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Mass

m We have an idea what a (rest) mass is
m Gives rise to inertia F' = ma

m Leads to gravitational attraction

m Is equivalent to energy E = mc?
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Mass

m We have an idea what a (rest) mass is
m Gives rise to inertia F' = ma

m Leads to gravitational attraction

m Is equivalent to energy F = mc?

m Where does our mass come from?
m >99.9% of the mass of an atom is in nuclei
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Mass

m We have an idea what a (rest) mass is
m Gives rise to inertia F' = ma

m Leads to gravitational attraction

m Is equivalent to energy F = mc?
m Where does our mass come from?

m >99.9% of the mass of an atom is in nuclei

m Mass of nucleus slightly less than proton +
neutron mass (binding energy)
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Mass

m We have an idea what a (rest) mass is
m Gives rise to inertia F' = ma

m Leads to gravitational attraction

m Is equivalent to energy F = mc?

m Where does our mass come from?
m >99.9% of the mass of an atom is in nuclei

m Mass of nucleus slightly less than proton +
neutron mass (binding energy)

m Most of the mass of a nucleons (= 1 GeV) is
generated “dynamically” in the strong
interaction (this is non-trivial)
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Mass

m We have an idea what a (rest) mass is
m Gives rise to inertia F' = ma

m Leads to gravitational attraction

m Is equivalent to energy F = mc?

m Where does our mass come from?
m >99.9% of the mass of an atom is in nuclei

m Mass of nucleus slightly less than proton +
neutron mass (binding energy)

m Most of the mass of a nucleons (= 1 GeV) is
generated “dynamically” in the strong
interaction (this is non-trivial)

m Rest mass of quarks only few MeV
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m Elementary particle mass small but
crucial, without it
m Electrons would fly away
(Tatom X 1/me)

m Protons would decay (m, = m,)
m Weak force wouldn't be weak

short-ranged (r ~ 1— ~ 1078 m)

m So where does it come from?
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Origin of elementary
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m In the Standard Model, particle masses are introduced by electroweak
symmetry breaking, using the Higgs Mechanism
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m In the Standard Model, particle masses are introduced by electroweak
symmetry breaking, using the Higgs Mechanism

m Will discuss a few things in more detail
= Why do we need a field to “give mass"?

m What is a (quantum) field?
m How can it give particles mass?
m How is it related to “electroweak symmetry breaking"?

m How do we know it's there?
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m Really would like to have a gauge theory of interactions
m Elegant

m Analogue to EM force

m Renormalizable (one can get rid of infinities)
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m Really would like to have a gauge theory of interactions
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= Analogue to EM force

m Renormalizable (one can get rid of infinities)

m But gauge theories give massless bosons
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m Really would like to have a gauge theory of interactions
m Elegant

= Analogue to EM force
m Renormalizable (one can get rid of infinities)
m But gauge theories give massless bosons

m If we ignore this and add mass “by hand”: infinite cross-section for
boson scattering (see lecture Ulla Blumenschein)
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Really would like to have a gauge theory of interactions

m Elegant
= Analogue to EM force

m Renormalizable (one can get rid of infinities)

But gauge theories give massless bosons

m If we ignore this and add mass “by hand”: infinite cross-section for
boson scattering (see lecture Ulla Blumenschein)

m And fermion mass also not compatible with SM gauge symmetry...
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Really would like to have a gauge theory of interactions

m Elegant
= Analogue to EM force

m Renormalizable (one can get rid of infinities)

But gauge theories give massless bosons

m If we ignore this and add mass “by hand”: infinite cross-section for
boson scattering (see lecture Ulla Blumenschein)

m And fermion mass also not compatible with SM gauge symmetry...

The Higgs mechanism allows us to “work around” these issues
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Fields, potential, and mass
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m Will recap first
m What is a field

m What is the potential of a field

m For that, | brought you the infinite spring model
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Infinite spring model
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&

m Position x, time ¢, displacement ¢(x, )
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&

m Position x, time ¢, displacement ¢(x, )

m Mass M , coupling to neighbor k1,
individual coupling ko

Joranes GUTENBERG IG‘U
- 1,77 UNIVERSITAT vanz - [



&

m Position x, time ¢, displacement ¢(x, )

m Mass M , coupling to neighbor k1,
individual coupling ko

= Kinetic energy: %M(_a¢(g’;7t))2
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&

m Position x, time ¢, displacement ¢(x, )

m Mass M , coupling to neighbor k1,
individual coupling ko

= Kinetic energy: %M(%P
m Potential energy:

Vo= Lk (28502 1 Th0(x, 1)
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Some simple algebra

. _ 1 a¢(x7 t) 2 L 8¢(Xa t) 2 _ 1 2
Lsprmgs = 2M( ot ) le( Ox ) 2k2¢(x, t)
T v

sorannes GUTENBERG IG‘U
July 18, 2023 1277 UNIVERSITAT varz [



Some simple algebra

. _ 1 a¢(x7 t) 2 - 8¢(Xa t) 2 _ 1 2
Lsprmgs = QM( ot ) 2 1( Ox ) 2k2¢(x, t)

T v
m Replace M, k1, ko with ¢, h, m
o] it 0 St 2
o 3B () — () — et 1)
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Towards a relativistic Lagran—

Some simple algebra

. _ 1 a¢(xv t) 2 - 8¢(Xa t) 2 _ 1 2
Lsprmgs = QM( ot ) 2 1( Ox ) 2k2¢(x, t)

T -V

n Replace M, ki1, ko with ¢, h, m
0o (%, 0o(x, 2
& 5 (P — (PR — 3m? 67 (x )

X

] Four—vector notation and c =1, h = 1:

Ly = 5(0u$(2))(0"¢()) — 3m*¢*(x)
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Towards a relativistic Lagrangi_

Some simple algebra

. _ 1 a¢(x7 t) 2 _1 8¢(Xa t) 2 _ 1 2
Lsprmgs = §M( ot ) le( Ox ) 2k2¢(X, t)

T -V

m Replace M, k1, ko with ¢, h m

o 3H (R - (R - g aetx )

m Four-vector notation and c =1, A = 1:
Ly = 3(0u9(2))(0#¢(x)) — 3m*¢* (z)
] Lagrang|an for relativistic wave equation (Klein—Gordon equation)
Ly = 5(9ué(2)) (06 (x)) — 3m*¢* (x)

m m? corresponds to individual spring coupling k2 (not M) — related to

potential energy from absolute displacement of ¢
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Klein—Gordon equation

Bonus: let’s solve the field equation

L
3 =0

m With Euler-Lagrange equation: 0 (a(a ¢))
L = $0,¢(2)0"p(x) — m?¢(x)>
= 0,00 +m*p =0

= Expand: (i%)%ﬁ = ((—=iV)2 + m?)¢ + E? = p?c® + m?c*

m Take away: solutions of Klein—Gordon equation obey dispersion
relation E? = p%c? + m2¢!

10 GUTENBERG IG‘U
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m Nature is described by quantum field theory (QFT)
m In QFT: particles discrete excitations of field

m Energy of particles: E? = p? + m? (m? from quadr. potential term)

® m is minimum energy cost for

particle creation . ‘P B

m Photons can be generated - ;,W
with arbitrarily low energy .

(e.g. radio waves) v .

v=3 jhe

m Electrons: need to pay at s She

least 511 keV . "

m Reminiscent of minimum energy v=0 s
required to excite QM harmonic - -2 ’ 2 !

oscillator
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Gauge theories
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m Now we have an idea of mass in QFT — let's
see why this is a problem for gauge theories
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m Now we have an idea of mass in QFT — let's
see why this is a problem for gauge theories

m Let's look at complex field
¢ = %@51 + i¢y) with real fields ¢;
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m Now we have an idea of mass in QFT — let’s
see why this is a problem for gauge theories

m Let's look at complex field
¢ = \/Li(qﬁl + i¢2) with real fields ¢;

m Lagrangian:
Ly = (09" (2))(0"(2)) — m*¢*(x)p(x)

m Describes — for now — two independent degrees
of freedom (Lg = Ly, + Ly,)
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m Now we have an idea of mass in QFT — let’s
see why this is a problem for gauge theories

m Let's look at complex field
¢ = \/Li(qﬁl + i¢2) with real fields ¢;

m Lagrangian: "
Ly = (0u9"(2))(0"p(2)) — m*¢* () d(x) Tcory

m Describes — for now — two independent degrees
of freedom (Lg = Ly, + Ly,)

e'?=cos ¢ +ising

m “U(1)" Symmetry: ¢(x) — e™“¢(x) leaves
Lagrangian invariant
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m Now we have an idea of mass in QFT — let’s
see why this is a problem for gauge theories

m Let's look at complex field
¢ = \/Li(qﬁl + i¢y) with real fields ¢;

m Lagrangian:
Ly = (0,6"(2))(96(x)) — m?* (z)(x)

m Describes — for now — two independent degrees
of freedom (Lg = Ly, + Ly,)

m “U(1)" Symmetry: ¢(x) — e™“¢(x) leaves
Lagrangian invariant

m Conserved current — according to Noether’s
theorem — turns out to be electric charge
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Local symmetry

m Recipe to introduce interaction: demand local symmetry!
m Why? Will spit out a nice theory that describes nature.

m We want ¢(z) — €@ ¢ (x)

m Issue: extra term with i0,c(x) arises from derivative
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m Recipe to introduce interaction: demand local symmetry!
m Why? Will spit out a nice theory that describes nature.

m We want ¢(z) — €@ ¢ (x)
m Issue: extra term with i0,c(x) arises from derivative
m Solution: covariant derivative D, = 0, + igA,(z)
m Lagrangian becomes: Ly = (D, ¢(z))* (D ¢(z)) — m*¢*(z)¢(x)

m Restores gauge invariance with: A, (z) = A, (x) — %aﬂa(x)
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m Recipe to introduce interaction: demand local symmetry!
m Why? Will spit out a nice theory that describes nature.

m We want ¢(z) — @) p(x)
m Issue: extra term with i0,c(x) arises from derivative
m Solution: covariant derivative D, = 0, + igA,(z)
m Lagrangian becomes: Ly = (D, ¢(z))* (D ¢(z)) — m*¢*(z)¢(x)

m Restores gauge invariance with: A, (z) = A, (x) — éaﬂa(x)

m Au(z): a field, a Lorentz Reminder: gauge invariance of AX
vector, with gauge

invariance... it's the EM potential: A* = ((]5}37 A)
electromagnetic potential s E= _—Vépr — B=V x A
"= (65, A) b

I¢E—>¢E—a—ta,A—>A+Va
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QED

Lagrangian for a vector field
Ly=-3FwE,, —1M24, A0

m First part: EM field strength tensor F},, = 0,4, — 0, A,
invariant under A, (z) = A,(z) — Ouo(x)

m Second part awkward... this breaks gauge symmetry again

m Conclude particle is massless — just like the photon!

soraes GUTENBERG IG‘U
July 18, 2023 18 /77 Utiversiare |



QED

Lagrangian for a vector field
Ly=-3FwE,, —1M24, A0
m First part: EM field strength tensor F},, = 0,4, — 0, A,
invariant under A, (z) = A,(z) — Ouo(x)

m Second part awkward... this breaks gauge symmetry again

m Conclude particle is massless — just like the photon!

m Constructed QED for charged spin zero particle:

L=Ls+La=—3F"Fy +(Dud(2))*(DF¢(x)) — m*¢(z)*¢(z)
m Massless gauge field, massive scalar

m Fields are coupled through covariant derivative
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QED

Lagrangian for a vector field
Ly=-3FwE,, —1M24, A0
m First part: EM field strength tensor F},, = 0,4, — 0, A,
invariant under A, (z) = A,(z) — Ouo(x)

m Second part awkward... this breaks gauge symmetry again

m Conclude particle is massless — just like the photon!

m Constructed QED for charged spin zero particle:
L=Ls+La=—3F"Fy +(Dud(2))*(DF¢(x)) — m*¢(z)*¢(z)
m Massless gauge field, massive scalar
m Fields are coupled through covariant derivative
m How to get a massive gauge field?

NE: (i’U!H\JL{H‘{(;V
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Symmetry Breaking
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m Let's try modifying the Lagrangian of the
scalar (to make the gauge field massive...)

Ly = (Dug)*(D"¢) — m*¢*¢

V(o)
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m Let's try modifying the Lagrangian of the
scalar (to make the gauge field massive...)
Ly = (Duo)"(D*¢) — m*¢*¢

m Can we switch the sign of m?

m Just some parameter, why not

V(®)
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m Let's try modifying the Lagrangian of the
scalar (to make the gauge field massive...)
Ly = (Duo)*(D"¢) — p?¢*¢

m Can we switch the sign of m?

m Just some parameter, why not

V(@)

m Let's call it p? (with p? < 0)
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m Let's try modifying the Lagrangian of the
scalar (to make the gauge field massive...)
Ly = (Duo)*(D"¢) — p?¢*¢

m Can we switch the sign of m?

m Just some parameter, why not

V(@)

m Let's call it p? (with p? < 0)

m But potential energy will not be bound...
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m Let's try modifying the Lagrangian of the
scalar (to make the gauge field massive...)
Ly = (Dug)*(DF¢) — 129" d — M¢*¢)?

m Can we switch the sign of m?

m Just some parameter, why not

m Let's call it p? (with p? < 0)

m But potential energy will not be bound...

m Add extra term \(¢*¢)?, too (a
four-boson “self-coupling™)
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Mexican hat potential

m Let's try modifying the Lagrangian of the
scalar (to make the gauge field massive...)
Ly = (Dug)*(DF¢) — 129" d — M¢*¢)?

m Can we switch the sign of m?

m Just some parameter, why not

m Let's call it p? (with u? < 0)

m But potential energy will not be bound...

m Add extra term \(¢*¢)?, too (a
four-boson “self-coupling™)

m Why these terms? Because we can: Gauge symmetry (v'), Lorentz
invariance (v'), energy dimension of L is 4 (v')

m Great feature of QFTs: greatly restrict our ability to add extra terms
in a fundamental theory — this is one of the few we can add
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m Again instructive to look at the infinite spring model

m Equivalent potential: V' = %kl(a‘g—(;)f + $ko¢? (2) + k3o (2)
m ko < 0: weird spring that pushes stronger the more you pull it

m k3 > 0: will catch it at some point
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m Again instructive to look at the infinite spring model

m Equivalent potential: V' = %kl(a‘g—(;)f + $ko¢? (2) + k3o (2)
m ko < 0: weird spring that pushes stronger the more you pull it

m k3 > 0: will catch it at some point
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m Equivalent potential: V' = %kl(a‘g—(;)f + $ko¢? (2) + k3o (2)
m ko < 0: weird spring that pushes stronger the more you pull it

m k3 > 0: will catch it at some point

sonanes GUTENBERG ]G‘U
July 18,2023 21/ 77 AIIVESLO



m Again instructive to look at the infinite spring model

m Equivalent potential: V' = %kl(a‘g—(;)f + $ko¢? (2) + k3o (2)
m ko < 0: weird spring that pushes stronger the more you pull it

m k3 > 0: will catch it at some point

sonanes GUTENBERG ]G‘U
July 18,2023 21/ 77 AIIVESLO



m Again instructive to look at the infinite spring model
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m Again instructive to look at the infinite spring model

m Equivalent potential: V' = %kl(a‘g—(;)f + $ko¢? (2) + k3o (2)
m ko < 0: weird spring that pushes stronger the more you pull it

m k3 > 0: will catch it at some point
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Symmetry breaking... fo

=
s
>

m Bouncing around one minimum at v,
spontaneously breaking 4+ symmetry

u
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m Bouncing around one minimum at v,
spontaneously breaking 4+ symmetry

m Coordinate transformation makes physics
more intuitive: ¢(x) = v + ¢'(z)
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m Bouncing around one minimum at v,
spontaneously breaking 4+ symmetry

Vi)

m Coordinate transformation makes physics
more intuitive: ¢(x) = v + ¢'(z)

~
~

m Can approximate potential by V(¢/(z
6 HEGE? +3(4(@) +0((¢ (=)

W ~—
~—
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m Back to our complex scalar field

V(g(x)) = 12(x)*¢(x) + A(¢")?

m Complex potential with U(1)
symmetry = circle of minima A V(@)

e(d)

)
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m Back to our complex scalar field

V(g(x)) = 12(x)*¢(x) + A(¢")?

m Complex potential with U(1)
symmetry = circle of minima

m At low temperatures (e.g. our
universe after 10732 s):
field gets vacuum expectation
value (“vev") everywhere (with
fixed but arbitrary phase),
breaking symmetry

)

July 18, 2023

A V(@)

e(d)
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m Back to our complex scalar field

V(g(x)) = 12(x)*¢(x) + A(¢")?

m Complex potential with U(1)

symmetry = circle of minima A V(@)

m At low temperatures (e.g. our
universe after 10732 s):
field gets vacuum expectation
value (“vev") everywhere (with
fixed but arbitrary phase), b1
breaking symmetry

e(®)

m Expand field around minimum in >
terms of two real fields: fn(d))

¢(x) = 50+ ¢1(2) + ig(2))
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m To first order
$(x) = 5(v+¢1(z)+ige()) ~ AV®
3o+ heon

e(®)

)
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m To first order:
$(x) = 5(v+¢1(z)+ige()) ~
J5(0 -+ hz))e "

m We will see, this gives a massive
boson h (feels potential)

A V(@)

e(®)

)
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m To first order:
$(x) = 5(v+¢1(z)+ige()) ~
150+ H e v

m We will see, this gives a massive
boson h (feels potential)

m Massless boson £?7 — would-be
Goldstone boson

e(®)

)
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The would-be Goldstone bo_

m To first order:
$(x) = 5(v+¢1(z)+ige()) ~
L0+ h(z))eis@)"

m We will see, this gives a massive
boson h (feels potential)

m Massless boson £7 — would-be
Goldstone boson

m Remove massless boson
everywhere by choosing gauge

p(x) = p(x)e @/ S

m No Goldstone boson, no {n((b)
(apparent) U(1) symmetry:
H(x) = (0 + h())

_ July 18, 2023

A V(@)

e(®)
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m Start out with scalar QED Lagrangian:
L= —3F"Fu + (Do) (D*¢) — V(9)
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m Start out with scalar QED Lagrangian:
L= _[llFl“/F[,LV + (Du¢)*(DM¢) - V(¢)

= 3P F + 5[0 + igA) (0 + D[ - igAM) (v + )] — V(6)
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m Start out with scalar QED Lagrangian:
L= __FILVF[,LV + ( M¢)*(Dﬂ¢) - V(¢)
— " Fu + 5[0+ igAp) (v + ][0 — igA") (v + h)] = V()

1 1
:_ZFNVF,LU/—F gU2A AN

massive vector field M2=g2y2

-~
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m Start out with scalar QED Lagrangian:
L= __FILVF[,LV + ( M¢)*(Dﬂ¢) - V(¢)
— 3" Fuy + 5[0+ igAu) (v + W)][(0F — igA¥) (v + h)] = V(9)

1 1
:_ZFNVFIL“/—F gU2A AN

massive vector field M2=g2y2

1
+ g2th”A“ + §g2h2AMA“

-~

interactions
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m Start out with scalar QED Lagrangian:
L= __FILVF[,LV + ( M¢)*(Dﬂ¢) - V(¢)

— " Fu + 5[0+ igAp) (v + ][0 — igA") (v + h)] = V()

1 1
:_ZFNVFIL“/—F gU2A AN

massive vector field M2=g2y2

1
+ g vh A, A + D gthtA, AN

-~

interactions

+ terms without A,
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m Start out with scalar QED Lagrangian:
L= __FIWFMV + ( M¢)*(Dﬂ¢) - V(¢)
— 3" Fuy + 5[0+ igAu) (v + W)][(0F — igA¥) (v + h)] = V(9)

1 1
:—ZFNVFuy—i— gU2A AN

massive vector field M2=g2y2

1
+ g2th”A“ + §g2h2AMA“

-~

interactions

+ terms without A,

m After symmetry breaking: massive vector field, M4 = g%v?!
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m Start out with scalar QED Lagrangian:
L= __FIUJF[,LV + ( M¢)*(Dﬂ¢) - V(¢)
—le " + 51[(3u +igAu) (v + h)][(O" —igA")(v + h)] = V(9)
= — Z_LFWFW + 5920214#14”
massive vecto:geld M2=g2y2

1
+ g2thﬂA“ + §g2h2AMA“

interactions

+ terms without A,
m After symmetry breaking: massive vector field, M4 = g%v?!

m Interacts with h proportional to mass, gyaa = g%v = %
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m Start out with scalar QED Lagrangian:
L = __FIUJF,LLV + ( M¢)*(D”¢) - V(¢)
_ZlF " Fuw + gl[(f% +igAu) (v + h)][(0" —igA¥)(v + h)] = V(¢)
= — ZFWF’“’ + 5921}214#14“

-~

massive vector field M2=g2y2

1
+ g vh A, A + D gthtA, AN

interactions

+ terms without A,

m After symmetry breaking: massive vector field, M4 = g%v?!
. . 2 . M
m Interacts with & proportional to mass, gyaa = g“v = =4

m Massive vector field: 3 polarizations — degrees of freedom conserved
(A, "eats" the Goldstone boson & and thus becomes massive)
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Taking stock

m We've just seen the Higgs mechanism in action

m Ground state “spontaneously” breaks the U(1) gauge symmetry

m Physics of the scalar field described by
m One massive scalar field h (direction up the potential)

m “Unphysical” massless scalar field — removed thanks to gauge symmetry

Gauge field gets mass, function of gauge coupling g and vacuum
epectation value v

m Gauge field couples to h proportional to mass

m SM is only slightly more complicated
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Symmetry breaking in the Standard Model
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Recall SM gauge sector:
m Electroweak symmetries: U(1)y and SU(2).

m For U € SU(2)
m UTU =1, det(U) =1

B U =e'
m 7, generators of SU(2) (a =1,2,3)

m Covariant derivative D), = 0, — iga s W — ig13Y B,
m Gives us local U(1) and SU(2) gauge freedom

m Gauge fields B, and W

m Gauge couplings g1 and go2, g1 # g2
m Hypercharge Y and weak isospin T3, Q = T3 + %Y
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m We need a scalar taking part in gauge interactions:

+
Scalar doublet & = <¢ > hypercharge Y =1

¢0
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m We need a scalar taking part in gauge interactions:

+
Scalar doublet & = ¢ , hypercharge Y =1
¢O

m Gauge invariant Lagrangian for scalar:
Ls = (D,®)(D*®) — p2®Td — \(T9)?
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m We need a scalar taking part in gauge interactions:

+
Scalar doublet & = ¢ , hypercharge Y =1
¢0

m Gauge invariant Lagrangian for scalar:
Ls = (D,®)(DH®) — p2@Td — \(DTD)2

m Again, expand around minimum with, SU(2) “rotation” and H (z):

. 0
— piba(z)T /v
2w =e (7< T H(w)))
Would-be Goldstone bosons 61, 61,03 for the three SU(2) generators
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m We need a scalar taking part in gauge interactions:
+
Scalar doublet & = (i()), hypercharge Y =1
m Gauge invariant Lagrangian for scalar:
Ls = (D,®)(DH®) — p2@Td — \(DTD)2

m Again, expand around minimum with, SU(2) “rotation” and H (z):
. 0
— piba(z)T /v
b(w) =c (%(v + H(m)))
Would-be Goldstone bosons 61,61, 03 for the three SU(2) generators

m “Gauge away” Goldstone bosons
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The Higgs in the SM

m We need a scalar taking part in gauge interactions:

+
Scalar doublet & = <¢ ) hypercharge Y =1

d)O
m Gauge invariant Lagrangian for scalar:
Ls = (D,®)(DH®) — p2@Td — \(DTD)2

m Again, expand around minimum with, SU(2) “rotation” and H (z):
. 0
— piba(z)T /v
b(w) =c (%(v + H(m)))
Would-be Goldstone bosons 61,61, 03 for the three SU(2) generators

m “Gauge away” Goldstone bosons

0
E d ®(z) = to understand physi
m Expand ®(x) (\%(v—i—H(m))) o understand physics
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The Higgs in the SM

Expanding the covariant derivative

|D,. 2|

2

. T . 1
(au - 2925‘1Wﬁ — ZgléBH)Q)

1o GUltNLhRG I(;‘U
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The Higgs in the SM

Expanding the covariant derivative

| D@2

2

. T 1
<8u — ngEaWﬁ — zgléBH)Q

1’(8 $(@WE+giB) R (WL-iW?) )( 0 )
292

2

2 (W1+1W2) O+ 5(92W3 — g1B,.) v+ H
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The Higgs in the SM

Expanding the covariant derivative

|D,. 2|

2

. T . 1
<8u - 2925‘1Wﬁ — 29153#)(1)
L 2

L 0= 5(@Wi+aB,)  —§W, —iWp) 0
=3 zg2(W1 +1W2) Ol F 5 (92W — g1B,) vt H

1
G+ H? W, +iW2? + (v+H) 02W? — 1B, 2

(3H) +3
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The Higgs in the SM

Expanding the covariant derivative

| D@2

2

. T 1
<8u — ngEaW;Z — zgl§Bﬂ)<I>

1’(3 $(@WE+giB) R (WL-iW?) )( 0 )
292

2

% (W1+1W2) O+ 5(g2W2 — 1By) v+ H

1
~(v+ H)*|g2 W, — g1 B[

1 1, ;117212
—g2(v+ H)? W, +iW;] +8(

1

m Same structure as toy model, g?v? terms create mass
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The Higgs in the SM

Expanding the covariant derivative

| D@2

2

. T 1
<8u — ngEaW;Z — zgl§Bﬂ)¢>

<a $(@WE+giB) R (WL-iW?) )( 0 )
292

1 2

2

(W1+zW2) O+ 5(@W:—aB,) )\ v+H

1
~(v+ H)*|g2 W, — g1 B[

1 1, ;117212
—g2(v+ H)? W, +iW;] +8(

1

m Same structure as toy model, g?v? terms create mass

m But what are the massive fields? Terms like 029192W3BM??
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The Higgs in the SM

Expanding the covariant derivative

| D@2

2

. T 1
<8u — ZQZEaW;Z — zgl§Bﬂ)¢>

< O — %(92W3+913u) _%(W;} _ZW;%) ) ( 0 )

1 2

2

R (WL+iW?) B+ H(geWE —giB,) )\ v+ H

1 1 ) 1
= 5 (OuH)* + 2g5(v + H)*|W, + W + 2 (v + H)*9:W,; — g1 B[
m Same structure as toy model, g?v? terms create mass
m But what are the massive fields? Terms like 029192W3BM??

. . . 1 . 2 3
m Linear combinations o Wu + ZWN and ggWu - 1 B!

JGJu
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m Get fields with well-defined mass as linear
combination of W% and B
+_ 1 1 a2
W# = %(WM F zWu)
— 92W3_ngu

i

A = 92W3+ngI—L
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m Get fields with well-defined mass as linear
combination of W% and B
+_ 1 1 a2
W# = %(W# F zWu)
3_
Z, = M = cos OWWI::’ —sinfw B,

\/92+ g2

92W +ngu

Vv g2+g?

m This corresponds to rotation with Weinberg angle
92

cos Ow =
W Vet

Ay = = cos GWW +sin 0w B,

sorsines GUTENBERG IG‘U
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m Get fields with well-defined mass as linear
combination of W% and B
+_ 1 1 a2
W# = W(Wl‘ F zWu)
— 92W3_91Bu

i

A — gQ”E‘i"ngu
lad [a2 1 2
g5+97

m This corresponds to rotation with Weinberg angle
92

cos Ow =
W Vet

m Results in Mz = %v g3+ g%, My = %vgz, and My =0

= cos OWWI::’ —sinfw B,

= cos GWWE +sin 0w B,
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m Get fields with well-defined mass as linear
combination of W% and B

+ __ 1 1 Y172
Wik = LWiEiw?)
_ 92W3_91Bu _ 3 .
Z/_L = W — COS OWWH — Sin HWB;L
9 W3i+g1B 3 .
Ay = =5~ =cosOwW; +sinw B,

Va2+g?

m This corresponds to rotation with Weinberg angle
cos By = \/T MW — can get Oy from mass and coupling!
91719

m Results in Mz = %v g3+ g2, My = %vgz, and My =0
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m Get fields with well-defined mass as linear
combination of W% and B
+_ 1 1 1172
W# = TE(W/“ F ZWM)
g2W3—q1 B .
Z, = ‘g‘%ﬁg%“ = cos OWWI::’ —sinfw B,

g2W2+g1B 3 .
Ay = =5~ =cosOwW; +sinw B,

Va2+g?

m This corresponds to rotation with Weinberg angle
cos By = \/T MW — can get Oy from mass and coupling!
91719

m Results in Mz = %v g3+ g2, My = %vgz, and My =0

m Will give us the correct couplings (e.g. A, couples to e, and eg
equally but not to vz), nice to figure out on a piece of paper...
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m We need to talk about the fermions, too
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m We need to talk about the fermions, too

m Without mass two independent fields with chirality L and R
Ly = Ly, + Lyp = Yr(IY* D) YR + Yr(iv" Dp)yL
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m We need to talk about the fermions, too

m Without mass two independent fields with chirality L and R
Ly = Ly, + Lyp = Yr(IY* D) YR + Yr(iv" Dp)yL
m Mass couples left and right: —m(¢Yrvg + Yrir)
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Left and right-handed fermions

m We need to talk about the fermions, too

m Without mass two independent fields with chirality L and R
Ly = Ly, + Ly, = Yr(17"Dyp)vr + (" Dyp)dr
m Mass couples left and right: —m(¢Yrvg + Yrir)

How to see this

m Fermions obey Dirac Lagrangian
Lp = 9(in*Dy — m)yp, § = 90

m Can choose to write v in terms of chiral spinors ) = <¢L>,

YR
1 i @3
=)= )

m 1 flips ¢z, and ¥R, 7°* doesn't

JG
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m SU(2) doublets and singlets for leptons:

er, er,
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m SU(2) doublets and singlets for leptons:

_ VL VL

m Mass terms like mcerer spoil already the global symmetry...
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m SU(2) doublets and singlets for leptons:

L= (VL) —)U(VL> , ER — €ER
er, er,
m Mass terms like mcerer spoil already the global symmetry...

m Better: write gauge invariant: L = —y.(L®e, + &,®7L)
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m SU(2) doublets and singlets for leptons:

er, er,

m Mass terms like mcerer spoil already the global symmetry...
m Better: write gauge invariant: L = —y.(L®e, + &,®7L)
m After symmetry breaking: L = —\y/—%[éL(h +v)er + er(h +v)er)]
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m SU(2) doublets and singlets for leptons:
RO
er er
m Mass terms like mcerer spoil already the global symmetry...
m Better: write gauge invariant: L = —y.(L®e, + &,®7L)
m After symmetry breaking: L = —\y/—%[éL(h +v)er + er(h +v)er)]
m Mass term — \;g(éLeR + égrer)

m Higgs-fermion “Yukawa coupling”: —%h(éLeR + égrer)

_ my
B nff =
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SU(2) doublets and singlets for leptons:

er, er,

Mass terms like meérer spoil already the global symmetry...

m Better: write gauge invariant: L = —y.(L®e, + &,®7L)

After symmetry breaking: L = —%[éL(h +v)er +er(h+v)eg]

m Mass term —\;g(éLeR—l—éReL)

m Higgs-fermion “Yukawa coupling”: —%h(éLeR + égrer)

_ my
B nff =

The Higgs mechanism can give us the fermion masses, too!
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Yukawa couplings

SU(2) doublets and singlets for leptons:

er, er,

Mass terms like meérer spoil already the global symmetry...

m Better: write gauge invariant: L = —y.(L®e, + &,®7L)

After symmetry breaking: L = —%[éL(h +v)er +er(h+v)eg]

m Mass term —\;g(éLeR—l—éReL)

m Higgs-fermion “Yukawa coupling”: —%h(éLeR + égrer)

_ my
B nff =
m The Higgs mechanism can give us the fermion masses, too!

m Slightly more complicated for quarks (as well as massive v...)
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m Vacuum expectation value v at the minimum of potential
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m Vacuum expectation value v at the minimum of potential

v from minimum of V(®)

_#2 _N2

0=Fg =222+ NP = [Blo=\/F uv=\F
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m Vacuum expectation value v at the minimum of potential

v from minimum of V(®)

_#2 _N2

0=Fg =222+ NP = [Blo=\/F uv=\F

m v determined from muon decay!
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m Vacuum expectation value v at the minimum of potential

v from minimum of V(®)

— 2 — 2
0= J =200+ B = [0lo=y/F =/

m v determined from muon decay!

1 2M
IMWZEQQW%’U:E“L
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m Vacuum expectation value v at the minimum of potential

v from minimum of V(@)
2 —p2
0= G5 — 2Bl NS = [0lo=H  v=yF

m v determined from muon decay!

Y

1 2M
IMWZEQQW%’U:E“L

4
2 9o 1
IFMO(GHO(MéVO(vQ
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m Vacuum expectation value v at the minimum of potential

v from minimum of V(®)

0= rar
m v determined from muon decay!

1 2M
IMWZEQQW%’U:E“L

4
2 9o 1
IFMO(GHO(MéVO(vz

m Turns out
= 246 GeV

\/__

0¥ =242+ 4M® = |®|p =

2

2

Y
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m Vacuum expectation value v at the minimum of potential

v from minimum of V(®)

0= rar
m v determined from muon decay!

1 2M
IMWZEQQW%’U:E“L

4
2 9o 1
'FMO(GHO(M;lVO(vZ

m Turns out
= 246 GeV

\/__

m v defines the “electroweak scale”

SM particle mass: v multiplied with dimensionless coupling

0¥ =242+ 4M® = |®|p =

2

2

Y

July 18, 2023

34 /77
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JGJu



n V(@) = 12070 + A(B1D)?

Jonanes GUTENBERG IG‘U
e 3577 UNIVERSITAT vare



= V(2) = @200 4 A(@1P)?
A

~— =~
pr=—Xv? Lpr2
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201 + A(DTD)2

nV(®)=p
= M’ H?—\H?—3H*
~ =~
/_1,2:—)\1_)2 %M2

m We can read of: M7 = 2\v?
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m V(®) = ,ﬂqﬂ@ + A(@TP)?
= M2 H?- \wH? - 3H*
~— \/
/_1,2:—)\1_)2 %M2

m We can read of: M% = 20?2

2
m Three-Higgs and four-Higgs interactions: MH and x A—/IT

NNNNNNNN GUTENBERG IG‘U
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 V(®) = ,ﬂqﬂ@ + \(@Td)?
= M’ H?—\H?—3H*
~— \/
pr=—Xv? Lpr2

m We can read of: M%I = 2\

2
m Three-Higgs and four-Higgs interactions: MH and x A—/IT

m Self-interaction only coupling requiring knowledge of My
= very hard to predict My (contrast to My, My)
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m Higgs mechanism predicts an elementary scalar field (unheard of!)
m With a vacuum expectation value (outlandish!)

m This solves a lot of issues... (maybe there is something to it...)

m But how do we “prove” it's there? Generate Higgs bosons H! This
gives us a huge number of testable hypotheses (selection):

m New particle H

m With spin zero

2 2
= Couples to bosons like gryy o< =%, ghpyy o 2
m

Couples to fermions like gp s oc ==

2

. M? M
Couples to itself gHHH X TH, gHHHH X vf

m Unfortunately, no idea about its mass...
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Quick chronology:

1962 Anderson: symmetry breaking not always with massless bosons
1964 Higgs: proposes the Higgs mechanism (relativistic variant)

1964 Brout and Englert as well as Guralnik, Hagen, Kibble: do so, too
1967 Weinberg: a model of leptons — the SM is born

1971 t Hooft and Veltman: SM is renormalizable

Only then the hunt for the Higgs boson really started...
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Search for the Higgs boson
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Higgs hunting: 70s

m An early discussion of a Higgs search in 1976

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

*
John Ellis, Mary K. Gaillard )
CERN -- Geneva

M, <07 MeV

excluded by neutron -electron scattering

M, <13 MeV

excluded by neutron - nucleus scattering

M,<18 MeV

/| excluded by nuclear 0'~0 transitions

R

% accessible in m"p~Hn at low energies ?

500 MeV <M, <1500 MeV
accessible in'moderate

energy (i) experiment 2?
7 1500 MeV< M, <4000 MeV
accessible in'pp- ()X
at high energies ??

310 10

3000 10°

and D,.,V. Nanopoulos

5

+)

m Excluding < 18 MeV

m Suggesting O(100 MeV)
searches
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Higgs hunting: 70s

m An early discussion of a Higgs search in 1976

m Not very optimistic
A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

*
John Ellis, Mary K. Gaillard ) and D.V. Nanopoulos +)

CERN -- Geneva

For my > 4 GeV the Higgs boson's production cross-section by
any mechanism we have been able to think of is minute, and it decays pre-~

dominantly to as yet conjectural 3)-5) massive new particles.

We should perhaps finish with an apology and a caution. e
tapologize to experimentalists for having no idea what is the mass of the

dliggs boson, unlike the case with charm 3)54) and for not being sure of

its couplings to other particles, except that they are probably all very
small, For these reasons@we do not want to encourage big experimental
@searches for the Higgs boson, but we do feel that people performing expe-

riments vulnerable to the Higgs boson should know how it may turn up.
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Higgs hunting: 80s

m In 1989 books are filled... e.g., Higgs cross-sections calculated for
My up to 1 TeV (at canceled SSC)

¢° Production
10? T I : |
solid: gg fusion
dashes: gg~tEH"
102 |~ dots: WN/ZZ fusion
10!
2 T e NG
R BRSNS
"
)
10- b
-z I : I |
1072 & oz [ o8 * ‘
m, (TeV)

Figure 3.32 Cross sections for ¢° production at the SSC deriving from
reactions (3.95), (3.96), and (3.97) are given as a function of the Higgs
mass for two extreme values of the top quark mass, m¢ = 40 and m: =
200 GeV. From ref. 173.
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Higgs hunting: 80s

m In 1989 books are filled... e.g., Higgs cross-sections calculated for
My up to 1 TeV (at canceled SSC)

m Much more pushy... make sure the LHC can handle high luminosity

cessible at the SSC. During the course of the SSC discussions we noted in
several places that the LHC would have great difficulty in probing either type
of Higgs sector, unless it can be designed to operate and experiments can be
fun at £ 2 10%em~?sec™! without harming the detector’s ability to study
the relevant modes.

u
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Higgs hunting: 90s

m Great decade for Higgs mass predictions

m MHomer — 7a8mp ~ 300 GeV, not too bad

JGJu
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Higgs hunting: 90s LE

m Precision measurements at LEP
(and SLD) sensitive to Higgs
trough virtual corrections

—Uly 18,2023 42 /77

e
H W
P AN t
o W Yz w
Zw e
0.022 LA
.......... 68% CL |
0.018- ]
°<f_ v
Ao
0.014- m, ]
—rT
-ee”
. u:#f
..... TT e
0.01 ' )
20.6 20.7 20.8 20.9
RO_1—‘had/1—‘
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Higgs hunting: 90s LEP,

m Precision measurements at LEP

H
(and SLD) sensitive to Higgs .
trough virtual corrections W VZ oy
. ZIW e b
m Tevatron measures my, direct 0.022 e
searches at LEP and Tevatron e 68% CL ]
s P
= *’ o 0.0181 s
" Vs=1.96 TeV
Booster 3 S e
= < v
..1p ) i Ao i
y s 0.0141 m, _
Tevatron —rr .
e ee
p source, < e S Hi
- y MainInjector |\, | Tt T
8 & Recycler 0.01 T T
S e 20.6 20.7 20.8 20.9

P

0_
Ri _Fhad/ 1“u

sowanes GUTENBERG el
July 18, 2023 42/ 77 IIIVESLE

u



Higgs hunting: after

" LI 7/ B
o ; / E

B 2 330
3 E
2 F =
s E
s 3
2 =
s 3

i 26
Theory uncertainty =
—— Fitincluding theory errors -
Fit excluding theory errors o

H10
PRI R R R

200 250 300

W, [GeV]

m Indirect constraint (combined fit of observables from LEP, SLD, and
Tevatron): 9173GeV

u
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Higgs hunting: after L

Tevatron 95% CL

a
H
o
€
]
3
@
5
K
]
<
2
S
@

--- Fit excluding theory errors 5

© 4N W B O O N ®

T
-
3}
2
in
>
o
i
=

Tevatron 95% CL

4c

»

30

— Fit including theory errors
--- Fit excluding theory errors

20

300
M, [Gev]

m Including direct searches (LEP, Tevatron, early LHC): 120fé2GeV

_ 18,2023 43 /77

1o

A AR N I

0

m Indirect constraint (combined fit of observables from LEP, SLD, and
Tevatron): 91739GeV
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Higgs hunting: after L

=)

" T g I ” T T T |
° / E o o =
9 3 F =3¢ R 2 3
i / E o o 3
Ed 3 3 3 3
8 § E I 5 ERed
£ E =} = B
7 g = E —
& E| = B
6 3 3
5 4 3
E 430
4 J20 8 E
3 Theory uncertainty = 6 4
—— Fitincluding theory errors - Theory 7
2 .- Fit excluding th = 4 SeorY i J2¢
it excluding theory errors o — Fitincluding theory errors 3
1 =R 2 --- Fit excluding theory errors {
0 P I R 0 { P R
200 250 300 100 150 200 250 300
M, [GeV] M, [GeV]

m Indirect constraint (combined fit of observables from LEP, SLD, and
Tevatron): 91739GeV

m Including direct searches (LEP, Tevatron, early LHC): 120fé2GeV

m Doesn’t mean Higgs with My ~ 120 GeV exists — it's the most likely
mass if it exists and is exactly as in the SM
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LHC

m From 2011 on, ATLAS and CMS were
finally collecting large amounts of
collision data at the LHC

m First at a centre-of-mass energy of 7
TeV, in 2012 at 8 TeV, later 13 TeV

ATLAS Detector

CMS Detector
CMS | Weignt - 14,000 tonnes:
| Diameter ~ :150m
fongth g 28Tm

Magnetic field: 3.

Steel
Retum Yoke

Eleciromagnefic
Calorimeter
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m How do we produce the Higgs in proton collisions at the LHC?

m Quarks and gluons massless — need particles that couple to proton
constituents and Higgs: weak bosons and top quark

Joranes GUTENBERG IG‘U
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Higgs production modes

#1 pp — H ("ggH" or "ggF")
m Largest cross-section —
loop-suppressed but

o Large couplings: top Yukawa and as

M

M(H)= 125 GeV -

1L

Ll 0l
LHC HIGGS XS WG 2016

6

7

10 11

o Low-mass gluon final state preferred by parton distribution function
(loads of gluons with small momentum fraction in proton)

_July 18,2023 45 /77
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g T ()= 125 Gev
tb F Er)

tb - - -H :Mji

tb 3 E

’ W
107 E

#1 pp—>H(“ggH” or “ggF”) 10_2;uu\uu\uu\uu\uu\uu\uu\uu\qu
#2 pp — qqH (vector/weak boson fusion,GVI%F/E{NI?F)10 "o 13\@1[4@\}]5

m Associated quarks generate forward and backward jets, helping to
identify Higgs events

m Sensitive to boson coupling
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#1 pp— H ("
7
#2 pp — qqH (vector/weak boson fusion, VBF

ggH" or “ggF")

#3 pp — VH (Higgs strahlung)

102

FP

M(H)-= 1

M

- QQH
/WEP”/\N'/H/;/

125 Ge

R mm\‘

Rwer)

10

m Leptons from W or Z decay important for identification in jetty LHC

environment

T NBERG

sonannes GUTE
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Higgs production

N —
M(H)= 125 GeV

M

LHC HIGGS XS WG 2016

\
°
©
V
\Rk
=\ T
xT

Ll il Ll

= ZA
?pp ppa\'.\'.\'\ i
#]‘ pp—> H (“ggH” or “ggF”) 10_2;\\\\\\\\\\\\H\HH‘HH‘HH‘HH‘HH‘HHE
6 7 8 9 10 11 12 13_14 15
#2 pp — qqH (vector/weak boson fusion, VBF /WBF) s[TeV]

#3 pp — VH (Higgs strahlung)

#4 pp — ttH (ttH)
m Spectacular but messy final state due to top quark decays
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Higgs boson branching ratios (BR; = FLH; with ot = >, T4):
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Higgs boson branching ratios (BR; = -, with I'yot = >, I):
- , Nem’ My 5}
1. 58% bb: Large rate due to b Yukawa coupling: T'yy ;7= —gL 5t

m my largest fermion mass with 2m;, < My, colour factor N, = 3 for
quarks, velocity By ~ 1

m b-quarks form short-lived b-hadrons — decays after O(cm) flight are
identified with “b-tagging” algorithms

decay

. - 2 .
primary L .
vertex - .

e/
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Higgs boson branching ratios (BR; = =+, with ['yor = >, I):
NchEMHﬁ%
8mv?

2. 21% WW™: Useful if both W's decay into leptons (5% of all cases)
m Mediated by “off-shell” W* boson with m < My

1. 58% bb: Large rate due to b Yukawa coupling: Py =

m Poor mass resolution due to invisible neutrinos

3

WA e
_H_f/f/\r\

t WI—
J A
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Higgs boson branching ratios (BR; = =+, with ['yor = >, I):
_ Nc 2M 3
1. 58% bb: Large rate due to b Yukawa coupling: Ppyr= —n;m)zﬂ

2. 21% WW™*: Useful if both W's decay into leptons (5% of all cases)

3. 8% gg: Impossible to identify due to huge backgrounds
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Higgs boson branching ratios (BR; = -, with I'yot = >, I):
- , Nem’ My 5}
1. 58% bb: Large rate due to b Yukawa coupling: T'yy ;7= —gL 5t

2. 21% WW*: Useful if both W's decay into leptons (5% of all cases)
3. 8% gg: Impossible to identify due to huge backgrounds
4

. 6% 7777 : Characteristic one-prong and three-prong decays
m Both leptonic decays (7 — ¢vyr;) and hadronic decays possible

m Always missing mass due to neutrinos — poor resolution
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Higgs boson branching ratios (BR; = -, with I'yot = >, I):
- , Nem’ My 5}
1. 58% bb: Large rate due to b Yukawa coupling: T'yy ;7= —gL 5t

2. 21% WW*: Useful if both W's decay into leptons (5% of all cases)
3. 8% gg: Impossible to identify due to huge backgrounds
4. 6% 777 : Characteristic one-prong and three-prong decays

5. 3% cc: Charmed hadrons similar to b hadrons, harder to identify
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Higgs decays

Higgs boson branching ratios (BR; = -, with I'yot = >, I):
- , Nem’ My 5}
1. 58% bb: Large rate due to b Yukawa coupling: T'yy ;7= —gL 5t

21% WWW*: Useful if both W's decay into leptons (5% of all cases)
8% gg: Impossible to identify due to huge backgrounds
6% 777 : Characteristic one-prong and three-prong decays

3% cc: Charmed hadrons similar to b hadrons, harder to identify

o o A w N

3% ZZ*: Golden channel when both Z bosons decay into leptons
m In that case, small background, can fully reconstruct mass

m Only 0.5% of all ZZ* decays (0.015% of Higgs decays)
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Higgs decays

Higgs boson branching ratios (BR; = -, with I'yot = >, I):
- , Nem’ My 5}
1. 58% bb: Large rate due to b Yukawa coupling: T'yy ;7= —gL 5t

21% WWW*: Useful if both W's decay into leptons (5% of all cases)
8% gg: Impossible to identify due to huge backgrounds

6% 77 : Characteristic one-prong and three-prong decays

3% cc: Charmed hadrons similar to b hadrons, harder to identify

3% ZZ*: Golden channel when both Z bosons decay into leptons

N o o a woN

0.2% ~~: Fairly clean signal but relatively large background
Y N

Y Y
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Higgs decays

Higgs boson branching ratios (BR; = -, with I'yot = >, I):

NCm?f MHﬁ3E
8mv?

1. 58% bb: Large rate due to b Yukawa coupling: FHﬁff_' =
21% WWW*: Useful if both W's decay into leptons (5% of all cases)
8% gg: Impossible to identify due to huge backgrounds

6% 777 : Characteristic one-prong and three-prong decays

3% cc: Charmed hadrons similar to b hadrons, harder to identify
3% ZZ*: Golden channel when both Z bosons decay into leptons

0.2% ~~: Fairly clean signal but relatively large background

© N o o B~ W N

0.2% Z~: Interesting if Z — 04
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Higgs decays

Higgs boson branching ratios (BR; = %+, with I'yor = >, I):
7 . Ncm2MHB3
1. 58% bb: Large rate due to b Yukawa coupling: I'y;_, ;7= —g5—t

21% WW*: Useful if both Ws decay into leptons (5% of all cases)
8% gg: Impossible to identify due to huge backgrounds

6% 77 : Characteristic one-prong and three-prong decays

3% cc: Charmed hadrons similar to b hadrons, harder to identify
3% ZZ*: Golden channel when both Z bosons decay into leptons
0.2% ~~: Fairly clean signal but relatively large background

0.2% Z~: Interesting if Z — ¢/

© 0 N o g B~ W N

0.02% y1/1: Rarest decay we have a chance to find

soses GUTENBERG IG‘U
July 18, 2023 46 /77 “UNIVERSITAT J




= H iggS prod uction is rare proton - (anti)proton cross sections

m pp cross-section 108 nb: wh w
> 10 collisions in 2011 w w
m Most events: jet production ,os: 0,
m 10 nb: W and Z production ::: :: gg
(main source of isolated leptons) _wf - %
< 10' T~
m Higgs production: < 1072 nb! iw"i w2
(]
m Higgs events in 2011 (until today) v "%
= H(4¢): 10 (1400) ol o
= H(y7): 190 (25000) !
m W (Cv)H (bb): 240 (26000)
107 Lol L tosld 107
01 1 10
m gqH(77): 370 (50000) Js (TeV)
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First hints in December 2

m December 2011: first hints in
the 4¢ (¢ = e, ) channel

m How to read this plot?

— T —
[ DATA

| @ Background ATLAS
[ Signal (m =125 GeV)
= Signal (m =150 GeV)
@ Signal (mH 190 GeV)
my, Syst.unc.

=
o

[or]

Events/5 GeV

H-zz"_al
Ldt= 4.8 fo?
\s=7TeV

0
100 150 200 250
my, [GeV]
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First hints in December 2

m December 2011: first hints in m z-axis: reconstructed four
the 4¢ (¢ = e, ) channel lepton invariant mass my, =

Ve Ee)? — (Xepe)* = My

m How to read this plot?

— T —
s DATA

[ Background ATLAS

3 Signal (m =125 GeV)

= Signal (m =150 GeV)

@ Signal (mH 190 GeV)

my, Syst.unc.

=
o

Events/5 GeV
[e0]

H-zz"_al
Ldt= 4.8 fo?
\s=7TeV

0
100 150 200 250
my, [GeV]
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First hints in December 20

m December 2011: first hints in m z-axis: reconstructed four
the 4¢ (¢ = e, ) channel lepton invariant mass my, =

m How to read this plot? V2 B)? = (3 po)? = Mu

. L — T m y-axis: number of events
-[B)Q(-:rkAround ATLAS y . .

= Signal (m =125 GeV) recorded and identified
[ Signal (m =150 GeV)
@3 Signal (mH 190 GeV)
my, Syst.unc.

=
o

Events/5 GeV
[e0]

H-zz"_al
Ldt= 4.8 fo?
\s=7TeV

0
100 150 200 250
my, [GeV]

sorannes GUTENBER IG‘U
July 18, 2023 48 /77 Uiversiarne |



First hints in December 2

m December 2011: first hints in m z-axis: reconstructed four
the 4¢ (¢ = e, ) channel lepton invariant mass my, =
: E¢)? — 2~ M
m How to read this plot? V(e B (e pe) a
> o oAta T T m y-axis: number of events
810 -[B)Q(-:rléqround ATLAS { Y ] .
=1 recorded and identified
NS Bl = .
g L IE o W) -6 m Data with Poisson errors
w

=3
o o
a N}

L L L L L L L B BRI

=
o
o
o
o
-
N
w

4 5 6 7 8 9
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First hints in December 201_

m December 2011: first hints in n
the 4¢ (¢ = e, ) channel

m How to read this plot?

— T T n
s DATA

[ Background ATLAS

3 Signal (m =125 GeV)

= Signal (m =150 GeV)

@ Signal (mH 190 GeV)

my, Syst.unc.

=
o

Events/5 GeV
[e0]

H-zz"_al
Ldt= 4.8 fo?
\s=7TeV

150 200 250
my, [GeV]

x-axis: reconstructed four
lepton invariant mass myy =

V(e Ee)? — (e pe)? = My

y-axis: number of events
recorded and identified

Data with Poisson errors

Background from simulation
(pp — ZZ) and data-driven
methods (pp — Z+jets), with
systematic uncertainty estimate
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First hints in December 2011 _

m December 2011: first hints in m z-axis: reconstructed four
the 4¢ (¢ = e, ) channel lepton invariant mass my, =
: E¢)? — 2~ M
m How to read this plot? V(Ee E? = (epd) "
> . T T T T T m y-axis: number of events
8105-[B)§(-:rl(Around ATLAS i y . .
o | 3 Signal (m =125 Gev) 1 recorded and identified
=) = Signal (m =150 GeV)
g 8;-Slgnal (mH 190 GeV) B
g ° 77 Systune. 1 m Data with Poisson errors
o Hozz"_a ] _ _
6 Ldt = 4.8 fb* 5 m Background from simulation
i Vs =7Tev ] (pp — ZZ) and data-driven
ar- methods (pp — Z+jets), with
i systematic uncertainty estimate
27
i m Signal expectation for various

mass hypotheses (branching
150 200 250 . .
m,, [GeV] ratio increases with Mpy)
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What are the odds?

> ‘ ——— T e B I B
& 10 gy Backtyo kgrou ATLAS | = & ]
[ Signal (m 125 GeV) 3] [ p
W | =3 Signal (=150 GeV) 1 ©
@ | @ Signal (=190 GeV) 1 10t €
S 81wz systunc n E
> N 7 ]
Yl ez 1 5 T
6 (fLdt=481b" 1 1
i Js=7TeV 1 1
4; 10_3 é30
i ! ATLAS
2 10*E — Observed H- zZ "~ 4|1 3
i - Expected Jldt=48f"
I i Vs=7Tev ]
0 Py T P B D
100 150 200 250 110 200 300 400 500 600
m, [GeV] my [GeV]

m About 2% probability for the background to fluctuate and look this
signal-like, at 125 GeV and 240 GeV

m On its own that's nothing — we are testing many mass hypotheses
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First hints in December 20

T T T T T
900F All classes combined E
> 900 T T T 800K _ _ 71—:
8 Selected diphoton sample £, CMSNs=7TeV L =481
5 80 e Data2011 —~ 700i —4+- Data B
5 700 Background model > F — Bkg Model ]
[ = SM Higgs boson m, = 120 GeV (MC) (] F 1
600 O 600 tlo 3
— C 1
500 5=7 TeV,I Ldt=491" — 5000 =20 B
+ ~ C — 2xXSM m, =120 GeV ]
400 0 F ]
= F &
300 g 400E ]
200 Lﬁ 300 E
100 200 E
£ e 100 b |
§ ,52 S N R P B PR
10 L L L L 100 110 120 130 140 150 160 170 180
00 110 120 130 140 150 160
m, [GeV] m,y (GeV)

= Now it becomes interesting — ATLAS and CMS both see excesses at
125 GeV in the H — 7 search

m Bump above background fit with smooth function
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Higgs boson: status Dece

° T T T
%— :ATLAS 2011 J—Ldt~1.044.9fb'1 E| g 1;\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\%
g 1k 4 =2
o E © Jlo
- <10 =
10 e N 4
E20 B © e V 120
r 9 [S] 2L -
2L - 107 g N 3
107 3 97 ¢ ) / E
£ 30 1 £ . 1ag
10°F E 10%F W 3
10_4;7 4G 4 Obs.Comb. (ESS) é 4 i S ]
E - - 3 10 —— Combined observed |4
[ | E | eees Expected for SM Higgs |3 Ao
105 --Exp. Comb. - Exp. H — yy ] —— H-bb (@717
E — Obs. Comb. — Obs. H — yy El [ —H-w (@616
£ SEXp.H -4l - Exp.H - b ] 107 —— Hoyy (481072
10%= —Obs. H - 4| 701:5 He ww \F 7Te & F CMSNs=7TevV | —— ::‘QIZWQ a §f}'§ ;E.:)E
ST I A S N S N N 6’L=4.6-4.8fb'1 — H-27Z-212q (461
110 115 120125130135140145150 10° = vl O o
110 115 120 125 130 135 140 145
m, [GeV] Higgs boson mass (GeV)

m Combined: both experiment excesses around 125 GeV (py < 0.001)
m Mass and rate as expected for SM Higgs

m Why didn't we declare discovery then and there?
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Fast forward December 201

CMS Preliminary 2.6 b (13 TeV)

10'g 5 <
3 R ATLAS Prelminary TR 3 EBEB category
=) il * Data ] o
S ol = 8
% E —— Background-only fit 3 - E
@ F 3 P C
107 Vs=13Tev,32f" 3 S 10
E 3 = E
£ | w E t Data
10 3 .
E 3 = — Fitmodel
L 7 = R
E 3 e ll:20
L ot ' ' ' ' ' ' ' =
g 15 E &
5 10F * E bﬁ AL
S s E 2 2E
8 H I huu " FRY > 2k
3 [ & 0
g -sE + = @ > E
g TLOF e T E
g 15 E T -4E
00 0 600 800 1000 1200 1400 1600 3)(102 4)(102 sxloz 103 2)(103

My [GeV] m,, (GeV)

m We require 50 for a discovery

m Many searches and many mass points, some fluctuations are expected
(sometimes quantified as “look elsewhere effect™)

m See here ATLAS and CMS high-mass X — ~+ search — both
experiments see excess at 750 GeV after first year at 13 TeV

ounes GUTENBERG  BIGH
July 18, 2023 52 /77 UNIVERSITAT varz

u




Fast forward December 2

) LI B s L L B . CMS Preliminary 2.6 b (13 Tev)
§ 1? oo LN VA A . WY e — 3 o £
o Eowol . TN L
8 101k 4 - WH---HYme - 1o
Q E E| —
S P N 1 e | 3 101 K=o0.01
102k 4 E — Observed P,
£ 30 1 R 2o
0% 77 =
E reliminary 3 102
= (s=13Tev,32fb" ] E
a4l - C
10 E 40 —— Observed 3 L
10757‘mH‘mH\H‘mumumumumuf (oo 30
200 400 600 800 1000 1200 1400 1600 1800 10° L
5x10% 10° 2x10°  3x10°
my [GeV] mg (GeV)

m Small p values — but turned out to be fluctuation!
m To be fair: experimental collaborations very cautious
m In contrast to Higgs: no one ordered this excess

m For the Higgs boson the story ended differently of course

sowanes GUTENBERG el
July 18, 2023 53 /77 UNIVERSITAT varz &

u




Higgs boson discovery 20

W Syst.unc.
1505 =7 Tev:[Ldt= 4.8 fb*

> T T
8 © Data ATLAS
251 [l Background 2z ©

v _ H-zz".a
2 [ Background Z+jets, &

& Signal (m =125 Ge)

8y CISona V)

Events /2 GeV

ATLAS ¢ opaa
——— Sig+Bkg Fit (m,=126.5 Gev)
~----- BKg (4th order polynomial)

ATLAS 2011 - 2012

T T
— Obs.

8 TeV: [Ldt = 5.8 fb
[5=8TeV:[Ldi = 5.8 fb oo et
10 V58 TeV, Lat=5.910" H-yy
e \ \ \ \ \ E
o =
5 % HHH:AMY TSN
S -100 [ ¢t o LR
& -200) =
200 250 100 10 120 130 140 0 160
m, [GeV] my, [GeV]

o E=7TeVL=51h" -8TeV,L=53b" CMS fs=7TeV.L=51f"5=8TeV,L=53f"
T T
3 o 3 e
& 16F ata o 8 Unweighted g %l
©® M zix [} ©1500) Kl 20
< wupOzrzz 3 <1500 i ;
12} =125 GeV 30
2 ™ 2 £ 5 ]
g € 51000 g
> . -
m 1of 8 O ] =40
1000~ E|
2 140 o 50 TE0
8 m,(GeV) 1 @ m,, (GeV) B
£ -
6 .% B
[ ¢ Daa 4
4 = S00F L sipri 60
—~ - B Fit Component
2 IS 5 (== .
& [=ES -
! T % 0 1 1, | | | 170
110 120 130 140 150 y12 =
g 100 0 10 160 180 0000 18 120 128 130 13 145

my (GeV) My (GeV) e (GeV)

sonannes GUTENBERG
UNIVERSITAT Mainz

July 18, 2023 54 /77



Higgs boson discovery 2012

International Herald Eribune

EljuezimputaaRatoy
ELT <32consejeros de Bankia

[T R T
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\dww.elsevier.comlloca(elphysléth
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Study of Higgs boson properties
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Remember:

m But how do we “prove” the Higgs mechanism exists? Generate Higgs
bosons H! This gives us a huge number of testable hypotheses
(selection):

m New particle H

m With spin zero

2 2
= Couples to bosons like gryy o< =¥, grpyy ox 24
= Couples to fermions like gjfy oc
2 2

. My My
m Couples to itself gypm o< =2, gyagEH X —}
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Remember:

m But how do we “prove” the Higgs mechanism exists? Generate Higgs
bosons H! This gives us a huge number of testable hypotheses
(selection):

m New particle H v

m With spin zero

2 2
= Couples to bosons like gryy o< =¥, grpyy ox 24
= Couples to fermions like gjfy oc
2 2

. My My
m Couples to itself gypm o< =2, gyagEH X —}
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= Spin % and 1 (due to H — ~yy:

Landau-Yang theorem) excluded

= Only real contender: spin 0&2
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= Spin 1 and 1 (due to H — vy v v
Landau-Yang theorem) excluded v,

= Only real contender: spin 0&2 Wt H W 7

m Use for example H — WW decay: 7 < - 7

m For Spin 0: W+ and W~
opposite spin

m (~ (£T) always left (right) handed

A -

= 1-spin fermions ¢ and v align with
boson spins

m Leptons emitted in ~xsame
direction (small A¢yp)
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Higgs spin

= Spin 1 and 1 (due to H — vy v v
Landau-Yang theorem) excluded v,

= Only real contender: spin 0&2 Wt H W 7

m Use for example H — WW decay: 7 < - 7

m For Spin 0: W+ and W~
opposite spin

~

+
~
|

o
w

— Background 3
ATLAS F-o ]

Vs=8Tev,203fb™ .. =,

m (~ (£T) always left (right) handed

Arbitrary units
o
N
a

k, =k, E
1 cni H H H H - WW* n=0ep = P=2"k=05k=1
m 5-spin fermions £ and v align with o J Uyt o

boson spins

m Leptons emitted in ~xsame
direction (small A¢yp)
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= Spin 1 and 1 (due to H — vy v v
Landau-Yang theorem) excluded v,

m Only real contender: spin 0&2 i w .H w- 7
m Use for example H — WW decay: 7 < - 7

m For Spin 0: W+ and W~

. . ot 0~
opposite spin
m (~ (£T) always left (right) handed 03- atLas — Spckground 3

Vs=8Tev,203fb™ .. =, ky = kg
H

Arbitrary units
o
N
a

= 1-spin fermions ¢ and v align with

! 02t
boson spins g
015:*
m Leptons emitted in ~xsame ol
direction (small Agyp) 0.05E
m Together with H — ZZ: all tested T 25, 3
q)" ra

hypotheses excluded with >99% CL
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Towards couplings: cro

Higgs boson production modes
a) b) °)

Higgs boson decay channels

m Each measurement sensitive to a combination of couplings from
production and decay (e.g. ZH (bb): sensitive to gzz and grpp)

—ly 18,2023 59 /77
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Towards couplings: cross-

Higgs boson production modes Higgs boson decay channels
a) b) ) g)
q ~H
.
v , kv,
Ky Heoo
d v

H--- w

m Each measurement sensitive to a combination of couplings from
production and decay (e.g. ZH (bb): sensitive to gzz and grpp)

m k framework: each SM coupling is multiplied by parameter k; to
study deviations from the SM (all k; =1 = SM), e.g.:
_ 2 2 2 SM
Ogg—H—40 = (1.040k; —0.038rj +0.002k;1p) X K7 XO o0ty 140

top-loop bottom-loop interference decay
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Towards couplings: cross-s

Higgs boson production modes

g a q a JH
b 4
v vV oky
K, K
th thow A H
Y
(AN
g a qa q v
f) |
q q a q
w
w KW____y

b t b t

Higgs boson decay channels

w

m Each measurement sensitive to a combination of couplings from
production and decay (e.g. ZH (bb): sensitive to gzz and grpp)

m k framework: each SM coupling is multiplied by parameter k; to
study deviations from the SM (all k; =1 = SM), e.g.:
_ 2 2 2 SM
Ogg—H—40 = (1.040k; —0.038rj +0.002k;1p) X K7 XO o0ty 140

top-loop bottom-loop

m Measurements of many channels needed untangle effect of couplings

_ July 18,2023 59 / 77
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Fermion decays: 777
x108
> [ B [ T T T T T T
& 00F ATL/IIS ' ' ’ oha ] E ATLAS Hot  (5=13Tev,139 b
© 475 /s =13TeV,139fb" * Uncertainty = —Total —Stat. Theo. Pg,=88%1ly,|<25
> E Al Tiep7hag SRS B H- 17 (0.93 x SM) J
2 150 .z 3 Tot. (Stat, Syst.)
o E B Other backgrounds 7
G o5 1 Misidentiedr aH 106 12 (2% %)
00 E V- 0% 3% (32 4
75F b=
£ E goF | wem 096 5% (L1 9%)
50 F =
25 3 VBF| et 090 5% (517 933)
F J [ B S S I I I
0.0E = 0 1 2 3 4 5 6 7 8
B B B B R B BB meas SM
o E E X X
& 025F . o E (oxB)""" [ (0xB)
| 0.00F 3
8 —02sf 3
© -0, = — .
e T N D I m VBF H(77) most sensitive,

o
=}

75 100 125 150 175 200

e [GoV] compromise of purity and event

count
m We covered boson decays — H(77) first fermionic channel observed

m Broad peak (due to vs) around estimated My over Z(77) background
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Fermion decays: bb

o e
- .
o ATLAS ;5:‘: B (u=1.16) ] T e
" {s=13Tev, 79.8 b Bitoson H=LA0) ATLAS Hobb  fe=7Tev.8Tevand13Tev.
2 ] [ Diboson 4710, 20.3 o), and 24.5-79.8 fb
S 0 lepton, 2 jets, 2 b-tags e | —Total ~ Stat.
o pY >150 Gev I Single top 3 Tot. (Stat., Syst.)
e T veRer| e lea les (IR
Bl Z+jets N
J Uncertainty 7 ose 028 sods
+ Pre-fit background tH [ S— 1.00 * (* 28 +0- )
—VH,H - bb x10 3 054 \-027-046
] Vi ha 098 92 (2.9
Comb|  sa Lo 53 (3E.0)
L L L L L
0 1 2 3 4 5 6 7
n
; i i o+ x XBRu b H-bb
SAREI T T T T T RN —
B E B [lH—sbb = Sv S GRS
£ 1F ST, SR S H+X H—bb
go.s:m‘mumumumu\H‘\kuwuwué
-1 08 -06-04-02 0 02 04 06 08 1 m VH most sensitive

BDT,,, output

m In many cases, no single observable (e.g. my;) powerful enough

m For H(bb): use machine learning (trained on simulation) to separate
signal from background, combine many channels = observation
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Fermion decays the 2nd g

137 b (13 TeV)
D T o e e e e e o R R R 137 fb* (13 TeV)
© 8000 E o T A
O CMS $ Data i cMS Combined fi = 1.19 04
@ 700F  All categories — S+B (u=1.19) 4 _ )
2 F X ] L —— Combined best fit p =
5 [ S/(S+B)weighted ... Bkg. component 1 i
2 600F - 12538 Gev 4 VBF-cat. p=1_36+°’69 ---- SM expectation
I_-I; [ M= 125 B:io 1 o6t I 68% CL
g sooE [ Jt20 i s [ 95%cL
D a00f 1 goH-cat. | p=063; m,, = 125.38 GeV
=t = 4
300F _ .
o f ftH-cat. | W=23277
+ 5
0 200F = B
5 r +3.10
100F VH-cat. | =548, Y
P T N N I N U S N [ ]
. e N N RN R
g2 ° % % P R L - |
£ o -4 -2 4 6 8
g i
O -5 b ] BestfL |
110 115 120 125 130 135 140 145 150 = 1.2+ 0.4 = 30 evidence!

my, (GeV)

m H(uu) Buried under background of Drell-Yan u™ = production
m 2nd gen quarks? H(c¢) maybe towards the end of the LHC program
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m Four main production (ggF, VBF,
VH, ttH) and five main decay
channels (yy, ZZ, WW, 7, bl_))
discovered by ATLAS and CMS
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All

channels

Four main production (ggF, VBF,
VH, ttH) and five main decay
channels (yy, ZZ, WW, 7, bl_))
discovered by ATLAS and CMS

Here ATLAS combined fit of 25
combinations of prod. and decay

ggF measurements: 10% precision
in vy, ZZ, and WW decays

Fermion decay channels measured
with up to 20% precision

Compatible with SM (pgar = 72%)

Systematic uncertainties sizable in
most precise channels

ATLAS

Vs=13TeV, 36.1 - 139 fb”'

my, =125.09 GeV
Pgy = 72%
ggF+bbH 7y

QoF+bbH 2Z
QgF+bbH WW
QgF+bbH Tt
QuF+bbHttH up

VBF yy

VBF 2Z

VBF WW

VBF r7 L
VBF+ggF+bbH bb e
VBF+VH up

WH yy

ZH vy =
VH 22 =
WH ww
ZH ww
VH tz
WH bb
2ZH bb

|

tHyy

T T

- Total

[ Stat.

= Syst

I sm

Total  Stat  Syst.

s010 (008 0o
008+ “o0s )

(
(
(
(
(
(
(
(
(
(
: (
183 105 (
(
(
(
(
(
(
(
(
(
(
(
(

ttHstH 22
ttHtH WW
ttH+tH ©t
ttH+tH bb =
|
4

jG

Loy I
-2 10
o x B normalized to SM
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Coupling results

CMS 138 fb* (13 TeV)
m CMS results on g 1" ‘ T
m,=125.38 GeV 2 &
my > w
| K/f X e g '
m /Ry x ¥ S 107F E
v
==
m Remember, SM < . *;
prediction: 107 o 3
. _ my ¢ Vector bosons
gHff = v 102k ¢ 3" generation fermions A
_ M2 i ¢ 2" generation fermions
B gHVV = v T e SM Higgs boson
. . —4 | .
m Combined fit of ~all s 19,5 ! ! -
measurements: excellent g L2¢ 3
agreement with SM 2 osf "
d. t I @ 0.6 £ Ll Ll T 3
prediction, coupling 102 1 10 102
proportional to mass Particle mass (GeV)

u
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Invisible width

m Can also constrain decays into invisible particles (e.g. dark matter)
m Look for unbalanced events (with missing transverse energy, “MET")
m Best channel VBF (ggH: H decay at rest, no transverse momentum)

m CMS and ATLAS T, < 0.1 at 95% CL

JGJu
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Total width

CMS 138 b’ (13 TeV)
CMS simulation 13 Tev F Prare)
104 T 3 r 212y, p'T“'55>200 GeV
gg- H - 2Z gg-2I2v (I=e, p) 3 10°F i Observed
103 — SMH si | 3 E Total, no off- shell E|
9 z 10? signal (H?) E [ gg+EW SM total ]

—— SM contin. (d?)
— SM total (H+d?)
L IHHa?

[] Other SM

10

-
(fb/GeV)
i
S) =
L O
B U BRI R R

99— ZZ (cont.) 8 107k
1 \-5

9 z

10°°
107 L ‘ i
100 200 300 500 1000 2000  * o =50 L

My, (GEV) mZ (GeV)
l Like aII unstable particles, Higgs has a natural width of I'y; =

h
p-

m 'y =4.1 MeV too small, 7 = 1.6 x 10722 s too short for observation

m Constrain width in four-lepton events using events with
Mreconstr. > Mpr: large impact of interference with non-H events

m CMS: I‘H—32+ MeV, ATLAS: 1“1{—45+ MeV
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Higgs Mass

CMS Simulation 13 TeV cms
S AT TTTTITTTTITTITT T [ TTTTTT I Run 1: 5.1 b (7 Tev) + 19.7 b (8 Tev) — Total Stat. Onl
> F ] - Only
< [ H-vy Untagged 0 7 2016: 35.9 b’ (13 Tev) O
14~ - Total (Stat. Only)
r + Simulation 1 Run 1 H-yy — 124.70 £ 0.34 ( + 0.31) GeV
12 E
F A ] Run1H- zZ- 4l 12559 + 0.46 ( + 0.42) GeV
C Parametric 1
10~ model 3
F ] Run 1 Combined 125.07 £ 0.28 ( + 0.26) GeV
8 b _— ]
L D 0, =135GeV ] 2016 H-yy 125.78 + 0.26 ( + 0.18) GeV
6 3
L ] 2016 H- 2Z - 4l 125.26 +0.21 ( + 0.19) GeV
[ FWHM=3.10 GeV ]
4; E 2016 Combined 125.46 + 0.16 ( + 0.13) GeV
r B Run 1+ 2016 125.38 + 0.14 (£ 0.11) GeV
Qe L Rk ccbsna I S OO YA RN AU AVAVN AVANRNANEN RN B
122 123 124 125 126 127 128 129
m,, (GeV) m,, (GeV)

m Mass resolution in most precise channels (4¢ and ~+), at best 1-2 GeV
m Precise measurement of My from center of distribution

m Calibration of p, and E,, scale on Z(up) and Z(ee) events

m CMS: My =125.38 £0.14 (stat) £ 0.08 (syst) statistically limited
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Self couplings

8 H
Ky
T o
8 ’ H
T H
8 ananeegeng <L H
2 104l ATLAS Preliminary —— Observed limit (95% CL)
= ——- Expected limit (95% CL)
= -1
% Vs=13TeV, 139 b =1 Comb. exp. limit 10
‘: 3 Comb. exp. limit +20
n>: Bl Theory prediction
+ SM prediction
5108
3
o

102}

—— bbyy
—— bbttto
—— Combined

Observed: k € [-1.0,6.6]
Expected: k) € [-1.2,7.2]
10! " " " " " , , \ \

-10 -8 6 -4 -2 0 2 4 6 8 10
Kp

m Self coupling: direct
measurement with di-Higgs
production

m Small cross-section due to
destructive interference of
dominant diagrams (Theory
prediction smaller for k) =1
than k) = 0)

m Search in Ia_[(vv)H(bE) and
H(77)H (bb) channels with
multivariate methods

m Close to excluding k) = 0, long
way to SM sensitivity
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Future of Higgs physics
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m Higgs at the heart of the Standard Model

m Hard to overstate its importance for the
theory

m Actually not that hard (“god particle”)

m But it is the crucial ingredient to make
various parts of the SM work

Jorsnes GUTENBERG IG‘U
s 7077 UNIVERSITAT vanz - [




Importance of the Higgs field _

m Higgs at the heart of the Standard Model
m Hard to overstate its importance for the
theory
m Actually not that hard (“god particle”)

m But it is the crucial ingredient to make
various parts of the SM work

m Also leaves many questions unanswered

® Yukawa sector I: huge number of
parameter (13/19 SM parameters)

m Yukawa sector Il: pattern and range of
masses (me = 511 keV, m; = 173 GeV)?

m Origin of the potential?
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m Higgs very SM like — kills loads of (pre-LHC) BSM theories
m Higgs-less models (duh)

m 4th generation of quarks (due to ggH rate)
m Many more... SM describes LHC physics annoyingly well
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m Higgs very SM like — kills loads of (pre-LHC) BSM theories
m Higgs-less models (duh)

m 4th generation of quarks (due to ggH rate)
m Many more... SM describes LHC physics annoyingly well

m But there has to be new physics (e.g. dark matter!) — and the Higgs
plays an important role in many of them
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m Higgs very SM like — kills loads of (pre-LHC) BSM theories
m Higgs-less models (duh)

m 4th generation of quarks (due to ggH rate)
m Many more... SM describes LHC physics annoyingly well

m But there has to be new physics (e.g. dark matter!) — and the Higgs
plays an important role in many of them

m Hence many new physics searches with Higgs bosons
m Searches for additional Higgs bosons (e.g. predicted by SUSY)

m Non-standard couplings (Higgs mixture of SM and BSM Higgs?),
resulting in anomalous decays, final states, kinematics
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m Higgs very SM like — kills loads of (pre-LHC) BSM theories
m Higgs-less models (duh)

m 4th generation of quarks (due to ggH rate)
m Many more... SM describes LHC physics annoyingly well

m But there has to be new physics (e.g. dark matter!) — and the Higgs
plays an important role in many of them

m Hence many new physics searches with Higgs bosons
m Searches for additional Higgs bosons (e.g. predicted by SUSY)

m Non-standard couplings (Higgs mixture of SM and BSM Higgs?),
resulting in anomalous decays, final states, kinematics

m Another connection to new physics: My gets large quantum

corrections and should be close to the scale of new physics (or even
Planck mass) unless “accidentally light” — Why is it light?
Coincidence or new physics at low scales?
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m My favorite way to search for new physics: effective field theory (EFT)

m Premise:
m Mass of new particles outside LHC energy range

m At low energy: new fundamental model effectively looks like the SM

Joranes GUTENBERG IG‘U
- /7 UNIVERSITAT vanz - [



m My favorite way to search for new physics: effective field theory (EFT)

m Premise:
m Mass of new particles outside LHC energy range

m At low energy: new fundamental model effectively looks like the SM

m Observe new physics in modified interactions of known particles
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m My favorite way to search for new physics: effective field theory (EFT)

m Premise:
m Mass of new particles outside LHC energy range

m At low energy: new fundamental model effectively looks like the SM
m Observe new physics in modified interactions of known particles

m How to model this? = add new terms to the Lagrangian
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m My favorite way to search for new physics: effective field theory (EFT)

m Premise:
m Mass of new particles outside LHC energy range

m At low energy: new fundamental model effectively looks like the SM
m Observe new physics in modified interactions of known particles
m How to model this? = add new terms to the Lagrangian

m But all terms with energy dimension 4 already in SM!

Add expansion in terms of “dimension n + 4" operators:
A () (n+4) . , .
Yon i O , where O, is product of fields with energy

1
dimension n + 4
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Indirect searches: EFT

m My favorite way to search for new physics: effective field theory (EFT)

m Premise:
m Mass of new particles outside LHC energy range

m At low energy: new fundamental model effectively looks like the SM
m Observe new physics in modified interactions of known particles
m How to model this? = add new terms to the Lagrangian

m But all terms with energy dimension 4 already in SM!

Add expansion in terms of “dimension n + 4" operators:
A () (n+4) . , .
Yon i O , where O, is product of fields with energy

1
dimension n + 4

(6)
m Many of these terms contain @, e.g., C;X%K@@WSMW“W
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Indirect searches: EFT

m My favorite way to search for new physics: effective field theory (EFT)

m Premise:
m Mass of new particles outside LHC energy range

m At low energy: new fundamental model effectively looks like the SM
m Observe new physics in modified interactions of known particles
m How to model this? = add new terms to the Lagrangian

m But all terms with energy dimension 4 already in SM!

Add expansion in terms of “dimension n + 4" operators:
A () (n+4) . , .
Yon i O , where O, is product of fields with energy

dimension n + 4

(6)
m Many of these terms contain @, e.g., C;X%K@@WSMW“W

m At the unknown energy scale A this will break down
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STXS: measuring kinem
m How to measure Higgs production
with modified interactions?

m Split measurements in many bins
depending on kinematics

m For example ggH:

Stage 1.2 _
Py
- 200
,u,et |7ue«| [ =2t |
300
it myy 450
=l
700 o
1000 0.15
/vt
1500
%0 25 5 oo
Pr 25 S

m ATLAS and CMS are measuring
this already with ok precision —

ATLAS Preliminary
15=13TeV, 139 fo"

25.09 GeV, Iy | <25
2%

Foul Sal Sl

8,/8 100 RCEE
B8 om i
BB il 4
8.8, L

1481, 120°¢ <200 GeV

9B i m, <950 GeV, <50 Gov

% By

P 450 Gav =
<ot =
22iet m, <350 GV, VH veto

= 246t.m, <350 GeV, Vi opo =

i 0=, TG 2000t s

by <75Gov
755 py < 150GV
QeoHvx By, | 180558 <250 GeV

2505 0t < 400GV
pr2 400GV

Py < 150GV
150< pY <250 GeV.
2505t < 400GV
pr2a00Gev

o0 % B

p<60Gov
802 pf< 120GV
1201 <200 GeV
2002 <300 GV
00257 < 450GV
P50V

x5

Wb,
I

6 4 -2

July 18, 2023

0 2 4 6 8 10
Parameter normalised to SM value
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STXS: EFT impacts

5’7-'?:‘%5!5“"“""‘” GggH Over <IVH °'nH BR

1|3 Mﬁasmemeﬁt umzertzmty m%’T‘XS E}nﬁr deca

=
%‘M_Relative effect of relevant operators

AleB)(c)/sM
o
o
T
S

AloxB)(c)/SM
o

o o
I

“ESTXS bins and decay channels |
e e R, R, i, %Zt:;’ﬁ»,

ot e
ESIIENERT T aR %%’?&3"”’%?‘“% S
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STXS: EFT impacts

5’7-'?:‘%5!5“"“""‘” GggH Over <IVH °'nH BR

1|3 Mﬁasmemeﬁt umzertzmty m%’T‘XS E}nﬁr deca

=
%‘M_Relative effect of relevant operators

05

3 Large effects
I for small
U L | values of
0 coefficients
-05

AleB)(c)/sM
°
o
T

AlexB)(c)/SM
s

o &
I

“ESTXS bins and decay channels |
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STXS: EFT impacts
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STXS: EFT impacts
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The future: high luminosi

136 Tev 13.6- 14 Tev

13 TeV. energy
Diodes
lce consalidtion o 110 nstatation HL-LHC
8TeV_ Tution colimat i e et ) C
TTeV —— butencometors T Eng. P1-P5 installation

5107.5 x nominal Lumi
ATLAS - CMS
upgrade phase 1 ATLAS - CMS
HL upgrade

2x nominal Lumi 2x nominal Lumi
minal Lo | 2X O O, ALICE - LHCb | 2xnomnallum
nominalLu ce - —

- ] 3000 fbo!
oo o] - BEE

experiment
beam pipes.

HL-LHC TECHNICAL EQUIPMENT:
.

m Higgs discovery: 10 fb~! at 7&8 TeV
m Now: 190 fb~! at 13 TeV analyzed

m Next years: 450 fb~! at 13.6 TeV
= improvement up to factor 2 possible

(Ostar o< ([ dtL)~0-5)
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The future: high luminosity
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omina Lu CE - —

luminosity REVVRI S

HL-LHC TECHNICAL EQUIPMENT:
.

Vs = 14 TeV, 3000 fb per

. . 1 [ Total ATLAS and CMS

m Higgs discovery: 10 fb™" at 7&8 TeV T st HAHC Profcton
—— Theory Uncertainty (%]

Tot Stat Exp Th

m Now: 190 fb~! at 13 TeV analyzed K 19 00 10 12

Kw 17 08 07 13
m Next years: 450 fb~! at 13.6 TeV iz ! 15 07 08 12
1 . 9 25 09 08 21
= improvement up to factor 2 possible K= o s
(Ostar o< ([ dtL)~0-5) ';b — 2t 151 02
m From 2029: high luminosity LHC, high rates * ‘ e
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to further reduce statistical uncertainties o boi 00s Gk 9T om0
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The far future: a Higgs factory

€

Fcc
circumference

m LHC energy limited by radius and strength of magnets

m Long term goal: new collider with 100 km circumference

m First as electron—positron collider “FCC-ee”, precisely probing Higgs
properties in clean environment

m Eventually as new 100 TeV hadron collider “FCC-hh"
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Conclusion

Spontaneous breaking of electroweak symmetry crucial part of SM

m Gives mass to weak bosons and fermions without breaking symmetry
of underlying theory

Higgs boson discovered by ATLAS and CMS at the LHC in 2012

So far, properties agree with SM expectation

Higgs could be a tool to observe first hints of BSM physics

m Still only the beginning of experimental Higgs physics

m Analysis of Run 3 dataset (maybe you will contribute to this?) can
bring factor of 2 improvements

m High luminosity LHC will increase dataset tenfold

m Higgs physics also central consideration for future collider
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