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The Standard Model

M

The SM, based on a small number of elementary
particles (quarks, leptons and vector bosons),
explains all the phenomena 1n nature, except gravity
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Which is the origin of the masses?




The Higgs Boson

® The fundamental interactions are regulated by “symmetry principles”
which are satishied only if the particles are massless

®  R. Brout, F. Englert e P. Higgs, in 1964, introduced a mechanism to give
mass to the matter constituents without violating the fundamental

symmettjy laws Higgs Phys. Lett. 12 (1964) 132-133
Englert and Brout Phys. Rev. Lett. 13 (1964) 321-323
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a constant value ( = 0), to minimize
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The Standard Model 1s a quantum theory of interacting fields. The excitations of
these fields create their associated particles

The experimental test of the Higgs mechanism requires the presence of the

Higgs boson (charge=0, spin=0, my =?)
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The Standard Model 1s a quantum theory of interacting fields. The excitations of
these fields create their associated particles

The experimental test of the Higgs mechanism requires the presence of the

Higgs boson (charge=0, spin=0, my =?)

\The hunting for the Higgs lasted ~ 50 years @ LEP, Tevatron and LHC]

data recorded by CMS -
May 27, 2012

WW.

Higgs candidates
at LHC (2012)




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

discovery of the Higgs boson
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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)
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The value of the Higgs mass lies in a lucky spot, this 1s part of the
reason because the Higgs was discovered quickly at the LHC
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for a 50 GeV heavier Higgs only two
basic decay channels WW and ZZ

for a 10 GeV lightest Higgs the
WW and ZZ decay channels

would have been impossible so far



The value of the Higgs mass lies in a lucky spot, this is part of the
reason because the Higgs was discovered quickly at the LHC

SM Higgs decay channels
C — ——

Measured coupling strengths to Higgs boson
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Still openfundamental questions

»

Why'the. three quark and fepton families have so different masses?

.
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Is it the SM Higgs? ‘" ;

Is it small mass “natural"?
Is it an elementary or composite particle?

Is 1t unique?

[s 1t a portal to a hidden world?

We found the Higgs Boson

F.

[s 1t the first supersymmetric particle ever observed?

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

window to
new physics




Observations of New Physics phenomena and/or deviations from the SM are
expected to address these puzzling unknowns

The SM could be 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
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[s the ZOO of the elementary particles complete?
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Observations of New Physics phenomena and/or deviations from the SM are
expected to address these puzzling unknowns

The SM could be 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

[s the ZOO of the elementary particles complete?

Is the discovered

Higgs particle the last

missing piece of the

puzzle?




Beyond Standard Model Theories

—w

betore LHC after LHC run II

SRS
s — |

New particles ...

LHC has not shown any evidence for new particles and/or interactions

After the Higgs discovery, there is not a clear path to follow for the
discovery of new particles

Two main attitudes in the particle theory community:
1. SM as an effective theory, deviations encoded in higher dimension operators
2. explore alternative paradigms

10



SM as an Effective Field Theory

Low energy limit of a more fundamental UV Theory
theory with new particles and/or interactions x

SMfield peay ~ SMfield v

DE e

SM field SM field SM (EFT)

ex. Fermi theory

courtesy G.Isidori

[d

<, = Lo T 4 + g;cl 0*

SM-EFT auge Higgs Ad-4
RN N .

|

Non trivial UV imprints:
My and Yy (they span 5
orders of magnitude)

Natural: dictated by
gauge symmetry

Higher dimensional operators can
capture the residual effects of a non
SM-Higgs: 1ts interactions not
included in the SM, its composite

11 nature, etc.
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exkev\ded HLSSS sechrsn— - 2.
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Fhase &rav\thov\s 2 il
P— = Llong-Lived particles

growi.&abi.ov\oi waves

Modified
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o IS z
Can the value of the Higgs mass be explained by an UV theory?

an important question
to answer
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Why Beyond the Standard Model ?

Naturalness 1s a very deep question

In the SM, Higgs is not naturally light.

New paradigms...

» Supersymmetry ~
» Strong dynamics near the TeV scale Q
-+

» Technicolor

fermion
Extra Dimensions

> x( ) — =0
> H iggSIGSS I\ ’ g?,:gﬁ gaugino
» Composite Higgs Models —g‘z‘— +—O? ~(

13




Higgs as a Composite pseudo Nambu Goldstone Boson
e

_————-—“

elementary G'g)rs . : strong
fields 90 sector

The basic idea

(Georgi,Kaplan '80s)
» Higgs as Goldstone Boson of G/H in a strong sector

inspired by QCD where one observes

=l Can the light Higgs be a kind of a pion
that the (pseudo) scalar are the lightest states

from a new strong sector?

We'd like the spectrum of the new strong sector to be:
Spectrum: == L
GeV —— EE
p TeV pu—— p
100 MeV —— 7 " 100 GeV —— h
Mass protected by the A e.g. SO(5) * SO(4)
global QCD symmetry! 4 Goldstones
™T— T+ 7 y Higgs joublet
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Higgs as a Composite pseudo Nambu Goldstone Boson

How to get an Higgs mass?

» (G is only an approximate global symmetry go — V(h)

SM-field couplings to the strong sector

break the global G contribution from

SM loop effects =& EWSB minimum /. the strong sector
h =0 it's a Goldstone
SM fields
h - ‘ h + h-—@)—h
» EWSB as in the SM V(h) triggers the EWSB \ h
» And the hierarchy problem? EW scale from m%,: W V9
no Higgs mass term at tree level w
2 N
' 9 Encode the strong-sector contribution
— 5m2 ~ A to the gauge propagator
h 167'('2 com in the h-background

15



to recap: Pion Physics Composite pNGB Higgs

Fundamental QCD QCD-like theory
Theory
Spontaneous sym. | SU(2),xSU(2): — SU(2) G — H (spontaneous at
breaking compositeness scale f)
pPNGB modes (n°, nt) ~ 135 MeV h ~ 125 GeV

New spin 1 and Y2 states
Other resonances p ~ 770 MeV, - :

~ Multi-TeV

16



to recap: Pion Physics Composite pNGB Higgs
Fundamental QCD QCD-like theory
Theory
Spontaneous sym. SU(2) . xXSU(2)r — SU(2)\ G — H (spontaneous at
breaking comp- siteness scale f
PNGB modes (%, n*) ~ 135 MeV h ~ 125 GeV
_ New spin 1 and Y2 states
Other resonances p ~ 770 MeV, - :

~ Multi-TeV

Basic rules for explicit composite pNGB models

e S
M Need to choose the correct G = H (spontaneous) e G\
breaking at f (~ TeV) to have the required NGBs (=4 ) i $ e
M Need to break H (explicitly, so pPNGBs) via go (gauge) and # o H"‘\

Y (Yukawa) couplings to generete the one-loop effective
potential for EWSB
+ SM »,

@ Need to include new composite resonances from the % 4
. . ¥ 9 v i
confining strong dynamics l,

¢ k) )
) d
-~ '
3 b
-

16



Composite Higgs Models

Elementary Sector Strong Sector
- o

A e SUQR)xU(l)y  Lumix = goAuJt + AY¥  pu, ¥ € Gstrong

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

17



Composite Higgs Models

Elementary Sector Strong Sector
= =

Aua QP S SU(2) X U(l)Y ['mix — gOApJ;;L + A";‘Ij Pps Ve Gstrong

go <1 my, 1 < g, < 4m
Sﬁ@.ﬂ.@ Sector: Extra particle content:
| °Sp|n | resonances p
H@gp@wﬂeiﬂ@ * |/2 resonances T

Spectrum : m”_g"f } f

gp = strong coupling

mp = 125 GeV
mw = 80 GeV \"4

my =0

17



Composite Higgs Models

Elementary Sector Strong Sector
= =

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

go <1 my, 1 < g, <A4m
partial compositeness

rong sectc Extra particle content:
. . T *Spin | resonances P
E ggs bounc n * | /2 resonances |
— for the 3rd generation quarks

Linear elementary-composite fermion mixings
Spectrum : it Sl } f

O, +— @89.O0r T Y@LHOR gp = strong coupling

q Ar

mp = 125 GeV
mw = 80 GeV \"4

my =0
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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

17



Extended Composite Higgs Models

Models with a Iarger' Higgs structure with respect to the SM have been largely discussed
Supersymmetry requires two Higgs doublets with specific Yukawa and potential terms
2HDMs offer a rich phenomenology in EW and flavour physics

Look for a pNGB realisation of extended Higgs scenarios

18
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Extended Composite Higgs Mode_ls

Models with a Iarger Higgs structure with respect to the SM have been largely discussed
Supersymmetry requires two Higgs doublets with specific Yukawa and potential terms
2HDMs offer a rich phenomenology in EW and flavour physics

Look for a pNGB realisation of extended Higgs scenarios

Why am
The structure of the Higgs sector is determined by the coset G/H J[MI so lonely?
G H PGB
SO(5) SO(4) 4=(2,2) m Minimal = One Doublet
DC,Red,Tesi 12
SO(6) | SO(5) 5=(2,2)+(1,1) w Doublet + Singlet
Gripaios et al.09; Redi.Tesi 12; DC et al.19

SO(6) |SO@)xSO(2)|  8=(2,2)+(2,2) m Two Doublets

Mrazek et al.11

50(7) 50(6) 6=(2,2)+( l, |)+( l, |) Bertuzzo et Cfl.1183
G 7=(1,3)+(2,2) et \’

SU(5) »SU(®4) x U(I)

New players in the game
18




Composite 2-Higgs Doublet Model (C2HDM)

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

[4 The model construction follows the same steps of the minimal 4DCHM (two-site model).
All the parameters real — CP invariant scenario

] EWSB is driven by 2 Higgs doublets as pNGBs of SO(6)/SO(4)xSO(2). The unbroken group contains the
custodial SO(4)

19
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custodial SO(4)

[4 Alignment conditions on the strong Yukawa couplings must be imposed to suppress FCNCs (composite
version of an Aligned 2HDM Pich, Tuzén,'09 )

[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
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Composite 2-Higgs Doublet Model (C2HDM)
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[4 Alignment conditions on the strong Yukawa couplings must be imposed to suppress FCNCs (composite
version of an Aligned 2HDM Pich, Tuzén,'09 )

[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: embed the 3rd generation quarks into SO(6) reps. + linear couplings ALr between
composite and elementary fermions (partial compositeness)

‘Cmix - ['strong = A qL\Pé — ARtR\Ili STl G

— T
+ WLpe! —iMIug - O (YU + v ey 2T e

4 Two heavy fermions’ sextuplets 4’ needed for an UV finite effective potential IJ=1,2
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Composite 2-Higgs Doublet Model (C2HDM)

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

[4 The model construction follows the same steps of the minimal 4DCHM (two-site model).
All the parameters real — CP invariant scenario

4] EWSB is driven by 2 Higgs doublets as pNGBs of SO(6)/SO(4)xSO(2). The unbroken group contains the
custodial SO(4)

[4 Alignment conditions on the strong Yukawa couplings must be imposed to suppress FCNCs (composite
version of an Aligned 2HDM Pich, Tuzén,'09 )

[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: embed the 3rd generation quarks into SO(6) reps. + linear couplings ALr between
composite and elementary fermions (partial compositeness)

[:rnix - ['strong = A qL\Ilé — ARtR\Ili + h.c.

— T
+ WLpe! —iMIug - O (YU + v ey 2T e

4 Two heavy fermions’ sextuplets 4’ needed for an UV finite effective potential IJ=1,2

1,2 1,2 1J _ : :
scale of Jo ALY, AR Y1 9, Mg, I,J=1,2 (partial compositeness for the top)

compositeness, linear mixings, Yukawas, heavy fermion mass parameters

19



2-Higgs Doublets as pNGBs

® Same physical Higgs states as in the elementary 2HDM: h, H,A, H* (h=SM-like Higgs)

20



- 2-Higgs Doublets as pNGBs

Aligned 2HDM realised in a composite scenario

® Same physical Higgs states as in the elementary 2HDM: h, H,A, H* (h=SM-like Higgs)

® (CP-even states: h, H

mh~v my ~f+ O(v)

E=v2/f2

0 is predicted to be small: O(€) for large f

® (CP-odd states: A, H#

ma ~ mHz ~ f + O(v)

f

h

— 0 SM limit

H,A, H* decouple
— hSM

 aammmaama

20

0 = mixing angle between
the two CP-even Higgses h,H

1000 1500 2000 2500 3000

f [GeV]

green points satisfy the bounds from
direct and indirect Higgs searches
tested against HiggsBounds and HiggsSignals




PNGBs

- 2-Higgs Doublets as

7

Aligned 2HDM realised in a composite scenario

® Same physical Higgs states as in the elementary 2HDM: h, H,A, Ht

® (CP-even states: h, H

mh~v my ~f+ O(v)

E=v2/f2

0 is predicted to be small: O(€) for large f

® (CP-odd states: A, H#

ma ~ mHz ~ f + O(v)

f =00 SM limit

H,A, H* decouple
h = hsM
W

1.0

0.51

0.0

gHt

—1.57

-5 4 —3 )
A hk/Us\

20

sin 6

0.05

0.00

(h=SM-like Higgs)

0 = mixing angle between
the two CP-even Higgses h,H

e,

TG e g D 03 10 N o iAo bt

1500 2000 2500 3000

f [GeV]

green points satisfy the bounds from
direct and indirect Higgs searches

1000

m
tested against HiggsBounds and HiggsSignals

in the C2HDM the Higgs sector
parameters are correlated and carry
the imprint of compositeness

— Ex: Htt and Hhh



C2HDM - facing the data

® h couplings to SM particles:
dictated by symmetries (as in QCD chiral

Lagrangian) Ex: corrections of order £ to the hVV

couplings. Also modified by the mixing angle O
kv=(1-§/2) cosO V=WzZ &=v?/f2

21
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C2HDM - facing the data

® h couplings to SM particles:
dictated by symmetries (as in QCD chiral

Lagrangian) Ex: corrections of order £ to the hVV

couplings. Also modified by the mixing angle O
kv=(1-§/2) cosO V=WzZ &=v?/f2
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Ky o
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green points satisfy the present bounds

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:
dictated by symmetries (as in QCD chiral

Lagrangian) Ex: corrections of order £ to the hVV

couplings. Also modified by the mixing angle O
kv=(1-§/2) cosO V=WzZ &=v?/f2

[De Blas et al., 2020] 5= 14 Tev, 3000 fb™' per experiment

Total ATLAS and CMS

— Statistical HL-LHC Projection

— Experimental

—— Theory Uncertainty [%]
Tot Stat Exp Th
Ky = 1.8 08 10 13
Kw =~ 1.7 08 07 13
Ky = 15 07 06 1.2
Kg =__. 25 09 08 2.1
K B 3.4 09 1.1 3.1
Kp B 37 13 13 32
K: B 19 09 08 15
Ku —— 43 38 10 17
Kzy 9.8 72 1.7 64

006 008 01 012 0.14
Expected uncertainty

~~
1.00 —
dghX X
0.98 X = —aM
Inxx
0.96
-
-

0.94

in C2HDM, 6 ~ O(§) for large f
f =00 SM limit

0.92

0.90

1000 1500 2000

f [GeV]

green points satisfy the present bounds

2500 3000

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

CHMs
NOT
ruled out
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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

only SM decay channels —
considered
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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

b,t,t
only SM decay channels —
considered
L, H
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In C2HDM the T23 can decay in Ht,At, H*b 08 R T .
with BR~| thus softening the bounds based z ] St 20 faranchung ratio
n the SM decay channel onl = (%5 -in exotic channels
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A recasting of the bounds 1s under study
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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

——
-
-
—
-
|

only SM decay channels —

considered
W=, Z.H
) O S P T O
In C2HDM the T3 can decay in Ht,At, H*b _ 08 R e . .
with BR~| thus softening the bounds based B R branching ratio
the SM d h | | - 06 Saciiinat e in exotic channels
on the ecay channel only ! R SO DM
g 04 £ 395l 5
However, from a recent ATLAS analysis 5 -
[hep-exp 2212.05263] seems difficult to |
allow M,/3< 1.3 TeV 0.0, ==t ‘ Sl -
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

(upgrade of a previous analysis using 139 fb~! and neural networks

trained at several BRs)
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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
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-
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only SM decay channels —

considered
W-,Z.H
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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
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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) | e— ————c
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Can di-Higgs production at LHC reveal the underlying EVVSB?

Signals of New Physics in gg — hh

g 90999998 - ----- h 9 99990000 h 9 200000909 h
h/H .- \ )/
1 1; T; - -- . T/
h 9 99999099~ h

In C2ZHDM : both resonant and non-resonant modes yield to a
change 1n the integrated cross-section and to peculiar kinematic
features 1n 1ts differential distributions
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Can di-Higgs production at LHC reveal the underlying EVVSB?

Signals of New Physics in gg — hh

g 99990000 ®----- h 9 99900000 - b 9 900900999 h
hH N\
T; T; T; »----- « T; x
h gww/ h

In C2ZHDM : both resonant and non-resonant modes yield to a
change 1n the integrated cross-section and to peculiar kinematic
features 1n 1ts differential distributions

INGREDIENTS: s-channel H exchange + distortions due to the
interference effects with new topologies (quartic hh'TT)

loops of new heavy tops lead to a modification of the line-shape
and a local maximum at ~ 2 mr
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Can di-Higgs production at LHC reveal the underlying EVVSB?

Signals of New Physics in gg — hh

g 99909998 & ----- h 9 22999900~ h 9 2809000909 h
h/H .- \ )/
1 1; T; »----- « T; X
h g\szmwsu/ h

In C2ZHDM : both resonant and non-resonant modes yield to a
change 1n the integrated cross-section and to peculiar kinematic
features 1n 1ts differential distributions

INGREDIENTS: s-channel H exchange + distortions due to the
interference effects with new topologies (quartic hh'TT)

loops of new heavy tops lead to a modification of the line-shape
and a local maximum at ~ 2 mr

analysis within the C2HDM (no EFT: large mass limit, nor simplified

model: couplings and masses are free parameters without correlations



Can di-Higgs production at LHC reveal the underlying EVVSB!?

1. modified hhh (%), tth couplings (%)
I C 2BV 9 . dditional H contribution

3. additional Heavy Tops’ contributions (¢' =7; ¢=1,..,8)
+ quartic tthh (h=pNGB )
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Can di-Higgs production at LHC reveal the underlying EVWSB!?

1. modified |

In C2HDM: 2. additional

hhh (%2), tth couplings (%)

| H contribution

3. additional Heavy Tops’ contributions (¢' =7; ¢=1,..,8)

+ quartic tthh (h=pNGB )
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Can di-Higgs production at LHC reveal the underlying EVVSB!?

1. modified hhh (%), tth couplings (%)

In C2HDM: 2. additional H contribution

3. additional Heavy Tops’ contributions (¢' =7; ¢=1,..,8)
+ quartic tthh (h=pNGB )
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‘Can di-Higgs production at LHC reveal the underlying EVVSB!

1. modified hhh (%), tth couplings (%)

In C2HDM: 9. .dditiona

] H contribution
3. additional

Heavy Tops’ contributions (¢'=7; ¢=1,..,8)

+ quartic tthh (h=pNGB )

g t 1, oh 9w L @---1
tf Sele R
1. g t A gooo P -=-=h
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h-top Yukawa and h-trilinear couplings in the C2HDM

scan over the model parameters 700<f(GeV)<3000, 0 <A,Y,My<10f

with the constraints to reconstruct vsy, mh, mep exp. values, and Mr>1.3 TeV
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h-top Yukawa and h-trilinear couplings in the C2HDM

scan over the model parameters 700<f(GeV)<3000, 0 <A,Y,My<10f

with the constraints to reconstruct vsy, mh, meop exp. values, and Mr>1.3 TeV

the grey points are
excluded by the
present direct and
indirect Higgs
searches

(HiggsBounds and
HiggsSignals Tools)

Ghtt] Ghtt SM

ghtt /ghtt,SM
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h-top Yukawa and h-trilinear couplings in the C2HDM

A ey

scan over the model parameters 700<f(GeV)<3000, 0 <A,Y,My<10f

with the constraints to reconstruct vsy, mh, meop exp. values, and Mr>1.3 TeV

the grey points are
excluded by the
present direct and
indirect Higgs
searches

(HiggsBounds and
HiggsSignals Tools)

SM

ghtt /ghtt,SM

Ghtt] Ghtt SM

1 B0 SRR NG Ahhh/Asm

' | '
0.85 0.90 0.95 1.00

/\/i/r/l//\.\',\l

deviations up to 10% in ghi and 15% in Apnn
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Numerical analysis

DC, Delle Rose, Egle, Mihlleitner, Moretti, Sakurai, in preparation

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

The NLO QCD corrections ( 2-loop order) are computed in the limit of heavy loop particle masses
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Numerical analysis
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DC, Delle Rose, Egle, Miihlleitner, Moretti, Sakurai, in preparation

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

The NLO QCD corrections ( 2-loop order) are computed in the limit of heavy loop particle masses
RESONANT MODE : Mu> 2 my, compute the single Higgs production cross section with SusHi at
NNLO QCD times BR(H— hh) with HDECAY

compare with the exp. limits on resonant di-Higgs production obtained in the narrow width approximation
(points with I'n/Mu >5% are not excluded)

—— DBBBBCMS - BBTAUTAUATL e o0(9g9 — H)xBR(H — hh)
------- BBBBATL e BBGAMGAMATL
The black lines indicate several exp. 07—
searches in various final states. A point is : Tl :
g L ; g all points g after constraints
excluded if it 1s above one of the exp. lines g ‘;
051 o= Y
o e
a2 ? i
< e
= 01 iv
© - .‘ .;-.,.I

0.01 1

ol b N ] ] IRRSEATAY . B
0 1000 2000 3000 0 1000
my [GeV]
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Numerical analysis

e

DC, Delle Rose, Egle, Miihlleitner, Moretti, Sakurai, in preparation

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

The NLO QCD corrections ( 2-loop order) are computed in the limit of heavy loop particle masses

RESONANT MODE : Mu> 2 my, compute the single Higgs production cross section with SusHi at
NNLO QCD times BR(H— hh) with HDECAY

compare with the exp. limits on resonant di-Higgs production obtained in the narrow width approximation

(points with I'n/Mu >5% are not excluded)

The black lines indicate several exp.
searches 1n various final states. A point is
excluded if it 1s above one of the exp. lines

hh hh
a ;\11/ 05\
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Numerical analysis

- M e
DC, Delle Rose, Egle, Miihlleitner, Moretti, Sakurai, in preparation

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

The NLO QCD corrections ( 2-loop order) are computed in the limit of heavy loop particle masses

RESONANT MODE : Mu> 2 my, compute the single Higgs production cross section with SusHi at
NNLO QCD times BR(H— hh) with HDECAY

compare with the exp. limits on resonant di-Higgs production obtained in the narrow width approximation
(points with I'n/Mu >5% are not excluded)

1071

The black lines indicate several exp.
searches 1n various final states. A point is ot
excluded if it 1s above one of the exp. lines

C2HDM

hh hh
o/ oSy

750 1000 1500 2000 2500 3000
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Numerical analysis

DC, Delle Rose, Egle, Miihlleitner, Moretti, Sakurai, in preparation

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

The NLO QCD corrections ( 2-loop order) are computed in the limit of heavy loop particle masses

RESONANT MODE : Mu> 2 my, compute the single Higgs production cross section with SusHi at
NNLO QCD times BR(H— hh) with HDECAY

compare with the exp. limits on resonant di-Higgs production obtained in the narrow width approximation
(points with I'n/Mp >5% are not excluded) |

5
— bbyy ® non-resonant
The black lines indicate several exp.
searches 1n various final states. A point is
excluded if it 1s above one of the exp. lines

C2HDM non-resonant

The resonant contribution may be very
suppressed if the involved couplings are
small, the H is very heavy, its total width

is large, or if there are destructive
interferences between different diagrams

NON-RESONANT MODKE :
o(gg— H)xBR(H— hh)/o(gg— hh) < 0.1

0 - - - : :
1000 1500 2000 2500 3000

f 1GeV]

The single and double Higgs production cross sections are given for +/s = 14 TeV - pdfset: CT14lo/nlo
26



Heavy Tops’ contribution
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Heavy Tops’ contribution
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the resonant cross-
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and orange BPs)
does not change by
including the
heavy tops
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one obtained
with only the
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New quartic couplings naturally present in CHMs

T ——p

g t _-hJY t _-h
tl o0 t .~
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T

28



New quartic couplings naturally present in CHMs
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New quartic couplings naturally present in CHMs
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New quartic couplings naturally present in CHMs
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H contribution

t H ,h 9
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‘h 9

the heavy Higgs H can have a sizeable BR in T9Ts7
To=top, Ts7-lightest heavy tops

H — tt ®@ H—hh e H-TT;
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0.61
o
an
0.41
0.2
0.01
500 1000 1500 2000 2500 3000
mpg [GGV]
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H contribution

g t H ,oh 9
t o
N
g t ‘h ¢
the heavy Higgs H can have a sizeable BR in T9Tg; ,
. Composite 2HDM ) 10.229
To=top, Ts7-lightest heavy tops 041 - =
H —tt ® H—hh e H-TT; 0.31 .' .
‘v s ...‘.\ L
0] 0.2 " 15,000
0.1
0.8
< 007 == N
% 2.000 g
0.61 - K
- Type IT 2HDM
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i ) - SRR AR FRXESh b et L8 1a 42 0.0t . . ! ] . ‘ 0.552
0.0 " 500 1000 1500 2000 2500 3000
500 1000 1500 2000 2500 3000 mp [GeV]
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Peculiar feature of the C2HDM: I'i/My 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 C2HDM

1. modified hhh (k;), tth couplings (k) — small deviations
2. H contribution — present in several BSM schemes (MSSM, 2HDM, ..)
3. Heavy Tops’ contributions (¢'=7; ¢=1,..,8) + quartic tthh — naturally present in CHMs
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di-Higgs production in C2HDM

1. modified hhh (k;), tth couplings (k) — small deviations
2. H contribution — present in several BSM schemes (MSSM, 2HDM, ..)
3. Heavy Tops’ contributions (¢'=7; (=1,..,8) + quartic tthh — naturally present in CHMs

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

recall triangle vs box cancellation in the SM - loops are not really subleading
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di-Higgs production in C2HDM

1. modified hhh (k;), tth couplings (ki) — small deviations
2. H contribution — present in several BSM schemes (MSSM, 2HDM, ..)
3. Heavy Tops’ contributions (¢'=7; (=1,..,8) + quartic tthh — naturally present in CHMs

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

recall triangle vs box cancellation in the SM - loops are not really subleading
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~di-Higgs production in C2ZHDM

1. modified hhh (k;), tth couplings (ki) — small deviations
2. H contribution — present in several BSM schemes (MSSM, 2HDM, ..)
3. Heavy Tops’ contributions (¢'=7; (=1,..,8) + quartic tthh — naturally present in CHMs

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

recall triangle vs box cancellation in the SM - loops are not really subleading
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di-Higgs production in C2HDM

1. modified hhh (k;), tth couplings (ki) — small deviations
2. H contribution — present in several BSM schemes (MSSM, 2HDM, ..)
3. Heavy Tops’ contributions (¢'=7; (=1,..,8) + quartic tthh — naturally present in CHMs

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

recall triangle vs box cancellation in the SM - loops are not really subleading
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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?
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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?
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di-Higgs production in C2HDM

SM
only top

only top, no ghhTiTi
C2HDM (BP 0687)

mpy = 1182 GeV, mp, = 1358 GeV
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di-Higgs production in C2HDM
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di-Higgs production in C2HDM

[a—
]
w

[a—
=
=S

e
@
=
=
o>
T
~
S
T

- Sh o

SM
BP1514*onlytop
BP1514*onlytopnoGhhff

BP1514*

mp = 2046 GeV, mp, = 2272 GeV
mr. = 2301 GeV, mp, = 2490 GeV

FH/mH = 10.12%, O'tot/O'SM = 1.89

large
quarti
interfer

la

contribufioi
> couplings -
ence before

h from the N
—> negative
the H-peak

%
AITCT

large contribution

from the to

h

partners even if th

eavy MT>

ey are prett

2.2 TeV

1000

Q

1500
(GeV]




di-Higgs production in C2HDM
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Conclusions
B e etk

M di-Higgs production is a target process for the LHC, within the SM it is the
experimental signature of the Higgs self-interaction, but also a probe for BSM
SCENarios

M We analysed gg — hh within the C2HDM with an approach which enables to

disentangle the ditferent NP ingredients: coupling modifications, new resonance
exchange, heavy fermions in the loops, and the

A The typical BW shape 1s distorted by interferences with other topologies. This
effect 1s enhanced due to the values I'iyMpy >10% typical of strongly interacting

theories. Also, new thresholds at ~2 Mr
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Conclusions

M di-Higgs production is a target process for the LHC, within the SM it is the
experimental signature of the Higgs self-interaction, but also a probe for BSM
scenarios

M We analysed gg — hh within the C2HDM with an approach which enables to

disentangle the different NP ingredients: coupling modifications, new resonance
exchange, heavy fermions in the loops, and the

[ The typical BW shape is distorted by interferences with other topologies. This
effect 1s enhanced due to the values I'iyMpy >10% typical of strongly interacting

theories. Also, new thresholds at ~2 Mr

Sizeable effects both in the integrated cross-section and in the
differential distributions open the prospect of using di-Higgs
production at the LHC as a probe for NP with the possibility to
disentangle among different BSM schemes
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C2HDM versus MSSM

dynamics weak strong
nature of the Higgs elementary bguf‘% %tche

Gbbleleis i ooo fermion/boson interplay  no elementary scalars

lightness of the Higgs 4 VL pseudo Nambu-Goldstone
2HDM
Higgs structure 2HDM required depending on the (broken)
global symmetry

Can we distinguish the two paradigms by looking at the 2HDM dynamics!?

Several observables can be used to discriminate between €2HDM and MSSM:

1.02

® ky(delayed decoupling) MSSM
mass spectrum

1.00

0.98| s

o

® heavy Higgses’ decay patterns o

e (lightest) top partner spectrum <ol g
0.94 |

(DC, Delle Rose, Moretti, Yagyu, '18)
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Composite Higgs and Flavour

In composite scenarios four-fermion operators are generated integrating out the composite
fermions and vectors

Y i They can mediate

> S

< o SM r 4 FCNC:s at tree-level if
visa Tigkl %%%W ~ the flavour coefficients
fermion /2 o XK~ (AN)i AN)K are
) B el generic
¢ Vekm Vekm 1’0
These effects are suppressed if a
partial alignment of Al with the ||||» as in the SM
CKM matrix is realised
(Redi,Weiler 11; Barbieri et al.12) 110 Z,b

Vckm Vckm

We will work under these assumptions to
realise a flavour symmetric composite sector
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