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The Standard Model

I Standard Model is renormalizable quantum
field theory of 12 fermions with 3 forces
mediated by spin-1 gauge bosons

I Electroweak Symmetry is spontaneously
broken by Brout-Englert-Higgs mechanism

I Neutral scalar particle: Higgs boson

I Very successful description of particle
interactions

”The renormalization theory is simply a way to sweep the difficulties of the
divergences of electrodynamics under the rug. I am, of course, not sure of
that.” - Richard Feynman.



The Standard Model

”[The Higgs boson is] a particle needed for theories to work” - Gerard ’t Hooft

Higgs boson discovery seminar
at CERN on July 4th, 2012

2013 Nobel Physics Prize
to Englert and Higgs

The Higgs boson discovery completes the SM,
making the theory self-consistent up to very high energy scale.



Some of open questions

I Dark matter and dark energy

I Higgs boson mass is sensitive to scale of new physics (up to ΛPlanck)

I Cosmological constant problem

Quantum corrections to the Higgs mass term

I Broad experimental program underway to look for new physics

I SM precisely predicts all Higgs boson properties for fixed mH

I Any deviations represent clear signs of new physics



Road to the discovery



I 27 km tunnel LHC

I 1232 superconducting
dipoles at 1.9 K

I Proton-proton, proton-ion
and ion-ion collisions

I 7-8 TeV pp collisions in
2011 and 2012

I LHC will restart in 2015 at
∼ 14 TeV



4 large detectors to study:

I Electroweak Symmetry
Breaking

I Standard Model

I Searches for new physics

I Matter-antimatter
asymmetry

I New states of matter



Colliding bunches:

L = nb·N1·N2·frev
A

Area A = 4π · β · ε

I nb - number of bunches

I N1,2 - number of protons per bunch (∼ 1.15× 1011)

I frev - revolution frequency (11kHz)

I β and ε determined by interaction region focusing and injectors

I Run 1 - 1380 bunches at 50 ns: L2012 = 0.77× 1034cm−2s−1

I Design - 2808 bunches at 25 ns: Ldesign = 1.0× 1034cm−2s−1



ATLAS detector



Particle reconstruction and identification

I Hermetic detector

I Almost all particles are
reconstructed

I Miss neutrinos and
particles traveling very
near beam axis

Displaced b-hadron vertex



Missing transverse energy

I Momentum is conserved only in transverse plane

I Missing transverse energy:

ET ,miss = −
∑

jets ET −
∑

leptons pT −
∑

photons ET −
∑

clusters ET



Higgs boson production at the LHC

Higgs boson properties are fixed once mH is known

I Gluon-gluon fusion (ggF)
I Fermion couplings in the loop

I Vector boson fusion (VBF)
I Two forward separated jets

I WH/ZH associated production:
I Tag W/Z to reduce backgrounds

I ttH associated production:
I Direct ttH coupling

Cross-sections and theory uncertainties for mH = 126 GeV at 8 TeV:
ggF VBF WH/ZH tt̄H

σ (pb) 19.0 1.6 1.1 0.13
QCD scale ±8% ±1% ±1% +4% − 9%
PDF+αS ±8% ±4% ±4% ±8%



Higgs decays: update to 126 GeV

I ΓH = 4.1 MeV - observed signal
width is determined by detector
resolution

I WW and ZZ dominate when
kinematically allowed

I 7 channels accessible at the LHC
for mH = 126 GeV:

H → bb
H →WW
H → ττ
H → ZZ
H → γγ
H → Zγ
H → µµ

I H → γγ and H → Zγ decay via
loops - sensitive to new physics

Fermion couplings ∝ mf

ν

Gauge boson couplings ∝ 2m2
V

ν
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H →WW → lνlν
σ × BR ≈ 0.24 pb for mH = 126 GeV
≈ 4800 signal events before selection



H →WW : analysis strategy

H →WW → lνlν:

I 2 opposite sign leptons + Emiss
T

I Only electrons and muons

I High rate, clean final state

I No mass peak because of ν

Irreducible background:

I Non-resonant WW

I Normalized from data

Other backgrounds:

I Top quark

I Z+jets

I W+jets

I Di-bosons: WZ , ZZ , W γ(∗)

I Normalized/validated from data



H →WW → lνlν: Spin-0 Higgs boson

I Irreducible non-resonant WW background: σH/σWW ≈ 3%
I Spin-0: small opening angle for 2 charged leptons:

I |mll | < 50 GeV
I |∆φll | < 1.8

”... for the weak interactions parity conservation is so far only an extrapolated
hypothesis unsupported by experimental evidence.” - Lee and Yang, 1956.



H →WW → lνlν: jet multiplicity

Categories based on number of jets and lepton flavor:

I Veto events with b-jets to reduce top quark background

I Improve S/B because of different background composition

I Increase sensitivity to VBF production mode (+)

I Increase theory and experimental uncertainties (-)

eµ: ee + µµ:



H →WW → lνlν: pT ,miss performance

I Missing transverse momentum:
pT ,miss = −

∑
charged particle pT

I Use reconstructed charged particle
tracks matching primary vertex - does
not depend on pileup

I Miss neutral particles

I Suppress Z → ll by factor of ∼ 5

Z → µµ with 25 vertexes



H →WW → lνlν: soft hadronic recoil veto

I Require that di-lepton system is boosted: pT ,ll > 30 GeV

I Soft hadronic recoil fraction: frecoil = ET ,recoil/pT ,ll

I H →WW → lνlν - recoil carried away by neutrinos

I Z → ll - boost requires hadronic recoil

I Z → ll estimated from regions with high frecoil and Z peak

I Suppress Z → ll by factor of ∼ 5



H →WW → lνlν: results

I Probe transverse mass distribution

I Observed 3.8 σ excess for mH = 125 GeV
(expected 3.8 σ)



At the summit



Summary of Higgs boson measurements

) µSignal strength (
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I Signal strength µ = σ×BR
σSM×BRSM

I Clear evidence for Higgs boson decays
to gauge bosons with properties
consistent with the SM predictions

I Strong evidence for H → ττ decays



What’s next?



Higgs couplings to fermions

Yf ∼ mf /v , YV ∼ mV /v , v = 246 GeV

I Explore flavor physics in Higgs boson decays to fermions

I H → ττ and tt̄H test 3rd generation couplings

I H → µµ tests 2nd generation coupling

I What is a reason for the fermion mass hierarchy?



H → µµ search

I Goal: set limit on B(H[125]→ µµ) and search for new resonances

I H → µµ probes directly SM Higgs coupling to 2nd generation fermions

I B(H[125]→ µµ) = 2.2× 10−4 → 2.6 events/fb−1 (≈ 55% efficiency)

I Dominant irreducible background is Z+jet (also tt̄ and di-bosons)

|mH −mµµ| ≤ 5 GeV
Signal [125 GeV] 37.7 ± 0.2

WW 250 ± 4
WZ/ZZ/W γ 30 ± 1

tt̄ 1374 ± 13
Single Top 151 ± 5

Z+jets 15806 ± 125
W +jets 88 ± 6

Total Bkg. 17697 ± 126
Observed 17442



H → µµ: two resolution categories



Results

I No evidence of signficant enhancement in the H → µµ production

I Observed (expected) limit at the 95% CL for the Higgs boson with a mass
of 125 GeV is 9.8 (8.2) times the Standard Model prediction



Higgs boson measurements at 14 TeV

I High Luminosity LHC will provide up to 3000 fb−1

I Extensive ATLAS detector upgrades

I Expand sensitivity of searches for new physics

I Expect ≈ 5− 10% statistical precision on Higgs boson couplings



H → µµ at HL-LHC

I Measurement of Higgs couplings to 2nd generation fermions

I Expect ∼ 10% statistical uncertainty on H → µµ with HL-LHC



tt̄H cross-section and branching ratios

I tt̄H allows to measure directly the top quark Yukawa coupling

I Probe for new physics contributions in gg → H and H → γγ loops

tt̄H,H → bb

I Dominant decay mode

I Large irreducible tt + bb QCD background

I Boosted techniques at 14 TeV



tt̄H at HL-LHC

I ∼ 20% statistical precision on ttH in H → µµ, H → ZZ → 4l and
H → γγ decay modes

I tt̄H,H →WW can potentially improve precision of ttH coupling
measurement

ttH → 1 lepton + jets + γγ
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Summary and outlook

I The Higgs boson discovery completes the SM

I Yet the SM does not explain full range of the observed phenomena

I Extensive searches at the LHC and other facilities so far have found
no evidence for new physics

I Upcoming LHC runs will expand reach of new physics searches and
allow precision measurements of Higgs boson properties

I Studies for future high energy colliders are underway

I SM precisely predicts all Higgs boson properties for fixed mH

I Any deviations represent clear signs of new physics

Is the Higgs boson natural?
Only future experiments can tell.



BACKUP



Single lepton triggers

I Single electron trigger with pT > 24 GeV

I Shower shapes for electron id and isolation

I Match Inner Detector track to calorimeter
cluster

I Acceptance |η| < 2.5 and efficiency 90%

I Single muon trigger with pT > 24 GeV

I Match Muon Spectrometer track to Inner
Detector track

I Trigger acceptance |η| < 2.5

I Trigger efficiency: 90% in endcap and 70%
in barrel (geometric coverage of muon
trigger chambers)

I Di-muon efficiency > 95%



Supersymmetry

Model e, µ, τ, γ Jets Emiss
T

∫
L dt[fb−1] Mass limit Reference

In
c
lu

s
iv

e
S

e
a

rc
h

e
s

3
rd

g
e

n
.

g̃
m

e
d

.
3
rd

g
e

n
.

s
q

u
a

rk
s

d
ir

e
c
t

p
ro

d
u

c
ti
o

n
E

W
d

ir
e

c
t

L
o

n
g

-l
iv

e
d

p
a

rt
ic

le
s

R
P

V
O

th
e

r

MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃ ) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃ , g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1 2 e,µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

ℓ̃L,Rℓ̃L,R, ℓ̃→ℓχ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeVℓ̃

χ̃+1 χ̃
−
1 , χ̃

+
1→ℓ̃ν(ℓν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1

χ̃±1 χ̃
0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV

full data

√
s = 8 TeV

partial data

√
s = 8 TeV

full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.



Exotics
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Magnetic monopoles (DY prod.) : highly ionizing tracks
Multi-charged particles (DY prod.) : highly ionizing tracks

jjmColor octet scalar : dijet resonance, 
ll

m), µµll)=1) : SS ee (→
L

±± (DY prod., BR(HL
±±H

Zlm (type III seesaw) : Z-l resonance, ±Heavy lepton N
Major. neutr. (LRSM, no mixing) : 2-lep + jets

WZ
mll), νTechni-hadrons (LSTC) : WZ resonance (l

µµee/mTechni-hadrons (LSTC) : dilepton, 
γl

m resonance, γExcited leptons : l-
WtmExcited b quark : W-t resonance, 

jjmExcited quarks : dijet resonance, 
jetγ

m-jet resonance, γExcited quarks : 
qνlmVector-like quark : CC, 

 Ht+X→Vector-like quark : TT
,missT

E SS dilepton + jets + →4th generation : b'b' 
 WbWb→ generation : t't'th4

jjντjj, ττ=1) : kin. vars. in βScalar LQ pair (
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pair (
jjν=1) : kin. vars. in eejj, eβScalar LQ pair (
tb

m tb, LRSM) : → (RW'
tqm=1) : 

R
 tq, g→W' (

µT,e/mW' (SSM) : tt
m l+jets, → tZ' (leptophobic topcolor) : t

ττmZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + 
ll

m, µµqqll CI : ee & 
)

jj
m(χqqqq contact interaction : 

)jjm(
χ

Quantum black hole : dijet, F
T

pΣ=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH (

tt
m l+jets, → t (BR=0.925) : tt t→

KK
RS g

lljjmBulk RS : ZZ resonance, 
νlν,lTmRS1 : WW resonance, 
llmRS1 : dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llγγmLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

mass862 GeV , 7 TeV [1207.6411]-1=2.0 fbL

mass (|q| = 4e)490 GeV , 7 TeV [1301.5272]-1=4.4 fbL

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

| = 0)τ| = 0.063, |Vµ| = 0.055, |V
e

 mass (|V±N245 GeV , 8 TeV [ATLAS-CONF-2013-019]-1=5.8 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T

ρ(m) = 1.1 
T

(am, Wm) + Tπ(m) = 
T

ρ(m mass (
T

ρ920 GeV , 8 TeV [ATLAS-CONF-2013-015]-1=13.0 fbL

)
W

) = MTπ(m) - Tω/
T

ρ(m mass (Tω/
T

ρ850 GeV , 7 TeV [1209.2535]-1=5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

b* mass (left-handed coupling)870 GeV , 7 TeV [1301.1583]-1=4.7 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

T mass (isospin doublet)790 GeV , 8 TeV [ATLAS-CONF-2013-018]-1=14.3 fbL

b' mass720 GeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL

 gen. LQ massrd3534 GeV , 7 TeV [1303.0526]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W' mass1.84 TeV , 8 TeV [ATLAS-CONF-2013-050]-1=14.3 fbL

W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.8 TeV , 8 TeV [ATLAS-CONF-2013-052]-1=14.3 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL

Z' mass2.86 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

 (C=1)Λ3.3 TeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=5.0 fbL

Λ7.6 TeV , 7 TeV [1210.1718]-1=4.8 fbL

=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g2.07 TeV , 7 TeV [1305.2756]-1=4.7 fbL

 = 1.0)PlM/kGraviton mass (850 GeV , 8 TeV [ATLAS-CONF-2012-150]-1=7.2 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (2.47 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=5.0 fbL

-1Compact. scale R1.40 TeV , 7 TeV [1209.0753]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = ( 1 - 20) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)





H → γγ: photon conversion

I Photons convert into electron and positron pairs in the tracker material

I Reconstruct as displaced Inner Detector track(s) matched to
electromangetic cluster

I Measure amount of Inner Detector material with conversion vertex density

I 52% of signal events contain at least one converted photon

I Uncertainty on event migration between converted/unconverted is 4%



H → γγ: photon identification



H → γγ: selection categories

I Categories to increase sensitivity to
different production modes

I 9 resolution categories to increase ggF
signal signficance



H → γγ: analysis strategy

I Two isolated photons with pT > 40, 30 GeV

I Search for a narrow mass peak in di-photon mass spectrum

I Requires excellent photon energy resolution

I Multiple categories to optimize signal signficance and to increase
sensitivity for different production modes

I Irreducible SM backgrounds are fitted from sidebands

I Observed 7.4σ excess (expected 4.3σ)



H →WW → lνlν: Drell-Yan background - (eµ, µe)⊗(0-jet, 1-jet)

I Z/γ∗ → ττ → eµ+ neutrinos

I Relative ET ,miss

I Apply mττ veto

I Boosted events pT ,ll > 30 GeV

I Normalize from data using events with back to back leptons



H →WW → lνlν: W+jet, WZ, ZZ, Wγ backgrounds

W+jet background - data driven:

I Jets reconstructed as leptons

I Suppress with tight isolation and tight
lepton id

I Estimated from control regions with
loosened lepton selection:

I ≈ 50% uncertainty for W+jets

WZ/ZZ/W γ(∗) backgrounds are taken
from MC simulation and validated with
sign di-lepton events

Same sign vaidation region



H →WW → lνlν: top backgrounds

0-jet top background:

I Estimate from inclusive di-lepton
sample using MC extrapolation factor
with data driven corrections

I 1.07± 0.03 (stat)± 0.14 (sys)

1-jet and 2-jet top backgrounds:

I Estimated from data control regions
with b-tagged events

I 1-jet: 1.04± 0.02 (stat)± 0.30 (sys)

I 2-jet: 0.59± 0.07 (stat)± 0.23 (sys)



H →WW → lνlν: SR MT



H →WW → lνlν: 2-jet SR and SM WW CR



H →WW → lνlν: ET ,miss performance



Mass measurements



Mass measurements
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Background model: MC signal regions

I The background model fits to the di-muon mass distribution mµµ for the
central (left) and non-central (right) signal categories

I Shown are MC signal regions



H → µµ: systematic uncertainties: acceptance and experimental

Uncertainty Upward [%] Downward [%]
Ren./Fac. Scale 0.1 -0.3

ISR 1.3 -2.5
FSR -0.4 0.1
PDF 0.2 0.2

Total inclusive +1.3 -2.6

Table: Summary of the signal acceptance uncertainties due to the theory sources.

Source of Uncertainty Treatment in the analysis
Luminosity 3.6%
Muon Selection Efficiency 0.3-1% as a function of η and pT
Muon Momentum Scale and Resolution < 1%
Muon Trigger < 1%
Muon Track Isolation < 1%
Pile-up reweighting < 1%

Table: Summary of the signal normalization uncertainties due to the experimental
sources.



H → µµ: systematic uncertainties: theory

gluon fusion vector boson fusion BR

mH [GeV] σ[pb]
uncertainty [%]

σ[pb]
uncertainty [%]

BR(H → µµ)
uncertainty [%]

up down up down up down

110 25.04 +15.3 -14.9 1.809 +2.7 -3.0 2.76× 10−4 +7.0 -6.8

115 22.96 +15.0 -14.9 1.729 +2.7 -3.0 2.63× 10−4 +6.7 -6.6

120 21.13 +14.8 -14.8 1.649 +2.8 -3.0 2.44× 10−4 +6.4 -6.3

125 19.52 +14.7 -14.7 1.578 +2.8 -3.0 2.20× 10−4 +6.0 -5.9

130 18.07 +14.6 -14.6 1.511 +2.8 -2.9 1.90× 10−4 +5.5 -5.4

135 16.79 +14.4 -14.7 1.448 +2.8 -2.9 1.55× 10−4 +5.0 -4.9

140 15.63 +14.3 -14.5 1.389 +2.7 -2.9 1.22× 10−4 +3.7 -3.8

145 14.59 +14.1 -14.4 1.333 +2.8 -2.8 9.06× 10−5 +3.4 -3.4

150 13.65 +14.1 -14.4 1.280 +2.8 -2.9 6.19× 10−5 +3.1 -3.2

Table: SM Higgs production cross sections at 8 TeV and SM Higgs branching ratios
BR(H → µµ)



H → ZZ → 4l : backgrounds

I Normalize ZZ (∗) from simulation

I Normalize reducible backgrounds from control regions

I Z+jets background - relax/reverse lepton selections

I tt̄ - from eµ channel

I Lepton momentum scale and efficiency from Z , J/ψ

Relax lep34 selection Relax lep34 selection Single resonant Z → 4l



Background model

I All backgrounds have continuous mµµ distribution in the search window

I Model background as a sum of Breit-Wigner (BW) and exponential pdfs:

FBG = fBW · BW (x ,MZ , ΓZ ) + (1− fBW ) · P(eB·x)

I MZ and ΓZ are fixed to the LEP/SLD average values

I Validated by fitting di-muon invariant mass distributions for different
background MC samples and the data control regions

Measure background PDF directly from data signal regions



Combined VBF results



Higgs to invisible decays



Event pre-selection



tt̄H → leptons - jet multiplicity and background composition

tt̄W /Z

I ≈ 10− 20% theory uncertainty

I Measure with control regions

tt̄ + jets

I Dominant background

I Jets mis-identified as leptons

I Supressed with lepton id and isolation

I CMS: tt̄ + jets uncertainty & 2× signal

CMS HIG-13-020

σ 8 TeV [fb] σ 14 TeV [fb] Ratio
ttH 130 611 4.7
ttW 232 769 3.3

tt 2.5× 105 9.8× 105 3.9

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13020TWiki


2 same sign leptons



3 and 4 leptons



Results



Higgs physics reach
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Higgs physics at a High Luminosity LHC with ATLAS

I ∼ 5% statistical uncertainty on
H → γγ, H → ZZ → 4l and
H →WW

I Improvement in theory uncertainties
will be necessary

I With 300 fb−1 spin/CP quantum
numbers of non-mixed states can be
measured at 5σ level



Theory uncertainty on BR


