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As far as LHC machine & Experiments’ 
Detectors concerned, answer is “easy” … yes

• Despite a lot of LS1 activity (not by any 
means easy) upgrades to both machine and 
detectors’ are on schedule 

• Can expect physics beams ~April 2015 
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With last move of YB+2, barrel 
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But that wasn’t what I meant. I meant are we 
ready for the data when it comes next April?

• So let me ask another question - what are 
the IMO the primary goal(s)* of LHC Run 2? 

• Find the “natural” solution to the 
hierarchy problem 

• Direct evidence by observing BSM 
states 

• And/or increasingly precise 
measurements of Higgs properties 

• Conduct searches in a way that if do 
not find any such solution can draw 
(some) conclusions about correctness 
of naturalness arguments 

• No loop holes!
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Figure 10: The best fit of the Higgs boson coupling parameters are shown, with the correspond-
ing 68% and 95% CL intervals, and the overall p-value (pSM) of the SM Higgs hypothesis is
given. The result of the fit when extending the model to allow for BSM decays, while restricting
the effective coupling to vector bosons to not exceed unity (kV  1.0), is also shown.

4.1 Extrapolation Strategy

In order to study the precision of future measurements, a number of assumptions are made. In
this summary only measurements that have been made public by CMS as measurements ap-
plied to the 7 and 8 TeV data are used. The results are extrapolated to larger datasets of 300 and
3000 fb�1 and a center-of-mass energy of 14 TeV by scaling signal and background event yields
accordingly. As stated in the introduction, the underlying assumption of the extrapolations is
that future CMS upgrades will provide the same level of detector and trigger performances
achieved with the current detector in the 2012 data taking period. The extrapolations do not
take into consideration those channels that were not utilized in the currently available dataset,
and there is no attempt to optimize the measurement in order to minimize the uncertainties
on Higgs coupling measurements. Extrapolations are presented under two uncertainty scenar-
ios. In Scenario 1, all systematic uncertainties are left unchanged. In Scenario 2, the theoretical
uncertainties are scaled by a factor of 1/2, while other systematic uncertainties are scaled by
the square root of the integrated luminosity. The comparison of the two uncertainty scenarios
indicates a range of possible future measurements. The extrapolation without theoretical un-
certainties is also presented, to illustrate the importance of reducing those uncertainties in the
future. Similar extrapolations have been discussed in [3].

4.2 Search channels

Higgs cross sections and coupling measurements are obtained by combining information from
many Higgs production and decay channels. Table 1 lists the main features of these channels,
namely the exclusive final state and the approximate instrumental mass resolution. The simul-
taneous analysis of the data selected by all individual analyses accounts for all statistical and
systematic uncertainties and their correlations.

*Note, for the purposes of this talk I am considering dark matter discovery a secondary goal 



Look at each one of these goals a bit more

• Precision Higgs physics  

• We will “simply” repeat existing measurements with larger datasets 

• Some triggering challenges, but these have been/being addressed in LS1  

• So here we are basically ok 

• However, precision will not be particularly great until end of ~2030 and the 
end of HL-LHC, i.e 3000 fb-1 (see table below which lists the projected 
uncertainty on each of the couplings for Run 3 and Run 4/HL-LHC) 

• So by end of Run 2 (~100 fb-1) which I don’t have the numbers for, whether 
we see BSM effects in these measurements or not is far from a foolproof plan  
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Table 3: Precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. These values are ob-
tained at

p
s = 14 TeV using an integrated dataset of 300 and 3000 fb�1. Numbers in brackets

are % uncertainties on couplings for [scenario2,scenario1] as described in the text. For the fit
including the possibility of Higgs boson decays to BSM particles d the 95% CL on the branching
fraction is given.

L (fb�1) k

g

kW kZ kg kb kt k

t

kZg

BRinv
300 [5, 7] [4, 6] [4, 6] [6, 8] [10, 13] [14, 15] [6, 8] [41, 41] [14, 18]
3000 [2, 5] [2, 5] [2, 4] [3, 5] [4, 7] [7, 10] [2, 5] [10, 12] [7, 11]

Four independent real numbers describe the process in Eq. (2), provided that the overall rate
is treated separately and one overall complex phase is not measurable. For a vector-boson
coupling, the four independent parameters can be represented by two fractions of the corre-
sponding cross-sections ( fa2 and fa3) and two phases (fa2 and fa3). In particular, the fraction of
CP-odd contribution is defined under the assumption a2 = 0 as

fa3 =

|a3|2s3

|a1|2s1 + |a3|2s3
,

where si is the effective cross section of the process corresponding to ai = 1, aj 6=i = 0. Given the
measured value of fa3, the coupling constants can be extracted in any parameterization. For
example, following Eq. (2) the couplings will be

|a3|
|a1| =

s
fa3

(1 � fa3)
⇥

r
s1

s3
,

where s1/s3 = 6.240 for a Higgs boson with a mass of 126 GeV.

A fit is performed on the parameter fa3, which is effectively a fraction of events (corrected for
reconstruction efficiency) corresponding to the 0� contribution in the (D0� ,Dbkg) distribution.
Projections of the expected �2 lnL values from the fits assuming 300 fb�1 and 3000 fb�1 are
shown in Fig. 14. A 68% (95%) CL limit on the contribution of fa3 can be achieved at the level
of 0.07 (0.13) with 300 fb�1 and 0.02 (0.04) with 3000 fb�1. The analysis is limited by statistical
uncertainties up to a high luminosity, but all sources of systematic uncertainties are preserved
in the projections.

5 Discovery Potential: Supersymmetry
After the observation of a Higgs boson at the LHC, the question about the large quantum
corrections to its mass are more pressing than ever. A natural solution to this hierarchy problem
would be the cancellation of these corrections from new particles predicted by supersymmetry
(SUSY), which have the same quantum numbers as their SM partners apart from spin. No
evidence for supersymmetric particles has been found with the data taken at the LHC withp

s = 8 TeV, but the energy upgrade to 14 TeV together with higher luminosities will open the
possibility to access a new interesting mass window in the next years.

Extrapolations of several searches for SUSY by CMS [32–37] are performed by scaling the lu-
minosity and taking into account the change of cross section with higher energy accordingly.
The projections are made based on 8 TeV Monte Carlo samples and without optimizing the
selections for searches at higher energies and higher luminosities. In “Scenario A” the signal
and background yields, and the uncertainty on the background, are scaled by the ratio of the

Run 3

HL-LHC



Look at each one of these goals a bit more 
(cont.)

• Direct evidence for BSM particles 

• Have performed many (unsuccessful) searches already in Run 1 - see below 

• Unsuccessful searches necessarily move the target, so repeating it in the same exact way is not 
what you should do 

• So where is the target now?
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary
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SUSY 2013

 = 7 TeVs

 = 8 TeVs

lspm⋅-(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
CMS Exotica Physics Group Summary – March, 2014
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Not so easy to tell from these summary 
plots …

• Make a number of assumptions, e.g. for SUSY: 

• Assumes an LSP mass 

• For some regions of phase space bounds degraded or do not apply (“compressed spectra”) 

• Assume a BR (usually 100%) 

• For BR < 100% direct bounds are degraded, but 

• Indirect bounds from correlated BR into other states could increase constraints  - but these are ignored 

• Assumes BSM particles decay promptly (no lifetime)  
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and the observed number of events, reported in Ref. [6]. Using this procedure, we fill the skeleton
grid shown in Fig. 1 with contours of the lowest allowed gluino mass at 95% C.L. from our
reinterpretation of the ��̂ analysis and the results are presented in Figs. 2, 3(a) and 3(b).

Figure 2: The interpretation of CMS analysis Ref. [6] for benchmark points with various combinations of decay
branching fractions of the gluino to bb̄�̃0, tt̄�̃0 and qq̄�̃0. Each point in the above triangle has a unique combination
of the three branching fractions and the vertices represent the simplified models with 100% branching fractions into
the three final states.

The first result we present is for the simplest scenario where only one neutralino is lighter than
the gluino. In this case, the gluino predominantly decays into qq̄�̃0

1, bb̄�̃0
1, tt̄�̃0

1. The triangle with
these branching ratios as vertices with the neutralino mass set to 100 GeV and all other supersym-
metric particles decoupled is shown in Fig. 2. Note, we can check our ��̂ reinterpretation analysis
against the CMS analysis at the vertices that correspond to the T1bbbb and T1tttt simplified model
scenarios. At these two vertices, we find that gluinos lighter than 1200 and 1080 GeV are excluded
respectively. These results agree with those published in Ref. [6] within the uncertainties of the
detector simulation and we therefore consider our procedure, and in particular our use of Delphes
to estimate A ⇥ ", to be validated. The triangle visualization approach, however, also contains sig-
nificant additional information about the e↵ect of the mixed final states on the model constraints
that can be extracted from the same data. For instance, from Fig. 2 we can immediately see that
with about 65% branching ratio into bb̄�̃0

1 and 35% branching ratio into tt̄�̃0
1, the limits are as

strong as the T1bbbb SMS. An additional benefit that the triangle visualization approach provides
can be seen by allowing the third side of the triangle to determine the constraints in models with
the least e�ciency for signal events to pass the kinematic selection criteria. For example, events
from gluino decays into qq̄�̃0

1, where q = u, d, c, s are less likely to pass the b-tagged jet selection
criterion in the ��̂ analysis since the final states do not contain any b quarks. Consequently, the
simplified model T1qqqq has no bounds on it coming from this analysis, but it is also evident
from Fig. 2 that with only 20% decay branching ratio into bb̄�̃0, the constraints on the gluino mass

4

Showing 
constraints  
in BR plane 
as triangle 
helps even 
more

But still not 
crystal clear 
what exactly 
has been 
completely, 
i.e. with no 
loopholes,  
excluded



Another approach (pMSSM scans)

• Scan over LHC accessible 
(subspace) of pMSSM 

• For each point, compute 
probability densities before and 
after CMS results 

• Compare these distributions 

• gluino masses disfavored 
below 1200

4 3 Analysis

3.1 Construction of the pMSSM prior

We work within the sub-space,

�3 TeV  M1, M2  3 TeV
0  M3  3 TeV

�3 TeV  µ  3 TeV
0  mA  3 TeV
2  tan b  60

0  Q̃1,2, Ũ1,2, D̃1,2, L̃1,2, Ẽ1,2, Q̃3, Ũ3, D̃3, L̃3, Ẽ3  3 TeV
�7 TeV  At, Ab, A

t

 7 TeV, (1)

of the pMSSM parameters described in Section 2 and the unbounded SM sub-space defined
by mt, mb(mb), and as(MZ). We use a likelihood that includes a part that constrains the SM
parameters. A point in this space will be denoted by q. The sub-space defined in Eq. (1) was
chosen to be large enough to cover the range of sparticle masses to which the LHC might
conceivably be ultimately sensitive. The lower bound of 2 for tan b was chosen in order to
avoid any issues of non-perturbativity for the top-quark Yukawa coupling after evolution up
to the GUT scale. Typically, perturbativity becomes a very serious issue for tan b

<⇠ 1.7.

Given a point q in pMSSM parameter space, masses and observables are calculated as fol-
lows. The physical masses and interactions are calculated to state-of-the-art accuracy, using
SoftSUSY 3.3.1 [35] as the spectrum generator, with the input parameters defined at MSUSY.
Thus the spectrum calculation includes 1-loop corrections for sparticle masses and mixings,
as well as 2-loop corrections for the light Higgs boson mass. Low-energy constraints are cal-
culated with SuperIso v3.3 [36], and micrOMEGAs 2.4.5 [37–39] is used to compute the
dark matter relic density W

c̃

0
1
h2, direct detection cross sections, and to check compatibility with

various pre-LHC sparticle mass limits. Moreover, we use SDECAY1.3 [40] to calculate sparticle
decay tables and HDECAY5.11 [41] to calculate Higgs boson decay tables. The various codes
are interfaced using the SUSY Les Houches Accord [42].

We start the inference chain from a flat initial prior, p0(q) = constant1. The theoretical re-
quirements listed at the end of Section 2 are imposed by multiplying this initial prior with a
binary probability density function, p(theory|q), which takes value 1 for pMSSM points that
meet the requirements and value 0 otherwise. In the same fashion we impose a model con-
straint on the lifetime of charginos, c t(c̃±

1 ) < 10 mm with a binary probability density func-
tion p(prompt c̃

±|q). This constraint was introduced because the fast detector simulation used
to model the detector response for signal events, described in Section 3.2.2, does not provide a
proper description of long-lived charginos. As such we arrive at a prior of the form

p(q) = p(prompt c̃

±|q)p(theory|q)p0(q). (2)

Then, we consider data from indirect measurements and pre-CMS searches, listed in Table 1.
We refer to this data as non-DCS data, Dnon-DCS, since it is not originating from Direct CMS
Searches (DCS) for new physics. To avoid making cosmological assumptions, data from dark
matter experiments are not included. From the non-DCS data, a non-DCS likelihood is con-
structed as follows. For each non-DCS datum Dnon-DCS

j we introduce a likelihood L(Dnon-DCS
j |µj(q)),

listed in Table 1, where µj(q) denotes the model prediction for the corresponding observable.

1Recently, this prior has been referred to as the ur-prior from the German prefix ur meaning original or primitive
(Glen Cowan).

4.1 Posterior densities for parameters, masses and relevant observables 11

data. The red and black line histograms show the similar CMS posterior distributions for re-
spectively the 8 TeV and 7+8 TeV HT+MHT data, where the 7+8 TeV combined posterior prob-
ability for each point is obtained by taking a product of the 7 TeV and 8 TeV likelihoods for this
search. Solid lines show posterior distributions assuming the central values for the signal cross
section, while dashed and dotted lines show posterior distributions assuming respectivel 0.5
and 1.5 times the central values for the signal cross section. The difference between the solid
lines and the dotted and dashed lines can be considered as a systematic uncertainty.
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Figure 1: Marginalized distributions of selected sparticle masses. Filled histograms show prior
distributions, line histograms show posterior distributions including the data collected at 7 TeV
(blue), 8 TeV (red), and 7 and 8 TeV (black) by the CMS HT + MHT searches [57, 60]. The solid
curves show posterior densities obtained while assuming the central values for the signal cross
section (µ = 1), whereas the dashed and dotted lines show posterior densities obtained with
±50% variations of the signal cross section (µ = 0.5, µ = 1.5).

It appears that the HT+MHT data strongly disfavor pMSSM scenarios with g̃ masses below
1200 GeV. Also scenarios with ũL, c̃L masses below 1000 GeV are disfavored. However, the
impact on masses of other first and second generation squarks, such as the d̃R, s̃R masses, is
weaker. Regarding third generation squarks, there is a slight impact on the mass of the lightest
sbottom, disfavoring the lowest masses, while there is no noticeable impact on the mass of the
lightest stop. In more general terms, the most probable mass of the lightest colored sparticle
is increased by about 500 GeV. Also the distribution of the e

c

0
1 mass is shifted to higher values.

This latter effect is mainly a phase space effect, a consequence of our requirement of e
c

0
1 to be

the LSP: scenarios that are disfavored because of a low gluino or squark mass have necessarily
a e

c

0
1 that is even lighter.

Figure 2 presents two-dimensional marginalized distributions of the e
c

0
1 mass versus the g̃ and

ũL, c̃L mass, and the ratio of the normalized DCS over non-DCS distributions which display
the increase or decrease of probability on the mass plane. This change in probability is of
course, as throughout the whole document, calculated assuming that nature is described by



These scans can reveal the loopholes

• While 1D plots are already useful, 2D plots can be even more useful 

• Indicates areas (if you can decipher the colors) where we still have 
work to do 

• As noted before, principal among these are: 

• Compressed spectra (see below) 

• We have a number of strategies to deal with this loophole (I’ll 
leave this to Maurizio’s talk …) 

• Long-lived particles (see right) 
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Figure 11: Parameter points of pMSSM that are expected (top left), excluded by reinterpret-
ing the search for long-lived charged particles [8] (top right), excluded by the SUS-12-030
search [10] (bottom left) and that are not yet excluded by any of these searches (bottom right).
The SUS-12-030 search [10] only considered points with ct < 10 mm.

12 4 Results

the pMSSM with the parameters within the ranges of Eq 1. These figures clarify how the e
c

0
1

mass is shifted to higher values. The aforementioned phase space effect is of course well visible,
and in addition a second effect can be observed: for a given squark or gluino mass, regions with
low e

c

0
1 masses are disfavored more strongly. This feature of the posterior distribution is well

known and understood: the higher hadronic activity and higher missing transverse energy of
such scenarios make them easier to detect.
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Figure 2: Marginalized 2-dimensional distributions of the e
c

0
1 mass versus the g̃ mass (top) and

versus the ũL mass (bottom). In each row, the left plot shows the non-DCS prior distribution,
the middle plot shows the DCS posterior distribution including the data from the 7 and 8 TeV
HT + MHT searches performed by CMS [57, 60], while the plot on the right shows the ratio of
the two.

Figure 3 compares prior distributions to posterior distributions for g̃, b̃1 and t̃1 masses including
the data from the 7 and 8 TeV HT + MET + b-jet searches performed by CMS [58, 61]. In the
7 TeV search, the search regions overlap with each other, and thus we cannot calculate overall
7 TeV or overall 7 and 8 TeV posterior distributions. Instead we calculate posterior distributions
for the separate search regions of the 7 TeV search, and show results for the 1b-loose (1BL)
region, which requires events to have � 1b-jet in addition to loose kinematic requirements.
Both the 1BL region of the 7 TeV search and the 8 TeV search disfavor low g̃ masses. The 1BL
and 8 TeV data disfavor the lowest b̃1 masses, whereas the impact of this search on the stop
mass is negligible.

Figure 4 compares prior distributions to posterior distributions including the data from the 7
and 8 TeV searches for EW production of charginos, neutralinos and sleptons performed by
CMS [59, 62]. The data slightly disfavors the lowest chargino, neutralino and ẽL, µ̃L masses.
Because this search targets leptons produced in the SUSY cascade, both via off- and on-shell W
and Z bosons, it relies on a sizable difference between the mass of the sparticles produced in
the hard interaction and the LSP. However, as shown in the top row of Fig. 5, the prior strongly
prefers very small mass differences between e

c

0
1 and c̃

±
1 and c̃

0
1. Therefore, we introduce the



~Stable Long-lived Particles

• For long-lived particles, we also have a number of strategies to deal with this loophole 

• For ~stable particles, workhorse is search for slowly moving particles (heavy) particles - high dE/dx + long TOF  
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• Such searches are robust and generic and excludes a variety of sufficiently long-lived particles  

• e.g. gluinos < ~1250 GeV, stops < ~900 GeV



Similarly, low dE/dx can isolate fractionally 
charged particles

• Interestingly, noticed the following:   

• Tracks have some probability to have a “low dE/dx” hit 

• If assume hits independent, data will follow binomial 
distribution (they will either be low dE/dx or not) 

• We found we can fit a signal depleted control sample 
for the probability, p2 and then apply the function to 
the search sample

expected to be uncorrelated, and the number of measure-
ments below a given dE=dx value can be described by a
generalized binomial function,

Nevts ¼ N0

!

n

 !
pnð1# pÞ!#n;

!

n

 !
¼ !ð!þ 1Þ

!ðnþ 1Þ!ð!# nþ 1Þ ;

where Nevts is the number of events containing at least one
track with n low dE=dx measurements, ! is the average
number of measurements per track, p is the probability for
a single measurement to be low dE=dx, N0 is a normal-
ization factor, and !ðnÞ is the gamma function. The fit of
the binomial function to the background-dominated region
of the Z-peak control sample is shown in Fig. 2. The fitted
parameters are ! ¼ 17:5& 1:7, p ¼ 0:0125& 0:0013,
and N0 ¼ ð5:03& 0:03Þ ' 106; the values of ! and p are
close to those expected based on the number of measure-
ments per track and the fraction of low dE=dx measure-
ments. This function describes the distribution in the
control sample well, with "2=dof ¼ 0:07=1, correspond-
ing to a "2 probability of 79%. This is strong support for
the hypothesis that the data are distributed binomially and
therefore that the dE=dx measurements are uncorrelated.

Extrapolation of the fitted binomial function into the signal
region yields a pp background estimate of 0.005 events.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties that significantly impact
the results are the uncertainties in the integrated luminos-
ity, the background estimate, and the signal efficiency. The
uncertainty in the integrated luminosity is 2.2% [16].
The cosmic ray background estimate has a statistical

uncertainty of 71% that arises from the relatively small size
of the sample with inverted dxy and dz requirements used
for its determination. The statistical uncertainties in the
weighting factors are 1% and 24% for the dxy and dz
requirements, respectively. The systematic uncertainty as-
sociated with the assumption that the dxy and dz variables
are uncorrelated is assessed by examining a sample defined
by replacing the inverted dz selection with an inverted
#max requirement. This sample, obtained by requiring
0:1< jdxyj< 1:1 cm, #max > 2:8 rad, and all other prese-
lection criteria, provides a second estimate of the cosmic
ray background, which differs from the nominal estimate
by 42%. The statistical and systematic uncertainties are
summed in quadrature; the total cosmic ray background
estimate is 0:007& 0:006 events.
We assess three potential sources of uncertainty in the

pp background estimate in the signal region. The first
source is from the choice of the function used to fit the
control sample. While this is often a large source of un-
certainty in many a posteriori fits to data, our hypothesis
that a binomial function describes the distribution of the
number of low dE=dx measurements is motivated a priori
from first principles. We do not expect a large uncertainty
from this source. For completeness, however, other func-
tions are also compared to the data. Fits of several modified
exponential, power-law, and polynomial functions fail to
converge or have very low "2 probabilities. One function
that does fit the distribution reasonably well is Nevts ¼
p0n

p1þp2n, where pi are free parameters. The difference
between the background estimate from this function and
the nominal background estimate is 0.001 events.
The second potential source of uncertainty in the pp

background estimate arises from the statistical uncertain-
ties in the fitted parameters of the binomial function. The
propagation of these uncertainties results in an uncertainty
in the background estimate of &0:0004 events.
A third source of uncertainty arises from the small dis-

agreement between the distribution of low dE=dx measure-
ments from the control sample and that from the search
sample. In the background-dominated region, the largest
statistically significant discrepancy between the two samples
is 9%, for zero low dE=dx measurements. To assess the
resulting systematic uncertainty, the control sample fit is
repeated for a large number of trials, in each case setting
the value of the distribution in each bin randomly, according
to a Gaussian distribution with a mean of the original value
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FIG. 2 (color online). Number of events with at least one track
with the given number of low dE=dx measurements, for search
data and the scaled Z-peak control sample background estimate.
The binomial function fit to the control sample is shown, with the
band representing its uncertainty. The ratio of the data to the
binomial fit is also presented. No tracks in the search sample
have five or more low dE=dx measurements.
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fit of Z-peak ctrl sample
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• only relies on assumption that dE/dx of each hit 
is independent of the others (as expected for MIP)
• mathematically, binomial distribution 
approximates the other functions (e.g., modified 
exponential) that also were able to fit the 
distribution well
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binomial coefficient in terms of 
continuous Gamma functions

chi2/ndf = 3.7/3

originally tried to fit ctrl sample 
distribution with ad hoc functions 

 After inquiries from ARC, we 
realized the expected distribution 

can be derived from first principles:  
binomial distribution

26Thursday, June 21, 12 where n is the number of low dE/dx hits, p1 is the total 
number of hits on a track, and N is the number of events 
containing at least one track with n low dE/dx measurements. 	





Aside (cont) - type of things you find …

!
• For ~straight tracks, given CMS tracker geometry, it is possible therefore to 

violate the uncorrelated assumption 

• Additional “correlated pp background” 

20 Jul. 2012 frac. chg. particles, W. Wulsin

Position of hits shows subdetector geometry
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• tracker outer barrel modules are two 
sensors connected:  the boundary between 
them can produce low-dE/dx hits.  

https://cdsweb.cern.ch/record/939100/files/
oreach-2005-005_01.jpg

hi-pT 
particle gun

A signal? No, it is due to hits which happen to come near 
the edge of  physical sensor - some charge is lost, so 

“low dE/dx”



What can we expect from such searches in 
Run 2 (and beyond)?

• dE/dx + TOF searches 

• For q ≥ e, will remain effective, with 
early discovery potential 

• By the time we get to HL-LHC, will be 
more difficult (at least with CMS) 

• Outer tracker will use a binary chip, 
i.e. no dE/dx information unless re-
designed …  

• For q ≤ e, will be challenging since (at 
least on CMS) minimum charge 
thresholds to register “hit” will be 
raised in an effort to combat pile-up 

• lower efficiency for q ≤ e particles

Detector upgrades 

•  In a nutshell – detector upgrades are planned so as to maintain or 
improve on the present performance as the instantaneous luminosity 
increases 

•  A particular challenge is to refine the hardware (level-1) and software 
(high level) triggers to maintain sensitivity with many interactions per 
bunch crossing – “pileup” 

•  Offline algorithms also need to be developed to maintain 
performance with pileup 

•  Focus here on upgrades which  
change the performance. In 
addition, there is a continuous 
huge effort in consolidation,  
eg. new cooling systems,  
improved electronics and  
power supplies, shielding  
additions... 

•  Phase 0/I upgrades are better 
defined than Phase II  

Pippa Wells, CERN"June 2013" 5"

CMS event with 78 pileup



If detect a signal with such a search, corroborate/
study it using “stopped particle” approach

• If new particles have a low enough β, material interactions cause them to stop within the detector 

• Stop if β ≲ 0.45 in CMS (mainly in HCAL and iron yoke) 

• Look for decays of  stopped particles decay ns, seconds, minutes, or even days later 
• Trigger on HCAL energy deposit when no collisions are expected 



Some comments on these analyses 

• So far has only been done as a 
counting experiment 

• Distributions of energy 
depositions in calorimeters 
would provide addition 
discrimination 

• Not yet been any attempt to really 
reconstruct the decays 

• Use inappropriate in-time, IP 
referenced, default construction 
for expediency since “good” 
enough 

• Dedicated reconstruction only 
likely in case of significant excess 

• Nevertheless, analyses still take time 
(more as rings have become more full 
with bunches) 

• Very limited manpower/expertise 

Cross section exclusions

JHEP 1208 (2012) 026



What can we expect from such searches in 
Run 2 (and beyond)?

• Intra-fill data is collected on 
dedicated calorimeter triggers that 
have a a low-ish threshold, but are 
gated by the absence of a 
coincidence between two 
electrostatic pickups on either side 
of the beam ( BPTX) 

• This will continue to be the 
case in Run 2, but 

• Bunch spacing will be 25 ns 

• Not much time per orbit left 
for triggers to be live 

• Limited inter-fill data was collected 
in Run 1 (even during the HI run), 
but has not been easily analyzable 
(or clear it was worth it)

Beam & Radiation Monitoring for CMS
A.J Bell

CERN, Geneva, Switzerland & The University of Geneva, Switzerland †

On Behalf of the CMS Beam & Radiation Monitoring Group
† Previously at The University of Canterbury, Christchurch, New Zealand

Fig 1. The journey of the proton beams from 
LINAC2 to the LHC where they are accelerated to 
7TeV      (√s = 14MeV). The positions of ALICE, 
LHCb, ATLAS and CMS on the LHC ring are also 
shown. 

• 50MeV Protons produced at LINAC 2
• Proton Synchrotron Booster increases              
E = 1.4GeV
• Energy increased to 25GeV by Proton 
Synchrotron
• Accelerated to 450GeV by Super Proton 
Synchrotron
• LHC Beam injection energy = 450GeV. 
Accelerated to 7Tev (√s=14TeV) 
• Collisions take place at the four 
experimental points on the ring

• Approximately 9300 superconducting magnets including 1232 dipole 
and 858 quadrupole magnets around the 27km circumference. 
•Two pipes enclosed within these superconducting magnets contain 
the proton beams. The two beams travel in opposite directions around 
the ring. 

Fig 2. (Left) Exploded view of the CMS detector showing the positions of the BRM sub-
detectors. (Right) The CMS cavern and surrounding Long Straight Section in which the 
BPTX is located ±175m from I.P 5.

BSC1 ±10.86m

BSC2 & BCM2 ± 14.4m

BCM1F/L ±1.8m

BPTX ±175m

CMS is a multipurpose detector designed around a 3.8T solenoid magnet. 
Calorimeters, pixel tracker and muon chambers are set concentrically 
around the beam pipe and aim to measure the momenta of all particles 
produced by the p-p collisions. Many of these detectors can operate safely 
only when beam conditions are good. The BRM sub-detectors are 
responsible for the safety of CMS and are pivotal in ensuring delicate 
systems are shut-down before beam losses can inflict serious damage.

During the hugely successful initiatory run of the LHC on September 10, 
2008, the BRM sub-detectors were an invaluable source of data, showing 
that the beams passed through CMS safely and cleanly. 

Protection of any HEP experiment is of vital importance. The purpose 
built, sensitive electronic detectors throughout CMS are required to 
operate in a high radiation field environment. However, should the 
radiation field greatly increase, many of these systems would be
destroyed due to excess currents. It was the task of the CMS BRM group 
to design the safety systems which will predict the loss of beam control 
and trigger a beam abort if pre-determined thresholds are met. The abort 
signal simultaneously causes the LHC kicker magnets to deflect the 
beams into the dump and shuts down all the ‘at-risk’ detectors. 
Additionally, extensive monitoring is installed to allow diagnosis of 
adverse beam conditions.

Interaction Point

Fig 4. Nominal hadron flux in CMS. The expected flux in the BSC region (dIP = 10.86m)
will be > 107 cm-2 s-1

[2]

In order to be useful as beam monitoring devices, the detectors must be 
radiation hard above and beyond the expected nominal radiation field. 
The BPTX uses LHC standard button electrodes. The BCM1F, BCM1L 
and BCM2 detectors use radiation-hard polycrystalline diamonds. The 
BSC uses PVT scintillation plastic tiles. The RadMon uses RadFET and 
SRAM devices and also passive TLDs for long-term monitoring[3]. 

To reduce electronic noise and ground currents, strict CMS grounding 
rules had to be followed. In the cases of the BSC and BPTX, the signals 
are transferred to the readout electronics by coaxial cables and so 
special attention to the grounding scheme of these detectors was
required. The BCM1F, BCM1L and BCM2 use optical fibers between 
their front-end system and the readout electronics, reducing the risks of 
ground loops.

Fig 3 (Left) Signals from opposite end BSC channels were evidence that halo muons
passed through CMS during the initiatory run on September 10. (Right) The BPTX signal 
(yellow) was used to monitor and trigger on the proton beam passing through CMS.

The BRM system[1] sub-detectors measure every possible aspect of the 
radiation entering the cavern. The tasks include monitoring of beam timing 
and position (BPTX), beam profile and losses (BCM1F,BCM1L, BCM2), 
beam halo and minimum bias event triggering (BSC) and ambient radiation 
dose to the surrounding region (RadMon).

The CMS experiment is one point away from the LHC beam dump at point 
6 of the LHC. This puts CMS in a relatively dangerous position. Should an 
asynchronous beam dump occur, the CMS detector could be showered by 
~1012 protons within <0.3µs [2] potentially causing catastrophic damage to 
the sensitive inner tracker electronics. In such a case, the BRM systems 
will record data which will be used to give estimates of the radiation flux 
through many areas of the CMS cavern. This data will in turn give an 
indication of the detrimental effects (e.g. reduction of lifetime) on the 
surrounding instrumentation.

BSC

BPTX
BSC1 + end

BSC1 - end

Δt

Δt ≈ T.O.F

Fig 5. Schematic diagram of the BSC grounding scheme. The front end PM tubes had 
to be electrically isolated from the CMS detector ground to avoid ground currents.

Fig 6. (Left) The scintillation tiles of the Beam Scintillation Counter mounted ±10.86m 
from the I.P.  There are a total of 36 channels from the BSC. (Right) An example of the 
signal seen from the BSC on the LHC start-up day.  

Using Polyvinyl-Toluene (PVT) scintillation tiles[4], the Beam Scintillation 
Counter (BSC) covers ~ 1.2m2 area at ±10.86, from the I.P (3.9< <4.4). 
A further 4 channels are located at ±14.4m for improved time 
measurement. 
The tiles connect to four banks of Thorn 9902KA phototubes. Embedded 
LEDs within the tiles were used for testing and calibration and will be 
valuable in assessing the radiation damage sustained by individual 
channels over the 3 year expected lifetime of the system. 
The BSC has a total of 36 independent, MIP sensitive channels and two 
readout systems.

• A NIM based system to provide technical triggers to the CMS 
Global trigger. 

o able to detect direction and relative quantity of halo particles
o monitor for the occurrence of minimum-bias events
o provides a veto trigger input to the CMS global trigger system

• A VME based system to record hit rates and timing information.
o accurate timing data from CAEN TDC , Model V767
o pulse height & shape from CAEN ADC, Model V1721
o 1Hz readout of hit rate provided by CAEN VME V560N scalars
o gives information of beam quality in the CMS region for 
detection of beam gas and beam-pipe wall interactions

Fig.7 (Left) Time of flight measurements on the BSC system done at T11 test beam area 
at CERN using a p-π test beam. (Right) An example of the prototype display for the BSC 
for on-line monitoring of CMS beam conditions using BSC data.

The data from the BSC will be important throughout the commissioning of 
several sub-detectors of CMS including the Forward Hadron Calorimeter 
and the Tracker for track based alignment [5]. 
A radiation hard upgrade of the BSC is being planned to cope with the 
future high luminosity runs of the LHC.

BSC raw signal

N
o.

 o
f c

ou
nt

s

Time (seconds)

≈ 3ns resolution

Fig 9. (Left) One set of BPTX electrodes situated on the LHC, ±175m from the CMS 
I.P. The proton beams passing through the center induce a charge into the 
electrodes giving highly accurate beam timing and position information. (Right) An 
example of the readout capability of the BPTX. Here, the signal timing and amplitude 
measurements are used to reconstruct the filling scheme of the SPS test beam.

The Beam Pick-up Timing for Experiments (BPTX) detector uses two 
standard LHC beam position monitors (BPM) each comprising of four 
electrostatic button electrodes positioned symmetrically around the 
beam-pipe. 

• Fast signal rise-time from the pick-ups ~0.3ns
• Signal analysis by oscilloscope (LeCroy WR64Xi) running LabView
• Comparison of timings from opposite BPMs gives highly 
accurate measurements of the Z-vertex and bunch timing relative 
to the CMS clock [6,7]
• Achieved time resolution 50ps
• Signal amplitudes are proportional to beam intensity
• Combination of Amplitude and Timing information provides 
accurate bunch pattern monitoring for detecting satellite bunches 
and beam dump gap contamination 

The BPTX system is the primary reference for triggering on particle 
beams passing through CMS. It provides a reliable, zero-bias signal 
with zero dead-time and is used for triggering several subsequent 
detectors.

Tim
e (several seconds)

SPS bunch Train

Fig 8. (Left) The carbon fiber carriage that holds the BCM1F (Fast) and BCM1L 
(Leakage) diamonds. The carriage had to fit within an extremely tight envelope just a few 
centimeters from the delicate beam-pipe. (Right) First signals from the BCM1F.

For details, please see W. Lange’s presentation:
1606, N58-4, on Thursday, Oct. 23 @ 17:00, in room: Conference 3 

BCM1F +
BCM1F -

Fig 11. (Left) 12 pCVD diamonds per end are housed within the aluminum 
structures of the BCM2 (at the position of the yellow labels). (Right) An example of 
the BCM2 display showing the time evolution of signals and statistical information.

The BCM2 system is the continuation of the LHC Beam Luminosity 
Monitor system though the CMS cavern. 
Arrangement of diamonds in two radii.

• Inner radius 5cm unshielded from IP, therefore sensitive to IP 
products
• Outer radius 29cm, shielded towards IP therefore sensitive to 
incoming background
• Leakage current related to particle flux
• Provides a fast diagnostic tool for monitoring of beam halo and
collision products[8]

The BCM2 will provide vital information on beam quality at higher 
luminosities beyond the current BSC detector capability ( 5KHzMIP)
and is designed to last the lifetime of CMS.

Fig 12. (Left) An example of one of the pCVD diamonds of the BCM2. Thickness = 
500µm. Area = 1cm2. Bias voltage = 200V. (Right) An interior view of one of the 
BCM2 wheels during construction, showing the position of the pCVD diamonds and 
the BSC2 tile.

1cm

The BRM systems in CMS provide a wide and 
varied range of monitors capable of protection of 
the CMS experiment, the measurement of short-
term & long-term radiation flux into CMS and 
post-mortem analysis of possible radiation 
damage to the detector. 

All systems were installed and ran successfully 
during the initiatory running of the LHC.

Fig 10.

Fig 10. Measurements of LHC bunch clock in SPS test beams with resolution of 50ps.  

BPTX
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Back to the pMSSM scans

• The plots at right show the 
exclusion of model points (of the 
same previously defined 
pMSSM LHC sub-space) as a 
function of ctau 

• By the prompt CMS 
searches in blue 

• By the stable particle dE/dx
+TOF CMS search in red 

• Notice there is an 
uncovered region at 
short-ish ctau 

• Note this region is a peak, 
i.e. highest density of 
pMSSM points 

14 5 Conclusions

-1 = 8 TeV  -   L = 18.8 fbsCMS Preliminary  -  

 (m) ]τ[ c
10

log
-15 -10 -5 0 5 10 15

 p
oi

nt
s 

in
 p

M
SS

M
 L

HC
 s

ub
sp

ac
e

1

10

210

310

pMSSM LHC subspace
excluded by :
 - EXO-13-006
 - SUS-12-030
unexcluded

-15 -10 -5 0 5 10 15

Ex
clu

de
d 

Fr
ac

tio
n

0
0.2
0.4
0.6
0.8

1

-1 = 8 TeV  -   L = 18.8 fbsCMS Preliminary  -  

 (m) ]τ[ c
10

log
-1 0 1 2 3 4 5 6

 p
oi

nt
s 

in
 p

M
SS

M
 L

HC
 s

ub
sp

ac
e

1

10

210

310
pMSSM LHC subspace

excluded by :
 - EXO-13-006
unexcluded

-1 0 1 2 3 4 5 6

Ex
clu

de
d 

Fr
ac

tio
n

0
0.2
0.4
0.6
0.8

1

Figure 10: Left: Number of pMSSM points of the phase-space excluded at 95% C.L. as a function
of the chargino average decay length. Right: Zoom of the long-lived region. The SUS-12-030
search [10] only considered points with ct < 10 mm. The bottom panel shows the fraction of
parameter points excluded by the SUS-12-030 search [10] (blue) or by reinterpreting the long-
lived particle search [8] (red). A few points with ct � 1 km are not excluded despite a signal
acceptance of about 50% because of their theoretical cross section being at the level of ⇠ 0.1 fb.

function of the chargino average decay length. Only 2.6% (1.1%) of the tested models with ct
larger than 50 cm (10 m) have not been excluded by the search for long-lived charged particles.
On the other hand, these figures also highlight that none of the CMS searches is currently
sensitive to the region 10 mm ct 50 cm which contains 14% of the parameter phase-space.

Figure 11 shows the number of parameter points predicted, excluded by Ref. [10], excluded by
reinterpreting the results of Ref. [8] and not excluded by any of those searches as a function
of the chargino mass and the mass difference between the chargino and the neutralino. The
Figure 12 shows the same information as a function of the chargino mass and chargino decay
length.

5 Conclusions

A technique for reinterpreting the results of the CMS search for long-lived charged particles
has been presented. The technique was validated on a few benchmark BSM models : pair
production of staus, inclusive production of staus in the context of the GMSB model, pair pro-
duction of long-lived leptons with a null isospin and pair production of charginos in the context
of the pMSSM. A 10% agreement is obtained on the model acceptance between the proposed
technique and the acceptance estimated by a full simulation and reconstruction of the CMS de-
tector. The technique was used to constrain the long-lived sector of a sub-space of the pMSSM
chosen to cover particle masses up to about 3 TeV/c2. We conclude that 98.9% (97.4%) of the
considered sub-space predicting long-lived charginos with a decay length ct � 10 m (50 cm) is

classic SUSY:  ~< 1 mm HSCP:  >~ 1 m

Loophole:  0.1 - 1 m
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A lot of NP could populate this region

• Signatures include: 

• Long-lived particles decaying to two or more 
charged objects (e.g. Hidden valley models) 

• displaced vertices 

• leptons  

• lepton “jets” 

• jets 

• Charged particle decaying to one charged 
object with different momentum  

• Kinked tracks 

• Charged particle decaying to neutral object 
(e.g. AMSB) 

• Disappearing tracks

What do these have in common?  They are all 
experimentally difficult and the analyses take a long-time …



Let me illustrate this with “Disappearing Tracks” 

• What we see in our 
detector (without 
dedicated additional 
reconstruction to attempt 
to recover the pion,) is a 
track that stops midway 
through the detector 

• A track with missing 
outer hits 

• Also little E in 
calorimeter region 
associated with the 
track

8 Jun 2014 Disappearing tracks, W. Wulsin 3



A bunch of tricky backgrounds

• Must understand all the ways 
this can happen (experiment 
specific) 

• Isolated charged pions 
(from W to tau v) that 
become neutral after 
nuclear interactions with 
material  

• Leptons (from W to lv) 
which are not 
reconstructed for some 
reason 

• “Fake tracks”, i.e. false 
trajectories formed from 
random hits not a real 
particle

4.4 Taus 33

Figure 18: An event display of a pion particle gun event in which the pion undergoes a nuclear
interaction. The black tracks are simulated tracks indicating an interaction with the tracker
material. This track is missing 4 outer hits.

4.4 Taus520

Tau leptons that contribute to the Candidate Track sub-sample are predominantly single-prong521

decays because the track isolation requirement effectively rejects taus that decay to three charged522

particles. If a pion from a t ! pn decay undergoes a nuclear interaction, the track it produces523

can have multiple missing outer hits. An example event display is shown in Figure 18.524

The energy deposited in the calorimeters from the decay products of a tau is not usually below525

the EDR<0.5
calo limit of 10 GeV if the pT of the charged pion has been accurately reconstructed and526

it passes the pT > 50 GeV criterion. The potential background in this search arises from the527

cases in which the pT of the pion track is significantly mismeasured. The quality requirements528

of the Candidate Track selection, namely the requirement that the track have at least 7 valid hits,529

ensure that the pT of a charged pion from a tau decay is well measured. However, several530

studies have been performed to understand this potential source of background.531

A pion with a low generated pT (e.g. pT ⇠ 20 GeV) has a significant probability to pass the532

EDR<0.5
calo < 10 GeV cut. If the pT of the pion is accurately reconstructed, it will not pass the pT >533

50 GeV cut. However, if the pT of the pion is significantly mismeasured, then it can pass the534

track pT cut. In the latter case, the pion can mimic the signal since it has a large reconstructed535

pT and little EDR<0.5
calo . One such event is displayed in Figure 19.536

This class of background is studied using a sample of 10,000 pion particle gun events. These537

events are generated with pT of 30 GeV. We first study how the pT resolution changes with538

the number of hits on the track. After generating the pion particle gun events, we remove all539

hits on the track after the 5th valid hit and repeat the reconstruction of the sample. We then540

compare the tracks that are missing a substantial number of outer hits and tracks that have a541

large number of valid hits. We find that tracks with a larger number of missing outer hits are542

much more likely to have a pT which is significantly mismeasured than tracks with few missing543
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Some examples of how this can happen

• Tracks from muons can disappear if 
they go through a glue joint in a silicon 
sensor and subsequently hit a hole in 
the muon system 

• Muons can also decay in flight 

• Tracks from electrons can also 
disappear for the same reason if they 
impinge on a dead/noisy tower in the 
ECAL 

• Electrons with significant brem can 
also lead to missing outer hits 

• Sometimes algorithmic failures lead to 
the selection of a trajectory with missing 
outer hits over the true trajectory (which 
does not have any such missing hits) 

• Tracks with missing outer hits are prone 
to momentum mis-measurement 
(shorter lever arm), which can lead to 
reconstruction failures (E won’t be 
consistent with p)



Understanding these things take time

• Consequently, like stopped 
particles, these analyses are not 
the quickest to complete 

• While ATLAS has published 
their results (see right), 
CMS still in progress 

• Also, like stopped particles, 
limited manpower & expertise 

• While I have focussed on 
disappearing tracks, these 
statements generally apply to 
the other moderately long-lived 
signatures

LEP2 result. This constraint is largely independent of tan!
or the sign of ".

The analysis is not performed for signals having #~$1
>

10 ns (corresponding !m~$1
being below the charged pion

mass) because a significant fraction of charginos would
traverse the ID before decaying, thereby reducing the event
selection efficiency. In these scenarios the charginos are
considered as stable particles and the main search tool
would be to look for tracks with anomalous ionization
energy loss [37]. In comparison with the previous result,
the sensitivity to charginos having #~$!

1
< 1 ns is signifi-

cantly improved and the exclusion reach is extended by
"200 GeV.

Figure 7 shows the constraint on the allowed !m~$1
#

m~$!
1
parameter space of the minimal AMSB model; the

expected 95% C.L. exclusion reaches m~$!
1
¼ 245þ25

#30 GeV

for !m~$1
" 160 MeV. The limits on #~$!

1
are converted

into limits on !m~$1
following Ref. [38]. The theoretical

prediction of !m~$1
for winolike lightest chargino and

neutralino states at two-loop level [39] is also indicated
in the figure. A new limit that excludes charginos ofm~$!

1
<

270 GeV (corresponding !m~$1
and #~$!

1
being"160 MeV

and"0:2 ns, respectively) at 95% C.L. is set in the AMSB
models.

IX. CONCLUSIONS

The results from a search for charginos nearly mass
degenerate with the lightest neutralino based on the
high-pT disappearing-track signature are presented. The
analysis is based on 20:3 fb#1 of pp collisions at

ffiffiffi
s

p ¼
8 TeV collected by the ATLAS experiment at the LHC.
The pT spectrum of observed candidate tracks is found to
be consistent with the expectation from SM background
processes, and no indication of decaying charginos is
observed. Constraints on the chargino mass, the mean
lifetime, and the mass splitting are set, which are valid
for most scenarios in which the lightest supersymmetric
particle is a nearly pure neutral wino. In the AMSB
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FIG. 7 (color online). The constraint on the allowed !m~$1
#

m~$!
1
space of the AMSB model for tan! ¼ 5 and "> 0. The

dashed line shows the expected limits at 95% C.L., with the
surrounding shaded band indicating the 1% exclusions due to
experimental uncertainties. Observed limits are indicated by the
solid bold contour representing the nominal limit and the narrow
surrounding shaded band is obtained by varying the cross section
by the theoretical scale and PDF uncertainties. The previous
result from Ref. [8] and an example of the limits achieved at
LEP2 by the ALEPH experiment [9] are also shown on the left
by the dotted line and the shaded region, respectively. Charginos
in the lower shaded region could have significantly longer life-
time values for which this analysis has no sensitivity as the
chargino does not decay within the tracking volume. For this
region of long-lived charginos, the limits achieved at LEP2 by
the ALEPH experiment is 101 GeV [9].
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FIG. 6 (color online). The constraint on the allowed #~$!
1
#

m~$!
1

space for tan! ¼ 5 and "> 0. The black dashed line

shows the expected limits at 95% C.L., with the surrounding
shaded band indicating the 1% exclusions due to experimental
uncertainties. Observed limits are indicated by the solid bold
contour representing the nominal limit and the narrow surround-
ing shaded band is obtained by varying the cross section by the
theoretical scale and PDF uncertainties. The previous result from
Ref. [8] and an example of the limits achieved at LEP2 by the
ALEPH experiment [9] are also shown on the left by the dotted
line and the shaded region, respectively. The search for charginos
with long lifetimes, as indicated by the upper shaded region, is
not covered by this analysis. The limits achieved at LEP2 by the
ALEPH experiment of 101 GeV for long-lived charginos is taken
from [9].
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What can we expect from such searches in 
Run 2 (and beyond)?

• Main (non-human) limitation is triggers: 

• For disappearing tracks, 

• Like DM, invisible final state so must trigger on radiation   

• Eventually, will be able to trigger on the disappearing track directly 

• Both experiments adding tracking triggers for HL-LHC 

• For displaced leptons: 

• Pile-up complicates tracking 

• Significantly displaced tracks may not be reconstructed (at least not by default) 

• Vertexing efficiency consequently degraded 

• For displaced jets: 

• Similar issues to displaced leptons

Motivation for this Search

6

CMS has searches for non-prompt signatures, but they focus on longer lifetimes 

• A Higgs at 126 GeV favors shorter 
lifetimes for BSM (⟨cτ⟩ ~100 µm - 1 cm)  

• This search targets this range.  It is 
designed to explore the gap between 
prompt and very long-lived signatures

EXO-12-036
Long-lived Gluinos

• Or can search for strongly 
produced gluinos that would be 
long-lived

• Decay via squarks 
suppressed
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Figure 8: NNLO prediction for the Higgs mass Mh in High-Scale Supersymmetry (blue, lower) and
Split Supersymmetry (red, upper) for tan� = {1, 2, 4, 50}. The thickness of the lower boundary at
tan� = 1 and of the upper boundary at tan� = 50 shows the uncertainty due to the present 1�
error on ↵s (black band) and on the top mass (larger colored band).

by tuning �⇤ or, in other words, by accurate variations of Mh and Mt. The existence of

the false vacuum depends critically on the exact values of the SM parameters and requires

dialing Mh and Mt by one part in 106. However, the exact value of the needed top mass has a

theoretical uncertainty, reduced down to ±0.5GeV thanks to our higher-order computation.

Note from fig. 7 that the field value where the false vacuum is positioned is larger than what

was reported in [6,18]. The corrections in eq. (52) [3,5] are mostly responsible for the larger

field values found in our analysis.

4.4 Supersymmetry

Our higher order computation of the relation between the Higgs mass and the Higgs quartic

coupling � has implications for any model that can predict �. If supersymmetry is present

at some scale m̃, then in the minimal model one finds the tree-level relation

�(m̃) =
1

8

⇥

g2(m̃) + g02(m̃)
⇤

cos2 2� . (70)
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Abstract

We present the first complete next-to-next-to-leading order analysis
of the Standard Model Higgs potential. We computed the two-loop
QCD and Yukawa corrections to the relation between the Higgs
quartic coupling (�) and the Higgs mass (Mh), reducing the theo-
retical uncertainty in the determination of the critical value of Mh

for vacuum stability to 1 GeV. While � at the Planck scale is re-
markably close to zero, absolute stability of the Higgs potential is
excluded at 98% C.L. for Mh < 126GeV. Possible consequences of
the near vanishing of � at the Planck scale, including speculations
about the role of the Higgs field during inflation, are discussed.
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28 6 Discovery Potential: Exotic New Particles

These assumptions allow us to rescale the results of [53] to both higher center of mass energy
and integrated luminosity with little difficulty. The results of this exercise are presented in
terms of cross section reach defined as the cross section for which an observed signal is expected
with a significance of at least 5 standard deviations (5s). Figures 24 and 25 show the expected
reach as a function of HSCP mass for hadron-like HSCP (stops and gluinos) and for lepton-like
staus (direct and inclusive production), respectively.
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Figure 24: Minimum cross sections for an expected signal significance of 5 standard deviations.
The signal models considered are the pair production of gluinos (left) and of stops (right).

The results show that the additional integrated luminosity will allow us to be sensitive to long-
lived particles produced with a cross sections at least one order of magnitude lower than what
has been excluded by [53]. It should be noted that the models considered in this search are
simple benchmarks and the search for long-lived particles even in the already excluded mass
range must be continued. This is because the exclusion results rely entirely on theoretical cross
section predictions made in the context of a given model (e.g., Split SUSY, GMSB), while the
analysis itself is signature-based and mostly decoupled from any given theoretical model. For
example, it is known from past studies [54] that the sensitivity to lepton-like HSCPs in Uni-
versal Extra Dimension (UED) models is significantly less due to their lower production cross
sections. The cross section limits should therefore be pushed as low as possible regardless of
the excluded mass range as interpreted in the context of a few popular benchmark models.

6.4 Search for Heavy Vector-like Charge 2/3 Quarks

Vector-like quarks differ from SM quarks in their electroweak couplings. Whereas SM quarks
have a V-A coupling to the W boson, i.e. their left and right-handed states couple differently to
the W boson, vector-like quarks have only vector coupling to the W boson. One can thus write
a mass term for them that does not violate gauge invariance without the need for a Yukawa
coupling to the Higgs boson. Vector-like quarks are predicted, for example, by Little Higgs
models [55, 56]. They can cancel the diverging contributions of top quark loops to the Higgs
boson mass offering an alternative solution to the hierarchy problem.

We search for a vector-like T quark with charge +2/3, which is pair produced together with its

However, Higgs data suggest more of a “mini” 
split with cτ << radius of detector

If the split is large, sensitivity from heavy 
stable particle searches to > 2 TeV
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What I am really worried about …

• Despite everything I’ve said about these difficult 
searches (that we have to do, to close all the 
loopholes in the search for NP), I am not really 
that worried about them* 

• The signatures are very distinctive 

• We will find people to do the analyses  

• They may take time, but they will get done 

• What I am really concerned with right now is 

• 100 µm < cτ < 1 cm 

• Largely unexplored, at least by direct 
searches … some sensitivity with 
inclusive searches, but how much? (see 
Andy’s talk) 

• In some cases, very similar to SM bkgs 
(e.g. gluinos hiding as b’s)

*Likewise the “easy” prompt searches will also get done, so I am not worried about them either
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Figure 8: NNLO prediction for the Higgs mass Mh in High-Scale Supersymmetry (blue, lower) and
Split Supersymmetry (red, upper) for tan� = {1, 2, 4, 50}. The thickness of the lower boundary at
tan� = 1 and of the upper boundary at tan� = 50 shows the uncertainty due to the present 1�
error on ↵s (black band) and on the top mass (larger colored band).

by tuning �⇤ or, in other words, by accurate variations of Mh and Mt. The existence of

the false vacuum depends critically on the exact values of the SM parameters and requires

dialing Mh and Mt by one part in 106. However, the exact value of the needed top mass has a

theoretical uncertainty, reduced down to ±0.5GeV thanks to our higher-order computation.

Note from fig. 7 that the field value where the false vacuum is positioned is larger than what

was reported in [6,18]. The corrections in eq. (52) [3,5] are mostly responsible for the larger

field values found in our analysis.

4.4 Supersymmetry

Our higher order computation of the relation between the Higgs mass and the Higgs quartic

coupling � has implications for any model that can predict �. If supersymmetry is present

at some scale m̃, then in the minimal model one finds the tree-level relation

�(m̃) =
1

8

⇥

g2(m̃) + g02(m̃)
⇤

cos2 2� . (70)
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Abstract

We present the first complete next-to-next-to-leading order analysis
of the Standard Model Higgs potential. We computed the two-loop
QCD and Yukawa corrections to the relation between the Higgs
quartic coupling (�) and the Higgs mass (Mh), reducing the theo-
retical uncertainty in the determination of the critical value of Mh

for vacuum stability to 1 GeV. While � at the Planck scale is re-
markably close to zero, absolute stability of the Higgs potential is
excluded at 98% C.L. for Mh < 126GeV. Possible consequences of
the near vanishing of � at the Planck scale, including speculations
about the role of the Higgs field during inflation, are discussed.
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• E.g. Mini-split scenarios 

• Favored because of MH  (not to mention null 
results of long-lived searches discussed earlier)



Searching for less-obviously long-lived 
particles

• Wanted to conduct as model independent 
search for such modestly long-lived pls 

• Make no requirement on number of jets 

• Make no requirement on MET 

• Only use displacement to separate S/B 

• Do not require displaced objects to 
form displaced vertex 

• but don’t exclude either 

• While hadronic signals are part of the 
eventual plan, start with search for 
signals that produce displaced leptons 

• First step, require two isolated 
displaced (opposite flavor) leptons 

• Leave non-isolated leptons (since 
these really look like b-jets) for later

• Limit-setting based on the “Displaced Supersymmetry” model 
• arXiv:1204.6038v1 (P. Graham, D. Kaplan, S. Rajendran, P. 

Saraswat) 
• Small RPV couplings generate long-lived LSP 
• One of many such models 

• As benchmark, we consider a stop LSP, decaying as t→bl± 
!

!

!

!
• Look for final states containing an electron and a muon 
• We intend to produce additional information for model-testing in 

the final publication (c.f. SUSY SS dilepton paper, etc.)

Benchmark Model

8
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1 Introduction and Theoretical Motivation

t̃t̃ ! be bµ

The discovery of a new boson with a mass of roughly 126 GeV
[1, 2], whose properties are, to-date, consistent with a stan-
dard model (SM) Higgs boson, has underscored the impor-
tance of investigating models that are designed to account
for the mathematical inconsistencies that are consequences
of introducing the Higgs potential.

For this search, the most relevant of these unsolved issues
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• “Displaced Supersymmetry” (P. Graham et al) as representative model 

• Small RPV couplings generate long-lived LSP 



Results of this search

• Displacement alone is a good discriminator from background 
• Adding same-flavor requirement largely removes any residual  

SM contributions 

• Backgrounds mainly from Z to tau tau and QCD (heavy-flavor) 

• Search done in three bins of displacement 
• Unfortunately, no evidence of BSM particles in any of these bins

Signal/Background Separation

15

Proof of principle 
from early feasibility 
study (MC-based)

Meant to show large 
background-free 

region just outside 
reach of prompt 

searches

J. Antonelli CMS WGM, May 21

|d0| < 0.02 is fairly 
standard requirement 

for CMS analyses
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Table 3: Numbers of expected and observed events in the three search regions. Background
and signal expectations are quoted as Nexp ± s(stat.) ± s(syst.). When the raw estimate of a
background is null in some search region, the estimate is instead taken from the preceding
region. Since this should strictly overestimate the background, we denote this by a preceding
“<”.

Event Source 0.02 cm < |d0| < 0.05 cm 0.05 cm < |d0| < 0.1 cm |d0| > 0.1 cm
other EWK 0.65 ± 0.13 ± 0.08 (0.89 ± 0.53 ± 0.11)⇥ 10�2 <(89 ± 53 ± 11)⇥ 10�4

top 0.767 ± 0.038 ± 0.061 (1.25 ± 0.26 ± 0.10)⇥ 10�2 (2.4 ± 1.3 ± 0.2)⇥ 10�4

Z!tt 3.93 ± 0.42 ± 0.32 (0.73 ± 0.73 ± 0.06)⇥ 10�2 <(73 ± 73 ± 6)⇥ 10�4

QCD 12.7 ± 0.2 ± 3.8 (98 ± 6 ± 30)⇥ 10�2 (340 ± 110 ± 100)⇥ 10�4

Total expected background 18.0 ± 0.5 ± 3.8 1.01 ± 0.06 ± 0.30 0.051 ± 0.015 ± 0.010
Observation 19 0 0

pp!et1et⇤1
M = 500 GeV, hcti = 1 mm 30.1 ± 0.7 ± 1.1 6.54 ± 0.34 ± 0.24 1.34 ± 0.15 ± 0.05
M = 500 GeV, hcti = 1 cm 35.3 ± 0.8 ± 1.3 30.3 ± 0.7 ± 1.1 51.3 ± 1.0 ± 1.9
M = 500 GeV, hcti = 10 cm 4.73 ± 0.30 ± 0.17 5.57 ± 0.32 ± 0.20 26.27 ± 0.70 ± 0.93
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Figure 4: Expected and observed 95% CL exclusion contours for stop pair production in the
plane of stop hcti and mass. The region to the left of the contours is excluded by this search.
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Limits supersymmetry search

• Set limits on “displaced 
supersymmetry” as a 
representative model 

• Since analysis was designed to 
be pretty inclusive, results 
should impact more scenarios 
than this  

• Will provide efficiency 
parameterizations so that 
results can be used more 
generally 

• Suggestions welcome on 
how to do this …



What can we expect from such searches in 
Run 2 (and beyond)?

• As mentioned before, this was a first step, for Run 2 more inclusive (but more difficult) 
searches are planned 

• Triggers should not be a problem (at least for leptonic final states) 

• Pile-up also not a problem 

• Variations on displaced leptonic final states: 

• Remove the same-flavor requirement 

• Remove the isolation requirement to get at semi-leptonic final states 

• Go down to ≥1 displaced lepton? 

• Utilize other information (e.g. dE/dx)? 

• Extend to hadronic final states? 

• Overlap with “displaced jets” searches, but these tend to focus on larger cτ and 
generally require a significantly displaced vertex 



So are we ready for LHC Run 2?

• Here’s my goals for the run 
again: 

• Find the “natural” solution 
to the hierarchy problem 

• Direct evidence by 
observing BSM states 

• And/or increasingly 
precise measurements 
of Higgs properties 

• Conduct searches in a 
way that if do not find 
any such solution can 
draw (some) conclusions 
about correctness of 
naturalness arguments 

• No loop holes!

• Bulk of the direct search program will be looking for stops/
gluinos higher mass, trying hard to access as compressed 
spectra as possible. 

• Some trigger challenges, but basically will be ok - see 
Maurizio’s talk?  (Electroweakinos may need time beyond 
Run 2) 

• Likewise, Higgs program is established and is ok

• My focus (in general and in this talk) has been on the 
second goal — identifying any holes in these programs and 
plugging them if we can 

• Prior to Run 1 this kind of exercise led implementation of  
the searches that I have discussed (and during the run to 
things like expanded RPV efforts) 

• Now is time to assess coverage for for Run 2, esp. since 
addressing any issues will likely have long lead-time, as I’ve 
tried to illustrate



Summary

• I’ve tried to show you the thought process I’ve gone through to ask myself if we are ready for 
LHC Run 2 

• 1st question: Are the basics covered? 

• Yes, and many people working hard at it 

• 2nd question:  Where are the main gaps in this coverage (and how do you identify 
them)? 

• Compressed spectra SUSY 

• Moderate lifetime long-lived SUSY (or other BSM) 

• 3rd question:  Can we address these in the next run? 

• I think so, but some work is required 

• Any suggestions about how to implement these searches are welcome      

• 4th question:  Is there anything I might be missing? 

• That’s where you come in …

Shows up in 
pMSSM scans, 
what else can we 
do?

}



Points for Discussion

• What do you think — are we ready to find NP at LHC in Run 2? 

• Are there any potential BSM signals that are not covered by the mainstream LHC 
program (or any of the variants I have discussed)? 

• Is there anything we can do now (along the lines i’ve suggested or something new, even 
crazy ideas) that would add another arrow to our experimental quiver? 

• Ideas for triggers, measurements, searches, etc. that open up new areas of investigation 

• Do we have adequate tools to assess this coverage? 

• Can we be confident that we have left no stone unturned? 

• Is there anything we can do now to be more thorough/less biased? 

!
• (If we exhaust discussion about Naturalness program — we could discuss dedicated DM 

searches at LHC, i.e. “mono-mania” which I didn’t cover in the talk)  

• I am much less confident we know what we are doing here, and  

• This could be the discovery we get first … 



My bet for Run 2 …

with ≥ 1 particle with cτ ~ 1 cm

!
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March 8, 2014 !!
Re:  2014 URA Thesis Award !

To whom it may concern: !
I am writing this letter in support of Claudia Seitz’s nomination for the 2014 URA Award for Outstanding 
Doctoral Thesis.  During Claudia’s tenure as graduate student in the Department of Physics & Astronomy 
at Rutgers University has spent a significant time resident at CERN which is where I have interacted with 
her.  There she has performed research in high energy physics with the CMS experiment on which I am 
also a collaborator.  While CMS is a very large collaboration, I have had the opportunity to closely 
observe Claudia over the last few years. !
In 2011, Claudia worked with two postdocs from my group at OSU on an attempt to provide a beyond-the-
standard-model explanation of the forward-backward asymmetry in top quark events that had been 
observed at the Tevatron. We searched for charge asymmetric production of W’ particles which, if 
observed, would have explained this phenomenon.  While no such particles were observed, we were able 
to rule out such an explanation and this result was published in Phys. Lett. B717 (2012) 351-370.  In 
addition to being an important and timely result for a graduate student to have been involved in, Claudia’s 
contribution to this analysis was also notable for its leading role. Despite being the most junior researcher 
involved in the project, Claudia made the most significant intellectual and technical contributions to the 
analysis and played a key role in all the critical scientific decisions and subsequent journal publication.  
Building on this positive experience, my group continued our collaboration with Claudia in an analysis that 
searched for three jet resonances involving heavy flavored quarks, a final state that arises in stealth or 
RPV supersymmetric extensions of the Standard Model (models that have become increasingly important 
as more traditional supersymmetry continues to elude LHC searches).  In this analysis, Claudia played 
the leading role (as is I suppose appropriate since I believe this formed the basis of her dissertation). 
While no new particles were discovered in this analysis either, the production of RPV gluinos decaying 
into light-flavor jets is excluded for masses below 650 GeV at 95% CL. Additionally, gluinos decaying into 
heavy-flavor jets are excluded at 95% CL for masses between 200 and 835 GeV, which are most 
stringent limits to date on these models.  These results have very recently been published in Phys. Lett. 
B730 (2014) 193-214. !
Given my interactions with Claudia, I can say with confidence that she is one of the better graduate 
students I have seen in HEP in recent years (and as a leading member of a 3000 person collaboration, I 
have seen many).  She is bright, hardworking, self-motivated and independent. Two journal publications 
for a graduate student, one of which conclusively resolved an open issue at the Tevatron and the other 
her dissertation analysis which significantly advanced the frontier in the search for supersymmetry at the 
LHC, would alone (I think) merit consideration for a thesis award.  However, when combined with the 
dominant role that she played in all aspects of the research, I believe Claudia Seitz should be a strong 
candidate for the 2014 URA Thesis Award and I enthusiastically support her nomination for it. !
Best regards,  !
!  !
Prof. Christopher S. Hill 
CMS Deputy Physics Coordinator (2012-2014) 
CMS Exotica Convener (2010-2012) 
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