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✦ LHC and CMS Performance
✦ The LHC: Three Machines in One
✦ B-Physics Measurements
✦ Heavy Ion Results
✦ Standard Model Measurements
✦ The Higgs Story
✦ Highlights from Searches

๏Lessons from the Higgs discovery
๏Naturalness, as a guiding light

✦ Conclusions

Outline
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The LHC 
Playground 
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Measure of Our Success
✦ Thank you, the LHC, for spectacular 3 years and 

~30/fb delivered!
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Great Running Efficiency
✦ Fraction of the LHC operations used 

for physics:
๏ 2010: 16%
๏ 2011: 23.7%
๏ 2012: 36.5%

Alick&Macpherson&
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2010 LHC Efficiency
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Ever-Increasing Luminosity
✦ Luminosity records were set monthly, often weekly!

6

1033 cm-2s-1 = 1 Hz/nb
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Excellent Detector Performance
✦ The LHC detectors have been working spectacularly with virtually 

no degradation in performance over the three years of LHC Run 1
๏ In some cases, original losses in performance was recovered

90 95 100 

Pixels'
Strips'
ECAL'
EB'
EE'
ES'

HCAL'
HB'
HE'
HF'
HO'
DT'
RPC'
CSC'

ATLAS Performance in 2012 CMS Status in Feb 2013 (%)
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High-Quality Data
✦ Excellent detector performance resulted in very high data 

quality: ~95% of delivered data are recorded, and ~95% of 
those are certified and used in physics publications!
๏ We publish based on ~90% of all the bunch collisions that took 

place in the LHC!
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Successful Pileup Mitigation
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Three Machines in 
One!

10



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- L

H
C

: P
as

t, 
Pr

es
en

t &
 F

ut
ur

e 
- R

en
co

nt
re

s 
de

 B
lo

is

The LHC Legacy
11

✦ The LHC has in fact (allegorically) replaced three machines in one 
go:
๏ Tevatron (Higgs, BSM searches, top physics, and precision EW 

measurements)
๏ Belle (precision B-physics)
๏ RHIC (heavy-ion physics)

✦ The LHC experiments are very successful in all these three areas
✦ Would not be possible without theoretical and phenomenological 

breakthroughs of the past decade:
๏ Higher-order calculations, modern Monte Carlo generators, reduced 

PDF uncertainties
✦ I’ll present a few CMS highlights from the first three years of the 

LHC operations in flavor physics, heavy-ion physics, and the 
discovery program, with the focus on the latter
๏ In addition, when talking about the Higgs physics, I’ll show the latest 

ATLAS results as well (per organizers’ request)



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- L

H
C

: P
as

t, 
Pr

es
en

t &
 F

ut
ur

e 
- R

en
co

nt
re

s 
de

 B
lo

is

B-Physics 
Highlights
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lifetime in 7 TeV data
๏ τ = 1.503 ± 0.052 (stat.) ± 

0.031 (syst.) ps

B-Physics: Production

BPH-12-006

13

ª Measurement of differential 
dσ/dpT Υ(nS) production 
cross section with full 7 TeV 
data sample

CMS Collaboration
arXiv:1304.7495
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is ✦ First measurement of Υ(1S-3S) polarization at the LHC
✦ Now extended to Ψ(2S) polarization measurement
✦ No evidence for large transverse or longitudinal polarization in the 

explored kinematic range, in contradiction with theoretical predictions
๏ A bit of a crisis in NRQCD - needs to be resolved!

Measurement of Υ/Ψ Polarization

BPH-11-023
PRL 110 (2013) 081802 
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is ✦ Confirmation of a structure earlier observed by CDF and 
observation of a second structure in the J/ψφ spectrum 
from B+ decays

✦ Full angular analysis of the B0 → µ+µ−K0 decay and 
determination of differential branching fraction as a 
function of dimuon invariant mass squared

B-Physics: Rare Decays

J/ψ ψ’

BPH-11-009
BPH-11-026
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Heavy-Ion 
Highlights
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lo

is ✦ Ridge yield measurement is now extended to much larger multiplicities in 
pPb collisions

✦ Determination of 4-particle correlations and elliptic flow in the ridge region

Ridge in high-multiplicity pPb

CMS Collaboration
arXiv:1305.0609
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✦ First measurement of the b-jet yield in PbPb collisions 
using secondary-vertex reconstruction

✦ Measurement of the nuclear modification factor for high-pT 
jets in PbPb collisions (compared to that in pp collisions)

Nuclear Modification Factors

HIN-12-003

HIN-12-004

18



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- L

H
C

: P
as

t, 
Pr

es
en

t &
 F

ut
ur

e 
- R

en
co

nt
re

s 
de

 B
lo

is

Standard Model 
Highlights
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The Big Picture
20

✦ CMS has measured most of the SM processes with unprecedented precision
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✦ W+bb/Z+bb cross section 
measurement

✦ σ x Br(W→µν) = 0.53 ± 0.12 pb @ 
7 TeV (pT

b,µ > 25 GeV), in good 
agreement with the NLO 
prediction of 0.52 ± 0.03 pb

✦ σ x Br(Z→ll) = 0.36 ± 0.07 pb @ 7 
TeV (pT

b > 25 GeV) 
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is ✦ W+c production with exclusive 

charm tagging via full 
reconstruction of D±, D*, and 
semileptonic decays

✦ Direct access to the strange-
quark PDF

V+jets Highlights

SMP-12-026
SMP-13-004

21

SMP-12-002
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is ª New measurement of the αS via the ratio of 3 to 2 jet events:
¤ αS(MZ) = 0.1148 ± 0.0014 (exp.) ± 0.0018 (PDF) +0.0050

-0.0000 (scale)
ª First differential inclusive jet cross section measurement at 8 

TeV – important input to PDF fits

Jet Physics Highlights

SMP-12-012
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is ✦ Precision measurement of Wγ and Zγ 
production cross sections and most 
stringent limits on anomalous Zγγ 
couplings to date

Triple Gauge Couplings

Coupling 95% CL Limit 95% CL Limit

WWγ -0.38 < κγ < 0.29 -0.050 < λγ < 0.037
Zγγ -0.010 < h3

γ < 0.010 |h4
γ| < 8.8x10-5

ZZγ -0.0086 < h3
Z < 0.0084 -8.0x10-5 < h4

Z < 7.9x10-5

EWK-11-009

23
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is ✦ Exclusive γγ → WW(eµ + MET) at 7 TeV

✦ 2 events observed with 2.2 ± 0.4 signal and 0.84 ± 0.15 background events 
expected

✦ Set stringent limits on anomalous quartic γγWW couplings two orders of 
magnitude beyond beyond LEP (Λ = 0.5 TeV) and the Tevatron (no form-
factor): a0W/Λ2 < 7.5 x 10-6 GeV-2; aCW/Λ2 < 2.5 x 10-5 GeV-2 at 95% CL

Exclusive WW Production
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 B
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is ✦ Evidence for a VBF Z boson production – a crucial measurement 
for the Higgs VBF studies (paper to be submitted)
๏ Thought to be very hard due to dominant channel background

✦ Require large rapidity gap between the tag jets and use advanced 
multivariate techniques (BDT) to extract signal

✦ See ~3σ evidence for EW production of the Z
✦ Measured cross section:

๏ σ(μμ+ee) = 154 ± 24 (stat.) ± 46 (syst.) ± 27 (th.) ± 3 (lum.) fb
๏ Theoretical NLO cross section: 166 fb

VBF Z Production
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1 Introduction
The cross section for the electroweak (EW) production of a central W or Z boson in association
with two jets that are well separated in rapidity is quite sizable at the Large Hadron Collider
(LHC) [1]. These electroweak processes have been studied in the context of rapidity intervals
in hadron collisions [2, 3], as a probe of anomalous triple-gauge-boson couplings [4], and as a
background to Higgs boson searches in Vector Boson Fusion (VBF) processes [5–8]. There are
three classes of diagrams to be considered in the EW production of W and Z bosons with two
jets: VBF processes, bremsstrahlung, and multiperipheral processes. A full calculation reveals
a large negative interference between the pure VBF process and the other two categories [1,
3]. Figure 1 shows representative Feynman diagrams for these EW ``jj production processes.
A representative Feynman diagram for Drell–Yan production in association with two jets is
shown in Fig. 2. In what follows we designate as “tagging jets” the jets that originate from the
fragmentation of the outgoing quarks in the EW processes shown in Fig. 1.
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Figure 1: Representative diagrams for EW ``jj production (for `=µ): VBF (left), bremsstrahlung
(middle), and multiperipheral (right).
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Figure 2: Representative diagram for Drell–Yan production in association with two jets.

The study of these processes establishes an important foundation for the more general study
of vector boson fusion processes, of relevance for Higgs boson searches and for measurements
of electroweak gauge couplings and vector-boson scattering. The VBF Higgs boson production
in proton-proton (pp) collisions at the LHC has been extensively investigated [9, 10] as a way
to discover the particle and measure its couplings [11–13]. Recent searches by the ATLAS and
CMS collaborations for the standard model (SM) Higgs boson include analyses of the VBF final
states [14, 15].

In particular, the study of the processes shown in Fig. 1 can improve our understanding of the
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✦ First event displays of high-pT jets 
with leading protons at 8 TeV

✦ Based on β*=90m data, taken using 
common triggers with TOTEM
๏ 3 jets with pT >20 GeV
๏ Protons tagged in TOTEM Roman 

Pots in both directions 
๏ No hits in CMS Forward Shower 

Counters (|η| ~ 6-8)

Newlywed: CMS+TOTEM
26

✦ Kinematics of activity reconstructed 
by CMS and TOTEM are compatible
๏ m(CMS,jj) = 219 GeV
๏ m(TOTEM, pp recoil) = 244 GeV

✦ Further analysis of common data 
ongoing

✦ Working toward joint CMS+TOTEM 
publication of activity reconstructed 
by CMS and TOTEM are compatible



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- L

H
C

: P
as

t, 
Pr

es
en

t &
 F

ut
ur

e 
- R

en
co

nt
re

s 
de

 B
lo

is ✦ Moving toward studies of a number of differential 
distributions, thanks to the high integrated luminosity
๏ Testing up to approximate NNLO QCD predictions
๏ Some discrepancy in the top pT at NLO seems to 

disappear with higher accuracy calculations

TOP Highlights: Production
27
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is ✦ Most precise measurement of R=B(t→Wb)/B(t→Wq)
๏ R = 1.023 + 0.036 – 0.034

✦ Search for FCNC top decay t→Zq: 
Br(t →Zq) < 0.07% @ 95% CL

✦ First LHC combination of W helicity measurements in top decays
๏ New CMS W helicity measurements in single-top and dilepton channels

TOP Highlights:Properties 
28
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The Higgs Story
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4th of July Fireworks
30
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A New Boson Discovery
31

ATLAS Collaboration / Physics Letters B 716 (2012) 1–29 13

Fig. 7. Combined search results: (a) The observed (solid) 95% CL limits on the signal
strength as a function of mH and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the ±1σ and ±2σ uncer-
tainties on the background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson signal hypothe-
sis (µ = 1) at the given mass. (c) The best-fit signal strength µ̂ as a function of mH .
The band indicates the approximate 68% CL interval around the fitted value.

582 GeV. The observed 95% CL exclusion regions are 111–122 GeV
and 131–559 GeV. Three mass regions are excluded at 99% CL,
113–114, 117–121 and 132–527 GeV, while the expected exclu-
sion range at 99% CL is 113–532 GeV.

9.2. Observation of an excess of events

An excess of events is observed near mH =126 GeV in the H →
Z Z (∗) → 4" and H → γ γ channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass, as
shown in Figs. 8(a) and 8(b). These excesses are confirmed by the
highly sensitive but low-resolution H → W W (∗) → "ν"ν channel,
as shown in Fig. 8(c).

The observed local p0 values from the combination of channels,
using the asymptotic approximation, are shown as a function of
mH in Fig. 7(b) for the full mass range and in Fig. 9 for the low
mass range.

The largest local significance for the combination of the 7 and
8 TeV data is found for a SM Higgs boson mass hypothesis of
mH = 126.5 GeV, where it reaches 6.0σ , with an expected value
in the presence of a SM Higgs boson signal at that mass of 4.9σ
(see also Table 7). For the 2012 data alone, the maximum local sig-
nificance for the H → Z Z (∗) → 4", H → γ γ and H → W W (∗) →

Fig. 8. The observed local p0 as a function of the hypothesised Higgs boson mass
for the (a) H → Z Z (∗) → 4", (b) H → γ γ and (c) H → W W (∗) → "ν"ν channels.
The dashed curves show the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass. Results are shown separately for the

√
s = 7 TeV data

(dark, blue in the web version), the
√

s = 8 TeV data (light, red in the web version),
and their combination (black).

Fig. 9. The observed (solid) local p0 as a function of mH in the low mass range.
The dashed curve shows the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass with its ±1σ band. The horizontal dashed lines indicate
the p-values corresponding to significances of 1 to 6 σ .

eνµν channels combined is 4.9 σ , and occurs at mH = 126.5 GeV
(3.8σ expected).

The significance of the excess is mildly sensitive to uncertain-
ties in the energy resolutions and energy scale systematic uncer-
tainties for photons and electrons; the effect of the muon energy
scale systematic uncertainties is negligible. The presence of these

CMS Collaboration / Physics Letters B 716 (2012) 30–61 41

Fig. 13. The CLs values for the SM Higgs boson hypothesis as a function of the
Higgs boson mass in the range 110–145 GeV. The background-only expectations are
represented by their median (dashed line) and by the 68% and 95% CL bands. (For
interpretation of the references to colour, the reader is referred to the web version
of this Letter.)

Fig. 14. The observed local p-value for 7 TeV and 8 TeV data, and their combination
as a function of the SM Higgs boson mass. The dashed line shows the expected local
p-values for a SM Higgs boson with a mass mH.

7.1. Significance of the observed excess

The consistency of the observed excess with the background-
only hypothesis may be judged from Fig. 14, which shows a scan of
the local p-value for the 7 and 8 TeV data sets and their combina-
tion. The 7 and 8 TeV data sets exhibit an excess of 3.2σ and 3.8σ
significance, respectively, for a Higgs boson mass of approximately
125 GeV. In the overall combination the significance is 5.0σ for
mH = 125.5 GeV. Fig. 15 gives the local p-value for the five decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combina-
tion are the γ γ and ZZ decay modes. They both have very good
mass resolution, allowing good localization of the invariant mass
of a putative resonance responsible for the excess. Their com-
bined significance reaches 5.0σ (Fig. 16). The WW decay mode
has an exclusion sensitivity comparable to the γ γ and ZZ decay
modes but does not have a good mass resolution. It has an excess
with local significance 1.6σ for mH ∼ 125 GeV. When added to
the γ γ and ZZ decay modes, the combined significance becomes
5.1σ . Adding the ττ and bb channels in the combination, the final
significance becomes 5.0σ . Table 6 summarises the expected and
observed local p-values for a SM Higgs boson mass hypothesis of
125.5 GeV for the various combinations of channels.

Fig. 15. The observed local p-value for the five decay modes and the overall com-
bination as a function of the SM Higgs boson mass. The dashed line shows the
expected local p-values for a SM Higgs boson with a mass mH.

Fig. 16. The observed local p-value for decay modes with high mass-resolution
channels, γ γ and ZZ, as a function of the SM Higgs boson mass. The dashed line
shows the expected local p-values for a SM Higgs boson with a mass mH.

Table 6
The expected and observed local p-values, expressed as the corresponding number
of standard deviations of the observed excess from the background-only hypothesis,
for mH = 125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (σ ) Observed (σ )

γ γ 2.8 4.1
ZZ 3.8 3.2

ττ + bb 2.4 0.5
γ γ + ZZ 4.7 5.0
γ γ + ZZ + WW 5.2 5.1
γ γ + ZZ + WW + ττ + bb 5.8 5.0

The global p-value for the search range 115–130 (110–145) GeV
is calculated using the method suggested in Ref. [115], and corre-
sponds to 4.6σ (4.5σ ). These results confirm the very low proba-
bility for an excess as large as or larger than that observed to arise
from a statistical fluctuation of the background. The excess consti-
tutes the observation of a new particle with a mass near 125 GeV,
manifesting itself in decays to two photons or to ZZ. These two
decay modes indicate that the new particle is a boson; the two-
photon decay implies that its spin is different from one [135,136].

Phys. Lett. B 716 (2012) 1

Phys. Lett. B 716 (2012) 30
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Moriond 2013 - What a Week!
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Higgs: 10 Months After
✦ The existence of new particle has been established 

beyond any doubts; it is a 0++ boson responsible for 
EWSB, as evident from its relative couplings to W/Z vs. γ
๏ It’s properties are consistent with those of the SM Higgs 

boson within (sizable) uncertainties
๏ There is mounting evidence (Tevatron, CMS), that it is couples 

to at least third generation fermions

33
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Figure 3: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-

nels and for their combination.
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Figure 4: Confidence level intervals in the (µ,mH) plane for the H→ZZ(∗)→ 4! and H→ γγ channels and
their combination, including all systematic uncertainties. The markers indicate the maximum likelihood

estimates (µ̂, m̂H) in the corresponding channels.

is specified. The best-fit value for the global signal strength factor µ does not give any direct information

on the relative contributions from different production modes. Furthermore, fixing the ratios of the

production cross sections to the ratios predicted by the SM may conceal tension between the data and the

SM.

Since several Higgs boson production modes are available at the LHC, results shown in two dimen-

sional plots require either some µi to be fixed or several µi to be related. No direct ttH production has

been observed yet, hence µggH and the very small contribution of µttH have been grouped together as they

scale dominantly with the ttH coupling in the SM and are denoted by the common parameter µggF+ttH .
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Higgs Boson Mass
✦ Higgs boson mass:

๏ ATLAS: MH = 125.5 ± 0.2 +0.5-0.6 GeV (0.43% precision)
๏ CMS:    MH = 125.7 ± 0.3 ± 0.3  GeV (0.34% precision)

✦ The Higgs boson mass has been already measured to a better 
precision than the top (or any other quark!) mass (0.50%)

34 ATLAS-CONF-2013-014 CMS PAS HIG-13-005
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Higgs Boson Signal Strength
✦ Consistency with the SM Higgs boson:

๏ ATLAS: µ = 1.30 ± 0.20 @ 125.5 GeV
๏ CMS:    µ = 0.80 ± 0.14 @ 125.7 GeV

35

Has not been updated to the
latest result of 1.00 ± 0.50

CMS PAS HIG-13-005

ATLAS-CONF-2013-034
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Higgs Boson Signal Strength
✦ Consistency with the SM Higgs boson:

๏ ATLAS: µ = 1.30 ± 0.20 @ 125.5 GeV
๏ CMS:    µ = 0.80 ± 0.14 @ 125.7 GeV

35

Has not been updated to the
latest result of 1.00 ± 0.50
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Higgs Boson Spin
✦ Both ATLAS and CMS strongly prefer JPC = 0++ over the alternatives

๏ Pseudoscalar 0-+ and tensor 2++ hypotheses have been excluded at ~3σ 
level by each experiment

36

p(2+) = 0.6%

6.3 Spin-parity measurements 17

loop with quarks, ttH). Two respective signal strength modifiers (µF, µV) are introduced as
scale factors to the SM expected cross section. A two dimensional fit is performed for the two
signal strength modifiers assuming a mass hypothesis of mH = 125.8 GeV. The likelihood is
profiled for all nuisance parameters and a 68% CL is reported by varying the likelihood by
2D lnL = 2.3. Figure 11 (right) shows the result of the (µV , µF) fit leading to the measurements

µV = 1.0+2.4
�2.3 , (3)

µF = 0.9+0.5
�0.4 . (4)

The measured values are consistent with the expectations from the production of a SM Higgs
boson.

6.3 Spin-parity measurements

It is crucial to determine the spin and quantum numbers of the new boson. We follow a sim-
ilar methodology with a kinematic discriminant which includes the description of the inter-
ference of identical leptons in the 4e and 4µ final states, as discussed in Sec. 4, but instead of
the signal-to-background probability ratio we construct the probability ratio for two signal hy-
potheses. The kinematics of the Higgs or exotic boson decay to the ZZ final state is sensitive
to its spin and properties [39, 72–84]. The full-case study has been presented in Refs. [39, 83].
The separation of the SM Higgs boson model and the pseudoscalar (0�) or minimal coupling
spin-2 resonance produced in gluon fusion (2+mgg) has been presented by CMS [12], with data
strongly disfavouring the pure pseudoscalar hypothesis. We expand here the analysis and test
new spin-parity hypotheses with respect to those covered in Ref. [12] and consider the models
JP = 0+, 0+h , 0�, 2+mgg, 2+mqq̄, 1�, 1+, as detailed in Table 3.

Table 3: List of models used in analysis of spin-parity hypotheses corresponding to the pure
states of the type noted. The expected separation is quoted for two scenarios, when the sig-
nal strength for each hypothesis is pre-determined from the fit to data and when events are
generated with SM expectation for the signal yield (µ=1). The observed separation quotes con-
sistency of the observation with the 0+ model or JP model, and corresponds to the scenario
when the signal strength is pre-determined from the fit to data. The last column quotes CLs
criterion for the JP model.

JP production comment expect (µ=1) obs. 0+ obs. JP CLs
0� gg ! X pseudoscalar 2.6s (2.8s) 0.5s 3.3s 0.16%
0+h gg ! X higher dim operators 1.7s (1.8s) 0.0s 1.7s 8.1%
2+mgg gg ! X minimal couplings 1.8s (1.9s) 0.8s 2.7s 1.5%
2+mqq̄ qq̄ ! X minimal couplings 1.7s (1.9s) 1.8s 4.0s <0.1%
1� qq̄ ! X exotic vector 2.8s (3.1s) 1.4s >4.0s <0.1%
1+ qq̄ ! X exotic pseudovector 2.3s (2.6s) 1.7s >4.0s <0.1%

The discriminant for signal hypothesis testing is constructed using the matrix element likeli-
hood approach discussed in Section 4 as follows

DJP =
PSM

PSM + PJP

=

"
1 +

PJP(mZ1, mZ2, ~W|m4`)

PSM(mZ1, mZ2, ~W|m4`)

#�1

, (5)

where PSM is the probability distribution for the SM Higgs boson hypothesis, PJP is the prob-
ability for an alternative model. As input we use the same kinematic observables as discussed
in Section 4, invariant masses mZ1, mZ2 and angles ~W.
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Figure 18: Variation of the medians of the log-likelihood ratio distribution generated for varying frac-
tions of qq̄ in a mixed qq̄ and ggF production for testing the 2+m hypothesis when assuming the spin-0+

hypothesis. Each distribution is generated with more than 500k Monte Carlo experiments. In each exper-
iment the expected numbers of signal and background events are fixed to the observed yields. The blue
and red data points correspond to the median values for the 0+ and 2+m hypotheses, respectively, for each
fraction. The black points represent the log-likelihood values observed in data. The lines connecting the
points are there to guide the eye.

Table 9: For an assumed 0+ hypothesis H0, the values for the expected and observed p0-values of the
di↵erent tested spin and parity hypotheses H1 for the BDT and JP-MELA analyses. The results are given
combining the

p
s = 8 TeV and

p
s = 7 TeVdata sets. Also given is the observed p0-value where 0+ is the

test hypothesis and the other spins states are the assumed hypothesis (observed⇤). These two observed
p0-values are combined to provide the CLS confidence level for each test hypothesis. The production
mode is assumed to be 100% ggF.

BDT analysis JP-MELA analysis
tested JP for tested 0+ for tested JP for tested 0+ for

an assumed 0+ an assumed JP CLS an assumed 0+ an assumed JP CLS
expected observed observed⇤ expected observed observed⇤

0� p0 0.0037 0.015 0.31 0.022 0.0011 0.0022 0.40 0.004
1+ p0 0.0016 0.001 0.55 0.002 0.0031 0.0028 0.51 0.006
1� p0 0.0038 0.051 0.15 0.060 0.0010 0.027 0.11 0.031
2+m p0 0.092 0.079 0.53 0.168 0.064 0.11 0.38 0.182
2� p0 0.0053 0.25 0.034 0.258 0.0032 0.11 0.08 0.116

from the observed p0-values for each alternative JP hypothesis when 0+ is assumed and the p0-value of
the 0+ hypothesis when assuming the alternatives, i.e. as CLS = p0(alternative JP)/(1 � p0(0+)). The
results are shown for both the BDT analysis and for the JP-MELA analysis. These results correspond to
the combined statistics of

p
s = 8 TeV and

p
s = 7 TeV data sets. The profile likelihood is computed

including all sources of systematic uncertainty, and allowing the signal strength µ to vary.
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✦ It looks more and more like the Standard Model 
Higgs Boson…

✦ Five new results have been approved since the 
Moriond
๏ The last of five main channels was updated with full 

statistics: VH(bb)
๏ New H(bb) search in VBF production
๏ ttH(γγ)
๏ Two new high-mass Higgs analyses: ZZ(llνν) and 

WW(lνjj) with jet substructure
✦ ATLAS is working on the updates for summer 

conferences

CMS Updates Since the Moriond
37

HIG-13-012
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is ✦ Observed a 2.1σ excess over the SM 

expectations
✦ Corresponding signal strength: 1.0 ± 0.5
✦ Increased theory systematics (due to NLO 

EW + NNLO QCD) leading to a bit lower 
cross section compared to the previous 
(HCP 2012) analysis

VH(bb) Update

7.5σ

2.1σ
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Figure 3: Left: Expected and observed 95% CL upper limits on the product of the VH pro-
duction cross section times the H ! bb branching ratio, with respect to the expectations for a
standard model Higgs boson. The limits are combined for the 2011 7 TeV and the 2012 8 TeV
data. The red dashed line represents the expected observed limits obtained from replacing the
data with the sum of expected background and signal for a Higgs boson at a mass of 125 GeV.
Right: p-values for background fluctuations to account for the observed excess of events in the
data
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Table 9: Expected and observed 95% CL upper limits on the product of the VH production
cross section times the H ! bb branching ratio, with respect to the expectations for a standard
model Higgs boson.

mH( GeV) 110 115 120 125 130 135
BDT Exp. 0.73 0.79 0.91 0.95 1.25 1.53
BDT Obs. 1.13 1.09 1.74 1.89 2.30 3.07
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is ✦ New search in the W(lν)W(“j”) channel in a boosted regime
๏ Sensitive to Higgs masses above ~600 GeV

✦ An update of the high-mass Z(ll)Z(νν) search to full statistics
๏ Probes SM-like heavy Higgs up to ~900 GeV
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Higgs Properties: ATLAS
40
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Higgs Boson Properties: CMS
41

HIG-13-005
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Higgs Discovery Implications
✦ Light Higgs boson discovery implies that the SM can not 

be a complete theory up to the Planck scale
✦ It’s light enough to be a MSSM Higgs, but yet too heavy 

to obviously prefer MSSM vs. SM!
๏ Had it been just 10% heavier we would probably stop 

talking about low-scale SUSY! 
✦ If we found the SM Higgs boson, we now need to explain 

the EWSB mechanism, i.e. what makes the Higgs 
potential what it is (explain the origin of the λ term in the 
Lagrangian)
๏ It looks more and more like the SM Higgs boson, but there 

is still room for surprises!
✦ Vacuum stability arguments require new physics to come 

at a scale ~1011 GeV or less
๏ Curiously points to a similar scale as suggested by the 

neutrino mass hierarchy via see-saw mechanism
✦ Nevertheless, a metastable vacuum could survive w/o 

new physics
✦ In a sense, a 125 GeV Higgs boson is maximally 

challenging and rich experimentally, but also inflicts 
“maximum pain” theoretically, as it is not so easy to 
accommodate
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Just-So Higgs?
✦ The simultaneous measurement of the Higgs boson and top quark masses allowed 

for the first time to infer properties of the very vacuum we leave in!
๏ We are in a highly fine-tuned situation: the vacuum is at the verge of being either stable 

or metastable!
๏ ~1 GeV in either the top-quark or the Higgs boson mass is all it takes to tip the scales!

✦ Perhaps Nature is trying to tell us something here?
๏ Very important to improve on the precision of top quark mass measurements, including 

various complementary methods and reduction of theoretical uncertainties
๏ Tevatron is still leading with the new combined Mt result, but LHC is catching up quickly!
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Degrassi et al, arXiv:1205.6497

ATLAS-CONF-2013-046

Instability

107 1010

1012

115 120 125 130 135
165

170

175

180

Higgs mass Mh in GeV

Po
le
to
p
m
as
sM

t
in
G
eV

1,2,3 s

Instability

Stability

Meta-stability



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- L

H
C

: P
as

t, 
Pr

es
en

t &
 F

ut
ur

e 
- R

en
co

nt
re

s 
de

 B
lo

is

What Vacuum Do We Live In?

✦ Stable vacuum?

✦ Metastable vacuum?

✦ Unstable vacuum?

44
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Searches Beyond 
the SM

45
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And What About New Physics?
46
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WZ
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m-jet resonance, γExcited quarks : 
qνlmVector-like quark : CC, 

 Ht+X→Vector-like quark : TT
,missT
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 WbWb→ generation : t't'th4

jjντjj, ττ=1) : kin. vars. in βScalar LQ pair (
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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, |V
µ

| = 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)

✦ The Higgs is there, but so far, no sign of new physics, and it’s not like 
we haven’t looked hard!
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And What About New Physics?
46
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Heavy
Resonances

4th
Generation

Compositeness

Long
Lived

LeptoQuarks

Extra Dimensions 
& Black Holes

Contact 
Interactions

95% CL EXCLUSION LIMITS (TEV)CMS EXOTICA

✦ The Higgs is there, but so far, no sign of new physics, and it’s not like 
we haven’t looked hard!
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Limits, Limits, Limits...
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✦ Yet, we could cover Brazil with “Brazilian-flag” plots!

ATLAS-CONF-2013-017
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A few non-SUSY 
Highlights

48
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Search for Dark Matter
✦ Search for Dark Matter in monojet and monophoton final 

states a la the direct detection experiments:
๏ Limits are somewhat model-dependent as they are sensitive 

to the mass of the mediator; yet competitive
๏ Offer unique sensitivity to DM-gluon couplings

✦ Increased interest since the recent CDMS result 
(arXiv:1304.4279)!

Direct Detection (t-channel) Collider Searches (s-channel)

q

q̄

�

�̄

Monojet + MET

Heavy 
mediator

Heavy 
mediator

Use a single jet 
to trigger

EX
O

-1
2-
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channels
¤ M(W’) > 3.2 (W’SSM) TeV; also limits on UED and 

compositeness
¤ M(Z’) > 2.6 (Z’Ψ)–3.0 (Z’SSM) TeV
¤ Also interpreted in terms of limits on large ED 

(MS ~ 4 TeV)

BSM Searches: W’ and Z’

EXO-12-060

EXO-12-027/031

EXO-12-061

50
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BSM Searches: W’(tb)

B2G-12-010

51

ª Extension of the W’(tb) search with full 8 
TeV statistics

ª Probing WR,L as well as arbitrary 
couplings
¤ Limits as high as 2.1 TeV are set for WR 

and WL w/o interference
¤ Also set limits for arbitrary left/right W 

mixture
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is ª New search for tt-resonances in the
l+jets+MET channel with full Run 1 data
¤ Optimized separately for low-mass (non-

boosted, Mtt < 1 TeV) and high-mass 
(boosted) regimes

¤ Sets most stringent limits today

BSM Searches: tt Resonances

Low-mass

High-mass High-massLow-
mass

B2G-12-006

52
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Searches for SUSY

53
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SUSY: the Higgs Aftermath
✦ A 125 GeV Higgs boson is challenging to 

accommodate in (over)constrained 
versions of SUSY, particularly for “natural” 
values of superpartner masses 
๏ Started to constrain some of the simpler 

models
✦ Big question: if SUSY exists, can it still be 

“natural”, i.e. offer a non-fine-tuned 
solution to the hierarchy problem
๏ If not, we would be giving up at least one 

of the three SUSY “miracles”

Arbey et al
arXiv:1207.1348

Mahmoudi et al
arXiv:1211.2794
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SuperSymmetry or SuperCemetery?

✦ Excluded squarks to ~2.0 TeV and gluinos to ~1.2 TeV - 
or did we?

55
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SuperSymmetry or SuperCemetery?

✦ Excluded squarks to ~2.0 TeV and gluinos to ~1.2 TeV - 
or did we?

55

Read the fine print!
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What SUSY Have We Excluded?

✦ We set strong limits on squarks and gluinos, and yet we have 
not excluded SUSY
๏ Moreover, we basically 

excluded VERY LITTLE!
✦ We ventured for an 

“easy-SUSY” or 
“lazy-SUSY” and we
basically failed to find it
๏ So what? - Nature could

be tough!
✦ What we probed is a tiny

sliver of multidimensional
SUSY space, simply most 
“convenient” from the 
point of view of theory

56



 S
lid

e 

L
A

Z

YS

S

U

Y

G
re

g 
La

nd
sb

er
g 

- L
H

C
: P

as
t, 

Pr
es

en
t &

 F
ut

ur
e 

- R
en

co
nt

re
s 

de
 B

lo
is

What SUSY Have We Excluded?

✦ We set strong limits on squarks and gluinos, and yet we have 
not excluded SUSY
๏ Moreover, we basically 

excluded VERY LITTLE!
✦ We ventured for an 

“easy-SUSY” or 
“lazy-SUSY” and we
basically failed to find it
๏ So what? - Nature could

be tough!
✦ What we probed is a tiny

sliver of multidimensional
SUSY space, simply most 
“convenient” from the 
point of view of theory

56

1616

CMS

M. Kazana M. Kazana ““SUSY at CMS”, Cracow, 07.01.2013SUSY at CMS”, Cracow, 07.01.2013

W
arsaw

 P
L

SUSY – not just one modelSUSY – not just one model

● Many possible variationsMany possible variations

● SUSY breaking mechanism:SUSY breaking mechanism:

gravity-, gauge-, anomaly-mediated, …gravity-, gauge-, anomaly-mediated, …

● Long lived sparticles ?Long lived sparticles ?

● Is R-parity = (-1)Is R-parity = (-1)3(B-L)+2S3(B-L)+2S conserved? conserved?

● If not, If not, RPViolating models RPViolating models 

● Wide range of possible Wide range of possible 

signaturessignatures for SUSY to  for SUSY to 

be searched for be searched for 

and and many ways to hidemany ways to hide

● The goal is to find hints of SUSY particles in the LHC range The goal is to find hints of SUSY particles in the LHC range 

 → → New interpretation of results preferredNew interpretation of results preferred
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Nima Arkani-Hamed, 
SavasFest 2012

Implies: light stops/sbottom,
reasonably light gluinos and

charginos/neutralinos
Likely: long-lived particles,

light neutralino, multi-TeV Z’, ...

57

We are at a SUSY Crossroad

✦ Light 125 GeV Higgs boson strongly prefers SUSY as the fundamental explanation 
of the EWSB mechanism (via soft SUSY-breaking terms and radiative corrections)

✦ But what kind of SUSY?
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is ✦ With ∫Ldt ~ 25/fb-1 and 1 fb cross section produce 25 events; 
typically 1-10 events observed after acceptance/efficiencies

58

Natural SUSY Reach

http://www.thphys.uni-heidelberg.de/~plehn/

In combination, 
we could cover 

most of the natural 
SUSY space!

Can’t do this with
gluinos alone!

σ, pb
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http://www.thphys.uni-heidelberg.de/~plehn/
http://www.thphys.uni-heidelberg.de/~plehn/
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Natural SUSY

H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

Papucci, Ruderman, Weiler
arXiv:1110.6926

✦ If SUSY is natural, we should find it soon:
๏ And we most likely will find it by observing 3rd generation SUSY particles 

first!
✦ Requires shifting of the SUSY search paradigm: going for the third 

generation partners, push gluino reach, and look for EW boson partners
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Natural SUSY Spectra
✦ Once we focus on natural SUSY, the spectra and the signatures 

become rather simple – almost like SMS
✦ Basically have to consider three types of spectra and related decay 

modes

particle.
Abbreviation Decay mode Conditions

Tt t̃! t�0 mt̃ > mt + m�0

Tb t̃! b�+ ! bW+�0 mt̃ > mb + m�+ , m�+ > m�0 + mW

Tb0 t̃! b�+ ! bW+⇤�0 mt̃ > mb + m�+ , m�+ < m�0 + mW

Tt0 t̃! t⇤�0 ! bW+�0 mt̃ < mt + m�0 , mt̃ < m�+ + mb

Tc t̃! c�0 mt̃ < mt + m�0 , mt̃ < m�+ + mb

Bb b̃! b�0

Bt b̃! t�� ! tW��0 mb̃ > mt + m�� , m�� > m�0 + mW

Bt0 b̃! t�� ! tW�⇤�0 mb̃ > mt + m�� , m�� < m�0 + mW
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decay mode becomes 3-body and hard to reconstruct

✦ It is still possible to handle this case experimentally:
๏ Take a cross section hit and look for t2 and sbottom decays
๏ Look for modifications of the tt differential cross sections 

and asymmetries due to the stop 
contamination in tt

✦ Another possibility is nearly 
degenerate gluino and neutralino
๏ In CMS, we “parked” a lot of 

datain 2012 corresponding to 
low-threshold triggers targeting 
compressed scenarios - first 
results are expected this 
summer!
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is ✦ Repeat the entire host of all-hadronic, single-lepton, 
dilepton, and multilepton searches in the bins of b-jet 
multiplicity
๏ Expect up to 4 b-jets in the following SMS targeting gluino 

decays via virtual stop or sbottom:

๏ T1bbbb can be probed in all-hadronic searches with b-jets
๏ Depending on the decay mode of the tops, could look for the 

T1tttt production in all-hadronic, single-lepton, dilepton, and 
multilepton final states

๏ Next in line: T1ttbb, with two gluinos decaying differently
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Natural SUSY: Gluino-Induced

T1bbbb T1tttt
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T1bbbb Limits @ 8 TeV
✦ Two all-hadronic analyses binned in b-jet content, 

up to 4 or more: αT and HT+MET

63

CMS Collaboration 
arXiv:1303.2985 CMS SUS-12-024
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T1tttt Limits @ 8 TeV
64

CMS Collaboration 
arXiv:1303.2985

CMS SUS-12-024

CMS Collaboration 
arXiv:1212.6194

CMS SUS-13-007

CMS SUS-12-026

αT

HT+
MET l+jets+

MET

SS+b Multileptons
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On-Shell Sbottoms/Stops
✦ SS+b dilepton analysis also looks for on-shell production:

65

CMS Collaboration 
arXiv:1212.6194
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Gluino-Induced: Summary
✦ Summary of current limits on sbottoms and stops from 

gluino-induced production
๏ Pretty much reached the kinematic limit of ~1.3 TeV on gluino 

production for large fraction of the parameter space

66
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Direct EW Pair-Production
67
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✦ Also look for direct EW pair-production of charginos/neutralinos and 
sleptons in multilepton and dileptons final states

✦ Set stringent limits on neutralinos for non-degenerate chargino/
neutralino cases
๏ Drops from ~200 GeV to ~100 GeV in case of heavy sleptons
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lo

is ✦ Direct sbottom pair production was looked at in the all-
hadronic αT + b-jets and same-sign dilepton + b-jets channels:

Direct Sbottom Production
68

CMS Collaboration 
arXiv:1212.6194

CMS Collaboration 
arXiv:1303.2985
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is ✦ This is the most hopeful, and yet the toughest channel at the LHC
✦ Simple reinterpretation of the existing analyses is not sensitive enough
✦ Requires a dedicated optimized tour-de-force analysis:

๏ W+jets and tt with τh and lost leptons (from W(μν)+jets with embedded τh), 
invisible Z decays (from Z(μμ)), and multijets (reweighted MC with kinematics 
and resolutions reweighted to match multijet data)

๏ The 8 TeV analysis is ongoing

Direct Stop Production
69

CMS Collaboration 
arXiv:1303.2985

7 TeV7 TeV

CMS SUS-11-030
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is ✦ This is the most hopeful, and yet the toughest channel at the LHC
✦ Simple reinterpretation of the existing analyses is not sensitive enough
✦ Requires a dedicated optimized tour-de-force analysis:

๏ W+jets and tt with τh and lost leptons (from W(μν)+jets with embedded τh), 
invisible Z decays (from Z(μμ)), and multijets (reweighted MC with kinematics 
and resolutions reweighted to match multijet data)

๏ The 8 TeV analysis is ongoing

Direct Stop Production
69

CMS Collaboration 
arXiv:1303.2985

7 TeV7 TeV

CMS SUS-11-030
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Direct Stop: l+jets+MET
✦ Another important channel for direct stop production is single-lepton channel

๏ Dedicated optimized multivariate analysis,
cross checked with cut-based analysis

๏ Main background is from tt to dileptons with
a lost lepton or τh, followed by W+jets and 
semileptonic tt

๏ Backgrounds estimated from MC corrected to 
match data in several control regions

๏ Some dependence on top polarization (~40 GeV)
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RPV Stop Search
✦ Natural SUSY could still be RPV!
✦ Can look for stop decays into top and neutralino, with 

neutralino decaying via RPV couplings to two leptons and 
neutrino (λijk) or a lepton, bottom, and top quarks (λ’223)

✦ Reinterpret multilepton search with b-jets within these scenarios

71

λ122

λ233

λ’233

λ122

λ233

λ’233

CMS SUS-13-003

First limits on stop 
in the RPV models!
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Unnatural SUSY
72

✦ Yet, SUSY may still be a solution to EWSB, albeit we would have to 
give up the first “miracle”

Wells, hep-ph/0306127
Arkani-Hamed, Dimopoulos, hep-th/0405159

Giudice, Romanino, hep-ph/0406088 
Nima Arkani-Hamed, 

SavasFest 2012

Only fermions (partners
of gauge bosons) are

light, and in many cases
they can be long-lived

due to mass degeneracy
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lo

is ✦ An extension of the HSCP 
search to full 
8 TeV statistics + 
7 TeV reanalysis

✦ Background prediction 
based on the lack of 
correlation between pT 
spectrum and the mass, as 
determined from the 
ionization

✦ Strong limits on gluinos, 
stops, and staus from the 
combination of tracker
+TOF and tracker-only 
analyses

Searches for Long-Lived SUSY

CMS Collaboration
arXiv:1305.0491
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SUSY Grand Summary
✦ Closing in on the “natural” SUSY, but may be just short the reach
✦ Can we either find natural new physics or rule out naturalness as the 

guiding light to our quest for the origin of EWSB, dark matter, etc.?
✦ Very important to continue the quest for naturalness in SUSY and 

other BSM, which requires to explore the full energy potential of the 
LHC

✦ What would it take?
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary
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Toward the Future
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✦ Welding, shunting, installation of spacer and shield
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LS1$

PHYSICS'AT'6.5/7'TeV'

LS2$–$Injector$upgrade$

“ULTIMATE”*PHYSICS*(~2.4*x*1034*cm;2s;1)*

LS3$–$HL'LHC$upgrade$
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✦ 2013-2022: 300-400/fb by 2022
✦ 2023-2033: HL-LHC upgrade with leveling at ~5x1034 cm-2s-1?

Luminosity vs. Time

50ns

25ns 25ns
PU: 25@25ns
       50@50ns

PU: 50@25ns
     100@50ns

From Mike Lamont, CMS Upgrade Workshop, January 17, 2013
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HL-LHC: Need for an Upgrade
✦ By 2022, several machine elements will need to be replaced, including triplets
✦ In addition, the LHC luminosity will saturate by then and doubling time becomes too 

long
✦ Detectors will suffer significant radiation 

damage
✦ Time to upgrade to reach L = 1035 cm-2s-1 (but

run with the luminosity leveling at 5x1034 cm-2s-1)
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HL-LHC: Detector Upgrades
✦ Both ATLAS and CMS are planning major “Phase 2” 

upgrades for the HL-LHC era
๏ Replace components of the detector, which will reach the 

end of the life-cycle due to radiation damage
✤ Entire central tracking systems
✤ Forward calorimetry

๏ Prepare the detectors for much harsher running conditions 
at the HL-LHC (up to x5 higher pileup)
✤ Redesigned trigger and DAQ
✤ Possibly use of fast timing for pileup mitigation
✤ Level-1 tracking trigger
✤ Improved forward detectors for VBF tagging

๏ The goal is to achieve the same or better performance as 
in Run 1 under the HL-LHC conditions 
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ATL-PHYS-PUB-2012-004 and CMS Note 2012-006

✦ Also LHCb report and Heavy-Ion reports from the experiments
✦ Will focus on the energy frontier in this talk (apologies to others!)
✦ The projections are 

mainly based on 
extrapolation of the 
existing analyses to 
the conditions 
expected up to 
the HL-LHC

✦ These studies are
being repeated
with more realistic
detector simulation 
and will be updated 
this Fall

From LHC-14 to HL-LHC
83
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Higgs Signal Strength

Green: ICHEP 2012
Red: 300/fb @ 14 TeV
Black: same, w/o theory
uncertaintiesCMS Note 2012-006
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µ
µΔ

0 0.2 0.4 0.6 0.8

γγ→H

 (+j)γγ→H

γγ→VBF,H
γγ→ttH,H

γγ→VH,H
 WW→H

 WW→VBF,H
 ZZ→H

ττ→VBF,H

µµ→ttH,H

µµ→H

ATLAS Preliminary (Simulation)
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

 extrapolated from 7+8 TeV-1Ldt=300 fb∫

ATLAS-PHYS-PUB-2012-004

Theory
uncertainty
band

✦ 15% precision has been already  achieved 
in the combination

✦ 10-15% precision per channel is achievable 
w/ 300/fb
๏ Effect of theory uncertainties is mostly 

important in the H(γγ) and H(ZZ) channels
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๏ Typical uncertainty: 15% (κV) – 40% (κF)

✦ Crucial to improve this precision to ~5% level or better 
๏ Many BSM Higgs scenarios predict coupling modification at 

that level

Couplings: Where are we Now?

ATLAS-CONF-2013-034
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✦ Two scenarios considered in CMS:
๏ Scenario 1: same systematics as in 2012 - pessimistic
๏ Scenario 2: theory systematics are halved; the rest scale as 1/√L – 

somewhat optimistic

Couplings at the LHC-14

CMS Note 2012-006

2012 systematics
½ theory, 1/√L exp.

Solid: nominal; dashed: no theory systematics

2σ 
1σ
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uncertainties
๏ The exact detector configurations & even the 

technology are not quite known yet
๏ The running conditions have not been defined yet
๏ Theoretical progress in the next decade is hard to 

gauge
✦ Still, in an optimistic “Scenario 2” the HL-LHC 

would allow to do precision Higgs physics with 
individual couplings measured up to 1-3% precision

✦ Also: searches for exotic/invisible Higgs decay as a 
window on new physics

Couplings: Beyond 300 fb-1

CMS Note 2012-006
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Beyond 300 fb-1: More
✦ Need to go significantly beyond 300 fb-1 to study Higgs couplings to 

the muons and top quarks
๏ Muon is the second-generation fermion: are the Higgs couplings flavor-

universal?
✤ Muons offer a possibly unique measurement (charm tagging is hard!)

๏ Are couplings to the up- and down-type quarks have the same structure?
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The ttH initial state is of special interest, as it yields a precise measurement of the square of the
top-Yukawa coupling, which is otherwise not easily accessible. Figure 1 shows the expected signal
in the ttH 1-lepton final state and Figure 3(a) shows the expected measurement precision.
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Figure 1: Expected �� invariant mass distribution for the tt̄H,H ! �� channel in the 1-lepton selection
for an assumed integrated luminosity of 3000 fb�1 at

p
s =14 TeV.

• H ! µµ: this channel has also a low signal rate at the LHC with a signal-to-background ratio
of only ⇠ 0.2%. However, the expected narrow signal peak allows a signal extraction at very
high luminosities, resulting in an expected signal significance larger than 6� with 3000 fb�1 for
the inclusive channel. The analysis follows Ref. [9] with changes to maximise the sensitivity
for an inclusive µµ signal. Figure 2 shows the expected signal compared to the large continuous
background and Figure 3(a) shows the expected measurement precision.
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Figure 2: Expected invariant mass distribution for the inclusive H ! µµ channel, for an assumed inte-
grated luminosity of 3000 fb�1 at

p
s =14 TeV. The inset shows the expectation for the H ! µµ signal

after the subtraction of the fitted background.
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• H ! µµ: this channel has also a low signal rate at the LHC with a signal-to-background ratio
of only ⇠ 0.2%. However, the expected narrow signal peak allows a signal extraction at very
high luminosities, resulting in an expected signal significance larger than 6� with 3000 fb�1 for
the inclusive channel. The analysis follows Ref. [9] with changes to maximise the sensitivity
for an inclusive µµ signal. Figure 2 shows the expected signal compared to the large continuous
background and Figure 3(a) shows the expected measurement precision.
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s =14 TeV. The inset shows the expectation for the H ! µµ signal

after the subtraction of the fitted background.

4

6σ significance

ATLAS-PHYS-PUB-2012-004H → µµ ttH(γγ)
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Beyond 300 fb-1: More
✦ Need to go significantly beyond 300 fb-1 to study Higgs couplings to 

the muons and top quarks
๏ Muon is the second-generation fermion: are the Higgs couplings flavor-

universal?
✤ Muons offer a possibly unique measurement (charm tagging is hard!)

๏ Are couplings to the up- and down-type quarks have the same structure?

88

6σ significance CMS PAS HIG-13-015
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First 8 TeV studies are already under way! H → µµ ttH(γγ)
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VV Scattering & Higgs Self-Coupling

✦ Higgs self-coupling measurement is an ultimate challenge for the LHC, and 
3/ab are crucial given small cross section for HH production
๏ σ is only 33 fb @ 14 TeV

✦ Another important case for LH-LHC is unitarization of VV scattering and 
searches for additional particles that may change the unitarization behavior
๏ This is done via obtaining limits on anomalous quartic couplings a4 and a5

89

→ eµ
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VV Scattering & Higgs Self-Coupling

✦ Higgs self-coupling measurement is an ultimate challenge for the LHC, and 
3/ab are crucial given small cross section for HH production
๏ σ is only 33 fb @ 14 TeV

✦ Another important case for LH-LHC is unitarization of VV scattering and 
searches for additional particles that may change the unitarization behavior
๏ This is done via obtaining limits on anomalous quartic couplings a4 and a5
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VV Scattering & Higgs Self-Coupling

✦ Higgs self-coupling measurement is an ultimate challenge for the LHC, and 
3/ab are crucial given small cross section for HH production
๏ σ is only 33 fb @ 14 TeV

✦ Another important case for LH-LHC is unitarization of VV scattering and 
searches for additional particles that may change the unitarization behavior
๏ This is done via obtaining limits on anomalous quartic couplings a4 and a5

89

→ eµ
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beyond 300 fb-1:
๏ Establishing H(µµ) decay at >5σ significance and measurement 

of the Hµµ coupling to ~15% level
๏ Measurement of the Higgs self-coupling
๏ Observing how the VV scattering amplitudes unitarize in the 

presence of the Higgs boson
✦ Higgs is not the only case for the HL-LHC

๏ Finding massive new physics or ruling out broad class of 
“natural” new physics model and demonstrating that SM is fine 
tuned

๏ Answering the major question if we have entered the “desert” and 
there are no new weakly or strongly interacting states below a few 
TeV

๏ Probing higher energy scales via precision measurements

Strong Case for the HL-LHC
90
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SUSY beyond LHC-14
91
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CMS Note 2012-006

✦ If we find new physics (e.g., SUSY) at the 
LHC-14, we will need to measure masses 
and decay rates precisely to shed light on:
๏ Gaugino mass unification
๏ Squark/slepton unification
๏ SUSY flavor and CP violation
๏ Baryogenesis 
๏ Neutrinos and leptogenesis
๏ String compactification
๏ …

✦ If SUSY is not found at the LHC-14, how far should we push?
๏ Important to test naturalness to the 

limit
๏ Need to go up to ~1 TeV for stops 

and sbottoms
๏ Also target chargino-neutralino pair 

production up to high masses
✤ The latter is not possible at any 

of the foreseen e+e- colliders
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✦ If we find new physics (e.g., SUSY) at the 
LHC-14, we will need to measure masses 
and decay rates precisely to shed light on:
๏ Gaugino mass unification
๏ Squark/slepton unification
๏ SUSY flavor and CP violation
๏ Baryogenesis 
๏ Neutrinos and leptogenesis
๏ String compactification
๏ …

✦ If SUSY is not found at the LHC-14, how far should we push?
๏ Important to test naturalness to the 

limit
๏ Need to go up to ~1 TeV for stops 

and sbottoms
๏ Also target chargino-neutralino pair 

production up to high masses
✤ The latter is not possible at any 

of the foreseen e+e- colliders
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Conclusions
✦ The LHC is the most successful and amazing particle 

accelerator built so far
✦ The first three years of spectacular performance of the 

machine and the detectors brought in the first major discovery 
and a whole new program of precision measurements and 
searches

✦ The LHC is taking a short break till 2015 to come back at the 
~13 TeV energy to explore the Terascale with a full potential

✦ Running beyond 2022 with much x10 higher integrated 
luminosity (HL-LHC) will be needed for detailed studies of the 
Higgs sector and any new physics to be found beforehand

✦ The LHC is a very young machine, and it has a 20+ year long 
exciting program ahead, which is what we need to fully 
explore the properties and the consequences of the new 
particle the LHC has delivered so far!
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Thank You!
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