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Motivation

__________________________

® Why the CZHDM? il In particular, the SM

1) We know that there must be physics beyond the Standard Model (SM) e o enoughi
' CP violation I

2) There is no fundamental reason for having only one scalar doublet SRRV SRR oyt PSR

3) If particles are added to the SM, strongly suppressed FCNC needs to be justified
@ The Complex 2 Higgs Doublet Model (C2HDM) addresses all of this in a

and way, allowing a rich pheno.
[DF et al, 1711.09419]

® Yet, the pheno. of the C2HDM was thoroughly analyzed in 2017. Why a new analysis now?

@ Because of new data: 2017 2023 e
hi2s LHC, 7/8 TeV /| LHC, 13 TeV

Extra scalars HiggsBounds 4.3.1\1 HiggsTools 1.1.3

EDM 8.7 x 10* e.cm N 4.1 x o e.cm,/l
@ What is the impact of the new data? In particular:

CP-even way to tops
@ In 2017, the C2HDM had a fascinating scenario: hi2s coupling in a {

CP-odd way to b or T
[Js this scenario still possible now?J




C2HDM

® The C2HDM is built by adding ®, to the SM potential, imposing softly broken Z; symmetry:

A A
Vo= miy|®1]° + m3|®f? - (m% oI P, + h.c.) e 71(@1(1)1)2 n 72((1);@2)2

A
#aa(@]01)(8]02) + (@] @a) (@f01) + | (@]0:)? + hc,
with all parameters real except m2, and )5 , whose phases in general lead to a CP-violating V'

(Note: imposing CP conservation in V leads to an inconsistent model!)

e The Higgs doublets are:

o b3
Q1= wvitpitim |, P2=1{ wvatpatin v = /7 + v2 = 246GeV
V2 V2

® The angle 8 (such that tan 3 = 72) diagonalizes the charged Higgses

e As for the neutrals: hq P1
2 et 0
hs 108 » p3 = —sin(B)m + cos(B)n2

with m1 <mg <mg3 , with one of the three fields being h;25 ,

C1C2 51C2 52
and R=1[ —(c18283+ sic3) C1C3 — $15283 c283° 1% . s; =sinoy, ¢, =—'cosian (¢ ="SIN
—C182C3 + S1S3 —(0183 + 818203) C2C3
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C2HDM
3 CP-even like

® The Yuk term: Ly = — Ly o + 4®(hs hi
e Yukawa term Y ; v i [t f) 3" (R ) 5]¢f » CP-odd like

® The Z2 symmetry is extended to the fermions to avoid FCNC at tree-level.

There are four possible Zs assignments, hence four types of models:

® Denoting by ®u, ®@d, and @£ the doublet ®i (i= 1,2) that couples to up-type quarks, down-type
quarks and charged leptons:

Type-1. @, = &5 = &y = Py;

TX[!G -11: (I)u = (I)g 75 (I)d = (I)g (I)l,
Lepton-Specific (LS): &, = &5 = ®2 # &y = Py

Fllpped (I)u = (I)g (I)Q 75 (I)d = (I)l

® The structure c“(h;ff) +ic°(h;ff)Y5 in terms of the R matrix reads:

u-type d-type leptons
Type 11 12_;32 = i]f;S Vs %1 — itﬁRw% Jzﬁ 23’75
Lepton-Specific }zzj - z']f;f s S—;'; + i}:_?% Rg —itgRi3s
Flipped Z—;f - i]f—;?’% E—;l e U pitis s S S ilf—;?’%




C2HDM

® The CP nature of hiss

(7

//},‘

hi25 can have a mixed CP nature. So, we define: c? = c®(hiasff), @ = Co(h125ff)J
CP-even like CP-odd like

Simplest case of CP mixture: ¢%c} # 0

—1 ; ;
® Note: aprr =tan™ " [c2|/|cE| will be particularly relevant
(S50 L PR e .0
cycy = 0= coc

if h125 couples as CP-even to / and CP-odd to g : {

cscg 7 0

Since h125 couples as CP-even to the top, then we are looking for pure CP-odd like couplings
to bottoms and/or taus: ¢? ~il and/or ¢2 ~ 1
With 2017 data, was possible in some cases:

Type I | IT | LS | Flipped

hl = h125 X X v v

h2 = h125 X v v X

h3 = h125 X X v X

What happens with 2023 data? We need to perform new scans



Scans
[for refs., cf. Biekotter et al, 2403.02425]

® Ranges:
580 GeV < mp+ <1 TeV, in T2 and Flipped

One of the h; is hio5. For the others, 30 GeV < mpy, <1 TeV. ‘[ 80 GeV < mgs <1 TeV ., in T1 and LS

0.8 < tanf < 35 —Z <3< 2 0 GeV? < Re(m?2,) < 500000 GeV?
® Theoretical constraints:
# Boundedness from below ® Perturbative unitarity ® Minimum globality e SST,U

[ Experimental constraints:

»

Concerning hyg5 : either LHC 7/8 TeV or LHC 13 TeV
Z Conceming extra scalars: either HB 4.3.1 or HT 1.1.3

7 Conceming eEDM: either 8.7 x 10® e.cm, 1.1 x 10 e.cm or 4.1 x 10%° e.cm

¢ Contraints from ap-r = tan™*|c2|/|c%|: either on or off

® Extra notes:

A2
&

I will plot sgn(kv)c} vs. sgn(kv)c§, as the signs of ¢ and ¢4 have no absolute meaning

® For each type, I will discuss the relevant h; = h95 cases



Motivation C2HDM Scans Resulfcs $ 7 Sgnineq;x

® Type II — the only viable option here was ha = hi2s

Type-Il, ho=h425 fascinating Type-Il, ho=h425
15 15 T T T T T
enarios
1k g ]
05 AN 05 7
ae _w trivial o
WIong-sign Z (SM-like) £ of -]
. C C
scenario @ scenario | @
05 05 ]
b Ak ]
1 5 1 1 | 1 1 1 5 1 1 1 1 1
15 1 0.5 0 0.5 1 15 15 1 0.5 0 0.5 1 1.5
\ sgn(ky) cf Py N sgn(ky) c§ y

Contraints for hios: LE@ 13 Tela

_________________________________________________________

Contraints for h125: LHC, 7/8 TeV
Contraints for extra scalars: HiggsBounds 4.3.1 Contraints for extra scalars: HigssTools 1.1.3

EDM: 4.1 x 10 e.cm

Contraints from Qpr+: on

___________________________________________________

BEIER SN0 e .cine '@ EDM: 1.1'x 102 e.cm

Contraints from Qjpr7: off

_________________________________________________________

e e ) e i

@ The current data excludes any non-trivial scenario

@ This is due to a combination of EDM and extra scalars
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Motivation C2HDM Scans Results Summary
® Lepton-Specific, with h; = hy2s

Lepton-Specific, hy=hq25 Lepton-Specific, hy=hq25

interesting

Z
&

cases

sgn(ky) ¢t
o

sgn(ky) ¢t
o

05 ] 05}
af - Al
1 5 1 1 1 1 1 15 1 1 1 1 1
1.5 1 0.5 0 0.5 1 1.5 -1.5 1 0.5 0 0.5 1 1.5
\ sgn(ky) c% y - sgn(ky) c% p
Contraints for hja5: LHC, 13 TeV !
i Contraints for extra scalars: HigssTools 1.1.3
® EDM:87x10" ecm @ EDM: 1.1x10” ecm ® EDM: 4.1 x 10% e.cm |

@ The current data on the hi25, EDM and extra scalars still allows the fascinating scenario
@ Yet, contraints from ay,, prevent it

@ Still, the interesting case c2 ~ ¢2 is still possible

iR 2024 Duarte Fontes, ITP )



Motivation C2HDM Scans Results Summary

® Lepton-Specific, with hy = hy2s

Lepton-Specific, hp=h{25 Lepton-Specific, hp=h{25

15 T T T T T 15 T T T T T

1+ g 1+ g

05| . 05| ' S ]
< of ] < of ) "":_"{‘"?:. ]
g g e S
2] 2] e 2 il

05 y 05 | 2 ah s ok y

af ] 4| wrong-sign ]

scenario
15 1 1 1 1 1 15 1 1 1 1 1
-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5

. sgn(ky) c§ y . sgn(ky) ct _
: Contraints for hja5: LHC, 13 TeV :
1 - R 1
: Contraints for extra scalars: HigssTools 1.1.3 :
: . =29 i £ :
;® EDM: 8.7 x 10™ e.cm ® EDM: 1.1 x 10” e.cm ® EDM: 4.1 x 10”° e.cm |
r::::::::::::::::::::::::::::::::::::::::::? ____________ F::::::::::::::::::::::::::::::::::::::::::‘I
: Contraints from opr7: off : : Contraints from Qpr7: on L
1 1 1

@ The conclusions here are similar to those of the previous slide

@ Note that, in both cases, the wrong-sign scenario is still allowed
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Motivation C2HDM Scans Results Summary
® Lepton-Specific, with hz = hy2s

Lepton-Specific, hz=h{o5 Lepton-Specific, hz=h{25
15 T T T T T 15 T T T T T

sgn(ky) ¢t
o

sgn(ky) ¢t
o

05| ] 05 | . ]
qk 4 1 i
1 5 1 1 1 1 1 1 5 1 1 1 1 1

1.5 1 0.5 0 0.5 1 1.5 1.5 1 0.5 0 0.5 1 1.5

\ sgn(ky) c% y \ sgn(ky) c% y
Contraints for hja5: LHC, 13 TeV !
i Contraints for extra scalars: HigssTools 1.1.3
® EDM:87x10” ecm @ EDM:11x10¥ ecm @ EDM: 41 x 10% e.om |

@ The conclusions here are similar to those of the previous two slides

iR 2024 Duarte Fontes, ITP 11



® Flipped — the only viable option here

0.5

sgn(ky) cB
o

-0.5

FIipped, h1=h125

T T T

sgn(ky) cB

e o
i-_'.
1 1 1 1 1
15 -1 0.5 0 0.5 1 1.5
sgn(ky) c§

was hl = h125

0.5

-0.5

Results

FIipped, h1=h125

T T T T T

______________________________________________________

@ In this model, contraints from @n-r are irrelevant

Contraints for hia5: LHC, 13 TeV

Contraints for extra scalars: HigssTools e

______________________________________________________

@ Still, any interesting case is excluded, due to contraints from extra scalars

@ New data on hjo5 leads to a decrease of the width of the ring
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Summary

® The C2HDM is one of the simplest BSM models with one new CP-violating parameter

CP-even way to tops
® The 2017 data still allowed for a h125 coupling in a {

CP-odd way to borTt
® New data essentially rules out that case. We now have:

Type I | II | LS | Flipped
hi=hyos | X | X | T X
ho = hios | X | X X
h3 = h125 X X X

>< : already with 2017 data, it was not possible to have large the
X

with 2017 data, it was possible to have the , but not with 2023 data

7_ : the is excluded, and large C?c are constrained by ap,,

® Lepton-specific is the only model where some interesting CP cases persist

(as well as the wrong-sign case)

® The possible amount of CP-violation is then limited ultimately by o~

e [s the still possible in other models?
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