Higgs Physics — Lecture 1

Higgs Physics at the LHC — Introduction

Ricardo Goncalo — LIP
IDPASC Course on Physics at the LHC — LIP, 18 April 2016\

I5ZauNy T
4" H INVESTIGADOR F C
‘ [ FCT




The Higgs mechanism

Monday, 18 April 2016

— 19:30 Higgs Physics 1

Introduction

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

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

Speaker: Ricardo Jose Morais Silva Goncalo (LIP Laboratorio de Instrumentacao e Fisica Experimental de Part)

= Combined LHC mass measurement

Monday, 2 May 2016

fE:X0le} — 19:30 Higgs Physics 2

Combination of search results.
Models, properties, and interpretation.

Case-study of the coupling strengths.
Case-study of the hypothesis test for different spin-parity assignments.
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Speaker: Pedro Vieira De Castro Ferreira Da Silva (CERN)

Tuesday, 10 May 2016

— 19:30 Higgs Physics 3

Summary of results from the discovery in the different channels.
Case-study of the H->WW search at ATLAS.
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Speaker: Patricia Conde Muino (LIP Laboratorio de Instrumentacao e Fisica Experimental de Part)

Monday, 16 May 2016

— 19:30 Higgs Physics 4

Speaker: Michele Gallinaro (LIP Lisbon)
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This lecture:

Introduction:

— Focus lecture on Standard Model (SM) and
experimental searches for SM Higgs

Reminder of some shortcomings of the SM:
— Masses, WW scattering

The Higgs mechanism

Production and decay of the Higgs boson:
— Early searches, searches at LEP, Tevatron and LHC

Discovery at the LHC!



Introduction

or “Hard-core theory to set the scene”



Lagrangians in classical mechanics

Equations of motion are derived

from a scalar Lagrangian function L(Q,q') =T -V
of generalized coordinates and

velocities (time derivatives):

4

| oL d oL
R LR and from Euler-Lagrange’s — — — =0
( ) { . KT
equations: dq; t dg;
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Lagrangians in classical mechanics

Equations of motion are derived

from a scalar Lagrangian function L(Q,q') =T -V
of generalized coordinates and

velocities (time derivatives):

oL d oL _

— — ——=0.
an' dtan'

J h-Louis L
TS R and from Euler-Lagrange’s
equations:

Example:
A particle in a conservative potential V is subjected to force: F = —VV(x,y,z)
It’s Lagrangian is: L-(:l?, Y, 2, x,y,z) — §m(a:2 + yz 4 22) . V(:l?, Y, z).
This gives the following terms in the Euler-Lagrange equations:

OL _ 9V 9L _ . d (OL\_ .

o dxr = Ox o dt \ 9z B
And we end up with the familiar equations of motion given by 1%
Newton’s second law: mir = _a— ‘
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Lagrangians in classical mechanics

éh Equations of motion are derived .

= 7. from a scalar Lagrangian function L(Q,Q) =7 =V
B of generalized coordinates and
B

velocities (time derivatives):

4
. gL  d JL
By W e and from Euler-Lagrange’s =0
(1736-1813) _ . dt ¢
equation: de t de
Why is this formulation useful? Example:
Coordinates not explicitly appearing in the Lagrangian indicate that the corresponding
momentum is conserved: 9]
The generalized momentum associated to coordinate q is: 5= ( . ]
N T T S g
eg.for Llz,y,z,2,9,2)= §m(:r +y +27)-Viz,y, z).
It’s obvious that p. = (:)—L . Ps = (:)—L , Pe = % .
T 0z ds do
So, if the Lagrangian doesn’t depend on some coordinate g, -
) : . d oL oL
Euler-Lagrange’s equation tells us that the corresponding — 0.

p‘l — g —
momentum p,- is conserved: dt sz sz
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Parenthesis: guantum cooking

Non-relativistic quantum mechanics for a free particle:

p
From the usual energy-momentum relation: 7m =L
h? 0
: L. .. _ E — 1h—
Using the usual prescription: p—= \ ot
. . . —h? ()z'
Gives Schrodinger’s equation:
2m Ot
In relativistic notation the same recipe is written: Py — "Z'.ﬁa“
L N7 2.2
The relativistic energy-momentum relation is now P Pp—mc = 0
So in relativistic quantum mechanics we H 7128”8;1.’@ — m2cth = 0)
end up with Klein-Gordon’s equation:
(for spin-zero, free particles) 1 0% 5 mic?
——S— + VU =—519

c? Ot? | h#



Now in quantum field theory...

We now have fields instead of the classical point-like particles

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!

-9 f@?&f’gﬂ 3

= = = = = —3 =
= =

= = = = = = = =

The Lagrangian is now the integral of a Lagrangian density, function of
each field and its space and time derivatives

Lagrangian density: £{¢, V@, do/0t,r,t) Lagrangian: L = /£d3x

The Euler-L tion is now: —d, [ =25 L9L
€ culer-Lagrange equation IS NnOw: ()(()pl’.,) ()n;)_ .

Note that in a relativistic theory we must treat space and time coordinates in an equal
footing, so the time derivative in the classical equation is now
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Example:

If we have a scalar field ¢ and a Lagrangian: )

Ilm=c= 5
L ==(0,0)(0" O°
~(040)(0"0) — 5T
The terms in the Euler-Lagrange equation are:
oL  m2c? oL L oL o L
= = J'¢ . 0y=———=0,,0"¢
5% T and 0n0) " and so: o) MO
And we end up with Klein-Gordon’s equation
i m>c2 5=

(with no need for cooking recipes)
Let’s go back to the Klein-Gordon Lagrangian density for a second:

1m2c? .
£ = 5(0:0)(0"¢ ){ 5 oﬂ

Notice that the mass term is the one which is second order in the field.
This is a general feature that we will exploit later




Gauge invariance

Take the Dirac Lagrangian (for spinor fields ¢ representing fermions)

L = ihepy"d,1) — mcih
It is invariant under global gauge transformations I|ke.
Y — ey

Where 6 is a constant. Now, what about local gauge transformations? If 6=0(x)
then the field derivative gives us extra terms:

L= L — h((()ue)zm“z* or L — L+ (quy" O A

. h
(with Alz) = —iﬁ( ') and q the charge of the particle)

But we can now make the Lagrangian local-gauge invariant by adding an
interaction term with a new gauge field A ;:

) , = '
L = ihcy 9,0 — mc o {(\qz:,vj,-“z;y)i4l1}
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For this to work, the new field needs to transform like

So that the last term cancels the change in the ¢ terms due to gauge
transformations. But what has just happened? We have added a new field, and so a
new particle to the Lagrangian. For this to make sense we also need a new free
term for this field. We end up with:
. — . ) B _J' 111/ ’ T [ '
L = ihevy 9,0 — me* o — —FMF,, — (quf i) A,
f 167 f . I
I

Where g — grav _ g

Now, the last 2 terms in the new Lagrangian correspond to Maxwell’s Lagrangian
and give all of electrodynamics!!

Demanding local gauge conservation resulted in obtaining a new field (the photon)
and its interactions with the fermion fields. This is the blueprint of all Standard
Model theories (called “Gauge theories”).

Gauge theories are automatically renormalizable (‘t Hooft & Veltman’s Nobel prize)

i.e. don’t produce nonsense. BUT: notice there is no term depending on the square
of the A field:

=» There is no mass term for the photon — this is the beginning of the Higgs story!



Shortcomings of the Standard Model

Elementary particle masses
WW scattering.
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Standard model interactions

The interaction of gauge bosons with fermions is (very) well
described by the Standard Model

STRONG EM WEAK CC : WEAK NC
|
g 8s q L e Lt d EW u i q 87 q
|
S M vil I v R 1
|
Only quarks All charged All fermions : All fermions
Never changes fermions Always changes | Never changes
flavour Never changes flavour ! flavour
flavour
o ~ 1 o~1/137 Oty jz ~ 1/40
Gluons Photon W+, W- Z0

massless massless very massive very massive
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Back to Lagrangians... and coffee mugs

Throughout history,
we have been looking
mostly at the second
line

Interactions between
fermion matter B
particles transmitted

by force carriers

l.e. all of chemistry
and most of physics

Disclamer: gravity not
on the mug
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Standard Model Total Production Cross Section Measurements siais: nvov 2015

Ll /WV\.....I
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Now the problems...

1. Mass of e@nﬁa&:@es and gauge bosons

- | [ [
L Iy f L~ 40 pb’ j
EF _mui5 .

dN,,/dm,, [GeV|
2 a 3§

—
(@)
o

[y
o

15 ATLAS Preliminary
107l Data 2010,\s= 7 TeV
E 1 1 Ll L 1.l I 1 1 1 Il 1 1 ll 1 1 Ll L 1.l I
1 10 10°
m,, [GeV]

2. Longitudinal gauge-boson scattering (see below)
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Pure gauge-boson interactions exist in SM

1] L
‘Cgauge—ﬁxing — _ZW W — ZB/.LI/B, Y

0%

field-strength tensors for charged and neutral bosons

Triple and quartic gauge couplings can occur, and preserve gauge invariance

+ + 7 7
W u W, m v
etc.
Frr\ W, W,
- - N 5
+igy [(P=@)rgu*+(a—1).8un+(r—p).8r] +igy[ 28 @r— Bur8up—Euolir) —~igyCOS O[22 8r0— BrBup—Euplin)

(all momenta incoming,

gr=e, gz;=gy cosby)
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... and depending on polarization...

* Photon-like polarizations are the most common in nature

helicity conservation after an annihilation imposes transverse polarisation of vector-like states

() (~1/2) ()
q —-—) +1/2 ) c—] z
----- —_—gPy— ----—>

V) = (1,+£1)

Only massive vector bosons have
longitudinal polarisations

 Gion of top e.g.W’s produced after a top quark
decay acquire mostly (~60%)
longitudinal polarisation

see lectures by M. Gallinaro
and A. Onofre
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May have strange results!

The cross section for the scattering of longitudinally polarized W bosons grows with
energy until it becomes unphysical

o(WiW, = W/ W) ~ s
This particular set of processes breaks unitarity for sufficiently large energy

For s!2=| TeV interactions become strong unless underlying mechanism preserves unitarity

Possibility: an extra interaction with a scalar boson provides necessary cancellations

M2, 1 s2 t2
AWIW™ > WHW) 25 — s+t — _ .
( - ) — v? s—M; t— Mj
W+
h
i
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Possibilities (before Higgs discovery)

Depending on the nature of the scalar (or would it be absent)
the scattering of vector bosons may be resonant, non-resonant, reveal strong behavior at large s'/2

= we need to scan a large energy range to test the mechanism which breaks EWK symmetry

afls) A Ap<1TeV A>1TeV SM No-Higgﬁ.,
1.4 SB sector SB sector strongly coupled ~ Unitarity vigidtion

-

weakly
coupled

-
S
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The Higgs Mechanism
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A new SU(2) doublet of spin-0 particles is added to the lagrangian

4 new degrees of freedom: doublet + anti-particles @ ¥ () B
0 *0
write down the interactions ) ¢
Lhigg:s — 8M¢Ta”¢ - (Qb)
whereV is a phase-symmetric potential
2 2 4
V(¢) = 1”lol” + hlg|
h, 1i”> > 0 h>0,pu*<0
vacuum vacuum — 2 v
= — |¢0| —“ = - > O
: - - 2h 2
single minimum set of degenerate minima 7
L, 4
V(go) = —Zh'v

0] | el




Electroweak symmetry breaking

* In the Standard Model with no
Higgs mechanism, interactions
are symmetric and particles do
not have mass

* Electroweak symmetry is
broken:

— Photon does not have mass
— W, Z have a large mass

* Higgs mechanism:

— mass of W and Z results from
the Higgs mechanism

4/18/16 LHC Physics Course - LIP , 25
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Electroweak regime

Electroweak Lagrangian before
spontaneous symmetry breaking

Lpw =Ly+ Ls+ Ly + Ly

Electroweak gauge bosons: B® W0 W*

1 1
L qg— — Z “"""’?apu I‘;‘a, ;s 1 B d B pv

Fermion kinetic terms

L;=QiP Qi+ WiPui + diiPd; + Lii P Li + i Pe;

.= 1D h1Z2 =)\ IRI2 v? ? Higgs term (note: vacuum expectation
n = |Duh|” — [0 9 value zero before symmetry breaking)

L,= _yu.,;je“b hl @mug — Yaij h @;dj — Yeij h.fiej + h.c.  Yukawa interaction
term between Higgs

field and fermions
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After the phase transition

After electroweak symmetry breaking
Lew=Lx+Ln+Lc+Ly+Lav+ Lwwv + Lwwyvy + Ly

Spontaneous symmetry breaking:
New bosons y and Z° from W? and B° ! J

v\ [ cosBy sinfy \ [ B° ;
Z%)  \ —sin# Ww COS 6 W Wwo

Kinetic terms: notice boson masses for Z2°, W%, H

1

L = Z fi§ —mg)f - LllAwA“" — WL {nl;%‘,,x.--t«-j u.-‘-’-#}

1 1 , 1
_ZZ#,,Z’“" wEﬁm“ZZpZ’% (r)“H)(r) H) -
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EWK Symmetry Breaking in Pictures

Q _,.‘

O+ -G

///////



do/dQ? (pb/GeV?)

Because it’s real!

Why does it matter?

— Data shows Higgs mechanism (or something like it) needed in the theory
Because it may lead us to new discoveries and a new understanding of

Nature!

— “There is nothing so practical as a good theory” (Kurt Lewin)
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Searches at: LEP, Tevatron and LHC

...or why did it take 50 years?
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Before LEP

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

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

Received 7 November 1975
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W KK thresholds ‘(NMDGIWQ ;‘ﬂ\dd
L esm—— Higgs Boson u«umw__.__J
We should perhaps finish with an apology and a caution. We apologize to ex- ,
perimentalists for having no idea what is the mass of the Higgs boson, unlike the
case with charm [3,4] 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
experiments vulnerable to the Higgs boson should know how it may turn up.
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Astrophysical constraints

- Effect on Cosmic Microwave background 0.1 eV < m, < 100 eV

(Sato and Sato, 1975)

- Emission from stars: m,> 0.7 m,

(Sato and Sato, 1975)

Prog. Theor. Phys. Vol. 54 (1975), Sept.

Primordial Higgs Mesons and Cosmic
Background Radiations

Katsuhiko SATO and Humitaka SATO

Research Institute for Fundamental Physics
Kyoto University, Kyoto

May 12, 1975

The unified theory of weak and electro-
magnetic interactions, proposed by Wein-
berg and Salam, has become a reliable one
by the discovery of neutral currents in
‘CERN and NAL. On the other hand, in
this theory, the presence of neutral scalar
meson, “Higgs meson”, is also inevitable
but its mass m,, is arbitrary in this theory.

Recently Kohler et al. showed that
Higgs meson cannot have a mass in the
range 1.030 MeV<{m<182MeV by the
experiment of 0* to 0% transition of ‘He.
However the present day experiments, ex-
cept for the above one, cannot rule out any
range of mass, even a very small mass like
1keV as discussed by Jackiw and Wein-
berg” and Resnick et al.®

Here, we will discuss a role of Higgs
meson in the big-bang universe without
such a speculative hypothesis and will
give a constraint on its mass range derived
from the observed cosmic background radi-
ation.

1 MeV, AN

1keVF \ ' -

’ev:_ocx A\/. \

i
[ E J \‘
Lol N\
10° .o 10° 10°
t or. 7(sec)

Fig. 1. Higgs meson mass (m,) versus decay

life (r) relation in a solid line and cosmic
temperature (7') versus cosmic time (£)
relation in a dot:dashed line. #;enx shows
the end times of “free-free and Compton
stage” where the spectrum always relaxes
into the Planck one.
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Vv
0% Q
T
L .3
|8}
0% &
KF LLA ) " . L
Ilol 1 I'OIZ 1 OIS |0“ |0"
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Fig. 2. Energy spectrum of the background

" radiation: created by Higgs meson decay.

The dashed curve represents the 2.7°K black
body radiation. The observational upper
limits of the flux are shown by the arrows
and the theoretical estimations by Longair
and Sunyaev® is shown by dot-dashed line.

Prog. Theor. Phys. Vol. 54 (1975), Nov.

Higgs Meson Emission from a Star
and a Constraint on Its Mass

Katsuhiko SATO and Humitaka SATO

Research Institute for Fundamental Physics
Kyoto University, Kyoto

July 3, 1975

In the unified theory of weak and elec-
tromagnetic interaction,” a presence of
Higgs meson is inevitable but its mass, mg,
is arbitrary. In our previous paper,® we
discussed the effect of the primordial Higgs
mesons to the cosmic background radiation
and obtained the constraint that the mass
cannot be in the range 0.1 eV<m,<100 eV.
Here we discuss the Higgs meson emission
from stars and it is argued that such a low
mass range as my<0.7X (electron mass)
should be ruled out, otherwise this emis-
sion process would affect the evolution of
stars drastically.

In the first paper, the effect of the ¢—yy decays from the primordial Higgs bosons on the cosmic
microwave background spectrum are estimated, and conclusions on the excluded Higgs boson
masses are drawn based on the limits on the fluxes in the CMB spectrum

In the second paper, the process y+e—@+e is considered and the effect to the star lifetime due to the

energy loss are estimated (plus the non-observation of a y-line from Higgs decays)
LHC Physics Course - LIP
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Searches in nuclear physics

The beginning of the 1970s started of with great excitement!

Two groups observed deviations in the X-ray spectrum of muonic atoms wrt QED expectations.
Dixit et al., Experimental test of the theory of muonic atoms, Phys.Rev.Lett. 27 (1971) 878-881
Walter et al., Test of quantum-electrodynamical corrections in muonic atoms, Phys.Lett. B40 (1972) 197-199

VOLUME 27, NUMBER 13 PHYSICAL REVIEW LETTERS 27 SEPTEMBER 1971

I T T

Experimental Test of the Theory of Muonic Atoms*T

M. S. Dixit and H. L. Anderson
Envrico Fevrmi Institute, The University of Chicago, Chicago, Illinois 60637
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and

C. K. Hargrove and R. J. McKee
National Research Council of Canada, Oftawa, Canada

and

A E theory - exp. (eV)

D. Kessler, H. Mes, and A, C. Thompson
Department of Physics, Cavleton University, Ottawa, Canada 0
(Received 28 June 1971)
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We have measured muonic x rays in the energy region 150 to 440 keV in nine elements 200 300 400

with an absolute precision of 15 to 21 eV for transitions with small nuclear effects. Cal-

culated transition energies were foqnd to be consistently larger than those measured by theory ( keV)

an amount that varied from 15+ 16 eV at 157 keV to 137+ 22 eV at 438 keV. For these

transitions, the principal correction to the Dirac energy is the vacuum polarization. FIG. 1. The discrepancy AEtheo-expt (eV) pIOtted

The discrepancy, however, lies outside the expected validity of quantum-electrodynamic against the theoretical transition energies for 20 mu-~

calculations and we are unable, at present, to offer an explanation for this effect. N
onic x-ray transitions,

As expected a number of theory papers followed discussing potential sources of this effect,
one being the production of a low mass Higgs boson, my~20 MeV

'S, Weinberg, Phys. Rev. Lett. 27, 1688 (1971),

2R. Jakiw and S. Weinberg, Phys. Rev. D 5, 2396
(1972).

L. Resnick, M. K, Sundaresan, and P. J. S. Watson,
Phys. Rev. D 8, 172 (1973).

‘M, K. Sundaresan and P, J. S, Watson, Phys. Rev.
Lett. 29, 15 (1972).
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Searches in particle decays

- SINDRUM Collaboration measured m+—e*ve*e- and searched for H—e*e

[ excluded 10 MeV <My < 110 MeV ]

SINDRUM spectrometer experiment at the Paul Scherrer Institute (PSI) 590 MeV proton cyclotron.
Measurement of the Decay m+—e+ve+e- and Search for a Light Higgs Boson

SINDRUM Collaboration (S. Egli (Zurich U.) et al.), Phys.Lett. B222 (1989) 533

- CUSB Collaboration Y—Hy

[ excluded 2my <My < 5-6 GeV ]

Investigated the radiative decay dependent on high order corrections of various states of the Y into a Higgs boson.
The search for a monochromatic photon sample from the decay Y —y+X.

It turned out that first order QCD corrections reduce the lowest order calculation by about 50%, and the effects of higher order corrections or
relativistic corrections were not known.
CUSB also searched for Y decays to a photon plus a massless, invisible scalar.

- Crystal Ball collaboration looked for J/y —y+ massless scalar

The data were collected with the Crystal Ball Detector at the Stanford Linear Accelerator Center €'e storage ring facility SPEAR at the peak of
the J/y resonance

[Edwards et al, Upper Limit for J/y — y+Axion, Phys.Rev.Lett. 48 (1982) 903]
These two results CUSB and Crystal Ball together excluded a massless and very light Higgs, which is also subject to radiative correction
uncertainties

- CERN-Edinburgh-Orsay-Mainz-Pisa-Siegen (NA31) KOL—1mH(—ee)

[ excluded My < 50 MeV]

The NA31 experiment at the CERN Super Proton Synchrotron (SPS) searched for Higgs boson decays in e*e” in the decay KOL—>TTOH.
These searches severely constrain the Higgs boson mass in the domain below 50 MeV by conferring an upper limit on the product of the
branching ratios Br(KOL —10H)=xBr(H —e+e-) of approximately 2x10-8

Search for a Neutral Higgs Particle in the Decay Sequence KOL —m0H and H—e*e

NA31 Collaboration (G.D. Barr (CERN) et al.), Phys.Lett. B235 (1990) 356
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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

+ N WW-Fusion
e Z & e ﬁ ----------------- V
’ .
4 .
W
* o? .
L g Higes » H
Strahlung ."
oW
H o’
e e d ------------------ V
- 2 - -
Higgsstrahlung e WW-Fusion
>l :—
g — 189 GeV
L — 200 GeV
ol ~ %7
10 3 —— 208 GeV
— 189 GeV Sl
—— 200 GeV 10 k
— 208 GeV \
L L 10-3‘.“1““1““1““
90 100 110 120 80 %0 100 110 120
my, (GeV) m,, (GeV)
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Higgs decays: focus on 37 generation

:;;Z_E;?:I. ’ , ¢ )
H—bb } - Zw
.;::._-_:_-_.:".}..—" \ ]

-

H—b

b

b } Z—pe"e-

4/18/16

4-jets

missing
energy

T-channel

T-channel

lepton
channel

LHC Physics Course - LIP

51%

15%

2.4%

5.1%

4.9%

ZZ > qaqq
QCD 4-jets

77 » bbvv

WW > qqTv

77 » bbTT

ZZ - qq.r.r

QCD low mult. jets

77 » bbee
ZZ » bbup
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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

4/18/16 LHC Physics Course - LIP
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- Sea rclggls at the Tevatron.

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

Shutdown: 3058t ember 201 |
Almost 10 fb™! of data for anafysis -

»
—
- e e




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

| ti-fusion 100 120 140 160 180

Ll

200

m, [GeV]
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Most sensitive searches

Al
|
E]
T
_ \'%
l = .
'& |0 e .".-"‘ s o Y, W
\' 80 100 120 140 160 180 00
m. (Gev/c™)
At low mass use h—bb final states * At high mass use H=>WW final states
associated production withW or Z - benefit from high gluon-gluon cross section
challenging: b-tagging, jet resolution +  challenging: lepton acceptance, missing energy

backgrounds: top, W/Z+heavy flavour di-bosons - backgrounds: top, di-bosons
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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

[ —Observed  Tevatron Run I, L, <10 fb”
obtained a significant excess of o ected e SMHiggs combination

around 3 standard deviations in the
mass range 115<M <140 GeV

" [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 | L f L | L L L | L L L | L L 1

100 120 140 160 180 200
m,, (GeV/c?)
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v https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

T T I T I I I I

\Js= 8 TeV

LHC HIGGS XS WG 2012

| | | 1

1000

200 300 400
: M, [GeV]
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The Brazil Plot

EXpECtEd:_ _ 2 ATLAS Preliminary " 2011+42012Data
e Upper limit on o(S © 10 —obs. (s=7TeV: [Lat - 4.6-48 b =
: s - - Exp s=8TeV: -5859f" -

+B)/0(B) at 95% CLin & © &2 to=8TeV: JLat 585910 -
Monte Carlo 5 [ BO=e I

. -

assuming B-only A I | S i
hypothesis o F -
Observed: - AN i
* Upper limit on o(S I |
Y 10 =
seen in data 100 200 300 400 500 600
assuming B-only my, [GeV]

hypothesis



The p0 Discovery Plot

* p0isthe ATLAS Preliminary 2011+ 2012 Data -
proba blllty that —— Obs. Vs=7TeV: |Ldt=4.6-4.8 b
-~ Exp. Vs=8TeV: |Ldt=5.859fb"

the background
fluctuates to look
like signal

* Translated into
the one-sided

) =560 300 400 500 600
Gaussian m,, [GeV]

probability

Ricardo Gongalo NEXT PhD Workshop - Sussex - 21/8/2012 49



The Cyan Band Plot — signal strength

* Best fit of p=0(S+B)/o(B) to data
* Error bands important.... As usual!

Z55F ATLAS Preliminary 2011 +2012 Data—
-%3 - —— Best fit \s=7TeV: ILdt =4.6-4.8fb" E
& 2F []-2maw<1 \s=8TeV: |Ldt=5.85.9 b
4(7) — 7]
T 1.5 —
C n 1
(@] L _
0.5 5
O~ -
-0.5F -
-1t . | | _—
100 200 300 400 500 600
m, [GeV]
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Blind Analysis

 To avoid unintended
experimenter’s bias in search for
the Higgs boson

* The analysis strategy, event
selection & optimization criteria
for each Higgs search channel
were fixed by looking at data
control samples before looking at
the signal sensitive region

— Logistically quite painful
— But the right thing to do !

Bicardo Gongalo NEXT PhD Workshop - Sussex - 21/8/2012



Ricardo Goncalo

%ATLAS

EXPERIMENT

Run Number: 203779, Event Number: 56662314
Date: 2012-05-23 22:19:29 CEST

NEXT PhD Workshop - Sussex - 21/8/2012

*Vs=8TeV

e FT1=62.2 GeV

e T2 =55.5 GeV

e F1 =66.9 GeV

e [2=99.2 GeV

e Myy = 126.9 GeV

52



Q2 1'005: ]
. . g 1.004f RMS: 0:054% ®-W—ev-Efp
Diphoton mass reconstruction 3 ;s IS 0052% | O Zoqinv.mass -
()] E -
o : e
m2yy= 2 E1 E2 (1-cosa) o 10024 E
. : 2 1001p=mm=——- o B!
Understanding of calorimeter E response B R &ﬂ E
(from Z, J/{ -> ee, W -> ev data and MC): 2 L +$+ f#‘h ' ]
— E-scale at m, known to ~ 0.3% 0-999; """""""" ]
— Linearity better than 1% (few-100 GeV) 0.9985 -
— “Uniformity” (constant term of resolution): ~ 1% 0.997F 3 =
(2.5% for 1.37<|n|<1.8) 0.9068 Data 2011,\s=7 TeV, [ Ldt =49 fb 3
. . . . . i : D I i :
High pile-up: many vertices distributed over 0905 AT-AS  Preliminary . N E
6Z (LHC beam spot) ~ 5-6 cm => difficult to | 01/03 01/05 01/07 31/08 31/10
know which one has produced the yy pair el _ Date (DayMonth)
Primary vertex from: -
L L B R I L L L B
— EM calorimeter longitudinal (and lateral) 3 o0.2f—— u<10 ATLAS Simulation
segmentatior A Bl ot
— Tracks from converted photons ~ 017, .y m\HF= 125 GeV
. . . N =8 TeV
Calorimeter pointing alone reduces vertex § 0.08]- STE e
uncertainty from beam spot spread of ~ 5-6 S
~ H : H < 0.06
cm to ™~ 1.5 cm and is robust against pile-up =

— Good enough to make contribution to mass 0.04
Resolution from angular term negligible

Addition of track information (less pile-up
robust) needed to reject fake jets from pile- 0118118 120 122 124 126 128 130 132 i34
up in 2j/VBF category m,, [GeV]

0.02

III|III|III|I1I|III|III

III|III|IIIIII
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Backgrounds

Main backgrounds:
— Continuum vyy

production - ——

: © - imi ]

— Followed by y mis- S 1200 ':;:;ipre"m'"ary —rovom

identification % 1000{;}++++ Vs =8 TeV,fLdt= 591 :jsitof-ti- | E

I.I>.l - ++ Oaalsel:l:’(a)rerror -

Smooth myy spectrum sor. Tyt o -

. . N ++++ ) _

— Use sidebands to fit sum sooF o, LYY 75-80% | -

of backgrounds B Mg :

: 4001 > ++++++++ . o

Confirm each b .0 yi ~ 20% by g

2003 + ]

background source by i~ 2% [ i
data-driven techniques o T 120 130 Y4050 Yo

— E.g. reverse quality cuts m,, [GeV]

on photon identification
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Results
Combined m,, from all 10 categories and 7/8 TeV data

? 4

> —+— 1.~~~ 1. r~r+ 1 1 .t 1 Tt T T
() - ]
O 3500P ATLAS ¢ Dana —
(qV} — . . —
; 30005— ——— Sig+Bkg Fit (mH=126.5 GeV) —E
T - Na - Bkg (4th order polynomial) ]
Q 2500 —
LLl [ -
2000 M —
1500 =
1000 15=7 TeV, [Ldt=4 810" s
500F- (s=8 TeV, [Ldt=5.9fb" H-vy —
o 200E L PR T
@100
+m ¢ b 4 ¢
%) @t - > ,
g 0 b+t + A S
>
L

!
-100 +
-200 . l .
100 110 120 130 140 150 160
m,, [GeV]
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E I T I L I L I LI I LI I L L LI I
U) — L
L B Observed CL, limit  SM H—yy :
o 5 Expected CL, Mt Data 2011,Vs= 7 TeV, [L dt = 4.8 o'
G r B Data 2012, Vs= 8 TeV, [L dt = 5.9 fbs" -
'E C [tz ata ,\s=8Te j = 5. .
= 4~ ATLAS Preliminary .
@) B ]
5 8f :
o N i
2r ]
1_..-..;% ............................

llllllllllIllllIIllllllllllllllllllllllll
q10 115 120 125 130 135 140 145 150

my [GeV]
e Exclusion at 95% C.L. :
 Expected: 110 < mH < 139.5 GeV
e Observed: 112 <mH < 122.5 GeV 132 < mH < 143 GeV
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Results in more detail

10llllllllllllllllllllll
ATLAS Preliminary

Local P,

"f Data 2011, {S=7TeV, [Ldt =48 0" 3

10% Em;z‘; '2:0“1 Data 2012, {5=8TeV, [ Ldt=59fo" |

] givenmy, B T e e e .

10° WA ST, e —

. i ot T T

10 '5'8“0@“&{‘%‘1’?" energy scale uncertainty)

10.7l"f"...|....|....|....|....|....|....|....|

110 115 120 125 130 135 140 145 150

my, [GeV]
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- -

Fitted signal strength S 25
o -

2

Normalized to SM Higgs expectation g 1.52—
at given m (u) %) 1E
0.5

Best-fit value at 126.5 GeV: oE-
u=19 +0.b _0.52_
_12_

1.5F

ITT

ITYIYIIITYI'YIYYTIIYYYYIIIYTIYYIITYT'IIYTTII'IT'—

Data 2011, \s= 7 TeV, [Ldt=438 b1
— Best fit _ ]
M- 1o Data 2012, ys=8 TeV, [ Ldt =5.9 fb" ]

ATLAS Preliminary

lllllllllll llL'lllJlL'lllllllllllll lllllll

llllllllllllllllll lllllJllllllllJlllJ

-

T ] T T I I T T T T T

Unconverted L DL
central low P,

Unconverted
central high PT‘

Unconverted | @ Data 2011+2012
rest low P,
Unconverted |

rest high P

Converted
central low P_, ®

bl /s =7 TeV, f Ldt = 4.8 fb"

central high P —

Converted
rest low P, .

fostion P (s =8TeV, f Ldt = 5.9 fb"'

rest high P - ——

Converted
transition A SMH— Y

Twojets | @ (m,, = 126.5 GeV)

Combined -

ATLAS Preliminary —

Signal strength

110 115 120 125 130 135 140 145 150

M, [GeV]

Consistent results from various
categories within uncertainties
(most sensitive ones indicated)



H->ZZ(*->4I

——— A" - "
W SATLAS

http://atlas.ch

pT (muons)= 36.1,
47.5,26.4, 71 .7 GeV
m12=86.3 GeV,
31.6 GeV. 15

Strll{lglt:ed 204769

Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST
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The “golden channel”:
— Small rates, but high S/B
— Can be fully reconstructed; mass resolution ~2% at 130 GeV
Cross section times branching ratio (at mH=125 GeV):
~ 4 fb at Vs=7 TeV
~ 5 fb at Vs=8 TeV

Backgrounds:
— Irreducible: pp->ZZ(*)->4l
— Reducible: Z+jets, Zbb, tt (sizeable at low Higgs masses)

Suppress backgrounds with isolation and impact
parameters cut on two softest

Leptons
— Mass range under consideration: 110 GeV to 600 GeV
— Four final states: 4e, 4, 2e2y, 2u2e



ATLAS Preliminary| ™4 > 160 GeV (dominated by ZZ background):
e Data 147 £ | | events expected

B Background ZZ 191 observed

B Background Z+jets, tt . .
) Signal (m =125 GeV) | ~ [.3 times more ZZ events in data than SM

2 H
B Signal (m =190 GeV) | ,redjction - in agreement with measured ZZ

& 8

Evegntsho GeV

Signal (m =360 G
25 ; S;?STZ,(,:“ v cross-section in 4l final states at \'s = 8 TeV
H—2Z"—4| Measured O (ZZ)=9.3 % 1.2 pb
\s=7TeV:[Ldt=4.8 b SM (NLO) 0 (ZZ)=7.4+ 0.4 pb

\s=8TeV:[Ldt=5.81b"

a B NLO QCD (MCFM, CT10.0)
ﬁ._ - ATLASPreliminary U 2 o8)
N i —— Zz(pp)
D ---------------
o e
200 400 600 - e
m, [GeV] - _
ATLAS Data 2012 (is=8 TeV)
I~ ® ZZ- Il (86<m <116 GeV) L=5.8 o'
. .. . ATLAS Data 2011 (is=7 TeV)
Discrepancy has negligible impact on the 1 o 2Z-~ il (on-shell) L=4.7 fo”
. - O ZZ-» livy (on-shell) L=4.7 b
low-mass region < 160 GeV - Tovatron (1s=1.96 ToV)
. . . L ® CDF ZZ— Ii{Ii/vv) (on-shell) L=6.0 fb™
(no change in results, if in the fit ZZ background is i ® DOZZ-» l(Ilivv) (60<m <120 GeV) L=8.6 fb"
constrained within its uncertainty or left free) - EPEPEN BRI SEPERR REPPTRTE EEPRRTRI B
0 2 4 6 8 10 12 14

Vs [TeV]
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ATLAS Preliminary 2011 + 2012 Data -]

2.5
—— Best fit Vs=7TeV: [Ldt=4.64.81" 1
-2 InAf) < 1 Vs=8TeV: [Lat=586.91" ]

3

Combined results: fitted signal strength
Normalized to SM Higgs expectation at given m, () _

Normalized to SM Higgs expectation at given my, (1)

Signal strength (i)
n

—
= -

0.
—— Frrrprrrr T e e T T | R D TTT e
3 2.5} ATLAS Prehmlnary 2011 + 2012 Data | - | AN AR A
"g';', - ——Bestfit Vs =7TeV. det =4.6-481"
& 20 -2 < Vs=8TeV: [Ldt=5.8-5.910" ] | | E
17} - 200 300 400 500 600
= 190 m, [GeV]
© -
o
> =
0.5F .
— _ Best-fit value at 126.5 GeV:
- . p=12+0.3
l 11 l 1 11 l | I - 11 l | I 111 l L1 l Ll 1 l

110 115 120 125 130 135 140 145 150
m, [GeV]

Good agreement with the expectation for a SM Higgs within the present statistical
uncertainty
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Where we stand now?

Combination of ATLAS and CMS results in September 2015:

— ATLAS-CONF-2015-044 / CMS-PAS-HIG-15-002,
https://cds.cern.ch/record/2052552

Used data recorded by the ATLAS and CMS detectors in 2011 and 2012,
corresponding to integrated luminosities per experiment of 5 fb! at
Vs=7 TeV and 20 fbl at Vs = 8 TeV

Results:
— Combined signal strength: u=1.09 £ 0.11
— m, =125.09 *0.21(stat) £ 0.11(syst) GeV
— Latest modes observed:
— VBF observed at 5.40
— H->TT decay observed at 5.50

Bottom line is that this looks much like the SM Higgs boson (see next
few slides)

— But the truth is out there! Keep looking!



Higgs boson couplings

ATLAS and CMS Preliminary

 Best-fit values of ratios LHC Run 1
of Higgs boson coupling = | ;14 :
modifiers 92| _CMS 2~
— —e— ATLAS+CMS
Iy —* 1o e ———
Zg —* 20 —j——

 The error bars indicate =
the 1o (thick lines) and A e
20 (thin lines) intervals —

Mz = e
* Hatched areasindicate A, :.;;
the parameters which S g
are assumed to be Az =
positive without loss of s i
. N =
generality. oA e |
3 2 1 0 1 2 3

Parameter value



Signal strength

ATLAS and CMS Preliminary - ATLAS

» Best-fit results for the HHe Run < ATLASHCMS
production signal .l i
strengths O

Hyer __.__

* Error bars indicate the 1o - 5
(thick lines) and 20 (thin Mo -
lines) intervals. 5

e The measurements of the Moy
global signal strength u .
are also shown. W =

0 0.5 1 15 2 25 3 35 4
Parameter.value




Couplings versus mass

Reduced coupling modifiers
as a function of the particle
mass:

For weak vector bosons:

Yvi=V Ky, gV/i/ 2v = VKV,imV/i/ v

For fermions:

Ve, = Ke 8/ V2 = Ke My/v

Dashed line indicates the
predicted dependence on the
particle mass for the SM
Higgs boson

%4

or \Ky

m
F
Ke v

_II[I| T T I||II|| T T
. ATLAS and CMS

t .
E LHC Run 1 Preliminary ‘Zi §
L "g _
- '/' W -]
. —— Observed |
SR SM Higgs boson 3
3 't E
- T ]
i b l
= u E
; | 1 II| | III| | I | II| §

107" 1 10 10°

Particle mass [GeV]
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Is this the end?

(2.8 BILLION YEARS AGO,
A FEW SECONDS BEFORE THE .
CREATION OF OURUNIVERSE Lets fire up this

Large Hadron Particle Z
Collider and see )

LHC Physics Course - LIP
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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 poten‘ual
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?

200 Instability
A

150 | ﬁ/S\a\v‘“ Z

e\, =3

W 0

@

100 | Stability g

g

il

50 - =)
0 1 Il 1 " 1 lylx " i 1 " i n n
0 50 100 150 200

Higgs mass M), in GeV
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‘The End

N d
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Back to the big
.....questions!!
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Going beyond the standard model

But the Standard Model is not complete; there are still many unanswered
guestions.

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

What is this "dark matter" that we can't see that has visible gravitational
effects in the cosmos?

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

Why are there exactly three generations of quarks and leptons? What is the
explanation for the observed pattern for particle masses?

How does gravity fit into all of this?
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Many possible theories

There are a large number of models which predict new
physics at the TeV scale accessible at the LHC:

= Supersymmetry (SUSY)

= Extra dimensions

= Extended Higgs Sector e.g. in SUSY Models
= Grand Unified Theories (SU(5), O(10), ES, ...)
= |eptoquarks

= New Heavy Gauge Bosons

= Technicolour

= Compositeness

Any of this could still be found at the LHC

4/18/16 LHC Physics Course - LIP
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Forces and expansion of the Universe

Temperaturc E=k T k=8.62 10'5 eV K'l
of universe 10°*K 107K 103K 1013K 3K
LHC

Strong force
~ i | [

Electromagnetic force
T

Weak force

Gravity
Time after  107%s 10733 5 107125 10765 5 % 1017
Big Bang ( = now)
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The dark side of the Universe
Long standing problem:

We know that ordinary matter is only ~4% of the matter-
energy in the Universe.

What is the remaining 96%?

bserved +
observe ,ﬁ,‘.w#'”

P

e The LHC may help to

+ ‘/* 25
N :

epectes solve this problem,

from

. ; ‘ s - -liu‘mﬁin»O‘US;diS‘k d iscove ring dark matter

e R (kpc)

M33 rotation curve
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* Most modes available with current lumi explored

* Precision: obvious signal in bosonic decays
— Mass around 125GeV
— Signal strength consistent with SM — some questions
— Main alternatives to J? = 0* discarded — questions remain

* Fermion couplings seen in H—tt (40)

e Evidence for VBF production (30)

* Mainly indirect sensitivity to ttH coupling through loops
 Many direct searches for other Higgses turned out nothing (yet)

T — Tevatron; A — ATLAS; C — CMS; combination drivers in red.

H—bb H—T T H—-WW H—ZZ H—7Y7Y H—-ZY H—inv.

T T|A|C T|A|C T|A|C T|A|C T|A|C T|[A|C
goH PR - b - dib b 4 IR dib dib d IR-dib gl d IETRED - dlh A ¢ - K% K| -
VBF | Kk Kk Kk * K R ¢ * | - * *| - *| -
VH B - dIh-¢ | K K K *xOK * K| - *x x| - -
m * K| K | K *x K| - - -

See A.David and P.Conde’s lectures



Combining Higgs Channels

/Production

2
HXK,

Y
LS|

2
XK

g oooo00Y

4/18/16

tw

tw

Photon

s v XK

Photon

2

.
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Events / 10 GeV

Data - Bkg.

> 10000 3
3 E ATLAS B
« Data 201142012 ]
> 80001 ° sflliiiggsfmson m =126.8 GeV (fit) ]
€ E Segq  reeeenee Bkg (4th order polynomial) |
2 6000~ 4
F e Hoyy E
4000 -
F Vs=7Tev ILdl 481" i
2000(— =
C Vs=8TeV I"‘“ 20.7 " |
o 500 + n I __
S 400E- E
3 3005 H > .
E 2008 + -
& ARRD DAL
£ -100 + [ 4 LA LR ' * * *
2 -200F =
u 100 110 120 130 140 150 160
m,, [GeV]
40~ © Data2011+2012
F ATLAS
F - SM Higgs Boson Hos77* 541

Events/5 GeV

301 77 syst.Unc.

m,=124.3 GeV (fit)
C Background Z, ZZ*
C - Background Z+jets, tf

H->Z

(s=7TeV [Ldt=46fb"
(s=8TeV |Ldt=20.71b"

m, [GeV]
T T T T T
A LAs I-‘I—>WW -¢- Data2011+2012 ]
Vs=7TeV |Ldt=46fb" 7= Total sig.+bkg.
Ys=8Tev [Ldt=2071b" I SM Higgs boson
my, = 125 GeV
HoWW*siviv + 0/1 jets 0 ww
(R
[ other vv
[ single Top
[ Wiiets
oz

-@- Bkg. subtracted data

S Py mim mlmlmﬁu]mlu JNETH FERTR FNTL FETN TN FAT S |

D SM Higgs boson m = 125 Ge
60 80 100 120 140 160 180 200 220 240 0
m; [Ge

See A.David’s lecture



A bit more technically

* Assumptions:
— Single resonance (at )
— No modification of tensor structure of SM Lagrangian:
* j.e.HhasJP=0"
— Narrow width approximation holds
* j.e.rate for processi=>» H => fis: O X BR =

i—-H X FH—> f

* Free parameters in framework:
— Coupling scale factors: sz _— o N
— Total Higgs width: k2 o,=k; -0, 'y =x;-I' /"Iy =5, - Ty
— Or ratios of coupling scale factors: A; = k; / k.

* Tree-level motivated framework

— Useful for studying deviations in data with respect to expectations
* E.g. extract coupling scale factor to weak bosons k,, by setting k,, = k, = K,

— Not same thing as fitting a new model to the data



e Mass: around 125GeV nggs bOSOn M ass

— Used to be the only unknown

SM-Higgs parameter, remember? © A= L(my)
ATLAS: arXiv:1307.1427 L(m,,)
. é g ATLAS Combined (stat+sys)
e ATLAS: arXiv:1307.1427 N [ Vs=7TeV[Ldt=4648f" oo CH)ombined (stat only)
H->4| _ gl 's=8TeV [Ldt =207 fb! o
m, "> =124.3 +0.6(stat) +0.5(sys) | Ho 22" >4l

— m,"W=126.8 +0.2(stat) £0.7(sys)
— Assuming single resonance:
m,, = 125.5 +0.2(stat) *9>, ;(sys)

T L | B B8 R R A 26

* Tension between channels! [

— Compatibility P=1.5% (2.40)

— Rises to 8% with square syst.prior
BUr: o r A JANR W Y o
e CMS: arXiv:1312.5353

— my">% = 125.6 +0.4(stat) +0.6(sys) i s A e e rer i ipe
«  CMS: CMS-PAS-HIG-13-005 i e

— m.H>w

CMS
e Doesn’t look like two different resonances!...
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Spin and Parity

* Purel’=0, 1% 1, and 2* excluded with 97.8, 99.97, 99.7,
and 99.9% Confidence Level (ATLAS arXiv 1307.1432)

e But note: Higgs could have CP-violating component!

H- >yy ATLAS arXiv 1307. 1432

- 250 prrrrr ULARAE RERAR SRR AR SERA AR R
e ATLAS H—>yy —J =2 Expected—
£ 00 - V5 =8 TeV J.Ldt 207" ® Jf=2"Data
() B Bkg. syst. uncertainty -
> = -
" - f =0%) ]
150 [~ (qq- 0)
100 -
: = :
50 £ — ] ]
- Tt —e— -
0F —
00402 03704 05 06 07 08 09 1
Icos 6%

4/18/16
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Events /0.1

. 1 2
) |sinh(An¥?)|  2pY p¥
cos6*| = >
184 2 M
1+ (pr” /myy) 8%
250 T P T
- ATLAS Hoyy —J =0 Expected—
00 [~ Vs = 8 TeV J-Ldt 20.7 fb ° S=0"Data -
C Bkg. syst. uncertainty ]
150 |- ‘ —
100 ——_1_, + =
50 |- ] =
L —r i
OF =$=
00402 03 04 05 08 07 08 09 1

Ico§ 16 |



Direct Evidence of Fermion Couplmgs

St T T T ]
* Challenging channels at the LHC! 5 oemromsomis
— Huge backgrounds (H->bb,H->TT) g .l ii?f:f,"’l"ﬁ:{fi ]
— Or low rate: H->pp. : R
10°¢ E
* ATLAS: 7
. 10 ATLAS Preliminary E
4.10 evidence of H->tt decay 3.20 exp. - [Lot-=203
- Vs=8Te
u=0,, /0= 1.4 +0.3(stat) +0.4(sys) T L
' 3 2 1 0 1
log(S / B)
® CMS: B 20S:MS {s=7TeV,L=5fb"; Vs =8 TeV,L=19-20 fb"
— Combination of H->bb and H->tt: 3 m, =V1H25 Gs%’
. - o -
3.80 evidence (obs.) 4.40 (expected) 386 — How

— Combined

U =0, /O, =0.83 £0.24
CMS 1401.6527

Channel Significance (0) Best-fit :

(my = 125GeV) | Expected | Observed U I

VH — bb 2.3 2.1 1.0+05 e

H— 17 3.7 3.2 0784027 mode!

Combined 4.4 3.8 0.83 +0.24 oS
0 02 04 06 08 1 12 14 16 1.8

4/18/16 LHC Physics Course - LIP m
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* Total width not measurable at the LHC
— Hadronic decays invisible in huge jet

Higgs Width

background

e Sensitivity can be achieved through

“interferometric” measurement

— Use gg—H—ZZ with H on- or off-shell

11 \
LHC HIGGS XS WG 2010

e

7

[

10‘1E

/

10-2;/

* Proof of principle done, although still very

far from theoretically expected value
(4MeV)

— T, <22 MeV at 95% CL

on-shell

.

0,0

4/18/16

&

g—~H—77Z ™

ff-shell ~
gg—H—Z7Z

2 2
8geHEHZZ

muly

4 égHg fizz
(Zmz)z

200 300 500 1000

100
M, [GeV] g
CMS 19.71' (8 TeV) + 5.1 6" (7 TeV) O
< 10F 4/ observed ’ Q
g [ 41 expected Q
] —— 202v + 4 observed ;
D 212v + 41 expected 2
L Combined ZZ observed , b
-------- Combined ZZ expected ’ 03
L ~
6 ©
. H—- ZZ Q.
L ~
[N
4 S G emol | B
[ / %
i ' w
2 &
I e eskoL | U
©
0 L.L\{“"": Ll I L1l | L1l I L 11 | | l L l_L Q
0 10 20 30 40 50 60 -
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CMS Preliminary

Individual Results

V H— bb arXiv:1310.3687
u(mH=125.0 GeV)=1.0+05

H — 1T arXiv:1401.5041
#(m =125.0 GeV) = 0.78 +0.27

H— vy HIG-13-001
p(mH=125.0 GeV)=0.78+0.27

H—-> WW arXiv:1312.1129
u(mH=125.6 GeV)=0.72+0.19

H— ZZ arXiv:1312.5353
(m =125.6 GeV) = 0.93+0.27

u=

Take-home

Ys=7TeV,L<51fb" ys=8TeV,L<19.7 fb"

0 05 1

Signal

152
Best fit c/oSM

O

meas

USM

messages:

e Need more datal

* Always run two experiments!
LHC Physics Course z LIP
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strength

ATLAS Prelim.
my = 125.5 GeV

— o(stat.)

—O (t
— o(theory

ys inc.
heory

Total uncertainty
+1loonp

H- vy
M _ 1.57+0.33

-0.28

+0.23
-0.22
+0.24
-0.18
+0.17
0.12

——
|—_|
!

H— 2z* - 4l
w=1.44"

0
-0.35

+0.35
-0.32
+0.20
-0.13
+0.17
-0.10

—
—

H— WW* - Wiv
u=1.00"%

-0.29

+0.21
-0.21
+0.24
-0.19
+0.16
-0.08

1L

Combined
H-yy, ZZ*, WW*
w=1.3 5+o.21

-0.20

+0.14
-0.14
+0.16
-0.14
+0.13
-0.11

W,Z H— bb
H _ O-2+0.7

-0.6

+0.5
+0.4
<0.1

H — 1t (8 TeV data only)
H _ 1 -4+0.5

-0.4

+0.3
-03
+0.4
-0.3
+0.2
-0.1

Combined
H—bb, tt
w=1

+0.24
-0.24
+0.27
-0.21
+0.08
-0.04

Combined
W= 1.30"0-18

-0.17

+0.12
-0.12
+0.14
-0.11
+0.10
-0.08

——
N L
| A i

\s =7 TeV [Ldt = 4.6-4.8 fo” -0.5

\s=8TeV |Ldt=20.3 fb"

i
0

05 1 15 2
Signal strength (1)



Fermion and Boson couplings from fit

Set one scale factor for all fermions (k. = k, = k,= K. =...) and one for all
vector bosons (k,, = K, = Ky)

Assume no new physics

Strongest constraint to k. comes form gg->H loop

ATLAS and CMS fits within 1-2c of SM expectation (compatibility P=12%)
Note ATLAS and CMS k, different — see signal strength below

w _IlI]lll]ll]l]llll][]l[]l] IIIIIIIIIIIIIIIIIIIIIIII ]

“ 4 ATLAS LiHo4l {iHowv 12
N _ 14
- \s=7TeV Ldt=46481b" #H - vy [JCombined | ~
31— \s=8TeV [Ldt=20.7 b + SM X BestFit U
CMS Preliminary Ve—7TeV.L<51f" ys=8Tev.L=19.61" () - J =
< B ¢ SM Higgs @ Fermiophobic m Bkg. only z : ] 8
2 ° ER
2 5 1
o = 45
o C N
e O —
Q C ]
0(% u ]
-1 ]
5 00T -2 ]
:l L1l I 11 1 1 l :

—
~

06 0.7 08 0.9
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Production Modes

%

Combination of channels

allows consistency checks

Evidence for VBF
production (30)

e Sensitivity to top Yukawa
coupling only through

loops so far

4/18/16

ATLAS Prelim. ""’((ss;?;&c_ Total uncertainty
_ G\theory
Y +0.7 : : ; :
- 05 I
MYY +0.4 [ g :
VBF+VH _ +0.8 |7 02 f : :
+2.3
H— ZZ* — 4l ~09 : : |
f +08 .
VBF+VH __ +2.4 | : i ;
MggF+ttH - 0.6_0'9 tgg T —
“14 e
H—- WW* = Iviv 7?'2 : : :
M +1.9| 04
Hogrom — 1'8_1'0 fg:g | : : S
+5.3
H— 1t 10 ; 5 5
Hyaeavi +oo |06
Combined - |
* S—
Hyerav -1 4+0-7 o : :
l'ng|:+ttH ] _05 t l T I T | B e
\s=7TeV [Ldt=46-481b" 2 3 4 5

LHC Physics\§z8TeV |[Ixt = 20.3 fb™

1 VBF+VH H ggFttH



New Physics in the Loops?

W z
* New heavy particles may show up Higgs
in loops
— Dominant gluon-fusion through a :::]> Wz -~
(mostly) top loop production for H- ~

>ZZ, H->WW and H->yy Higgs

_ H->yy decay throughtopandwW
loops (and interference)

Photon

ATLAS 1307 1427

(T

oo s by vy by s by by v v by v s by v Ly
0.8 0.9 1 11 12 13 14 15 16

 Best fit values: K,=1.04+0.14,k,=1.20+0.15
* Fit within 20 of SM (compatibility P=14%)
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o oof ATLAS + SM ]

* Assume no Change in Higgs width = \'E=7TeV}Ldt=4.6-4.8fb" X gse;tfcltL =
. - Vs=8TeV |Ldt=20.7 fb _ ° .

and SM couplings to known 18F Combined Hoyy, 22+, W+~ 95%CL -
particles 1.6[- =
1.4 =

. . 1.2 =

* Introduce effective coupling scale E E
factors: " E

— K, and k, for ggH and Hyy loops 0.6E- E

1.7

Ky



Going beyond the Standard Model



Two Higgs Doublet Model (2HDM)

No reason for simplest Higgs sector scenario to be true!
One of the simplest alternatives: 2 Higgs doublets

J

¢ = ( (v; + p; (—{;771')/\/5 )

Leads to 5 different Higgs bosons:
— CP even (scalar): h, H

— CP odd (pseudoscalar): A

— charged: H*, H"

Two doublets => two vacuum expectation values (mean field strength in
the vacuum) —v, and v,



Two Higgs Doublet Model (2HDM)

* Free parameters:
— 4 masses (Do we know one? Assume it’'s m, )
— tan B =v,/v, ratio of v.e.v.’s
— Mixing angle of hand H: a

4 possible Yukawa coupling arrangements (“types”)
* Most common SUSY benchmark (MSSM) is based on Type Il
If cos(B-a) =0, h = Standard Model H°

Type | Type ll Lepton Specific  Flipped
Ky sin(B-a) sin(B-a) sin(B-a) sin(p-a)
K, cos(a)/sin(B) cos(a)/sin(B) cos(a)/sin(P) cos(a)/sin(PB)
Ky cos(a)/sin(B) -sin(at)/cos(PB) cos(a)/sin(B) -sin(a)/cos(B)
K, cos(a)/sin(B) -sin(a)/cos(PB) -sin(a)/cos(PB) cos(a)/sin(B)
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Constraints from SM channels

 What can our data already say about the 2HDM?

— If it exists in Nature, then some of the measured rates (signal
strength) are modified

— Existing measurements can already rule out many possibilities
— Used final states vy, ZZ, WW, bb, TT

2HDM Type | ATLAS Preliminary
——— Obs. 95% CL \s=7TeV: [Ldt=4.6-4.8 b
X Bestfit \s=8TeV: [Ldt=20.3 o'
- === Exp.95% CL Combined h — yy,ZZ* WW*
— - SM h — tt,bb
1o|\~l1,|1j:!1|VIW‘WIV|WWT[!V1ll!:,l]rll'lTJ:
] [BY A
4p |
3" |
2 |
15 | 4
|
4IIVL«II'I1‘\11I’{I‘I i L‘J}]I‘[lefl’llvll

0. b
-1-0.8-0.6-0.4-0.2 0 0.20.40.60.8 1

cos(fB-a)

4/18/16

2HDM Type II ATLAS Preliminary 2HDM Type Ill ATLAS Preliminary

——— Obs. 95% CL \s =7 TeV: [Ldt=4.6-4.8 fb”' ——— Obs. 95% CL 1s=7TeV: fLdt=4.6-4.8 b
X Bestfit \s=8TeV: [Ldt=20.3 fb" X Bestfit \s=8TeV: [Ldt=203 "

- === Exp.95% CL Combined h — yy,ZZ* WW* - === Exp.95% CL Combined h — yy,ZZ* WW*

— - SM h — tt,bb — - SM h — tt,bb

10]ll FRT T FTV T 7 T T TT T T [ LT T o 10’_lll FRT »lI-V \X, TT I!‘ ‘Tl |IT’|11 TTT
2 10 R R T R T < 10TRTIT wy | “\iy TR
4k Il“ \\‘\ 4b " ;l, /1' "’, [ “‘ t 3
3 S < 3P | N
2 | 28 A\ l
¥ 1 3 ' s Sue ey
15 o i 1 1B \ s 4
i s | ES AT |
0.4t o | \ 0.4F U b\ |
0.3% W 03NN |
0.2 | / : 02P TN | i
O.1IKIIIII|AAII\\A11'1}!|l‘||ll‘)lllll; O-1ll|'Lll‘lI'|l‘»)[’IJ!J j"l‘l Il‘Il‘l\'FlI[J‘II’I;‘
-1-0.8-0.60.4-02 0 0.20.40.60.8 1 -1-0.8-0.60.402 0 0.20.4060.8 1
cos(p-a) cos(p-a)

LHC Physics Course - LIP

2HDM Type IV ATLAS Preliminary
——— Obs. 95% CL \s =7 TeV: [Ldt = 4.6-4.8 fb”
X Bestfit \s =8 TeV: JLdt = 20.3 fb!
- === Exp.95% CL Combined h — yy,2Z*,WW*
— - SM h — tt,bb
10]1|IOTII]I-VW\TI"IW ll‘V\IIl!(!}VWI‘IIIVI
',~”,'.",\\\,' X y
4 1
3 \ 4
2h
15 g
0.47
0.3
0.2
0 4'|(LIIII'|L~J[1\'lJ‘l‘lJ’J I'IIrillll‘ll'Ile(I/Il‘J;
-1-0.80.60.4-02 0 0.20.40.60.8 1
cos(f-a)

ATLAS-CONF-2014-010



Invisible Higgs

« Direct searches for Dark Matter usually hidden in deep caverns
for low noise. But there is another way...

— Dark matter has mass! Should couple to the Higgs. Do we see it?

— Weakly interacting particles would leave no trace in detector —
“Invisible” Higgs decays

— Could be e.g. neutralinos in SUSY scenario
— Would contribute to total Higgs width

v (km/s)

Ob?el'\.’ed ,#.“‘--ﬂ XLI\'()A\'ll)-LL-: CDMS-LE
[ T . I i)\ [EDELWEISS-LE
&

.

10 "
expected

from
luminous disk

2

CDMS+ERELWEISS
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R (kpc)

M33 rotation curve
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Cross—section [cm”] (normalised to nucleon)
i

XENON100

LUX

pMSSM-
postLHC

CMSSM-preLHC

; 8%

L 05%

10' 107
~ WIMP Mass [GeV/c?]

10°



Invisible Higgs

Require dileptons from Z

Back to back with Missing E;
and pr(¢)

No jets

Events / 30 GeV

Data / Expected

10°

10°

10

| SN A A B LA A A A S A A A A B A A S A SN A A A B SN AN A A

=— ATLAS ®  Daw
i

\s=8TeV,[Ldt=2031"

ZZ - ffwv(ncl )

ZH — £¢ +inv. - WZ — ¢vee (incl.T)
—— -WW.dlooliM‘Z-rr
== ... N - e
..... W+ jots, multijet, semilep. op

E D "t v w4+ . BR(H —« inv.)=1
E S T

100 150 200 250 300 350 400 450

Et:l.w [GeV]

Main backgrounds ZZ, WZ

Claire Shepherd-Themistocleous - 26th Rencontres de Blois 2014
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Z(H -> Invisible): Analysis Strategy

-l Z H X .
AQ‘)[_[ < 1.7(])%( :::::.— ——— — _— —— — _.::::: ‘:I]Lll.s.s > 90CeV
o o .
76 < my < 106GeV Ap, pmiss > 2.6
Pz.Ex

> Analysis cuts designed around the idea that the Z (/¢ system) recoils off of the H
(EF™) for signal
» Most important background is Drell-Yan (Z) production with fake EF™* from
mismeasured jets which is hard to estimate from MC
» Estimated by 2 dimensional sideband fit of events failing one or both 3

Requirement Justification
76 < my, < 106GeV Dilepton system consistent with Z — ¢/
E’T”iss > 90GeV Requiring the H to have p7 forces the Z to also have pt
E7'** Cleaning Cuts
Appe < 1.7 Boosted Z has leptons close together
AQbZ‘E?iss > 2.6 Z and H should be back-to-back
Ag(Etpiss EIes:tracky < 0.2 | Efss not correlated for background (Ef'sS from mismeasured jets) #
|EF™s — p|/pF < 0.2 Balance of Z and H momentum #
Central Jet Veto Drell-Yan background tends to have one or more jets
4/18/16 7 7 LHC Physics Course - LIP 94
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Invisible Higgs

G, % BR(H—inv.) [fb]

600:’_ 4 (\l‘—| 37 T T T T T T T UL =
o ATLAS O 5 . g 1 0_38 Higgs-portal Model ATLAS .
500f~ 's=7TeV,JLdt=45®" — opserved 95%CLImit-| = 0_39 ) \s=7TeV, [Lt=45 fo p
s _ ; 1 10 i \s=8TeV, |Ldt=20.3 b
. \s=8TeV,[Ldt=203M0" Expected 95% CL limit - 2 : .
; ZH = £¢ +inv pec . 5100 3 \\ ZH - ¢¢ +inv.
- i E D 104
[ ]+20 3 ® 1042
1 g10¥
4 c10% !
1 g10%® T
7 —_— -46 33500 . .
7 O - o
13 18_47 LR 90% CL limits
gl (22208049
0 N T DN TR rtaras PO P T PO o 10'48 ”’::ﬁ::;"' [ DAMA/LIBRA 3¢ [ CRESST 20
. sor [ CDMS 95%CL B CoGeNT
150 200 250 300 350 400 010 49 5330" — XENO;fO/ ENON100
my, [GeV] 10°% e LUX === ATLAS, scalar DM
#w&&4 ATLAS, vector DM eriericrds ATLAS, fermion DM
-51
H 1 H 0 10 1 I 1 1 1 | I T I | I 1 1 1 | T I | I 1 1 1 | .
Upper limit Br to inv. 75% 1 . e e

DM Mass [GeV]

Upper limit interpreted as limit on DM-nucleon scattering cross section
Fox et al. Phys. Rev. D 85 050611

DM scenarios scalar, vector or Majorana fermion
Higgs-nucleon coupling 0.33 *0-30 .~ Djouadi et al. Phys. Lett. B 709 65 (2012)
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1 q

Invisible Higgs

q q
Other search channels: > 10°E cms e Observed
Search in VBF and ZH , Z — Il and bb (05 C ($=8TeV,L=19.5fb" ~— e m-toon
N 103? VBF H(inv) .‘i*‘“s
VBF mode requires 2 jets in forward region £, B ot
(An;>4.2),EMs>130 GeV o
W 10
Central jet veto on any jet p; > 30 GeV. ,

Dominant beckgrounds 107!
Z(vv) + jets, W(lv) + jets

150 200 250 300 350 400 450 500
EMS [GeV]
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Invisible Higgs

s 2C
o [ CMS 95% CL limits
= 1.85— (Z:ﬁml_ti)inat.ior! q}f)|VBF and Observed limit
P el —nvisiole . Expected limit
C Vs =8TeV (VBF + ZH) .
% 145 (2189197 " Expected I!m!t (1o)
X 4 oF Vs =7TeV (Z(I)H only) Expected limit (20)
© "L L=491fb"
1
0.8
0.6—
0.4[feamssmanssasssanmman s e ===
0'2:_| l | | l | |
S R [ R RS I

T my [GeV]

Upper limit on Br to invisible
0.58 for Higgs mass 125 GeV

UHCHHysics Course - LIP

—

—

DM-nucleon cross section o f{ v [Pb]

—

7 TeV 4.9 fb"8 TeV ~ 19 b

1 0-1 _’_/ L I T T T T L T T T T T T
& Combination of VBF and
102 l% ZH, H— invisible CMS
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Rare decays

Only way to probe Higgs decays to charm — charm Yukawa
coupling —at LHC

Deviations in coupling from SM value can lead to increase
in branching fraction

Analysis also probes Z decays to J/W or Y(nS) plus y —
improved LEP limits by 2

J/Y X (nS)




Backgrounds
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Dominant Backgrounds & 3505 | o, ATLAS -
» 56% Prompt J/1: Peaks in m,, N f__Fit @=8TGVJLdt=19_2fb~1_f
LN > 300r .
> 88 — J/wg Where g (Jet) IS S N Jy Loose Isol. Soft p 7
misidentified as a @ o5k Sy ychamel ]
.. C — === Background .
> Suppressed by requiring v be 3 - Barrel Categories -
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» Production of a di-muon pair 1001 E
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Results

e Upper limit set on branching fraction of H decay to J/
W plus y at 95% confidence:

e Br(J/Wy)<1.5x1073 (expected 1.2+06_ . x 1073)
* 540 = SM Expectation

8

%)24;"IIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIII'IE
O 22r ATLAS =
= 20F s=8TeV [Ldt=19.2fb" 3
*UE) 18:— e Data _:
o — S+B Fit
L 16:_ [ Background

14 [CJH[B=107)

12;_ ]z [B=107]

10;—

onN A O

40 60 80 100120140160180200220
m,.y [GeV]



Looking into the future
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Future LHC Running

2009 ¢ LHC startup, Vs =900 GeV
2010
2011 \ 5=7~8 TeV, L=6x10% ¢cms°!, bunch spacing 50 ns Run- 1
2012 ~20-25 fb!
2013 1 59 Go to design energy, nominal luminosity (Phase-0) LS1=Now
2014
2015
2016 Vs=13~14 TeV, L~1x103 cm2s'!, bunch spacing 25 ns Run-2
2017 ~75-100fb™!
2018 LS2 \ Injector and LHC Phase-1 upgrade to full design luminosity LS2
2019
Vs=14 TeV, L~2x10% ¢cm2s!, bunch spacing 25 ns

2020
2021 - ~350 fb!
2022 LS3 HL-LHC Phase-2 upgrade, IR, crab cavities? LS3
2023

1] ”
20807 . \ s=14 TeV, L=5x10% cm2s°!, luminosity leveling <p> = 140 HL-LHC 3000 fb
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Minimum bias

44

WH

t (s-channel)

H (ggF)

H (VBF)

t (t-channel)

tt

ttH

stop pair (0.7 TeV)
stop pair (0.9 TeV)
gluino pair (1.5 TeV)
gluino pair (2.5 TeV)
Z'SSM (3 TeV)

Q* (4 Tev)

QBH (6 TeV)
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Not only more luminosity

* Higher centre of mass energy gives access to higher masses
* Hugely improves potential for discovery of heavy particles
* Increases cross sections limited by phase space
— E.g. ttH increases faster than background (factor 4)
 But may make life harder for light states
— E.g. only factor 2 increase for WH/ZH, H—=bb and more pileup
— Could be compensated by use of boosted jet techniques (jet substructure)

Cross section ratios: 14 (13) TeV/ 8 TeV

J1.2

s 2.1
2.1

S 2.2

S 2.6
S 2.6
w——) 2,8
gmmnd 3.9
pu— g

And: pp — H(500) + X: 14 TeV/8 TeV ~ 7

- )11 (for 13 TeV /8 TeV: 8.4)
L 16 (for13Tev/8TeV:12)
J 72 (for13TeV/8TeV:46)

J 87

J 12000

1 10 100 1000 10000

J 5700 (13/8:2700)

100000

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html

100

luminosity ratio

WJS2013
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o
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---- Zqq /
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100 1000 4TeV
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Run IlI/High-Lumi LHC Programme

Precision AND searches!
* Precision:

— Continue to look for deviations wrt Standard Model
e Differential cross sections:

— New physics in loops could modify event kinematics
* Complete measurement of properties:

— E.g. CP quantum numbers:

— Sensitivity in H—=ZZ and VBF

— Search for CP violation in Higgs sector
e Search for rare decay modes:

— H=—HH to access self coupling (long term!)
* Search for additional Higgs bosons:

— E.g. 2-Higgs Doublet Model is a natural extension and predicted in SUSY

Luminosity H— Zv | H— uu | H— Invisible

300fb—1! 230 230 Br < 23%
3000fb~! HL-LHC | 39¢ 70 o Br < 8%

» ATL-PHYS-PUB-2014-006 » ATL-PHYS-PUB-2013-014 » ATL-PHYS-PUB-2013-014



Higgs differential cross sections

* Get access to the loop structure
where there may be new

physics

e ATLAS H-vyy and ZZ so far —
more to come in run 2

[pb/GeV]

dG/dp:

—
<

Ratio to HRes

—

i

W HRes + XH
==== XH = VBF + VH + ttH + bbH

-¢- data, tot. unc.
\s=8TeV, 20.3fb"

* ATLAS pp—H
| ‘
g

syst. unc.

\S]

+++ ' |

(@)

20 40 60 80 100 120 140 160 180 200
Py [GeV]
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Ratio to NNLOPS
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FERMIONS BOSONS
First Second Third l/ _—‘
Generation Generation Generation
Y 10°
Another example: ttH
° Qo L Q@

.
v
Indirect constraints on top-Higgs Yukawa coupling 10 oo
from loops in ggH and ttH vertices . it Sl
— Assumes no new particles contribute to loops . @ sange quark
Top-Higgs Yukawa coupling can be measured directly T:D 3.1,,@“
— Allows probing for New Physics contributions in the g““ 9

ggH and yyH vertices 10
S 7 7 L MASSLESS

10710 BOSONS

Muon-

Top Yukawa coupling Y, = V2M,/vev = 0.996+0.005 s |- Elctron- |G| potons Procn

. . . neutrino o Gluon
— Does this mean top plays a special role in EWSB? .
. -1
CMS Preliminary (s=7TeV,L=5.015";s=8TeV,L=19.5fb" ATL/'I‘S IPlreIIIn?mIarly“ _ I\SI_8 Tle\/l, [L dt_2?3 ftl) .
- 1 === Expected= 10 i
: --- Expected = 20 Dilepton |— P |
- N --- Expected (sig. inj.) P i
bb [~ : ' —-& Observed
Hadronic tt [— +
41 = Lepton+jets |— i _
------ Expected* 1o
s . : : : T e Expected + 26
Same-Sign 2| — . + Combination —— Observed |
: : - | 0 Expected (p=1)
Combination — : 5 + I N R R
| A Al L MR | L ! L Lo 0 2 4 6 8 1 0 12

10
95% CL limit on o/og,, at m,, = 125.7 GeV 95% CL limit on o/c,, at m =125 GeV



Sensitivity to New Physics

Degrande et al. arXiv:1205.1065

Ellis et al. arXiv:1312.5736 /5
2

AL.S5

|
4/18/16 -1 0 1

* Effective top-Higgs Yukawa coupling
may deviate from SM due to new
higher-dimension operators

— Change event kinematics — go
differential!

* ttH sensitive new physics: little Higgs,
composite Higgs, Extra Dimensions,...

* In the presence of CP violation, Higgs-
top coupling have scalar (x,)and
pseudoscalar ("k,Jcomponents

— Strong dependence on ttH cross
section

— Note: Indirect constraints from
electron electric dipole moment not
taken into account (give | "k,| < 0.01)
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Summary

* Recapitulation:
— Electroweak symmetry breaking
— Higgs boson in Electroweak Lagrangian
— Higgs boson production and decay at the LHC
— The landscape at the end of LHC run |

 The Higgs sector beyond the Standard Model
— Constraints from current data
— Examples of rare and exotic channels

e Future Higgs measurements at LHC and beyond
— Fundamental questions at the end of run |
— Future LHC running — luminosity, energy, and physics reach
— Higgs physics in future LHC analyses — Precision and Searches
— An example: associated production with top-quark pair — SM and BSM



