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The Higgs mechanism

MoNDAY, SAPRIL

XM — 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: LEP, Tevatron and LHC.
Previous searches at LEP and the Tevatron.

Speaker: Ricardo Jose Morais Silva Goncalo (LIP Laboratorio de Instrumentacao e Fisica Experimenta

= Combined LHC mass measurement

ATLAS and CMS
2o LHC RN 1

WEDNESDAY, 5 APRIL

Signal strength (1)
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Discovery of the Higgs boson in the different final states
Case-study of the H->WW search

Algorithms, challenges, tools

Combination of search results

Speaker: Dr. Patricia Conde Muino (LIP Laboratorio de Instrumentacao e Fisica Experimental de Part)

MonDAY, 10 APRIL

LK — 19:30 Higgs Physics 3
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Models, properties, and interpretation.
Case-study of the coupling strengths.
Case-study of the hypothesis test for different spin-parity assignments.

Speaker: Pedro Vieira De Castro Ferreira Da Silva (CERN)

WEDNESDAY, 12 APRIL

XM — 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

Introduction

 Hard-core theory
— Lagrangians and symmetries
— Quantum fields
— Problems with the Standard Model

The Higgs mechanism

The long way to discovery
— LEP experiments
— Tevatron experiments

— Higgs production and decay at the
LHC

— Discovery!
Since the discovery
* Open questions

Peter Higgs

™
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Introduction

Standard Model particles,
interactions, and hard-core theory
to set the scene...
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Fundamental interactions

* Four known interactions

* Carried by messenger particles (gauge bosons)
— As far as we know... We don’t know about gravity (too weak)

Interaction ___| Gravitation _| Weak __| Electromagnetic | Strong_

Carrier Graviton?? W+ W, Z photon 8 gluons
Acts on Mass - energy Weak isospin  Electric charge Colour
Strength at quark scale 1041 104 100 102
Characteristic range oo 108 m oo 10 m
Characteristic system Apples, Beta decay, Light, atoms, Hadrons
galaxies, etc  nuclear fusion chemistry (protons etc)
04/04/17 R. Gongalo - Physics at the LHC 6



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 'q 87 q
|
g \‘\{7 m : \\{Z{
|
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

04/04/17 R. Gongalo - Physics at the LHC 7



Standard Model Total Production Cross Section Measurements
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Lagrangians, symmetries and all that
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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)

L(g,q) =T -V

and from the Euler-Lagrange’s 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"9 |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 whosé 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!
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Let’s go to quantum fields...
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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 = =
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Generalized coordinates are now fields (dislocation of each
spring)
¢ — ¢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 field Y representing a spin-%
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



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 Y

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



Now for the problems...




gc:a:.t?tgfiir:;dinal gauge-boson e CRomio[5
The cross section of a process ' |

qguantifies the probability that
this process occurs in a collision

In the absence of the Higgs, 5 |
some processes have cross ° L
sections that grow with the 5
centre of mass energy of the

collision... i.e. breaks unitarity!

The Higgs regulates the cross

10

. . 1002 . I IlII”IS I I 4
section through negative 10 1 10
1 e
interference oM
W W= W wW- W W W- e W -

Feynman diagrams contributing to longitudinal WW scattering



2: 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!

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



The Higgs Mechanism

o W
c(1528 - 011

Ah

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




* Introduce a SU(2) doublet of spin-0 complex fields

¢ _ ¢+ 1 ¢1 il 7’¢2
\¢’ ) V2 \¢p3+ig4
* The Lagrangian is [ — (auq5)T(5w¢) _ V(¢)
* With a potential V(¢) — M2¢T¢ T A(¢T¢)2
4
* 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) Qrﬁg@Jgspmgas{yemmetry of the Lagrangian




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

Masses of fermions come from a
direct interaction with the Higgs field

04/04/17 R. Gongalo - Physics at the LHC , 23
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EWK Symmetry Breaking in Pictures
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* We have at this point a massive scalar field with vacuum
expectation value v and mass
mp = V2A\v

4 gauge fields: W), W), WB) and BY) which transform to give
the massive W*, W-and Z, and massless A (the photon)

1
My ) =— Myy@2) —Mw — sgw
mA:O & = 246GeV

mz = 50V gy +9°

with g, g, the couplings of electromagnetic and weak forces

* Defining the Weinberg angle as g t
< — tanb
W W
we also get the relation between m
W o
the masses of W and Z mo COS 9W

 Fermions get their masses from interaction terms with the Higgs
field (Yukawa coupling)



Finally! What we think we know:
mp — \/ﬁ?}

Higgs mass (was) the only unknown
parameter

We can give mass to W* and Z while keeping
the photon massless

Relation between masses of W and Z

Higgs couples to W and Z with strengths
proportional to their masses

Higgs couples to all fermions with a strength
proportional to their mass

f W+
g
_____ Mt 5 He-----d& Myow

mw __
W = cos Oy
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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
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® : accessible n K-meH decay?
31 | M, <590 Mev
é | occessidle in 37-31.H decay?
| i 500 MeV «M_ <1500 Me¥
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N 1500 MeV < M_<4000 MeV
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0 ) at high energies ??
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We should perhaps finish with an apology and a caution. We apologize to ex- ’

perimentalists for having no idea what is the mass ot 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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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
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H o’
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- 2 - -
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>l :—
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L — 200 GeV
ol ~ %7
10 3 —— 208 GeV
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—— 200 GeV 10 k
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90 100 110 120 80 %0 100 110 120
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Higgs decays: focus on 37 generation

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

-

H—b

b
Z \ W

b } Z-¢e'e
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T-channel
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lepton
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51%

15%

2.4%

5.1%

4.9%

WW » qqaq
ZZ » qqqq
QCD 4-jets

WW -» qqlv
ZZ » bbwv

WW » qqTtVv

ZZ » bbTT

ZZ > qqTT

QCD low mult. jets

ZZ » 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
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- Sea rclggls at the Tevatron.

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

Shutdown: 3 Séptember 20| |
Almost 10 fo! of data for analysis
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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
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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 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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Setting the Scene for the LHC

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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Production and decay at the LHC
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At the LHC
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It takes time to get it right

1 Ilfllwlluglulgyi

20
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—ATLAS b-\;alue
. muux CMS p-value
“[JLEPexcl.

. Tevatron excl.
L] ATLAS excl.
7] oMs excl.

----- 30

_4 i
10110 120 130 140 150 160 170 180 190 200 210
my [GeV]

EPS-HEP 2011 conference [6]
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Discovery time!




Discovery channels

Discovery was made in ATLAS and CMS with about 5 fb! of 7TeV data and 20
fb! of 8TeV 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 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 ]
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Combining Higgs Channels

/Production
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The p, Discovery Plot

° po is the combined ATLAS Preliminlary | 2011 I+2012ID.'=1ta ]
babil h —— Obs. Vs=7TeV: |Ldt=4.6-4.8 b
probability that --- Exp. Vs=8TeV: |Ldt=5.859fb"

the background
fluctuates to look
like signal
 Translated into the
one-sided
Gaussian
probability

100 200 300 400 500 600
m, [GeV]

* This corresponds to a probability of 1 in 3.5 million that
this was a false positive from fluctuating backgrounds
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TELL Us ABOUT ...WAIT DIDN'T YoU .. 0K, THS IS DONT TELL US YOL

YOUR PROPOSAL- ALREADY FIND ITA EMBARRASSING. LOST IT ALREADY.
/ LJERE REGUESTING YEAROR L0 Aco? . Lok
$3 BLUON N FNDNe | = YES, LELL, M. EETE 11T NouR perense,

To FIND THE. HIGGS BOSON. \ ITs REALLY SMALL.
\/
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J
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COMING UP NEKT:

What we have found out since
A (qwck) foretaste of the next few Iectures




Spin and Parity

* First concern after observation!

* Some observable quantities sensitive to J: for example
angle between leptons from W decay in H->WW

e PurelJ’=0,1% 1, and 2* excluded with 97.8, 99.97, 99.7,
and 99.9% Confidence Level (ATLAS arXiv 1307.1432; CMS

Phys. Rev. D 92, 012004)

~ 250
o
& 2 0
c
+ @ :>j C
@ N 150 -
W- ; : @ 100 F
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e- 50
e inh(An??)|  2p} p}*
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Mass: around 125GeV

Used to be the only unknown nggS bOSOn IMNass

SM-Higgs parameter,
remember? ©

For a while, different 3 NP AL e ate

N B === ATLAS H- ]
mass value’s were being fc”? 2_55_2\;?:“?”3 - %ﬂg"%%ﬁf’ _
measured in ATLASand & [ 777 ~ o
CMS, and in different g o e B
channels P E
Numbers evolved with : :
accumulated statistics T 1
Current most precise 05~ igd Tads i a5 i 265 127

value from ATLAS+CMS
has 0.2% precision!

m,, [GeV]

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



ATLAS and CMS -o- Observed +1o0
LHC Run 1 Th. uncert.

Cross section . o
YY |
SM

compared to = "% 1
7| —H+
WW | .

expectation it =
WW | e

VBF

WH

T ——
bb | -
Y .
Gmeas .BR wWw | .
T 1 .
O, -BR o -]
WW | .
TT ® :
bb| ——

6 4 2 0 2 4 6 8 10
¢ - B norm. to SM prediction

ZH

ttH




Fermion and Boson couplings from fit

Set one scale factor for _,

I

. v |

all fermions (k.= k= K,= = [ AJLAS and CMS
K.=...) and one for all :

vector bosons (K, = K, = L el
KW) 1:_ ------------- 95% CL

. i 4 Bestfit
Assume no new physics | % SMexpected

O_
Strongest constraint to -

ke comes from loops and ! @ —
interference effects — N

Note several couplings "~ Ocombined [Jr-vy

[JHszz [JHoww
:DH—nt H—>b|b

can still be negative! 2

o o5 1 15



Direct Evidence of Fermion Couplmgs

* Challenging channels at the LHC!
— Huge backgrounds (H->bb,H->TT)
— Or low rate: H->pu

* ATLAS:
4.10 evidence of H->tt decay 3.20 exp.

U =0, /O = 1.4 £0.3(stat) £0.4(sys)

e CMS:
— Combination of H->bb and H->tt:
3.80 evidence (obs.) 4.40 (expected)

U =0, /O, =0.83 £0.24
CMS 1401.6527

Channel Significance (0) Best-fit

(myg = 125GeV) | Expected | Observed U

VH — bb 2.3 2.1 1.0+05

H-— 11 3.7 3.2 0.78 +0.27

Combined 4.4 3.8 0.83 +0.24
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03 - Bl H0125) > (u=14)
= H(125)->tr (u=1)
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New Physics in the Loops? {

* New heavy particles may : T
show up in loops ! .
— Dominant gluon-fusion through - e
a (mostly) top loop production g s i
for H->Z2Z, H->WW and H->yy 7 : ' N
— H->yy decay through top and W !
loops (and interference) ¥ [ATLASand CMS ~ [atiasious |
1'6__LHC Run 1 |:|ATLAS ]
[ Clows .

* Assume no change in Higgs [
width and SM couplings to 12
known particles

0.8

* Introduce effective coupling _
scale factors: 06l

I —68%CL ~-95%CL + Bestfit * SMexpected -
| ST S T NS ST SR [ SN T SO AN SN S S AN SR ST N

— K, and k, for ggH and Hyy loops 06 08 1 12 14 18

Ky



* Lineindicates the predicted
dependence on the particle
mass for the SM Higgs boson

Mass.

For weak vector bosons:
Yvi=VKy; gV/i/ 2V = VKv,imV/i/ Vv

For fermions:
Ve, = Ke 8/ V2 = Ke;mgy/v

my
\'

or \ Ky

1072

10°E

107*E

Couplings versus mass

Reduced coupling modifiers
as a function of the particle

- ATLAS and CMS
- LHC Run 1

—— [M, €] fit
[ 68% CL
[ ]95%CL

¢ ATLAS+CMS ]
------- SM Higgs boson

10

102

Particle mass [GeV]



H

Higgs differential cross sections

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

[pb/GeV]

do / dp

H
e ATLAS H dZZ and m ;
an an ore :
coming ’
LB e e e e e 3102r|vr]v|vr]vvvv]vrxv]vrvr]vvvv]vvvv]vrvv?14‘r-vv]-- LI L S S S B S S B S S S S S B S S S
1k M HRes + XH 1 & t ATLAS pp—H B NNLOPS+PY8 + XH © l ATLAS
wnuw = 1 asan = + ~ [ -1
1 + + . XH = VBF + VH + ttH + bbH b anlick, A =04, p > 30 GeV x:T_ \\;B:; l;/-:b tHeooH 1S ol pyy s-8Tev 5
data, tot. unc. = syst. unc. L \s=8TeV, 20.3fb" _ N . ]
4 1 b -¢- data, tot. unc. = syst.unc. { o= J.Ldt=20.1?“fb 1
. a \s=8TeV, 20.3fb S 10 N >2 p">30Gev -
L Hoyy & Hozzoal = [
ATLAS pp—H 10F T v {0 C 1
g ~ g8 ¢+ data syst. unc. ]
107'F B e _ I _8* C gg—>H (MINLO HUJ+PY8) + XH ]
I T 6_— (Kgqr = 1.10) ]
l C =< XH = VBF + VH + ttH ]
S W . % S LI 4:— E
102F I S SO S
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PRI RHR R BRSNS R i 1 1 | | %) T T T
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Anythmg new on the m,,

Diphoton rate -

Data 2011+2012
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Coupling to quarks: our pet channels at LIP

* |mportant channels and still poorly
known!

— ttH —direct coupling to top quarks

— VH->bb — coupling with b quarks

— Can tell us about CP-violation in
Higgs sector? Time will tell.

¢ ttH:p,, =1.7%0.8

— ttH(yy) low — large statistical
uncertainty

— tth(ML) high — driven by 2lepOt and
2leplt

— tth(bb) high - driven by dilepton

* VH(bb): n,,=0.21+£0.51
— Low in all channels (WH, ZH)

* But nothing to get excited about
— ..YET!

Py

q H

ATLAS Preliminary Vs=13 TeV, [Ldt=13.2 b
T I T T l T T T l T T T l T T T I T T T l

- —Tot .

Stat. Tot. (Stat. Syst.)

- +0.90 +0.64 +0.63
2 lepton |—e—@—i=j 0.247 0.84 ( -0.58 —0.60 )

0.25+ 0.94 ( +0.67 +0.67 ) |

1 lepton [  p—0— ~092 ‘'-0.64 -0.67

Olepton -  K=0=H 0.47+9.73 (* 0.59 +0.44 )

-0.69 '-0.55 -0.42
PRSI +0.51 +0.36 +0.36\ _|
Combination oA 0.217 2 (T038 Z038)
1 I 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 |
0 2 4 6 8 10

Best fit u=c/c__for m =125 GeV
SM

[18n]



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 but 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 and most have a
connection to the Higgs boson
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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 — we can search it at the LHC

v (km/s) observed ‘ + 10_39j 1‘,:I |:|‘\|\| L B R | —— HH—_
AR SRS oy j N ]

B S S oL by h

- .

- SRS -

expected
from
luminous disk

45 BNST e B
107 000 L
S (s=7TeV, 4547 b
\s=8TeV,20.3 b

10747 T//

Vis. & inv. Higgs boson decay channels
[Kw; Kz, Ky Ky, Koy Kyy Kg, Ky, Kzyy BR ]
No kyy; assumption: BRinV<O.22 at 90% CL

1074

WIMP-nucleon cross section [cm?]

10°° E
R (kpc) | DAMA/LIBRA 299.7% CL) ATLAS 90% CL in |
5y [ CRESST Il (95% CL) Higgs portal model: ]
107°° [ CDMS SI (95% CL) oo Scalar WIMP
| @ CoGeNT (99% CL e SCAIAN _
. ol — gRES(S:T il (390% |3 e :\lllalorar\ﬁm‘;VFl,MP .
107 ---- uperCDMS (90% CL) wss Vector —
M33 rotation curve - XENON 00 50% C0) B
: E e LUX (90% CL) .
10_57_ 1 1 III\I\l 1 1 IIIIIIl 1 | \I\\\T"
1 10 102 10°
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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

RAG01¢Eld - Physics at the LHC

64



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 - =)
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Where we stand now?

* The Higgs may very well be a
window into the new physics
which we know must exist

 \We now have very precise m

results from the Higgs sector
* And no surprises (yet?)

_ |l WANT TO
* But the truth is out BELIEVE

there! Must keep
looking!
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Portugal at the LHC

Experimental groups from LIP in ATLAS and CMS

e 20-30 researchers, students, engineers per group, from universities of Lisboa,
Coimbra, Minho

* Dedicated to tasks from detector operation and upgrade to physics analysis

e Both groups made major contributions to the detector development, construction
and exploitation over more than 20 years.

Current interests :

* ATLAS: detector control; calorimeter calibration and upgrade; jet trigger operation
and upgrade; Physics analysis: Higgs; top quark; Exotic; Heavy ions

* CMS: calorimeter electronics; trigger/DAQ; Physics analysis: SUSY; top quark; Higgs.




How we know what we know?

The LHC and its
experiments

<
j /
)
i
:
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The Large Hadron Collider

* Four main experiments:

— ATLAS and CMS general-
purpose

— LHCb - B physics
— ALICE — heavy-ion physics

R YR S R TR TN g B MBS

Beam radius 16.7 um

Bunches/beam 2808 (design)

Stored energy 362 MJ/beam

04/04/17
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LINAC2 - 50 MeV Proton Synchroton (PS) = 25 GeV
Booster - 1.4 GeV Super Proton Synchrotron (SPS) - 450 GeV
Large Hadron Collider (LHC)—> 7 TeV

M
LEP/LHC

Norith Area

SPS ~_, >
\/ ”G(,%o

STV IL s T T WeSt Area CN GS
' I to Gran Sasso
East Area
1
|}
Linac
BOOSTER ISOLDE lons /Y Leir
N
3 AD Antiproton Decelerator LHC Large Hadron Collider
| antiproton conversion PS Proton Synchrotron n-ToF Neutron Time of Flight

SPS Super Proton Synchrotron CNGS Cern Neutrinos Gran Sasso
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What do we talk about when we talk
about colliding protons?

)3 * The LHC collides the beams at the

centre of the experiments

e Quarks or gluons from colliding
protons carry a fraction of the

Ve,
4
w

2 g proton’s energy
" R * LHC centre of mass energy:
oD [ — 7TeVin 2011
e A — 8TeVin 2012 (2013-2015 shutdown)
() f)« ,/

—

el — 13 TeV from 2015

* Both beam energy and /\/ p— O'L:

luminosity are important

Number of
events

Process cross Collider

section luminosity
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EXPERIMENT

$ATLAS

Run Number: 304431, Event Number: 2206548301

Date: 2016-07-25 05:01:07 UTC

35 ET (GeV)

-
T U

e

\

AN

X — \
N f’t)/‘ //"‘.w..,,;
//g \ R N D

e e/ ’/‘
”’44 “./ o \ S »

LT — i
7] | 2

U L5 3

@

\
~
i
S~
<
o
S~
<
o



EM calorimeter: |n|<3.2
Pb-LAr Accordion

o/E = 10%/VE @ 0.7%

.. i
$ Hadronic calorimeter:
| |m|<1.7 Fe/scintillator

% 1.3<|n|<4.9 Cu/W-Lar
d O/E..=50%/VE ® 3%

jet™

L=44m,J=25m
*7000 tonnes
*=108 electronic channels
*3-level trigger reducin
veltrige Slelnis, Inner Tracker: |n|<2.5, B=2T

40 MHz collision rate to Si pixels/strips and Trans. Rad. Det.
200 Hz of events to tape G/p; = 0.05% p; (GeV) @ 1%
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Particle identification

Muon
Spectrometer
Hadronic
Calorimeter
£ The dashed tracks
are invisible to
the detector
Electromagnetic
Calorimeter . _
1 1P s 34
Solenoid magnet I3 * o’ 48237 sesse!
Transition 33 ¥

Radiation SR e
Tracking € Tracker ¥ ATI- A
Pixel/SCT EXPERIMENT
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Channel combination with gory details

* Assumptions:

— Single resonance (at )

— No modification of tensor structure of SM Lagrangian:
* i.e.HhasJ’=0*

— Narrow width approximation holds O X BR = Oy X 1—‘H%f
* j.e.rate for processi=>» H = fis: r

H

* Free parameters in framework:
— Coupling scale factors: sz
— Total Higgs width: k2
— Or ratios of coupling scale factors: A; = k; / k;

2, _SM, 2 SM, 2 TSM
o, =k, o ', =x,-I""";I', =, - I'y,

e 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



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
™ 1] [

Electromagnetic force
T

| Weak force

Gravity
Time after  107%s 10733 5 107125 10765 5 % 1017
Big Bang ( = now)
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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(PB) 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)

04/04/17

0.3f \
0.2
AEE e N |

0.
-1-0.8-0.60.4-02 0 0.20.40.60.8 1
cos(B-at)

2HDM Type II ATLAS Preliminary

——— Obs. 95% CL \s =7 TeV: [Ldt=4.6-4.8 fb”'
X Best fit \s=8TeV: [Ldt=20.3 fb"

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

— - SM h — tt,bb
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T LT TT TFT TTT
TOFTTR
\ \ o
\
<
" \‘
1 b A
! 1
1 \\\
) R
;
‘ :
:
:
.

-
'
.
; .
.
) .
;
:
!

10"”’"”»‘“””—%"7
B \— Y
085 e % ”

2HDM Type Ill ATLAS Preliminary

——— Obs. 95% CL 1s=7TeV: fLdt=4.6-4.8 b
X Best fit \s=8TeV: [Ldt=203 "

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

h — tt,bb

I“WIPHI’IH“U

A N\

) g 1 A
SRS = X
3 Y

- = SM

I
i 11
4} 41\
3_.» l 0
21 1
L l |
b 1 "
l
{
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\ \ ' Y X
A \ F A \
TR S = e J"n o L

0.
-1-0.80.6-0.40.2 0 0.20.40.60.8 1

cos(p-a)
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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-VWHI”I'¥ ll‘V\Ill!(!}VWI‘IIIVI
| VA OdR RO\ . N
\ X ¢ L )
4
3 \
20
1B
0.4}
0.3
0.2
4IILIIII'|L~J[1\'lJl‘lJ’J I'Ilrilll‘ll'”lv(l/ll‘ll

0.
-1-0.80.60.4-02 0 0.20.40.60.8 1
cos(f-a)

ATLAS-CONF-2014-010



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)




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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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

Minimum bias /1.2
77 21

WH 2.1
t (s-channel) 2.2
H(ggfF) 926 And: pp — H#(500) + X: 14 TeV/8 TeV ~ 7
H (VBF) —=d2.6
t (t-channel) ~=92.8
tt [ 3.9
ttH — 4.7
stop pair (0.7 TeV) J 11 (for 13 TeV /8 TeV: 8.4)
stop pair (0.9 TeV) L 16 (for 13 Tev/8TeV: 12)

gluino pair (1 5 TeV) J 72 (for13TeV/8TeV:46)

gluino pair (2.5 TeV) J5700 (13/8:2700)

7 SSM (3 TeV) i 13
Q* (4Tev) )87
QBH (6 TeV) J 12000
1 10 100 1000 10000

100000

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

luminosity ratio

WJS2013

100 ———r .
[ ratios of LHC pa

[ —99
[ ---- Zqq
—=--qg

—_
o
T

1 PR |

T T

rton luminosities: 13 TeV /8 Te

Strong interaction
dominated processes

Electroweak processes

T

MSTW2008NLO
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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



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

* 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,...

Ellis et al. arXiv:1312.5736 /5

2 . :
* In the presence of CP violation, Higgs-

top coupling have scalar (x,)and
pseudoscalar ("k,Jcomponents

1 — Strong dependence on ttH cross
section

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

|
0 1 R. Gongalo - Physics at the LHC 88

AL.S5

04/04/17 1



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



Introduction

*  Why should we care about ttH?
— Measure largest SM Yukawa coupling (y,,, = 1)
— Direct measurement of y,,, — unlike gluon-fusion!

Yoo CONNected to the scale of new physics (arXiv:
1411.1923 [hep-ph])

— Complementary channel to extract Higgs CP
(arXiv:1501.03157 [hep-ph], arXiv:hep-ph/
9602226, arXiv:1312.5736 [hep-ph])

* But:

— Small cross section: _
* 0.506pb @ 13 TeV, 0.136pb @ 8 TeV M Gev]
* =0.7% — 1.1% of gluon-fusion Higgs production

— Complicated final states: many possible Higgs and t - b
top decay combinations I W+

— Draws on all detector capabilities

— Problematic combinatorial issues in event H
reconstruction for most channels

ggs BR + Total Uncert

Higg
Q

0

— Favour high branching ratio decays: bb, WW, 1t
— Or H->yy (low BR but no comb. issues there)

— Make analyses orthogonal to ease combination
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Phys.Lett. B 740 (2015) 222-242

ttH, H—>yy analysis

* Analysis targets ttH and tH production (tHgb, tHW)
 Data:4.5fblatVs=7TeVand 20 fb!atVvs=8TeV

* Very small BR(H = yy) =0.0023
— Eventyields: =0.2 at 7 TeV; =1 at 8 TeV
— But good di-photon mass resolution and small backgrounds
* Analysis driven by ttH, but cuts loose enough to
accommodate tH
— Efficiency =15% for ttH, =6% to 12% for tH

* Selection:
* 2 photons with 105 GeV <m,, <160 GeV

— Diphoton vertex reconstructed from longitudinal shower profile
(un-converted) or tracks (converted photons)

— Leading (subleading) photon: E; > 0.35xm, (0.25 xm
2 event categories:

— Leptonic:21e/p+21b-tagged jet + E;™>20 GeV; m,, # m,

— Hadronic: no e or y; high jet and b-tag multiplicity

W)

% of signal

Category
7 TeV leptonic selection

7 TeV hadronic selection
8 TeV leptonic selection
8 TeV hadronic selection

04/04/17 R. Gongalo - Physics at the LHC

—4— Data ATLAS
1s=8TeV [Ldt=20.3 b’

—— Background fit "
ttH, H — yy, m, = 125.4 GeV

------ w=1.4

Events / 5 GeV

8 TeV leptonic category

—4— Data ATLAS
1s=8TeV [Ldt=20.3 b’

—— Background fit "
ttH, H — yy, m, = 125.4 GeV

------ w=14

Events / 5 GeV

8 TeV hadronic category
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Analysis & Results

Discriminant parameter: m,,

— Search excess around 125.4 GeV using S
+ B likelihood fit

— Signal modelling: Crystal Ball + Gaussian
(from simulation)

— Continuum background: exponential fit to
sideband

— Fit function validated in loose photon-ID
control regions dominated by jets

Signal strength (py, = 0, /0sy) best fit:
— Overall (H = yy): 1.4+21 (stat.) S (syst. )
— ttH only: 1.3+2§(stat +08(syst)

Combined limits on signal strength

U< 6.7 (4.9 expected)

Interpreting the data as 95% CL interval of a
constant k, multiplying the top Yukawa
coupling (y, = k, y°M):

— Observed: -1.3 <k, < 8.0

— Expected: -1.2 <k, < 7.8

Hadronic

Leptonic

Combined

04/04/17 R. Gongalo - Physics at the LHC
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Phys.Lett. B 740 (2015) 222-242

ATLAS
2011-2012

[Lat =457, 1s=7TeV
|Ldt=20.3 0", vs =8 TeV

m,, = 125.4 GeV

ATLAS V=7 TeV, [L dt=4.5 fo"
2011-2012 V=8 TeV, [L dt=20.3 fb”

Expected (6!'"=0) * 16
Expected (6''"'=0) + 20
— Observed

SM signal injected

5 10 15 20 25 30 35
95% CL limit on 6™/ at m,, = 125.4 GeV
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Phys.Lett. B 749 (2015) 519-541

Results

Signal strength p,, = 0, /0gy from maximum- My = Oobs./OSM
likelihood fit to yields in all categories e
— Systematic uncertainties are nuisance parameters in fit — ot ATLAS B
) stat. Vs =8TeV, 20.3 b
—  Muy=1 assumes SM x-sections and BR, and m,, = 125 GeV ot (stat)
— Fit constrains statistically-limited non-prompt leptons 200704 —e— 2.8 3 {131
Small excess in combined signal strength from 3¢ A 28 73 (29|
ZeOthan, 3¢ categories — cgmpgh_ble W.Ith SM setn_| e Ly s 9]
Combined 95% CL exclusion limit on is p,, < 4.7 N (
i ° 1.8 53 (551
(Myy < 2.4 expected) ' ‘f
Single top tH production was set to SM value 16270010 ' 065
— Setting it to zero gives a variation Ap of 0.04 Combined| oA 2.1 94 (19

-10 8 -6 -4 -2 0 2 4 6 8 10 12 14

Best fit u(ttH) = o/og, for my =125 GeV

Source Combination of all categories Ap e | amas \ I
200Taq non-prompt muon transfer factor +0.38  —0.35 N i

ttW acceptance +0.26 —0.21 TR i ] ]
ttH inclusive cross section +0.28 —0.15 o L \. . |
Jet energy scale +0.24 —0.18 " .

200T,2q non-prompt electron transfer factor +0.26 —0.16 3l . —
tt H acceptance +0.22  —0.15 L T Bpenacts
ttZ inclusive cross section +0.19 —-0.17 210 - ' ' — EEEHQ "
ttW inclusive cross section +0.18 —0.15 Al I \ ]
Muon isolation efficiency +0.19 -0.14 i N e
Luminosity +0.18 —0.14 ‘ 10

95% CLg limit on p=c/c_
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Eur. Phys. J. C (2015) 75:349

Results

* Signal strength from combined H->bb single-lepton and dilepton
channels: Py = Oy /O = 1.5 £ 1.1

e Exclusion limits at 95% CL: u < 3.4 (2.2 expected)
* Most important uncertainties:

— tt + Heavy Flavour modeling

— Jet energy scale

— ttV cross section

— tot. ATLAS (s=8TeV, 20.3 fb"

stat. Dilepton

fiH (H>bb)  (tot) (stat) ATLAS

P fiH (H—bb
Dilepton — e .4 28120 (14) ( )

I1s=8 TeV, 20.3 fb™
Lepton+jets

Lepton+jets _ Expected * 1o

Expected + 2¢

o — Observed
Combination Combination - H _ _
om i Injected signal (u=1)

10 4 6 8 10 12
Best fit u=c/c__ for m =125 GeV
SM H

95% CL limit on G/GSM atm,=125 GeV
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JHEP 05 (2016) 160

ttH combination

Representative/best analysis category

ATLAS combined all above analyses to get final LHC
Run 1 sensitivity

H->vy
multilepton
H—>bb 1¢
H->bb 2¢
H->bb all-had.

LHC Run 1 ATLAS best fit: p,,, = 1.7 0.8
Compatible with SM signal (p,,, = 1) within 1o

20 above g, = 0 (background-only hypothesis)
95% CL limit: p,y, < 3.1 x SM (obs) / 1.4 x SM (exp)

| ATLAS s7TeV,45 o’ | T
total s=8 TeV, 20.3 fb" : g
statistical (tot) (stat) tHH =) = N
tHH - yy) - F—e——  p=12 22 20 g
' ' : ATLAS
ttH(H —» WW/tt/Z2Z) — —
ttH(H - WW/tt/22) F—e—a  p=21 4 T P =7 TeV, 4510
-2 -10 2 =8 TeV, 20.3 fb”
ttH(H — bb) P —
+1.0 +0.6
ttH(H — bb) - e — e A A | E— Expected + 1
------ Expected * 20
108 105 . —— Observed ]
#tH Combination [~ R u=17 o0 e ttH Combination = &8 = | Injected signal (u=1)
. 1 . . x . . SO A I I R B
-2 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Best fit u for mH=125 GeV 95% CL limit on p for mH=125 GeV
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Conclusions and outlook

* ttH production provides unique, direct
access to top Yukawa coupling and
Higgs properties

— Covered H->yy, HHWW, H>1t, H>ZZ,
H->bb decay channels

 Combined signal strength 20 above ‘/‘
et

background-only hypothesis and v
compatible with SM expectations

Wy =1.720.8

w
o

ATLAS Online Luminosity
2011 pp Vs=7TeV

\®)
(6)]

— 2012pp Ys=8TeV
— 2015 pp 13 TeV

Vs=
— 2016 pp Vs =13 TeV

—_
[$)]

Delivered Luminosity [fb]
N
o

AR oct
Month in Year

* Better sensitivity expected soon :
— Higher luminosity (ramping up quickly!)

— Better S/B ratio(*) with respect to some
backgrounds

Coming Soon!

(*) Before cuts and for inclusive tt+jets; not necessarily true

after cuts for all channels and jet flavours
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How much have we learned since then?

Mass: around 125GeV

— Used to be the only unknown
SM-Higgs parameter, remember? ©

ATLAS: arXiv:1307.1427
— myH>4=124.3 +0.6(stat) £0.5(sys)
— m,H>W=126.8 +0.2(stat) £0.7(sys)
— Assuming single resonance:
m,, = 125.5 £0.2(stat) *°-> , (sys)
Tension between channels!
— Compatibility P=1.5% (2.40)
— Rises to 8% with square syst.prior

CMS: arXiv:1312.5353
— m,H>4=125.6 +0.4(stat) £0.6(sys)

ATLAS: arXiv:1307.1427

_ L(m,)
L, )

-2InA

- ATLAS
T Vs=7TeV det =4.6-481fb"

T Vs=8TeV [Ldt=207fb"

------- Combined (stat only)
— H-oyy
— H->Z2Z" - 4]

Combined (stat+sys)

Doesn’t look like two different resonances!...

T A e e — — 2
fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff 1c
1 1 | | | | | | [ I | | L 111
122 123 124 125 126 127 128 129
‘ my [GeV]
CMS (H->4l)
97
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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!

. 1 2
|sinh(AnYY)|  2p¥ p¥

cos6*| = 5
m
1+ (p%/y/myy)z 124
H- >yy ATLAS arXiv 1307.1432 250
— 250 I B B I I I UL L ~ IR I I I I L B T I I
e ATLAS H— vy —JL_Z Expected— e - ATLAS H— yy —Jt-o Expected—
2 ,00[ Vs=8TeV J.Ldt=20.7fb' ® S=2"Data 4 £ oo Vs=8TeV J-'-dt=20-7fb'1 ® J=0"Data 1
CIC) C Bkg. syst. uncertainty ] g) - Bkg. syst. uncertainty 7]
i i - ]
C oy ]
150 ‘ (f4=0%) ] 150:— ‘ E
C . R G ]
100 [— | — — 100 | - -]
C —4:'_':0— ] C 7]
50 = — ] = 50 - ] -
C — ] C —— 7
L P ] C —— .
= —— - o
Op ——+=_ OF —-+=_
00402 0304 05 06 07 08 09 1 0704702 03 04 05 06 07 08 0.9 1

Icos 6
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So, where do we stand?

We have found the missing piece
of the Standard Model puzzle

The current data show us a SM-like
Higgs boson
— Each channel not so well measured

— But combination fits well with
expectations

Is this the end of the story?

Residuals (cpd/kg/keV)

. DAMA 0804.2741

0.08 |
006 F
0.04 E
0.02 E

n E

-0.02 f
-0.04 F
-0.06

0.08
-0.1

LUX 1310.8214

25% Dark Matter

W,
l 70% Dark Energy !

WIMP-nucleon cross section (cm2)

10? )
e (GeVic?)

2-4 keV

— DAMA/Nal (0:29 tonxyr) ———
i (target mass = 87.3 kgl !

4000 4500

2500 3000 3500 )
Time (day)

Discovery =» Precision! (& a few more channels)



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- ~

>77, H->WW and H->yy riIggs

_ 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



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 ]

“ 4L ATLAS LiHo 4 f3HoS v :Il_>I
- \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= 196" () - =
= B ¢ SM Higgs @ Fermiophobic m Bkg. only z : ] w
VN &8 &SN — 3
2 z i
o = 45
o - N
g, o -
Q C ]
s : ]
A -
e 2 =
:l L1l I 11 1 1 I 11 11 I'I L1l | 1111 I 1111 I L1 1| l 11 III I L1l I L1l l:
06 0.7 08 09 1 11 12 13 14 15 16
04/04/17 R. Gongalo - Physics at the LHC 101V



Direct Evidence of Fermion Couplmgs

 Challenging channels at the LHC! 2104? - 52‘; e
— Huge backgrounds (H->bb,H->T1T) § oL B ot
— Or low rate: H->ppu HOy et
102F :
New results! Z
e ATLAS: 10 ATLAS Preliminary =
4.10 evidence of H->tt decay 3.20 exp. i
W = O, /Os = 1.4 £0.3(stat) £0.4(sys) e i
log(S / B)
* CMS: hot off the press! S S eeTielLsplisss oL s 20n
— Combination of H->bb and H->tt: Qe m, =125 GeV
3.80 evidence (obs.) 4.40 (expected) | 16; 380 o xH_)_;f’b
W=0,, /0, =0.83 £0.24 ) — Combined
CMS 1401.6527 5
Channel Significance (0) Best-fit
(my = 125GeV) | Expected | Observed U
VH — bb 2.3 2.1 1.0+05
H- 171 3.7 3.2 0.78 +0.27 " modo
Combined 4.4 3.8 0.83 +:0.24 Lt

7III‘III|II\ L |- 1 111
0 02 04 06 08 1 12 14 16 1.8
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Signal strength: p = o, /o,

ATLAS: global excess in H->yy and H->ZZ

Signal Strength

M = 1.33 £0.14(stat) £0.15(sys)

Largest deviation in H->yy (1.90)
When H->bb and (old) H->tt added:

M = 1.33 £0.14(stat) £0.15(sys)

CMS: under-fluctuation in H->WW/yy

H— bb
n=1.15+0.62

H—-1t
w=1.10+0.41

H—-vyy
w=0.77+0.27

H—- WW
1 =0.68+0.20

H—ZZ
nw=092+0.28

\s=7TeV,L<5.1fb" \s=8TeV,L<19.6 b’

CMS Preliminary m, =125.7 GeV
P, =065

co b v b by 1y

0

1.5 2 25
Best fit G/GSM

93ed 211gnd SIAD

ATLAS
m, = 125.5 GeV

olstal)  Total uncertainty
c(sys)

5(theo) + iconpu

H- vy

W= 1'55+0.33

-0.28

+0.23
-0.22
+0.24
-0.18
+0.17
-0.12

arXivi1307.1427

——
——
H—

H— Z2Z* — 4l

w=1.437°%

-0.35

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

R N BN
arX1v:‘1307.1427 Py

——
|

—

H-> WW* >

+0.20
-0.21
+0.23
-0.19
+0.15
-0.09

arXivi1307.1427

v I B

670-ET0Z-ANOD-SVILV

-0.6

Combined 1013 arXiv§:1307.1 427
i ZZ_’ ¥V3Y\:,3+o.21 3
H=1-99 0 188

W,ZH-— bb 105 | - ATL;AS-CONF-2013-O79
Preliminary 0.5°07 10.4 ,__ AR :

= _06<O'1....i....l....i....|,‘.,
H- 1 (8TeV: 13 fb™) s
Preliminary o Update: p=1.4%>,,

w=07" ATLAS-CONF-2013-108

S S

s=7Tev Ldt-a648’ 0.5 0 05 1 15 2

\s =8 TeV |Ldt= 13-20.7 fb"
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A favourite of mine: ttH

Indirect constraints on top-Higgs Yukawa coupling
from loops in ggH and ttH vertices

— Assumes no new particles contribute to loops

Top-Higgs Yukawa coupling can be measured directly
— Allows probing for New Physics contributions in the

ggH and yyH vertices

Top Yukawa coupling Y, = V2M,/vev = 0.996+0.005
— Does this mean top plays a special role in EWSB?

Higgs production e

04/04/17

Higgs decay to photons

R. Gongalo - Physics at the LHC

FERMIONS BOSONS
First Second Third
Generation Generation Generation
Top quark Higgs
e .0

w
10! Bottom quark

10°

10?

Charm quark

0 &
10 Tau

. Strange quark

Muon

...
2

Down quark

...
e
8

Up quark

-
o
w

Mass (giga-electron-volts)

Electron
10

SN N MASSLESS

1071 BOSONS

Muon- )

neutrino Tau- | Photon
10"t Electron- ¥ neutrino
neutrino . ° Gluon
I
10—'.2

Higgstrahlung from top quark

t
o@tH)x g’
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Sensitivity to New Physics

Degrande et al. arXiv:1205.1065

* 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,...

Ellis et al. arXiv:1312.5736 /5

2 . :
* In the presence of CP violation, Higgs-

top coupling have scalar (x,)and
pseudoscalar ("k,Jcomponents

1 — Strong dependence on ttH cross
section

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

|
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Status: latest ttH results from CMS

 Combination of H -> bb, H -> tt, H -> yy and multilepton (H->WW/ZZ)

— HIG-12-035, HIG-13-015, HIG-13-019, CMS public page

* No statistically significant excess over background predictions

— Need LHC run |l datal!

YY
bb
Hadronic Tt
4|

3l
Same-Sign 2l

Combination

04/04/17

CMS Preliminary

s=7TeV,L=5.0fb";{s=8TeV,L=19.5fb"

5
+

=== Expected =+ 10
--- Expected+ 2 0

--- Expected (sig. inj.)

-& Observed

)

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

bb

Hadronic tt
4]

3l

Same-Sign 2|

Combination

CMS Preliminary

{s=7TeV,L=5.0f6";(s=8TeV,L=19.5fb"

———

L E—

——

——

TR B

Ll

-

P T R R SRR B

-10

-2
Best fit o/og,, at m, = 125.7 GeV

0

2 4 6 8 10
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The Far Future

High-Luminosity LHC plus Linear Collider are “dream team” for Higgs properties!

LHC (Vs=14TeV and L=3000fb!) systematics limited
only at Linear Collider (Vs=250GeV, L=250fb1: =10% accuracy)
2"d generation couplings (A, A,) challenging at LHC but possible at LC
A, opens up for LC500 (Vs=500GeV, L=500fb*): =3-7% from HL-LHC + LC500
Precision of HL-LHC + LC limited by LC statistical uncertainty, not systematics!

Shuer| __68% CL: 300010, 14 TeV LHC and 250 o', 250 GeV LC | Shurer|  68% CL: 3000 ™', 14 TeV LHC and 500 fb™!, 500 GeV LC

02
015

0.1

0.05

0

-0.05 |
-0.1
-0.15 |

CCET'TOET :AIXJE ‘B 33 9N

== 3000fb 14TeV LHC == 3000fb 14TeV LHC
250 fb ', 250 GeV LC co=0c (1+a) | o2} 500 fb', 500 GeV LC C O =g (1+4))
@ HL-LHC + LC250 @ HL-LHC + LC500
HL-LHC + LC250 (A # Ay) 1 0.15 [ HL-LHC + LC500 (A, #A,)
0.1
1 0.05F
1 -0.05}
-01 F
-0.15
% % < ¢ ¢ % v ¢ ¢ 2 % < ¢ ¢ % ¢ ¢ 9
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Conclusions & Outlook

* Milestone discovery (finally!) opened field of Higgs properties
— Measurement precision increasing but still limited
— So far it looks like it says in the SM book... but we like surprises!
— New results from challenging fermion channels
— Will benefit enormously from future LHC data!

* New Physics is out there!
— Aim for precision analyses: can constrain a lot of model space
— Look at more difficult SM channels: ttH, VH->Vbb, H->tt, H->up
— Keep looking for Beyond SM Higgs signals
— Will benefit enormously from future LHC data! (did | mention this?)

 Don’t forget longer term
— HL-LHC + Linear Collider are our dream team

04/04/17 R. Gongalo - Physics at the LHC 108



MC

arXiv:1406.3827, CERN-PH-EP-2014-153

E%LOOSE IAlTllAS ' ' ' Zl EE 002 | | | =
- o7 = C ]

> 1'004§ CB muons fn|<2.5 oY —>L:LF:L = 015 4 Mee -
gz 10035 AVATEERTIT E oo1E +Elp E
£ 1.002F ER: .
1.001F- 3 os—4— E

- _+_+_— - —4— .

1: U T ; 1:— Y M+$$&:$:—O—:$::

= | = - ? - —— E

0.999F = - =

= . 995} i

0.998% Muons ERr S Electrons vs pileup -
0.997- Data 2012, \s=8 TeV = - -
0.9962— fL=2o.3 b —i 93 ATLAS \’s=8TeV,-[Ldt=20.3 '
0.995F .+ 1 , , , T gogl 1 Ll A R L 5

' 10 102 10 15 20 25 30
<p.> [GeV] u
%0-02:'|""|""|""|""|""._1 3000 T T T T T T T T
@ 0.015F- Unconverted photons = - ATLAS \s =8 TeV, JLdt =203 ]
< - —+ Daaa =Photons fromZ—eey 3 200 ed hot " g
0.01 Calibration uncertainty E : chnve © dpto ons—— .

- . 2000— —upy, data L . se -

0.005 — + — - -~ Z->uuy, MC v & Radiative ]
-l | _______________________________________________ - - -+ Z—eey, data W4 Z decavs test_:

0 §_+_ | ] 1500: — Z—eey, MC ' | y .

- - ] - o sampie ]
0.005E 1 1000f : P E
-0.01F Photons = . t .

- . 500 | : .
0015E AtLAS \s =8 TeV, det ~203fb" 3 - s %y -
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Diphoton selection

, 105<m,, <160GeV :
" H—yy Analysis

1 e/p and b-jet
©/1 and b-Jets * Analysis categories optimized for
No e/y, measuring signal strength

5-6 ets inc. bjts

* mysetto 125.4 GeV, as determined in

V' H dilepton ~ HVD
S e 2 e/H, Mg/, =My arXiv:1406.3827
VI one_tepton 1 e/p, EMiss * 20% reduction in total uncertainty with
(WH — tvH) respect to an inclusive analysis
! High E, miss 9oF  WVBF  BWH
(ZH — vwH; WH — fvH)
ATLAS Simulation H—yy
: 2 'ets m.=m tTH leptonic
V H hadronic J ’ J) Z/ W ttH hadronic
(WH — jjH; ZH — jjH) VH dilepton
|An(lead jets)|>2, BDT |GG
. VH EMss
VBF tight tight !

VH hadronic
VBF tight

|An(lead jets)|>2, BDT /e

Forward - highpTt

VBF loose Ioose
(qqV — jjH) Forward - low Py

(qqV — jjiH)

Central - h|ghpTt

Central - low P,

Untagged: 4 categories 0 01 02 03 04 05 06 07 0.8 09 1

(99 — H) Dominated by ggF Fraction of each signal process per category
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H=—vyy Analysis (cont.)

[Ldt=45f"\s=7TeV
[Ldt=20.310" Vs =8 TeV
Central Iow»pﬂ

ATLAS
—¢- Data

— Signal+background

Events / GeV

===+ Background
— Signal

o
X
o
°
2
o]
=
©
°

* my fixed at 125.4 GeV
* W,=0/0gy=1.1710.27 =

1.17 £ 0.23 (stat) *019 , o (syst) *©

Increased statistical uncertainty due to:

— Lower signal rate

— Fluctuation — expected uncertainty 0.35 GeV

04/04/17

-+ Best fit
— 68% CL
95% CL

1.5

fgeF = 1.32 £ 0.32 (stat.)
= 1.32 £ 0.38,
HUVBF = 0.8 £0.7 (stat.)
=0.840.7,
12 theor HWH — 1.0£1.5 (Stf{‘t.)
008 ) — 1.0+ 1.6,

pzg = 0.1 73 (stat.) +
N +3.
=0.1 "5

- +2.
/.ltfH = J_() _1.

: 2.
=1.6 18

6
1
7
1
6
8
7
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+0.13
—0.09

02 (cue
o1 (syst.)

+0.3
—0.2

fexret ) 0.
(syst.) —0.

OO (s\st )

(stat.) tgg (syst. )

ATLAS
[Ldt=451" 1s=7TeVv
[Ldt=20.3 0", 15 =8 TeV

H — yy, m,=1254 GeV

2 2.5 3.5

MQQF

+0.19 (theory)

(syst.) To'11

+D 3 (Tll( ()1\ )

f (theory)

8 o (theory)

3 (theory)
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ATLAS

H=—Z77 Analysis

* Also benefits from improved: !

High mass two jets

— Electron identification and energy measurement vor
— Muon momentum scale |
o P|US. Low mass two jets
— New VH category W(= j)H, Z(— jpH
— Multivariate method to discriminate ZZ* (BDT,,«) | VH enriched
— Improved treatment of FSR photons Additional lepton
W(— Iv)H, Z(— IHH

— 2D fit to m(4l) and BDT,,. ]

ogF } ggF enriched

BDT,,. output

Signal strength: pu = o/0,
Inclusive:

— Mgz= 1447934, (stat) 021, 4 (syst)
ggF and VBF categories:

— HggF = 1.66 +0.45_0.41 (stat) +O'26-0.16 (syst)

_1 0
110 115 120 125 130 135 140 - —_ +1.60 +0.38
m,, [GeV] Hyge = 0.26 091 (stat) 10.23 (Syst)
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Run Il = 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 WJS2013
Minimum bias /1.2
77 J 2.1 ratios of LHC parton luminosities: 13 TeV /8 TeV
WH J2.1
t (s-channel) 2.2
H (ggF) 2.6 And: pp — H(500) + X: 14 TeV/8 TeV ~ 7 —qag
H (VBF) $2.6 ---- Zqq
t (t-channel) 2.8 —m qg Strong interaction
tt ) 3.9 dominated processes
ttH ) 4.7
stop pair (0.7 TeV) J 11 (for 13 TeV / 8 TeV: 8.4)
stop pair (0.9 TeV) J 16 (for 13TeV/8TeV: 12)
gluino pair (1.5 TeV) J 72 (for 13 TeV /8 TeV: 46)
gluino pair (2.5 TeV) J5700 (13/8:2700)
Z'SSM (3 TeV)
Q* (4 Tev)
QBH (6 TeV) J 12000
10000 100000

R
=
©
L
>
=
7]
o
£
£
=]

MSTW2008NLO
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Como se distribui a energia dentro dos protoes
Partdes: quarks e gludes constituintes dos hadrdes

Three

PrOton valence quarks

Proton o8 i

Bound valence
Proton quarks + gluon radiation

:
s

JAMAAA

[see e&?@l&ﬂﬁ’laﬁn}

1/3 1 X

x = fraccao da energia
do protao levada
por cada partao

1/3 1 X

valence

1/3
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Em detalhe: funcdes de distribuicao dos partoes

MSTW 2008 NLO PDFs (68% C.L.)

—~1.2— T

o

A energias maiores, como as do LHC, a contribuicao dos gludes e
dos quarks de “mar” aumenta — o LHC colide quarks e gludes!
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dL/d5 [pb]

Energia efetiva das colisdes

1010 T llllllll T IIIIIII] T IIIHE
; 4 quark-gludo * Energia de

1 colisdo no centro
quark-guark < de massa dos
=  protdes é 14TeV
- (8TeVem 2012)
=
N\ 5 . o~
) W\ NN\ e o ColisGes entre os
10 W\ N\ 1 constituintes
10! X = elementares
100 UGELCLAS \ 2 (quarks e gludes)
1071 | \ \\ @4 sdo aenergias
1072 | \ \\4 mais baixas
10—3 1 {4 ||111| 1 - lnln“ L L Ivl"“ |
0.01 0.05 0.10 0.50 1.00 5.00 10.00

Sqrt(s) [TeV]
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Challenges faced by the ATLAS trigger

Fermilab SSC
CERN l LHCl
d

Much of ATLAS physics means cross

sections at least ~10° times smaller than ' ' ! ' '
total cross section - s E710 = 10°
UA4/5 :
25ns bunch crossing interval (40 MHz) I ¥
1 mb- . B
Event size 1.5 MB (x 40 MHz = 60 TB/s) . - E.f.>;fé§/;____ o
1= 5
[®) - 10 &
Offline storing/processing: ~200 Hz £ ik °'”§
— ~5 events per million crossings! el Tt 3
~ | E >025VS 103 2
Q n
In one second at design luminosity: g_ = i i
— 40000 000 bunch crossings B 1nbl e =
— ~2000 W events o kg
— ~500 Z events — My, =200 GeV - £
— ~10 top events I o
— ~0.1 Higgs events?
— 200 events written out VPo
We'd like the right 200 events to be L e
- m,, = 500 GeV =
written out!... ~{a/
| | | : 165
0.001 0.01 01 1.0 10 100
/s TeV
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* Ok,

so we reject background and take only signal events

Maybe not so simple:

04/04/17

Bunch spacing is 25ns: not much time to decide! (25ns x ¢=7.5m)

Put event fragments in memory pipeline to buy time for Level 1 decision
Pileup of minimum-bias events means longer reconstruction time and higher
occupancy

Not only pileup from same bunch crossing! ATLAS sub-detector response
varies from a few ns to about 700 ns (= 28 bunch crossings!)

Try to rely mostly on high-pT particles

R. Gongalo - Physics at the LHC
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High-Level Trigger

The ATLAS trigger

Three trigger levels:

A —

04/04/17

Level 1:
— Hardware based (FPGA/ASIC)
— Coarse granularity detector data
— Calorimeter and muon spectrometer only
— Latency 2.5 us (buffer length)
— Output rate ~75 kHz (limit ~100 kHz)

119

CALO MUON TRACKING

?Q P]palina
memories
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Level-1 Trigger Rates versus Time - RUN 87863 X-ray Of the ATLAS cavern Wlth

Rate [Hz]

301
C v )
- BPTX cosmic muons
25— * MBTS
- " rpczxSurfaceView |
- = LUCID 50000
20 Ty v £
I v v v v v -Ewm
- v .
15 — Y Y ) ™ Y . v vy ® ¢ ?oooo
T ® o @ « ® ® . v v . . ém
C ° . . . g|
10 — s =
L o " = ; . s B 'E 0
5 —— | = " - . " | | :’:wooo
C = n g
- 20000
0 100 200 300 400 500 600 700 0000
Time [s] e
| Sector7_LowPt_MDTtube_vs_RPCstrig "o e i Mo e o
'E _ x10°
< R
8 - 700
2 0 Elevators Access shafts
5000 600
500
400

Mdt wire z [mm)]
=]
T T T T T

30 Very good correlation between

5000 2% RPC (trigger chambers) and
o " MDT (precision chambers) hits
2 = gl 1 E— SE— 0

3 5000 0 5000
ux— Side C Rpc Eta strip z [mm)] Side A --->

Rup 91060, 1/physics_RPCwBeam
IMyonDetectors/MDTvsRPC/Sectors/Sector7/Sector7_LowPt_MDTtube_vs_RPCstrip
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Feixes de protoes

» I

dipole

04/04/17

RF Voltage A particle

A particle
which arrives
early will see
smaller RF

oltage O

A particle
which ‘
arrives late
will see a
larger RF
voltage

Time
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Energia do feixe:
2802 bunches de 1.15x10%! protdes

7TeV / protdo (2015) = 7x10% x
1.602x101° )

Da 362 MJ por feixe...

lgual a energia cinética de um
porta-avioes de 20,000t a viajar a
11,7 nds (21.7 km/h)

ATLAS Run Query 2012-09-23 21:58:35

a— ] O O | I L l L l L L l L | L | | R | I

. . g . — Intensity Beam-1 — Intensity Beam-2 12

e Tudo contido num feixe @500 Beam energy —LBs withstable beams: |
de =16um = [ 14

, . 2000

* Runstipicosduramcerca 2z ~
s & — |3

de 8 hf)ras - §sooF .

* Intensidade diminui E §
. © Ul 2

devido a perdas adooo— ]
e Depois voltamos a cooF- 1,

injectar novos feixes - =
o_.... :ﬂlo

100 200 300 400 500 600 700 800
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Magnetic field 2 T solenoid + toroid (0.5 T barrel 1 T endcap) 4 T solenoid + return yoke
Tracker Si pixels, strips + TRT Si pixels, strips
o/p; = 5x10“p;+ 0.01 o/p;= 1.5x10*p; + 0.005
EM calorimeter Pb+LAr PbWO4 crystals
o/E = 10%/VE + 0.007 o/E = 2-5%/VE + 0.005
Hadronic calorimeter  Fe+scint. / Cu+LAr (10A) Cu+scintillator (5.8\ + catcher)
o/E = 50%/VE + 0.03 GeV o/E = 100%/VE + 0.05 GeV
Muon o/pr=2% @ 50GeV to 10% @ 1TeV (ID+MS) o/p; = 1% @ 50GeV to 5% @ 1TeV (ID+MS)
Trigger L1 + Rol-based HLT (L2+EF) L1+HLT (L2 + L3)
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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 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 _
65 1:_' —
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 !
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