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-How did we find the Higgs |
‘What do we know of it? N
‘What are the implications? |
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Matter

hydrogen
atom

. electron $ proton

¢| hope this slide is familiar?
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Spin and electrons

¢A small magnet in a variable magnetic field feels a force
¢ How strong depends on its orientation
vStern & Gerlach fired silver atoms through one

¢ Saw 2 blobs of 2
\@@T
1

silver appear (5)
> Not continuous (4) |

¢ The electrons either
spin ‘up’ or ‘down’

¢ i.e. spin is quantised, changes by discrete amount (h/2r)
¢Conclude: Electron is spin 2, when we measure it we see +%
¢All the matter particles, quarks and leptons, are like this




Fermions and Bosons

¢ Fermions are spin %2 (in units h/2m)
«But the force bosons y,g, W and Z have spin 1:

¢ e.g. Measure the W boson spin in some direction: see -1/0/1
«Photons are a special case, being massless:

¢ never see 0 — just +1 or -1 spin

¢ Which we call polarisation of light

¢This Is a purely guantum effect
¢ Quantum effects are proportional to Planck’s constant ‘h’

© e.g. AXAp=h/4n is Heisenberg’s uncertainty principle
¢ As ‘h’ is a small number we tend not to notice the jump
¢ But it affects how they behave:
° Electrons don’t share a state
—electron shells in atoms — chemistry
* Photons love to — the laser
_—_—_
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Some open questions '

*Matter-antimatter asymmetry

¢« Where did the antimatter go after the big bang?
«Gravity

¢ There is no gravity in the Standard Model
«Dark matter

¢ Most matter in the Universe is something unknown
¢Dark energy

¢ An unknown force accelerates the Universe expansion
¢Mass

¢ Higgs gives mass - but why those values?
¢“Neutrino have Mass

¢ put is it through the Higgs, or some other source?
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Symmetry in physics: Noether '

«According to Einstein:
¢ “Fraulein Noether was the the most significant creative
mathematical genius thus far produced smce the
higher education of women began” e i

«She showed a deep link between

symmetries and conservation laws o i
¢ Where “symmetry” might be better written S
“ignorable dependency” L

> Some factor in the equations which is irrelevant
«e.g. Position symmetry (where | chose to do my

experiment) implies conservation of momentum
«Time symmetry (when | choose to do it) implies
conservation of energy




Quantum mechanics and Noether

vParticles are described by a function ¢(x,t),
¢ @1s a complex number, amplitude and phase
¢ |p|? is the probability of finding the particle at position x at time t.
¢ The phase 1s 1rrelevant, it’s only the height that matters

«This “ignorable dependency”, phase invokes Noether’s theorem
¢ It implies conservation of charge!

«But if we 1nsist on the freedom to locally vary the phase we

have to introduce the photon

¢ Electromagnetism just pops into existence!
oIn fact, EM, Weak & strong forces are forced on us if we ask for the
right three symmetries: U(1), SU(2)., SU(3)
«Such theories are called Gauge Theories and they are the basis of our
understanding of particle physics

s s

“In local quantum theory the power Is even stronger |




Mass: Higgs idea '
|

«The symmetries of the SM predict the forces

¢ But they insist the bosons should be massless

¢ True for the photon and the gluon

¢« But W/Z bosons (forces) are massive ‘Gauge Bosons'’

¢ (Also quarks and leptons should be massless)
«But It Is not easy to add mass

¢ |t violates 'gauge symmetry'

¢ That's a final year physics Masters

course
> But | want to give concepts

«In 1964 Peter Higgs, had an idea....
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
{Received 31 August 1964)

1964

“Peter Higgs wrote
¢ “Broken Symmetries
and the masses of

Gauge bosons”

«Theory said the W/Z
bosons should be
massless

«They were not even
discovered — but that
proved them heavy

«So he found a way to
allow It

In a recent note! it was shown that the Gold-
stone theorem,? that Lorentz-covariant field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson® has drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.

The simplest theory which exhibits this be-
havior is a gauge-invariant version of a model
used by Goldstone® himself: Two real® scalar
fields ,, ¢, and a real vector field A i interact
through the Lagrangian density

2 2
L=- ;(wgi) —%(wz)

oo 2 2 . jab
..'If{q,] +0, J-if-”uF s (1)
where

el @
‘Vps?] 2% E‘A“wz.

v =3 A
“92 {P{\\)z-ﬂ_’ ;..'wl'

F =8 A -8 A
[ [T TR
¢ is a dimensionless coupling constant, and the
metric is taken as —+++, L is invariant under
simultaneous gauge transformations of the first
kind on ¢, + i¢, and of the second kind on A ”
Let us suppose that V(i) =0, V(%) =0; then
spontaneous breakdown of U(1) symmetry occurs.
Consider the equations [derived from (1) by
treating Ag,, Ag,, and A, as small quantities |
governing the propagation of small oscillations

508

about the “vacuum” solution ¢, (x) =0, @;lx) =g

a”{a”(m,yll-c-uo;\“}-o, {2a)
{#*=dw Vg, Hag,) =0, (2b)
g m

al’f--u :(_J.;pniﬂ {.ﬂ.wll—ewUA“}. {2¢)

Equation (2b) describes waves whose quanta have
(bare) mass 2¢,{V" (¢ )}%; Egs. (2a) and (2¢)
may be transformed, by the introduction of new
variables

B =A -lew )7 (A ),
w TuT % p

G =8 B -8R =F (3)
wr gy v ou ey

into the form

s B*=0, » ™ vty ®
L 0

B" =0, (4)
n

Equation (4) describes vector waves whose quanta
have (bare) mass e¢,. In the absence of the gauge
field coupling (¢ =0) the situation is quite differ-
ent: Equations (2a) and (2c¢) describe zero-mass
scalar and vector bosons, respectively. In pass-
ing, we note that the right-hand side of (2¢) is
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance being maintained by the pres-
ence of the gradient term.?

When one considers theoretical models in
which spontaneous breakdown of symmetry under
a semisimple group occurs, one encounters a
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the adjoint representa-
tion.® The model of the most immediate inter-
est is that in which the scalar fields form an
octet under SU(3): Here one finds the possibil-
ity of two nonvanishing vacuum expectation val-
ues, which may be chosen to be the two ¥ =0,

I, =0 members of the octet.” There are two
massive scalar bosons with just these quantum
numbers; the remaining six components of the
scalar octet combine with the corresponding
components of the gauge-field octet to describe
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massive vector bosons. There are two /=3
vector doublets, degenerate in mass between

¥ =+1 but with an electromagnetic mass split-
ting between I, =+4, and the I, =+1 components
of a ¥=0, I=1 triplet whose mass is entirely
electromagnetic. The two ¥ =0, I=0 gauge
fields remain massless: This is associated
with the residual unbroken symmetry under the
Abelian group generated by ¥ and I;. It may be
expected that when a further mechanism (pre-
sumably related to the weak interactions) is in-
troduced in order to break ¥ conservation, one
of these gauge fields will acquire mass, leaving
the photon as the only massless vector particle.
A detailed discussion of these questions will be
presented elsewhere.

It is worth noting that an essential feature of
the type of theory which has been described in
this note is the prediction of incomplete multi-
plets of scalar and vector bosons.® It is to be
expected that this feature will appear also in
theories in which the symmetry-breaking scalar
fields are not elementary dynamic variables but
bilinear combinations of Fermi fields.’

'P. W. Higgs, to be published.
*J. Goldstone, Nuovo Cimento 19, 154 (1961);

J. Goldstone, A. Salam, and S. Weinberg, Phys. Rev.

127, 965 (1962),

p. w. Anderson, Phys. Rev. 130, 439 (1963).

YIn the present note the model is discussed mainly in
classical terms; nothing is proved about the quantized
theory. It should be understood, therefore, that the
conclusions which are presented concerning the masses
of particles are conjectures based on the quantization
of linearized classical field equations. However, es-
sentially the same conclusions have been reached in-
dependently by F. Englert and R. Brout, Phys. Rev.
Letters 13, 321 (1964): These authors discuss the
same model quantum mechanically in lowest order
perturbation theory about the self-consistent vacuum.

¥In the theory of superconductivity such a term arises
from collective excitations of the Fermi gas.

fSee, for example, S. L. Glashow and M. Gell-Mann,
Ann. Phys. (N,Y.) 15, 437 (1261).

"These are just the parameters which, if the scalar
octet interacts with baryons and mesons, lead to the
Gell-Mann=0kubo and electromagnetic mass splittings:
See §. Coleman and 8. L. Glashow, Phys. Rev, 134,
B67T1 (1864).

ITentative proposals that incomplete 3U(3) octets of
scalar particles exist have been made by a number of
people. Such a rble, as an isolated ¥ = £1, I —% state,
was proposed for the x meson (725 MeV) by Y. Nambu
and J. J. Sakurai, Phys. Rev. Letters 11, 42 (1963).
More recently the possibility that the ¢ meson (385
MeV) may be the ¥ = =0 member of an incomplete
octet has been considered by L. M. Brown, Phys. Rev.
Letters 13, 42 (1964).

*In the theory of superconductivity the sealar fields
are associated with fermion pairs; the doubly charged
excitation responsible for the quantization of mag-
netic flux is then the surviving member of a U(1) doub-
let.

SPLITTING OF THE 70-PLET OF 5U(6)

Mirza A. Baqi Bég
The Rockefeller Institute, New York, New York

and

Virendra Singh*
Institute for Advanced Study, Princeton, New Jersey
(Received 18 September 1964)

1. In a previous note,' hereafter called I, we
proposed an expression for the mass operator
responsible for lifting the degeneracies of spin-
unitary spin supermultiplets [Eq. (31)-1]. The
purpose of the present note is to apply this ex-
pression to the T0-dimensional representation of
SuU(6).

The importance of the 70-dimensional represen-
tation has already been underlined by Pais.?

Since

35®56 = 56@70® 70031134, (1

it follows that 70 is the natural candidate for ac-
commodating the higher meson-baryon reso-

nances. Furthermore, since the SU(3)@SU(2)
content is
T0=(1,2)+(8,2)+(10,2) + (8, 4), (2)

we may assume that partial occupancy of the 70
representation has already been established
through the so-called y octet® (})”. Recent ex-
periments appear to indicate that some (})~
states may also be at hand.? With six masses at
one's disposal, our formulas can predict the
masses of all the other occupants of 70 and also
provide a consistency check on the in_p_flt. Our
discussion of the T0 representation thus appears
to be of immediat?physical interest.
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massive vector bosons. There are two /=3
vector doublets, degenerate in mass between

¥ =+1 but with an electromagnetic mass split-
ting between I, =+4, and the I, =+1 components
of a ¥=0, I=1 triplet whose mass is entirely
electromagnetic. The two ¥ =0, I=0 gauge
fields remain massless: This is associated
with the residual unbroken symmetry under the
Abelian group generated by ¥ and I;. It may be
expected that when a further mechanism (pre-
sumably related to the weak interactions) is in-
troduced in order to break ¥ conservation, one
of these gauge fields will acquire mass, leaving
the photon as the only massless vector particle.
A detailed discussion of these questions will be
presented elsewhere.

It is worth noting that an essential featureof
the type of theory which has been described in
this note is the prediction of incomplete multi-
plets of scalar and vector bosons.? It is to be
expected that this feature will appear also in
theories in which the symmetry-breaking scalar
fields are not elementary dynamic variables but
bilinear combinations of Fermi fields.’

'P. W. Higgs, to be published.
*J. Goldstone, Nuovo Cimento 19, 154 (1961);

J. Goldstone, A. Salam, and 5, Weinberg, Phys. Rev.

127, 965 (1962),

p. w. Anderson, Phys. Rev. 130, 439 (1963).

‘In t ggent note the model is discusse
-lagsical terms; nothing is proved about the quanti
theory. It should be understood, therefore, that the
conclusions which are presented concerning the masses
of particles are conjectures based on the quantization
of linearized classical field equations. However, es-
sentiglly the same conclusions have been reached in-
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tters 13, 321 (1964): These authors discuss the
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from collective excitations of the Fermi gas.
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Ann. Phys, (N,Y.) 15, 437 (1261).

"These are just the parameters which, if the scalar
octet interacts with baryons and mesons, lead to the
Gell-Mann=0kubo and electromagnetic mass splittings:
See §. Coleman and 8. L. Glashow, Phys. Rev, 134,
B67T1 (1864).

ITentative proposals that incomplete 3U(3) octets of
scalar particles exist have been made by a number of
people. Such a rdle, as an isolated ¥ = 1, I= 3! state,
was proposed for the x meson (725 MeV) by Y. Nambu
and J. J. Sakurai, Phys, Rev, Letters 11, 42 (1963).
More recently the possibility that the o meson (385
MeV) may be the ¥ =f =0 member of an incomplete
octet has been considered by L. M. Brown, Phys. Rev.
Letters 13, 42 (1964).

*In the theory of superconductivity the sealar fields
are associated with fermion pairs; the doubly charged
excitation responsible for the quantization of mag-
netic flux is then the surviving member of a U(1) doub-
let.

SPLITTING OF THE T0-PLET OF SU(8)

Mirza A. Baqi Bég
The Rockefeller Institute, New York, New York

and

Virendra Singh*
Institute for Advanced Study, Princeton, New Jersey
(Received 18 September 1964)

1. In a previous note,' hereafter called I, we
proposed an expression for the mass operator
responsible for lifting the degeneracies of spin-
unitary spin supermultiplets [Eq. (31)-1]. The
purpose of the present note is to apply this ex-
pression to the 70-dimensional representation of
SU(6).

The importance of the 70-dimensional represen-
tation has already been underlined by Pais.?

Since

35®56=56@70®70031134, (1

it follows that 70 is the natural candidate for ac-
commodating the higher meson-baryon reso-

nances. Furthermore, since the SU(3)@SU(2)
content is

70=(1,2) +(8,2) + (10, 2) + (8, 4), 2)

we may assume that partial occupancy of the 70
representation has already been established
through the so-called y octet® (})”. Recent ex-
periments appear to indicate that some (})~
states may also be at hand.? With six masses at
one's disposal, our formulas can predict the
masses of all the other occupants of 70 and also
provide a consistency check on the in_p_ﬁt. Our
discussion of the T0 representation thus appears
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What did Higgs suggest? '

«Most people know Einstein’s E=mc?

« Can rewrite in QM language as V=ap=alop|’

> ‘V’ 1s the energy density, ‘a’ 1s a constant (c?) and p the
density

> @ 18 the Quantum Mechanical ‘amplitude’ of the object

> Density, p, in QM is |¢|* so V(|o[?)=V(p)
«Peter’'s 1964 paper supposes a Weak force V with a
special point p, where

[N iy
d e P,
«Nowadays we write:
¢ V=-a|p|*+a;|p|'=-a1p+azp?
« and measure a; and a,
«Higgs 1dea 1s weird!

— Normal E=mc?

>()

— Higgs
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Why? How? '

*No good reason Is known

«Peter borrowed the idea from superconductivity
¢« Some materials, when cold enough, lose all electrical

resistance
© The same maths is involved
o But there its to do with the way electrons interact

¢ In Higgs theory it is just MADE UP. There is no “Why?”




What did Higgs suggest? '

«The potential 1s often drawn 1n terms of ¢, a complex
number:
o V=-ai|p[*+ar|[*
«Here 1s the clever bit
« The equations are
symmetric
« But the result 1s not
«Spontaneous Symmetry
Breaking
«The effect 1s the W and Z
particles are required to
exist AND to have mass
«But also an extra particle
« The Higgs boson

The Mexican hat potential
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Enough equations: analogy '

«Think of a
fish tank:
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Empty the tank '

«The fish will
call this an
empty tank

¢but it still has
water In it



Higgs theory

¢«In a way the same applies to us?
«Empty space Is actually full of stuff — the Higgs

fleld

¢« Everywhere, all the time
° |t slows you down moving through it
> And we feel that drag as mass

¢ If we could get outside then we would be massless
© But we cannot.
*How do we know if its true?
¢ If we kick the 'water' (or Higgs field) we should make it
ripple
¢ The ripple Is the Higgs boson
«But how do we kick the Higgs field?
¢ Build the LHC!




Airport
S 9]



LHC operation '
]

L. HC accelerates protons to 6.8 TeV (6800 GeV)

¢ Tevatron (previous accelerator) got to 1000 GeV

¢ 1eV is the energy one electron gets from a 1V battery

¢« 1 GeV is the energy required to make a proton (E=mc?)
¢ Speed is 0.99999998c

«They circle the 27km tunnel 11,000 times / second
«The pass the accelerating cavities a million time In
only 100 seconds
¢ Increasing their energy Is not really the problem

«Making the bending them is the tough job
¢ Consider the lateral acceleration.... 10*¥'G
¢ 8.3Tesla magnets

e




LHC magnets '

“Required field is 8.3Tesla
¢ c/f Earth’s field, 0.00003T at equator
¢ A fridge magnet is ~0.01T
¢ Record for permanent magnets (rare earth) is 5 Tesla
¢ S0 use electromagnets
¢A current in a wire generates a field.
¢ But at a few cm distance ~1MA is needed for 8T
¢Actually provided by
12000 amps
¢ With 80 turns
¢|‘R loses mandate
superconductor
«Each magnet 15m long
¢ 1232 of them in tunnel







ATLAS cut-awa
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ATLAS Phase | tracker
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A RAL built silicon detector ]

¢ 12cm by 6cm

¢ 1536 readout strips

¢ 12 chips
(front/back) read at
40MHz

¢« 1DVD per second
data

¢ Built to a few um

¢ Reports hits’ by

particles to 20um

3 precision

¢ | ¢ 700 used to tile a

“ barrel around

collision point




Particle identification

Tracking Electromagnetic Hadron Muon
charber calorimeter calorimeter charnber

svers
%&m&éu

¥ ...Cutermost Layer

Innermost Layer...

«Reconstruct long-lived particles in the detector
¢ Basically only a few types: photons(y), e, u, p*, %, n, v
¢ Can identify type by interaction pattern in the detector
¢« Measure the momentum by bending them in a
magnetic field

¢Electrons, muons and photons especially useful
 There are none In a proton so their presence IS suggestive
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LHC status '

¢LHC started back in 2010
«But the energy and collision rate keep increasing
¢Higgs discovery mid 2012
“Run 3 is 2022-2026 at 13.6 TeV (almost 14 TeV design!)
¢ Now over! LHC closed Monday 29" June
¢ But it delivered 500fb™* — a lot more than the 300fb* planned

—

s

o
o0
00

o
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<<
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<
|

«We have an enormous dataset
¢ 50B W bosons
¢ 15B Z bosons
¢ 400M tt
¢ 15M Higgs
¢Enabling 1473 papers so far

—
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A run 3 collision event

/' = \"

EXPERIMENT

Run Mumber: 480828, Event Mumber: 1021596083




Here 1s an event with 2 muons

*Most particles are S ATLAS
SRpC ALt _DEcPERMEN
i S e e i el

«Muons get right to

the outside
¢« Two are seen here
¢ They are heavy
copies of electrons

«They both come
from the same

collision .__
¢ Are they connected? &




Hunting for mass bumps '

p® ¢ Jly

. Y(1,2,38)

vy

Events/GeV
-
[ 11 III]] [ TTT
F

IIIIIII| I IIIIIIIrI IIIIIﬂ]

1) Find events with two
=8 muons in them

102 =
=l 2) Calculate the mass of the pair,
10 e and plot it
15

1 10 . 107 , 30
u i mass (GeV/c)




Standard Model Production Cross Section Measurements

Status: February 2022
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How can LHC make a Higgs? '

¢Higgs interacts with mass 9 = SRR
¢ Quarks in proton are light

¢ So typically make W,Z or t
@ Higgs produced from them

gﬂ)g_ | T 4
= —gg—>H |
é i ATLAS —qqH ]
§ - - WH
& 10E ZH
E.EJ - — ttH .
15— -
10-1 ]2 1 1 1 5
10 1
m, [GeV)

t t fusion
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The Higgs decays rapidly '

“We only observe its decay products
¢ Decay rate Is proportional to mass
¢ But there are a whole set of possibllities:

58.26 % bb

Higgs BRs

2.89 % cc

8.19 % gg

0.02 % uu
- 2.76 % 22

21.38 % WW

0.5 77"
«They each have different challenges to observe




So...the hunt was on.... '

“By 2012 LHC had collided some 10* pp pairs
¢ that’s a lot of haystacks to search through

«But H-vyyand H- ZZ - llll give distinctive

sighatures and sharp mass peaks
¢ Focus on those rare (0.2% & 0.02%) decay modes

«On Friday 29" of June 2012 ~10 of us met
« ATLAS and CMS both had 50 peaks at 125 GeV
¢ Interesting, we thought. More data needed we said.

¢« We had a nervous weekend.
© Fabiola Gianotti, ATLAS spokesperson, had emergency
dental surgery on Sunday morning

“A seminar had been arranged: Wed., 4" of July

¢« What to say? In the end it was ‘We got |t l
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H to ZZ: Fabiola’s 2012 slide

H-> 4l mass spectrum after all selections: 2011+2012 data

ATLAS Preliminary

* Data
B Background ZZ

Bl Background Z+jets, ti
] Signa (mH:125 GeV)
B Signal (m =190 GeV)
I Signal (m =360 GeV)

 H-zZ"—4l
ls=7TeV:[Ldt=4.8 b
(s =8 TeV:[Ldt = 5.8 fb
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H-yYy

“Not a common decay

¢ But 10x ZZ | | SATLAS
© 2 per 1000 Higgs g ==  BLEXPERIMENT
¢ I\/I e aS u re p h Oto n ...-"‘f ;- “‘ Date: 2012-05-23 22:19:29 CEST

energy/direction
© Extract yy mass
¢“Photon Is neutral, so
no track
«But a cluster of energy
in 'ECAL'
«But photons are light —
lots of light comes
out of collisions
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H to yy:

W. Murray 38 \ A |
Fabiola’s 2012 slide:

1600
1400
1200
1000

600
400
200

T R e B s B i e
O 2200 Selected diphoton sample
2 2000E- ®  Data2011 and 2012
% = Sig + Bkg inclusive fit (m, = 126.5 GeV)
G 1800 i

--------- 4th order polynomial

Total after selections: 59059 events

5=7TeV, f Ldt=48f"

m,y spectrum fit, for each category, with
Crystal Ball + Gaussian for signal plus
background model optimised (with MC)
to minimize biases

Max deviation of background model from
expected background distribution taken
as systematic uncertainty

(s=8TeV, f Ldt=59fb"

800

Main systematic uncertainties

WARWICK

THE UNIVERSITY OF WARWICK

Signal yield
Theory

Photon efficiency
Background model

~ 20%
~ 10%
~10%

Cafegories migrafion
Higgs p+ modeling
Conv/unconv y

Jet E-scale
Underlying event

up to ~ 10%
up to ~ 6%
up to 20% (2j/VBF)
up to 30% (2j/VBF)

H-> vy mass resolution
Photon E-scale

~ 14%
~0.6%
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Since 20127 '

Higgs measured in many ways
¢ In each year’s data separately
¢ Five decay channels are confirmed at 50
58.26 % bb

2.89 % cc
0.02 % pp 4 8.19% gg
- 2.76 % ZZ
21.38 % WW 025915

¢ And five production modes: ggH, VBF, WH, ZH, ttH
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H to ZZ & MaAassS HIGG-2020-07 '

«Clean ZZ mode used for much

¢ Fig Is from mass paper
‘Mp=124.94+0.19GeV

¢ Stat dominated

¢ 28 MeV unc. from u pr scale
© (Run 2)

ATLAS —— ;mmo |

* tat. Only

l\% M sz;zv, 1_3>95;L" B Sye. Ony
i de o i | 12451+ 0.73 (£0.73 Stat.;
i 2u2e ||—m—-4 125.33 £ 0.50 (+0.49 Stat,;
i 2e2u I—'I—i 125.01+0.29 (+0.29 Stat.;
i 4u I—I|—l 12493 +0.29 (+0.28 Stat-;
i Combined |—l—4 124.99 £ 0.19 (£0.18 Stat.;
| i HEL """"""" 12494 £018 (=017 Stat)

123 24 125 126 127

> NURL IR RO R LR N N B
§ 55 :_II—?LL‘Zqzs*—) 41 ; EESS boson (125 GeV)_:
< - Vs=13TeV, 139 fb” B¢ VWV i
% 100~ 7 i
: i

110 120 130 140 150 160
m,, [GeV]

«0.15% from single channel
¢ More to come (H - yy)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
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THE UNIVERSITY OF WARWICK
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Hto vy ice-202016

32500 T T T amas |
E () .
ATLAS Vs=13TeV, 139 fb" | & ¢ z:: s o= raTev. 1001
H—yy m =125.09 GeV |y |<2.5 £ 2000 Eesl m,, = 125.09 Ge =
5 . p-value = 93% =) —— Signal + Background All categories E
|-#- Obs + Tot. Unc. .Syst.unc. I SM + Theo. unc. o sat Syt g 1500 e e
+ +0.25 +0.13 .
9g-H, Ojet, o' < 10 0.67 ﬁéz ( ;g% :3}3) s S = Inclusive s
ga—H, 0-jet, IDsp"'<200 st 1.23 I_g;g { I_g;g :8?2) g 1000 IIIIIIII .
o - - masra @ . =
gg—H, 1et, 60 < p' < 120 | 11 03l -050 016 500 2 ;_?
gg—H, 1-jet, 120 < pl! < 200 . — 1.0 -05 {;g:g :8;; .
99-+H, 22-jets, m <350, < 120 I s 0.6 -03 (:g:g S}) " =
gg—H, 22-ets, m < 350, 120 <p!! < 200 [ 1.3 -0s {;g:g o1 é 100 _E
T, S oy o s —-— 10 Zes (os os) ~ 50 :
9g—H, 200 < p'' < 300 —— 1.6 +g:; (+g:g g}) % 0
eI e et L A 02 e (o :Sl; 2 g
il W = HQ 23 ) g 0% i 1200 1800 140 150 160
qq'—+Hag', £1-jet and VH-Veto ] . ;g:g ;gﬁ :8?) 1(‘3' mw [GeV]
ag'—Hag', =2-jets, VH-had ——————y 0.2 +g:g {+g:g g;) O
aq'->Haa, 22Jets, 350 < m, < 700, p} < 200 [ 4 1.2 -08 (;gf 83)
aq-Hag’, 224ets, 700 < m < 1000, p < 200 —————y 1.4 ;%ﬁa{;%‘gs 0z t
qq—+Haq’, 224ets, m 21000, p! < 200 T 1.19 ~03s ( -030 :3119) HTh O u San d S O eve n S
ad'-sHag', 22ets, 350 < m, < 1000, plf > 200 i1 ?2 -08 E:g:g .g;; :
qq'—»qu'.zz-jets.m"zloou.p:zzuo | 1-8 +g:g (+g:g 483) b man
ag—HN, p! < 150 e 8 -0z Loo7 -0 & AIIOWS pro Ing y
i 1 i ——-—— e i .
ot <180 | et 08 lgp (2gs s ) duction modes
ptai, 2150 = 04 o (1os “az) proauctio
- o
) o o Pt 08 g5 {Zos ‘a0 ) v - VH ttH
120 <] <20 - 08 oz {Toz Tor ) ggr-, , ;
ttH, 200 < p* < 300 s ] 1.2 1333 {:g:g ;8;) +O 10
::H.p?zaoo [ —— 11 ~07 (-n.? -0.1 ) HO raII —1 04 . O 09
M PRI PSP EETIEE BRI BRI RS R Ve “_ : -0.
= 0 1 2 3 4 5 6
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Interactions with all particles? '

¢I[nteraction should scale
with mass

«Confirmed for vector
bosons and all 3™

generation fermions
¢ Except v.!

«We have 30 evidence

Higgs decays to muon
pairs too
¢ 2" generation fermions

«But WHY these
masses? No idea....

vev

m,,

vev
—
o

KE

Nature 607, 52-59 (2022)

Hlll T IIIIIIII I HIII[II I HIIIH

'[_jllll INTTT

.

I T
A LAS Run 2

Fed

—
T+ K. is afree parameter

SM prediction

| IIIIIII| | IlIIIII| | IIIIIII| L |

__10

IIIT

107 1 10 10°
Particle mass [GeV]



https://www.nature.com/articles/s41586-022-04893-w

So what i1s left to find? '

«The Higgs FIELD Is the important bit
¢ Lets look again at how It appears.
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Alternative Field potentials '

«The SM uses V=-a,p+ap?

«But we could have V=-b,p+b.p>-bsp’ (left)
¢ Chose b’s so it looks similar near p=¢*=1, but bends down

«Or V=+c;p-cop*+csp’ (right)

¢« Again similar but with a little dip near zero,
«Either of these meet Peter’s ﬂr e sz 0
dlz Po d P Po
&5 5 |
L%’ B — E;r;nsal E=mc? I.|=J2.5_ : Eg;"sal E=me
- Alternative - Alternative
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Field is temperature dependent '

“Here Is the Higgs potential 3 3

at low and high 525 — Nogs
temperature xS = .
¢In fact one of the e

‘alternatives’ | showed you '\

is actually a hot Higgs field *° <~
At high temperature and % 0s TS 2 as 3 s h s
density, the potential drops...and keeps dropping

forever

«|f the Higgs field was to get into that state it would
keep Increasing in density, releasing energy as it




How bad?

¢If that happens anywhere In I
the Universe a ball of
super-dense state will I
expand at the speed of
light. I

¢ And destroy all it touches

«But: the expected lifetime is |

prediction?

way more than the

universe lifetime
¢Furthermore this Is a result of interactions with the known

particles
¢« Who knows how dark matter will change this

EEE L E e
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*Remember: the Higgs
notential was MADE UP
¢l show right an alternative 2
¢ Our measurements are 1.5)
all near the minimum )

¢ so we don’t know which red
“With this potential the Universe

—— Normal E=mc?
— Higgs
-~ Baryogenesis

would stick at p=0 ST - - :
¢ until somewhere it got kicked into the true minimum
¢ The expanding bubble would have happened early in the
Universe’s history
¢ and provides part of the conditions necessary to create a
matter/antimatter asymmetry
«So perhaps the Higgs fields explains why we are here?




What do we know of the field?

-n-nn

«The Higgs mechanism needs the field filling space I
¢ Unlike light, you turn it off and it is still there
¢« ~2 Higgs bosons / fm? I

«The density of the field is cosmologically ridiculous
¢ The mass of Mt Everest in a pint glass!

¢« So why does all that not collapse the Universe??
> We don't have a quantum theory of gravity

«So do we really expect you to believe its there?

We should measure the self-coupling of the Higgs
¢ This is what generates the field.
¢« We will learn something from studying events with two

Higgs bosons at once
© Major goal for LHC now
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H

g .0000000000000, <

¢Left shows two Higgs bosons produced independently
“Right is one Higgs splitting in two
¢ That's what we want to study
«“But you need to reconstruct both bosons in these rare
events
¢Today we have no proof HH production happens
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Phase II? '

L. HC was designed to produce 300fb* of data
¢ It actually produced 500fb™
¢ But the programme Is over.

«But LHC Phase Il is to start in 2030

¢ Aiming to deliver 3000fb*
¢ Studying the Higgs self-coupling is one of the major

goals
«But both machine and detectors need major

rebuilds to do It.
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«Tracker rebuild to
handle radiation &
tracks density

“|Tk features
¢ All silicon (fast) Iayout
o 5 pixel, 4 strip

¢ Higher granularity
© Reduced occupancy

¢ Improved radiation
handling
¢« Extended angular coverage

«Shown: a support for the silicon detectors

sl T

«But RAL (and others) need to make them..... l
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What comes next? |

“We have found a Higgs boson
«This confirms a 'Higgs Field' filling
space

«This Is something radically new

¢ It is not like matter, not like a force
o Newton, 1704, described world as these

¢ Itis a Higgs field, something new.
*Now we need to understand it
L. HC Phase Il will produce enough
high energy data for that
«And there are lots of possibilities for
other discoveries too




The complete theory: '

“We have maths that describes particles and forces

Lows = > (Vs(iy"Op —mys)Vs —eQsUsy"VsA,)+
7

g i pgd oyt T8 g i orgr—y, 9 =  pus3 6 2 3
+ﬁ ;(RL’Y bW, +bLy"arLW, )+EZ‘DF}’ ([ —25, Qs —L575) ¥ Zp+

— 1AL = DA, — (W W = WEWDI = J10,Ws — 0, W+
—ie(W] A, — WA, +ig'co (W, Z, — W) Z,|*+

1 o — -

1. 5 o QMT? 3 ngﬁ 4 + +
_= _ W
2M“” SMw | 32Mw + | Mw W, 2” *+
m _
|8“?}'+EMEZ + 2 ?}'Z | — gM IIJflI’_ij

f




Particle identification ]

Tracking Electromagnetic Hadrom Muorn
chamber calorimeter calorimeter charnber

¥ ...Cutermost Layer

Innermost Layer..,

«Reconstruct long-lived particles in the detector
¢ Basically only a few types: photons(y), e, u, p*, t*, n, v
¢ Can identify type by interaction pattern in the detector
¢ Measure the momentum by bending in magnetic field
¢Electrons, muons and photons especially useful

« There are none in a proton so their presence is suggestive
« We can measure their energy very well
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LHC running

28-0ct-2015 08:01:42 Fill #: 4540 Energy: 6500 CeV I{B1): 2.09e+14 I(B2): 2.03e+14

ATLAS ALICE CMS LHCh
Experiment status
Instantaneous Lumi [{ub.s)*-1] 3590.800 5.041 3352.136 352.695
BRAN Luminosity [(ub.s)"-1] 3663.8 4.1 3086.0 163.7
Fill Luminosity (nb)~-1 75712.930 100.385 71707.406 4831.953
Beam 1 BKGD 0.000 2.246 0.098 0.190
Beam 2 BKGD 0.000 0271 0.132 0.049
LHCb VELO Position [ Gap:-0.0 mm STABLE BEAMS TOTEM:
7000
2E14 - 6000
- F5000 5
E 1.5E14 4000 %
E 1E14 3000 =
-2000 =
SE13
1000
T T T T | T = T 0
10600 1300 1600 19:00 22:00 01:00 04:00 o700
— l{Fly — B2} — Energy

BERGD 2

i’

BRGD 1
=3

.
E

1 Ll T
10D 1300 1&00 1%00 2%

14 P'""J

1
01:00 0400 0700

{1

T T T 1 T
100 1300 100 1%00 2200 O©0L00 D400 0700
— ATLAS — AUCE — [MS LHCk — ATLAS — AUCE — CMS LHb
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LHC magnets '

BEAM PIPE
VACUUM VESSEL HEAT EXCHANGER PIPE

SC BUS BARS Tt e SUPERCONDUCTING COILS

THERMAL SHIELD
(55to 75K )

IRON YOKE
(COLD MASS , 1,9K )

SHRINKING CYLINDER BEAM SCREEN

/HE Il - VESSEL

NON-MAGNETIC

RADIATIVE

INSULATION COLLARS
He 50K

SUPPORT POST 20 bar

Cross Sectio of HC Dipole



The 4 big detectors '

¢«L.HC has 4 points where the beams cross

“ATLAS

¢ Designed to see what happens at the highest energy

¢ 'General Purpose' — ready for anything
 e.g. Higgs, Supersymmetry, dark matter, black holes

«CMS
— Similar to ATLAS. 2 experiments check each other

«LHCb

¢ Studies b quarks, for matter-antimatter differences
¢ LHC energy & luminosity means lots of particles

“ALICE

¢ Studies the quark gluon plasma
¢ A soup of free quarks when two lead nuclei collide
¢ LHC switches to Pb+Pb for last few weeks of year
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The Higgs self-interaction '

«The Brout-Englert-Higgs
theory replaces a mass
term (m@?) by a two-term
piece (-m@*+¢*)

«@ |s the field density

«The field-energy, or action,
has a minimum away from
Zero

“|t Is this that means the

Universe sits in a high

Higgs density state




W. Murray 59 yY -

A tale of two top loops '

«Z and Higgs bosons are neutral

f
and interact with top quarks N w ol @
¢ They can split (Uncertainty) into a tt > Q
e+ t
i

pair and reform again
¢ This changes measured properties

*Precise measurements of Z

bosons at LEP (etc.) in 1990s
predicted m=173+12 GeV T @ —————— 3
¢ C/f 173+1 GeV from measurement E‘

«Conclusion: Loops are real and
work as we expect
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A tale of two top loops '

“Higgs boson properties are also

f
changed by top loop N e
¢ But maths is different because H iIs >Q
e+ f
f

spin 0, Zspin 1
vEffect Is to correct measured mass
to be

I\/IZH,meas S I\/IZH,bare 3 pzmax/(':2
¢p__ Is the highest momentum e @ ______ y

allowed before theory changes
¢ e.g. scale of Gravity? ~ 10'® GeV

«So the fact we see 125GeV says
our theory stops around 125GeV!
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Combined HH

~ W.Murray 61 Y .
ATLAS-CONF-2022-05

0

ATLAS Preliminary
Vs =13 TeV, 126—139 fb-"
oot , ver(HH) =32.7 fb

—— Observed limit

Expected limit
(MHH =0 hypothesis)

[ Expected limit £10
[ Expected limit £20

______ Expected limit
(SM hypothesis)

Exp.

Obs. Exp. (SM)

bbyy
bbt* Tt~ |

bbbb -

42 5.7 741

4.7 39 49

54 81 092

Combined}-

24 29 40

¢Limit on H
¢ c/f 2.9 ex

0 |

[
S 10

[ T N N
15

[T N T N NN TN [N N N
20 25 30

95% CL upper limit on HH signal strength gy

production at

2.4 X SM strength

pected (no HH) or 4.0 (SM)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/

	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	cern
	Slide 20
	Slide 21
	Slide 22
	ATLAS scale
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61

