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LHC Status: Successes
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Things I Will Not Be Talking About
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syst)⊕7 TeV CMS measurement (stat
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7 TeV Theory prediction

8 TeV Theory prediction
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jjmColor octet scalar : dijet resonance,
µe

m,µ)=1) : SS eµe→
L

±±(DY prod., BR(HL
±±H ll

m),µµll)=1) : SS ee (→
L

±±(DY prod., BR(HL
±±H

(LRSM, no mixing) : 2-lep + jetsRW
Major. neutr. (LRSM, no mixing) : 2-lep + jets

,WZT
mlll),νTechni-hadrons (LSTC) : WZ resonance (

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

mresonance,γExcited lepton : l-
jjmExcited quarks : dijet resonance,

jetγ
m-jet resonance,γExcited quarks :

llqmVector-like quark : NC,
qνlmVector-like quark : CC,
)

T2
(dilepton, M0A

0
tt + A→Top partner : TT

Zb
mZb+X,→New quark b' : b'b'

WtWt→)5/3T
5/3

generation : b'b'(Tth4
WbWb→generation : t't'th4

jjντjj,ττ=1) : kin. vars. inβScalar LQ pair (
jjνµjj,µµ=1) : kin. vars. inβScalar LQ pair (
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µT,e/mW* :
tb

mtb, SSM) :→(RW'
tqm=1) :

R
tq, g→W' (

µT,e/mW' (SSM) :
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,boosted
ml+jets,→tt (BR=0.925) : tt→

KK
RS g

νlν,lTmRS1 : WW resonance,
llll / lljjmRS1 : ZZ resonance,

/ llγγmRS1 : diphoton & dilepton,
llmED : dilepton,2/Z1S

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

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

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

massL
±±H375 GeV, 7 TeV [1210.5070]-1=4.7 fbL

)µµmass (limit at 398 GeV forL
±±H409 GeV, 7 TeV [1210.5070]-1=4.7 fbL

(N) < 1.4 TeV)mmass (RW2.4 TeV, 7 TeV [1203.5420]-1=2.1 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(mmass (
T

ρ483 GeV, 7 TeV [1204.1648]-1=1.0 fbL

)
W

) = MTπ(m) -Tω/
T

ρ(mmass (Tω/
T

ρ850 GeV, 7 TeV [1209.2535]-1=4.9-5.0 fbL

= m(l*))Λl* mass (2.2 TeV, 8 TeV [ATLAS-CONF-2012-146]-1=13.0 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 2/3, coupling1.08 TeV, 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

)Q/mν=qQκVLQ mass (charge -1/3, coupling1.12 TeV, 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

) < 100 GeV)
0

(AmT mass (483 GeV, 7 TeV [1209.4186]-1=4.7 fbL

b' mass400 GeV, 7 TeV [1204.1265]-1=2.0 fbL

) mass
5/3

b' (T670 GeV, 7 TeV [ATLAS-CONF-2012-130]-1=4.7 fbL

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

gen. LQ massrd3538 GeV, 7 TeV [Preliminary]-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* mass2.42 TeV, 7 TeV [1209.4446]-1=4.7 fbL

W' mass1.13 TeV, 7 TeV [1205.1016]-1=1.0 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' mass1.4 TeV, 7 TeV [1210.6604]-1=4.7 fbL

Z' mass2.49 TeV, 8 TeV [ATLAS-CONF-2012-129]-1=5.9-6.1 fbL

Λ1.7 TeV, 7 TeV [1202.5520]-1=1.0 fbL

(constructive int.)Λ13.9 TeV, 7 TeV [1211.1150]-1=4.9-5.0 fbL

Λ7.8 TeV, 7 TeV [ATLAS-CONF-2012-038]-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

g1.9 TeV, 7 TeV [ATLAS-CONF-2012-136]-1=4.7 fbL

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

= 0.1)PlM/kGraviton mass (845 GeV, 7 TeV [1203.0718]-1=1.0 fbL

= 0.1)PlM/kGraviton mass (2.23 TeV, 7 TeV [1210.8389]-1=4.7-5.0 fbL

-1~ RKKM4.71 TeV, 7 TeV [1209.2535]-1=4.9-5.0 fbL

-1Compact. scale R1.41 TeV, 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

=3, NLO)δ(HLZSM4.18 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= (1.0 - 13.0) fbLdt∫
= 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012)
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Higgsdependence Day

. 11fb−1 1207.7214 1207.7235
ATLAS CMS

H → γγ X X
H → ZZ → ```′`′ X X
H →WW → `ν`′ν′ X X
H → τ τ̄

X

X
H → bb̄

X

X

H → Zγ → ``γ X
H → ZZ → ``νν X X
H → ZZ → ``qq X X
H →WW → `νqq X X
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Higgsdependence Day and Beyond

. 18fb−1 Latest Latest
ATLAS CMS

H → γγ X X
H → ZZ → ```′`′ X X
H →WW → `ν`′ν′ X X
H → τ τ̄ X X
H → bb̄ X X
H → Zγ → ``γ X
H → ZZ → ``νν X X
H → ZZ → ``qq X X
H →WW → `νqq X X
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From Discovery to Measurement

I What is it’s mass

I What are its couplings (and
self-couplings)

I Does it have spin 0 or 2

I Is it scalar or pseudo-scalar

I Does it have any other non-SM
properties
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Mass

Only missing SM parameter
(modulo neutrino properties)

I Measurement from H → γγ and
H → ZZ → ```′`′ where all the
four-vectors are preserved with good
accuracy.

I ATLAS: mH = 125.2± 0.3 (stat) ±0.6
(sys) GeV

I CMS: mH = 125.8± 0.4 (stat) ±0.4
(syst) GeV
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Double Peaks
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I Taking mass scale systematic uncertainties and their correlations into account,
the compatibility of the two measurements is estimated to be at the 2.7σ level.

I CMS ZZ mass measurement (126.2± 0.6 (stat) ±0.2 (syst) GeV), is very close
to the ATLAS γγ mass measurement (126.6± 0.3 (stat) ±0.7 (syst) GeV)
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Couplings

I Order 0 excercise: compute the individual and combined signal strength
(µ̂ = σ/σSM) of all available inputs.

)µSignal strength (

  1  0 +1

Combined
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γγ →H 

νlν l→ 
(*)

 WW→H 

ττ →H 

 bb→W,Z H 

1
Ldt = 4.6  4.8 fb∫ = 7 TeV:  s

1
Ldt = 13 fb∫ = 8 TeV:  s

1
Ldt = 4.6 fb∫ = 7 TeV:  s

1
Ldt = 13 fb∫ = 8 TeV:  s

1
Ldt = 4.8 fb∫ = 7 TeV:  s

1
Ldt = 13 fb∫ = 8 TeV:  s

1
Ldt = 13 fb∫ = 8 TeV:  s

1
Ldt = 4.6 fb∫ = 7 TeV:  s

1
Ldt = 13 fb∫ = 8 TeV:  s

1
Ldt = 4.7 fb∫ = 7 TeV:  s

1
Ldt = 13 fb∫ = 8 TeV:  s

 = 126 GeVHm

 0.23± = 1.30 µ

ATLAS Preliminary

SMσ/σBest fit 
-2 0 2 4

 ZZ→H 

 WW (VH tag)→H 

 WW (VBF tag)→H 

 WW (0/1 jet)→H 

 (VBF tag)γγ →H 

 (untagged)γγ →H 

 (VH tag)ττ →H 

 (VBF tag)ττ →H 

 (0/1 jet)ττ →H 

 bb (ttH tag)→H 

 bb (VH tag)→H 
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CMS Preliminary  = 125.8 GeVH m

;

◦ ATLAS µ̂ = 1.30± 0.23 ◦ CMS µ̂ = 0.88± 0.21
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Couplings

I Order 0 excercise: compute the individual and combined signal strength
(µ̂ = σ/σSM) of all available inputs.
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Couplings

I The four main Higgs boson production mechanisms can be associated with
either top-quark couplings (gluon-gluon fusion and ttH) or vector boson
couplings (VBF and VH).

I Order 1 excercise: Compute couplings of a combination of channels associated
with a particular decay mode, explicitly targeting different production
mechanisms.
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Couplings
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SM Higgs Fermiophobic Bkg. only

I Couplings look consistent within 2σ
for both experiments

I Alternative models heavily
constrained: fermiophobic higgs
(kf = 0) excluded.
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Spin in ZZ

I ZZ∗ is sensitive to Spin and CP properties

I CMS uses a Matrix Element-based
discriminant of probability ratios
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CMS Preliminary 1 = 8 TeV, L = 12.21 fbs; 1 = 7 TeV, L = 5.051 fbs 

I Find that the spin J = 0 hypothesis is compatible with the data.
I 0+ prefered over 0− by the data, but both are within 3σ.
I Similar ATLAS H → ZZ analysis excludes the 0− hypothesis at the 99% CL
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Spin in γγ

ATLAS probes the spin using the cosine of the polar
angle of the largest transverse energy photon in the
Collin-Soper di-photon rest frame (cos θ∗γγ)
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1
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= 8 TeVs

 (SM) hypothesis+=0PJ
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observed

I Exclude the spin 2+ hypothesis at 91% CL
I Data is compatible with the spin 0 hypothesis within 0.5σ
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LHC Timeline

I 2009 - 2013:
√
s = 7− 8 TeV, L = 6× 1033cm−2s−1, bunch spacing = 50 ns, 20-25 fb−1

I 2014 - 2018:
√
s = 14 TeV, L = 1× 1034cm−2s−1, bunch spacing = 25 ns, 75-100 fb−1

I 2019 - 2021:
√
s = 14 TeV, L = 2× 1034cm−2s−1, bunch spacing = 25 ns, 350 fb−1

I 2023-2030:
√
s = 14 TeV, L = 5× 1034cm−2s−1, luminosity levelling, 3000 fb−1
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Future Prospects
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Process 3000fb−1 at 14 TeV 300fb−1 at 33 TeV
ggH → γγ 350k 123k
ggH → 4` 19k 6.7k
ttH → γγ 42k 30k
ttH → 4` 200 160
ttH → µ+µ− 400 300
HH → bbγγ 270 160

I Higher statistics for rare processes at
HL-LHC

I Cleaner events (less pile-up, better S/B) at
HE-LHC
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Prospects for Couplings

I Post-LS1

◦ Continue to measure total signal yield (µ̂)
◦ Improve measurement of couplings to Fermion and Vector Bosons
◦ Probe loop couplings

I Post-LS2

◦ Test down vs up fermion couplings
◦ Test lepton vs quark couplings

I Post-LS3:

◦ Use ttH for direct measurement of top coupling
◦ Use H → µµ for direct measurement of second generation couplings
◦ Measure Higgs trilinear self-couplings, primarily with gg → HH → bb̄γγ
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Channels Considered
Extrapolations using current performance and MC studies at 14 TeV using Fast-Sim
validated up to < µ >= 70 with full simulation.

I Current analyses:

◦ H → γγ (inclusive, VBF)
◦ H → ττ (all final states)
◦ H → ZZ → 4`
◦ H →WW → `ν`ν
◦ VH → Vbb

I New final states:

◦ VH → V γγ, VH → VVV
◦ H → µµ
◦ ttH → γγ
◦ HH → bb̄γγ
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Projected Sensitivity

I Scenario 1: same systematics as in 2012

I Scenario 2: no theory systematics (i.e.
limits of statistical precision)

Expect measurements of µ to ∼ 10− 20% per experiment
Large theory uncertainties on H → γγ

Large experimental uncertainties on H → bb̄
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Projected Sensitivity

I Scenario 1: same systematics as in
2012

I Scenario 2: theory systematics
scaled by a factor 12, other
systematics scaled by 1/

√
L

ATLAS 300fb−1 3000fb−1

κV 3.0% (5.6%) 1.9% (4.5%)
κF 8.9% (10%) 3.6% (5.9%)

With (without) current theory uncertainties

Several assumptions for each permutation: e.g. all bosonic and ferminonic couplings are modified in the same

way, or no additional hidden Higgs decays.
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Higgs Self-Couplings

I Rely on H pair production via gg
fusion

◦ CMS studied HH → bbγγ and
HH → bbµµ

◦ ATLAS studied HH → bbγγ and
HH →WW

I Example ATLAS analysis in the
HH → bbγγ channel with cut and
count

◦ λHHH = 1×SM : 15 events
◦ λHHH = 0×SM : 26 events
◦ Background : 24 events

Expect ∼ 2σ observation for λHHH = 1×SM
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Conclusions

I It’s been a phenomenal year for the ATLAS and CMS physics programs (Higgs
and otherwise).

◦ Observation of a 125 GeV candidate
◦ First measurements of spin, parity, global couplings

I Beginning the first of three long shutdowns to improve stability of LHC, reach
nominal energy, and various improvements of the detectors

◦ Expect continued results throughout 2013/14 as the data is re-analyzed and new
channels are added.

I Future prospects depend strongly on ultimate configuration of the LHC and
total integrated luminosity.

◦ Expect 10-20% measurements of the σ/σSM

◦ Expect O(10)% or better measurements of coupling parameters
◦ Characterize Higgs CP properties
◦ Higgs mass uncertainty to ∼ 50− 1000 MeV
◦ Fairly conservative extrapolations (not accounting for many new channels,

advanced analysis techniques, combination of ATLAS and CMS results, etc. . . )
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Backup Slides
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LHC Higgs Boson Production
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ATLAS H → γγ

I Good measurement of γγ opening
angles thanks to fine longitudinal and
lateral segmentation and pointing
geometry of the ATLAS EM
calorimeter.

η-strips

ET~ 21 GeVET~ 32 GeV

I Overall mass resolution is 1.6 GeV

I Data are split into 12 exclusive
categories.

I Fit mγγ with exponential or
polynomial functions for background
plus a sum of Crystal Ball and
Gaussian (tails) for signal.
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CMS H → γγ

I Boosted Decision Trees for photon ID and event classification

I Fit mass distribution in 6 exclusive categories.
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H → ZZ Validation

Both ATLAS and CMS validate the four-lepton analysis using
the Z resonant peak.

 (GeV)4l M
70 80 90 100 110 120 130 140 150 160 170

 N
 E

ve
nt

s/
2 

G
eV

0

2

4

6

8

10

12
Data

ZZ

Reducible

 = 7 TeVs at -1 L dt = 4.7 fb

Ev
en

ts
/2

 G
eV

/c
2

M4l [GeV/c2]]2 [GeV/c4lM
100 110 120 130 140 150 160

2
Ev

en
ts

/2
 G

eV
/c

0

1

2

3

4

5

6
DATA

Z+X

ZZ
2=140 GeV/cHm
2=120 GeV/cHm

CMS Preliminary 2011 -1 = 7 TeV  L = 4.73 fbsCMS L = 4.7 fb-1

]2 [GeV/c4lM
100 200 300 400 500 600

2
Ev

en
ts

/1
0 

G
eV

/c

0

2

4

6

8

10

12

14

16

18
DATA

Z+X

ZZ
2=350 GeV/cHm
2=200 GeV/cHm
2=140 GeV/cHm

CMS Preliminary 2011 -1 = 7 TeV  L = 4.71 fbs

Emanuel Strauss ATLAS and CMS: Status and Prospects 26/30 SLAC



H → ZZ and H → γγ Mass
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I Exhaustive list of systematic uncertainties considered

I Largely uncorrelated

◦ Share overall e/γ energy scale

I p-value = 0.6% (2.3% using alternate energy scale systematics)
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Spin And Parity
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I Discrimination between 0+/0− and 0+/2+ improves linearly with S/B

◦ ZZ best for 0+/0−

◦ WW and γγ best for 0+/2+

I Expect ≥ 4σ for ∼ 35fb−1 for all three channels combined (per experiment)
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Couplings Reach

CMS projected uncertainty on the
coupling parameters with 3000 fb−1 at
the HL-LHC

I Scenario 1: 2012 systematics

I Scenario 2: Theory syst ×0.5,
Experimental sys ×1/

√
L

300fb−1 3000fb−1

κV 3.0% (5.6%) 1.9% (4.5%)
κF 8.9% (10%) 3.6% (5.9%)

With

(without) current theory uncertainties
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Fitting the Couplings
Follow the recommendations of the LHC Cross-section working group
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