Run Number: 182796,
Event Number: 74566644
Date: 20110530, 06:54:29 CET

EtCut>0.3 GeV
PICu=2.0 GeV

Vertex Cuts:
Z direction <lem
Rphi <lem

Muon: bluc
Electron: Black
Celbs: Tiles, EMC



Introduction/Outline

On the 4" of July 2012, ATLAS and CMS experiments announced the observation
of a new narrow resonance at a mass of ~125-126 GeV. Studies of the properties of
this particle are now in full force with the aim to establish if the particle is the long
sought Higgs boson of the Higgs mechanism responsible for the EW gauge
symmetry breaking.

Here | present the latest results from ATLAS/CMS with a focus in yy and ZZ->4l

* H2yy

Phys. Lett. B 716 (2012) 1-29

« H>ZZ->4 leptons (e,n)
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Elementary particles are Quantum Fields

Fields Symbol | Spin | Possible States Scalar
(Polarisation)
Scalar & 0 1 H(z) = dp + ids, = T 10(z)
Vector AH 1 3 (2 if massless)
Tensor-2 | TH 2 5
Spinor -5 | ¥(z) 5 2 (up, down)
1 (l‘-)\
Ga() We can have multiplets of fields. p Example:
: (_”) The nL_JcIeon!
Qﬁﬁ_,_'(m) ) Then, the particle is the multiplet (isospin)

Fermions come in two “chiralities”. Left and Right

In QM particles are field excitations: “lumps” of field energy.
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The Standard Model

Includes all elementary particles and
their interactions.

Has passed all experimental tests and
predicts observables to better than 1%.

Predicts the unification of EM & Weak
Interactions.

Predicts a new particle: the Higgs boson.
Is this the “final theory” ?

Can't be:

=>there is no gravity

=>» Cannot tell us why Higgs appears with
this mass.

=» Cannot explain why the masses of the
fermions are so different

=»Dark matter, Dark energy ?

...

electron neutrino

Leptons
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The ElectroWeak part of the SM

SU2)x Ul 1) electroweak Weak isotopic | Weak Electric
unification particles charge hAypercharge | charge
Quark doublet u +1/2 +1/3 +2/3
dg, -1/2 +1/3 -1/3
Quark singlets Up 0 +4/3 +2/3
dr 0 +2/3 -1/3
Lepton doublet (Vo1 +1/2 -1 0
ey -1/2 -1 -1
Lepton singlet eR 0 -2 -1
Boson triplet W, +1 0 +1
\Y[] Zg 0 0 0
W. -1 0 -1
Bosgon singlet B 0 0 0
Speculative Higgs | @, +1/2 +1 +1
boson doublet Po -1/2 +1 0

l EM C‘Larges

Weak charges



Example: Higgs Field vs Higgs Boson

S e

—, e ‘C‘mm J:?ﬁ:ﬁ e com

Manifestation of Higgs field:
Interaction carriers acquire mass:

W/Z bosons ~100 x the proton mass
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Particle

Use the ATLAS detector the find the particle
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ATLAS
* Dala )
I Background ZZ”
I Background Z+jets, tf
[ Signal (m =125 GeV)
B Signal [mH=1EDU GeV)
 Signal (mH=aGD GeV)
%% SystUnc.
Hozz" 541
1s=7TeV:[Ldt = 4.8 fb’
1s=8TeV: |Ldt= 5.8 fb"

600
m,, [GeV]

T T
Data S/B Weighted

= T
[
S oo ATLAS 4 E
2 ——— Sig+Bkg Fit (m,~125.5 GeV)
w
% B0— 00 A, Bka (4th order polynomial)
2
w1 B0
40—

F 1s=7 TeV, [Ldt=4 8f"
F 1e-8Tev, [Lar-5 0"

T weights - Bkg




QM: what iIs mass?

M
1

2 2
p + M

(hew) = (nk) +m?

Dispersion Relation

E=hw

I‘v‘lass{

> p=hk

Mass is the energy stored in the field at the limit of zero wavenumber.

Mass is the energy required to shift the field everywhere in space at the same time.
l.e. there is a restoring force (or an elastic medium) requiring energy for a shift of the field

L ~m’g"(x)
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QM: the origin of the proton mass

Composite particles (protons) have most of their mass coming from interaction and
not from their constituents bare mass (mass without mass, Nobel Prize 2004, QCD).

In a world without Higgs, the QCD transition would break Eweak theory.
Proton would be heavier than neutron - no Hydrogen atom...
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Elementary Particles carry labels

W E,p,L,spin ,Q ,chirality ..

Labels characterize the particle (electron at an energy level, with spin ¥2, Q=-1, ...)

But where do these labels come from?
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Symmetries in QM: the basis of our theories

Symmetry:
When our physical system is changed: the equations that describe the system are not changing.

Symmetries lead to conservation laws (Noether’s theorem): Energy, momentum, L, ...

In quantum mechanics the symmetry principle becomes central.

Fermions have (conserved) spin 1/2: Fermions have (conserved?) chirality left
invariance after 4pi rotations in internal right: the way you rotate in the internal
2D space which has a twist. space. Clockwise or anti-Clockwise.

I

right-chiral /

-1

left-chiral \/
l

1
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Symmetries in QM: towards the EM interaction

Particles like the electron are complex fields: phase rotations are unobservable:

2 * -9, *

p° =p(x)p (x)=e"g(x)e "9 (x)=¢

phase invariance - Charge conservation

r Can we change the phases arbitrarily at every
point in space?

X, X5 X3  Xq No, it costs energy.

However, we can “communicate” the phase difference from point to point
(change it appropriately) so that the symmetry holds=>»
energy is conserved and charge is conserved!
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Interactions: due to phase rotation freedom

Total outgoing momentum p

gauge field
strength p-p'

time

incoming electron
momentum p

N~

5-Dec-2012

A

)

outgoing electron

momentum p'

apply gauge
transformation

=

U(1) rotations

Observers cannot tell the difference between a
(bare) electron and an electron together with a
cloud of collinear massless vector fields.

These vector fields are identified as the
photons.

They “couple” to the electrons.
The strength of this coupling is the e-charge.

This works ONLY for massless vector fields.

“‘U(1) Gauge Symmetry”

12



EM Interactions: due to phase rotation freedom

The "emission" of a photon

outgoing electron

hysical emitted
P} momentum k

photon of momentum

p-k

time

‘\ time
gauge

transtformation
and electron
accelerates

incoming electron | momentum p
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More gauge symmetries > More interactions

But, we can have doublets, or triplets, etc, of fields in space. Is there more freedom?

This is exactly like our familiar spin space (SU(2)

¢ c rotations). Similar to the proton neutron isospin.
—>
Vv Rotations in this 2D complex space that leave
our system invariant are possible if we introduce
3 massless “photons”: two electrically charged
—i9(x)¢ N e_i;ﬁg(x) € and one neutral.

v Like the EM charge there is a weak charge.

Note: they can mix “e” with “v”

In fact one can combine these single phase (U(1)) and spin space rotations, SU(2) to
one interaction, with 4 types of photons.

SU (Z)L x U (1) (why only Left ?)
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But ... we observed the muon decay (1936)

« Fermi Theory:

o (1- _ (1-
_izx/EGFgWuﬂy”( yﬂuv u, ( 4:
\ 2 )" L 2

 EWeak Theory:

ig2 1

o,
)

o<

2 2 Juv
2k—MW

Y

u_ﬂy”(
\

1

2 2

—7s )uv u—ve}/v(l_7/5)ue
)’ \ )

G,=1.16637 x 105 GeV-?2
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v.
W< »
C

Vv

T}

~zweak charge
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Puzzle

How can we give mass to W/Z (and also to electrons
and fermions) without breaking the weak Interaction
gauge invariance ?

- Preserving the conservation of the weak (isospin)
charge ?
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Puzzle2: how do we make a massive fermion

but conserve weak charge?

left-handed

right-handed

left-handed

right-handed

left-handed

mass flips chirality

mass violates
weak charge!!!

o

Mass Violates Electroweak Gauge Symmetry!!lg
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BCS Superconductivity

phonon interaction

CDDpEI‘pEI' B
® € Electron pairs couple over a range of

A100 nm 100 nm which is three orders larger in
magnitude than the lattice spacing

=—0.1- .4 nm—=|

‘ ™ lattice ‘
spacing

¢ O ¢ 0 L L e ¢ A passing electron attracts the lattice,
®— -—@® causing a slight ripple toward its path.

cc oot 9 00g

Lattice of superconducting material

O O 0 0 O O L e ¢

Another electron passing in the opposite
direction is attracted to that displacement.

¢ OO0 O 0 0 e e v This leads to the effective attractive
interaction between two electrons mediated
—©§ @& ) . : : : )
C ©C 0 C & O ﬁ) C @ via lattice vibration or phonons which binds
S T T them as cooper pairs. These Cooper pairs
Lattice of superconducting material condense below a critical temperature T-to
¢ O 0 0 0 O € oV give superconducting state.
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BCS Superconductivity

A new field now fills the vacuum: non-zero condensate of cooper pairs.
Vacuum is now “charged” due to the Cooper pairs have charge -2.

The magnetic field is zero in the superconductor - photons “appear massive”
meaning they are now short ranged since they cannot penetrate the SC!

Landau-Ginzburg effective theory

(ot :a\xp\:g\xpr

2 a

min =

v

H */8n
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Eweak: introduce the Higgs boson field

This must be a weak doublet.
Fills the vacuum (“hidden in the vacuum”):

It is a condensate, ie it has a non-zero density.

Englert, Brout, Higgs (1964).
It has weak charge (but not electric charge). (Guralnik, Hagen, Kibble)

It gives non-zero energy density to the vacuum (i.e. cosmological constant)

Gauge bosons (W/Z) having weak charge acquire mass through interaction with the charged
vacuum. = idea taken from Superconductivity BCS theory, and Landau-Ginzburg phenom.
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Couple to the Higgs

4 time
X
right-handed electron Higgs field
we=-1 wc=1/2
left-handed electron
wc=-1/2
~ +z axis

Weak charge Is conserved !
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Higgs Boson Condenses In vacuum
{ time

Higgs boson

vacuum expectation
v = 246 GeV

O

0\
L4
L 4

_

+7 axis

Weak charge Is hidden in vacuum !!
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Fermion Masses in Electroweak Theory

©)

left-handed k%

right-handed

left-handed

right-handed

left-handed

5-Dec-2012

Fermion Mass requires Higgs to maintain

Electroweak Gauge Symmetry!!! >



Higgs in SM: a single ¢ weak doublet
*Honm
\/E ¢3+i¢4 (00
With SU(2) x U(1) invariant scalar potential
V =10 O+ (O D)’

for u<0 the minimum is at V(o)
\

®)-,)

With a single real excitation particle H surviving: @
Vi/2
1 0 0,
\/E v + H
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Higgs Parameters

« Gr measured precisely

2

G, g 1

v o= (\/chF)‘1 = (246 GeV )°

\/;_BMWZ_ZVZ

« Higgs potential has 2 free parameters, u?, A

V=uyu'o d®+i(d o)’
o« Trade p?, A for v2, My?

V=——H +——H +——H

2 2V 8v

_ Need to measure the H3 and H# coefficients.

- A priori, Higgs mass can be anything
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Recap: Higgs Field vs Higgs Boson

S e

Particle

—, e ‘C‘mm J:?ﬁ:ﬁ e com

Manifestation of Higgs field:
Interaction carriers acquire mass:

W/Z bosons ~100 x the proton mass
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Use the ATLAS detector the find the particle

=>

[}
(G}
235
2

c

@

=

w
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ATLAS
* Dala )
I Background ZZ”
I Background Z+jets, tf
[ Signal (m =125 GeV)
B Signal [mH=1EDU GeV)
 Signal (mH=aGD GeV)
%% SystUnc.
Hozz" 541
1s=7TeV:[Ldt = 4.8 fb’
1s=8TeV: |Ldt= 5.8 fb"

600
m,, [GeV]

> T T T
] ATLAS 4  DataS/B Weighted
100 ——— SigeBhg Fit (m =126.5GeV) 1
w
% B0— 00 A, Bka (4th order polynomial)
g
w80
40—

F 1s=7 TeV, [Ldt=4 8f"
F 1e-8Tev, [Lar-5 0"

T weights - Bkg




The ATLAS Detector

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker



muons travelling through ATLAS

Muons are reconstructed using the
tracker and the muon chambers.

Here we are interested in Z->puu

These are “isolated” without much
hadronic debris.

Background (from top and b decays)
IS removed by using isolation cuts.

But we also have FSR (photon lost?):

L —> py
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» b\ = (Pus)
w ~ 0.4 GeV: TileCal to MS

‘ ,
—\—*—-’ ~ 2.1 GeV: TileCal

A\l

| > ~ 0.1 GeV: LAr toTile

\
. : " ==
EWN
AN

N

.

e .

~ 0.3 GeV: LAr calorimeter

~ 0.1 GeV: perigee to LAr

~ 3 GeV total

@ 1). )
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Electrons and photons reco-ed in LAr calo

A photon showers in
the EMC. Most of its
energy is lost in Pb

Electrons in EM
shower ionize LAr

lonization electrons
produce current

Current is collected,
amplified, shaped,
sampled and digitized
for each EMC cell

5-Dec-2012

“in-situ”
intercalibration

HY i(t)
4 gap
o
Fu b : H T
iy o calibration hit”
) /.i_.‘d;":‘ a calibration
e gl . & —
incident i
in i
particia Qs """"-*E"'
= o
B | nquieargon 3 cluster
— 3 corrections
E
I
oel clustering
S Dﬁ_—
: N
i [ / q%
ozl %, electronic
P . .
DJ %%% 7 calibration
=02

N L il = = I
[} 100 200 30 400 S0 BDO
Tirma [rua)

Photon energy scale
is adjusted to EM
scale from Z—>ee

events
|

Cluster energy is
corrected for loss to

get photon energy
|

Cluster energies are
corrected for

detectors effects
I

Cells are grouped in

clusters
I

Energy ina cell is
reconstructed from
signal samples
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From cluster energy to photon energy

material between the PS

and the Strips (cables,

material before

the calorimeter

e
i

P e e e
EEEERn e =]
EEEEEn e
EEEERaammaas
PR e e
Ermrhama
e

out-of-cluster
energy

leakage

energy

c
0
j
g o
o O
n s
] m.
— o O
g 05
R B Y )
U R e el Q) M
= b |
m SE w m
by 1 U o w
0 i § S S
o c
(il
..m..
>
L "
G 2 §
Mr = o
g o 2
Nl
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Combined Test Beam 2004

NIMA 614, 400 (2010)

0.05 T A1.08f T,
- A\ Data: cE/E (10 %N'ea 2+o1% : e[ A Omm=24%
- @ Simulation: o,/E = (9 %/\I' E® 0.2% ! o f 2omm=2.7X, -
0.04 - Q - AS0mm=3.0X;, -
i i £1.04j O75mm=33X;
i i £ I |
0.03* 4 3 . 1
: L e : -
- i 1 4 |
L . ®

0.021- 1 5 7 2 0 . 0
5 ) S [ A .
i ) W rA .
0.01- 4 V0ss o N
. | N 7&] i
: ] -1 i
i | | L ] i | T B R B

% 50 100 150 200 250 0.9% 50 100 150 200 250
Epear (GeV) Ebeam (GeV)
Electron resolution Electron Linearity for different amounts of

material in front of the calorimeter

In CTB we also run a photon run: first check of converted vs non-converted calibration in ATLAS
JINST 6 (2011) P04001
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Events / 1 GeV

200
180
160
140
120
100
80
60
40
20

Z->ee and Z->puu reconstruction

X
-
1o
™

ATLAS Prelimina

0,,,=1.76%0.01 GeV
Oy =1.59+ 0.01 GeV

Data 2011, \s=7 TeV, JLdt =46fb"

ni<2.47

-+ Data
— Fit result
[J)Z—eeMC
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7100

10
Mg, [GeV]

-
T owe o ATLAS Preliminany
E 300 inary * Dala
= J L=5E81b Correched
w 250} | Sirmulation
Combined
0} trachks
5 = 8 Tay
1 5
-
- ‘]-
L) -rr
m-l-'"-...
I%II: H ol 100 114]
M, [GeV]
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Entries/1GeV

Special photon clustering: EMTopo-seeded 3x5

EM BARREL LAYER 2 ; fixed-size
SRR DR REREREEE | " cluster Xu Da, PhD, Sheffield

__topo-cluster

Y

T
N
. !
L)
| |

\

|
\

|

I ‘\
I\
|

seed

ATLAS-CONF-2012-143

o

Ad =0.025
| |

An=0.025

 'ATLASInternal' '

10°

| Diata 2011 Topo-seadad clusters
J Ldt=164pb’ C 2 s oo smecid lusers These clusters allow us to go down to 1GeV,

A Data 2011 Standard SW clusiers where std egamma clustering is inefficient.
These are calibrated and corrected for average
muon energy deposition in the cluster.

s =7TeV

10°

MC Z—=pp Standard SW clustars

E—_ —
"OE 3 | Note: std egamma clusters (photons or
- 4 | electrons) can be used above 3GeV without
10 | | problems.
:' Il 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 |E
0 2 4 6 8 10 12 14 16 18 2 33

Reconstructed photon ET[GeU]



Effects of these photons on the Z mass

1000 o, i

"~ —4- Data 2012 ﬁ_
00/ mc 2012 Alpgen j '

Brais Lopez
(Sheffield)

Add collinear photon

Background 0.3% (!)

These photons check the EM Calo energy scale to 0.3% !

250K

200K

1500

1000

sm:

M.
== Diata 2012

—— MIC 2012 Alpgen -

Electrons are checked down to 0.1% using the idea we introduced in 2004: E1/E2 vs PS.
NIM A614 (2010) 400-432
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Higgs production at the LHC

—i
=

ao(pp — H+X) [pb]

S

10

T T TETE
£
E
B F s
i
.I L |

Vector boson fusion

13 Gluon-fusion
Ns=7TeV 7% (VBF or qgH)
E o
13
- H
= Kalagsqudigipii 71 " ] - N .

" q g kusicn: | r* _'.-I—.-FL ;

] g
.......... - ~ - Associated with W / 7 Associated with top-quark
! ] (ttH)
i, ] H .

100 200

5-Dec-2012

300 400 500 1000
My [GEV] -

Golden channel: Higgs—>4 leptons

(+ g z gt
V4 -
H (— ‘
{-I—
Z g z f~
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Higgs Branching Ratios to Gauge Boson Pairs

Higgs Branching Ratios

50.0 100.0 150.0 200.0

WW, ZZ, vy, and Zy all available at 125GeV !

WW has no peak, Zy has huge backgrounds

5-Dec-2012

Higgs decays to gauge bosons

= == spm = =i

~(Z) v(Z)

Higgs couples directly to the ZZ

Higgs goes through a loop to yy, Zy
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Higgs 2>yy

The v~ channel in ATLAS

[B. Murray '12]

Rare decay, Ay il T | phobn fhoten

— 2 per mille AT S | UATLAS

— 110<m <150 P N | L’.EXPERIMENT

Drove ECAL design ' LN 4

— Pointing geometry , By pucdide

To measure mass :

need to know vertex +o . \eoti-Tp

position

— Pileup hurts! guan lusy

— But pointing reduces \
Impact \

Good jet rejection /g \O\\

also essential ol ot
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Energy loss

5-Dec-2012

Higgs =2 ZZ*>2u2e

‘/ Y 3

Slmulated nt
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H —
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vy event selection summary

Fiducial cuts E;,>40GeV, E; ,>30 GeV,
In|<2.37, excluding 1.37<|n|<1.52

Photon ID EM shower-shape based.
NeuralNet-based for 2011

Photon Isolation Summed E; in a calo cone AR<0.4

around photon excluding the photon
cluster, not to exceed 4GeV.

Categories 10 categories based on photon n, P+,
converted, unconverted, dijet.

Photons: converted, unconverted.

Photon energy: from LAr EM cluster energy

Photon position: 1 from calorimeter and the primary vertex, ¢ from calorimeter
Dijet category improves sensitivity to VBF.

Search performed in the 110-150 GeV yy mass range.
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1/N dN/dm,,, / 0.5 GeV

1/N dN/dm,,, / 0.5 GeV

vy signal mass resolution

IR LA LA B L B NN SR BLLELE BARLEL B
| —e— True vertex ATLAS Simulation -
012__—.— Mapri ]
- —e— Likelihood 99—>H-yy
0.1 —— Calo pointing my=125GeV 7
N \s=8TeV N
0.08[ -
0.06 —:
0.04F -
0.02F- A -
O: ':.-;' 11 I |- I L1l | 11 | I _. 4y :
116 118 120 122 124 126 128 130 132 134

m,, [GeV]

[ T ‘ L | L ‘ L ‘ T 17T ‘ T T 7T I T T I T ]

0 12f ATLAS Simulation ® Unconverted central
- high P, ]
0.1 Hoyy FWHM = 3.2 GeV i

B O Converted rest -
0.08 my= 125 GeV low p_. -
L \s=8TeV FWHM = 4.4 GeV :
0.06— ]
0.04F —
0.02F -

2

145

m,, [GeV]

> e rrp e e UL L L L B B
& o012 u<10 ATLAS Simulation
s ~—— 10<u<15 ]
o - —— 15<u <20 gg%H%YY g
\?_ 01j+ 20< my = 125 GeV ]
= B \s=8TeV 1
S 0.08+ ]
=z - i
< 006 -
0.04F -
0.02F -

ok ’

1 \III\\IlI\\lII\lIII
116 118 120 122 124 126 128 130 132 134
m,, [GeV]

Higgs Mass Resolution:

for different methods of longitudinal vertex
position reconstruction. Calorimetric pointing and
likelihood lead to improved resolution.

Not affected by increased levels of pileup.

Varies from category to category.
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Systematic Uncertainties

Signal yield uncertainty from y ID +8% , +11% (7TeV, 8TeV)
efficiency
Pile-up modelling +4%

Theory uncertainties in Higgs
kinematics (affecting event +9%
migration between categories)

Signal resolution uncertainty +14%
Trigger +1%
Photon isolation +0.4% , £0.5% (7TeV, 8TeV)
Luminosity +1.8% , £3.6% (7TeV, 8TeV)

Uncertainties in the expected fractions of events per category (includes migrations) due
to material effects, jet energy scale, pile-up effects, PDFs and jet vertex fraction, have
been included.
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Events/ 2 GeV

¥ weights / 2 GeV Events - Bkg

Y weights - Bkg

yy Invariant ma

3000E- —— Sig+Bkg Fit (m =126.5 GeV) 3
. P Bkg (4th order polynomial) 3
2500 =
2000F-  Tw =
1500E" -7 Tev, [Ldt=4.8b" E
1000E" 5.8 oV, [Lat-5.91b" 2
500 H—yy =
200 SR ——

100

-100
-200

AT,
A N A

100

80

A Data S/B Weighted
Sig+Bkg Fit (m =126.5 GeV)
-------- Bkg (4th order polynomial)

>
-

»

’— L

"- L
!|||||||m‘m|| 11 |

00 110 120
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130 140 150 160

m,, [GeV]

ss and local Significance

o L AL L B B T | 3
o =
= ATLAS 2011 - 2012 Hovyy 3
G100 B ) A £CE L
102 E N T
1073 == T \ \/ /[ T T s
E e 2012 Exp. \s=7TeV: [Ldt= 4.81b
104 = —— 2012 Obs. Vs =8TeV: |Ldt = 5.9 fb"
10°E 40
E - 2011 Exp.  \/ = ---- 2011-2012 Exp.
10 — 2011 Obs. —— 2011-2012 Obs.
BB T
10 E |5\ 1 ‘ 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
110 115 120 125 130 135 140 145 150
m, [GeV]

Combination of all categories
leads to a 4.5c¢ significance.
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vy Invariant mass from CMS

X — vy : S/B Weighted Mass Distribution

¢ Sum of mass distributions for each event class, weighted by S/B
(B is integral of background model over a constant signal fraction interval)

w/r to Moriond

New E calibration
(2011 data)

AM/M ~ 1-2 %
(2.6 % all categories combined)

Re-optimized vy isolation
using Pflow

Two di-jet tag categories
with different purities
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<2000¢
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©1600
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vy signal strength per category (at 126.5 GeV)

(blue band corresponds to the error of the combined result)

Unconverted
central low P,

Unconverted
central high PTt

Unconverted
rest low PTt

Unconverted
rest high PTt

Converted
central low PTt

Converted
central high PTt

Converted
rest low PTt

Converted
rest high PTt

Converted
transition

2-jet

Combined
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T T T ez T

ATLAS
Data 2011+2012

5 % (M, = 126.5 GeV)
____________________ B A I LA
~

\s=8 TeV,J. Ldt = 5.9 fb'—

SMH — vy

\s=7TeV, J. Ldt = 4.8

Signal strength (u)
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o xBR =2.8fh (8 TeV)
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4-lepton event selection summary

Final states
Fiducial cuts

Lepton Isolation

e (n) Impact Parameter
Leading dilepton (12)

Leading Z mass cut
Subleading Z mass cut

5-Dec-2012

etee’e’, ptpptu, prpteter, eterutps
All leptons pr, > 6 GeV, pr, > 7 GeV,
Leading p;>20 GeV
Subleading p; > 15 GeV

Third pr > 10 GeV
In,| <2.7, Ine| <2.47

Track sum ET and Calo sum ET inside a AR<0.2
cone around the Z leptons.

d0/c,, < 6.5 (3.5)

Same flavour opposite charge with M closest to
91.18 GeV. Pairs must satisfy m;,>50 GeV,
ms,>17.5 GeV.

50 <my, <106 GeV

Mmin(m4|) < My, < 115 GeV
(M, IS @ minimum mass cut that depends on the 4-
lepton mass)
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Lepton Reconstruction

‘5? 102 n e L s s B s N s S I —— I —— .
E 100 ATLAS Preliminary —
% _ = ¥ ¥
3 98F ¥ ¥ =
= : ¥ A _
o 96— A ]
S : i * -
S o4l E
- : -
» 92 — % T
o - _
g %o :
5 88— 2011 2012 —
+ — — Dataj Ldt~4.7f" —y Data j Ldt~ 770 F::'b-}I _
% 86 - MC —7— MC =
8 Coovovov oo e e b e b e b by 1 7
4]5 20 25 30 35 40 45 50

ET:CIuster

Electron reconstruction/identification improved in 2012: New pattern finding/track fitting,
Improved track-cluster matching, to recover electrons undergoing hard bremsstrahlung , GSF.

Muon reconstruction: use ID tracks matched with partial or complete track segments in the
muon spectrometer, and ID tracks+energy deposits in the calo (|n|<0.1 pt>15GeV). Standalone
muons (2.5<|n|<2.7).
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Background measurements from data
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A number of methods was used to determine the various backgrounds using data. A
subset of the analysis cuts is applied to define a control region.

One example is to use the invariant mass of the subleading dilepton M34 to control
the Z+jets and ttbar backgrounds. For these leptons the isolation and impact
parameter cuts are not applied. All other analysis cuts are applied.
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Systematic Uncertainties

u acceptance uncertainty due to from £0.7% (£0.5%,+0.5%) for 4u (2e2u,2u2e) at 600GeV
reco and ID efficiency uncertainties to £0.9% (£0.8%,£0.5%) for 4u (2e2u,2u2e) at 115GeV

e acceptance uncertainty due to from £2.6% (£1.7%,+1.8%) for 4e (2e2u,2u2e) at 600GeV
reco and ID efficiency uncertainties to £8.0% (£2.3%,17.6%) for 4e (2e2u,2u2e) at 115GeV

ZZ* bkg uncertainty (QDC scale) +5%

Z7* bkg uncertainty (o, + PDF) +4% (£8%)
for processes initiated by quarks (gluons)

Z+jets and ttbar backgrounds estimated from control regions

ZZ normalization comes from MC.
Dependence of ZZ* uncertainties on m, has been taken into account
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4-lepton invariant mass
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Observed excess in 120-130 GeV
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4-lepton expected and observed events: 120-130GeV

my exp. signal  exp. ZZ'"  exp.Z +jets, 1t obs
[ GeV] © [T T T T
I % 15ATLAS 2011 -2012 H—7Z" 54 °:
120 1.16+ 0.16  0.91+0.04 0.12+ 0.04 4 O D) N\ E
125 209+ 030  1.12+0.05 0.13+ 0.04 6 10 R \/ E
130 325+ 046 1.25+0.05 0.13+ 0.04 3 102\ K S 205
2e2u and 2u2e 10%E 2012E --------------------------------------------------
120 1.29+0.19 0.69£0.05 1.13+£ 0.17 3 104 E 5012 O
125 229+ 033 0.80+0.05 1.27+ 0.19 5 5? ----------------- wreeesmnnnn s e Mg T
130 3.52+ 051  0.82+0.05 1.31+ 0.19 3 107 2011 Exp. ----- 2011-2012 Exp’_‘-\‘
de 10® E — 2011 Obs. — 2011-2012 Obs.

kY
______________________________________________ %

120 0.49+ 0.07 0.36%
125 090+ 0.14 044
130 1.33£ 021 0.51

0.03 0.97+ 0.19
0.04 1.09+ 0.20
0.05 1.13£ 0.21

107 & Vs=7 Tov: JLat - 48 b \sl, -8 TeV: I‘Ldt =58 fb"‘ | |
110 115 120 125 130 135 140 145 150

m,, [GeV]

[ e I

Maximum local significance of 3.6c observed at 125 GeV.
No other significant excess is observed in m,,.
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(new) CMS result: November 2012
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ms, VS my, for 120<m, <130 GeV
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Distribution of the m,, versus the m,, invariant mass for the selected candidates in the m, range
120 to 130 GeV. The expected distributions for a SM Higgs with m, = 125 GeV and for the total
background are shown. The sizes and intensity of the boxes indicate the relative density.
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Combination
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Combination of all channels

(including 2011 =7, bb, etc) leads

to a 5.9c significance.
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Mass and Signal strength u wrt Standard Model
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(using only 4-lepton and yy channels)
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CMS Signal strength pn wrt Standard Model
Signal Strength vs Production & Topology

1 L f
|m,=125GeV|  CMS Preliminary m,=125GeV|  CMS Preliminary
Vs =7TeV,L=511" Ys =7 TeV, L =5.1 {5’
Vs=8TeV,L=5315" Vs=8TeV.L =571k
H - bb . L_
Untagged
H—1t ——
VBF tagged —--
H — 4y —.—
H s WW VH tagged —i—
H_s 77 _1_ ttH tagged =
[ il p1aal s o)y Loa oo ol 1 1 i1 il Los o8 pall v s e lrass
-3 2 14 0 1 2 3 4 5 -3 -2 -1 0 1 2 3 4 5
Best fit o/c,,, Best fit o/c,,,,

Slightly better sensitivity when combining channels by
decay mode or production topology.

Compatible with SM Higgs within uncertainties

Clear tension between yy and ZZ->4l, also seen by CMS!
=» Look for signal in the Higgs—>Zy channel!
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Higgs > Zy : our gateway to beyond the Std Model?

v(Z) ~( 7
phebn fhotn \Z) /(Z)
WA
t
—_— = — h —_—— e — —
, By T’a(’(\'f&
N .
to { \onti-Tp
6\“" o\ oy In SM, the W loop is dominant.

/;{ %\
o0 prody New BSM physics heavy particles may run in the loop

Increasing the H->yy yield with respect to the SM. The Zy
yield is related to the yy yield. Note that the yield of Zy
relative to yy depends on the spin and other properties of the
new particles.

So, measuring both Zy and yy yields is significant for
8-Nov-2012 understanding the properties of particles running in the Bop.



Is It a Higgs?

. How do we know what we’ve found?
« Measure couplings to fermions & gauge bosons

T'(H — bb) Mo’

~
~

'(H > 7'7) m_

2

Measure spin/parity
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Can we reconstruct the Higgs potential?

V(9)
\

- Fundamental test of model! . Vir2
2

 We have no idea how to measure A4
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Does it have the correct Quantum Numbers?

CMS Preliminary WVE=TTeV L=5.1Ns=8Tev.L=122f" CMS Preliminary VE=TTeV, L=51f " 'yE=8TeV L=122f"
*g SUDD— 1 3"_—| 1 1 | 1 1 T | T T T | 3[}
“EJ . E SM, 0+ B
= 2500~ ﬂ]l D il ‘% .

Q - ] l
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-2 % In(Lu_fLm}
Figure 9: Left: Distribution of g = —2In(Ly-/Ly+) for two signal types (07 horizontally

hatched histogram, 0~ vertically hatched histogram) for my = 126 GeV shown with a large
number of generated experiments. The arrow indicates the observed value. Right: Distribu-
tion of —2In L as a function of fz;3 and u. The central point shows the minimum value of
—21In L, the solid and dashed contours show 68% and 95% CL contours in two dimensions.
The one-dimensional 687 CL intervals are shown with the cross.
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G. Isodori, Higgs Hunting 2012

Top mass M, in GeV

Looking at the plane from a more
distant perspective. it appears
more clearly that “we live™ in a
quite “peculiar” region...

0: L1 L1 | I L1 M
0 50 100 150 200

Higgs mass M, in GeV
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4th of July: Higgs group celebrates discovery
___ y
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Conclusions

ATLAS has performed a search for the SM Higgs boson with an
integrated luminosity of ~10.7 fb.

A 5.9c excess of events is observed in the region 121-131 GeV. The
excess is dominated by the high mass resolution channels H->yy and
H->ZZ->4l in addition to H>WW=>|vl'v.

The SM Higgs boson is excluded at the 95% or higher CL in 111-559

GeV apart from the narrow range 121-131 GeV where a clear excess
IS observed.

The measured invariant mass of the new particle (ATLAS) is:

126 = 0.4(stat) £ 0.4(syst) GeV
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CMS combination

3 most sensitive channels
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Run Number: 182796,
Event Number: 74566644
Date: 2011-05-30, 06:54:29 CET

EtCut>0.3 GeV
PtCut>2.0 GeV
Vertex Cuts:

Z direction <lcm
Rphi <lcm

Muon: blue -

Electron:/]ihd(“
Cells:Tiles, EMC
1
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Z+ee and Z+W 4Iepton control reglons
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Summary of characterization of excess

Table 7

Characterisation of the excess in the H -+ ZZ*) —~ 4 H — yy and H — WW"™ — ¢vév channels and the combination of all channels listed in Table 6. The mass value
mma for which the local significance is maximum, the maximum observed local significance Z; and the expected local significance E(Z;) in the presence of a SM Higgs
boson signal at mpy,;, are given. The best fit value of the signal strength parameter ji at my = 126 GeV is shown with the total uncertainty. The expected and observed mass
ranges excluded at 95% CL (99% CL, indicated by a *) are also given, for the combined ./5s =7 TeV and ./5 =8 TeV data.

Search channel Dataset Mmax [GeV] Ly o] E(Z) [er] jiimy =126 GeV) Expected exclusion [GeV] Observed exclusion [GeV]
H— ZZI'% — 4 7 TeV 125.0 2.5 1.6 14+1.1

8 TeV 1255 2.6 2.1 1.1x£038

7 &8 TeV 125.0 3.6 2.7 12056 124-164, 176-500 131-162, 170-460
H—yy 7 TeV 126.0 3.4 1.6 22207

8 TeV 127.0 3.2 1.9 1506

7 &8 TeV 126.5 4.5 2.5 1.8£05 110-140 112-123, 132143
H— WW® — fpip 7 TeV 135.0 1.1 3.4 0506

8 TeV 120.0 3.3 1.0 1907

7 &8 TeV 125.0 2.8 2.3 1.3£05 124-233 137-261
Combined 7 TeV 126.5 3.6 3.2 12204

8 TeV 126.5 49 3.8 1504

110-582 111-122, 131-559
T&R8TeV 1265 6.0 49 14503 113-532 (*) 113-114, 117-121, 132-527 ()
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Events / 5 GeV

H->WW, missing Et and Jet multiplicity

1 06 - Data == BG (sys @ stat)
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Numbers of observed and expected SM signal events

Decay Sub-channel | Nops (NB) | (Nggr) {(Nver) (Nwwa) {(Nzw) (Nun)
low- pry 7013 | 6820.3 | 138.0 6.3 3.1 [.8 0.4
H— vy high-pr, 320 | 290.6 14.0 2.9 [.8 1.0 0.4
2-jet 36 24.2 [.3 34 0.0 0.0 0.0
H— 77" — 4¢ — 14 5.4 5.6 0.5 0.1 0.1 0.0
0-jet 667 573.5 75.3 0.8 0.3 0.4 0.0
H— WW™ S fyly [-jet 183 140.8 16.7 1.7 0.3 0.2 0.0
2-jet 3 3.7 0.3 1.3 0.0 0.0 0.0
0-jet 9277 | 9304.8 7.6 0.6 0.1 0.3 0.0
Tap—— [-jet 393 | 406.2 3.6 1.0 0.1 0.2 0.0
2-jet 22 28.2 0.3 0.9 0.0 0.0 0.0
VH 164 151.9 0.7 0.1 0.2 0.3 0.0
U bh ZH 322. 320.7 {;l.{;} [].{;l 0.0 51.[] {;}.(]
| WH 1266 | 1311.4 0.0 0.0 1.1 0.0 0.0

Number of selected events, bkg and expected SM signal contribution for a 126GeV Higgs
boson from various production modes satisfying all selection requirements.

These numbers refer to mass windows that contain about 90% of the signal. Categories that
do not provide significant discrimination for the production mode are merged.
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Likelihood contours for H>yy and H>WW=>|vlv
VBF+VH vs ggF+ttH
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/

H > wwW ) S 1y v

Focus in 2012 data: ep,ue final states
o xBR =112 fb (8 TeV)
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WW event selection summary

Fiducial cuts P11 > 25 GeV, py, > 15 GeV,
In.1<2.5, [nel<2.47, excluding 1.37<|n,|<1.52

Lepton Isolation Track sum ET and Calo sum ET inside a AR<0.3
cone around the Z leptons.

Dilepton Invariant mass m, <50 (80 )GeV, for 0-1(2) jet channels

Dilepton PT (0-jet channel) 6':' _ 5|T1 N 6|Tz S 30 GeV

Missing ET (relative) ET,rel>25 GeV

Categories H+Ojets, H+1jet, H+2jets

For 2012 (8TeV) only the ep final state is used (5.8 fb1)

Transverse mass is the discriminant used in the search:
_ (E 0 E miss )2
m T — r T Eq -
= 0/
+ M

0
E :\/pT 0
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Background measurements from data

140L T
ATLAS
120

100

Events / 10 GeV

80

60

40

20

50

\s=8TeV, | Ldt=5.8fb"
HeWW(*)eeva/uvev + 0 jets

—- Data %< BG (sys @ stat)
B ww [ WZZZ/Wy
1+ [] Single Top
B Z+jets [[] W+jets

] H125 GeV]

Example control regions

for WW + 0 jets (mostly WW)

35

30

25

20

15

10

450 3
mr [GeV]

T 1T T I L
ATLAS
\s=8TeV,| Ldt=5.8fb"

H—>WW(*)eevuv/pvev + 1 jet

IIIIIIIII|IIII|IIII|IIII|IIII|IIIIL

-4 Data
B ww
L]+

Bl Z+jets [[] W+iets

| LI | LI
“ BG (sys @ stat)

B Wz/zZ/Wy
] Single Top

] H[125Gev]

I|IIII|IIII|IIII|IIII|I\Illll\IT

and WW + 1 jet (large ttbar + single top fraction).
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Systematic Uncertainties

Uncertainty

Theoretical uncertainties associated to the signal +17% (0-jets), £36% (1-jet)
Jet energy scale (max effect on signal) +7% in W+0jet

Jet energy scale (max effect on bkg) +4% in W+1jet

Jet energy resolution (max effect on signal) +4% in W+1jet

Jet energy resolution (max effect on bkg) +2% in W+1jet
Pile-up to JES (max effect on signal) +4% in W+1jet
Pile-up to JES (max effect on bkg) +2% in W+1jet
Missing ET effect in total yield +3% (£3%) signal (bkg)
b-jet tagging efficiency +10% in W+1jet
W+jet prediction effect in the total bkg +5%
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Events / 10 GeV

WW Observed and expected events

140 ATLAS o Duta ﬁ e s B cob- ATLAS 4 kg sublracted Data
120:— \s =8TeV, J Ldt=5.8fb™ E 2 % ai’ngle Top { 505 \s=8TeV, J Ldt=58fb ‘:| H [125 GeV] ]
- * +jets tjets | - N . N
100 H—>WW( )—>evuv/uvev + 0/1 jets [JH[I25GeV] - HoWW! Seviviuvev + 0/1 jets m
N ] 40 _ -

- + B : Bkg systematics not

: ] 30F included E

— B 20F + -

= = 10 + n -

— = OF e -

: f— ] I 1 |_._| 1 : —1 0 :_|' | 1 1 | L1 I L1l | L1l I L1 |+I 1 I Ll | 1 1 | L1 I 'l_:
150 200 250 300 60 80 100 120 140 160 180 200 220 240

my [GeV] my [GeV]

0.75m, <m; <my, for m, =125 GeV.

0-jet 1-jet 2-jet
Signal 20+4 542 0.34 +0.07
ww 101 =13 12+5 0.10+0.14
WZz®/zz/wWy™ 12+3 1.9+1.1 0.10 +0.10
tt 8§42 642 0.15+0.10
tW/th/tqb 34+1.5 374116 -
Z/y* + jets 19+1.3 0.10£0.10 —
W + jets 1517 241 -
Total background 142 16 266 0.35+£0.18
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Right and Left-handed fermions

A massless right-handed fermion A massless left-handed fermion

time i
h tmpe

momentum
momentum

— —
+Z7 axIS +Z axIS
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