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[ Ul — 19:30 Higgs Physics 1

Introduction
Reminder of some shortcomings of the SM: masses, WW scattering

®1h3om | @~

The Higgs mechanism. Production and decay of the Higgs boson at colliders: LEP, Tevatron and LHC.

Previous searches at LEP and the Tevatron.

Speaker: Ricardo Jose Morais Silva Goncalo oratorio t

MonbAy, 12 APRIL

Higgs Physics 2

Discovery of the Higgs boson in the different final states:
Algorithms, challenges, tools,
combination of results

Speaker: Pedro Vieira De Castro Ferreira Da Silva ((

WEDNESDAY, 14 APRIL

Higgs Physics 3

Case-study of the H->bb search, H->bb observation
Algorithms, challenges, tools
Higgs measurements with H->bb

Speaker: Rute Costa Batalha Pedro (LIP Labor t X ents

MonbaAy, 19 APRIL

LL:H M — 19:30 Higgs Physics 4

- Search for new physics in the Higgs sector.

- The Higgs boson and processes beyond the SM.

- Extensions of the SM, minimal and non-minimal extensions.

- High mass searches.

- MSSM Higgs searches: neutral, charged.

- Light pseudoscalar, resonant and non-resonant Higgs pair production.

Speaker: Michele Gallinaro (LIP Lisbon)
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Outlook

* |ntroduction
 Some theory

e Problems with the Standard
Model

* The Higgs mechanism

 The long way to discovery

— LEP experiments

— Tevatron experiments

— Search and Discovery at the LHC
* Higgs boson properties
* Open questions

Peter Higgs
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Introduction

The Standard Model particles and
interactions, and some theory to
set the scene...



MATERIA ATOMO NUCLEO PROTAO

Ve

NEUTRINO
DO ELETRAO 5

2

Vi

NEUTRINO
DO MUAO

V1

NEUTRINO
DO TAU

STRANGE

R7A
Y2

BOTTOM

R7A
Y2
07.04.21

R. Gongalo - Physics at the LHC



E as forgas fundamentais?

’




Summary of Standard Model matter vertices

gl W= 4
_ (& E_ gw Ei,ljg ‘Pgi<
4 9
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q —P—f
gl W= 24
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g=u,d,s,c, b, t

+ antiparticles
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Electroweak Unification

@ Weak CC interactions explained by W= boson exchange

@ W™ bosons are charged, thus they couple to the v

30

s
Consider e“ et — WTW: 2 diagrams b§
(+interference) 201
e’ W+ et W+

101
Ve
Y

e~ W=  e™ W~ 02
@ Cross-section diverges at high energy
@ Divergence cured by introducing Z boson
@ Extra diagram for e e™ — W W~
@ Idea only works if v, W=, Z couplings are related

= Electroweak Unification
07.04.21 R. Gongalo - Physics at the LHC

™ YFSWW/RacoonWW
....nho ZWW vertex (Gentle)
only v, exchange (Gentle)

160

180

200
Vs (GeV)
W+



Electroweak Gauge Theory

@ Postulate invariance under a gauge transformation like:

w%w 1g0/\rt)w

an “SU(2)" transformation (o are 2x2 matrices).
Operates on the state of “weak isospin” —a “rotation” of the isospin state.

Invariance under SU(2) transformations = three massless gauge bosons
(Wi, W, Ws) whose couplings are well specified.

@ They also have self-couplings.

But this doesn’t quite work...
Predicts W and Z have the same couplings — not seen experimentally!

07.04.21 R. Gongalo - Physics at the LHC 9



Electroweak Gauge Theory

The solution...

Unify QED and the weak force = electroweak model

“SU(2)xU(1)" transformation
U(1) operates on the “weak hypercharge” Y = 2(Q — k)
SU(2) operates on the state of “weak isospin, I”

Invariance under SU(2)xU(1) transformations = four massless gauge
bosons W™, W—, Ws, B

The two neutral bosons W3 and B then mix to produce the physical
bosons Z and ~y

Photon properties must be the same as QED = predictions of the
couplings of the Z in terms of those of the W and ~

Still need to account for the masses of the W and Z. This is the job of the
Higgs mechanism (later).
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The GWS Model

h _ The Glashow, Weinberg and Salam model
A treats EM and weak interactions as

different manifestations of a single unified
electroweak force (Nobel Prize 1979)

Start with 4 massless bosons W™, W5, W~ and B. The neutral bosons mix to
give physical bosons (the particles we see), i.e. the W*, Z, and 7.

W+ W+
W5 - B = / Y
W W

Physical fields: W™, Z, W~ and A (photon).
/ = W3COS@W — Bsin QW
A= WssinOy + BcosOy  Ow Weak Mixing Angle

W=, Z "acquire” mass via the Higgs mechanism.

07.04.21 R. Gongalo - Physics at the LHC 11



The GWS Model

The beauty of the GWS model is that it makes exact predictions of the W=
and Z masses and of their couplings with only 3 free parameters.

Couplings given by agy and 0y

g : I < 9z :
o W+ 7
,

e e e gw

OEM — — 8B~ € EW — 87 =

A sin Oy sinfyw cosOy  cosbOw

Masses also given by G- and 0y

From Fermi theory 1/2
G g2, - . - \/§e2 S myy
V2 8my,  8mYsin?fy 8Grsin’ Oy cos Oy

If we know agpy, Gr, sin Oy (from experiment), everything else is defined.
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Evidence for the GWS model

@ Discovery of Neutral Currents (1973) z 7y
The process 7,6~ — 1,e~ was observed. I
Only possible Feynman diagram (no W= diagram). 4
Indirect evidence for Z. ) )

Gargamelle Bubble
Chamber at CERN

07.04.21 R. Gongalo - Physics at the LHC 13
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Evidence for the GWS model

Discovery of Neutral Currents (1973) z 7y
The process ,e~ — e~ was observed.
Only possible Feynman diagram (no W= diagram).
Indirect evidence for Z.

Direct Observation of W* and Z (1983)
First direct observation in pp collisions at /s = 540 GéV via decays into
leptons  pp — W= + X pp— Z+ X

— eV, T, — ete, "

UA1 Experiment at CERN AR Uil
Used Super Proton Synchrotron A AR

(now part of LHC!)
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Evidence for the GWS model

Discovery of Neutral Currents (1973) z Zu

The process v,e™ — 1,6~ was observed.
Only possible Feynman diagram (no W= diagram). z
Indirect evidence for Z.

Direct Observation of W* and Z (1983)
First direct observation in pp collisions at /s = 540 GéV via decays into
leptons  pp — W* + X pp— Z+ X

— eF e, it — ete ,uu”

Precision Measurements of the Standard Model (1989-2000)
LEP e"e™ collider provided many precision measurements of the Standard
Model.

Wide variety of different processes consistent with GWS model predictions
and measure same value of
sin” 0y = 0.23113 + 0.00015 Ow ~ 29°

07.04.21 R. Gongalo - Physics at the LHC 19



Experimental tests of the Electroweak model at LEP

The Large Electron Positron (LEP) collider at CERN provided high precision
measurements of the Standard Model (1989-2000).
Designed as a Z and W= boson factory

et f
et W+

e f o W-

Precise measurements of the properties of Z
and W= bosons provide the most stringent test
of our current understanding of particle physics.

@ LEP is the highest energy e"e™ collider ever built /s = 90 — 209 GeV
@ Large circumference, 27 km
@ 4 experiments combined saw 16 x 10° Z events, 30 x 10° W¥ events

07.04.21 R. Gongalo - Physics at the LHC 20



Summary of Electroweak tests

Now have 5 precise measurements of fundamental parameters of the Standard
Model

aem = 1/(137.03599976 + 0.00000050) (at#=0)
Gr = (1.16632 £ 0.00002) x 10° GeV

my = 80.385 4 0.015 GeV

mz = 91.1875 % 0.0021 GeV

sin® Oy = 0.23143 % 0.00015

In the Standard Model, only 3 are independent.

The measurements are consistent, which is an incredibly powerful test of the
Standard Model of Electroweak Interactions.

07.04.21 R. Gongalo - Physics at the LHC 21
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Standard Model Production Cross Section Measurements

Status: July 2018
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Lagrangians, symmetries and all that

s /49
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Joseph—Lg&is Lagrange (1736-1813)
LN




Reminder: Lagrangians in
classical mechanics

The equations of motion of a system are derived from a
scalar Lagrangian function of generalized coordinates
and velocities (time derivatives of the coordinates)

L(g,q) =T -V

and from the Euler-Lagrange equations:

oL d OL __ 0
Oq;  dt 9q;




Example

Particle in a conservative potential V. The Lagrangian
1 > 2 -2 02
L =sm(z® 4y~ +2%) — V(z,vy, 2)

has derivatives (e.g. for x)

oL __ oV 0L d (0L v
or = —ou or = M, g (57) = mi
and Euler-Lagrange’s equations
OL d OL __ 0
8q3' dt 8q3 o
finally give us Newton’s familiar 2"? [aw!
OV OV _a_v o mi— F

mr = —5-,my = — ay,mz



Symmetries and conservation laws

Noether’s theorem:

1f a system has a continuous symmetry property, then there are

corresponding quantities whose values are conserved in time.
Simplest case: Coordinates not explicitly appearing in the Lagrangian

=> Lagrangian invariant over a continuous transformation of the
coordinates

Example: mass m orbiting in the field of a fixed mass M

L(T, ¢, 7;‘7 QS) =T —V = %mrQ %mr2¢2 G]\fm

Since the lagrangian doesn’t depend explicitly on ¢ (symmetry with
respect to rotations in space), the Euler-Lagrange equation gives

d (OL OL '

Where the angular momentum J is a constant of motion!

07.04.21 R. Gongalo - Physics at the LHC 27




Let’s go to quantum fields...

| YT

PN
% 1

Schrodinger
(1887 - 1961)

' 2 h
"‘ &g

Schrédinger’s cat (?-?)



Now in quantum field theory...

Imagine space as an infinite continuum of balls and springs,
where each ball is connected to its neighbours by elastic
bands. Particles are perturbations of this field

G,c’ E! c! E’ c:’ c!c
ePePe?e?e?eFt?
é?a?éffeéééfc =
(P(X,y) éfefeffeféééft =
| . éféféféf (= 2= 2al= al= =
é?&?efefez?efe = =

07.04.21 29



Generalized coordinates are now fields (dislocation of each
spring)
g — ¢i(x)

In a relativistic theory we must treat space and time
coordinates on an equal footing, so the derivatives in the
classical equations are now

5 8 0
5V = 0= (571 35 ) By 53 )

In place of a Lagrangian we have a Lagrangian density (we
call it Lagrangian anyway, just to be confusing)

L(qu ddqtz) — £(¢278,u¢z) with: L = fﬁdS.’L‘

The new Euler-Lagrange equation now becomes

oL
Ou5.607) =0

EM)@



Gauge invariance

Take the Dirac Lagrangian for a spinor field { representing a
spin-Y particle, for example an electron:

L = iyt — mapi)

It is invariant under a global U(1) phase transformation like:

Y(x) = Y’ (z) = e'PP(x)

Where ) is a constant

L= e "X X (jhpyH Dy — maprp) = L



Gauge invariance

Take the Dirac Lagrangian for a spinor field { representing a
spin-Y particle, for example an electron:

L = iyt — mapi)

It is invariant under a global U(1) phase transformation like:

Y(x) = Y’ (z) = e'PP(x)

Where ) is a constant

L= e "X X (jhpyH Dy — maprp) = L



Original sphere Global tfransformation

* *
------
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Now for the problems...




Local gauge invariance and interactions

If X =X (x) then we get extra terms in the Lagrangian: )
L = de " XyyH1e' X9, + iq(Dx) e X P — meT X e TXafn)
= L' — g (9ux)Y

But we can now make the Lagrangian invariant by adding an interaction
term with a new gauge field A, which transforms as:

AM%A;L:AM—(()MX
MEEY L= gy O — maptp — qihy A

A few things to note:

1. Gauge theories are renormalizable, i.e. calculable without infinities
popping up everywhere (Nobel prize of t’'Hooft and Veltman)

2. The new gauge field A, is the photon in QED
3. The mass of the fermion is the coefficient of the term on Yy

4. There is no termin A A* (the photon has zero mass) - this is the
beginning of the Higgs story...



Problem 1: Mass of elementary particles and gauge bosons
Lorp = P(ivh0, — me) — epytp A, — 2F FPY + tmo A, AH

To keep the Lagrangian gauge invariant (against a U(1) local
phase transformation) the photon field transforms as:

]
Ay — Al = A, —
But the A* mass term breaks the invariance of the Lagrangian:

tmy A AP — 2mo (A, — 0,)(AF — OMx) # 2my A, AV

2

For the SU(2), gauge symmetry transformations of the weak
interaction the fermion mass term m_y also breaks invariance!



It should not work...
A

MASS

R. Gongalo - Physics at the LHC
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Problem 2:
. J'C.'Ro.rn.éf).[.S].

Longitudinal gauge-boson scattering 10° ——————rr

In the absence of the Higgs, some _
processes have cross sections that grow  10° }
with the centre of mass energy of the
collision... i.e. breaks unitarity! 10° |

The Higgs regulates the cross section %

through negative interference 10° |

Bottom line: the SM (without the Higgs
mechanism) results in wrong ,
calculations and breaks down for "
massive particles Ecm (GeV)

W W= W~ W~ W- 4%
v, Z

w+ w+ Wt wt Wt W+

Feynman diagrams contributing to longitudinal WW scattering



The Higgs Mechanism

o W
c(1528 - 011

Ah

» Faois Englert
Peter Higgs (b. 1929) (b. 1932)




THE HIGGS 1S SIGNIFICANT
BECAUSE (T EXPLAINS
WHY STUFFE HAS MAGS,

JORGE CHAM © 2008

WWW.PHDCOMICS.COM

07.04.21

WAIT, WE DON'T
KNOW WHY STUFF
HAS MAGS??
FOR ME TS THE
RAMEN DET.
./ ’
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* Introduce a SU(2) doublet of spin-0 complex fields

(T 1 (1 i

o= (%) =% (01 z‘cb4>
* The Lagrangian is L = (a,u¢)T(5W¢) _ V(¢)
* With a potential V(gb) — ’U2¢T¢ T )\(ngqb)z

N

Z

* For A>0, u?<0 the potential has a
minimum at the origin

* For A>0, u?<0 the potential has an
infinite number of minima at:

<>

2

v M i
|¢‘ vz V2 = 7 b
Pre

The choice of vacuum (lowest 2
energy state of the field) breaks the symmetry of the Lagrangian
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Magnetic material at high
temperatures

- |
4 1D [—Ii\\ !
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Magnetic material at low temperature

Symmetry broken — special direction

07.04 R. Gongalo - Physics at the LHC



EWK Symmetry Breaking in Pictures
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The Story So Far...
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The Standard
Model of
particle physics
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ATLAS Preliminary 2011 + 2012 Data

—— Obs. \s=7TeV: |Ldt=4.6-4.8 fb"
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A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

Received 7 November 1975

We should perhaps finish with an apology and a caution. We

apologize to experimentalists for having no idea what is the mass of the

5)54)

Higgs boson, unlike the case with charm 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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Integrated Ium|n03|ty ~700 pb-!
Shutdown: September 2000

Las St



Low-mass searches at LEP

The decay branching ratios depend only on m,;:

O my <2m,.:: H— yy + large lifetime; O my > 2m, up to 1000 GeV/c?:
Y
H . o li==
_______ W §
oh
Y E
G
Qm, <2m;: H — e‘e dominates; PRI
' m 3

Qm,<2m: H — uu dominates;

Qm,<3-46GeV: H— gg dominates;

(00000 g 10 42
H top 1On?, wtr, KK, ” |
nm, ... etc

"00000 g 10 3 eHll W

Qm, <2m,: H— tr and cc dominate; 10
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Higher-mass Higgs production at LEP

. WW-Fusion
e ﬁ ----------------- V
.
-
W
‘Q
Higgs » H
Strahlung ."
oW
*’
o
e e - LY vV
- 2 - -
Higgsstrahlung e WW-Fusion
>l :—
g E — 189 GeV
— 200 GeV
0k — 208 GeV
3 ]
10 \
] . 10 -3 \
110 120 80 90 100 110 120
m,, (GeV)
07.04.21
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Summary of all Higgs
candidates found at LEP

Invariant mass of all candidates

In total |7 candidates selected

I5.8 background events expected

Expectation for mp=115 GeV

8.4 events

Corresponding excess was not observed

Final verdict from LEP

mup>114.4 GeV @ 95% CL

.\k

07.04.21

Events

Events

Events

20
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LEP’s Final Legacy: the Blue Band Plot

July 2010 My = 158 GeV
6 . 1 K O
Decades of searches A %
. r had — o
In Many 5] i i —0.02758+0.00035 =
experiments... % i - 0.02749+0.00012 1°
4 - % % eee incl. low Q2 data —§
o
By July 2010: N 18
— LEP+Tevatron+SLD éf 3 - —
limits 1
— Higgs excluded o | _
m,<114.4 GeV at
95% CL . )
— Plus between 158
and 175 GeV 0 Excluded /" Preliminary
30 100 300
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- Sea rclggls at the Tevatron.

Proton-dyti-proton collider at s'/2=1.96 TeV
First superegfiducting accelerator

Shutdown: 30 September 2011
Almost 10 fb! of data for analysts

»
o — —
o r————




Higgs production at the Tevatron

Vector

q .
Wz i boson fusion
- HO
q - HO  §
Associated (fermion annihilation and
| production q vector boson scattering)
\\* — _-
. . .
SM Higgs production
- Only """" prrrrTT | | I |
Gluon fusion available at 103L TeVII -

hadron colliders o (]
g t t HO
9 t
t

HO

@
1

gg,qq — tth

TeVALHC Higgs working group

l PR S ST ST T U T U VAT SN YT U NN U VAT S VAT S WY S T U WY ST W WU s e WY
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200
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The final stand of the Tevatron

combined CDF /DO thresholds

S
N

« By the end of its lifetime, the |30 o
Tevatron had very sophisticated
analyses of a huge number of

channels

2l

10 fbo™

Tevatron: 1
Max. expectation

12 fb™!
95% CL Imit
30 evidence

(@]
©
ey

* By that time the LHC was collecting .~ —— 50 discovery ]
data and analysing it very fast © 80 100 120 140 160 180 200
Higgs mass (GeV/c?)

integrated luminosity/expt. (fb™")
o)

—_
o

 The CDF and DO experiments
obtained a significant excess of
around 3 standard deviations in
the mass range 115<M <140 GeV

[ — Observed Tevatron Run II, L, < 10 fb™
| --- Expected w/o Higgs SM Higgs combination
- [ Expected £ 1 s.d.
" [1 Expected £ 2 s.d.

- +== Expected if m, =125 GeV/c?

95% C.L. Limit/SM

* Not enough to claim discovery, but
consistent with the LHC results

L | L L L 1 L 1 L | L L L 1 L L L | L L 1

100 120 140 160 180 200
m,, (GeV/c?)
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roton =proton (and‘ﬁe
s”2 7,'8,13TeV so far
/’"Uperatlon started 2008
Physms data.from 2010
Expected closure 203\5
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At the LHC

https://twiki.celrn.ch/twiki/lbin/vieV\{/LHCPlhysics;/LH(IZHXSIWCIS
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2012: Descoberta do bosao de Higgs: H->yy

T l T T T T l T T T T I T T T T l T T T T l T T T T

> r ) -
o - /= 7| TeV || Ldt=000"| MarR5, 2011 =
P 31T —
E | —
GJ - —]
Lﬁ - ]
2.517 ATLAS Preliminary —
— H—yy channel -
2T —
1.5 —
1 29| (294 | (29 99 9¢ |0 2 dEdREINRE LS *9 |
0.5 || [TTTT 2
E 200 [ T T e e e ]
=
g 0
-200 I N N N TP ]
100 110 120 130 140 150 160
M., [GeV]
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Discovery channels

Discovery was made in ATLAS and CMS with about 5 fb! of 7 TeV data and 20
fb! of 8 TeV data per experiment; several channels combined

h—~v:h—Z2Z2* > 40;h > WW* h = 17777 h — bb

This means about 400 000 Higgs bosons produced in about 8 000 000 000 000
000 (8x10*°) proton collisions

— Only about 4000 events with Higgs bosons contributed to the discovery

> L
LI L LA LI I N R N ®40_.D8182011+2012
%) - CMS Preliminary —¢— Data g = [ SM Higgs Boson l|_4|TLZlqz§ Al
O) [ (s=7TeV,L=5.11f"(CIC) ~— S+BFit ] 2 .k m,=124.3 GeV (fit TLL 2 :
- o L=51107(CIC) Bika Fit Component ] € 351 . \s=7TeV |Ldt=4.6f
05000 ys=8TeV, L =19.6 fb" (CIC) 9 ponent S "L []Background Z, 2Z B
: " ' ' [d=to . o “  \s=8TeV JLdt=20.71b
T [ Background Z+jets, ff
B -20 30 7 Syst.Unc.
25
20F14
C |
15
-
101 ]
5F | [
L L | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 L ] 0 ll . I n 0 0 i
120 130 140 150 100 150 200 250
m,, (GeV) m, [GeV]
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2013 Physics Nobel Prize Higgs for the
Higgs Boson Discovery

Peter
Higgs,
English,
born

1929,

Univ. of
Edimburgh

Francois
Englert,
Belga,
born 1932,
U. Libre
de
Bruxelles

"for the theoretical discovery of a mechanism that

contributes to our understanding of the origin of mass of

Yy ok subatomic particles, and which recently was confirmed
PSBN  (hrough the discovery of the predicted fundamental

4 "Nl V@) particle, by the ATLAS and CMS experiments at CERN's

Large Hadron Collider”
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Vs=7TeV,L=511"
\s=8TeV,L=531"

Events / 1.5 GeV
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Two quotations from the experimental papers presented in this publication:

... The search for the Higgs boson, the only elementary particle in the Standard Model that has not yet been observed, is one
of the highlights of the Large Hadron Collider physics program.”

- ATLAS Collaboration

... The decay to two photons indicates that the new particle is a boson with spin different from one. The results presented
here are consistent, ... with expectations for a standard model Higgs boson."
- CMS Collaboration

(
< ‘49° )

v

2011-12

— Observed  [EE Expected Signal = 10

Vs=7-8 TeV

www eIsevner com
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It takes time to get it right

1 Ilfllwlluglulgyi

v v 2 M : § 20

=== ATLAS p-value

. muux CMS p-value
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. Tevatron excl.
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----- 30
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_4 i
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EPS-HEP 2011 conference [6]
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Probing the 125 GeV Higgs - Examples

07.04.21 R. Gongalo - Physics at the LHC 66




Mass: around 125GeV
Was the only unknown

SM parameter ©

For a while, different
mass values were being
measured in ATLAS and
CMS, and in different
channels

Numbers evolved with
accumulated statistics

Current most precise
value from ATLAS+CMS
has 0.2% precision!

Higgs boson mass

3Phys. Rev. Lett. 114, 191803
g i T T T | T T T T | T T T T | T T T T | T -I-I- ‘IAlTLIAIS IHI | T T T ]
< - ATLAS and CMS LI UATLAS Hozza
o) - LHCRuni1 CMS H—yy §
S 25 CMS H—ZZ =41  —
= T Lemmeal = All combined ]
(,) — 4 ~ -
© i % Best fit i
S o — 68%CL —
0 L i
150 4
1 :
05_I | - | L1 1 1 | I 1 1 1 I 1 1 1 | 1L 1 1 1 I 1 1 1 | 1 1 1 i
' 124 1245 125 1255 126 126.5 127

m,, [GeV]

m,=125.09+0.21 (stat)+0.11 (syst) GeV



M,, [GeV]

Exploring the electroweak scale

* Precision measurements of m,,, m,, m, are stringent tests of

the SM at the EW

scale

— E.g. excluding measured m,, global EW fit gives m; =90 * 21 GeV

(1.7 o tension) driven in part by m

top

Alllll ||II| T T T TTTTT T T I|l|||| T ]

1 ATLAS Preliminary .

- {5=13TeV,36.1-79.8 1" ..

[ m,=125.09GeV, ly,| <25 N ]

1 0—1 L oo SM Higgs boson ’ —
102k c9 ;
107° E
107 E

IIlIII 1 1 IIII[II 1 1 Il[IIl|
1 10 107

arXiv:1803.0185
B T T T I T T T T | T T T T | T : T T T I T T T T | I j J;
—  68% and 95% CL contours ;j m, comb. £ fo _
- o my = 172.47 GeV -
80.5 — Fit w/o M, and m measurements o G = 0.46 GeV ) —]
- Fitw/o M,,, m and M, measurements — 0=046 ©0.50,,, GV d
C Direct M,, and m, measurements ’ _
80.45 — —
~ M, comb. + 16 ) MI‘ s -
80.35 [— wm,, - 80.379  0.013 GeV QV — ]
80.3 — s =
C N : ]
— o2 -
80.25 — A2 ( B —
I~ W Wy Wy N
L 1 1 } - 1 L i ] 1-al 1 1 1 I 1 1 1 | | 1 I—
140 150 160 170 180 190
m, [GeV]
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@ CMS arXiv:1804.02716 [hep-ex]; arXiv:1706.09936 [hep-ex]; arXiv:1806.00242 [hep-ex]

EXPERIMENT

> m T T T =
@ C e Data ATLAS -
e Mass measurement from CMS H>ZZ*2>4l: £ - —som n(1+5/8) weigted sum 3
z
* E
m,?4'=125.26 £ 0.20 (stat) £ 0.08 (syst) GeV = «o-
300
* New Measurements from ATLAS g
200
H-> vy: 4Y=124.93 £ 0.40 GeV :
100F
* ZZ>l< E ]
H>ZZ* >4l mH 124.79 + 0.37 GeV R :
e Run 1+2 combination from ATLAS:
m, = 124.97 + 0.19 (stat) + 0.13 (syst.) GeV {
o 720 a0 140 150 160
CMS 35.9 ;:,’4 (1[:? T:\\l/])
T T I T T T T I T T T T | T T T T I T IHI-| T | T T lStla.tIOInII T % C T T | T T T T T T T T ]
ATLAS Total -ony & 100 $ Data ]
Run 1: s = 7-8 TeV, 25 fb”, Run 2: {s = 13 TeV, 36.1 b’ Total  (Stat. only) < - [ H(125) -
Run1H—4l +——— 124.51+ 0.52 ( £ 0.52) GeV PN i ’ [ q9-22, 2" ]
Run 1 H-yy H——e———  126.02+0.51 (+0.43) GeV g 80— B 99-2Z, 2y* —
Run 2 H—4i —— 124.79 £ 0.37 (£ 0.36) GeV AT i B z+x i
| Run2f-yy - : _____ R 124.93£040 (£021) GeV 60 _
Run 142 H—4l — 124.71+0.30 (+0.30) GeV - —
| Runts2boyy = 125324035 (£0.19)GeV : |
Run 1Combined —_— 125.38 + 0.41 (£ 0.37) GeV 40 __ __
Run 2 Combined —— 124.86 + 0.27 (£ 0.18) GeV o -
| Rntzcomined e rsozomes 20 .
ATLAS + CMS Run 1 —— 125.09  0.24 ( £0.21) GeV B ]
1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 1 1 1 ~ 1 “"'I:I I —
123 124 125 126 27128 0 T R TR
my; [GeV] m,, (GeV)
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Casting a wider net
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Additional Higgs bosons?

Peter Higgs Peter Higgs Peter Higgs eter Higgs i Peter Higgs

Diphoton rate ' —~— - Dlphoto_n rate — Run II

1cacof_— ' ! - \ R, A, TR
Selected giphoton sample % ATLAS Preliminary

®  Data

8000 Data 2011+2012 . :
;,_ Sig+Bkg Fit (mk=126.8 GeV) 2 — Background-only

BBkq (4th order polynomial) :
eooot— ATLAS Preliminary 10 Vs =13 TeV.321b"

; Hoyy
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ATLAS-CONF-2018-039

Higgs + Dark Matter

Used 79.8 fb! of 13 TeV data
— High E;™ss (>150GeV) and b-
tagging to suppress backgrounds

— Reconstruct b-jets as 2 small jets
or merged variable-radius (VR)
track jets

Signal benchmark: Type-ll 2HDM

o 1000 —— 5 1 T T ]

’_ ) % - ATLAS Preliminar — Observed 95% CL 3

+ U(l)zl Symmetry (Z 2HDM % 9005_ \/§=13TeVI, 7I9.8¥b71 -_--: E)gl)_e:)’:eg(? 192:/;8)‘:._ (+10)—
= 800~ h(bb) + EmMiss: 7+2HDM simplified model =

. . - tang=1,gz=0.8, m =100 GeV, my = my: = 300 GeV -
Main backgrounds: tt, W/Z+jets 7001 E
600— T TN -

500/

Excluded region in m, —m, plane |

| | 1 1 1 1 | 1 1 1 1 ‘ 1 1 I 1 | 1 1 1 1 \ | N 1 l 1 -
500 1000 1500 2000 2500 3000
mz [GeV]



arXiv:1808.00336 [hep-ex]; ATLAS-CONF-2018-043

Triple Higgs coupling

The triple Higgs coupling A, can be
probed through di-Higgs production
Very suppressed in SM!

— Negative interference between LO
diagrams

— Cross section 1500x less than ggF
Wide range of decay BR and channel
purity
bbtt analysis:

— Used 36 fb! of 13 TeV data

— Final state BR(bbtt)=7%

— Non-Resonant 95% CL limit:
K < 12.7 observed (14.8 expexcted)

Combination: at =10 x SM sensitivity
— with 3% of the HL-LHC luminosity
analyzed

Di-Higgs combination plot here

07.04.21 R. Gongalo -
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ATLAS Preliminary =~ —®— Observed
L e Expected
Vs=13TeV, 27.5-36.11b" Expected £ 1o
i cgsgf: (pp — HH) =33.4 b Expected + 26
Obs. Exp. Exp. stat. |
HH— bbbb i 129 207 18.5
HH— bbt*t ' 126 146 119
HH— bbyy } - 20.4 263 25.1
Combined * l 6.7 104 92
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Pole top mass M, in GeV

] A b)it of fun...

180 [ v T "‘ 167 ! _— ’,'1,010'
—— - .- L 3 V() NOT IN SCALE
Instability "~~~ ==~ .-~ Meta-stability - -~ "] eff
175 :"‘ . -, , ‘ ’ > : Instability
= e /7 “
1239
mor
10 » ¢
Stability
165 ‘ l ‘ l : ] l ‘ l : ] ' ] ' ) l ' ] ' : Vacuum Decay
115 120 125 130 135
Higgs mass M, in GeV RG-improved potential
What if..l

— At higher orders, Higgs potential doesn’t have to be stable
— Depending on m, and m,, second minimum can be lower than EW minimum =
tunneling between EW vacuum and true vacuum?!
“For a narrow band of values of the top quark and Higgs boson masses, the
Standard Model Higgs potential develops a shallow local minimum at energies
of about 10'® GeV, where primordial inflation could have started in a cold
metastable state”, I. Masina, arXiv:1403.5244 [astro-ph.CO]

— See also: V. Brachina, Moriond 2014 (Phys.Rev.Lett.111, 241801 (2013)), G. Degrassi
et al, arXiv:1205.6497v2; R.Contino, Workshop sulla fisica p-p a LHC, 2013
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Top mass M, in GeV

The universe seems to live

SM
near a critical condition Sroken EW/ l Unbroken EW
JHEP 1208 (2012) 098 M

Why?! 0 "
Explained by underlying theory?
Anthropic principle?
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Questions?

Thank you
for your
interest!

jgeoncalo@lip.pt
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