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Outline
‣ Outline:
‣ LHC status
‣ The experimental challenge
‣ Higgs physics
‣ Standard Model (briefly)
‣ SUSY & Dark Matter
‣ Flavour (super-briefly)
‣ LHC upgrades
‣ The future

‣ Executive summary:
‣ The Higgs is still there, but no signs of new physics yet…
‣ … though a few developing hints, and some new places to look
‣ … but only 3% of the final dataset collected!
‣ Life is hard for experimentalists, and getting harder
‣ Lots of new ideas in play – keep thinking!
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Current LHC Status: OFF
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LHC Performance

‣ We are in 13TeV ‘production  
physics’: luminosity is all!
‣ Though not everything has been smooth…
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100/fb per GPD achieved!

� Thanks LHC and accelerator teams for 50 fb-1 and the special low pileup (𝜇) 5 &13 TeV runs!

� Challenging conditions: Luminosity up to 2 × 1034 cm-2s-1,  𝜇 up to 80

� ATLAS requested levelling on 29th of Sept

� We can handle 𝜇 ~ 60  for trigger optimized for 1.7 × 1034cm−2s−1 and 80 kHz Level-1 rate

� Limitations are due to High-Level Trigger CPUs – new machines on the way to give additional capability* 

𝐀𝐓𝐋𝐀𝐒 𝐏𝐞𝐫𝐟𝐨𝐫𝐦𝐚𝐧𝐜𝐞 4

The HLT available CPUs (including those borrowed from IT due to a failed procurement 

levelling

*Thanks to IT for loan of machines!
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Operational Challenges in 2017

5

‣ Snow at 16L2: ‘flakes’ of  
frozen magnetic N2, O2
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Physics Challenges at the LHC
‣ Some generalisations about LHC physics
‣ The ‘energy frontier’: CMS and ATLAS
‣ Physics is ‘dirty’, deal with inclusive channels
‣ Often, events are not even fully reconstructed (MET…)

‣ Most things are invisible beneath huge QCD background
‣ Both correlated (light quark jets swamp everything) and uncorrelated (pile-up)

‣ Statistics is everything, since detector systematics are ‘irreducible’
‣ All systematics estimates and controls need to be data-driven
‣ As event sample grows, find rarer-but-cleaner ways to access physics

‣ The ‘precision frontier’: LHCb
‣ Physics is ‘clean’, usually deal with exclusive channels
‣ Flavour ID is possible, everything is (mostly) reconstructed
‣ QCD is your friend (b cross-section) and your enemy (QCD pollution)
‣ Statistics are sacrificed for experimental precision

6



IPPP Annual Meeting, 20th Dec 2017 Dave.Newbold@cern.ch

Pile-Up
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nPV=78
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Q: How Long Does an LHC Analysis Take?
‣ “Far too long; years and years” — A. Theorist
‣ A: About 1μs
‣ All events for offline analysis  

must pass the trigger

‣ How the trigger works:
‣ Can’t use tracking data
‣ Reduce calo / muon data in spatial and E or p resolution
‣ Stir for no more than ~μs in real time (data is waiting on detector)
‣ Allow ~100kHz - 1MHz of crossings to pass, data is read out
‣ Then throw away most of the rest in HLT: rate to storage: O(100Hz)

‣ What you can’t have
‣ Anything needing tracks: displaced vertex, flavour tag, etc
‣ Vertex association; electron/photon ID; invariant mass; complex event shape vars

‣ Triggering is the #1 problem at LHC, and getting harder
‣ Though there are new ideas; more on this later
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The Challenge of Presentation
‣ Experimentalists’ problems
‣ Models are often complex with large-dimensional  

parameter space (classic example: SUSY)
‣ Experiments integrate over phase space, badly
‣ Phenomenology can wildly from point to point
‣ What do we actually measure? Depends who you ask!

‣ Presentation of results
‣ Back in 2012 it was easy (“five sigma”, mass limits, etc)
‣ More difficult now to report progress without  

being misinterpreted / misunderstood
‣ What does a ‘two sigma observation’ mean anyway?
‣ When to publish and when not to?

‣ Theorists’ problems
‣ What the hell do all these plots actually mean?
‣ Insufficient information to allow proper interpretation
‣ Hard to see the big picture in a sea of information / opinion
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No Shortage of Results
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The Anatomy of a Plot

‣ ‘Brazil’ plots giving way to more complex beasts…
‣ Note that the points on these plots are all correlated
‣ When people talk about ‘global’ significance, they are talking about within that analysis
‣ Many analyses ‘interpret’ the same events – and background estimates are correlated!
‣ Combination between experiments is a subtle art
‣ “If your result needs a statistician, you should design a better experiment” — Rutherford
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Higgs Physics

‣ It’s still there… so what is it?
‣ Detailed measurements of couplings (and more) will tell us

‣ Thanks to Paris Sphicas for beautiful summary slides…
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3rd Generation Fermions

13
P. Sphicas 
Overview of experimental results in HEP 

EWSB/H sector (II): coupling to fermions 
H→ττ: established 

Dec 11, 2017 
SUSY17, Mumbai 5 
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Figure 18: Distribution of the decimal logarithm of the ratio between the expected signal and
the sum of expected signal and expected background in each bin of the mass distributions
used to extract the results, in all signal regions. The background contributions are separated
by decay channel. The inset shows the corresponding difference between the observed data
and expected background distributions divided by the background expectation, as well as the
signal expectation divided by the background expectation.

consistency of the observation with the SM Higgs boson hypothesis.

A likelihood scan is performed for mH = 125.09 GeV in the (kV,kf) parameter space, where
kV and kf quantify, respectively, the ratio between the measured and the SM value for the
couplings of the Higgs boson to vector bosons and fermions, with the methods described in
Ref. [26]. For this scan only, Higgs boson decays to pairs of W bosons are considered as part of
the signal. All nuisance parameters are profiled for each point of the scan. As shown in Fig. 22,
the observed likelihood contour is consistent with the SM expectation of kV and kf equal to
unity.

The results are combined with the results of the search for H ! tt performed with the data
collected with the CMS detector at center-of-mass energies of 7 and 8 TeV [14], using a common
signal strength for all data taking periods. All uncertainties are considered as fully uncorre-
lated between the different center-of-mass energies. The combination leads to an observed and
an expected significance of 5.9 standard deviations. The corresponding best fit value for the
signal strength µ is 0.98 ± 0.18 at mH = 125.09 GeV. This constitutes the most significant direct
measurement of the coupling of the Higgs boson to fermions by a single experiment.

10 Summary
A measurement of the coupling of the Higgs boson to t leptons, based on data collected in pp
collisions with the CMS detector in 2016 at a center-of-mass energy of 13 TeV, has been pre-
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Figure 19: Combined observed and predicted mtt distributions. The leftpane includes the VBF
category of the µth, eth and eµ channels, and the rightpane includes all other channels that
make use of mtt instead of mvis for the signal strength fit. The binning reflects the one used in
the 2D distributions, and does not allow merging of the two figures. The normalization of the
predicted background distributions corresponds to the result of the global fit, while the signal
is normalized to its best fit signal strength. The mass distributions for a constant range of the
second dimension of the signal distributions are weighted according to S/(S + B), where S
and B are computed, respectively, as the signal or background contribution in the mass distri-
bution excluding the first and last bins. The “Others” background contribution includes events
from diboson, tt, and single top quark production, as well as Higgs boson decay to a pair of
W bosons and Z bosons decaying to a pair of light leptons. The background uncertainty band
accounts for all sources of background uncertainty, systematic as well as statistical, after the
global fit. The inset shows the corresponding difference between the observed data and ex-
pected background distributions, together with the signal expectation. The signal yield is not
affected by the reweighting.
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Figure 20: Local p-value and significance as a function of the SM Higgs boson mass hypothesis.
The observation (red, solid) is compared to the expectation (blue, dashed) for a Higgs boson
with a mass mH = 125.09 GeV. The background includes Higgs boson decays to pairs of W
bosons, with mH = 125.09 GeV.
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The constraints from the global fit are used to extract each of the individual best fit signal
strengths. The combined best fit signal strength is µ = 1.09+0.27

�0.26.
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Figure 5: Combination of all channels into a single event BDT distribution. Events are sorted in
bins of similar expected signal-to-background ratio, as given by the value of the output of their
corresponding BDT discriminant (trained with a Higgs boson mass hypothesis of 125 GeV).
The bottom plots show the ratio of the data to the background-only prediction.

channels. The observed signal strengths of the three channels are consistent with the com-
bined best fit signal strength with a probability of 5%. In the upper portion of Fig. 6 the signal
strengths for the separate WH and ZH production processes are shown. The two production
modes are consistent with the SM expectations within uncertainties. The fit for the WH and ZH
production modes is not fully correlated to the analysis channels because the analysis channels
contain mixed processes. The WH process contributes approximately 15% of the Higgs boson
signal event yields in the 0-lepton channel, resulting from events in which the lepton is outside
the detector acceptance, and the ZH process contributes less than 3% to the 1-lepton channel
when one of the leptons is outside the detector acceptance.

Figure 7 shows a dijet invariant mass distribution, combined for all channels, for data and for
the VH and VZ processes, with all other background processes subtracted. The distribution
is constructed from all events that populate the signal region event BDT distributions shown
in Fig. 4. The values of the scale factors and nuisance parameters from the fit used to extract
the VH signal are propagated to this distribution. To better visualize the contribution of events
from signal, all events are weighted by S/(S+B), where S and B are the numbers of expected
signal and total post-fit background events in the bin of the output of the BDT distribution
in which each event is contained. The data are consistent with the production of a standard
model Higgs boson decaying to bb. In the Figure, aside from the weights, which favor the VH
process, the event yield from VZ processes is reduced significantly due to the pT(V) and M(jj)
selection requirements for the VH signal region, and from the training of the BDT that further
discriminates against diboson processes.

7.1 Extraction of VZ with Z ! bb

The VZ process with Z ! bb, having a nearly identical final state as VH with H ! bb, serves
as a validation of the methodology used in the search for the latter process. To extract this
diboson signal, event BDT discriminants are trained using as signal the simulated samples
for this process. All other processes, including VH production (at the predicted SM rate), are

7.1 Extraction of VZ with Z ! bb 21
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Figure 6: The best fit value of the signal strength µ, at mH = 125.09 GeV, is shown in black
with a green uncertainty band. Also shown are the results of a separate fit where each channel
is assigned an independent signal strength parameter. Above the dashed line are the WH and
ZH signal strengths derived from a fit where each production mode is assigned an independent
signal strength parameter.
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Figure 6: Event yields as a function of log(S/B) for data, background and a Higgs boson signal with mH = 125 GeV.
Final-discriminant bins in all regions are combined into bins of log(S/B), with the fitted signal being S and the fitted
background B. The Higgs boson signal contribution is shown after rescaling the SM cross-section according to the
value of the signal strength parameter extracted from data (µ = 1.20). The pull (residual divided by its uncertainty)
of the data with respect to the background-only prediction is also shown with statistical uncertainties only. The full
line indicates the pull of the prediction for signal (µ = 1.20) and background with respect to the background-only
prediction.

9.2 Results of the dijet-mass analysis

The distributions of mbb in the dijet-mass analysis are shown in Figure 7 for the 2-jet category and the most
sensitive analysis regions with pV

T > 200 GeV for the 0-, 1- and 2-lepton channels separately. The mbb
distribution for all channels and regions summed, weighted by their respective value of the ratio of fitted
Higgs boson signal and background yields, and after subtraction of all backgrounds except for the (W/Z)Z
diboson processes, is shown in Figure 8. The data and the sum of expected signal and backgrounds are
found to be in good agreement.

For all channels combined the fitted value of the signal strength parameter is

µ = 1.30+0.28
�0.27(stat.)+0.37

�0.29(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance of
3.5 standard deviations, in comparison to an expectation of 2.8 standard deviations. Good agreement is
also found in the values of signal strength parameters in the individual channels for the dijet-mass analysis

37

3.5σ 
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P. Sphicas 
Overview of experimental results in HEP 

EWSB/H sector (III): coupling to top 
■  Coupling to the top quark (special: yt≈1) 

Dec 11, 2017 
SUSY17, Mumbai 6 

@EPS: CMS: 3.3 σ (2.5 exp) 

Main channels: 
H→bb & H→WW;           

H-t coupling:  
ttH production 

elusive  
(~1% of ggH) ATLAS: ttH Combination

• combining bb, multilepton, γγ, and ZZ->4 
lep. channels
• included only ttH enhanced categories 

in γγ and ZZ channels
• non-ttH production mechanisms fixed to the 

SM predictions
• correlating almost all signal, background 

and detector uncertainties

27

ATLAS-CONF-2017-077

Combination 
of four 

channels 
(ATLAS) 

Obs: 4.2 σ; 
Exp: 3.8 σ 

ttH Multilepton Results

26

CMS-PAS_HIG-17-004

dilepton BDT, ttH vs ttV dilepton BDT, ttH vs tt trilepton BDT, ttH vs ttV trilepton BDT, ttH vs tt

µttH = �ttH/�SM
ttH = 1.5± 0.29 (stat) ±0.24 (theo) ±0.32 (syst)

CMS observed result:

significance: 3.3�

ATLAS observed result:

ATLAS-CONF-2017-077

significance: 4.1�

µttH = 1.6+0.3
�0.3 (stat) +0.4

�0.3 (syst)

ATLAS:
BDT 

discriminant 
used in 5 SRs

µttH = �ttH/�SM
ttH =

Most recently: 
update (ATLAS)  
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P. Sphicas 
Overview of experimental results in HEP 

EWSB/H sector (IV): coupling to 2nd gen  

Dec 11, 2017 
SUSY17, Mumbai 7 
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events normalized to their respective SM cross sections. Simulated signal events used in the
training steps are not used later in the analysis. Because the VBF signal is distinguishable from
most of the background processes, the highest BDT score corresponds to events most compat-
ible with VBF production. Figure 1 shows how the BDT performs in data and in simulated
events. The output of the classifier was transformed such as the sum of all signal events in all
production processes has a uniform distribution.

transformed BDT
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Figure 1: The transformed BDT output distribution in data and MC. The stacked solid his-
tograms represent the background processes, while the stacked empty histograms represent
the signal distributions. The solid circular markers are the data and the statistical error associ-
ated to them.

The event categories are defined based on the BDT score and the expected dimuon mass reso-
lution gauged by the largest pseudorapidity (|h|) of the two muons. The best mass resolution
is obtained when both muons are located in the central part of the detector (|h| < 0.9), where
the muon momentum resolution is roughly constant, and degrades when one of the muons is
more forward, especially in the far forward region, |h|>1.9. The final 15 categories are shown
in Table 1. The MC simulation is used to optimize the event categories and estimate the selec-
tion efficiency for signal events. When performing the final signal extraction from the dimuon
mass spectrum, the shape and normalization of the SM background contributions are obtained
from data. Small discrepancies between the detector simulation and data are accounted for by
applying corresponding correction factors [38] on muon identification, isolation, b-tagging and
trigger efficiency to each simulated sample. The product of signal acceptance and efficiency
for the H ! µ+µ� signal varies depending on the SM production process. For a Higgs boson
mass of 125 GeV, the product of acceptance and selection efficiency for each category is shown
in Table 1.

The invariant mass of the signal is modeled using empirical parametric shapes. For each cate-
gory and for each production process the simulated dimuon invariant mass distribution is fit
at 120, 125, and 130 GeV mass points and the fit parameters are interpolated for masses within
that range.

The shape model is composed of a sum of up to three Gaussian functions, which allows a
good description of the distributions including the tails [39]. The results of this procedure are
shown in Fig. 2 for all categories together (left) and for one of the categories with the best mass

7
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Figure 5: The 95% CL upper limit on the signal strength modifier, µ, for the combination of the
7, 8, and 13 TeV datasets (left) together with the expected limit obtained background hypothesis
and in the signal-plus-background hypothesis (red-line) for a SM Higgs boson with mH =
125 GeV. The combined local p-value and significance as a function of the SM Higgs boson
mass hypothesis (right). The observation (black) is compared to the expectation (red) for the
Higgs boson, and (blue) for the Higgs boson mass of 125 GeV.

The combination of these results with data recorded earlier at center-of-mass energies of 7 and
8 TeV is shown in Fig. 5 (left), and yields a 95% CL observed (expected) upper limit on the
production rate of 2.64 (1.89) times the SM value. Theoretical uncertainties are considered cor-
related across the datasets, while the main experimental uncertainties are considered uncorre-
lated. The best fit signal strength is obtained for a Higgs mass of 125 GeV, µ̂comb

125 = 0.9+1.0
�0.9, and

the observed (expected) combined significance at mH = 125 GeV is 0.98 (1.09) s as presented
in Fig. 5 (right). This corresponds to an upper limit on the H ! µ+µ� branching fraction of
5.7 ⇥ 10�4, assuming the SM production cross sections.

CMS-HIG-17-019 

µ<2.64 (1.89 exp) 
Sig: 0.98σ (1.09σ) 
µ=0.9+1.0–0.9 

µ < 2.8 (2.9 exp) 

H→µµ within LHC reach; 
now only a question of when 

H–c coupling: H→J/ψγ 

VH,!H!!!cc!

Barr!Scalars!2017! 29!

ATLAS3CONF320173078!

σ(VH)!x!B!(H!3>!cc)!<!2.7(pb(observed!(3.9!pb!expected)!
! ![SM:25.5(g!–!about!two!orders!of!magnitude!larger]!

SM!x1000! σ(VH)B(H→cc) 
<2.7pb (3.9pb exp) 
SM: 25.5 fb (~102 
times smaller) 

ATLAS-CONF-2017-078 
K. Nikolopoulos / NKUA, 23 Oct 2017 / Study of the Higgs boson interactions with fermions 19

Exclusive Decays h→Qγ

FIG. 1: The Feynman diagrams for the direct amplitude for H → V + γ at order α0
s. The shaded

blob represents the quarkonium wave function. The momenta that are adjacent to the heavy-quark

lines are defined in the text.

FIG. 2: The Feynman diagram for the indirect amplitude for H → V + γ. The hatched circle

represents top-quark or W -boson loops, and the shaded blob represents the quarkonium wave

function.

• In the direct process, the Higgs boson decays into a heavy quark-antiquark (QQ̄) pair,

one of which radiates a photon before forming a quarkonium with the other element

of the pair.

• In the indirect process, the Higgs boson decays through a top-quark loop or a vector-

boson loop to a γ and a γ∗ (virtual photon). The γ∗ then decays into a vector quarko-

nium.

The Feynman diagrams for the direct and indirect processes are shown in Figs. 1 and 2,

respectively. It is the quantum interference between these two processes that provides phase

3

“Direct” contribution “Indirect” contribution

We take mH = 125.9 ± 0.4 GeV, and we obtain Γ(H → γγ) = 9.565 × 10−6 GeV from

the values of the Higgs-boson total width and branching fraction to γγ in Refs. [11, 12].

We estimate the uncertainties in the indirect amplitude along the lines that were suggested

in footnote 2 of Ref. [8]. In Γ(H → γγ), we take the uncertainty from uncalculated higher-

order corrections to be 1%, and the uncertainties that arise from the uncertainties in the

top-quark mass mt and the W -boson mass mW to be 0.022% and 0.024%, respectively. We

take the uncertainties in the leptonic decay widths to be 2.5% for the J/ψ and 1.3% for

the Υ. We estimate the uncertainties in the indirect amplitude from uncalculated mass

corrections to be m2
V /m

2
H . We have not included the effects of the uncertainty in mH , as it

is expected that that uncertainty will be significantly reduced in Run II of the LHC.

The uncertainties in the direct amplitude arise primarily from the uncertainties in φ0,

⟨v2⟩, and uncalculated corrections of order α2
s, order αsv2, and order v4. We estimate the

order-α2
s correction to be 2%, the order-αsv2 correction to be 5% for the J/ψ and 1.5% for

the Υ, and the order-v4 correction to be 9% for the J/ψ and 1% for the Υ. The uncertainties

in the direct amplitude that arise from the uncertainties in mc and mb are 0.6% in the case

of the J/ψ and 0.1% in the case of the Υ, and so they are negligible in comparison with the

other uncertainties in the direct amplitude.

Our results for the widths are7

Γ(H → J/ψ + γ) =
∣

∣(11.9± 0.2)− (1.04± 0.14)κc
∣

∣

2 × 10−10 GeV, (53a)

Γ[H → Υ(1S) + γ] =
∣

∣(3.33± 0.03)− (3.49± 0.15)κb
∣

∣

2 × 10−10 GeV, (53b)

Γ[H → Υ(2S) + γ] =
∣

∣(2.18± 0.03)− (2.48± 0.11)κb
∣

∣

2 × 10−10 GeV, (53c)

Γ[H → Υ(3S) + γ] =
∣

∣(1.83± 0.02)− (2.15± 0.10)κb
∣

∣

2 × 10−10 GeV. (53d)

The SM values for the widths (κQ = 1) are

ΓSM(H → J/ψ + γ) = 1.17+0.05
−0.05 × 10−8 GeV, (54a)

ΓSM[H → Υ(1S) + γ] = 2.56+7.30
−2.56 × 10−12 GeV, (54b)

ΓSM[H → Υ(2S) + γ] = 8.46+7.79
−5.35 × 10−12 GeV, (54c)

ΓSM[H → Υ(3S) + γ] = 10.25+7.33
−5.45 × 10−12 GeV. (54d)

7 We do not include results for the ψ(2S) because a value for ⟨v2⟩[ψ(2S)] does not exist in the literature

and because it is likely that v2 for the ψ(2S) is so large that the theoretical uncertainties in the width

would be very large.
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 h→Qγ decays: clean probe for Higgs-quark couplings for 1st/2nd generation quarks  
 Q is a vector meson or quarkonium state 

 Two contributions: direct and indirect amplitude 
 Direct amplitude: provides sensitivity to Higgs boson-quark couplings 
 Indirect amplitude: insensitive to Higgs boson-quark couplings; larger than direct amplitude  
 Destructive interference

Phys.Rev. D90 (2014) 11, 113010
Similar decays of W± and Z bosons: also rich physics programme 

Novel precision studies of Quantum ChromoDynamics 
W±/Z boson interactions with light quarks not well covered at earlier facilities 
Discovery potential for new physics processes

H–c coupling: H→cc (jets) 

4

invariant mass while the uncertainty associated with the
photon energy resolution is found to be negligible rela-
tive to the overall three-body invariant mass resolution.
Similarly, the systematic uncertainty associated with the
muon momentum measurement is determined using data
samples of J/ ! µ+µ� and Z ! µ+µ� decays and
validated using ⌥(nS) ! µ+µ� decays [43]. For the
pT range relevant to this analysis, the systematic uncer-
tainties associated with the muon momentum scale are
negligible.

The uncertainty in the shape of the inclusive QCD
background is estimated through the study of variations
in the background modeling procedure. The shape of
the pdf is allowed to vary around the nominal shape
within an envelope associated with shifts in the pµµT and
p�T distributions. Furthermore, a separate background

model, generated without removing the contamination
from Z ! µ+µ�� decays, provides an upper bound on
potential mismodeling associated with this process.
Results are extracted by means of a simultaneous

unbinned maximum likelihood fit, performed to the
selected events with 30 GeV < mµµ� < 230 GeV
separately in each of the analysis categories. In the
J/ � final state, the fit is performed on the mµµ� and
pµµ�
T distributions, while for the ⌥(nS) � candidates

a similar fit is performed using the mµµ� , pµµ�
T , and

mµµ distributions. The latter distribution provides
discrimination between the three ⌥(nS) states and
constrains the Z ! µ+µ�� background normalization.
No significant Z ! Q � or H ! Q � signals are observed,
as shown in Figs. 1 and 2.
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FIG. 1. (color online) The mµµ� and pµµ�
T distributions of the selected J/ � candidates, along with the results of the unbinned

maximum likelihood fit to the signal and background model (S+B fit). The error bars on the data points correspond to the
statistical uncertainties. The Higgs and Z boson contributions as expected for branching fraction values of 10�3 and 10�6,
respectively, are also shown.
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FIG. 2. (color online) The mµµ� , p
µµ�
T and mµµ distributions of the selected ⌥(nS) � candidates, along with the results of the

unbinned maximum likelihood fit to the signal and background model (S+B fit). The error bars on the data points correspond
to the statistical uncertainties. The Higgs and Z boson contributions as expected for branching fraction values of 10�3 and
10�6, respectively, for each of the ⌥(nS) are also shown.

arXiv:1501.03276 

0.3ab–1: 2.3σ/expt 
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Exploiting Increasing Stats

‣ Exclusive VBF production now in play
‣ Future potential for H width measurement

‣ ‘Gaps’ in low mass Higgs search fill up
‣ Mainly due to trigger algorithm improvements

16
P. Sphicas 
Overview of experimental results in HEP 

EWSB/H sector (V): increasing statistics 
■  With increased stats: Observation channels → 

measurement channels 

Dec 11, 2017 
SUSY17, Mumbai 8 

CMS: H->ZZ->4l Channel

41

CMS-HIG-16-041

Number of expected and observed events

ATLAS: H->ZZ->4l Channel

• in addition to kinematic 
requirements multivariate 
classifier is used in the pTj-low 
category trained to separate VBF 
signal from ggF background

• pTj-high category has no 
sufficient statistics for the training

15

ATLAS-CONF-2017-043

VBF category
pTj-low

CMS-HIG-16-041 

CMS: H->ZZ->4l Channel

• VBF selection: 
• exactly 4 leptons
• 1 jet tagged: exactly one additional jet; a cut on 

the VBF Matrix Element discriminant
• 2 jet tagged: 2 or 3 jets, at most one b-tagged or 

4 or more jets, not b-tagged; a cut on the VBF 
Matrix Element discriminant

12

CMS-HIG-16-041

VBF category
2 jetsVBF category

1 jet

σ/σSM=1.2±0.2 

ATLAS: H->γγ Channel

• VBF selection:
• two leading high pT jets with a large separation in 

the pseudorapidity > 2
•     
• high and low pT(Hjj) categories (pT < or > 25 GeV)
• multivariate classifier trained to separate VBF signal 

from ggF Higgs and other backgrounds using 
kinematic variables divided in 2 bins

16

all VBF
categories

arXiv:1708.03299

ATLAS 1708.03299 

VBF clearly seen 

Paolo Meridiani 21

DIFFERENTIAL CROSS SECTIONS 

Δσ/σ [30-40]%

CMS HIG-17-015 ATLAS-CONF-2017-032

Δσ/σ [20-50]%

Unfolding: ~ no smearing for pT, 10% in Njet 

dσ/dpT, dσ/dNjets sensitive to perturbative QCD calculations
Paolo Meridiani 20

CROSS SECTIONS BY PRODUCTION MODES

ATLAS: Excess in VBF (both H➝4l & ɣɣ)  
SM compatibility p-value 5% 

ATLAS-CONF-2017-047

BRɣɣ/BRZZ fixed @ SM value

H➝ɣɣ, H➝ZZ split events into several categories:  
associated production modes (additional jets, leptons) 
different kinematics region (vs pT(H), pT(jet))  

H➝4l + H➝ɣɣ  
CMS HIG-16-040 

H➝ɣɣ  

Precision improvements ~2 wrt Run1 
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Standard Model

17
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Standard Model ‘Precision’ Measurements

18

P. Sphicas 
Overview of experimental results in HEP 

SM, Highest E; EWK precision tests 

Dec 11, 2017 
SUSY17, Mumbai 11 

W Mass: First LHC Measurement

m
W

= 80370± 7(stat)± 11(exp sys)± 14(modelling sys) MeV

= 80370± 19 MeV

• Use low pile-up
p
s = 7 TeV data

I Huge e↵ort to control systematic uncertainties
• Uncertainty comparable to previous best measurement from CDF
• Expect future improvements

I Larger statistics 8 TeV and 13 TeV samples

I Reduction of modelling uncertainies (theory and W kinematics (eg pW

T

)

• But higher pileup will be a challenge!

arXiv:1701.07240 17 / 26
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mW 

Direct Measurements of the Top Mass

• ATLAS and CMS in good agreement:
I mATLAS

t

= 172.84 ± 0.70 GeV

I mCMS
t

= 172.44 ± 0.48 GeV

• Some tension with Tevatron average:

mTev
t

= 174.30 ± 0.65 GeV
I mCDF

t

= 173.16 ± 0.95

I mD0
t

= 174.95 ± 0.75

Recent Results:

CMS: µ+Jets,
p
s = 13 TeV

ATLAS: All hadronic
p
s = 8 TeV

18/ 26

Building for the Future: sin2 ✓e↵W

• pp: A
FB

as fn of m
``

New from D0 (µµ): 0.23016 ± 0.00064

New Tevatron Average: 0.23148 ± 0.00033
(FNAL-CONF-17-201-E)

• pp: Z boost preferentially selects direction of valence
quark

New from CMS (8 TeV ee + µµ): 0.23101 ± 0.00052

• Best measurements remain LEP+SLD: ±0.00016

• Uncertainties for LHC measurements will decrease as
R
L

increases
20 / 26
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No match, but 
surprisingly good 
(and no discrep…) 

So what next? 
Theory errors: 
 
 
 
     Δmt

exp<Δmt
the 

→  Experiment: more 
work on mW 
needed! 

mt 

Caveat:  
mpole vs “mMC” & 
O(ΛQCD) effects 

MW = 80.358±0.008 GeV
Mt = 177.0+2.3–2.4 GeV

sin2θW 
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SUSY

‣ SUSY was meant to be easy… what happened?
19
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A Lesson from History

‣ Bet: SUSY discovery by 2016
‣ (an amazingly poor choice of date)

20
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Where are We?

‣ ‘Classic’ CMS gluino mass limits for each run
21
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CMS Preliminary  = 7 TeVs-1 = 35 pbintL

Tα

2016:				36	fb-1 @13	TeV
2015:						2	fb-1 @13	TeV
2012:				20	fb-1 @8	TeV
2011:						5	fb-1 @7	TeV
2010:	0.04	fb-1 @7	TeV
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No Stone Unturned

22
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Corners and Cracks
‣ Possible ways forward:
‣ Wait and see; perhaps with ‘more advanced’ reconstruction techniques
‣ New signatures: long-lived particles; boosted final states
‣ Hard-to-see places: compressed spectra; R-parity violating SUSY
‣ Electroweak-produced SUSY

‣ Theory input surely needed here, more than anywhere

23

Boosted	Higgs	Search

u Select	events	with	1	or	2	Higgs	
tags	and	large	missing	energy
u 2	AK8	jets	with	pT >	300	GeV
u MET	>	300	GeV

u Backgrounds	predicted	from	
mass	and	bb-tag	sidebands	in	
data

u Interpret	in	gluino decay	model	
with	mass	splittings that	give	
high	pT Higgs	bosons

13SUSY	2017	- K.	Ulmer

See	Parallel	Talks:	Simon	Kurz

Boosted	Object	Tagging
u High	pT Hàbb decay	with	small	

opening	angle
u Use	large	angle	jets	to	capture	full	

Higgs	decay
u Identify	Higgs	tags	by	presence	of	

two	displaced	subjets
u Jet	mass	shows	clear	peaking	

structure	

12SUSY	2017	- K.	Ulmer

CMS-SUS-17-006
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Long-Lived Particles

‣ Generic phenomenology for small couplings, small ∆m
‣ Constraints on LLP parameter space from cosmology
24

Luca Pernié Searches for long-lived particles and other non-conventional signatures 11.Dec.2017

Long Lived Particle at Colliders

5

❖ LHC allows to probe Hidden Sectors with mmediator or mhidden at/above the EWK scale

❖ High-Luminosity (HL) LHC upgrade will increase number of collisions by factor 10

❖ LLP production: low rates, but 
so spectacular that SM are 
orders of magnitude lower


❖ From Big Bang Nucleosynthesis 
constrain we know LLP 
parameter space is finite*! 

❖ Not pictured: Stopped Heavy  
Stable Charged Particle 

*Karsten Jedamzik. Big bang nucleosynthesis constraints on hadronically and electromagnetically decaying relic neutral particles. Phys. Rev., D74:103509, 2006. 
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Long-Lived Particles

25

Luca Pernié Searches for long-lived particles and other non-conventional signatures 11.Dec.2017 6

What about CMS?

 [m]τc
-410 -210 1 210 410 610 810 1010 1210

) = 200 GeV
1
±
χ∼ > 0, m(µ) = 5, β, tan(

1
±
χ∼AMSB 

  (tracker + TOF)-18 TeV, 18.8 fb

) = 800 GeV
1
±
χ∼ > 0, m(µ) = 5, β, tan(

1
±
χ∼AMSB 

  (tracker + TOF)-18 TeV, 18.8 fb

) = 1000 GeVg~cloud model R-hadron, m(

  (stopped particle)-18 TeV, 18.6 fb

) = 200 GeV
1
±
χ∼, m(±π + 

1
0
χ∼ → 

1
±
χ∼, 

1
±
χ∼AMSB 

  (disappearing tracks)-18 TeV, 19.5 fb

) = 500 GeV0
1
χ∼) = 1000 GeV, m(q~RPV SUSY, m(

  (displaced dijets)-18 TeV, 18.5 fb

) = 150 GeV0
1
χ∼) = 1000 GeV, m(q~RPV SUSY, m(

  (displaced dijets)-18 TeV, 18.5 fb

) = 250 GeV
1

0
χ∼, m(γ G~ → 

1
0
χ∼GMSB SPS8, 

  (disp. photon timing)-18 TeV, 19.1 fb

) = 250 GeV
1

0
χ∼, m(γ G~ → 

1
0
χ∼GMSB SPS8, 

  (disp. photon conv.)-18 TeV, 19.7 fb

, m(H) = 125 GeV, m(X) = 20 GeVµµ → XX (10%), X →H 

  (displaced leptons)-18 TeV, 20.5 fb

 ee, m(H) = 125 GeV, m(X) = 20 GeV→ XX (10%), X →H 

  (displaced leptons)-18 TeV, 19.6 fb

) = 420 GeVt~ bl, m(→ t~RPV SUSY, 

  (displaced leptons)-18 TeV, 19.7 fb

CMS long-lived particle searches, lifetime exclusions at 95% CL

Decays to dark sector particles at CMS: long-lived signatures Ted Kolberg (Florida State University) Dark Interactions 2016, BNL

Tra
ck

er
ca

lo
muon

stopped or stableDisplaced decays

About 16 order of magnitude 
in lifetime covered

‣ For an up-to-date summary of all results -> SUSY17
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A Different Perspective: Generic DM

‣ Parameterise DM (i.e. WIMP) production via simplified models
‣ Allows comparison with direct detection /cosmology
‣ Thanks to Henning Flaecher for beautiful summary slides

26
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Dark Matter Searches"

DM!

DM!

SM!

SM!
Collider!

D
ire

ct
 D

et
ec

tio
n!

Annihilation!• Typically parameterized by 5 parameters:

• mass of DM particle, m!
• mass and width of mediator particle, 

mmed, "med
• coupling of mediator to SM sector, gq
• coupling of mediator to DM sector, g!

• A/A-V: gq = 0.25, g! = 1
• S/P-S: gq = 1, g! = 1

The WIMP Miracle

M. Lindner MPIK EPS-HEP, Venice, 5-12 July 2017 4

Evolution of original DM density: 
è Boltzmann equation

è thermal freeze-out 

BSM motivated new physics @TeV:
è automatically ~ correct abundance
è typical WIMP mass O(EW scale)

inflation è many e-folds 

Reheating è all particle types produced
Evolution of original plasma by:

- expansion (dilution)
- decays
- interactions à conversion processes

‣ DM and SM particles in thermal equilibrium in the past 
‣ As the Universe expands, the annihilation depletes the DM density and freeze out 
‣ DM abundance  determined by annihilation cross-section at freeze-out

Dark Matter?
Two big explanations : gravitational effects and matter (→ new particle!) 
Consider new particle approach to further characterize the DM

6
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Monomania!

‣ Trigger on ‘ISR’ system recoiling against DM system
‣ Complements searches in full UV-complete models, e.g. SUSY

27

29 29 

Mono-W

Mono-Higgs

Mono-Z

Mono-top

Mono-jet Mono-photon 

Mono-Mania (at the LHC)
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Monomania

28

med
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Interpretation

29

Vector Axial-Vector

Scalar Pseudo-Scalar
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Interpretation

‣ Observations incompatible with relic density limits
‣ For particular (and narrow) ranges of couplings
‣ More to come with increased statistics

30

20 6 Results and interpretation

Figure 12: Exclusion limits at 95% CL on µ = s/sth in the mmed–gq plane assuming vector
(left) and axial-vector (right) mediators. The widths shown on the axis correspond to mediator
masses above 400 GeV, where the top quark decay channel is fully open. For the mediator
masses below the top quark decay channel threshold the width is 9% less. The solid (dotted)
black line shows the contour for the observed (expected) exclusion. The solid red contours
around the observed limit represent one standard deviation due to theoretical uncertainties in
the signal cross section. Constraints from the Planck satellite experiment [97] are shown as dark
blue contours; in the shaded area DM is overabundant.

The exclusion contours obtained from the simplified DM models are translated to 90% CL472

upper limits on the spin-independent/spin-dependent (sSI/SD) DM-nucleon scattering cross473

sections using the approach outlined in Refs. [19, 36, 100]. The results for the vector and474

axial-vector mediators are compared with the results of direct searches in Fig. 13. This search475

provides the most stringent constraints for vector mediators, for DM particle masses below476

5 GeV. For axial-vector mediators, the sensitivity achieved in this search provides stronger477

constraints up to a DM particle mass of 550 GeV than those obtained from direct searches.478

For pseudoscalar mediators, the 90% CL upper limits as shown in Fig. 14 are translated to479

velocity-averaged DM annihilation cross section (hsvi) and are compared to the indirect de-480

tection results from the Fermi-LAT Collaboration [101]. The collider results provide stronger481

constraints for DM masses less than 150 GeV.482

6.1.1 Fermion portal dark matter interpretation483

The total production cross section in the fermion portal DM model has an exponential (linear)484

dependence on the mass of the new scalar mediator mfu (mass of the DM candidate mc). The485

middle diagram shown in Fig. 1 represents the main production mechanism for small mfu486

values, whereas the right diagram contributes to the total cross section for mfu > 1 TeV. The487

region where mfu < 2mc is not considered in the search, because of the reduced production488

cross section of the model. The upper limits on the signal strength are set as a function of mfu489

and mc. Figure 15 shows the exclusion contours in the mfu–mc plane, for which the coupling490

strength lu of the interaction between the scalar mediator and up-type quarks is fixed at unity.491

The results are also compared to constraints from the observed cosmological relic density of492

DM, obtained by the Planck satellite experiment, for the allowed values of mfu and mc [20]. In493

this search, mediator (dark matter) masses up to 1.4 (0.6) TeV are excluded.494
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Mediator Searches
‣ Low-mass mediators swamped 

by QCD
‣ Use clever analysis-in-trigger 

techniques: ‘data scouting’
‣ Trigger on high-pT ISR, look for jet 

substructure in recoil system

31
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An Old Favourite…

‣ Classic Z’ hunt now interpreted as DM mediator search
‣ Signal: same flavour, opposite charge dilepton
‣ Control: opposite flavour / same charge dilepton
‣ Main background DY production (well-modelled)
‣ Current (model-dependent) limits from CMS and ATLAS around 4.5 TeV

32
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The Grand Picture

‣ Vertical structures are mediator searches
‣ Exclusion areas strongly depend on coupling assumptions
‣ Much weaker constraints on scalar and pseudo scalar mediators…
33
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Comparison with Direct Direction

34

‣ Collider and DD searches are 
clearly complementary
‣ Collider competitive at low DM 

masses, pseudoscalar mediator (hard)
‣ Watch this space…
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 = 1.0
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 q
Vector med., Dirac DM; g
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[EXO-17-001]
)-1 (35.9 fbBoosted dijet

[EXO-16-056]
)-1 (35.9 fbDijet

[EXO-16-048]
)-1 (35.9 fb

qq
DM + j/V

[EXO-16-039]
)-1 (12.9 fbγDM + 

[EXO-16-052]
)-1 (35.9 fbllDM + Z

DD observed exclusion 90% CL

[arXiv:1509.01515]
CRESST-II

[arXiv:1509.02448]
CDMSlite

[arXiv:1607.07400]
PandaX-II

[arXiv:1608.07648]
LUX

[arXiv:1705.06655]
XENON1T

Axial-vector 
mediator
Dirac DM

gq=0.25, gχ = 1

Spin-independent Spin-dependent
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Exotica: Nothing to See Here

‣ Still looking!
‣ Now trying to close gaps 

in parameter coverage
35
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LHCb: Lumps and Bumps

36
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Figure 2: Distribution of the reconstructed invariant mass m(⌅+
c

K�) for all candidates passing
the likelihood ratio selection; the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red) histogram shows the corresponding
mass spectrum from the ⌅+

c

sidebands and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ⌦

c

(X)0 resonances.

The likelihood ratios and their PDFs are defined separately for the three data sets at
di↵erent center-of-mass energies due to their di↵erent trigger conditions. The selection
requirements on the likelihood ratios are also chosen separately for the three samples, and
lead to ⌅+

c

purities of approximately 83% in the inclusive ⌅+
c

sample.
Figure 1 shows the pK�⇡+ mass spectrum of ⌅+

c

candidates passing the likelihood
ratio selection for all three data sets combined, along with the result of a fit with the
functional form described above. The ⌅+

c

signal region contains 1.05⇥ 106 events. Note
that this inclusive ⌅+

c

sample contains not only those produced in the decays of charmed
baryon resonances but also from other sources, including decays of b hadrons and direct
production at the PV.

Each ⌅+
c

candidate passing the likelihood ratio selection and lying within the ⌅+
c

signal mass region is then combined in turn with each K� candidate in the event. A
vertex fit is used to reconstruct each ⌅+

c

K� combination, with the constraint that it
originates from the PV. The ⌅+

c

K� candidate must have a small vertex fit �2, a high
kaon identification probability, and transverse momentum pT(⌅+

c

K�) > 4.5GeV.
The ⌅+

c

K� invariant mass is computed as

m(⌅+
c

K�) = m([pK�⇡+]
⌅

+
c
K�)�m([pK�⇡+]

⌅

+
c
) +m

⌅

+
c
, (2)

where m
⌅

+
c
= 2467.89+0.34

�0.50 MeV is the world-average ⌅+
c

mass [16] and [pK�⇡+]
⌅

+
c
is

the reconstructed ⌅+
c

! pK�⇡+ candidate.

3

• Search for excited Ωc (css) states, only two previously known.

• Observe five new states, a record for 
a single publication?

• Results consistent with heavy quark 
effective theory.

• Four of these now confirmed by Belle. [BELLE-PREPRINT-2017-22]

• Add a kaon (su) to a Ξc baryon (csu)

Phys. Rev. Lett. 118, 182001

Search for Ωc baryons

The Ξcc baryon
• The doubly charmed Ξcc baryon is an elusive particle, where hints of the Ξcc+ 

were previously seen by the SELEX collaboration1 but never confirmed.

5

[1]: Phys. Rev. Lett. 89 (2002) 112001, Phys. Lett. B628 (2005) 18
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Figure 3: Invariant mass distribution of ⇤+
c

K�⇡+⇡+ candidates with fit projections overlaid.

is applied to the fitted value in data. To validate this procedure, the ⇤+
c

mass in an
inclusive sample is measured and corrected in the same way; after the correction, the ⇤+

c

mass is found to agree with the known value [5]. The bias on the ⌅++
cc

mass depends on the
unknown ⌅++

cc

lifetime, introducing a further source of uncertainty on the correction. This
is estimated by repeating the procedure for other ⌅++

cc

lifetime hypotheses between 200
and 700 fs. The largest deviation in the correction, 0.06MeV/c2, is taken as an additional
systematic uncertainty. Final-state photon radiation also causes a bias in the measured
mass, which is determined to be �0.05MeV/c2 with simulation [50]. The uncertainty
on this correction is approximately 0.01MeV/c2 and is neglected. The dependence of
the measurement on the fit model is estimated by varying the shape parameters that
are fixed according to simulation, by using alternative signal and background models,
and by repeating the fits in di↵erent mass ranges. The largest deviation seen in the
mass, 0.07MeV/c2, is assigned as a systematic uncertainty. Finally, since the ⌅++

cc

mass is
measured relative to the ⇤+

c

mass, the uncertainty of 0.14MeV/c2 on the world-average
value of the latter is included. After taking these systematic e↵ects into account and
combining their uncertainties (except that on the ⇤+

c

mass) in quadrature, the ⌅++
cc

mass is measured to be 3621.40± 0.72 (stat)± 0.27 (syst)± 0.14 (⇤+
c

)MeV/c2. The mass
di↵erence between the ⌅++

cc

and ⇤+
c

states is 1334.94± 0.72 (stat)± 0.27 (syst)MeV/c2.
In summary, a highly significant structure is observed in the final state ⇤+

c

K�⇡+⇡+ in
a pp data sample collected by LHCb at

p
s = 13TeV, with a signal yield of 313± 33. The

mass of the structure is measured to be 3621.40±0.72 (stat)±0.27 (syst)±0.14 (⇤+
c

)MeV/c2,
where the last uncertainty is due to the limited knowledge of the ⇤+

c

mass, and its width
is consistent with experimental resolution. The structure is confirmed with consistent
mass in a data set collected by LHCb at

p
s = 8TeV. The signal candidates have

significant decay lengths, and the signal remains highly significant after a minimum
lifetime requirement of approximately five times the expected decay-time resolution is

5

Look for doubly-charged Ξcc+ + by adding 
two pions and a kaon to a Λc+ baryon. 

 
Phys. Rev. Lett. 119, 112001 (2017)

First doubly heavy 
quark particle ever 
seen:

Pentaquark!

Excited Ωc states

Ξcc

‣ All consistent with theory
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Flavour: CKM

‣ Tests of CKM unitarity sensitive to O(100TeV) scale physics
‣ All about gamma now… tough measurements
37

SUSY 2017, B-physics & Belle II Phillip URQUIJO

UT Precision Φ3 / γ : LHCb Run 1+2
• If D0 and anti-D0 decay to the same final state, 

both diagrams contribute to the observed rate  

• The subsequent interference allows to determine 
the relative phase between these diagrams  
δ ± γ, γ = Arg(VudV*ub/VcdV*cb) 

34

LHCb-CONF-2017-004 
LHCb arXiv:1708.06370
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]° [γ

+K−sD→0sB
+*K0D→+B
+K0*D→+B
0*K0D→0B
+K0D→+B

Combined

+K−sD→0sB
+*K0D→+B
+K0*D→+B
0*K0D→0B
+K0D→+B

Combined

68.3%

95.5%

HFLAV
Late 2017

New	LHCb	γ/φ3	combinaOon	[LHCb-CONF-2017-004]	

•  Includes	the	following	updates:	
–  B+/-	→	D0K*+/-	ADS/GLW	[LHCb-CONF-2016-014]	 	NEW	
–  B+/-	→	D*0K+/-	GLW	[LHCb-PAPER-2017-021] 	 	 	NEW	
–  Bs0	→	Ds

-/+K+/-	TD	[LHCb-CONF-2016-015] 	 	 	1	→	3/n	
–  B+/-	→	D0K+/-	GLW	[LHCb-PAPER-021]	 	 	 	3	→	5/n	

14	

(in	preparaOon)	

•  30%	improvement	with	respect	to	
the	2016	combinaOon	

•  More	run	2	updates	expected	

Measurement	of	γ/φ3	

•  If	D0	and	D0	decay	to	the	
same	final	state,	both	
diagrams	contribute	to	the	
observed	rate	

12	

•  The	subsequent	interference	allows	to	determine	the	relaOve	phase	
between	these	diagrams	δ	±	γ/φ3,	γ/φ3	=	Arg(VudV

*
ub/VcdV

*
cb)	

•  3	approaches	
–  Gronau-London-Wyler	(GLW):	uses	D0	decays	to	a	CP	eigenstate	

–  Atwood-Dunietz-Soni	(ADS):	uses	Cabibbo-favored	and	doubly-
Cabibbo-suppressed	D0	modes	

–  Dalitz	plot	analysis:	uses	three-body	decays,	e.g.,	D0	→	KS	π+	π-	30% improvement since 2016 LHCb dominates WA  precision < 5o

(73.5 +4.3−5.0)°
CKMFitter  
γ = 65.33 +0.96 

-2.54
o 

P. Sphicas 
Overview of experimental results in HEP 

Flavor Physics: CKM 

Dec 11, 2017 
SUSY17, Mumbai 21 

Introduction

Several tensions seen in B physics that can be tested using
(semi)leptonic decays

arXiv:1612.07233

Tension: inclusive and exclusive

R(D(⇤)) = B(B!D(⇤)⌧⌫)
B(B!D(⇤)`⌫)

HFLAV – EPS-HEP 2015

World average at 4� from SM

Saskia Falke (Semi)leptonic B decays with Belle 06.07.17 2 / 28

But... Trouble (?) 
in semileptonics 

γ: arg(Vub); 
aka “the tough one” 
aka “the DK angle” 
(DsK, DK, D*K…) 

Tricks to correct for 
penguins/FSI… 

New:  D*K; D*→Dπ0/γ

11 July 2017 Ulrik Egede 18/31

Improve SM parameters

If there is no NP is flavour physics, the unitarity triangle should be the 
same in all measurements

Comparing tree level decays and loop level decays is a way to look for 
inconsistencies

Tree level: small NP effect? Loop level: Large NP effect?

!!! 

4. The B0
s ! (K+⇡�)(K�⇡+) decay 14/30

The B0
s ! K ⇤0K ⇤0 decay

I Interference between B

0
s

! K

⇤0
K

⇤0 and B

0
s

! B

0
s

! K

⇤0
K

⇤0

I where K

⇤0 ! K

+⇡� and K

⇤0 ! K

�⇡+

I Gives access to CP-violating phase �dd̄
s

I First discovered by LHCb in [Phys. Lett. B709 (2012) 50]

I Update in [JHEP 07 (2015) 166]

I Discussed extensively in the literature as a promising mode for New Physics
I Fleisher et. al. [Phys. Lett. B660 (2008) 212]
I Ciuchini et. al. [Phys. Rev. Lett. 100 (2008) 031802]
I Descotes-Genon et. al. [Phys. Rev. D85 (2012) 034010 ]
I Bhattacharya et. al. [Phys. Lett. B717 (2012) 403]

The B0
s ! K �0K̄ �0 decay

Gluonic penguin decay. New particles may enter the loop

Combination of CP eigenstates in the final state. =) Interference between
B

0
s /B̄

0
s mixing and decay. =) Accessible CP violating phase �s�s�s .

Related via U-spin to the decay B

0 ! K

⇤0
K̄

⇤0
B

0 ! K

⇤0
K̄

⇤0
B

0 ! K

⇤0
K̄

⇤0. =) Potential control over the
theoretical uncertainties.

Previous published papers (no measurement of �s)

”First observation of the decay B0
s � K�0K̄�0” (35 pb�1), LHCb Collaboration, 2012.

”Measurement of CP asymmetries and polarisation fractions in B0
s � K�0K̄�0 decays”

(1 fb�1), LHCb Collaboration, 2015.

Julián Garćıa Pardiñas (USC) B0
s ! (K+⇡�)(K�⇡+)B0
s ! (K+⇡�)(K�⇡+)B0
s ! (K+⇡�)(K�⇡+) 31st October 2017 1

SM expectations:

|�| ⇡ 1|�| ⇡ 1|�| ⇡ 1

�s ⇡ 0�s ⇡ 0�s ⇡ 0

Motivation of the
analysis

Candidate selection

Model

Preliminary results

Summary and outlook

4

Overview of the decay B0
s ! K �0K̄ �0

Channel B0
s ! K⇤0(892)K̄⇤0(892)B0
s ! K⇤0(892)K̄⇤0(892)B0
s ! K⇤0(892)K̄⇤0(892): optimal decay for the detection

of New Physics, by measuring time dependent CP asymmetries.

CP violating weak phase, �s , originating from the interference
between decay and B0

s � B̄0
sB0

s � B̄0
sB0

s � B̄0
s mixing.

Standard Model expectations

Negligible CP asymmetry in the decay and in the mixing.

�s � 0 ! May di�er if new particles appear in the loops.

SM expectation: I |�| =
p

q

Āf

Af
⇡ 1 I �dd̄

s = �
mix

�2�
decay

⇡ 0

Matthew Kenzie CERN LHC Seminar

4. The B0
s ! (K+⇡�)(K�⇡+) decay 4.2 Signal isolation 19/30

Selecting the signal

Remove unwanted backgrounds:

I Use particle identification requirements from Cherenkov detectors

I Boosted Decision Tree to reject combinatorial background

I Mass vetoes for unwanted contributions

I Use sP lot procedure to subtract background
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Also numerous searches 
for NP in CPV. Most 

recently

4. The B0
s ! (K+⇡�)(K�⇡+) decay 4.4 Results 26/30

Numerical ResultsTable 4: Results of the fit to the data. The first uncertainty is statistical and the second
uncertainty is systematic. The systematic uncertainties are discussed in Sec. 9

Parameter Value

Common parameters

�dd̄
s [rad] �0.10 ± 0.13 ± 0.14

|�| 1.035 ± 0.034 ± 0.089

B0
s ! K⇤(892)0K̄⇤(892)0 (VV)

fV V 0.067 ± 0.004 ± 0.024
fV V

L 0.208 ± 0.032 ± 0.046
fV V

k 0.297 ± 0.029 ± 0.042
�V V
k [rad] 2.40 ± 0.11 ± 0.33

�V V
? [rad] 2.62 ± 0.26 ± 0.64

Single S-wave (SV and VS)

fSV 0.329 ± 0.015 ± 0.071
fV S 0.133 ± 0.013 ± 0.065

�SV [rad] �1.31 ± 0.10 ± 0.35
�V S [rad] 1.86 ± 0.11 ± 0.41

Double SS-wave (SS)

fSS 0.225 ± 0.010 ± 0.069
�SS [rad] 1.07 ± 0.10 ± 0.40

Single P -wave decays (ST and TS)

fST 0.014 ± 0.006 ± 0.031
fTS 0.025 ± 0.007 ± 0.033

�ST [rad] �2.3 ± 0.4 ± 1.69
�TS [rad] �0.10 ± 0.26 ± 0.82

Parameter Value

Single D-wave (VT and TV)

fV T 0.160 ± 0.016 ± 0.049
fV T

L 0.911 ± 0.020 ± 0.165
fV T

k 0.012 ± 0.008 ± 0.053
fTV 0.036 ± 0.014 ± 0.048
fTV

L 0.62 ± 0.16 ± 0.25
fTV

k 0.24 ± 0.10 ± 0.143
�V T
0 [rad] �2.06 ± 0.19 ± 1.17

�V T
k [rad] �1.8 ± 0.4 ± 1.16

�V T
? [rad] �3.08 ± 0.29 ± 0.97

�TV
0 [rad] 1.91 ± 0.30 ± 0.80

�TV
k [rad] 1.09 ± 0.19 ± 0.55

�TV
? [rad] 0.2 ± 0.4 ± 1.1

Double DD-wave (TT)

fTT 0.011 ± 0.003 ± 0.007
fTT

L 0.25 ± 0.14 ± 0.18
fTT

k
1

0.17 ± 0.11 ± 0.14
fTT

?
1

0.30 ± 0.18 ± 0.21
fTT

k
2

0.015 ± 0.033 ± 0.107
�TT
0 [rad] 1.3 ± 0.5 ± 1.8

�TT
k
1

[rad] 3.00 ± 0.29 ± 0.57
�TT
?

1

[rad] 2.6 ± 0.4 ± 1.5
�TT
k
2

[rad] 2.3 ± 0.8 ± 1.7
�TT
?

2

[rad] 0.7 ± 0.6 ± 1.3

9.3 Time-dependent fit procedure351

An ensemble of pseudoexperiments are generated to estimate the bias on the parameters352

of the time-dependent fit. These biases are obtained by multiplying the mean of the pull353

distribution, obtained from the ensemble, by the statistical uncertainty of each parameter.354

9.4 Time-dependent fit model355

Several sources of systematic unceratinty originating from the time-dependent fit model356

have been studied. These include the parametrisations of the angular momentum357

centrifugal-barrier factors, the mean and width of the Breit-Wigner functions, the model358

for the S-wave propagator (an alternative model independent approach was used) and359

contributions from higher mass (K⇡) vector resonances, namely, the K⇤
1(1410)0 and the360

K⇤
1(1680)0. In each of these cases the full fit procedure is performed by considering361

extreme cases for these parametrisations and the systematic uncertainty is calculated362

as the maximum di�erence from the nominal fit value for each separately. The total363
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Make block

Summary

I Measure CP-averaged fractions, f , and strong phase di↵erences, �, for 19 di↵erent
amplitudes

I In particular:
I fVV

L = 0.208 ± 0.032 ± 0.046 - small value (as in previous - [JHEP 07 (2015) 166])
I fSS = 0.225 ± 0.010 ± 0.069 - large value
I fVV = 0.067 ± 0.040 ± 0.024 - small value

I Measure CP-violation parameters
I �dd̄

s = (�0.10 ± 0.13 ± 0.14) rad
I |�| = (1.035 ± 0.034 ± 0.089)

I SM wins again!

Matthew Kenzie CERN LHC Seminar
Matthew Kenzie CERN LHC Seminar

Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Lepton Flavor Universality in R(⇤)
D

I Tension with SM > 4�

I 30% effect against SM for taus in tree level decays

Simon Wehle (Deutsches Elektronen-Synchrotron) 13

4σ (!?) 

Vcb & Vub tension in incl. 
vs excl. determinations: 
still there; but hard to get 
excited given 
uncertainties, D**, etc 
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Improve SM parameters

If there is no NP is flavour physics, the unitarity triangle should be the 
same in all measurements

Comparing tree level decays and loop level decays is a way to look for 
inconsistencies

Tree level: small NP effect? Loop level: Large NP effect?
“Largely trees”* “Largely loops” -> NP

*traditionally; LQCD 
progress enabling new  
complementary methods
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Flavour: Lepton Universality Violation

‣ 4σ tension with the SM prediction (assuming it stays put)
‣ Hard to explain with any single (heavy) source of interference…
38

We want to test this in B decays:

10

In the Standard Model, the three charged leptons, apart their mass, are identical 
copies of each other - a concept known as lepton universality.
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Lepton universality
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RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)µ⌫)
RK(⇤) =

B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)

• In 2014, we measured RK, in 2015, we measured RD*.


• This year, we measured RK*, RD* and RJ/ψ1,2,3.

11

• Deviations in both tree- and loop-level B decays, hints of new physics?


• For tree-level decays, the mass scale ~1.5TeV, interesting for direct searches 
now. For loop-level up to ~50 TeV scale, interesting for future collider.
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[1] JHEP 08 (2017) 055, [2] arXiv:1708.08856 [3], arXiv:1711.05623

Lepton universality violation?
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LHC Upgrades

‣ Push LHC to ultimate limit of 5 - 10 times design luminosity
‣ Requires upgrades to many parts of CERN infrastructure during LS2, 3, 4
‣ Highest instantaneous luminosity may not be the best physics option

‣ 7.5E+34 implies 200 overlapping events per crossing; may not be handleable by detectors
‣ Levelled scenario provides less integrated lumi, but constant running conditions

‣ Detector upgrade strategy
‣ Upgraded detectors must have better performance than the originals
‣ As in original detectors, we will push the technological envelope — hard
‣ Should not forget that lifetime of ‘new’ detectors will be as long as the originals

39
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Long-Term LHC Physics

‣ Precision H physics; HH coupling; increased mass limits
‣ What we need is more data — but not at any price
40

SUSY 2017, B-physics & Belle II Phillip URQUIJO

CKM Global Fit Projection: Belle II + LHCb upgrade

35
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Fig. 12: UT fit today (top) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(left) and world average values (right).
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By ~2026,  
• Λ ~ 20 TeV (tree) 
• Λ ~ 2 TeV (loop)
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The Environment

‣ HI experience with high-occupancy (but low-rate) conditions
‣ Key challenges for Phase-2 are data rates, long-term detector behaviour

41
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Some Themes
‣ Basic improvements
‣ Denser environment: increased granularity everywhere
‣ More particle flux: increased rad hardness
‣ Complete new tracking systems for CMS and ATLAS

‣ Improved triggering and data-handling
‣ Data rates increasing by 1.5 orders of magnitude
‣ CMS: put tracks into L1 trigger: ultimate flexibility, but very hard
‣ ATLAS: improve fast tracking at L2, much higher L1 trigger rate

‣ Completely new detector techniques
‣ Precision timing layers, to triangulate position of overlapping vertices
‣ CMS: ‘particle flow’ reconstruction on the detector: HGC endcap calo

‣ Status of approval
‣ CMS / ATLAS upgrade ~250MCHF each (LHCb also has ambitions)
‣ LHCC approval just starting now; construction kicks off in 2019

42
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CMS Upgrade

43
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ATLAS Upgrade

44

ATLAS Upgrades

2017_12_11 4

Trigger overhaul

HGTD (Proposed)
Replacement of 

readout electronics 

and power supplies

IDÆ ITK

NSW (Phase-1)

Higher granularity 

trigger chambers for 

MS barrel
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CMS UK Highlights

45

HGCal#PU140#QCD#events#

2VOctV2014,#TP#studies#mee/ng# Valery#Andreev# 4#

Calo

Tracking
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ATLAS UK Highlights
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The Far Future (2035++)

‣ FCC-hh design study due to report in 2018
‣ 100TeV, 100km machine, 16T dipoles (similiar tech to an HE-LHC)
‣ Detectors will be ‘technologically challenging’ — much R&D needed

‣ Physics
‣ Discovery 40TeV q*/Z’, 10TeV gluino; few % on Higgs self-coupling
‣ Of course, we expect to be doing new and more exciting physics by 2035++

‣ Plea for help from phenomenologists — physics case and data selection
‣ It is not at all obvious how or on what to trigger at such a machine!
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Summary
‣ LHC alive, well, and hard at work
‣ Machine performance continues to improve -> ‘production mode’
‣ Experimental programme progressing, but things are getting harder…

‣ Physics programme
‣ No signs of new physics yet — patience and care required now
‣ Several tensions with SM in the flavour section; more to come here
‣ Higgs physics entering the precision era
‣ NP searches at GPDs finding new ways to probe into cracks and corners

‣ Long term future
‣ We have only 3% of the 3/ab dataset!
‣ New era of experiment construction for HL-LHC coming soon — busy times
‣ A new machine, new backgrounds, new problems, but physics in 2026

‣ Interaction between experiment and theory
‣ Clearly in rude health, thank you!
‣ The ‘hard thinking starts here’ – new ideas please!
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