stest(ttH, ttA) = 0.213
Rec. w/ truth-match

0.03

Fuy

s

e
/

PIIIIII. |

0.02
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The 2-Higgs doublet model (IDM)

So to get dark matter we just need to set to zero the VEV of one of the doublets

2 _ . "
Vipy = mi, | @, 1+ m3, | @, B My, = O, minimum condition

2 2 p
“H@]0))? + SO0, + 1 @]0)(D]R,) + (@] @], + 2 [(@1@2)2 +h.c. ]
With
G* HY
®r = [é(v +h+ iGO)) ®, = [%(HO + iAO)]

CP violation not possible. To have CP-violation and dark matter one needs to further extend the model.
Add a singlet.

There is an exact discrete symmetry
that forces the second doublet to
have only stable particles.

H+
27— %

Inert doublet Inert scalars




