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Outline

- Particles in the Standard Model and their masses

- Condensate and the spontaneous breaking of symmetry
- Masses and the condensate

- Higgs boson

- Discovering the Higgs boson at the LHC

- Selected news from Run2

- Higgs Properties

- Bonus: Some important questions...

- Bonus: Back to the future
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Particles In the Standard Model

Standard Model of Elementary Particles |mmagine we see this

three generations of matter

~0.511 MeV/c?
1

~105.66 MeV/c2
1

~1.7768 GeV/c?
il

for the first time

(fermions)
oY Y i =wee . VWhat we would learn??
- @I @I- @I @] E
up charm top gluon Higgs . Some Organlsed Way
~4.7 Mev/c2 =96 MeV/c> ~4.18 Gev/c? 0 ,
" OO | @ to map particles;
down strange bottom photon |

+ Some coherency In

- e l-‘l T X . ]
- @ spin and charge, with
electron muon tau Z boson .
2 2 2 2 very well defined

<2.2eV/c <1.7 MeV/c <15.5 MeV/c ~80.39 GeV/c
0 0 0 +1 .
- @Il @I @® || @ values;

electron muon tau W boson

neutrino neutrino neutrino

Mass Is a mess...



Which is the allowed range for the mass of a
fundamental particle”

Photons have O mass* = QOur scale starts from O
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Which is the allowed range for the mass of a
fundamental particle”

0 Mp = 22 UQ

Approaching the Plank mass, the gravitational effects
will be more and more important
Black Holes, so an object with different properties(?!)

1% of the mass of a mosquito



Question timel!!!

We have 16 particles (+ Higgs lboson),
between O and 22 pg. Where are they”?
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Why*?

known particles are in the range 0-10-17" mp,

0 Mp = 22 Ug
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Why*?

Mayle other particles out here,
maybe we will find them in the coming years,
- maybe they are beyond the LHC reach

Mp = 22 Ug




What Is special with these particles and their
masses”?

We can write a version of the SM with all the fermions and vector

bosons (without the Higgs boson/mechanism) in which all the
particles are massless.

This theory has all the nice features a theory could need (but one)

and in part that could explain why they have a mass so small
(it is like a small correction from O)

BUT:

it Is not describing nature because particles have masses...
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Going back: what is mass?

empty box box filled with photons




Going back: what is mass?

empty box box filled with photons

which, by the way, iIs how
Einstein wrote it in his paper .,




In the real World...

box filled with photons neutron

Mass of the quarks is 1 oftthe /masts of
protons/neutrons




Particles in the Standard Model and their masses

- Compared to the Plank mass,
the elementary particles are almost massless

- The mass can be an emergent property of a system

- |t may be related to some underlying dynamics
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Condensate and
the spontaneous breaking of symmetry

Use over time for: condensate

a relatively recent concept...
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Fields

-lelds characterises the
oehaviour of a quantity
INn that moment In that place

hey can vary from place to
place, and they can evolve in
time

® weatheronline.co.uk Max temperature [°C] 24.07.2819 BST

They could effect how things are moving, for example
electric field

Space can be filled with fields
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Fields . £
-lelds characterises the
oehaviour of a quantity
INn that moment In that place
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® weatheronline.co.uk Max temperature [°C] 25.87.2819 BST

They could effect how things are moving, for example
electric field

Space can be filled with fields
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Vacuum

- Ordinarily we think that fields are zero in empty space

- |s there a requirement in physics that says that this
should be the case?

- What if our universe was filled with electric field?
- |.e. capacitors placed infinitely far from us?
- The electric field would just be there

- We would experience charged particles moving in some peculiar way,
but that would be just a fact of nature

A A
e N




—nergy of a field and vacuum 1’ ——, he
‘i,]' ] Ly = 5
,,‘-"1:‘ E.=%hw
In general, fields cost energy IE, = 2 ho
,‘,,""I:II:'I = f—}-fm)
- Space without an electric field has \1/E, = Liw
0 energy of 7

Energy density of the electric field:
UeE2

From the Quantum Mechanical point of view, the vacuum is a
state: the state of lowest energy...

+ and the quanta of vibration of a field are particles

22



Multiple fields

- Let’s immagine we have 2 dim field :

¢ =(P1,P2)

-+ The energy would depends on both the components
- No matter in which direction we displace the field, it costs energy

- If we have a paraboloid, to minimise the energy, the components
of the field would be at the bottom of the “potential”.

- Must all the fields respect this parabolic shape?
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Paraboloid potential

- If the potential is symmetric,
we could “move” the field in a circle.

+This motion of the field is very
similar to angular momentum

- |t is not In space, it is In the internal field space

- But as the angular momentum, this is quantised.

- This corresponds to the quantisation of charge for that field.

- What if the potential energy is not a paraboloid?
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Mexican hat potential

- Maximum at the top of the hat.
So, ¢ =(0,0) is not the stable equilibrium

- un-stable equilibrium I
- The brim of the hat is where a ball placed on the top of the hat is going to go.

- The lowest energy state for the field would not be at zero field, but it would be in
the brim.

- Interesting!!! The zero energy of the field is not at ¢ =(0,0), but on the brim

- Interesting vacuum: the value of the field in each point in space is not zero.

- How would we notice if we have this configuration?

- It may effect other things, and indeed it does...

25



Something interesting is
happening to the “spin”

In the paraboloid, we had to excite the
field to get it in rotation

- This means that creating charged particle costs some energy

- And in the mexican hat?
- We do not have to ride up the side of the hat to make a rotation.
- 1t is for free in terms of potential energy!!!

- With this potential, the field could “spin” for free in terms of potential energy
In each place of the space.

- This again correspond to a charge.
- The entire space would have charge density for essentially no potential energy

- This is known as condensate in space of charge
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Properties of
this condensate

- What if we want to find the lowest energy
that the vacuum can have?

- Best bet: make the field not move with time

- Remember, ride up the potential cost energy,

- but there is still some “kinetic” energy in moving in circle.

n

- So minimum is should be standing steel?
AxAp > =

- Problem: uncertainty principle 2

- We know where the field is in the potential, but for the uncertainty principle, large uncertainty
on how fast it is moving around the circle.

- This means that in a condensate, we cannot have empt space with no charge in it
- Empty space is filled with a totally uncertain amount of charge.

27



Condensates

- What does it mean that the empty space is filled with a totally
uncertain amount of charge?

Equal probability for the charge in a place in space to be
0,1,2, -1, -2, etc...

- What happens if we have an extra charged particle, and we trough it in? O F M AG I C
It is not changing the probability of having a certain amount of charge.
It is the same from where we stated with.
- What if we take one charge out of this thing?
- Again same status as before.

In a condensate we would not really realise if we are putting a charge
in or we are taking a charge out.

- The real word is not like that with respect to electric charge.

But this is what happens in superconductors! They are exactly like this!

- So, in nature, there are regions where the charge is totally uncertain, and we have condensate!
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Condensate and
the spontaneous breaking of symmetry

The vacuum can be filled with a condensate
The condensate has a totally uncertain amount of charge

It iIs a very weird beast....
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Masses and the condensate

30



1
Dirac theory of fermions: Yo =51 =s)¢
few “naive" considerations

Dirac Lagrangian =, + Vg

— ah(iE
Lpirac = P(i7"0 —m)y Spinor represented

with the chiral spinors
For massless fermions, the Dirac Lagrangian becomes:

Loirac = V(iYL + Yr(i@)YR

't seems like these are two independent degrees of freedom In
the particle zoo...
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Dirac theory of fermions:
few “naive” considerations

- For O mass fermions, the two chiral spinors have a well
defined physical meaning:

- They are the two possible projections of the spin in the
direction of motion of the fermion - helicity.
(This Is not true anymore for massive fermions)

Right Handed  Left Handed

OO




Following the massless fermions

0%,

33



Following the massless fermions

w
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Following the massless fermions
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Following the massless fermions
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Following the massless fermions

- Are the LH and RH fermions completely equivalent in terms of interactions?
- NO!!
- LLH are charged for SU(2) weak isospin interaction

- RH are neutrals for SU(2) weak isospin interaction™

. 17 01 2 7 g2
Loc = gW, Ly oLy +gW, Ley" — Li
['Nc = gW/‘Z’ [DeL’)’“VeL—éL’Y'ueL]-I—%BM[Y(L) (DeL'Y'uVeL‘FéL'YMeL)

— 7 - j5
* Why"? One of the big mysteries.... +Y (ver) Ver " ver + Y (er) €r Y eR]

“Note: After EWSB, RH are coupling with the Z° as a result of the mixing of (W9,B)->(Z0,A)
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The condensate

- |f we have a condensate, empty space is filled with a
totally uncertain amount of (weak) charge.

- The LH will interact with the condensate and the (weak)
charge Is continuously exchanged with the empty space
for free.
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The chiral symmetry breaking

- New ingredient: a boson (not yet the Higgs) from the condensate

- Recall, we can add one more to the condensate, or take one out, without changing the
state of the condensate.

- S0, the LH fermion can emit one of these bosons which carries its (weak) charge out.

- Where does this boson go”? a
- To the condensate! CD
- And the fermion can borrow a charge back from the condensate...
L

We are introducing an interaction which couple LH and R
fermions

40



Following a fermion

41



Following a fermion

- the first fermion is flipping more often:
- It's interaction with the condensate is stronger
- the second fermion is flipping less often:

- It’'s Interaction with the condensate is weaker

The Lagrangian is proportional to yr <@> (Y vr + YrYL)
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1
Dirac theory of fermions: Yr =51 —75)¢
few “naive" considerations

Dirac Lagrangian =y + VR

. — oAty
Lpirac = P(i7"0 —m)y Spinor represented

with the chiral spinors
For massive fermions, the Dirac Lagrangian becomes:

Lpirac = Y1, (1)L + Yr(i@)vr —|m (YR + YRYL)

- The mass is In practise this interaction between LH and
RH fermions.

- The rate of flipping from LH to RH and back to LH is
proportional to the mass.
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Vector bosons from local symmetries: Recap

* We can start from the lagrangian ot the  » 7.y (i3 — m) ()
fermions we have seen before.

+ We require this to be invariant under a Y) — ePY(a)

certain local symmetry (for the easier case U(1))

. What happens if we do a derivative of ¥(*)?

Oup(x) — @ h(z)|+ iget @ (2)0,0(x)

- We introduce a field A to reabsorb this term
() (i — m)p(x) — qb(z) v, (z) A (x)
+ lo do so, Amust satisfy A, —A4,—08,0(x) (forthe easier case U(1))

1

- We Introduce the lagrangian for A: - ZF,u,(a:)lwy(az)
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Vector bosons from local symmetries:
1 slide recap

- The lagrangian for A cannot
contain a term
proportional to A A*

Polarisation: recap

- This term is not gauge
invariant!

. ik, xt
Au =€, €

ee, =—-1 ke, =0

- But this is the kind of term
needed to describe a

massive vector boson
. 2 transverse:

- We are again back to
massless particles. B 1 longitudinal: €] = (37,0,0, 37) = 57 + O(§7)

+ Again 2 possible polarisations
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The Brout-Englert-Higgs Mechanism

- How the V boson get a mass? Something very similar to fermion

- The V boson can interact with particles with (weak) charge, so it can
Interact with these new bosons.

- How?
- The Brout-Englert-Higgs mechanism

- NOTE: if there was a condensate of ordinary charged particles, this
would have happen to the photon...

46



The Brout-Englert-Higgs Mechanism

time (1)
- How the
. The V bo (P1) (p1)
interact v 1 9
AH q Ay
- How? equ’ —e qV
° duqv
The Brot Tl = (g 22 ) e*(p1)°
- NOTE: if- 5
woudha ) Juv — unIV/q M‘Q/ — 62 <¢1>2
T e {¢)?



Sack to the mexican hat

- We have two modes for
the field in this potential:

0,

- Rotating on the brim, with no cost in potential energy

- This Is causing our condensate, and the bosons related to this mode are
the bosons entering in the mechanism seen before

- Oscillating up-down hill
- This costs energy -> create this boson cost energy
- This mode is like a “sound” wave of the density of the condensate

- THE HIGGS BOSON

48



Masses and the condensate

- Thanks to the exchange of charges with the condensate, we have a
way to give mass to the elementary particles:

- |t works for fermions
- |t works for bosons

- The model predicts the existence of a sound wave of the condensate:
The Higgs boson

49



Iggs boson

HIGGS BOSON

\M} @ /\/é/j‘
S | | WZ’
%m‘co 77




»w w w w i w L, W

The Standard Model | /W/W 7 %’%‘%fj’g

’/ - Kinematic term of the gauge

"‘ 0osOoNs
e PSR 1 S

1#‘ ﬁ' - Kinematic term of the
fermions, and interaction
between fermions and gauge

o cf(}fzw«?ll #dn &,  bosons

-, Higgs-fermions interaction

&
+ LK' gq '¢'+ L c - Kinematic term of the Higgs

Y boson, and interaction with
/ the gauge bosons
-t~ b; [ - V ( - Higgs potential and self
~ V(@)

iINnteraction
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The Standard Model

w w "w

wé/' w ?‘ " D@

AN - £
;&% w é w ;&/% Za Mré gag %/g /,__/,Oxg

Vv

- Kinematic term of the gauge

& bosons

- Kinematic term of the

fermions, and interaction
between fermions and gauge
bosoNSs

-, Higgs-fermions interaction

- Kinematic term of the Higgs

boson, and interaction with
the gauge bosons

- Higgs potential and self

iINnteraction
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Higgs sector in the Standard Model

- Probably the | | t secto e
rooaply the Iess elegant se I + W‘%lj }DV'%""‘ L. C,,.

- Largest number of parameters

+ ol ~ Vv (g)
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Higgs sector in the Standard Model

- Probably the less elegant sector

- Largest number of parameters

- However:

- |t solves the issue of how masses
IN the standard model

- Predict the relation between the
masses and couplings of the
gauge bosons

- Predict the existence of the Higgs
boson

54



Higgs sector in the Standard Model

- Probably the less elegant sector

- Largest number of parameters

- However:

- |t solves the issue of how masses
IN the standard model

- Predict the relation between the
masses and couplings of the
gauge bosons

- Predict the existence of the Higgs
boson

- It solves another big issue:

The unitarity of the longitudinal vector
boson scattering.

q
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Higgs sector in the Standard Model

- Probably the less elegant sector

- Largest number of parameters

- However:

- |t solves the issue of how masses
IN the standard model

- Predict the relation between the
masses and couplings of the
gauge bosons

- Predict the existence of the Higgs
boson

- It solves another big issue:

The unitarity of the longitudinal vector

boson scattering.

v v
?éiz
1% %4
VYN0

H

AN

V |4
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Higgs sector in the Standard Model

- Probably the less elegant sector - It solves another big issue:
The unitarity of the longitudinal vector
- Largest number of parameters boson scattering

- However:
- It solves the issue of how masses Ei M :E:
In the standard model

- Predict the relation between the
masses and couplings of the
gauge bosons In absence of a Higgs boson with mp<1

TeV, would imply a strong dynamics

+ Predict the existence of the Higgs which could be produced in the WW

boson Drocess
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Higgs sector in SM Lagrangian  Luiges = (D.®)T(DF@) — V(@)

- In what we discussed, we had some simplifications, being a bit more precise :)

- A new SU(2) doublet of spin-0 particles is added to the lagrangian, and interact with
the W and B bosons

OO(/
'YB,,/2 %9@

D,® = (8, +igo®W?/2 + ig )® )
- 4 new degrees of freedom: dou@rm&@
2 <,

+ It has a very specific potential V(®) = m2®Td + )\(<I>T<I)) S '
Or

around the minimum:

1 0
Blw) = V2 ( v+ H(z) )
J(EM2/20)=v/2 > O

m2,A\>0 A>0, M2<0

vacuum

vacuum

single minimum set of degenerate minima
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stolen from C. Oleari: link

Some calculations

DFe =

N\

' 1 1 0
o —igWh - — ig'—B“) —
E 2 V2 \ v+ H(z)
: p B M
/ 0 i g Wy Wi — W, /B 0
\ O"H 2v/2 WH 4+ iwl Wk v+ H
[ 0 - W — Wi
B E(U—I—H) g (W1 —iWy)
OFH 2 —gWi + ¢’ B¥
( 0 i (1_'_ H) guWH T
\ OrH 2 v —v\/ (92 + g'?)/2 Z"

2 B 1 (92 +g/2) ’02
) WEW o7,

Sl

Nl

Sl

Y
2

)

1
(D*®)' D,® = Z6"H,H + [(

(22v*) H* + MH® + A Ny

V =
4 4

1
2
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https://virgilio.mib.infn.it/~oleari/public/Higgs_LHC.pdf

Conseqguences - the masses of the bosons

- Two massive charged vector bosons

2 g%? Corresponding to the observed charged currents
W™= 4 GF g9 \° 1 1
— === — — = ~ 246.22 GeV
V2 (m> my "\ VaGr )
- One massless vector boson
m. = U

- One massive neutral vector boson /Z

my = (9°+g")v*/4

- One massive scalar particle: The Higgs Boson

> _ ANv)miy

M4, = :
H .(/2

Whose mass is an unknown parameter of the theory as the quartic coupling A
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Higgs Boson couplings in the SM

- All the couplings of the Higgs boson to SM particles
(except itself) known before the discovery

e For all the fermion masses?

/ Is the H responsible for the fermion masses?
H
< Why are the families so different”?
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Higgs Boson couplings in the SM

- All the couplings of the Higgs boson to SM particles
(except itself) known before the discovery

This term could
not exist
without a vev

+ Bl

How do we proof there is a condensate?
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Higgs

B30son couplings in the SM

All the couplings of the Higgs boson to SM particles
(except itself) known before the discovery

/
H my v T
R A +“V:'g]q%‘% i
/
v
. o %/ . This tc:rm .c;)uld
i i . o 1 {Ji#)( wi:r?ouix.':\svev
v
H H H
/ A g
H 4 3m 3m7
N v ’U2H V(¢)
AN
H H’ “H

What do we know of the real shape
of the potential?
A A

(2Av?) H* + MH® + ZH4 — 4@4

V =

N | =

K/ f )
P 7‘7 //"
|

-

\k/ = u

o {f;/%
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Higgs Couplings - measurements

\Where we are

107 ¢

- ATLAS and CMS

- LHC Run 1

llll

¢ ATLAS+CMS

— [M, €] fit
68% CL
95% CL

11 l 11 l

------- SM Higgs boson |

10 102

Particle mass [GeV]

Measurements of vector
bosons and 3rd
generation fermions

2nd and 1st generation”

Self couplings?
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(Main) Higgs boson production modes

Production for
140fb-1 in Run2

; Gluon Fusion
~/M events produced

—_
o
N

—
o

1 IIIIIII

o(pp — H+X) [pb]

10"

T 11T
I 1 1 [11m

I
o
-o —
& .
I —
/2 -
Z
(@]
¥ i
Z -
Z
r- —
C
0 i
O
O
+ -
z i
Z
O -
m i
=2

pp— qaH (NNLO QcD +NLO EW)

/ B
pp > WH (NNLO QcD +NLO EW)

III

pp — ZH (NNLO QCD + NLO EW) ;

T T _T1

5 | | o | | E
7 8 9 10 11 15 - &
\/s [TeV]
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(Main) Higgs boson production modes

L

Production for

—
o
N
T TTT

14Ofb'1 in Run2 E
3

Gluon Fusion £

~7M events produced [ 10
Q.
1]

Vector boson Fusion
~0.5M events produced

1 pp — WH (NNL —
op — ZH (NNLO QCD + NLO EW) :

[T T T T [ T T T T T - l

pp— H (NNLO+NNLL QcD + NLO EW)

L1 | [Tl

LHC HIGGS XS WG 2013

T T T TTT]
Lol

pp— qaH (NNLO QcD +NLO EW)

/ B
0 QCD + NLO EW)

III

T T1_T1

: | | o | | E
7 8 9 10 17 e L o
\s [TeV]
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(Main) Higgs boson production modes

Production for
140fb-1 in Run2

UL I LI | L I L I LI | LI I L

—
o
N
T

K
o(pp — H+X) [pb]

op— H (NNLO+NNLL QCD + NLO EW)

| | | [11[T]

LHC HIGGS XS WG 2013

; Gluon Fusion

7~ ~7/M events produced 10 .
g - :
:W:
: : ] ) 0 EW) —
H 1 op — WH (NNLO QCD + NL _

q g ~0.5M events produced K = ZH(NNLOQ
1075 .
/ sz :I T T T T T T | [:
! W, Z W and Z Assoc. Prod. 7 8 9 10 11 12 1315 [Tel/ z};

~. ~0.35M events prod.
q SO H
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(Main) Higgs boson production modes

g
i
g
gin o
§H
gl 7
q/
W, Z
q SR
9 550000—— t
| R » |
9 o500 ———— t

Production for

—
o
N
T 7T

140fb'1 in Run2 g
3

Gluon Fusion +

~7M events produced ! 10
Qo
i1

Vector boson Fusion
~0.5M events produced

10"

W and Z Assoc. Prod.
~0.35M events prod.

Top Assoc. Prod.
~/0K events produced

1 ; —
o ZH (NNLO QCD + NLOEW) :

UL I LI | L I L I LI | LI I L

op— H (NNLO+NNLL QCD + NLO EW)

op — GaH (NNLO QCD +NLO EW)

p— WH (NNLO QCD + NLO EW)

L1 1 T[Tl

LHC HIGGS XS WG 2013
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[

III

1T

. | | o | | E
7 8 9 10 11 15 - &
\s [TeV]
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(Main) Higgs boson production modes

g
H
g
GEEN Al
§H
gunl il
q/
W, Z
q S H
9 aooooo———
RIS -
9 eer—— 1

Production for

] '5'102
140fb-1 in Run2 o
<
Gluon Fusion T
~7M events produced 210
o
©

Vector boson Fusion
~0.5M events produced

10"

W and Z Assoc. Prod.
~0.35M events prod.

Top Assoc. Prod.
~70k events produced

1 ; —
o ZH (NNLO QCD + NLOEW) :

UL I LI | L I L I LI | LI I L

T TTTL]

op— H (NNLO+NNLL QCD + NLO EW)

op — GaH (NNLO QCD +NLO EW)

p— WH (NNLO QCD + NLO EW)

| | | [11[T]

LHC HIGGS XS WG 2013

[ IIIIIII
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©
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o
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—
-
N
—
w
—
N

Cross sections increase with
center of mass energy.
Note ttH!!
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BRi=l"i/ T tot

|_ 0 :Z |_i
Higgs boson decay channels “
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BRi=l"i/ T tot
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Higgs boson decay channels

Third generation quarks Expected BR
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Higgs boson decay channels

Third generation quarks Decay mode folf):geczez% BGF;V

H:
bb 57 %
f m

g 1be| I —a [ H-bb <><Zcolors‘ H<k{
é; i WW -% ?-
O o199 I3
T E— ~kf2(mH)(1 +Aaco)
e
D 2| 2Z i
3

10-3;2\(/_-_--4-2

10 b b b b P b v e nn bin g

120 121 122 123 124 125 126 127 128 129 130

M, [GeV] .



BRi=l"i/ T tot
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Higgs boson decay channels “

Third generation quarks Expected BR
° Decay mode for mp=125 GeV
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Higgs boson decay channels
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Higgs boson decay channels
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BRi=[i/ [ tot
[tot=2 [

Higgs boson decay channels

Third generation fermions

Higgs BR + Total Uncert
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BRi=[i/ [ tot
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Higgs boson decay channels
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Expected BR
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BRi=l"i/ T tot
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Higgs boson decay channels
Second generation quarks Expected BR
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Higgs boson decay channels
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Higgs boson decay channels
Photons ?%? How? Expected BR
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Higgs boson decay channels “
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Higgs boson decay channels

Second generation fermions

Higgs BR + Total Uncert
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HIggs boson

Couplings with the SM particles
Production modes
Decay Branching Ratio

NOTE: for fermions
[ H- ~K Nc me(mn)(1+Aacp)
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And now.... some fresh airr...
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Discovering the
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Which are the needed performances for our
detector?
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- Identification and measurement
of photons

- 22, . Identifications and

measurement of muons, electrons

,TT: measurement of missing
transverse energy (requiring
energy measurement up to very
forward - |n|~5)

- bb,TT, efficient and pure b-tagging

and T identification

- VBF: Capability to detect forward

jets (for vector boson fusion
ProCcesses)
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Concept

Muon
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The dashed tracks
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Concept

Elect

EM show
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Calorimeter
’ The dashed tracks
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Concept

. rPhoton
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calorimeter
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Calorimeter
The dashed tracks
are invisible to
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Concept

Muon

Signalin,the muon chambers
+

Track inthe ID



Concept

Neutrino

No signal

We use the conservation of momentum on the
transverse plane to “misure”
the transverse missing momentum




Concept

Hadrons

(in b- or T-decays of the
Higgs boson)

Hadronic shower

INn the calorimeter
+
tracks
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Concept

Displaced tracks

Decay lifetime ,
. Ly -, ﬁsecoodaryvenex

Primary vertex

Prompt tracks

1.5 ps (cT = 450 pm)
for pt ~50 GeV 3mm
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I I I I I I I I ] I I I I I I I I I I I I I I ] I I I I

Vs =7 TeV j Ldt=0.02fb " Apr 18, 2011

4500

4000

Events / GeV

3500 ATLAS Preliminary

H—yy channel

O
a8
)

3000

— Background-only

2500
2000
1500
1000

500

III|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|II

IIlI|IIII|IIIl|IIII|IIII|IIII|IIII|IIII|IIII|I

I
I

200

Diphoton candidate event

0

Data - Fit

-200— .

100 110 120 130 140 150 160
M., [GeV]

Low S/B, but relatively high statistics for the signal
Signal: ~300 events in Run Background: Largest contribution from jets

Very simple selection, quality of detector response and performance play a crucial role

Main production modes and decay mode occur trough loop. Probe for new physics
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P
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fs =7 TeV Jl_dt=o.05fb'1 Apr 24, 2011

I IR RIS A

ATLAS Preliminary
H—2Z"'—s4l channel

[ ] Signal (mH=125'GeV)
Il Background zZ"'

B Background Z+jets, tt
—4— Data

IIII\IIII|I1|

10

I

10+

Data - Background
o

- High S/B (2-10), but relatively low statistics

Background: pp->ZZ estimated by MC

- Typically one Z is on-mass shell

. Note: BRH—=Z2)~3%, BR(Z—ee)+BR(Z—up)~6.7%
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150 200 250 300 350 400 450 500
_ [GeV]
SMAS 1G-7TeV, L-C1°E ;ya<8TeV. L~ 1971407
< 100 fr—r——rr
CD t 106 < m,, < 141 GeV
O S0[
K - / de: 8TeV /7 TeV
£ 80[ ® ;W 48TV T Tov
703 ® ! W 2=2n:8TeV: 7 TeV
i m, 126 GeV
60[
50[ o,
| L]
40( 3
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L ® ]
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> " L R B A R L A A B R L L L
3 4°0E ATLAS Preliminary —e— Data =
© 400F ys=8TeV|Ldt= 0.0f’ M WW —
* r— - ~ ’ . . -
H l WW l 2 |2V u 350 H—-WW''— evuv with 0/1 jet Walcawy o
- - tt ]
> 300F- Single Top =
2503_ P Z+jets =
WW(lvlv) candidate event g W+ jets é
200" B H(125GeV] -
150 —
- 06.04.2012 =
100F- =
50F- =
N - 1 L 1 PR I T TN TN T N NN TN NN S S L B
-g 50 ;1 L N VUL JUUNN L U UL SOV S N VUL N O L AU AU UL U IS AU N P
3 40
s 30
5 o
mn fF—
g -10 | 1 | | 1
—— _20 | | | | | | I 1 | | | 1 | I 1 | 1 1 | |
‘DU 50 100 150 200 250 300

. my [GeV]
Large signal event rate, but large background from top and WW

Requires a very good understanding of the background in simulations and with control regions

The presence of neutrinos spoil the mass resolution
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A new era - differential measurements

CMS Preliminary 35.9 fb™' (13 TeV)

; 10g New physics: a pictorial representation
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2 E ¢ H—bb - SM Lagrangian X
107° 3 L Hoyy R. Torre Vs
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- | f the LHC?
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A new era - differential measurements

CMS Preliminary 35.9 fb™' (13 TeV)

,; OE ) | New physics: a pictorial representation
G Where can we arrive?
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Discovering the Higgs boson at the LHC

Detector needs for the discovery

Short review of H—=yy

Short review of H—=>/ZZ/

Short review of H—=>WW

Measurement of the differential cross sections
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Properties
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HIiggs boson mass

- Higgs mass is the only parameter unconstrained by SM
- Crucial in SM prediction of production and decay modes

- Measurement based on H—=/ZZ*—4| and H—yy final states, for which
Invariant mass can be reconstructed with high precision

19.7 o' (8 TeV) + 5.1 fb™ (7 TeV)

> _l LI | LI | |||||||| | LI | UL I |||||||||||| i f\\ X103__
n 1 > . ©
(Q_'j) 35 ATLAS ® Do -1 = ® 35F CMS S/(S+B) weighted sum N
- |:| Signal (m_ = 1254GeVu=150) 4 & & “t Hoyy @)
Lo r H—oZZ" - 4] ! . @_ ; 3 " ¢ Data ™
Al 30 = o =7 TeV: det 45" - Background ZZ* — "E r — S+B fits (weighted sum) -~
; - | | - Background Z+jets, ti . g q>) 25 i '''''' B component S
= [ \s=8Tev: JLdt =203f" ' 1 O [ g B +0 O
Q 25 - %//% Systematic uncertainty ] Q\ o) o deses. +20 N
> - 1 O b : |
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https://arxiv.org/abs/1406.3827
https://arxiv.org/abs/1407.0558

Measurement of the Higgs boson mass -
Systematic impact on the measurements

Largest impact from energy scale - as expected...

ATLAS and CMS
LHC Run 1

ATLAS ECAL non-linearity /
CMS photon non-linearity

Material in front of ECAL

ECAL longitudinal response
ECAL lateral shower shape

Photon energy resolution

ATLAS H — yy vertex & conversion
reconstruction

Z —» ee calibration

CMS electron energy scale & resolution

Muon momentum scale & resolution

ATLAS H — yy background modeling

Integrated luminosity

Additional experimental
systematic uncertainties

Theory uncertainties

Uncertainty in ATLAS
combined result

Uncertainty in CMS
combined result

Uncertainty in LHC
combined result

AL AL LA AL I I il ALY REESY RA
] ] ]
| ] )
| ] |
] 1] ]
1 I I
] ]
] — I—
— ]
1 1 ]
] ]
| ATLAS CMS | Combined
Observed Observed Observed
] (] Expected | [CJExpected | (") Expected
O 0 008 0T 001020104 0106
om,, [GeV]
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Phys. Rev. Lett. 114, 191803 (2015)

Measurement of the Higgs boson mass

Mass of Higgs boson measured with <0.2% precision

MH =125.09 + 0.24 GeV [ £0.21 (stat.) £0.11(syst.) ]

Dominant systematics: energy or momentum scale and resolution for y,e,u

ATLAS and CMS —— Total Stat. 1 Syst.
LHC Run 1 Total Stat. Syst.
ATLAS H—yy F——e——+ 126.02 + 0.51 (= 0.43 + 0.27) GeV
CMS H—yy ———— 124.70 + 0.34 ( + 0.31 = 0.15) GeV
ATLAS H—ZZ—41 | - | 12451+ 0.52 ( = 0.52 = 0.04) GeV
CMS H—2ZZ -4l Pt 125.59 + 0.45 (£ 0.42 + 0.17) GeV
ATLAS+CMS v I-—EI—-I 125.07 + 0.29 ( = 0.25 = 0.14) GeV
ATLAS+CMS 4i : i,f}—' i 125.15 + 0.40 ( = 0.37 = 0.15) GeV
ATLAS+CMS yy+4l == 125.09 + 0.24(£0.21 £ 0.11)GeV
PR SRS T W (NN TN TR TN TN N WA TN SN AN NN SN NN T N N S N S N S N N S W S W S Ny S W w
123 124 125 126 127 128 129

m,, [GeV] 106


http://arxiv.org/abs/1503.07589

Phys. Rev. Lett. 114, 191803 (2015)

Measurement of the Higgs boson mass

ATLAS and CMS  —+ Total Stat. [ Syst.
7 TeV,8 TeV and 13 TeV Tot. Stat. Syst.
- Mass of |
ATLAS H —yy Run1 S 126.02 = 0.51 (= 0.43 + 0.27) GeV
- MH = 12! CMS H —yyRun1 —— 124.70 = 0.34 (= 0.31 = 0.15) GeV
ATLAS H — 4l Run 1 —— 124.51 = 0.52 (= 0.52 = 0.04) GeV
- Dominan for y,e,u
CMS H — 4l Run 1 L#  125.59 = 0.45 (= 0.42 = 0.17) GeV
- <l 125.07 = 0.29 (= 0.25 = 0.14) GeV
ATLA. ATLAS-CMS yy Run 1 [ ( ) Ge
LHCF ATLAS-CMS 41 Run 1 s T 125.15 = 0.40 (= 0.37 = 0.15) GeV
ATLAS } | -----------mmmmmm oo el o oo e e e oo oo
ATLAS-CMS Comb. Run 1 —4— 125.09 = 0.24 (= 0.21 = 0.15) GeV
CMS H— | ]
ATLAS | ATLAS H —yy Run 2 —f 125.11 = 0.42 (= 0.21 = 0.36) GeV
CMS H- ATLAS H — 41 Run 2 —3— 124.88 = 0.37 (= 0.37 = 0.05) GeV
ATLAS+ CMS H —4lRun2 4 125.26 + 0.21 (= 0.20 = 0.08) GeV
ATLAS+
----------- | | - I | | | ] | | | | I | | | 1 | | | 1 | | I | | | | -
ATLAS+ 118 120 122 124 126 128 130 132 )GeV
1 1 1 1 mH Gev _I
1

m,, [GeV] 107


http://arxiv.org/abs/1503.07589

-1—1 T T T T T T T T T T T
10 g1 |

g Z ”fm 3 Z E - ATLAS simuation \5=8TeV

. g g 8 ool e Temize,,0

Oﬁ She” H|ggs zZ  o——"VV\ z TR e :

- Study of the 4-lepton spectrum in the high mass | g
regime where the Higgs boson acts as a propagator = #° @ & @ o

- Measurement of the Higgs contribution is independent of the total width
of the Higgs boson

Assuming that the Higgs couplings run as in the Standard Model
FH _ Hof f shell v F%M

Hon shell obs. 95% CLon 'y
A@As 4¢+2024 (36/fb Run2) Mh < 14.4 MeV

High|y non trivial due to: 3 [T — "* 4 (Runl +77/b Run2) 0.08 < T <9.16 MeV

(O] I ATLAS s=8TeV: [Ldt =203 fb"

§ L H—-2Z -4 —'_gff' )

£ %07 m;;:ma ''''' vz ]
- the negative interference & _; et

Y YV
- the large backgrounds ]
AN
300 400 500 600 700 800 500 T00¢ 108

m,, [GeV]



Knowing the mass....

SM predictions for production mode cross sections and
decay BR fully determined

CERN-2013-004, FERMILAB-CONF-13-667-T

125.09 GeV 125.09 GeV
102 |||||| IEKIIIIIIII"'EE g 1_111 ||||;—Kllllll||ll__§
T : Vs=8TeV S R
= | . 18 >
X © $
T 10; . 210"
o S hd
g F M
o) %)
1 07k
C T =
107 10°°
10"2 | | I1 | | | Héq: | I14|- 1 | I1 I 1 1 I1 |O| I 120|O 10‘%01 1 11(I)0l 1 I1ZIOE 1 114iol 1 116IOI 1 1180I 1 l200
80 00 0 60 8 - M,, [GeV]

M, [GeV]

Combining measurements and searchers by ATLAS and CMS
collaborations
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https://arxiv.org/abs/1307.1347

JHEP 08 (2016) 045

Runl - Measurements in ATLAS and CMS

- Integrated luminosities per experiment:

~5 fb-1 at \/s = 7 TeV ~20 fb-1 at \/s = 8 TeV

Channel References for Signal strength [u] Signal significance o]
individual publications from results in this paper (Section 5.2)
ATLAS CMS ATLAS CMS ATLAS CMS
H—yy (91] 921 1147937 111793 5.0 5.6
(83  (83) w@e (5.1)
H—2ZZ (93] (94]  1.52%04%  1.04 7032 7.6 7.0
(57)  (53%) 68 6:8)
H— WW [95,96] 971 122793 0903 6.8 4.8
(5%)  (G%) 68 66
H-rtr (98] 99] 1417030 0.88 jg::_? 4.4 34
(%) (%) 63» 67
H — bb [100] [101]  0.627%37  0.81 704 1.7 2.0
(33)  (8%) e (25)
H — pu [102] [103] -0.6*3% 0.9 %3¢
() ()
ttH production  [77,104,105]  [107] 1.9 7% 29419 2.7 3.6
(7))  (%3)  ae (1.3)

off-shell analyses not in combination

H—vyy

H—TT
H—bb
H—=pp
H—Zy

H—inv

H-oZZ-4l
H—=>WW-2I2v

\ Untagged  VBF VH

in AT_AS«combination

in CMS combination

overwhelming multijet BKG

not yet in combination

extremely low oi x BHH 0



http://arxiv.org/abs/1606.02266

From single channel, to combined results

To enhance the sensitivity, the experimental analysis uses
event categories(k) also based on multi variate techniques

Sensitivity to different production modes

nsignai(k) = LK) - Y > {oi|A]> (k) - ] (k) - B
i f B

T T T | T T T | T T T ta
\s=8 TeV ]

3

Inclusive SM cross-section
for production mode |
.e. gluon-gluon fusion

o(pp — H+X) [pb]
2

—
TTTTT T T T TTTTT T T

—
Q

SM Predictions

u i
™

Pp é

2 ) .

O -

p. an 2 O 8

q H g t,b ; : ~ ;

g ,/ C ] i
// B u

______ H ’ -——--- H I : |

—————— H 10-2 R B R | -l | I R I T S N NN SRNTEN|
80 100 120 140 160 180 200
g q all ¢ w,z | ¢ &b MH [GeV]
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From single channel, to combined results

- o enhance the sensitivity, the experimental analysis uses
event categories(k) also based on multi variate techniques

- Sensitivity to different production modes

nsignai(k) = LK) - ) > Nori- ALY () - 8] (k) - B
i f — _

—

Branching Fractions
.e.. H—=Z/

gs BR + Total Uncert
—
- Q
TTTTTT LI ] r T T TTTT
N
1

SM Predictions
H\

18
1=
g
T i
b, T, L W.. v - > :
_3 -
. ]
______________________ H —————- . A
10-4 IR SERNTEN BN S T R A N N L1
80 100 120 140 160 180 200
M, [GeV]
b, T, y
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From single channel, to combined results

To enhance the sensitivity, the experimental analysis uses
event categories(k) also based on multi variate techniques

Sensitivity to different production modes

AN f.SM f f
nsignal(k) = L&) - ), ) oi- A7 (k) - &] (k) - B/}
i f
Production Event generator
process ATLAS CMS
ACCe ptaﬂ CeS aﬂd ggF PowHEG [79-83] POWHEG
o . VBF POWHEG POWHEG
eﬁlCIenCleS, frOm MC WH PyTHIAS [84] PyTH1A6.4 [85]
. ZH (qq — ZH or qg — ZH) PyYTHIAS PyTHIAG.4
aSSU m | ng S M ggZH (gg — ZH) POWHEG See text
1tH PowHEL [87] PyTHI1AG.4
tHq (gb — tHq) MADGRAPH [89] AMC@NLO [78]
tHW (gb — tHW) AMC@NLO AMC@NLO
bbH PyTHIAR PyrHiA6.4, AMC@NLO
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From single channel, to combined results

To enhance the sensitivity, the experimental analysis uses
event categories(k) also based on multi variate techniques

Sensitivity to different production modes

nsigna (k) = LK) - LL oi- ATV (K) - ] (k) - B
L, \Example ttH, H—multilepton

— ggF mVBF WH mZH wmttH

| ATLAS Preliminary (simulation) H— vy nggS boson decay mode

Category WW=* 71 ZZ* Other

Inclusive
Unconv. central low p T

Unconv. central high p
Unconwv. rest low p

Unconv. rest high P,
Conv. central low P,

200704 80%  15% 3% 2%

e 3¢ 4%  15%  T% 4%
ot | 201Thaa  35%  62% 2% 1%
o hghmase ot [ 40 69% 14% 14% 4%
= 102Thaq 4% 93% 0% 3%

0"10 20 30 40 50 60 70 80 90 100 Physics Letters B 749 (2015) 519-541 114

signal composition (%)


https://arxiv.org/pdf/1506.05988v2.pdf
https://arxiv.org/pdf/1312.1129v2.pdf

From single channel, to combined results

- o enhance the sensitivity, the experimental analysis uses
event categories(k) also based on multi variate techniques

- Sensitivity to different production modes

nsignal(k) = LK) - > > {oi- ATV (k) - £] (k) - B
i f

Runi Full combination: ~600 signal regions & control regions
Grand total of ~4200 nuisance parameters:

related to (systematic) uncertainties
Correlation scheme: strategy of nuisance parameters a
delicate and complicated task (would deserve a separate lecture)
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From single channel, to combined results

- o enhance the sensitivity, the experimental analysis uses
event categories(k) also based on multi variate techniques

- Sensitivity to different production modes

mignaik) = LK) - ) ) {oi- 470 56 - BY)
i f

- What to measure?

- To reduce as much as possible the assumptions on the
SM nature of the Higgs boson, we can measure o; Bf.
SM assumption only on A € and oi(7TeV)/ci(8TeV)
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Cross Sections times

Sranching

Ratios

ZH WH  VBF  ggF

ttH

éﬁs§§ﬁs§§i

|

1333
.

S3g

(1
bb

ATLAS and CMS
LHC Run 1

-o- Observed t+1o

LHC Run 1

0 Th. uncert.

'f’?'t* .+-¢4;..;1,,.;

i

N el S
L

®

¢

FE— PURET R R NN ST W S N N SN T S S

2 4 6 8 10
o - B norm. to SM prediction

& - . _—

m YY 0.00 0.00 =014 0.00 0.00 0.00:0.01 0.01 0.00 o.ool -b

X : :

b"‘LL ZZ 000 001 000:000 001 001 0.00:000 008 002 -0.02 X__
[S] : ; 080
[@)] 0.07 0.02 0.00:0.00 -0.07 0.01 0.00i0.00 0.01 000 0.01

f

xB

003 026 0003000 001 -021 000000 0.00 000 0.01

000 000 OL'O::OC"I 000 000 000 2—0-31 Q.00 000 000

©
(o)]
p(c

2 0.02%0.00 000 0.00 0.00:0.00 000 000 000 20.03 0.04 001 001

0.03 ;0,00 0 000 0003000 0.00 000 -0.01

TT |0.00 -0.0° 0.04 0.00 50.03 0.00 000 -0.01

YY [-003 000 0 0.00 0.00 003 0.00 DOC 0.00

WW |0.00 0.00 -0.07 0.03:0. 0.01:0.00 0.01 0.00:000 0.00 000 0.01

XL
; TT|0.00 0.01 0.02 0.2550.03 000 000 0.0550.00 -

bb[000 000 000 000:000 000 000 0002000 000 00
YY|-0.14 000 0.00 0.00:001 000 000 0.0 a )00 0.00 O.

WW |000 001 007 0013000 000 000 0.00: 0! 02 0.00 10,00

0.02 0.00 20.03 0.01 000 0.00

0 000 000 —OUIEUOU Q.00 000 000

05 0.00:000 001 000 0.00

TT|0.00 001 0.01 -021:0.00 000 0.00 004%0,00 0.01 -0.02 0.0 :0.00 20,03 0.01 000 0.00

bb 000 000 000 000:000 COG 0OD 0.00:000 000 000 -0O7:0.00 000 0.00 ©.00

.....................................................................................................................

YY|0.01 000 0.00 DAOI)f 001 0.00 0.00 DOO? 0.03 000 0.00 0]:050,1‘ 0.00 0.00 0

I WW | oot -008 0.01 DADDE’J,OD 0.04 0.00 DOOE0,00 000 001 04C0i0A00 0.01 001 0O
= :

TT[000 -002 000 0005000 001 0O0 000:000 000 000 000:000 000 0.00 0.00 1000

bb 0.00 -002 0.01 0.01;0.03 0.01 -0.01 0‘01§0,00 007 0.00 0]:0:0.00 0.00 0.00 g0,0D 0.01 000 1
TY ZZWW Tt 7Y ZZ WW T% 7Y WW T bb . 7Y WW Tt bb .77 WW T¢ bb
ggF VBF WH .5 ZH : ttH ]

oixB

0.00

=-1

- As expected, correlations due to signal mix of

production modes in the analysis categories:

* ggF VS VBF (in 2-jet selections)
or WH VS ZH (V—hadrons) in H=yy;

and decay modes:

-1t VS WW in ttH (in multileptons) 117



Cross Sections times

Sranching

Ratios

Vs=13TeV,24.5-79.8 fo™
my; =125.09 GeV, |y, | <25

ATLAS Preliminary ——i Total

Stat. == Syst.

[
I SM

ATLAS Preliminary
\s=13TeV, 36.1-79.8 b
my, = 125.09 GeV, |y, | <2.5
pSM = 89%

F—e—Total | SM

8 rr 84'2 '.{
B,+/B,, R
Bsw."'s b7 4 "‘*

B,../B,, |—o|-|

107 1 10

Py = 71% Total Stat. Syst.
agF vy e 0.96 +o14( zoi1, 300
ogF 27 |-:n-| 1.04 *318( o014, +o.06)
ggF WW HTEI 1.08 +o019( 011, +0.15)

| goF Tt = 0% fow( o, lam)

ggF comb. sl 1.04 so09( o007, 'o0f)

VBF YY = 1 39 +0.40 ( +0.31 +0.26)
: —035{ —030> -019

VBF ZZ i =—1 ' 2 68 +0.98 ( +0.94 +0.27)
- : —0s3{ —o81> -o020

VBF WwW Hes=H 059 932 ( o33, =oa21)

VBt v L6 B 10E, 1am)

VBF bb —— 3 01 +1.67 ( +1.63 +0.39 )
: —161 { —157, -o036

VBF comb. = 121 05 ( ‘o1, '0is)

VH vy 109 ‘088 ( +088  +025)
—==— - —054 —o49, -—o022

VH ZZ i = I ¥ 0 68 +1.20 ( +1.18 +0.18)
b / : —o7s \ —0775 -0

VH bb ’%‘ 1.19 +0.27( +0.18 +0.20)
: —025 ( —017, -o.1s

VH comb == 115 02 ( so1s, J17)

ttH+tH vy =i 110 755 ( Z65%. Iom)

it Ve 150 B2 02, 124)

ttH+tH tt I—IEE—| 138 gl ( ‘9%, fo%)

| ftH+tH bb === ] 0.79 fg:gg( £020, *052)
ftH+tH comb. +EE| 121 F02°( o047, 1020

—2 0 2

Parameter normalized to SM value

gg—H, 0-jet

gg-—H, 1-jet, p’; < 60 GeV
gg—H, 1-jet, 60 < p7 < 120 GeV
, 1-jet, 120 < pfj < 200 GeV
gg—H, = 1-jet, p'; = 200 GeV
99—H, = 2-jet, p7! < 200 GeV

qq-—>Hqq, VBF topo + Rest
qq—+Haqq, VH topo

TTTY‘[ T T TT Ll L3 TYTTYT T T 1 7 YTTY‘[ Ll T

qq—Hqq, p’r = 200 GeV

------------------------------------

qq—Hiv, p;’ < 250 GeV
qq—Hilv, p;’ 2 250 GeV

99/qq—Hll, p¥ < 150 GeV

99/9q—HIl, 150 < p7 < 250 GeV
99/qq—Hil, p¥ > 250 GeV

adasal A AAAALL n AA LAl
107 1 105M
o.xB,,/B,, [pb]
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o® - ®

. B/
T Tr
Coupling modifiers &=0i/o™ or & =TT,
oMy and ['sm are calculated using the status of art theoretical SM
predictions
Higgs vertexes scales by a factor k
Recover the SM if k=1
Effective K Resolving the loop, assuming only SM
P g o
OgoF = K&P oggF(S/M) [ 7= K2zl W ASM) Ogor = (1.06 KZ + 0.01K,? -0.07K,K) OgofSM) Ty z= K2z ASM)
- and ['K? P
SM
- Option 1: assume only SM decay modes Cn = 2 Bswki Ty |
2 Bayk: - T3

- Option2: allow for an additional branching fractions in BSM  r,, =




0.0001 - k5 +0.00022 - &5

ATLAS and CMS & ATLAS+CMS
' ' LHC Run 1 -+ ATLAS
Resolving the loops and assuming |- o
; — 1o interval
coupling with only SM particles 7= =TT
KWl =2
- Interferences help to resolve the sign (NB: kr and k) -
. C K -
- NB: in this fit model, low measured value of kb ‘ ==
reduces total width I'n => all ki measured low < o
T e am—
Resolved —
Production Loops Interference scaling factor K — ——
o(ggF) v t-b 1.06 - k% + 0.01 - k2 — 0.07 - K¢k b @
o(VBF) - - 0.74 - k%, +0.26 - k% — §
o(WH) - o K%V IK | -
o(qq/99 — ZH) - - K - . l
(g9 — ZH) v 2 227 k2 +0.37 &2 — 1.64 - kg, _2""_'1""(;" 15;
o(1tH) - - K Parameter value
o(gb — tHW) = -W 1.84 - &7 + 1.57 - k3, — 2.41 - kekw N —
o(qq/qb — tHq) - =W 3.40 - k? +3.56 - k%, — 5.96 - KK E>|: 1_ ATLAS and C
o(bbH) - _ | e ¥ [ LHC Run1
Partial decay width LL'5
122 ~ ~ 2 e |z 10‘15— =
v _ _ "%v ¢ F
| g v -W 1.59 - &2, + 0.07 - &% — 0.66 - kwk;
re - = K 10_2;‘ E
;IZ ) ) K‘E } ATLAS+CMS |
_ = fu N SM Higgs boson
Total width (Bgsym = 0) 107 M, €] fit E
0.57 - k3 - 0.22 - k3, + 0.09 - i+ I 68% CL
Iy v - 0.06 - k2 +0.03 - k% + 0.03 - K2+ [ ]95% CL
0.0023 - &2 + 0.0016 -k, + 107, a— SRR
10 1 10 10

Particle mass [Ge
[ 12%)/]



* [ ATLAS and CMS .
2] HC Run 1 7
Fermions and bosons '
[ =— 68% CL
L —
- Testing the intrinsic difference R
between couplings to oF p
- W/Z: EW Symmetry Breaking Z @
Kz = Kw = Ky -r

' : " [Jcombined
- fermions: Yukawa couplings " Ocombined [JH-v
ok Hszz  [JHoww

Ky = Kr = Kb = KF " [JH- H-sbb
I T TR SN SR NN SR SR S
0 0.5

- Sensitivity to the relative sign
between kv and Kr through

| Fits on individual channels have slight
Interference terms

preference for negative Kr

Large asymmetry between the

positive and negative coupling

ratios for H—=yy

7 W 1.59 - k%, + 0.07 - 7 — 0.66 - kwk;

-+ Combined result converges to positive Kr
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Fermions and bosons

Testing the intrinsic difference
between couplings to

W/Z: EW Symmetry Breaking

K7z = Kw = Ky

fermions: Yukawa couplings
Ki = Kr = Kp = KF

Sensitivity to the relative sign
between kv and Kr through
Interference terms

Large asymmetry between the
positive and negative coupling

ratios for H—=yy
7 W 1.59 - k3, + 0.07 - & — 0.66 - kwk

= 2 ATLAS Preliminary | | ' &+ Best fit
— Vs =13 TeV, 24.5-79.8 fb™’ o CL -
1.8 m, = 125.09 GeV, v, l<25 — 68% —
= p_,,=41% ----95°6 CL -
1.6 * SM =
1.4F —
1.2 o —
= Al —=
0.8F < —
0 6:_ — Combined — H >3y _:
E H—bb — H—>TT E
S e I N D T T N T T P

(@) 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

~

Fits on individual channels have slight
preference for negative Kr

Combined result converges to positive Kr
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Higgs Properties

—Higgs Mass
Higgs production XS times BR
-Higgs couplings
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The International edition v
Guardian

Two quarks for Muster Higgs

Since the big discovery of 2012, the Large Hadron Collider at
CERN has been accumulating data and making steady progress.
Two recent results establish the origins of the mass of the two
heaviest quarks

L

Selected news from \\

A The visitor centre at the ALICE experiment on the CERN Large Hadron Collider Photograph: Jon Butterworth
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EURDPEAN PHYSICAL SOCKETY

The Big news (1): T -Higgs interaction et/

q__, > q
O
q__ - q

VBF

With two forward jets and
a large rapidity gap
between the jets

35.9 fb' (13 TeV) 35.9fb" (13 TeV)

—— 2 = =7 Analysis based on several

> S I LI I I I LI LI L LI l: > 1800.—] LI l """""""""""""""""
o [ CMS - o - CMS M~ 40F o 1 1 :
S 3 s 1 Ok © ! +ess1 1 channels depending on the
0 C ] n - ] — Hom .
g 0p+ omene 25 7 Greptoms T {4 decay mode of the T.
S  — Hotr (u=1.09) ] S - — H-stt (u=1.09) 0 I:lBkg. unc. ]
()] - Z-1t 1.5 _- ()] | Z->1t [ 71 _]

25 1200 .
© C [ Wijets 7 © T [ Wajets AR ||| - ]
g [ acD multijet 0.5 : % 1000}~  QcD multijet = * E
o)) 20~ others #‘ ] e N Others -10f i
[} C , unc, ] ) o , une. NUNTIRATITN TV T IO B,
R s u:c = 0 50 100 150 200250 300 - z 800 ot ure = 0 50 100150200 250 300
—_ & - — N .
- _— M (GeV) 1 @ eoof- o ojeting, M (GV) 2
o 10F -VBF: Wt , et,, eu — 2] C F- VBF:t 1 i
~ . h, '] - i - SN ]
) ] . 1 & 400: - Boosted: 7,7, ut,, er,, eu

S E 200F——*— = = 23%, ThT,

:l L1l I L1 1 1 I L1 1 1 I L1 1 1 I 11 1 I L1l l: L1 1 1 l 11 1 1 l L L1 1 I L1 1 1 I L1 1 1 I L1l l: I .
0 50 100 150 200 250 300 0 50 100 150 200 250 300 BaCkground |S Z prOdUCtlon

M. (GeV) m. (GeV)  with two jets 15



The Big news (2): Top -Higgs interaction

tt H
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The Big news (2): Top -Higgs interaction

tt H

bW bW
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The Big news (2): Top -Higgs interaction

tt H|
'

bW bW

{ y
blv,bjj || blv,bjj
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The Big news (2): Top -Higgs interaction

tt H
I

bW bW
'

bjj || blv. / lepton

neutrino
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The Big news (2): Top -Higgs interaction

i3
¢ st int
tt H| O
13
.
.
-
A

bW bW
b v
bjj bjj
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The Big news (2): Top -Higgs interaction

tt H
n

bV‘j b”{ Currently cleanest and most sensitive channel
b33 b3J > L L L B R B L L B L L L B R R
2 35 4 Data ATLAS -
© 5 0:— T Continuum Background Vs =13 TeV, 79.8 fb™ -
N | N C ---- Total Background m, = 125.09 GeV .
. L — ’ ?_‘, 25:_ ——— Signal + Background All categories —:
y -g) - In(1+S/B) weighted sum Z
< ) 20'_ —
= T :
g 15;— E
~ D 10k * + E
|\ — C T 4 -
o R - ! l -
\ 0 °F I A N
y - ]

1 l 1 1 1 1 l 1 L 1 L l 1 1 1 1 l L 1 L 1 l 1 1 1 1
- 110 120 130 140 150 160
m,, [GeV]
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The Big news (2): Top -Higgs interaction

'
Ed
@
E E 4
H ‘
0%
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|

|

bW

14

'
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blv,bjj

blv,bjj

Higgs (bb)

| ' 2 \
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bb

N\

ttH(ob)

Very large backgrounds
ion
jets

of top pair produc
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Higge (bb) \
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The Big news (2): Top -Higgs interaction

Bologna

2018

t

t H | vb

bW

owi|

+
Th

’Th_,
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Th

T

ight-jet
D

Higge (bb)

.

Higge (bb)

Higgs (bb)

b

lepton

4 4
blv,bjj

neutrino

” lepton
. ‘ tau

neutrno
[P.pf(m

‘. Higgs

lepf(_m

neutrino
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The Big news (2): Top -Higgs interaction

Bologna

2018

tt H

bW bW
P

blv,bjj

ight-jet

Higge (bb)

.

neutrino

lepton

Higgs ‘I‘

[e;;fon

neutrino

:ppfon

~~~~~

neutrino

neutrino

lepf(m

+ - - -
Th Th ,Th Tl lght
by, bv2j
neutrino .
[o.ptoru Higgs
\ lepton

neutrino

b-jet b-jet
' Higge (bb) ‘ o ’ Higgs(‘l?b) ‘
3t / lepton ’ lepton
‘ T neutrino ‘ ‘ ~ neutrino
‘ ’ lepton ’
light-jet @ b-jet neutrino ot
:u"f" ‘L"
— TN — —
b-jet b-jet
neutrino ‘ neutrino ‘
lenton . Linnn lepton  <._  Hinne
_—lepton
e neutrino
’ tau
: b-jet
neutrino : \
lepton |
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""""" neutrino
b jet
lop?()r'. ’ | 4||r jet
neutrino  |inht jet
R — —
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The Big news (2): Top -Higgs interaction N S

ight Ju- . -
i 7 ’Y’Y - ' Higga[bb) ‘ o-jet - ' H|ggg(bb) \ - ’ Higgs(bb) ‘
. . ¢ — . ‘ ight-jet - / lipon . -
--- ’ e neutrin Y
“‘ t‘ " ‘ . ’ = . ’ . lepton
1 l ““‘\ T+T_ +. - +,— o ’w ‘ o ‘ -:;rg.g f
bW bW |‘ “ > Th Th ’ Th Tl light-jet
\‘ «

Vo S WEWH | vty 025
blv,bjj || bly,bjj| % - o
77 |+ 4L, 2020, 202; |

v'wl;!rmo
— neutrino ] 1 3
L ‘ ight-jet
VW ‘ lepton .

o lepton o

epton  Higgs | | lepton Higge

lepton
QF 0 neutrino b3

Higgs
~— neutrino e

fepfcn
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P Y P iﬁggrbbf 1 \ | ’mﬁf(pg \ 7 'Hiéés(bp) |
tt H|vb et || i il o
L w e Multl lepton channel
bI/Ii’ bI/E/’ gy L@rge number of topologies
bev. bij || blv, b . intricate reducible backgrounds of jets faking leptons
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LACP

Bologna

The Big news (2): Top -Higgs interaction 2018

R 7Y S 1 ) Hif’,?g*('bf)\
%
l l W T o| T T
bW bW %
Vo S WEWRs| by, 0025

blv,bjj || blv,bjj | ¥

Z7Z* |u| 40,2000, 2025

)
L—"
V‘mmvm. : ‘
lepton Higgs
[ Y \/ lepton
| ‘ ‘ N neutrino
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La3CP

Bologna

The Big news (2): Top -Higgs interaction 2018

- CMS and ATLAS results
presented at LHCP2018

1 | 1 1 I ! 1 1 1 I 1 | ! 1 I 1 1 1 1 I ! 1 | 1 I | 1

ATLAS .
Fe-Total | [smt EZSst = sM | . Both collaborations had to
fs=13TeV, 36.1-79.8 b o . s 10 obtain th
Total  Stat Syst Coml !ng channels to o alh e
&H (bb) l_i_l 079+ 55 (£ 92 4053 sensﬂwﬂy necessary to claim an
B observation
fiH (multilepton) HE=— 156+ g4 (% g2 . % 227 )
o sy 08 (4 0 om - All possible advanced tools
139+ + ko
(rv) ':_:'l 042 ( 038 047 ) were USGd
tHZZ) e < 1.77 at 68% CL
! R -emmneeme- emmmmmme e - Multi Variate Analysis
Combined et 132+ 33 (£0.18,+ 2%
[N N T N N NN NN NN NN AN TN TR TN T NN TN NN NN MR NN MR NN NN NN NN AN ) Matrix Element MethOd
-1 0 1 2 3

4
G/ Ot - Status of the art theory
predictions)
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The Big news (2): Top -Higgs interaction

> _I I ' | I | I | I I I I I | I | I I I 1 I | | I | I |
8 - ¢ Data ATLAS Preliminary ]
ATLAS O 30 R Continuum Background Vs = 13 TeV, 139 fb” B
{s=13 B _ -=-=-= Total Background m, = 125.09 GeV _ )in the
: 25:_ — Signal + Background All categories . iim an
fH (bb) 0 n In(1+S/B) weighted sum -
_g) 20— i
fiH (muiltile — ]
(mutt %—, - | 4.90 (4.20 exp) 2
w2 1P * | N\ from single channel
o - _
, ) _
Combined [’ EIL il |
5— o 3
-1 [ I - + + + + ¢ F
O_I | I | | | | | | | | | | | | | | I | | | | | | | | |

110 120 130 140 150 160 /
m,, [GeV]
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The Big news (2): Top -Higgs interaction

+ Why important: > 1- ATLAS and CMS
g - LHC Run 1
- We have a proof that top and H - i
interact... ELL|> 101 -
- ...and they interact strongly “ -
- |s this because of some new 10—25_ E
dynamics’? } ATLAS+CMS -
------- SM Higgs boson
- |s this strong coupling indicating 107 Mg f?tg E
something more than the SM? ; £Ro: O
95% CL
+ We have an handle to know what 1044 S
happens in the gluon-gluon fusion 101 1 10 102

loop. :D' Particle mass [GeV]
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The Big news (3): Bottom -Higgs interaction

- ATLAS presented the H—bb
observation in ICHEP 2018

- |In addition to probing coupling
Discovered 'tO b—quarks

- H—Dbb drives the
uncertainty on the total
decay width, and thus on
measurement of absolute

------ couplings

- |t also drives the indirect
limit on “undetected/
Invisible” decays
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P~ |CHEP2018 SEoUL

W XXXIX INTERNATIONAL CONFERENCE ON PHYSICS

The Big news (3): Bottom -Higgs interaction

G. Piacquadio - ICHEP 2018

® VH production most sensitive mode for H = bb at the LHC
® 3 channels (0-, |-, 2 charged leptons from V=W/Z boson)
® Select 2 b-tagged jets and pt(V) > 75 or 150 GeV

® Main discriminant variables m(bb), pt(V) and AR(bb)
(combined into a Boosted Decision Tree)

m(bb)
> 200" T T T e Non-resonant
o B ATLAS Preliminary mm VH — Vbb (u=1.16) | backgrou nds:
S - {s=13TeV, 79.8fb" mm Diboson -
E 1000 | 0 lepton, 2 jets, 2 b-tags -~ tstingle top ]
S - pY = 150 GeV =;V 7 . I
u>_1 800 XX Uncertainty — Slng € top
— -««« Pre-fit background -
: = SM VH — Vbb_x5 : (N Lo’ POWHeg)
600|— —
- e : W+jets
400\— — /V
: < Ltjets
200\
- (NLO for up to 2
; extra jets, Sherpa 2.2.1)
-815:“4_‘|" | | | | N LN | |
A A o g e - &
N aahade o S ABE e St Overall strategy:
4(-U‘O.S__rlllllllllllllllIlIIlllllllllllIIlIIIlIIIlIIIAII . .
Q0 50 100 150 200 250 300 350 400 450 500 normalization from
M, [GeV] data, shapes from MC
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The Big news (3): Bottom -Higgs interaction

[ATLAS-CONF-2018-036] G. Piacquadio - ICHEP 2018
S L AR S P AR Fit result with 79.8 fb-! of Run-2 data
S s ATLAS Preliminary B VH — Vbb (u=1.16)
8 100 (s-13Tev, 798 1" mu Diboson — O /O’ —1 16+0.27
L%’ 10" = 0+1+2 leptons -tsting|e top M -~ Ineas SM — = —0.25
106 - 2#3 jets, 2 b-tags = Multiet Significance: 4.90 (4.30 expected)
10° -

Combination with Run-I:

1= 0.98 & 0.14(stat.) 791 (syst.)

Significance: 4.90 (5.1 0 expected)

S __[ ATLAS Preliminary = Daa @ ]
2 18 5_1a7ev, 7081 I VH — Vbb (1=1.06)
— o o Diboson ]
o a 16 0+1+2leptons Y Uncertainty —
:@ ~ C 243 jets, 2 b-tags ]
= 8 14:_ Weighted by Higgs S/B Dijet mass analysis .
o _.f .
- 5 12F E
2 10 + NEW -
2 8:— =
o C .
. L . S 6 *T E
® Detailed validation of analysis: > 4 T E
8 .

® Fitto dibosonVZ Z — bb: y = 1.207920 (960) | o 25, fF

. T oohs \
® m(bb) fit forVH,H = bb: 1 =1.061733 (3.60) £ 2t i,
z 40 60 80 100 120 140 160 180 200

My, [GeV] 143
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The Big news (3): Bottom -Higgs interaction

AND VH production mode!!! -
H — bb combination NEW

LSS BUNL AL BLELELELES LR R RLA BLALELELES SRR BRI
® Run-1+Run-2 AT_L’T“St Ipre"";‘f'y e masrernn|  Significance:
e VH H — bb o a (Tot.) (Stat., Syst.) 5.40 observed
, VBF+ggF | . 4 1.68 M8 (1101 05T (5.50 expected)
O G . %
® VBF(+ggF),H — bb P
ttH|  ——e——i 1.00 02 (‘0577048 )
e ttH,H — bb
VH e 0.98 fo:zz (‘014 s "o1e ) .
______________________________________________ ... oObservation of
Comb. |-T'-| 1.01 392 (3512,%012) H — bbl!
I 6 7
l“H—>bb
VH combination NEW
® Run-2
® VHH=bb Significance: Observation of
® VH,H— vy 5.30 observed (4.80 expected) VH production!!

® VH,H — ZZ*

G. Piacquadio - ICHEP 2018
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Where we are today

Production Decays

gluon fusion

g

‘/ = observed

T
associated prod. with tt H
t
g t H .
t
\‘\t
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... Mmore rare options....

Invisible decays di-muons Z-photon Quarkonia-photon
o O e 2 14;ATLAS T T < ou E Jf
g ATLAS el Tl Q 12 E=13TeV, 311" —paciground i - Potentially sensitive
2 \s=13TeV,36.1 o' [DDrel-Yan —VBF x 100 P C VBF-enri . ] y
7 —. 7, g Rk m e ey g o e Senalx20 Ho— o to charm Yukawa
/ a [Obitoeson Lﬁ I
H 8
-2-< i + -
:\ N y
2
9 E Higgs ~400 x SM
2 - e ——— 5 O
W,Z S E B G o
B R I R R O - S E T - T R FL A 1 15?6 \1;]»:) Q 115 120 125 130 135 140 14% 150 ¢
m, (Ge m., . ez
X 2 [GeV] Potentially sensitive
AR S SR . to strange Yukawa
§ 30; VBF tight \s = 13 TeV, 36.1 fb“_j—: (%5 SG?ATLAS ' I —o[—Data] I ] o
S [ %*ndof = 30.7/48 3 = C 1s=13TeV,36.1 16"  _ packgroundfit - .
< X voesp UL E 2 40 ngheawep,  sganzo KTK Y
20F v iR & a0 ] L
15 E .
X n E Higgs ~200 x SM
H 7 5 f
---<
AN 3 3 p Potentially sensitive to
v X e T TN, f p light Yuk
Q@ g%ﬁﬁ'-&““&hﬂ“&{““*&&'*Mxhﬂt‘g % 10l . AN H _ 18 t Yukawa
T IHZE E © 115 120 125 130 135 140 145 150
1101157720 125 140 135 140 145 150 155 160 m,, [GeV]
m,, [GeV] - 7-[-+7-{-—7
Brin, <0.24 (0-23) Limits currently ~2 x SM Limits currently ~6 x SM

Higgs ~50 x SM
at 95% CL 1885 ~IU X
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From EPS 2019 (last week)

PRL 122(2019)021801
H _} u u RESU LTS @CONF-HI(GG-20)19-028
Signal and background yields are determined through a fit to my, distribution
in ATLAS full Run2 analysis: BDT-based event classification, bkg modelling, FSR, rejection
Of plle-up Jet ATLAS Preliminary, /s = 13 TeV, 139 fo~!, H — uu > V| A A L B B S B B —
1.0 1 5 ; — & = ATLAS Preliminary -+ Data =
; 3 | — o - <Vs=13TeV, 139 b — Total PDF .
! i — B (x107) <~ 20 g — Signal PDF
0.01 1 : L~ | — 5/B(x10) 2 = log(1+S/B) weighted -..- Bkg. PDF =
5B 8 2001 E
) A N S 8 1505_ _2
« 1.0 < — -
S 2 100 —
i - s F -
g' s VBF 50— —]
3 VH = =
s ttH % -
_Ug; 5 L | T TE et -
5E:5 53553558 g o BAASEAS
s 2k T 3 5 s 2335 23 a L.l I A
g Y3 T 5T °s 110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]
- 5.0 fb™' (7 TeV) + 19.8 fb" (8 TeV) + 35.9 fb™ (13 TeV) N ]
g Eoms O eLemen obs(exp")) UL on o/osm obs(exp) 4 obs(exp) sign
;g 5 "o+ Expected (SMim, = 125 Gel) A@)s 24 (full Run2) 1.7(1.3) 0.5+0.7(1.0+0.7) 0.80(1.50)
fé; : “:% 24 (Run1+36/tb Run2) 2.9(2.2) 1.0+1.0(1.0+1.0)0 0.90(1.00)
| Results statistically limited
0120 121 122 123 124 125 126 127 128m:12[%e\1,?0 (*) baCkground'only UL. no H_’PP included

RORFRTN QAle?m 0



A>0, M2<0

...and the big challenge:
Double Higgs production!

vacuum

set of degenerate minima

- The nature of the Higgs potential is one of the big open question in
EW symmetry breaking. In SM potential is determined by G and my

ol
Direct measurement of Higgs self coupling is the big challenge in the EWSB.
£ 10} M T, 4
ch - NNLO ]
g 1
© z
10° \ /
102 ¢ - . o | - arl
-10 5 0 5 10
o S Vs=14 TeV
- Destructive interference 2 opp ~ —— 9 0, = 39.5 b @14 TeV Ky = A/ Asm
Deviations from SM because of BSM? Ny 1
BR hh—xxyy |4,
ww |24.8% (mn =125 GeV)
Resonances”? 10
a9
) ) . — 10
- Which channels? which machines? w |7.3%
10
ZZ
— 10—5
YY 10.26%/ 0.1% .
b oww g9 w7z W N 148




o(pp—HH) [fb]

...and the big challenge:
Double Higgs production!

A>0, m2<0

vacuum

The nature of the Higgs potential is one of the big open question in
EW symmetry breaking. In SM potential is determined by G and my

set of degenerate minima

ol

Direct measurement of Higgs self coupling is the bia challenae in the EWSB.

o(gg—HH) =3351fb
[@13 TeV, NNLO + NNLL with top mass effects]

35.9 b (13 TeV)

95% CL upper limits
= QObserved

... === Median expected
I 68% expected
[ 1 95% expected

§#E Theoretical Prediction

HH— bbt*t
HH— bbbb
HH— bbyy

HH— W'WW*'W
HH— W'W yy
HH— bbW*'W

Combined

—e— Observed
Expected

I Expected £ 1o
Expected = 20

ATLAS
{s =13 TeV, 27.5-36.1fb™
N oM (pp — HH) = 33.5 fb

95% CL upper limit on O ooF (pp — HH) normalised to S

ggF

Obs. Exp. Exp.stat. |

12.5 15 12
12.9 21 18 _
20.3 26 26 _
160 120 77 _
230 170 160 _
305 305 240 _
- Ces 0 88
10 10° 10° 10° 10°

SM
F
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Selected news from Run?

Observation of H—=T1T

Observation of pp—ttH

Observation of H—bb

Observation of pp—VH

Beginning of the quest for pp—HH and constrains on A
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BONUS
Some important questions...
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Some more considerations:
back to the potential, and the fate of the Universe

T

]

180— . T “_167 T 7 T ’LOIO'
e ,,_—.,,‘7"' 7 ] V (¢) NOT IN SCALE
> Instability ° — .-~ Meta=stability - -~ 1 eff
8 1715F=—" Instability
> 123 ] - - ]
E | ‘ \ =
g 10- - ]
2 F10® ¢
& r Stability
A S S S Vac
uum Decay
115 120 125 130 135
Higgs mass M, in GeV RG-improved potential

- What if the the EW minimum is a local and not the absolute minimum of the potential?
-+ Couplings use to run.... What about the self coupling A7

It depends on the mass of the Higgs boson and of the Top quarks

If at some scale, A changes sign, the vacuum is not stable... Maybe we are safe if some new
dynamics enters. For the time being, the only new dynamics we know is related to gravity, and it

has a scale of the order of the Plank mass 1019 GeV.
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Some more considerations:
back to the potential, and the fate of the Universe

slide from
The universe seems to live R. Goncalo

near a critical condition
JHEP 1208 (2012) 098

Why?l
Explained by underlying theory?
Anthropic principle?

200 Instability

| =
% 15 I W-
o 150 o2 £
g I M =
s | > E
2 100 Stability g_
E r ”
& ] 2
=50} 2

() — e
0 50 100 150 200

Higgs mass M), in GeV
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Higgs boson and cosmology

- The mexican hat potential expanded around the vacuum state
becomes:

A A
(2W*) H* + MH® + ZH* — 70"

V =

N | =

- The last term is constant and it is irrelevant for the SM

- This term can have an impact on gravity: it define the curvature of
the vacuum.

. Experimentally this is flat, and the upper limitis:  Avac < 107%° GeV*
- The expected value for the SM Higgs is: pa > 10° GeV*
- 54 order of magnitude of differencel!ll Why?
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s the Standard Model complete”

- mmm... a lot of open question...

- Why do we observe matter and almost no antimatter, if we believe there
IS a symmetry between the two in the universe”?

- What is the “dark matter” that we can’t see, but it has visible gravitational
effect in the cosmos”?

- Are quarks and leptons actually fundamental, or made up of more
fundamental particles?

- Why are there exactly three generations of quarks and leptons?

- What is the explanation for the observed pattern for the particle masses”

no hint of new physics at the LHC vyet...
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Some more considerations:
hierarchy and naturalness

- Plank Scale - Grand Unification Scale:

- ~1019 GeV - ~10'6 GeV
- Scale at which A becomes negative : vacuum instability (with current measured miop and mp)
- ~1076 GeV
- Mass of the particles (other than Higgs): 0-100 GeV
* They should be O for gauge symmetries , with a “small” correction from the Higgs condensate

- But why the condensate is at 250 GeV

and the mass of the Higgs is at 125 GeV? @ %{% =
- > —— — — = e — —-—p—' H =

Just by chance?

3 1
m%l — m%{O — TytA2 +

Quantum correction to mg,
assuming as cut off scale Putting numbers, one gets:
due to new physics /\

A 2
(125 GeV)? = mo + [—(2TeV)? + (700 GeV)? + (500 GeV)?] ( . 0TeV>
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Some more considerations:
hierarchy and naturalness

- Plan

- Scal

- Mas

- But
and

Quantit
assum
adue to

tree
mH?2 ~ (125 GeV)?

top
(125 GeV)? = mf;o + [—(2TeV)? + (700 GeV)? + (500 GeV)?] (

Definition of naturalness: less than 90% cancellation:

At < 3TeV

loops

W/Z Higgs

(125 GeV)? = m¥y + [—(2TeV)?

+ (700

0GeV)

A
10TeV

= top partners must be “light”

+ (500 Ge

:

1OTeV
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Where is everybody?

Option 3: No new physics at the TeV
scale we need to understand better
the questions we are asking

Option I: New physics at TeV exist,
we (you) will discover it soon!

'AL ﬁ' - - Option 2: New physics exist, but just beyond the
L g reach of the LHC.

But we should start having “anomalies™
158



An example: Models with two Higgs doublets

Why just one doublet for the Higgs Sector?

It is the more economical, but no limitation to the presence of other scalar doublets.

Example: hNMSSM
(some configuration of SUSY models, with two Higgs doublets)

' : : - T e ) iAo )
* This leads to & different Higgs Bosons g 4, F /% 1 e tepen
' Yoy T
- 30 B ; 2222 ] “7 :‘-lS:;'\I'}eV,M.?fb"
. 7 ATLAS-CONF-2016-088

C P | h H ' Z// 3 Ho ZZ— 4llivy
N . | s _ \s=13TeV, 36.1 fb"
even (scalar): h, 20 7
' / gg— A— Zh
. \s=13TeV,36.1 b
ATLAS-CONF-2017-055
—mm o

Vs=13TeV, 13.21b"

+ CP odd (pseudoscalar): A 10

ATLAS-CONF-2016-089
/] H> WW- Iviv
Vs =13TeV, 36.1 fo™
arXiv:1710.01123 [hep-ex]
Sy @ H— hh— 4b,
Y77/ —— Observed — bb yy/1,
LSS E ted — WWyy
=== EXpecte ] Vs=8TeV,203 b
Phys. Rev. D92, 092004 (2015)
11 H->hh—>bbyy
Ys=13TeV,3.2"
ATLAS-CONF-2016-004
o4 h couplings [k, Kk, k4]
Ys=7and8TeV, 25 fb"
7 P . P W s . | T T A JHEP 11 (2015) 206

. 1 Sy
- We can search these new particles... 200 250 300 350 400 450 500

C
------
<X

- Charged : H+ H-

w P

- ...or we can check if they leave some anomaly in the couplings of the boson we observed...
159



Back to the future

some advertisement :)

CGLLIDERS

September1 s 215, 2018
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The reach of the LHC
Energy

1

13 TeV(

Analysed | 5lX 1015

(} 3.5-15x10fp collisions
collisions

R&D KJ ?ZelOM H bosons Data

new ideas

NOTE: Higgs Discovery
0.2M bosons H produced 161



Future colliders

PP

27 km 7,8,13,14 TeV

LHC
(2010 - 2023)
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Future colliders

HL-LHC = same energy, but collision rate 2+3 time higher

PP

27 km 14 TeV

HL-LHC
(2026-2035)
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Future colliders

HE-LHC = 2 times the center of mass energy!?

pp
27 km ~30 TeV

HE-LHC
()

|64



Future colliders
FCC-ee (?) 90-350 GeV
=*> FCC-hh (?) 100

100 km

CepC (2028 ?) 240 Gev
= SppC (2042 ?) 70 Te

LHC (2026—-2035)

14 TeV
33 TeV
CLIC (?) 380 Gev - 3 Tev muon collider (?) 125 Gev
48 km Il km
31 km
50 km

165 ILC (?) 250-500 GeV



European Strategy Update 2019/20:

Crucial years to plan the future machines

|deas for new Future Colliders

L[ab-1] @ |/s[GeV] L[ab-1] @ |/s[TeV]

: Total L[ab-1]
Segm e at /s>240 #years e
ata taking GeV events
~240  350-380 500 : 3 714 27 70 e
LHC pp 2010 2023 0.3 0.3 13 15M
HL-
e PP 2026 2035 3 3 ~10  150M
CepC ee 20287 20387 5 5 ~10 iM
ILC ee 20307 20507 2 0.2 4 6.2 ~20  1.6M
CLIC ee 20357  2055? 0.5 15 3 4 ~20 1.5-2M
FCC=" e 20397 20552 |150| 5 2 13 ~15  1-2M
pp  2040?  2060? >10 >10 ~20 1B
20437
PP (FCC.ce?) 20637 40 40 ~25  40B
pp 20457 20607 30 30 ~10-15 30B
LHC—=HL-LHC: 10 times more H (50-100x analysed data)
HL-LHC—=HE-LHC: ~10 times more H (500-1000x analysed data)
166

HE-LHC—=FCC-hh: ~40 times more H (20000-40000x analysed data)



Sackup
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Going beyond the SM
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Direct Searches

BSM:

Direct searches of new physics
gave non positive results so far

Some examples

Supersymmetry
(MSSM)

Top-partners
Composite Higgs
Extra-dimensions
Excited Quark

Selected CMS SUSY Results* - SMS Interpretatio ICHEP '16 - Moriond '17

Gluino

9
§ Ay %,) < aa Wy,
1§~ aalr7y) - aa W)

CMS Preliminary
(s =13TeV

L=129fb"'L=35.91fb"

Squark

o

g

2

3 For decays with intermediate mass,

:Ei [ Imlmermedime = i( mMmher-'-(‘I -IX) r.nLSP |

1200 1400 1600 1800 2000
Mass Scale [GeV]
ATLAS Preliminary

JLdt=(32-37.0)fb" Vs=8,13TeV

ATLAS-CONF-2017-060

1703.09217
1606.02265
1512.02586

82TeV.  n- 6, My~ 3ToV,rot BH
9.55TeV[l] » - 6. Mo ~ 3 TeV, rot BH

/Mgy = 1.0 ATLAS-CONF-2017-081

132 Ine.;‘_n BAM ) w1 ATLAS-CONF-2016-104
36.1 Z' mass 4.5TeV ATLAS-CONF-2017-027 i
- - 36.1 2" mass 24TeV ATLAS-CONF-2017-050
- 2b - 32 | 2'mass 15988V I 1603.08791 s
Tep z1b 2102 Yes 32 |Ztmass 0TeV Tim=3% ATLAS-CONF-2016014 X
lepu - Yes 361 W' mass. 5.1 TeV I 1706.04786 y
gmodelB  Oe.pu 24 - 36.7 V' mass 35TeV &y =3 CERN-EP-2017-147

Examples: models with
iQuantum Black Holes
lexcluded up to masses '.
lof the BH ~ 10 TeV

y o Sy et v o0 E Remibeiagr)
O Mutticharged particles - - - 203 DY production, il = 5e 1504.04188
Magnetic moncpoles - - - 70 .mpcmmn &1 = 1g0.5pin 1/2 1509.08059

1

1TeW TeV-



An example: Models with two Higgs doublets

Another possible benchmark with two Higgs doublets

Deviations in couplings

up to 10% 2 Higgs doublet
@)

I
a pOSSIb|e BSI\/I benchmark

We can expect
deviations, even if we
do not see directly the
new particles

Peskin @ ICFA2017

Coupling deviations from SM [%]

Higgs sector is new, and weird.... we must do our
best to measure all the properties In the best way we
can




Enerqgy, intensity, and accuracy frontiers

R. Torre HL/HE LHC workshop

~ 0.3 ab~!/y

luminosity per IP/(10**em—=-s™")

102'5
IO"E

lO”g

107"~
10!

Intensity frontier

—&— CEPC 50 kmé&single ring
—8— CEPC 50 km&double ring
—&— CEPC 100 kmé&single ring
-¥- CEPC 100 kmé&double ring
'\Q/( - FCC-ee 100 km&double ring
—4— LHC 26.7 km

—— HL-LHC 26.7 km

@ -&— HE-LHC 26.7 km

—#— FCC-hh 100 km

-2 SPPC 54.7 km

* | -e—SPPC 100 km

Energy frontier

-_

10° 10* 10°
energy/GeV

1 \ Intensity Accuracy Energy

New physics: a pictorial representation

; EFT

EFT regime breakdown

SM process
Resonance
produced
on-shell

Higher
Dimensional

Operators

Renormalizable
SM Lagrangian




High pr Higgs

1010 I T I I I I T I I I I I T I I [ [
| | | = TeV
Pr Light dots: 10° events/H final state (1=e) |  New Physics as much 0.1 %

'_ZfZZZﬁZZZZZZZZZIZZZZZZZZII:ZZZZZZZZZ‘41:ZZZIIZZZ:ZI
precision in Higgs decays

Large statistics of Higgsat =~ 10®
high p: |
108 H with p;> 1.5 TeV and

10 H with p.> 8 TeV (20 ab™1) 0

For p,> 0.8 TeV, ttH > gg—H B ~ .
For p,>1.8TeV, VBF > gg—H Dotdash: WH Tl T
104 L1 l L1 I I T B | ! -
500 1000 1500 20 ; . ; : :
prm (GeV) New physics: a pictorial representation
Background and systematics considerations T4y tensity ooy Enery

can be very different from LHC
At high p, better discriminating power
H—-bb with jet sub-structure

Test of Higgs couplings at high energy G.Giudice - ICFA2017

| EFT
i

{ EFT regime breakdown

SM process
Resonance
produced
on-shell

Higher
Dimensional

Operators

Renormalizable

—

SM Lagrangian




2 Higgs doublet

N
o

N X TF
5 g Fa possible BSM benchmark
. . N E 10 e —— ———
Higgs couplings B B :
® 2 f e :
+ LHG coupling measurements at the order of S & | EE em——
10_20% § 8_20_bblCCIQQIWWI“TlZZlYYIW
* Projections for HL-LHC: O(5%)
* based on Run1 experience (HL- LHC measurements are model dependent)
- iper-conservative?
+ ete” colliders can provide model -
Independent measurements for the Higgs é
couplings O(1%) x EHZ 2-4 0.21
2 BHW 2-5 0.43
- What can the HL/HE-LHC program say S gHb 5-7 0.64
about coupling with first and second g 8Hc - 1.0
generation? = Bhe 3.5 1.2
- If SM, Hup can be observed in HL-LHC é BHe 5.8 0.81
+ Which options for Hcc at LHC? = - 5 3.8
Direct searches” Wh asymmetries”? \
- and self-coupling? — 25 2.1
. rH 5'8% 1.5 173




Asymmetries in Higgs couplings

predicted by several BSM physics models

between lepton and quark

up/down-type fermion and
epton/quark asymmetries

between up-type and down-type fermion

Parameterise model in terms of ratios of coupling
strength modifiers

/ldu = Kd/Ku
/qu — KV/Ku
K, = K, K, /K.

/lgq — Kf/Kq
Keg = K- Kq/KH

du

Vu

uu

ATLAS and CMS @ ATLAS+CMS
LHC Run 1
- , - ATLAS
' -+ CMS
—:*— —+10
+ —+20
‘:t
+
+
? *
—*:—
»
—
' 4 A ' l ' 'S L 4 i A 'y s ' l A A 4 A l s ' A 4 l A A A s
0.5 1 1.5 2 2.5 3

Parameter value

ATLAS and CMS
LHC Run 1

I

@ ATLAS+CMS
FH-ATLAS

- CMS

= 1o interval

— 2¢ interval

2 3 4
Parameter value
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BSM BR

- What if we have new
particles in the loops”?

- Specific fit not resolving the
loops, but use effective

couplings kg and Ky

—ffective couplings and

Effective
Production Loops Interference scaling factor
- o(ggF) v t-b K
Partial decay width
7 v W Ki

Fix all tree-level Higgs couplings to SM

(Kw, Kz, Kb,Kt,KU,KT— )and Besv=0

M

1.6

0.6
 — 68°/ CL

06 0.8 1 12

1.4

1.2

0.8

I

ATLAS and CMS

| LHC Run 1

——
|:|ATLAS+CMS ]
[ JATLAS

14

16

Y5



—ffective couplings and

3SM BR (

Production Loops Interference scaling factor
. = alggP) v b .
- What if we have new , Partial decay width
particles in the loops”? 7 v =W 5
- Specific fit not resolving the ATLAS and CMS — it
‘ LHC Run 1 - ATLAS+CMS -+ ATLAS +~CMS —1f20
loops, but use effective . :
couplings kg and Ky T B =
o e :
el i ::-r_
iyl ——
il E—
e ==
| 5 [~ Bgeu=0 '
Mttt P N PPPTY PYTTY PYTYY PYTSY PYTYE PEIYY PYOVT FTEY

Parameter value
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—ffective couplings and

3SM BR (

Production Loops Interference scaling factor
. - olggF) v b .
What if we have new | Partial decay width
particles in the loops”? 7 v =W 5
Specific fit not resolving the ATLAS and CMS — it
|OOpS bu_t Use eﬁeCtlve LHC Run 1 -~ ATLAS+CMS -+ ATLAS -+ CMS — 120
couplings kg and Ky 1= = | == ==
And if the Higgs boson L == ; e
decays in some other mode ™| = i ==
we did not detect yet? al — i —
gl = =
Constrain L = =
B B;\: >0 — . [ Bggu=0 .
BBSM 2 O and BBSM .‘1....“1.,..1....'T_m. | Lasaslas [ FETTEFTETE SRR TE AR FURYE FRUTE FAUTY FAAT

| kv | <1

Parameter value
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o(gg—oH—->Z2)

0-VBF/ 0-ggF

GWH/ Ooor
0-ZHjo.ggF
O Ogr
BWW/BZZ
BY Y /B Y74
B"/B%

BP®/BZZ

Ratios of production Cross Sections and BR

ATLAS and CMS
LHC Run 1

—+—-

-o- ATLAS+CMS
-+ ATLAS
-+ CMS
—t+10
—+120
Th. uncert.

.
.
———

————

IllllilllIIIllllllllIIlIIIIlll

-1

0 1
Parameter value norm. to SM prediction

4 5

- Measuring ratios of production cross sections and BR

g; Bf

oi-Bl =0(99 > H— ZZ) - "\ gzz

. . O ggF
* No additional SM assumption on these r%easurements

-+ p-value(SM) = 16% (~10)
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o(gg—oH—->Z2)

0-VBF/ 0-ggF

GWH/ GggF
Oz Ogqr
0-ttHjo-ggF
BWW/BZ
B’( Y /BZZ
B"/B%

BP®/BZZ

-1

Ratios of production Cross Sections and BR

ATLAS and CMS
LHC Run 1

-—+—

-o- ATLAS+CMS
-+ ATLAS
-+ CMS
—t10
—+20
Th. uncert.

.
.
———

————

llllIllllillllllllllllllllllllllll

0 1

Parameter value norm. to SM prediction

4 5

- Measuring ratios of production cross sections and BR

g; Bf

o B =0(g9 - H— Z27) -

. . O ggF
* No additional SM assumption on these r%easurements
-+ p-value(SM) = 16% (~10)

* OzH/OggF ~3, mainly due to ZH, H = WW
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o(gg—oH—->Z2)
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Parameter value norm. to SM prediction
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- Measuring ratios of production cross sections and BR

g; Bf

o B =0(g9 - H— Z27) -

. . O ggF
* No additional SM assumption on these r%easurements
-+ p-value(SM) = 16% (~10)
* OzH/OggF ~3, mainly due to ZH, H = WW

" OtH/OggF ~30 excess with respect to SM

due to ttH, H — muilti lepton: WW/tT/(Z2)
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Parameter value norm. to SM prediction

SR

Measuring ratios of production cross sections and BR

i B/
O ggF
No additional SM assumption on thesegr%easurements

p-value(SM) = 16% (~10)
OzH/OggF ~3, mainly due to ZH, H = WW

OttH/OggF ~30 excess with respect to SM
due to ttH, H — muilti lepton: WW/tT/(Z2)

< 10—

High ZH, H = WW S o The Ry O SRR

High ttH, H = multilept | sWemece:

Low ZH, H = bb

contribute to... £ 3

4F ! .

Bbb/Bzz: A /. ;
deficit ~ 2.50 NS e

with respect to SM -

B"°/B% norm. to SM prediction
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% ATLAS and CMS - ATLAS+CMS
' LHC Run 1 -+ ATLAS
Signal strengths at the end of > o
O 98 ——— — 120
D ggF e
2 l‘j'VBF _—_,—__:-___
. N T
Measurements of signal strengths p for each oM —
production mode and for each decay mode by g T
fixing the relative B or the oi to the SM prediction. 3 il —
AN u .
miga®) = LK) )} 3w (oAl el B} << —
! ol
Production process Measured significance (o) Expected significance (o) R A IR TR T T
. -1-050 05 1 16 2 25 3 35 4
VBEF 4.6 (D Parameter value
WH 2.7
>< ATLAS and CMS -®- ATLAS+CMS
Z H 29 - LHC Run 1 -+ ATLAS
v 52 S F oo
ttH 2.0 O ——— i
Decay channel % u
H—-T1r 5.5 5.0 O wZ “——
H — bb 3.7 ol =
=S w ;__t_
+ By fixing all the Bf and oi to the SM prediiction, @D T
. . Q) u e
and allowing for only one global signal strength, <& L T
one gets: S ——
u=109°815 = 10978 (ota) 63 exp) 83 (b’ 0F; ahsig), B TR

182



2hysics backgrounds at hadron colliders

ey SMiER | SSC LHC experiments need to be able to
- . l & I select every second the O(200) most
- 9., | Siaey interesting events out of 109 collisions
- 0 that took place
1mb — é\\ : e
B _ RS | ets
B ' 10]orders of
Tub- i miagnitude
L -l | |
——— -
e high-pr jets
1nb |- \
ey s cev Tep” 4SS N\ W production
1pb — = ob ev = : \
e H production
O.OIO1 0.61 0.1 1.(.) 10l 10
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Verifying the SM,

September 2017

Preparing the ground for a discovery

CMS Preliminary

, © [pb]

‘ l.l‘l'llﬂl_l-l-”\"h o

More favorables

m 7 TeV CMS measurement (L <5.0 fb™)

@ 8 TeV CMS measurement (L < 19.6 fb)

8 13 TeV CMS measurement (L < 35.9 fb™

- Theory prediction

4 & Z. CMS 95%CL limits at 7, 8 and 13 TeV

|

E |

Wrtop

mere than 25 m|I|on| |n 20I6/7—§

TS

— — — N
o o o o
N w o [,

10 H

Production Cross Section

~ Production Probability

I v Iess than 250 |n 20I6/73
Z .WY.ZY 7' 77 'EW EW 'YY—)'EW 'EW 'Ew 'EW 1

qqW qaZ WW qqWyssWW qaZy qqZZIWVY 2yv§ M t ot m t,.
EW: W-lv, Z-ll, I=e,n

"ty 'tzq tw ' tZ ' titt ggH'VBl_'T'VH ttH ' HH '

All results at http://cern. ch/go/pNj7 Th. Ac,,in exp. Ac
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Combination of the results

* po: probability that the data could come from a model with no Higgs boson.
» Very high standards:
Evidence benchmark = p,= 0.00135 (3 Gaussian standard deviations)

Discovery benchmark = p,= 2.6 x 107 (56 Gaussian standard deviations)
{s=7TeV,L=51f" {s=8TeV,L=53 "

QO ||||||||||llllllllll|||I||||I||||I|||| m 1' L) LI Illlllllllllllllllla,b
=
= E ATLAS 2011-2012  _ = 101% i
S $=7TeV: |Ldt=46-48 10" en EXD. > 10—2E \
(5=8TeV: [Ldt=5859 fb" M +o 03 30
)

L i S iefeietefefei=t= L-\eteteteieieieifefeieteieiefeietefetetetetetetetefeteieteisjeiefeetefuietuiutetetetefeiefeieieiep Oo (] E \
07 T T e e 2 10 3 107 40
e A % —10° E ----------- \/ j
107 [ERRRRRRRRR R - - - - - - - - =~ === === ne e e nen e e g % 6
10-4 ..'u 10 Q.‘ ~ 50

10-5 --------------------- '-s:‘ ----------------------------------------- 40 107 ..'..

10°® 10° T

e S O 90 60

10°® N = Combined obs.

11 R = SUSRR § £ ‘.~.:‘ ........................ 60 10‘10 = = =: Expected for SM H 3

10°"° ‘.\ 1 0_11 — (s =T7 TeV :

10-" =1 1 1 1 l L L1l l Ll 11 I Ll 11 I L1 11 I 1 l‘.l“l I 111 I L1113 10‘12 - Tli_l 1 8|T1ev1 1111111111111111111 -370

110 115 120 125 130 135 140 145 150 116 118 120 122 124 126 128 130
m, [GeV] m,, (GeV)
5.9 s.d. at my=126.5 GeV 5.0 s.d. at my=125.5 GeV

(The analysis of more data since July 4, 2012 has further strengthened the significance) 185



Sum of Weights / 2.5 GeV

b

H—WW* = ¢viv
H — 711

H — bb

H— Z7* — 4/
H — 7y

. [arXiv:1804.03682]
(multi-leptons) [Phys. Rev. D 97 (2018) 072016]
N N TR L VL S L S E A SR CMS 35.9 fb (13 TeV) . CMS 35.9 b (13 TeV)
E— # Data ATLAs —E -.g . Qbsgrved DRare+tH :g T |S|L|( |6|lts| |4b|tl T I)I 1T I 7177 I I.l T I 1 I:
e Continuum Background \s =13 TeV,79.8fb" ] o B tiH (3=1.23) Y Misid. leptons i~ . =0jets, =3b1ags) o Data [signal ]
" ---- Total Background m, = 125.00 GeV ] > [tz Uncertainty 10 10 EH “C;fje [ i I tivco e
e Signal + Background  All categories = w -m+t§gw 2lss :ch ost-iit -tt+b_ B ti+2b ]
- In(1+S/B) weighted sum ] ERWZ + uu 'LI>J 3 M ti+bb [ Single t .y
= - [arXiv:1803.05485] : 10 Mv+ets  [Jti+v E
E_ |arX!v:1806.0Q42§|_§ Phvs.Rev.D.97(201 E [l Diboson  [*\] Uncertainty E
- [arXiv:1804.02716] : : 107 -
3 $ 4 P o i 10
B e e e e e e — \‘—_w*\ '
OV T o0 ko LI, ¢ 1
NN 4.10 280 exp)] |
S5 ost 4.10 (2.80 exp.)| '
Bl OU.oF 1
ATLAS 4.10 (3.70 exp.) | (80fb-!) 8 o — & e
sl -0.5E -
ICMSI40‘(I50ex )I | R ‘g 05
* * P. 2 4 6 Q L1 1 1 | L1 1 1 L1 1 1
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Object Resolution
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