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Recap of what we know so far

« Our understanding of fundamental physics is based on Relativistic
Quantum Field Theory together with the gauge principle, which
states that the theory invariant under certain gauge transformation
(symmetry) determines properties of the interaction.

oL oL ; Lagrangian density and

0 — — =0, L= fd xL field equations of motion
* <a(au¢)> a¢ e.g. QED

Path integrals,

T
< pple HT|p; >= jl)gl)(t)exp {lf dtL} perturbation theory and
0

Feynman diagrams

« Standard Model is SU(3)xSU(2)xU(1) gauge theory and breaks into
SU(B)colour and SU(Z)XU(:I-)electroweak-

« Not gauge invariant theories are NOT renormalizable, hence
physically meaningless!

* In the following, we will be concerned mostly with the electroweak
part of the SM.
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The most famous infinity in classical physics

Electric Fields of Individual Charged Particles (Point Charges):

Electric field lines of a  Electric field lines of a
positive point charge negative point charge

Interacting Electric Fields of Two Charged Particles:

Positively and Negatively Two Positively Charged
Charged Particles Particles
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We obtain meaningful
physical quantities by
subtracting infinities!

00-_c0=A

RENORMALIZATION

In a QFT in order for this
“trick” to work the theory
must be invariant under
certain intrinsic symmetry
(gauge) which generates
considered interaction
(U(1) in case of QED)

One cannot allow terms in
the Lagrangian that violate
gauge symmetry. ®
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Let us have a glance at QED, to start with...

- : Fermionic Lagrangian c=h=1
— Ly —

L =)y aﬂ m)P(x) = Dirac Equation for a free fermion field

PY(x) = e Y(x), Local U(1) gauge transformation

Y(x) - e~ (%) U (x) of fermion fields

Gauge invariance of the Lagrangian density requires introduction
of a vector potential, and corresponding covariant derivative:

A, = A, + % au f(x) Local U(1) gauge transformation
of the vector field A

Du = OH — LeA# The covariant derivative

Lorentz covariant and gauge invariant QED Lagrangian density:
Laep = i)Y 0, (x) — mp(x)p(x) + ep()y*Ap(x) — 1F, F*
Y Y Y Y

kinetic term mass term interaction term EM free field
3(B* — E?)
En = HMAV - GVAM The gauge invariant EM field strength tensor
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Let us have a glance at QED, to start with...

— K mass term is manifestly NOT gauge invariant!

Photon Is massless!

= The Yang-Mills fields (1954) resulting from gauge
iInvariance of the Lagrangian are massless.
= The mechanism works alright for the QED! ©

= So far so good!

= |tis also adequate in description of Quantum

Chromodynamics (QCD). ©
= Butweak interactions are mediated by massive
gauge bosons! ®

Robert L. Mills
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Same holds for SU(3) gauge invariant QCD

Lorentz covariant and SU(3) gauge invariant QCD Lagrangian density:

Lacp = q(iv*a, —m)q + gs(@r*T.q)GEF — 1G5,GL”

1
fo - Gﬁl By auaa — fabc G Local SU(3) gauge transformation of the
’ colour field
Gl = 0,G3-0,GY — gsfunG) GS The gauge invariant colour field strength tensor

Gluons are massless!

But, as opposed to photon, gluons have self-interactions.
Non-abelian nature of the SU(3) gauge group generates
self interactions of gauge bosons - gluons (SU(3)
generators - 3x3 Gell-Mann matrices do not commute!)

i,

Analogous to photon 3-gluon vertex A-gluan vartex
exchange of QED
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Not the end of SM problems...

= In 1957 Yang & Lee postulated
that in weak interactions parity
might not be conserved.

= An experiment proposed by Lee

and conducted by Ms Wu \ = &

confirmed the fact. Vi -
= All known fermions undergo weak ‘ . ‘

interactions. Yang Chen-Ning Lee Tsung-Dao

massless @

Yr=;0-vs)¥, Y= (A+ys)  leftchiral
Yr=;0+vs)Y, Yr=3p A —7vs) right chiral

= m|z (1 —vs) + 3 (1 +vs)| = m(Pryy, + Pripr)

manifestly NOT SU(2)xU(1) gauge invariant! Wu Chien-Sung

Weakly interacting fermions are massless!
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Weak interactions do not conserve parity...

direction direction

of motion of motion
spin spin
RIGHTHANDED LEFTHANDED

direction

of motion

#—

spin parity . spin
transformation
direction

of motion
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The Wu experiment

The experiment monitored the decay of cobalt-
60 (°°Co) atoms that were aligned by a uniform
magnetic field (the polarizing field) and cooled to
near absolute zero so that thermal motions did
not ruin the alignment

97Co — 8Ni+ e + 7. + 29

udd

The beta decay
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Finally, let us turn towards the Electroweak unification

In analogy to QED, gauge invariance generates interaction:
. ! - 1T Y
U(Ly:  —iTJiB* = ig'dy, 5 YB¥
SU@): gl W' = —igrun T Wh, o= (1) =2a-vs)()
Ya/, Ya

Charged and Neutral Current interaction Lagrangian density:

Lec = —ig(ftltwm +JEWH?) = _i\%(];trww + /L WH)

Lne = —gJgWH —i L jYBH =
| Ju Jp
—ulgsm9W]#+qcost9W2 Ar —i gcosHW]M gsmHW2 ZH =

NCzu — emAu _ e NC 7u
Ju —teJy S Oy cos GW]/’L

—ie]ﬁmA“ — lcos ™

Where we have identified the EM coupling constant and the corresponding
charge:

Y
e = gsin @y, = g’ cos Oy, Q=T3+E
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Finally, let us turn towards the Electroweak unification

Jb = Xuvutixe

1
Jim =TI+

1
Ji¢=J3 —sin? 0y, JE§™ = cos? Oy, J;; — sin? HWEJZ

1 . — _ 1 . —
Ji=sUh+Ul) = vt Ji=5U5—UR) =t

(0 1 0 O . :
T, = (O 0) , T_= (1 O) the charge rising and lowering operators

W, - W, —é aua —a X W, SU(2) gauge field transformation

Nonabelian nature of the gauge group generates self interactions of gauge bosons!
W,y - W, 0,W, — gW, X W,  SU(2) field strength tensor

D,=0,+ig %“Wf + ig’gBu the SU(2)xU(1) covariant derivative
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The problem and proposed solution

« The Lagrangian must be gauge invariant which implies massless bosons
mediating the interactions.

» Weak interactions do not conserve parity which implies that all SM fermions
must be massless.

» A possible way out could be a spontaneous symmetry
breaking. The ground state is asymmetric although the
underlying theory remains gauge invariant.

» Such an effect was known in superconductivity.

» Yoichiro Nambu (1960) suggested a similar mechanism
could give masses to elementary particles.

« Weinberg & Salam & Goldstone (1962): “In a manifestly
Lorentz-invariant quantum field theory, if there is a continuous
symmetry under which the Lagrangian is invariant, then either the
vacuum state is also invariant or there must exist spinless
particles of zero mass.”

« These massless scalars are known as Nambu-
Goldstone bosons - none of which had ever been seen!

« Weinberg discouraged by the futility of their conclusion:
‘Nothing will come of nothing; speak again!’ (King Lear)
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Symmetry-breaking without breaking the symmetry

e Spontaneous breaking of symmetry occurs
when the ground state or vacuum state does
not share the symmetry of the underlying
theory

 Itis ubiquitous in condensed matter physics

« Often there is a high-temperature symmetric
phase, and a critical temperature below
which the symmetry is spontaneously broken

 crystallization of a liquid breaks the
rotational symmetry
« Curie-point transition in ferromagnetic

Symmetry is broken
below T¢

\ / \N—~\~N/"/"///7/

Ferromagnetic

N AN
et~ NV

Isotropic system

Distinct orientation
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The rotational symmetry of the pencil
around its axis implies that the pencil
is equally likely to fall in any direction.

However, perform the experiment
once, and the pencil must fall in some
direction.

The resulting state of the pencil
breaks the rotational symmetry,
although the rotational symmetry
of the laws that govern the falling
pencil remain intact.
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Brout-Englert-Higgs-Hagen-Guralnik-Kibble field and...
the Higgs boson (1964)
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The Brout-Englert-Higgs (BEH) mechanism in the SM

+1
b = f il + lzz 4 DoF of the SU(2) doublet complex scalar field
3 4

L=0,p)0)~V(), V()= pu2pte+pT¢)>

) Has to be negative for BEH mechanism to occur
The usual requirement:

2
L= |(0M +igT - W, + ig’gBﬂ) qb| —V(¢)  the SU(2)xU(1) gauge invariant

\ energy stored
in Higgs field

»

symmetric
my =mwy =myz =0

| Higgs boson

broken symmetry
m~ = 0
myy,myz 7 0

value of Higgs field

Imagine it in 4D!

extra W,Z polarization
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The Brout-Englert-Higgs (BEH) mechanism in the SM

b = \E(v +(l)1 (x)), v = —% (arbitrary) choice of the vacuum state, ¢,

The U(1),.,, remains unbroken:
1

O:Q=T3-|—§’ (l)o—) ¢(’)=ei(l(.X')Q¢0= ¢0 T:%’ T3=_E’ Y=1

Only a neutral scalar may acquire vacuum expectation value - vev
(charge conservation!)

We now consider just the SU(2)xU(1) interaction terms of the ¢ field:
2

Y
(ig2 W +ig’ B)qbo

1 ( gwW2+9'B, gW!— in)) (0)
gWil+iwz) —gW;? +g'B,

2

1 1
= Gug)" 5 |(Wd)" + w2)*| + svilgwid - g’ °+0[g'w2 + B,
- W3-g/B, 'Wi+gB,
= o) 'wrw s+ 3 (a7 ) [T o [
...plus terms for the field excitation h(x) — the Higgs boson!
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The Brout-Englert-Higgs (BEH) mechanism in the SM

The Nambu-Goldstone DoF’s have been transferred to “eaten by ” the gauge
bosons which acquired mass and longitudinal polarisation.
This is the BEH mechanism.
We are now ready to identify the eigenstates of EW bosons:
wlF wp 1

Wit = % My =g
1 Coupling to higgs ~M,,
Z, ="~ g M; ==vy/g?+ g Amplitude: M ~ M, /2

2
gt +g'”* o ~|M|? x phase space factor
g' W2+ gB
A, =" = M, =0
g*+g”

And we recognize the 6, as a result of the EW symmetry breaking:
Z, = cos By, W} —sin 6y, B,

A, = sin 6y, W} + cos 0y, B,

My, g g'

YR cos By, cos Oy, = sin 0y, = ——
Z
Jo+97 Jor+g”
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The Yukawa of the SM

* The Yukawa interactions are not strictly needed for the
Electroweak symmetry breaking via the BEH mechanism.

« However, they give us a very appealing opportunity to
dynamically introduce masses of otherwise massles

fermion fields (Weinberg ‘67)

A MODEL OF LEPTONS* mf
Steven Weinbergt H--- —1
Laboratory for Nuclear Science and Physics Department, Y
Massachusetts Institute of Technology, Cambridge, Massachusetts _
(Received 17 October 1967) f

for electron: Ly = -G, [(Ve, é)L(iio) er + er(9*, ¢°) (Vee)L]

The Lagrangian is gauge invartiant!

<2;> ” \/%(v +(;z(x)> > Ar= _7 mfl/ﬂ/) __l/ﬂph

mass mteractlon

L ¥ G
for quarks: Ly = -G/ (u;, d';), (qu) dp + G,/ (;, d';) 72 (

¢
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Hideki Yukawa
Nobel Prize 1949

Coupling to higgs ~m;
Amplitude: M ~m

o ~|M|? x phase space
factor

+ *
o) ugp + h.c.
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Let’s take a look at the Higgs potential once again...

+1
b = \[ Egl + LEZZ 4 DoF of the SU(2) doublet complex scalar field
3 4

L=0,p)0)~V(), V() =pu2pte+pT¢)>

) 0 _ 2 : :
o = \E(v 4 h(x))’ v=_[—  the vacuum state and the physical higgs

V(p)~ Av? 2+ v >+ 4 4

L H H " ,' H
--- - - 'I'.--__(" L
mu : sH H . ’ ‘H
ms = 2Av? = || not predicted by the theory

my, = 125 GeV, v = 246 GeV > A = 0.13
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the Higgs field

Idea of the Higgs field

Empty space filled with invisible "force” —

©;
)
"'.

N L /]

The Higgs field clusters around the
particle — gives mass

S

5,
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| And Higgs patrticle itself as excitation of the Higgs field
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Recap of what constitutes the cornerstone of the SM

» The Higgs field fills all of space and has no external source

* The Higgs boson is an elementary excitation of the field. It
must be a scalar particle.

* Some particles — including the Higgs boson itself — interact
with the field; they are massive. Stronger interaction —>
higher mass.

« Photons, gluons, (neutrinos) do not interact at all; they are
massless.

« Masses are controlled by free parameters called Yukawa
Couplings (the strength of the coupling to the Higgs field)

Finding the
Higgs particle
was the only
way to confirm

« The Higgs Boson has a mass, but the mass is not
predicted by the theory - we had to find it experimentally!

the bold idea !
* In early 80s Higgs boson was assumed of key importance! ‘ e :
The only missing piece of the SM jigsaw: o e
« SM worked so well that the boson had to be present ( : _
‘l } b

« But it required collider energetic enough to produce it.
Finding the Higgs was one of the main objectives of the LHC

I3
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Quest for a Higgs Boson at LEP (e‘e)

LEP 1 (s = m,) P N
1989-95 (~17M 2) A VA G SRR N

The dominant production process would be the
higgs strahlung. Additionally, due to clean
leptonic Z decays (eTe™, utu~,vv) this was the
only channel probed.

MZ=X1/TI(Z=p

In the relevant mass range, the dominant decay
to a pair f b quarks (my > ~10 GeV), or lighter
quarks and leptons for lower higgs masses.

Higgs-boson mass range from 0 to approximately 65 GeV could be probed
@LEP1, the four experiments (ALEPH, DELPHI, L3, OPAL) excluded higgs
masses below m<63.9 GeV.

Due to exponentially falling x-section, increase of data statistics would not
increase the reach of LEPL1 significantly
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Quest for a Higgs Boson at LEP (e'e’)

+ - -
ot € e cross sections

LEP 2 (5 < 209GeV) Lm|  gWprTTm————
1995-2000 (2.5 fbt @ +/s < 209) ) z e, '3'10?3_ _

maximum energy
of LEP collider

The higgs strahlung remains dominant. 107
Better S/B. Bkg mostly WW/ZZ. :
In Z*->ZH, Z is produced on-shell.

This allows to exploit apart from (eTe~, utu=,vv)

104 3
also the hadronic Z decays (2 jets with invariant , :
mass of the 2) 10°] zZ
The dominant decay to a pair of b quarks w ,. '/”/_
(tagging of b-jets essential!). But H->tt exploited E 1 -
as well. 10 ¢ Hz

R N A ...|....|.-—’.’J,{’i”;. |

! I]HHZS 50 75 100 125 150 175 Z{JI:F %2(.}5 ‘f]’.iﬂ
@LEP2, higgs-boson mass was probed up to approximately 120 GeV (kinematic
limit)

The combined result from the four experiments (ALEPH, DELPHI, L3, OPAL)
excluded higgs masses below m;<114.4 GeV @ 95% CL.
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Quest for a Higgs Boson at LEP (e‘e)

1995-2000 (2.5 fot @ +/5 < 209) (H—bb)(Z—-I'T), (H—bb)(Z—1"T),

LEP 2 (/s < 209GeV) % (H—bb)(Z—qq), (H—bb)(Z—wv),
0| (HoT)(Z—q0)

« F - . w 1 F RARRN
Q 5 L LEP  v5=200209 Gev Tight =
> | O
=] C + Data 10
U 6 I:I Background :
o - [ Signal (115 GeVich 2f
=~ 5 r 10 F L 5
E C F K 3
=] i all _>109 GeV/c* 3 ]
g 4 :_'D“t“ 18 4 1“ " E__ —— Ohbserved IlrrII g
= | Backgd| 14 12 F ~-- Expected for 3
3 Hsignal | 29 22 + 1 af Backgromud :
[ 10 E
2 F F 3
- s S 1144 7
: 10 | 1153 4
1 r 2 ; ;
i 6f 3 £ :
ﬂ' L marh I n 2 non I . N 10 sl el by e bw g Loy .I i S N I
0 20 40 60 30 100 120 100 102 104 106 108 110 112 114 116 118 120
myrec (GeV/c?) m,,(GeV/c?)

The combined result from the four experiments (ALEPH, DELPHI, L3, OPAL)
excluded higgs masses below m;<114.4 GeV (exp. 115.3) @ 95% CL.
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Quest for a Higgs Boson at the Tevatron (pp)

Tevatron Il (/s = 1.96 TeV) o E ﬁl{

2001-2011 (~10 fb2) S

The g-g fusion has the largest
X-section, but can be exploited only in
leptonic higgs decays - trigger!.

(WW - lvlv,ZZ - 4l,ZZ — 4v)

H—-=WW-—=hlv

The most significant process is the
associated production (VH), with
subsequent higgs decay to b quarks.

MVA techniques used to discriminate
higgs signal against background.

Higgs-boson was searched for in the mass range from 90 to 200 GeV.

The two experiments (CDF, DO) excluded higgs masses [90, 109] and [149, 182]
GeV.

An excess of 3.00 for my=125 GeV was observed.
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Quest for a Higgs Boson at the Tevatron (pp)

Tevatron Il (/s = 1.96 TeV) o

Q B
2001-2011 (~10 fb) W)z i
W/Z
250 10 ¢
& Tevatron Run I, L, < 10 fb' —- Data — Bkgd § + = Observed Tevatron Run Il, L, = 10 fb!
S 200 SM Hi A 2 [ --- Expected w/o Higgs SM Higgs combination
ggs combination ; ; g9 igg inati
£ 150 W SM Higgs Signal £ | mmExpected = 1s.d.
o — =1 s.d. on Bkgd 4 [ CJExpected +2s.d.
100 3 ~=== Expected if m =125 GeV/c®
50 jg L
-50 g 1
£ ‘
-150 ot
200 m,=125 GeVic? % gE
1 I T T ST S (N SR S N NN SN S IR N ST S S M L i i M BT B S T ST T
-25EI-3 -2.5 -2 -1.5 -1 -0.5 0 100 120 140 160 180 EUD
log,4(s/b) my (GeVic")

The two experiments (CDF, DO) excluded higgs masses [90, 109] and [149, 182]
GeV.

At the same time, an excess of ~3.0¢ for m,=125 GeV was observed.
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Before LHC turned on - EW fit of the Higgs mass

—
chy — LEP1 and SLD
 8V2r EV 80.51 -~ LEP2 and Tevatron (prel.)

v? contribution: Am,,~0.007x Am,
LHC goal: Am~1 GeV/c?

h Ao A 11GrM2c2, [, m2 o
WW + MVVWMVVW\, ( T)nggﬁ - 24\/"_"” nmi’ g 80.4
=
=
only logarithmic dependence M3, = V20—,
y WS @ 80.3-
6 s
] M3 150 175 200
- Ay = sty =1— %
ST\ ¢ —0?2753+0 ooo3s [ i 7 i Mz m, [GeV]
E L "=+ 0.02749+0.00012 H
4 .'._. +++ incl. low Q° data .. —
" 3 il Top quark mass = 172.7 +- 2.9 GeV (Tevatron)
: m,,=80.410 +-0.032 GeV (LEP)
2 i my=91 5, GeV/c?
14 ks 4 mp<186 GeV/c2 @ 95% CL (theory incl.)
0 | Excluded ‘ § i | i
30 100 300
my [GeV]

LEP direct: m,>114.4 @ 95% CL
Pawet Briickman, IFJ PAN

Hope to go down to 6m=0.015 GeV @LHC
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Production and Decay of the SM Higgs Boson at the LHC

| Production (gg Fusion dominant) | Higgs coupling proportional to mass = Higgs
generaly decays to heaviest particles possible

Ho
t .
t -~ .  sppenxpb. < production @ LHC
g g fusion OI{J C.i — 5 Q,
1\‘ ‘ \\\H‘ T ‘ \\\\\\H‘;
y ;
o s
of ERS
C m 0 2
= ] 5 12
or -
: | 3 i
I — 2 I
HE = +10—1 )
oF T o
: E P
SE = o
vl f o =
=N @
PN L 10°
l_'GA_\H‘ \\\\HH‘ | R \\\\HH‘ LH(\:HIL;(;S\;S\UIL;
t T fusion /
A I

P R P N B
140 160 180 _ 200
M, [GeV]

Higgs decay branching —» i
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Production and Decay of the SM Higgs Boson at the LHC

| Production (gg Fusion dominant) | Higgs coupling proportional to mass = Higgs
generaly decays to heaviest particles possible

@13 TeV

S . 88%
(~48.6pb)

7%
(~3.8pb)

4%
(~2.2pb)

1%
(~0.5pb)

t t fusion

Pawet Briickman, IFJ PAN

Decays of oy

-————-q —I—=

125 GeV higgs boson v

charm/anti-charm, 2z VY  Z*Y others

i 0.2% _0.2%
tau/anti-tau> % 'u|43% ©_0.6%
6% R

= II/
2 gluons

9% 4
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ATLAS Detector

_________ATLAS

Magnetic field

Tracker

EM calorimeter
Hadronic
calorimeter

Muon

Trigger

2 T solenoid
+ toroid: 0.5 T (barrel), 1 T (endcap)

Silicon pixels and strips
+ transition radiation tracker
o/pr = 5-104p; + 0.01

Liquid argon + Pb absorbers
o/E = 10%/NE + 0.007

Fe + scintillator / Cu+LAr (10A)
o/E = 50%/E + 0.03 GeV

o/p;=2% @ 50GeV to 10% @ 1TeV
(Inner Tracker + muon system)

L1 + HLT (L2+EF)

ATLAS Collaboration

38 Countries 25m
175 Institutions

3000 Scientific Authors total

Muon chambers

Pawet Briickman, IFJ PAN

Toroid magnets

Solenoid magnet

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr eleciromagnetic calorimeters

Transition radiation tracker

Semiconductor tracker



vacuum chamber

central detector
electromagnetic
calorimeter

hadronic
calorimeter

Detector characteristics AJ

Width: 22m
Diameter: 15m

Viatebs.  1AlEAAL

o(E{)E; ~ 100%/VE[GeV] +5%

Key: o m 2m 3m 4m 5m
Muon
Electron
Charged Hadren (e.g. Pion)
~ = = - Neutral Hadron (e.g.Neutron)
'''' Photon L
® Y
CMS Collaboration ' 1=
42 Countries - Ly
. . T)pT~10% ‘
182 Institutions Pl ipT~10%
at 1TeV & '
3300 Scientific Authors total i G ;
Hadron Superconducting f
Calorimeter Solenoid i
Iron return yoke interspgrsed §

with Muon chambef's

Transverse slice
through CMS o
o(E)/E ~ 3%NE[GeV] +0.3% o(pTYPT ~1% @ 100GeV
o(pT)pT ~10% @1 TeV

NISD, FF 10Ul specidlists cuzd

Pawet Briickman, IFJ PAN



How was the Higgs Boson finally observed?

H —

o
B,

“Golden” decay chanels. Give the largest chance of detection!
(compromise between the rate and amount of background)

Pawet Briickman, IFJ PAN
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GATLAS

EXPERIMENT
hitp://atlas.ch

Run: 204769
Event: 71922630
Date: 2012-96-10
Time: 13:24:31 CEST
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H — yy candidate

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000
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Francois Englert
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... what was observed
H— vy H - ZZ" -4l

=~ T T
[}] - T T T T T T T T T T T T T
g 3500 ATLAS 4 Daa ATLAS > [ e 'Data | ATLLA ]
@ 3000 —— Sig+Bkg Fit (m =126.5 GeV) g o5 - Background 72" HezZsal ]
|5 N Bkg (4th order polynomial) % - I Sackorouna 2+ -ZZ"' ]
i > 126 0+0 4 +0 4 G v ._% L |:| Signal (m =125 GeV) -
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and the

Q_o 10EllllllllllIII|IIII|IIIIIIIII|IIIllllI%
= = ATLAS Preliminary {5 =7 TeV (2011), [Ldt=4.81b" 3
8 1 B fs=8TeV (2012), fLdt=5.91"
3 E
10T
LD T PR £ | WS VY /SN A=A N = 2 O
1026 WA/ T d
_3............-.-.-.-.-.:zs.‘ ...................................... .: 30
10 EEEPS July 2011 -, E—;
4L — QObserved ’ _;
10 EEPN S S S f4o
107 & cerN seminar 1222011 =
[ — Observed ]
10'6_5 ------ Expected g 5o
1077 E-Spring 2012 "\ 4July 2012 -
= Observed X Observed * 3
-8 ------ Expected ‘e Expected ]
1OBEIII|IIpII|IIII|IIII|IIIIIJIII|pIIII|IIIE

110 115 120 125 130 135 140 145 150

my [GeV]
We observe an excess of events at my 126.5

GeV with local significance 5.0 o

The excess is driven by the two high mass
resolution channels:

H—yy (4.5 0) and H—>ZZ*—4l (3.4 o)

conclusion!

= =10 v
8 10-4 4o
_l 10‘5 --------- U
10° 35‘3
107 T
1 0‘3 = Combined obs. ~"""'-.
-« == Exp. for SMH Higgs e
10° H— bb o
jgof | — How CMS Preliminary ~ "*»
y _E_)Hw \s=7TeV,L=5.11"
- —H
10 G \s=8TeV,L=531b" 75

12I_—IIII[II]]ITIIT[IIII]\[TIIIIII—_I
10 116 118 120 122 124 126 128 130

Higgs boson mass (GeV)

We have observed a new boson with a
mass of 125.3 + 0.6 GeV at
4.9 o significance !

Owing to Landau-Yang theorem, decaying to a yy pair, it cannot be a vector boson. It has to be
either a scalar or a tensor (spin=2). The latter option, was quickly experimentally excluded.

Pawet Briickman, IFJ PAN
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The big triumph!

Fhysics Letters b

Volume 716, [ssue 1, 17 September 2012, Pages 1-29

Observation of a new particle in the search for the Standard
Model Higgs boson with the ATLAS detector at the LHC *

Physics Letters B

Yolume 718, Issue 1, 17 September 2012, Pages 3061

i .'.
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ELSEVIER

Observation of a new boson at a mass g @ ith the CMS

experiment at the LHC *

— P T T
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The two “cleanest" (discovery) channels - ATLAS, end 2012

—W\ Y
1) di-photon  q
—N WY

Z
V4

2) Mis-identified jets/electrons
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How did we know what was actually observed?

QM assures us that:

1. H->2 bosons (yy) -> must be a
boson

2. H->2 photons -> cannot be a vector
boson (S=1). Options left: O, 2.

3. Analysis of angular distributions in
H->4| excluded S=2 @99% CL, fully

35.9-137 fb (13 TeV)
T T T IIIH] T T T 1T T T

confirming the S=0 hypothesis El ’?jﬂf%mw Wi
(scalart) B e

4. Couplings to SM particles are key i :

features of the Higgs boson — they oy o %

depend on the partiCIe Mass: 21?5 E— Z“‘"Z-ZZSZM]HiggSZm?SZO‘TZZ I

Y 1A A—

Pawet Briickman, IFJ PAN . Partlclc.a mass (GeV)



H > WW" sevuv - ATLAS, end 2012

RETROSPECTIVE

Pawet Briickman, IFJ PAN
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Getting to know 1eGS boson
.rhe 1 25 Gev discovery
scalar |
> N L L L L voob
> - i
O - ATLAS -
y - _ Vs=7TeV,48f" -
= 30001 Doy 8TV, 591" ] Run 2
[ - - rnz  (5=13TeV, 139" - un
m - 1
v 20001 —
© i _
S B 1 x30
1000~ ]
i |1 Discovery
G- —
1 | | | 1 | | | | | | | 1 | | | | 1 | | | | | | 1 :

I
110 120 130 140 150 160
m,, [GeV]
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Run 2 (36 fb-1)
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H->11

CMS

35.9 fb' (13 TeV)

Signal strength: p=1.09 +0.35-0.30

Significance:
@ Run 1:
Significance:

S=4.4(4.1 exp.)o

S=6.4(5.4 exp.)o

Signal strength: p=1.09 +0.27-0.26

Significance:
@ Run 1:
Significance:

S=4.9(4.7 exp.)o

S=5.9(5.9 exp.)o

Pawet Briickman, IFJ PAN

Clear observation!
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7«0

A® Run

ATLAS

ATLAS e Total Stat. [ Syst. — SM
Vs=13TeV, 36.1-79.8fb"
Total Stat.  Syst.
|

ttH (bb) e 079+ o (+ 23 ,+0.53)

ftH (multilepton) He=— 156+ g% (% 0% . 037 )

ttH (yy) F———r 139+ 08 (£ 38, 0%)

ftH (ZZ) e <1.77 at 68% CL

Combined H==H 182 0% (£0.18,+ ;%)

1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
-1 0 1 2 3

4
SM
GHH/GHH

220009000 " -

2 HtH e
~
At

g ’
VUTTTBEET

CMS N

t T fusion

511" (7 TeV) + 19.7 b (8 TeV) + 35.9 tb™' (13 TeV)
@ Observed

CMS — +10 (Stat @ syst)
- \ = 10 (syst)
_ : —— 120 (stat @ syst)
ttH(WW*) —-—-—
ttH(ZZ*%) o
ttH(yy) —*ﬁ——

tiH(t*t) :l:

tiH(bb) —'-l-'—
7+8 TeV I
13TeV_ _....._
Combined —'ll-—
L R T R S

l~ltfH

Higgs decays to WW*, ZZ*, yy, tt, bb considered
Multiple categories. Final ML fit to bins in log,,(S/B)

Signal strength: p=1.32 +0.28-0.26

Significance: S=5.8(4.9 exp.)o
@ Run 1:
Significance: S=6.3(5.1 exp.)o

Signal strength: un=1.23 +0.45-0.43
Significance: S=3.2(2.8 exp.)o
@ Run 1:

Significance: S=5.2(4.2 exp.)o

Pawet

Observation! At last ©

Brickman, IFJ PAN
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7,07'0 Run 2 (139 fb-1) VH, H->bb
ATLAS

40:_'L4‘T}_:q\,3"‘|"'|‘"\'_'.‘_\;;‘l"'l"'\'_: : _ —
e tamev. 1 e et ] S!gnf';l_l strength: p=1.02 +0.12 +0.14
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C  2+3jets, 2 b-tags [] B-only uncertainty 7 ] .
30% it mass anaysis 71 | Significance (ZH): S=5.3(5.1 exp.)o
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=
|
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0: -+ 3 5F 0+142 leptons Diboson (u,,=0.91) -
ol bvw o b b by by by b g 149 r =2 1large-R jets, 2 b-tags DB-OI’“V uncertainty 7]
40 60 80 100 120 140 160 180 200 AL P! > 250 Gev =
m.. [GeV]
bb 3
2

Boosted analysis: measurement at high
pr - increased sensitivity to BSM physics

{.

All backgrounds except VZ subtracted

Z""MH\‘HMH{H.I...I..:
60 80 100 120 140 160 180 200
m, [GeV]

Events / 10 GeV (Weighted, B-subtracted)
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ATLAS CMS

137 fb' (13 TeV)
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~ . — olgna = ~— ]
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E 3002_ _i % o m,, = 125.38 GeV - +16 ]
=3 = 3 m =
2 200 3 £ =*20 ]
- 3 (o)) C u
100;— — é_) 400
. = = — 300F
2 2 S m
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: 0 ) 200F
o b
110 1.i5 1é0 1é5 1é0 1é5 141.0 14].5 1éo 155 160 0:| 11 | | I I - I | I - | | - | 11 1 I L1 11 I L1 11 | 11 |:
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© 0
. - o
BeSt flt Slgnal Strength' l’l_l'z i 0'6 Q -5 ol by b b brar b s b |_:
. e . _ 110 115 120 125 130 135 140 145 150
Obs. (exp.) significance: S=2.00 (1.70) My, (GeV)

Best fit signal strength: p=1.19 £+ 0.41 £ 0.16
Obs. (exp.) significance: S=2.95¢ (2.460)

@ Run 1 ( Phys. Lett. B 744 (2015) 184 )

Best fit signal strength: p=1.19 £+ 0.40 £ 0.15
Obs. (exp.) significance: S=2.980 (2.480)
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Where are we now?

.10'CMS Preliminary 137 fb' (13 TeV)
}120_IIIIIII|IIII|IIII||III||III_ :""|""|'"'|""|""|""|""'|"":
8 - ATLAS ¢ Data i - H—syy, m, = 125.38 GeV All Categories .
Py (H—ZZ" >4 393';:be .tz)f)( w 50~ i =1.03 S/(S+B) weighted  —
= s=13TeV, 139 fo ; ] - Data :
2 100[-* VH  EZeets i 0 S/B: ~0.1 LS+B it =
ﬂ}) PttH+H 72 Uncertainty . o .-~ B component ]
w80 30 Br- 0-2 /0 [Mz1a —

[ ]z20

S/B: ~2
60 ;
7 Br: 0.012%

S/(S+B) Weighted Events / GeV

&)
=]
TT T T[T T T T[T T T T [TT11

40

20

110 120 130 140 150 160 of
m,, [GeV] 00 oo

1 I | ] 11 1 | | - I I T ]
130 140 150 160 170 180

m,. (GeV)

Precision channels (H—-Z2Z*—4l, H—Yyy) have driven the discovery and
subsequent measurements in the Higgs sector.
In particular, JP¢ has been firmly established at 0** (vacuum quantum numbers)
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Higgs mass measurement

_IIIIIIIIIlIIIIlII\III\IIIII TTTT

- ATLAS
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** Combined unbinned maximum-likelihood fit

s The result is statistically dominated!

¢ Largest systematics come from muon
momentum scale and electron energy scale

o

Events /0.1
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LH= 27" > 4l Higgs boson (125 GeV)
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80115 <m, <130 GeV -t a
: Y Uncertainty
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& Data ]
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70EH 2z - 4 s 1
Vs=13TeV, 139" o 1
115 < m, < 130 GeV . 1

s W Zsets, -

% Uncertainty

Events /0.1 GeV
(o))
o

35
o [GeV)

NN output to parameterise per-event resolution and composition

ATLAS —— gct:nlalo |

* at. Only

.rt; 3 SZTEV, T)sgﬂr‘ S Sys. Only
i 4e - | | 12451+ 073 (+0.73 Stat.;
i 2u%e |—|§|—|| 125.33 + 0.50 (+0.49 Stat-;
i 2e2u l—i—|| 125.01+£0.29 (+0.29 Stat-;
i 4p |—|—|| 124.93 029 (£0.28 Stat-;
i Combined |—|I—| 124.99 +0.19 (£0.18 Stat.;
IS 12494 £ 018 (+0.17 Sta)

1é3 - 12|4 155| | 1é6| 12I7 -

m,, [GeV]

Legacy Run2 Higgs mass (4l+yy combined - both ~0.2GeV)
(approaching 103 precision!). We know top mass to 2x10-3, W mass to 2x10*

Pawet Briickman, IFJ PAN
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
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" 22/3%, °

Higgs couplings combination

87% > T% 2% ?005"/0_
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HIGGS boson

discovery

,02% "

I| T T T Il'llll
ATLAS Run 2

e ’ ! -+ x.is a free parameter N

E_ SM prediction _E

H— ZZ* — "1 i N
H —> WiW$ —> IiVII$VI E Leptons Quarks §
o — Mo .k
v 3 o on:F

H RN Z’)/ (Ilmlt’ |nC|_) E Force carriers Higgs boson E
H — bb~ (all but ggF) = » @ E
H — 11" mhAM BN AL L) L AL B R ALY
H =y » I i
H—cc™ (VBF, ZH) - : i '
H_) inViSibIe (VBF, ZH) }||||| Lol bl Lol |€

10" 1 10 10

Excellent agreement of couplings across
three orders of magnitude of particle

massl!
Pawet Briickman, IFJ PAN

Particle mass [GeV]
Assuming m(H) = 125.09 GeV
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https://www.nature.com/articles/s41586-022-04893-w
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803

Where are we now?

6.0% GI/USM = 1.06 + 0.04 (stat.) +0.03 (exp.) *0:03 (sig. th.) + 0.02 (bkg. t@ ATLAS-CONF-2020-027

65% ( ofosu = 1.02 % 0.04(th) = 0.04(exp) = 0.04(stat), ) CMS-HIG-19-005
I'IIIIIIII'III'IIIII|III|III|III|I'II|'III'|III
ATLAS Preliminary —e—Total Stat. MM Syst. | SM
Vs=13TeV,24.5-139 fb"
m,, =125.09 GeV, |y | <25
Py, = 86% Total Stat. Syst.

|
agF H== 1.00 zo007( o005, +005) ey .
o Good compatibility with

VeF ' 118 Zar (2013, o) the SM predictions !
WH 6.30 120 Z( 7, by
ZH |——|—| 500 098 °Z( o6, 08)
ttH+tH r—-l—-—| 110 "3 ( ThE, Y
I|IIIIIII|IIIIIII|IIIIIII|IIIIIIIIIII|III

06 08 1 12 14 16 18 2 22 24 26
Cross-section normalized to SM value
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Understanding the Higgs potential...

ggF: 90% of SM x-section (interfere destructively) VBF: will help in the future

g 00000099

Yy
jus]

bbyy, bb t+t-,and bb bb Non-resonant HH search
- Ob d I' 't SI : T I T I I 1 1 1 I I 1 1 T I 1 I 1 T I 1 I 1 T :
ATLAS Preliminary served im! = [ ATLAS Preliminary —— Observed limit (95% CL) -
V13 TeV 126—139 fo-! - Expected limit — i _1 Expected limit (95% CL) |
o ’ (MuH =0 hypothesis) I Vs=13 :I'eV, 126— 1_39 fb o == (uwx=0 hypothesis)
Oggr + ver(HH) =32.7 fo [ Expected limit £10 XL 104k HH-bbT*T~ +bbyy+bbbb =3 Expectedlimitztc
[ Expected limit 20 E - 1 Expected limit +20 &
> B E== Theory prediction ]
Obs. Exp. L'I'_' ¢  SM prediction
[=2}
bbyy|- { 42 57 o 103
bbbttt * 47 3.9
- 102 E
bbbb|- 54 8.1 - €
B bbr*T- ]
i bbbb 7
Combinedf~ 4 C 24 29 i Combined ]
TR T T [T T I YT T N I L1 1 01 TR T R L T RS
0 5 10 15 20 25 30 -10 -5 0 5 10 15
95% CL upper limit on HH signal strength iy K
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/

Does Higgs sector contribute to CP violation?

80— T
LoF ATLAS
— Vs=13TeV, 13910’
60— m,, €[118, 132] GeV
- TT+TL+LT
VBF 50" 4 Data 2
— VBF (SM T b . L
H yy 40 ( ) o 120 130

-0 Syst. Uncer.
30 o Sy

0 1‘;0 15‘0 1
0 Total bkg. _*_ﬁ+w m,, [GeV]
RN N

20

In(1+S/B) weighted events / 1.0

10

[I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

In lack of CP-odd
contribution the
distribution of OO |

iS Sym metric + j | l..'.'.'.'.'.'.'.'.'.'.'.?'.'.'.'.'.'.'.'.'.'.'.I

L ]

Data - bkg.

00=2-Re(M*sm-Mcp-odd)/ | Msm|?

Obtained:
the most stringent constraint on the dimension-six CP-odd
contribution to the H-V interaction EFT Lagrangian.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08/

Summary

» SM desperately needed a solution to the mass problem.

« The BEH mechanism proposed back in the 60’ies was the prime candidate.

« So far, all observations are consistent with the particle observed in 2012 being
the Standard Model Higgs boson.

« The particle decays into at least some of the predicted channels

» Also, production rates, BRs, spin-parity (0*) etc. for the observed channels
match the predictions by the Standard Model within the experimental
uncertainties.

« The discovery of the Higgs boson finally completes the Standard Model of
particle physics.

* Is it the end of particle physics?

Definitely NOT!
Next lecture will tell you why.

Pawet Brickman, IFJ PAN KISD, PP for specialists 2024



Further reading

» B.R. Martin and G. Shaw, Particle Physics
> A. Bettini, Elementary Particle Physics
» B.R. Martin, Nuclear and Particle Physics, an Introduction

» F. Halzen and A. Martin, Quarks & Leptons: An Introductory
Course in Modern Particle Physics

» F. Mandl and G. Shaw, Quantum Field Theory

Pawet Brickman, IFJ PAN KISD, PP for specialists 2024
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