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On July 4th, 2012 the ATLAS and CMS collaborations finally announced the

discovery of the Higgs boson ... 48 years after its theoretical prediction (1964)

The value of the Higgs mass lies in a lucky spot
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On July 4th, 2012 the ATLAS and CMS collaborations finally announced the

discovery of the Higgs boson ... 48 years after its theoretical prediction (1964)

The value of the Higgs mass lies in a lucky spot

Measured coupling strengths to Higgs boson
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The red straight line shows the excellent agreement with the SM prediction
but.... several important couplings, like 11 are still very weakly constrained
or yet to be measured like the ones to light quarks
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This term could
not exist
without a vev

Salam,Wang, Zanderighi Nature 607 (2022) 7917
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Pillars of Higgs Physics at Colliders
SEBEEEmae

Probing new particles through loops
in production and decays!
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di-Higgs production and Higgs self coupling

Both during Run 3 of the LHC and the HL-LHC phase, a target process will be

di-Higgs production as it provides a unique and direct probe of the Higgs boson
selt-coupling and a sensitive probe to BSM scenarios



di-Higgs production and Higgs self coupling

Both during Run 3 of the LHC and the HL-LHC phase, a target process will be

di-Higgs production as it provides a unique and direct probe of the Higgs boson
selt-coupling and a sensitive probe to BSM scenarios

Very small cross section ~1000 times smaller than Higgs production

Multiple Higgs decay channels investigated: bb, yy, 7, WW

Reached a sensitivity to exclude at 95% CL di-Higgs production 2-3
times higher than expected in the SM
Analyses performance improved by ~50% w.r.t. earlier the Run 2

ATLAS

EXPERIMENT

4b Candidate event

more than 100K events will be produced at HL-LHC

4 Marumi Kado, IFAE 2024



Still open fundamental questions

)

Is 1t the SM Higgs?

Is it small mass “natural"?

Is it an elementary or composite particle? / Hig
Is 1t umique?

Is it the first supersymmetric particle ever observed?

Is it the only responsible for the masses of all the elementary particles?

N 8 & 8 A

Is 1t a portal to a hidden world?

The SM 1s a “partial" description of
the Nature, it could be part of a
more general theory which will

manifest itself at energies higher than

the ones explored till now




M Is it the SM Higgs?
M Is it small mass “natural"? /
Hig

M Isit an elementary or composite particle?
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Is 1t umque?

Still open fundamental questions

s 1t the first supersymmetric particle ever observed?

[s 1t the only responsible for the masses of all the elementary particles?

o

The SM 1s a “partial" description of
the Nature, 1t could be part of a
more general theory which will

manifest itself at energies higher than

[s it a portal to a hidden world?

window to
new physics

the ones explored till now




The Higgs and the Universe Eyolution

The EW phase transition is responsible for mass generation

When the Higgs moved to the minimum of the
potential it generated a
cosmological phase transition

e /‘%-‘\

This costs too much
K encray! | think [l
hang aut down there.




The Higgs and the Universe Eyolution

The EW phase transition is responsible for mass generation

When the Higgs moved to the minimum of the
potential it generated a
cosmological phase transition

e /‘%-‘\

This costs too much
K encray! | think [l
hang aut down there.

temperature, and can trigger Baryogenesis

The EW transition starts at the bubble nucleation Difficult within the SM
} —> explore BSM solutions

Potential
Energy

e Lalds? New Physics in the

new dynamics? Early Universe
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New Physics
in the Higgs sector

First order EW : deviations in the
phase transitions Higgs couplings

iCosmology - Collideynergy

: Gravitational Wave e.g. Signals in di-Higgs !
: signals producion :
E . observables at observables at :
Juture interferometers present and future colliders ,

EW Baryogenesis



Strong EW Phase Transition can trigger Baryogenesis

Thermal History 150 -

[ The EW symmetry is restored at T >To 100 -
below To a new (local) minimum appears [

V(e.T)

o o 50 -
[ Ata critical Tc the two minima are degenerate —

and separated by a barrier (two phases
coexist)

M The transition starts at the bubble nucleation 50! |
temperature T, <T. 0 100 200 300 400 500 600



_Strong EW Phase Transition can trigger Baryogenesis

Thermal History

[ The EW symmetry is restored at T >To
below To a new (local) minimum appears

[ Ata critical Tc the two minima are degenerate
and separated by a barrier (two phases
coexist)

M The transition starts at the bubble nucleation
temperature T, <T.

Sakharov Conditions for Baryogenesis

‘Z Barion number violation
M C and CP violation

M Out of equilibrium dynamics: (strong) Ist order
phase transition

v “ —
B#0 B~ e (M/T
baryogenesys —



Thermal History

[ The EW symmetry is restored at T >To
below To a new (local) minimum appears

[ Ata critical Tc the two minima are degenerate
and separated by a barrier (two phases
coexist)

M The transition starts at the bubble nucleation
temperature T, <T.

Sakharov Conditions for Baryogenesis

‘Z Barion number violation
M C and CP violation

M Out of equilibrium dynamics: (strong) Ist order
phase transition

In the SM phase transition is a smooth
crossover, also not enough CP violation
from CKM — NP needed !!

Strong EW Phase Transition can trigger Baryogenesis

100 -

V(e.T)

50 -

.
600




The SM + scalar singlet

(Espinosa,Konstandin,Riva '11)

Higgs + singlet effective potential (Z, symmetric) in the high-temperature limit
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thérmal corrections

thermal masses (count the dof coupled to the scalars)

1 1
¢, = 4—8(9g2 + 387 + 1297 + 244, + 24, &y = 5 Gy + 4



The SM + scalar singlet

(Espinosa,Konstandin,Riva '11)

Higgs + singlet effective potential (Z, symmetric) in the high-temperature limit
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The SM + scalar singlet

(Espinosa,Konstandin,Riva '11)
Higgs + singlet effective potential (Z, symmetric) in the high-temperature limit
: i AN
B Hnga Booo My

Vi, T) = 22 4 2ot 4 B2 4 21y
(h,n,T) 5 1 e

Ch_ + Camr T2
portal interactio theérmal corrections
thermal masses (count the dof coupled to the scalars)

1 1
¢, = ﬁ(géﬂ + 387 + 1297 + 244, + 24, &y = 5 Gy + 4

M EW symmetry restored at very high T: <h,n> = (0,0)

M Two interesting patterns of symmetry breaking (as the
Universe cools down):

. (0,0) = (v,0) one-step PhT
2. (0,0)— (O,w) = (v,0) two-step PhT



The SM + scalar singlet

U

(Espinosa,Konstandin,Riva ‘11)

Higgs + singlet effective potential (Z, symmetric) in the high-temperature limit

2 - TR 2 2
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Vih,n,T) = —h"+—h" + —n"+—n"% =
portal interactio theérmal corrections
thermal masses (count the dof coupled to the scalars)
1 1
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M EW symmetry restored at very high T: <h,n> = (0,0) <
M Two interesting patterns of symmetry breaking (as the ” \
Universe cools down):

. (0,0) = (v,0) one-step PhT
2. (0,0)— (O,w) = (v,0) two-step PhT =~

2nd order PhT

The two-step is stronger due to a tree-level barrier
between the two minima — <n> varies during the PhT

darker color corresponds to
deeper potential



The SM + scalar singlet

U

(Espinosa,Konstandin,Riva ‘11)

Higgs + singlet effective potential (Z, symmetric) in the high-temperature limit

2 - TR 2 2
Mhz’lh4'u’72 h n )
Vih,n,T) = —h"+—h" + —n"+—n"% =
portal interactio theérmal corrections
thermal masses (count the dof coupled to the scalars)
1 1
¢, = 4—8(9g2 +3g” + 1297 + 244, + 24, &y = 5 Gy + 4
M EW symmetry restored at very high T: <h,n> = (0,0) <
M Two interesting patterns of symmetry breaking (as the ” \
Universe cools down):

. (0,0) = (v,0) one-step PhT
2. (0,0)— (O,w) = (v,0) two-step PhT =~

2nd order PhT

The two-step is stronger due to a tree-level barrier
between the two minima — <n> varies during the PhT

Is it possible to realise it in a CHM scenario 00
based on SO(6)/S0(5)? h
extended pNGB Higgs sector with an extra scalar singlet darker color corresponds to

deeper potential
9



Composite Dynamics in the Early Universe

Properties of the EWPhT
H_|_ n pNGBS Of SO(6) -S> SO(5) (De Curtis,Delle Rose,Panico,2019)
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Composite Dynamics in the Early Universe

Properties of the EWPhT

—

%o H+ n pNGBS Of SO(6) -S> SO(5) (De Curtis,Delle Rose,Panico,2019)
E
9 —_—
kS _ ,  The EWPhT starts at T, <T. determined by requiring:
S my=250GeV - - .
=il | Probability of nucleation of bubbles / Hubble volume ~ |
B Vol T,
= two-step phT
g _ The computation of T, requires to solve
£ ;| (numerically) a two-field bounce equation
o | (use CosmoTransition package)
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portal interaction coupling by

(*) the rate of bubble formation does not balance
the Hubble expansion (ex. An, too large produces

a high barrier) and no EWSB occurs 10



Composite Dynamics in the Early Universe

Properties of the EWPhT

H+ 17 pNGBs of SO(6) -> SO(5)

00
=
02
>
O =
O i
9
s my=250GeV //
=
8" 4 -
>
L i Vol Th
e two-step phT
IS 4
O -
e
B o
S
3 no 1° order PhT g S
2 B
L 2% \\_
T ubbles Fail e
to nucleate \
1 =
S - wrong vacuum |
— (O,w)atT=0
1.20 1.25 1.30 1.35 1.40 1.45

portal interaction coupling by

(*) the rate of bubble formation does not balance
the Hubble expansion (ex. An, too large produces

a high barrier) and no EWSB occurs

(De Curtis,Delle Rose,Panico,2019)

The EWPhT starts at T, <T. determined by requiring:
Probability of nucleation of bubbles / Hubble volume ~ |

The computation of T, requires to solve
(numerically) a two-field bounce equation

(use CosmoTransition package)

—— Strength of the phase transition

Vn/Tn (Vn=<h>|Tn)

a crucial parameter for EWBG

This one of the parameter characterising
the amplitude and the frequency peak of

the GW spectrum



EW Baryogenesis

RSN T

[ The out-of-equilibrium dynamics fulfils only one of the Sakharov's conditions to

realise baryogengesis — a strong source of CP is also needed to explain the

observed baryon asymmetry
(Espinosa, Gripaios,Kostandin,Riva,'12)

M An additional source of CP is present in CHMs due to the non-linear dynamics of
S\)S the GBs = ex: dimension 5 operator nht;tr can have a complex coefficient

0O
f) V2

4 It induces a phase in the top mass which becomes physical during the EW phase
transition at T # 0 when 1 changes its VEV. This is realised on the bubble walls
during the two-step phase transition (0,0) = (O,w) — (v, 0)

b h _ .
O, =y, (1 + i—n) —trtr + h.c. m, = |m(v,w)| e v =(h),w=(n)

if w=0atT=0, no constrains on the EDM

[ The baryon asymmetry depends on the variation of the phase of the top mass, the
strength of the PhT, the bubble width, the bubble wall velocity. To reproduce the

observed baryon asymmetry (ng — ng)/n, =~ 6 x 107 b/f = TeV-! is enough

11



Ay extra-scalar quartic coupling

Strong EWPhT, EWBG and GW spectrum
linked by a CHM scenario

b M

b/f ~ phase in the top mass -
_ needed to guarantee the amount of
CP violation for EW Baryogenesis

my = 250 GeV

o

— bif[Tev] '
U-DECIGO

(98]
T T

no 1% order PhT

~ bubbles fail
~tonucleate ———_~

wrong vacuum
atT=0
A I w30 135 1.40 1.45

i

portal interaction Ap,
coupling

12




Ay extra-scalar quartic coupling

o

Strong EWPhT, EWBG and GW spectrum
linked by a CHM scenario

- E—

b/f ~ phase in the top mass -

(98]
T T

my = 250 GeV

— bif[Tev] '
U-DECIGO

no 1% order PhT

/" bubbles fail

< tonucleate

S . e

~ wrong vacuum
atT =0

P— —

120 e 140 145

portal interaction Ap,
coupling

same region where the EWBG
could be achievable

needed to guarantee the amount of
CP violation for EW Baryogenesis

=
o
S
RS

The bubbles expand, collide incoherently ...

Stochastic Background of GW's :
(bubble collisions, sound waves in the plasma,
magnetohydrodynamic turbulence effects)

(6rojean,Servant ‘06, Caprini,Durrer,Servant ‘08,'09)
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Gravitational Wave Spectrum
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peak frequencies within the sensitivity
reach of future experiments for a

107 0000

significant part of the parameter space



Ay extra-scalar quartic coupling

o

Strong EWPhT, EWBG and GW spectrum
linked by a CHM scenario

b/f ~ phase in the top mass -

(98]
T T

no 1% order PhT

my = 250 GeV

— bif[Tev] '

needed to guarantee the amount of
CP violation for EW Baryogenesis

U-DECIGO

~—bubbles fail

//’/\
©~ _—— to nucleate
i i wrong vacuum
m\\ ! T (O I \at\ T‘ :‘ O‘ !
1.20 123 1.30 1.35 1.40 1.45

portal interaction Ap,
coupling

Gowling, Hindmarsh, 2019

< 7

— LISA SR sensitivity curve VU
10781 —-— QGalactic binaries 0.4
-== Extragalactic compact binaries 0.5

c 1077 10~ 10~ 10~ 10~
o [ [He]

the wall speed has a strong effect on the
shape of the power spectrum

Can be determined by solving the
Boltzmann equation which describes the
plasma dynamics and its interactions with

the bubble wall

De Curtis, Delle Rose, Guiggiani, Mayor, Panico JHEP
03(2022),163; JHEP 05(2023),194; JHEP xx(2024)



Composite 2-Higgs Doublet Model (C2HDM)

J.Mrazek et al. '11; De Curtis,Moretti,Yagyu,Yildirim '16, De Curtis,Delle Rose, Moretti,Yagyu '18

4] EWSB is driven by 2 Higgs doublets as pNGBs of SO(6)/SO(4)xSO(2). Alignment conditions on the strong
Yukawa couplings must be imposed to suppress FCNCs (composite version of an Aligned 2HDM)

[4 The SM fields are linearly coupled to operators of the strong sector and explicitly break its symmetry
A potential for the Higgses is radiatively generated, couplings and masses determined by the strong sector

[ Fermion sector: linear couplings ALr between composite and elementary fermions (partial compositeness
for the top). Composite heavy fermions T with Q=2/3,-1/3,5/3

13



Composite 2-Higgs Doublet Model (C2HDM)

J.Mrazek et al. '11; De Curtis,Moretti,Yagyu,Yildirim '16, De Curtis,Delle Rose, Moretti,Yagyu '18

4] EWSB is driven by 2 Higgs doublets as pNGBs of SO(6)/SO(4)xSO(2). Alignment conditions on the strong
Yukawa couplings must be imposed to suppress FCNCs (composite version of an Aligned 2HDM)

[4 The SM fields are linearly coupled to operators of the strong sector and explicitly break its symmetry
A potential for the Higgses is radiatively generated, couplings and masses determined by the strong sector

[ Fermion sector: linear couplings ALr between composite and elementary fermions (partial compositeness
for the top). Composite heavy fermions T with Q=2/3,-1/3,5/3

scale of _ 1,2 1,2 I I1J
f7 gp7 AL ) AR? Y1,2J7 M\Ir ) I)‘]:172

compositeness,
strong coupling, linear mixings, Yukawas, heavy fermion mass parameters
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~ Composite 2-Higgs Doublet Model (C2HDM)

J.Mrazek et al. '11; De Curtis,Moretti,Yagyu,Yildirim '16, De Curtis,Delle Rose, Moretti,Yagyu '18

4] EWSB is driven by 2 Higgs doublets as pNGBs of SO(6)/SO(4)xSO(2). Alignment conditions on the strong
Yukawa couplings must be imposed to suppress FCNCs (composite version of an Aligned 2HDM)

[4 The SM fields are linearly coupled to operators of the strong sector and explicitly break its symmetry
A potential for the Higgses is radiatively generated, couplings and masses determined by the strong sector

[ Fermion sector: linear couplings ALr between composite and elementary fermions (partial compositeness
for the top). Composite heavy fermions T with Q=2/3,-1/3,5/3

scale of _ 1,2 1,2 1J 17 B
compositeness, f’ gf’? AL ’ AR ) Y1,2> Mg, I,J=1,2

strong coupling, linear mixings, Yukawas, heavy fermion mass parameters

scan over the model parameters

750<t(GeV)<3000, 2<g,<10,
-10f <A, Y, My <10f

with the constraints to reconstruct
VSM, Mh, Mop and Mr>1.3 TeV 2

9

Ghit/Ghtt,sM
Z

deviations up to

10% in gh« top

the grey points are

excluded by the | e TR | Yukawa
present direct and SSIa | 15% in Ay Hi ggs
indirect Higgs
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Can di-Higgs production at LHC reveal the underlying EWSB?

Signals of New Physics in gg — hh

g 90999998 - ----- h 9 99990000 h 9 200000909 h
h/H .- \ )/
1 1; T; - -- . T;
h g\mwmf/ h

T;=1,T’s with Q=2/3

INGREDIENTS: modified h couplings, s-channel H exchange, new heavy
tops 1n the loops, new quartic hhTT (typical of pNGBs)
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| pan di-Higgs production at LHC reveal the underlying EWSBZ

Signals of New Physics in gg — hh

g 90999998 - ----- h 9 99990000 h 9 200000909 h
h/H .- \ )/
1 1; T - . T;
h g\sz&wﬂw/ h

T;=1,T’s with Q=2/3

INGREDIENTS: modified h couplings, s-channel H exchange, new heavy
tops 1n the loops, new quartic hhTT (typical of pNGBs)

In C2ZHDM both resonant and non-resonant modes yield to a change in
the integrated cross-section and to peculiar kinematic features in its
differential distributions

New topologies from the interference with loops of new heavy tops lead
to a modification of the line-shape and a local maximum at ~ 2 mt

14



Numerical analysis
De Curtis, Delle Rose, Egle, Miihlleitner, Moretti, Sakur'ai,%2310.10471

The di-Higgs production cross sections through gluon fusion are computed by adapting the
public code HPAIR (M. Spira), that has been extended to include the C2ZHDM

INCLUSIVE RESULTS

15



Numerical analysis
De Curtis, Delle Rose, Egle, Miihlleitner, Moretti, Sakurai, 23i0.10471

The di-Higgs production cross sections through gluon fusion are computed by adapting the
public code HPAIR (M. Spira), that has been extended to include the C2ZHDM

INCLUSIVE RESULTS

NON-RESONANT: Mg < 2 mp + cases

with suppressed resonant contribution
(small H couplings, large my, large 'y,

destructive interferences between diagrams)

o(gg— H)xBR(H— hh)/g(gg— hh) < 0.1

NON-RESONANT

ATLAS 95% bound combining

0501 different final states ~ 2.3 gsm
1000 1500 2000 2500 3000
fGeV]

15



Numerical analysis
De Curtis, Delle Rose, Egle, Mihlleitner, Moretti, Sakurai, 2310.10471

The di-Higgs production cross sections through gluon fusion are computed by adapting the
public code HPAIR (M. Spira), that has been extended to include the C2ZHDM

INCLUSIVE RESULTS

NON-RESONANT: Mg < 2 mp + cases RESONANT: Mg> 2 my

with suppressed resonant contribution compare with the exp. limits on resonant

(small H Couplings, large mH, lar ge Iy, di-Higgs production obtained in the

destructive interferences between diagrams) narrow width approximation (points with
0
o(gg— H)xBR(H— hh)/c(gg— hh) < 0.1 I'i/Mu >5% are not excluded)
x  Not allowed from resonant constraints
2.25¢ 30.01 .
> 00l NON-RESONANT 2001 RESONANT
175 10.0
S71.501 Eé 501k
< <
©1.25 o , S
Vapitging . 2.0
1.007 e
() (D 2 ol .. _.:. ...::" *
e ATLAS 95% bound combining
0.501 different final states ~ 2.3 osm 0.51
1000 7500 5000 5500 3000 500 1000 1500 2000 2500 3000
f [GeV] my [GeV]
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Impact of new C2ZHDM eftects (not present in 2HDM)
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Impact of new C2ZHDM eftects (not present in 2HDM)
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Impact of new C2ZHDM eftects (not present in 2HDM)
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The largest cross-sections are the resonant ones (yellow and green BPs)
are not affected by heavy Tops and new quartic terms
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H contribution

W'

the heavy Higgs H can have a sizeable BR in T9Tg7
To=top, Ts - lightest heavy tops

H — tt A H— hh & H-TT,

0.8+
0.6+
o
M
0.4+
0.2+
0.0+
500 1000 1500 2000 2500 3000
my [GeV]
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H contribution

w
the heavy Higgs H can have a sizeable BR in T9Tg7
To=top, Ts7-lightest heavy tops | | 10
04+ +  Composite 2HDM .
H —tt A H—hh & H-TT; 0.34 c el
1.0+ — S— - 0.27
: Pt 3 W 0.1 5
0.01 ==
0.81
04+ +  Type Il 2HDM 3
T
E 0.31
().6 ~— 9 ¢
o = 0.2 2
~ 01
0.41 0.01
04+ +  Flavor-aligned 2HDM 1
0.2 031
0.21
0.1t o 2 v
0.91 0.01 =
500 1000 1500 2000 2500 3000 ' 500 1000 1500 2000 2500 3000
mpy [GeV] mp |GeV]

Peculiar feature of the C2HDM: I'i/Mu can be ~10-20%

enhancement of Ghh, great impact on the shape modification of the
differential distributions due to the large interference effects
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di-Higgs production in C2ZHDM - invariant mass distributions

S o -~
\ ' | Mol N o S S 4-“'” _’l 19
U \ O Kt) —= SInadll aeviations
oW . 7-'71.':.« - P 4 = PG
) ‘ "‘[M A : e L\
Cdl 1D L ScNne: ;

SM

BP 2:
my = 2661 GeV, mrp, = 2780 GeV

my; = 3574 GeV, my, = 5051 GeV
I‘”/m” = 18.83 %, UM/USM =234
only top, no Gurir;
only top
full result

do/dQ  [ib/GeV]

mt > 2.7 TeV

500 1000 1500 2000 2500 3000
Q [GeV]




di-Higgs production in C2ZHDM - invariant mass distributions

SM

BP 3:
my = 1182 GeV, my, = 1358 GeV

mr, = 1583GeV,  my, = 1615 GeV i en 15 E
Ti/my = 542%, ow/osu =15  Otot / Osn = L.
only top, no G, 3o . ! _

only top

full result

- mr > 1.3 TeV

destructive interference before
the peak and constructive

1077 --
1078 F M

10_9

interference after the peak
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di-Higgs production in C2ZHDM - invariant mass distributions
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di-Higgs production in C2ZHDM - invariant mass distributions
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The results of the present analysis are
primarily of theoretical nature and serve to
demonstrate that a computable framework
exists within composite scenarios that can

eventually be tested experimentally

destructive interference before
T the peak and constructive

interference after the peak




Conclusions

M New Physics in the Higgs sector can provide 1st order EWPhT, thus signals
of gravitational waves and EW baryogenesis, along with modifications to the
Higgs couplings and signatures at colliders

M Composite Higgs models (while addressing the naturalness problem), can
account for such interesting features

[ Shown in this talk: (i) a 2-step strong 15t order EWPhT associated to EW
baryogenesis can be naturally realised (here within SO(6)->SO(56) CHM)
(11) effects on the gg — hh process lead to peculiar features due to: coupling
modifications, new resonance exchange, heavy fermions in the loops and the

extra quartic couplings (here for a C2H2M)

Very promising interplay between gravity-wave and collider experiments
to detect signals from a possible underlying strong dynamics and

disentangle among different BSM schemes

e .
-
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Basic rules for Composite NGB Higgs models

[ a global symmetry G above f (~TeV) is
spontaneously broken down to a subgroup H

i;‘\\ M the structure of the Higgs sector is determined
| by the coset G/H

;‘ M H should contain the custodial group

i, v M the number of NGBs (dim G - dim H) must be
} § 7, larger than (or at least equal to) 4

M the symmetry G must be explicitly broken to

generate the mass for the (otherwise massless)
NGBs
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Composite Higgs Models

Elementary Sector Strong Sector
= =

Aua ¢ S SU(2) X U(l)Y Lmix — QOAuJ;,L + A'CZ‘II Pus Ve Gstrong

9o <1 my, 1 < g, < 4w

partial compositeness

Extra particle content:

°Sp|n | resonances P

Linear elementary-composite fermion mixings * |/2 resonances T

— for the 3rd generation quarks

Spectrum : o } f
ArGrOL + ArgtOr + YOy HOR gp = strong coupling
q Ar mp = 125 GeV}
mw =80GeV [ V
my =0

———

' SM hierarchies are generated by the mixings:
| i| light quarks mostly elementary, top mostly composite
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C2HDM - facing the data

® h couplings to SM particles:
corrections of order § to the hVV couplings.
Also modified by the mixing angle 0

kv=(1-§/2) cosO Vv=wz E=v2/f2

K z ,'1—‘_
] ATLAS Run 2 )
Kw -
K ° Leptons Quarks
t o
A T . - [FIf -

Force carriers Higgs boson |

| = e v

Ky| i g
—eo— B =B,=0
K- - - inv, u.
g B -®- B, 20,x,<1
K SM prediction
4 1= - Parameter value not allowed
KZ)/ ——————————————— -.-'- -----------

68% CL interval

1.00 —_—
JhX X
0.98 X = ~SM
Inx x
S 0% 0 = mixing angle between
- - the two CP-even Higgses h,H
0 ~ O() for large f
0.62 f =00 SM limit
0.90

1000 1500 2000

f [GeV]

green points satisfy the present bounds
tested against HiggsBounds and HiggsSignals packages

2500 3000

NOW: the Higgs couplings are

constrained at 10-20% level

£<0.1 f=750GeV
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C2HDM - facing the data

® h couplings to SM particles:

corrections of order § to the hVV couplings.

Also modified by the mixing angle 0

kv=(1-§/2) cosO V=Wz E=v2/f2

[De Blas et al., 2020]

Vs = 14 TeV, 3000 fb' per experiment

Total
Statistical
Experimental

-~ Theory

ATLAS and CMS
HL-LHC Projection

Uncertainty [%)]
Tot Stat Exp Th
18 08 10 13

1.7 08 07 13
15 07 06 1.2
25 09 08 21
34 09 1.1 3.1
3.7 13 13 32
19 09 08 15

43 38 10 17

DL

98 72 17 64
F VNP UR U W S— — —

0 002 004 006

008 01 012 014
Expected uncertainty

1.00
JhX X
0.98 RX = —sm
Inxx
0.96

0 = mixing angle between

>
- - the two CP-even Higgses h,H
0 ~ O() for large f
0.62 f =00 SM limit
0.90
1000 1500 2000 2500 3000
f [GeV]

green points satisfy the present bounds
tested against HiggsBounds and HiggsSignals packages

HI-ILHC : the Higgs couplings
will be constrained at 2-4% level
£<0.04 fz=1200GeV

CHMs
NOT
ruled out

P
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CHM: Higgs coupling deviations

Dewiations for HZZ and Hbb couplings in the ADCHM compared with the relative

precision expected at HL-LHC, ILC, FCC-ee Barducci, DC et al. THEP 1309(2013)047
ol EC L S FEC-gte k= fomfostiencageel
8 . - 0.75<f(TeV) <1.6
< .
-0.05}— go = Strong coupling
: 1.5<gp=<3
-0.1:— scan over the 4DCHM
- fermion parameters
K 9HZZ v2
. bench-A f=1.6TeV g,-1.8 gy 1—2¢ £ = 72
c by by oy v b b b by
0606 005 -004 -003 -002 -0.01 0 0.01 97 g
A gHZZ / gHZZ
€ <0.03 after HL-LHC
4DCHM black points € <0.008 after ILC/CepC
: ; < 0.002 after FCC-ee
FCC-ee will be able to discover the 4 DCHM :
bench-A & with a 100 significance!! \
f>5-6 TeV
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Mass bounds on new heavy fermions: T2s3, B.i/3, Xs/3

W+, Z,H . ;
Pair production searches set

o x BR limits depending on

b, t.t ”
the extra-fermion mass and on

the BR assumption

——
N
-
o*|
-
(o ol

only SM decay channels —

considered
W-,Z.H
h GBS P L
In C2HDM the T2/3 can decay in Ht, At, H*b _ 08 R W .
with BR~1 thus softening the bounds based o a2 (pranching 1ato
the SM d h | | - 06 Gowiens o m exotic channels
on the ecay channel only | R SO DM
g 0.4 Thes ¢
However, from a recent ATLAS analysis 5 -
[hep-exp 2212.05263] seems difficult to |
allow M,/3< 1.3 TeV 0.0E. o= e ‘
0 500 1000 1500 2000 2500 3000 3500
mass T2/3

, , : ; A recasting of the bounds 1s under study
Search for palr-produced vector-like quarks using events with

exactly one lepton (e or @), at least four jets including at least

one b-tagged jet, and large missing transverse momentum For the phenomenological
(upgrade of a previous analysis using 139 fb~! and neural networks analysis we take Moz > 1.3 TeV
trained at several BRs) L ee— —e—c
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The SM + scalar singlet

phenomenology

M direct searches very challenging: need for a 100TeV collider.
interesting channel: gq -> qq nn (VBF)

™ indirect searches:

® modification to the triple Higgs coupling dy = —- + +

Curtin, Meade, Yu, 2015

| SI/B>2 with VBF
‘ﬂ accessed at FCC-hh with 30/ab
| OZh modified by more than 0.6%
[{ accessed at FCC-ee
s =1 100 -
. A3 modified by more than 10%
27 l[ accessed at FCC-hh with 30/ab




Key features for a first-order PhT

S3=bounce action

M Nucleation probability (per unit time and volume) P: P = T4e=>/T

4 Nucleation temperature Th:

— V5 P~ 0O(1) S3/Tn = 140
r T

n

ro AT for phase transitions at the EW scale

M Vacuum expectation value in the broken phase at Tn: vn
M Vacuum energy released in the plasma (strength) : ¢ = € /Prad

M The (inverse) time duration of the phase transition: /Hn

p d 5
= Tﬁ? extracted from the solution
" T, of the bounce equation
™ Bubble wall velocity: vw Ep 2 do
dr? r dr

o The thickness of the bubble wall: Lw

highly non-trivial: requires hydrodynamics
modelling of the bubble wall moving in the plasma

dpidr| =0 ¢| __ =0




>

>

>

Determination of the wall speed

Delle Rose talk, Heidelberg 2024

Benchmark scenario: SM + singlet 0,025
- = Out-of -equilibrium (Top + W)
0.020 1
- —— Out-of -equilibrium (Top only) ]
¢1 t L= 001 _ —— Equilibrium only ;
O A% 0010F [,7,=92 :
+ - L,T,=74
& 0095 s=078 ]
0.000 - ]
I —0.005:— -
o i
¢2 O|O O|2 014 0|6 0\8
Vo
ms (GeV) | Aps | As || T (GeV) | T. (GeV) | T, (GeV) | T_(GeV)
BP1| 1038 |072| 1 | 1209 | 1325 | 1301 | 1299
U | (Ss | L’h Tn | L~ ‘Tn
BP1 | 0.28 [0.39] (0.57) | 0.78 [0.79] (0.75) | 9.2 [9.7] (8.1) | 7.4 [7.7] (6.7)

Peak corresponding to the Jouguet velocity
Important corrections from out-of-equilibrium perturbations
Sizeable corrections given by the W bosons

De Curtis, LDR, Guiggiani, Gil Muyor, Panico, 2024



di-Higgs production in C2HDM

Can we see the heavy tops’ loop effects by looking at the invariant mass and/or p¢ distributions?

1[)1!

0]v ¢ SM
!
¢ B 7 -=—==-- h : ¢ .

1071 § . only top, no ghhTiTi

T, 1, f N\ 4 ,  C2HDM (BP 4865)
5 ] mpy = 938 GeV, mp, = 1368 GeV

BT T T 1T T T i S, 107 =+ - : N 8 —— R
5 - T h { : my. = 1403 GeV, mp, = 1677 GeV

FH/IIIH = 5.19%. Utot/USI\I = 1.48

. 1073+
Boxes can induce

thresholds at 2MT

and low-mass tail,

Mr~1.4 TeV

[ﬂ ) / Cle\f"]

different from squark

<>
= 10
loop eftects (PV ©
functions, spin) |
1070 1
1077+
1075+
\,\“
1077 | | | , ,
1000 2000 3000 4000 5000

Q [GeV]
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di-Higgs production in C2HDM

Can we see the heavy tops’ loop effects by looking at the invariant mass and/or p¢ distributions?

10"

T e SM
Y OSRRRRLALL —r - h N ; e BP4865
T . oair = 0.011 b
: j 33 events after HL-LHC
N TTTITIT R h 1021 -_

. 103+
Boxes can induce

thresholds at 2MT

\ € 1071
and low-mass tail, <
different from squark ; |
1079 1

loop eftects (PV <

functions, spin)

do /¢

1070+

1077+

10°° 1

1077 ¢

0 1000 2000 3000 1000 5000

Q [GeV]
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