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Status of Particle Physics  

at the LHC

 The Higgs boson, with mass 125.09 GeV/c2, was 

discovered 6 years ago at the Large Hadron Collider. 

The presence of the associated Higgs field explains 

how elementary particles get their mass and, in some 

sense, “completes” the Standard Model (SM) of 

particle physics.

 But the SM model still does not explain many of the 

phenomena of our physical universe

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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The Standard Model Report Card

Need for additional physics “Beyond the Standard Model (BSM)”
 Does not explain the stability of the Higgs to higher order quantum 

effects (Higgs is too light);
 Does not explain the Baryon Asymmetry of the universe (predicts too  

little matter);
 Does not explain why there are three generations of quarks and leptons 

or their mass values (the “Flavor Problem”); 
 Offers no explanation for  neutrino masses; and
 Does  not provide a Dark Matter candidate and therefore does not 

explain  85% of the matter in the universe. 
 Does not incorporate gravity or explain dark energy 

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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For all its successes, the SM cannot explain 
how we arrived at the universe that exists 
today.  

GRADE = INCOMPLETE

Berkeley Cosmology group



What is next?

 There are still strong reasons why some of the missing pieces 
should appear at the TeV or “Tera” scale, accessible at the LHC. 

 There are many ideas, theories, and models  about what BSM 
physics will look like but there is no clear guidance on the best 
place to look and the “right place” may not even be in our current 
menu of ideas
 A broad investigation on many fronts is necessary

 We have three basic tools for exploring this large, as yet largely 
uncharted, territory
 Studying the properties of the Higgs that, through its coupling 

directly to MASS, can make contact with hidden sectors that are 
invisible to us otherwise

 Looking for deviations from the precise predictions of the SM

 Searching directly for new particles  and new forces

 All three strategies require more statistics, for which particle 
physics has a plan based on the extraordinary capabilities of the 
LHC

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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LHC and CMS Performance at 

13 TeV in 2016-2018 a.k.a. LHC Run 2
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LHC Performance

J. Butler, CMS Status, RDMS2018, Tashkent, Uzbekistan

• LHC has produced 3 years of sustained  high luminosity at 13 TeV that is expected to 

result in >150 fb-1 by the end of the 2018 run
• It has exceeded peak DESIGN Luminosity by a factor of 2!

• 2018 maximum peak luminosity ~2x1034 cm-2 s-1 with mean pileup ~ 38

• LHC has much higher availability than expected, >50% of the time in stable operation

• Rapid turn-around between fills (5 hours typical, ~2 hours record)

713/9/18

CMS HAS HAD TO EVOLVE TO KEEP UP--- PHASE 1 UPGRADE



Evolution/Improvement of 

Analysis Techniques

 Particle Flow uses all available information to reconstruct physics objects, e.g. 
charged track momenta in jets  

 produces a big improvement in jet energy resolution, tau-lepton 
identification,  and helps with high pileup

 PUPPI (PileUp Per Particle Identification) is a special tool to deal with high 
pileup

 Use of multivariate analysis techniques to maximize power of available 
statistics

 Boosted jet topologies and jet substructure analysis

 Use of Deep Neural Nets/Machine Learning

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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Rapid growth in 2017/18
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• Abundance of measurements vs kinematic variables

• Test theory predictions, constrain SM parameters (m top, αS), constrain PDFs

• Sensitive to new physics

Particle Flow
Boosted Jets, Jet Substructure



Higgs 3RD Generation 

Yukawa Couplings
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Higgs Yukawa Couplings

 Liberally borrowing from talk by Gavin 
Salam at LHCP 2018

 Higgs doublet gives mass to vector gauge 
bosons, but not the fermions

 The Higgs Yukawa interaction is a highly 
motivated conjecture to give mass to the 
fermions
 But no such term ever before seen in 

nature. NOT A GAUGE INTERACTION!

 Not probed in any EW precision test

 Indirect support for it through strong 
production of Higgs bosons via top loops
 Could also be non-BSM  contributions i

 Observation is difficult
 Expect to see first in 3rd generation 

particles since coupling is largest but 
they decay in complicated modes and 
there are large backgrounds from other 
SM processes

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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Over the last several years, CMS has worked hard to establish at the level of 

“observation” the  Yukawa couplings to the heaviest fermions, the t-lepton, the top 

quark, and the b-quark. Together with similar results from ATLAS, over the last 

year we have now jointly established the Yukawa coupling to third generation 

quarks and leptons and are entering the era of detailed measurement.

mf/v



Observation of H  𝝉+𝝉- using

7, 8, and 13 (2016 only) TeV data

 Branching ratio ~ 6.3%, best channel to establish coupling of Higgs boson to fermions

 Final states: 𝜏h𝜏h; e𝜏h; µ𝜏h; eµ  Significance of 4.9𝜎 observed (4.7𝜎 expected) with13 TeV data

 Combination with 7, 8 TeV data: 5.9𝜎 obs. (5.9𝜎 exp.) and µ = 0.98 ± 0.18

CMS-PAS-HIG-16-043

First direct observation by a single experiment of

Higgs coupling to fermions! 

 Observed before in CMS+ATLAS combination

First direct observation of H coupling to leptons and

to fermions of the 3rd generation!

13/9/18 11

µ = 1.09

arXiv:1708.00373

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan

PLB 779 (2018) 283 

2016 only

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-043/index.html
https://arxiv.org/abs/1708.00373


ttH

 Signature is production of two top quarks and a Higgs

 The top is observed its its decay to  Wb with the W decaying leptonically or hadronically  

 The analysis uses Higgs decays to  bottom-quark-anti quark pairs, t+t-, gg, WW* and ZZ* 
(various quark and multi-lepton channels)

 Hadronic t decays, th, are used

 A total of 88 different event topologies, consisting of leptons, photons and jets, are 
combined to get the result

 Use of Deep Neural Nets is pervasive 

 Main systematic uncertainties are
 Experimental:  lepton and b jet identification efficiencies; th and jet energy scales

 Theory on background calculations: modelling uncertainties in tt production in association 
with a W or Z or a pair of b or c jets

 Theory on signal calculations: effect of higher order corrections on ttH cross sections and 
uncertainty in proton PDFs

 The gg and ZZ* states are limited by statistics; H bb and Hleptons by systematics

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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ttH: 7,8, and13 TeV Combined
5.1 fb-1 (7 TeV)+19.7 fb-1 (8 TeV) + 35.9 fb-1 (13 TeV)

Test statistic vs coupling strength modifier The horizontal 
dashed lines indicate the p-values for the background-only 
hypothesis obtained from the asymptotic distribution of q, 

Best fit value of the signal strength modifier for (upper 
section) the five individual decay channels considered, 
(middle section) the combined result for 7+8 TeV alone 
and for 13TeV alone, and (lower section) the overall 
combined result. 

13/9/18
J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
13

Note to me: Gotta

get used to this 

kind of signal plot

m=1.26
+0.31

-0.26



Higgs  bb

 This has the biggest branching fraction

 However, there is MASSIVE bb background from QCD processes, ~103 times the 
signal in this mass region

 Choose a weak interaction production mode to reduce hadronic backgrounds (QCD 
multijet, top, mainly Associated Production with a W or Z, VH(bb)

 Signal is a di-jet mass enhancement which has many challenges

 Unlike Ht+t- and ttH, we needed the 2017 data to for its observation

 State expected to contribute the most V(Wl n,Zll,Znn) H(bb) a.k.a VH(bb)
 Three channels: 2, 1, 0 leptons (lepton = muon or electron)

 Require Vector Boson to be back-to-back w.r.t. the bb system

 Several Improvements for 2017 analysis, including heavy reliance on DNNs, DEEPCSV

 Analysis validated using VZ(bb) 

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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CMS PAS HIG-18-016

New result!



Analysis Details

J. Butler, CMS Status, RDMS2018, 
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19Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS

VH(bb): Analysis strategy

28/08/2018

used to validate the analysis strategy 

and di-boson, of course0-lepton (MET)
1-lepton [e,μ]
2-leptons [ee,μμ]

• Analysis strategy:

– 3 channels with 0, 1, and 2 leptons and 2 b-tagged jets 

• To target Z(νν)H(bb), W(lν)H(bb)and Z(ll)H(bb) processes

– Signal region designed to increase S/B

• Large boost for vector boson

• Multivariate analysis exploiting the most discriminating variables (mbb ̄, ΔRbb ̄, b-tag)

– Control regions to validate backgrounds and control/constrain normalizations

VH(bb) in 2017: main features

• Improved mass resolution from:
– Better b-jet identification

– New b-jet energy regression

– Kinematic fit in 2-lepton channel

– FSR jet recovery

• Use of deep neural network (DNN) to discriminate:
– Signal from background, in Signal Regions

– Background components among each other, in Control Regions

• Combined effect: O(5-10%) increase of the analysis sensitivity 
wrt 2016, depending on channel

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 24

VH(bb) Results with 2017 data

• Results with 2017 data compatible with SM expectations
– Observed significance 3.3σ, signal strength 1.08 ± 0.34

– O(5-10%) increase in analysis sensitivity wrt 2016, depending on channel

– Remarkable channel compatibility

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 33

2016                 2.8               3.1             1.2 ± 0.4



Combination of all Results from 

Run 1 and 2

13/9/18
J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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• 5.6 (5.5) s observed (expected) for all Hbb!

 With VH(bb) from 2016/17 at 13 TeV, 77.2 fb-1

 Significance: 4.4 s obs (4.2 exp)

 With VH(bb) including also 7 and 8 TeV

 Significance: 4.8 s obs (4.9 exp) 

 Including new results and all published data 

from Run 1 and Run 2

 Run 1:

 ttH(bb): 5 fb-1(8 TeV)  + 19.8 fb-1 (13 TeV)

 VBF, Hbb: 19.8 fb-1 (8 TeV)

 VH, H bb, 5 fb-1 (8 TeV) + 19.8 fb-1 (13 TeV) 

 Run 2:

 ttH(bb), leptonic channels (2016)

 ttH(bb), hadronic channels

 Boosted ggH, H bb (2016)

 VH, Hbb (2016  + 2017)

m = 1.04
+0.20

- 0.19



Combined Results, Mass Plot

13/9/18
J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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Cross check analysis: Same analysis applied to Z-boson:

5.0 s expected; 5.2 s observed; signal strength m =1.05 ± 0.22



ttH and  ZH(bb) ”

Candidate” events

13/9/18
J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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These are only a “candidates” since we have backgrounds

However, we are beginning to see excesses of such events

The ttH example links the heaviest bosons and quarks (H, W, Top, b) and the heaviest 

lepton (t),  to some of the lightest quarks and leptons, including all three flavors of 

neutrinos, and emphasizes the breath-taking range that the SM spans in mass



Higgs  m+m

 Best chance at measuring a coupling to a second generation 
fermion, even though branching fraction (BR) ~ 2.2x10-4, about 1/10 
of gg.

 CMS has looked for this in 7,8, and 13 TeV (2016 only) data

 Current 95% CL upper limit  on BR is 6.4x10-4, 2.92 (observed) vs 
2.16 (expected) of the SM prediction.

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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CMS-HIG-17-019 



Higgs Signal Strengths 

from 2016 Data 

13/9/18
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by Production Mode 

by Decay Mode

CMS PAS HIG-17- 031 

35.9 fb-1

Higgs Combinat ion: 

Signal St rengths

06/08/18
J. Butler, CMS Status, Rencontre du 

Vietnam
24

Despite progress, there is st ill room for new physics and we have reduce  systemat ic uncertaint iesThere is still room for new physics but we must reduce systematic uncertainties to make progress



Top

J. Butler, CMS Status, RDMS2018, Tashkent, Uzbekistan13/9/18 21

Recent Physics Results - 2



Top Pair Cross Sections

13/9/18
J. Butler, CMS Status, RDMS2018, 
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Factory Quark Cross
Section (nb)

Luminosity
(cm-2s-1)

B (KEKb) Bottom 1.15 (Y(4S)) 2.11x1034

LHC Top 0.82 (incl t-t) 2.01x1034

Top pair rate is > 10 Hz, enabling us to 
address much more precise questions
• Single, double, and triple 

differential cross sections 
• Rare (FCNC) decays
• CP violation (a beginning)
• Width and more complex methods 

for measuring the mass
----------------------------------------------------
Top pair production  at 13 TeV CM 
energy is mainly (80%) produced by 
gluons, providing important 
information on the  gluon distribution 
at relatively high xF, up to  ~0.25

CMS:      835 ± 33 pb
Theory:  816 ± 42 pb



B Physics
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Recent Physics Results - 3



Angular Distribution of  FCNC 

Decay B+
K+ m+m (8 TeV)

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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FH, AFB Vs q2, invariant mass of the dimuon

Based on 2286 +/- 73 events from 20.5 fb-1

taken at 8 TeV in 2012

Consistent with various SM calculations. 

CMS has made changes to trigger and DAQ 

in 2017 to look at B+
K+e+e-.

CMS-BPH-15-001

Shahram Rahatlou, Roma Sapienza & INFN

ANOMALIES IN ANGULAR DISTRIBUTIONS

• Some discrepancy observed also in angular distributions


– Not as compelling as in rates


– Very large uncertainties 


– requires full run2 statistics


• Dedicated triggers in CMS 

in 2017 to increase statistics 

for analysis at end of Run2
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Figure 1: Illustration of the angular variables q̀ (left), qK (middle), and j (right) for the decay

B0 ! K⇤0(K+ p − )µ+ µ− .

components, the angular distribution of B0 ! K⇤0µ+ µ− decays can be written as [25]:
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where FL denotes the longitudinal polarization fraction of the K⇤0. This expression is an exact207

simplification of the full angular distribution, obtained by folding the j and q̀ angles about208

zero and p / 2, respectively. Specifically, if j < 0, then j ! − j , and the new j domain is [0, p ].209

If q̀ > p / 2, then q̀ ! p − q̀ , and thenew q̀ domain is [0, p / 2]. Weuse this simplified version210

of the expression because of difficulties in the fit convergence with the full angular distribution211

due to the limited size of the data sample. This simplification exploits the odd symmetry of the212

angular variables with respect to j = 0 and q̀ = p / 2 in such a manner that the cancellation213

around these angular values is exact. This cancellation remains approximately valid even after214

accounting for the experimental acceptance because the efficiency is symmetric with respect to215

the folding angles.216

For each q2 bin, theobservables of interest areextracted from an unbinned extended maximum-

likelihood fit to four variables: the K+ p − µ+ µ− invariant mass m and the three angular vari-

ables q̀ , qK , and j . The unnormalized probability density function (pdf) in each q2 bin has the
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Table 2

The measured signal yields, which include both correct ly tagged and mistagged events, the P1 and P′
5 values, and the correlat ion coefficients, in bins of q2 , for B0 →

K∗0µ+ µ− decays. The first uncertainty is stat ist ical and the second is systematic. The bin ranges are selected to allow  comparison with previous measurements.

q2 (GeV2) Signal yield P1 P′
5

Correlat ions

1.00–2.00 80 ± 12 + 0.12
+ 0.46
− 0.47

± 0.10 + 0.10
+ 0.32
− 0.31

± 0.07 − 0.0526

2.00–4.30 145 ± 16 − 0.69
+ 0.58
− 0.27

± 0.23 − 0.57
+ 0.34
− 0.31

± 0.18 − 0.0452

4.30–6.00 119 ± 14 + 0.53
+ 0.24
− 0.33

± 0.19 − 0.96
+ 0.22
− 0.21

± 0.25 + 0.4715

6.00–8.68 247 ± 21 − 0.47
+ 0.27
− 0.23

± 0.15 − 0.64
+ 0.15
− 0.19

± 0.13 + 0.0761

10.09–12.86 354 ± 23 − 0.53
+ 0.20
− 0.14

± 0.15 − 0.69
+ 0.11
− 0.14

± 0.13 + 0.6077

14.18–16.00 213 ± 17 − 0.33
+ 0.24
− 0.23

± 0.20 − 0.66
+ 0.13
− 0.20

± 0.18 + 0.4188

16.00–19.00 239 ± 19 − 0.53 ± 0.19 ± 0.16 − 0.56 ± 0.12 ± 0.07 + 0.4621

Fig. 3. CMS measurements of the (left) P1 and (right) P′
5

angular parameters versus q2 for B0 → K∗0µ+ µ− decays, in comparison to results from the LHCb [33] and Belle [34]

Collaborat ions. The stat ist ical uncertaint ies are shown by the inner vert ical bars, while the outer vert ical bars give the total uncertaint ies. The horizontal bars show  the bin 
widths. The vert ical shaded regions correspond to the J/ψ and ψ ′ resonances. The hatched region shows the predict ion from SM calculat ions described in the text , averaged 
over each q2 bin.

the four Gaussian terms to vary at a t ime. The maximum  change 
in P1 and P′

5 for either of the two control channels is taken as the 
systematic uncertainty for all q2 bins.

The q2 bin just below  the J/ψ (ψ ′ ) control region, and the q2

bin just above, may be contaminated with B0 → J/ψK∗0 (B0 →

ψ ′ K∗0) “ feed-through”  events that  are not removed by the selec-

t ion procedure. A special fi t in these two bins is performed, in 
which an addit ional background term is added to the pdf. This 
background distribut ion is obtained from simulated B0 → J/ψK∗0

(B0 → ψ ′ K∗0) events, with the background yield as a fi tted param-

eter. The result ing changes in P1 and P′
5 are used as estimates of 

the systematic uncertainty associated with this contribut ion.

To properly propagate the uncertainty associated with the val-

ues of FL, FS, and AS, taking into account possible correlat ions, 
10 pseudo-experiments per q2 bin are generated using the pdf pa-

rameters determined from the fi t to data. The number of events 
in these pseudo-experiments is 100 t imes that  of the data. The 
pseudo-experiments are then fi t tw ice, once with the same pro-

cedure as for the data and once with P1 , P′
5
, A5

S
, FL, FS, and AS

allowed to vary. The average rat io ρ of the stat ist ical uncertain-

t ies in P1 and P′
5

from the first fi t to that  in the second fi t is 
used to compute this systematic uncertainty, which is proport ional 
to the confidence interval determined from the Feldman–Cousins 
method through the coefficient 

√
ρ2 − 1. The stabil ity of ρ as a 

funct ion of the number of events of the pseudo-experiments is 
also verified. As cross-checks of our procedure concerning the fixed 
value of FL, we fi t the two control regions either fixing FL or 
allow ing i t to vary, and find that  the values of P1 and P′

5 are 
essentially unaffected, obtaining the same value of FL as in our 
previous study [31]. Moreover, we refi t all the q2 bins using only 
the P-wave contribut ion for the decay rate in Eq. (1) and leaving 

all three parameters, P1 , P′
5 , and FL, free to vary. The differences 

in the measured values of P1 and P′
5

are within the systematic 
uncertainty quoted for the FL, FS, and AS uncertainty propagation.

The effects of angular resolut ion on the reconstructed values of 
θK and θℓ are estimated by performing two fi ts on the same set of 
simulated events. One fi t uses the t rue values of the angular vari-

ables and the other fi t their reconstructed values. The difference in 
the fi tted parameters between the two fi ts is taken as an estimate 
of the systematic uncertainty.

The systematic uncertaint ies are determined for each q2 bin, 
with the total systematic uncertainty obtained by adding the indi-

vidual contribut ions in quadrature.

As a note for future possible global fi ts of our P1 and P′
5

data, the systematic uncertaint ies associated with the efficiency, 
Kπ mistagging, B0 mass distribut ion, and angular resolut ion can 
be assumed to be fully correlated bin-by-bin, while the remaining 
uncertaint ies can be assumed to be uncorrelated.

6. Results

The events are fi t in seven q2 bins from 1 to 19 GeV2 , yielding 
1397 signal and 1794 background events in total. As an example, 
distribut ions for two of these bins, along with the fi t project ions, 
are shown in Fig. 2. The fi tted values of the signal yields, P1 , 
and P′

5
are given in Table 2 for the seven q2 bins. The results 

for P1 and P′
5 are shown in Fig. 3, along with those from the 

LHCb [33] and Belle [34] experiments. The fi tted values of A5
S

vary 
from − 0.052 to + 0.057.

A SM  predict ion, denoted SM-DHMV, is available for compari-

son with the measured angular parameters. The SM-DHMV result , 
derived from Refs. [18,25], updates the calculat ions from Ref. [52]

Possible deviations 

in angular 

distributions in 

B0
K*0m+m



Searches

J. Butler, CMS Status, RDMS2018, Tashkent, Uzbekistan13/9/18 25

Recent Physics Results - 4



High Mass e+e- Resonance Search
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CMS PAS EXO-18-006

2017 dielectrons

2017 dielectrons + 2016 dimuons

Exclusion limits for some models already ~ 4-5 TeV



Light Z’ Boson with 

Lm-Lt Gauge Symmetry 

 Since this Z′ couples (only) to second- and third-
generation leptons (μ, νμ, τ and ντ),  it can be 
produced from one of the muons in Z-decays, and 
using its decay Z’ m+m, might appear as a dimuon
mass bump in  4 muon final states.
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Figure 4: Expected and observed 95% CL limits on the product of Z0 production cross section

and branching fraction (left y-axis) and B(Z ! Z0µµ) ⇥B(Z0 ! µµ)(right y-axis).
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Figure 5: Left: expected and observed 95% CL limits on the gauge coupling strength as a

function of m(Z0). Right: comparison with other experiments sensitive to the same parameter

space. These constraints are adapted from Ref. [8].
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Supersymmetry
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Hierarchy Problem

Unification
Dark Matter

Retrospective:
• Great theory – could solve three problems at once 
• In 2010, many thought SUSY would be seen soon 

after startup- 100 pb-1

• Expected to be first major LHC discovery– before 
even the Higgs!

Reality at start of 2018 run: So far, SUSY is a “no 
show”. Why?
• Maybe heavier than we thought
• Maybe more devious/obscure than we 

thought, e.g. more weakly coupled
• Maybe it does not do all three tasks
• Coverage for RP-violating and long-lived 

particles not as complete
• Maybe just another great idea that nature did 

not choose to follow 

Many good ideas being explored. Still a vibrant area of research in CMS. Focus on Electroweakinos, 
Higgs as a decay product, complex scenarios.



New Ideas in Dark Matter –

Search for Emergent Jets

 Many compelling models of new physics contain a dark matter candidate that has interactions 
with quarks. 

 In one class of models, new fermions (dark quarks), Qd, are charged under a new force in the 
dark sector that has confining properties similar to quantum chromodynamics (QCD) but are 
not charged under the forces of the standard model SM. The mediator Xd is a complex 
scalar. 

 The dark quark jets contain many displaced vertices arising from the decays of the dark pions
produced in the dark parton shower and fragmentation. For models with dark hadron decay 
lengths comparable to the size of the detector, there can also be significant missing 
transverse momentum (pmiss). 

 The main background to this signature is  SM four-jet production with b-quarks

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
13/9/18 29
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Long-Lived Particles
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• Search for stopped long-lived particles 
using full 2015 and 2016 data 

• Signature is a high energy jet in 
the calorimeter out of time with 
collisions

• gluinos with lifetimes from 10 ms
to 1000s and mgluino < 1379 GeV
are excluded.

• Top squarks with lifetimes from 
10 ms to 1000s and mstop < 740 
GeV are excluded

Direct 
Searches

Many BSM models have long-lived particles 
/displaced vertices. Some of these can be 
observed by special searches, usually with 
special triggers

JHEP 05 (2018) 127

EXO/SUSY searches shifting to different topologies, lower mass, longer-lived particles 

and will continue to look in new places. Triggering on unusual states will be a 

challenge.



The Future: CMS HL-LHC Upgrade
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The LHC Luminosity Plan

13/9/18
J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
32

TOWARDS HIGH LUMINOSITY 

x5 Run1 x2 Run2 x10 Run3

US	CMS,	DOE,	CMS	and	the	
Opportunities	Ahead

DOE Portfolio Review26/02/18
13

Luminosity so far Luminosity after HL-LHC

• US	institutes	supported	by	DOE	play	a	leadership	role	in	CMS	in	physics	
analysis,	detector	construction	and	upgrades,	operations	to	ensure	quality	data	
is	collected,	and	software	and	computing	

• US	institutes	supported	by	DOE	are	innovators	in	the	exciting	new	detector	
projects	that	will	be	decisive	in	exploiting	the	LHC	upgrade

• DOE	has	made	a	major	investment	in	the	LHC	machine	and	the	HL-LHC	Upgrade

• We	hope	to	make	great	discoveries	that	we	can	share	with	the	world	

– We	are	in	“early	days”

The health of the Research Program at the DOE-supported US universities and 

Fermilab is critical to CMS’s realization of this exciting vision. The 4 years of 

this proposal will be even more demanding  than any time in our  history!

3% 3000fb- 1LHC Status

Running

We will soon 

be here – LS2
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CMS Phase-2 upgrade scope (TDR, interim TDR and TP 

references)

13/9/18 J. Butler, CMS Status, RDMS2018, Tashkent, Uzbekistan
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Time of flight precision ≃ 30 ps, ∣η∣< 3, pT > 0.7 GeV
“Provide a factor 4-5 effective pile-up reduction”

• ~ 15% merged vertices reduce to ≃ 1.5% 
• Low pileup track purity of vertices recovered

• All showers timed to 30 ps in calorimeters

VBF H  ττ in 200 p-p collisions

MIP Precision Timing Detector 

13/9/18 J. Butler, CMS Status, RDMS2018, Tashkent, Uzbekistan



Bold Aspects of CMS Upgrade for 

HL-LHC
 Tracker is AGAIN ALL SILICON but now with much higher 

granularity, extending to |h| =4, with >2 billion pixels and strips

 Tracking information in “L1 track-trigger”

 Tracker is designed to enable finding of all tracks with PT>~2 GeV 
in under 4 ms for  use in the lowest level trigger

 High Granularity Endcap Calorimeters

 Sampling of EM-showers every ~1lrad (28 samples) with small 
silicon pixels  and then every  ~0.35labs (24 samples) with 
combination of silicon pixels and scintillator  to map full 3-
dimensional development of all showers (~6M channels in all)

 Precision timing of all objects, including single charged tracks, 
provides a 4th dimension to CMS object reconstruction to combat 
pileup (~200K sensors in barrel section)

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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Goal: Be as efficient, and with low background/fake-rate, at 200-250 

pileup as we are today, with extended acceptance, and NEW 

Capabilities



Taking Stock and Looking Forward
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We are Investigators into the 

unknown

 We are engaged in an investigation to solve a mystery 

of how the physical world works, how the universe is 

put together, and how it began

 It is one of the most challenging and exciting 

mysteries humankind has tried to solve

 We are privileged to live in a time when it has 

become possible to acquire vast quantities of 

information to help us arrive at a solution

 As with all investigations, certain general strategies 

apply

37



The LHC and CMS

 We are privileged to work at the LHC, a magnificent 

achievement of accelerator science and technology 

and operations expertise.

 It has achieved unprecedented luminosity and 

availability, providing CMS with a wonderful 

opportunity to explore the terascale.

 We owe it to CERN, the LHC,  the many institutes and 

funding agencies, governments and people who 

support us to make the most of this opportunity. 
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We have a partnership with others

 While it may have started out differently, our search is 
now a multidisciplinary investigation using a wide 
variety of techniques and some special platforms

 For particle physics, 
 accelerators including both the high energy colliders and 

intense sources of particles designed for specialized studies, 
and other facilities

 Special instruments to address specific problems

 For astrophysics and cosmology, 
 the universe and especially

 the Cosmic Microwave background, and

 Great instruments to observe them

 Telescopes with electronic pixel readout

 Gravity wave detectors

39



Theory and Experiment

 We hear often that we have arrived at the point where 

progress in theory now must be experiment-driven

 I agree, but to drive progress, the experiments need 

new theory as experimental precision improves, and 

becomes systematics limited, and established ideas 

are eliminated

 We are in a partnership with theorists, as always,  and 

it worth the time and effort on both sides to make it 

even stronger 

40



Investigations are difficult

 As in any investigation

 Patience, care, and time is required

 Many good leads will prove to be false

 Limits  - equivalent to ruling out  hypotheses/leads

 Success is not guaranteed and, at any point, the 

prospects  may seem poor

 Persistence and skill are both required

41

From The Hound of the Baskervilles:
“But we hold several threads in our hands, and the odds are that 
one or other of them guides us to the truth. We may waste time 
following the wrong one, but sooner or later, we must come 
upon the right.”



Taking Stock of Our Investigation

 We have not found anything new so far in the first ~40-80  fb-1

at 13 TeV at the LHC

 Although we still have many places to look

 We will have more than 150 fb-1 at the end of  this  year

 Some may say that our investigation has stalled 

 We have spent many meetings discussing this in one form or 
another

 Of course, a new result could emerge in the near future, i.e. in 
the next 2 years, as we look at the data already taken

 We are developing and using new analysis techniques

 We are exploring a much larger range of models and ideas

 And we will have much, much more integrated luminosity to 
work with

42

That is what makes the next two years and beyond very exciting!!



What to do - I

 Is it just a matter of taking more data – could the new 
physics have larger mass than expected or be even at low 
mass but with weaker coupling?

 Check the coverage (do a gap analysis) to see if we have 
left any corner unexplored

 Similar to identifying the gaps In SUSY coverage from 
compressed spectra

 Did we introduce, intentionally or not, some assumptions 
that resulted in our  overestimating the sensitivity. Are we 
oversimplifying?

 Triggers are an issue here

 Are we taking advantage of all associated fields?
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What to do - II

 Could several phenomena be going on at once 
producing a confusing picture?

 Some studies may look approximately right but really 
be the product of two departures from the SM 
cancelling each other in a conspiracy

 Historically, we have often had a signal in one (of many 
possible) channels stand out and be discovered ahead 
of others associated with it

 What if the pattern is that several smaller signals 
emerge kind of slowly and together. If that were going 
on now, would we notice such “slowly emergent 
patterns” ?

 Is our precision precise enough?
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What to do - III

 We need new ideas to try out

 We have extended our focus to light objects

 DM was not so much on our horizon when the LHC 
started
 Interacting DM has only recently arrived on the radar screen

 We have extended our focus to long-lived objects

 We need new tools and new techniques that will make the 
data we have and the data we plan to get go farther

 You saw examples in advanced statistical methods, 
boosted techniques, improved flavor tagging,  and 
machine learning

 We may need to improve our detector and triggers to 
become sensitive to these new ideas
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What we will do

 Continue to look for new discoveries
 Shifting a bit our focus to less studied areas

 Pursuing each new idea

 Working hard on carrying out precision studies to look for subtle 
deviations from the SM
 More emphasis on e.g. WW scattering and other processes that could tell 

us something new

 Look to precision B and Top physics for new phenomena in loops and boxes, 
possibly at higher masses than directly accessible at the LHC

 Looking for new methods, tools, and approaches to make sure we 
get the highest sensitivity out of the data we will be  taking

 Build the HL-LHC upgrade not just to do as well as now at higher 
luminosity but to add new features and capabilities

 Following each clue in hopes of finding the right thread

46



What we must do

47

HAVE PATIENCE and PERSISTENCE!

“… there is an end to our investigation. But we are bound

to exhaust all other hypotheses before falling back upon

this one.”



Outlook

 Both the LHC and the CMS detector performed well in Run 2 (2015-2018)

 The two year shutdown in 2019/20 should give us time to catch up on 
analysis and assess where we really at

 With the LHC is running at 13 TeV (14 TeV after 2020) with high 
luminosity and availability,  our discovery potential remains great.  

 Discoveries may come soon from data in hand or after several years 

 They might start with a  striking signal appearing in a single channel or 
they may appear in several  channels emerging slowly, each with initially 
low significance, out of large backgrounds. 

 They may appear in scenarios we have long been exploring, e.g. SUSY 
or Extra Dimensions, or may surprise us with signatures that we are not 
even looking for, or triggering on, today 

 As investigators into the unknown we need to step back and survey 
the big picture and look for new, untried  approaches or corners of 
our data that are unexplored or only dimly illuminated 
 Look for heavy objects but don’t neglect lighter particles, weaker 

couplings, rare decay

 Today we have of order <5% of the ultimate LHC data in hand

 It is our mission as experimenters to explore and discover whatever 
exists  in this huge new expanse of scientific territory

4810/09/18
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The future is bright!

Thank you for your attention.
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Backup
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CMS Detector
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 Very large solenoid -
6m diameter x 13 m long 
 Tracking and calorimetry fit 

inside 
 Very strong field – 3.8T 

 Excellent momentum 
resolution

 Chambers in the return iron 
track and identify muons, 
leading to a very compact 
system

 A lead tungstate crystal 
calorimeter (~76K crystals) 
for photon and electron 
reconstruction

 Hadron calorimeters for jet 
and missing Et reconstruction  
to h~5

• Charged Particle Tracking 
with all-silicon components
 A silicon pixel detector out to 

radius ~ 20 cm

 A silicon microstrip detector 
from there out to 1.1 m

 Weight,  dominated by steel, 
is 14,000 Tonnes

CMS Design

CMS is continuously upgraded to  handle

higher luminosity and do better physics



Publication Status
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793  Papers on collider data 

submitted in ten categories
• It is not practical in this talk to try to 

summarize even this summer’s papers, let 

alone put them in context. 

• Please attend the many excellent 

talks by CMS speakers and on CMS 

results throughout this meeting

• I will discuss a few highlights from Higgs, 

Top, and B physics and Searches (SUSY, 

Exotics)

http://cms-results.web.cern.ch/cms-results/

public-results/publications-vs-time/



Higgs Refresher
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Combined Higgs Boson Couplings

18

CMS 13 TeV 2016 

combination

Per production mode Per decay mode

Evidence

ObservedNow 
Observed

Close to have observed 
the couplings with all 3rd

generation fermions 
• One of the targets of 

LHC Run2

• Overall signal strength compatible with the SM
• Not anymore dominated by statistics, already moving to less inclusive 

measurements 

Now updated

CMS-PAS-HIG-17-031

 There are four main basic 
production modes

 There are 6 basic SM decays 
into vector bosons, quarks, and 
leptons

 An analysis typically targets 
some combination of these 
based on their sensitivity

 Signal to background, ability to 
trigger are key features (smaller 
BRs, gg and 4leptons (m,e), were 
the discovery channels

 “Established” Properties

 Mass: 125.09 ± 0.21 ± 0.11 GeV

 Spin: 0

 Width: <1 GeV (direct); <0.013 GeV (indirect)

 Signal Strength Modifier, m, of various processes, 

including ttH, defined as

 m =  (sxBR)obs/(sxBR)SM

ggF VBF

VH ttH

~47pb
~4pb

~2.5pb

~0.56pb



Higgs Properties from ZZ* 

(4 leptons) 
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Cross sections

ATLAS, CMS Run 1 Combined:

MH =125.09 ± 0.21(stat)± 0.11(syst) GeV

CMS 2016, 4 lepton:

MH =125.26 ± 0.20(stat)± 0.08(syst) GeV

HIG-16-041



Higgs  gg
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Signal strength modifiers

Differential cross section

Likelihood scan for 

signal strength

HIG-16-040

HIG-17-015

Njet Differential cross section



WW Scattering using Two 

Same-sign Leptons and Two Jets
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Observed (Expected) signficance: 5.5 (5.7) s

Observed signal strength relative to SM prediction: 0.90 ± 0.22

s fiducial = 3.83± 0.66(stat)± 0.35(syst)± 0.12(Lumi) fb

Addresses nature of Higgs, which helps unitarize VLVLVLVL and 

provides a search for doubly charged Higgs

SMP-17-004



K*m+m Backup
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cb2(3P)-cb1(3P) Mass Splitting

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
13/9/18 58

 A bump at mass ~10.5 GeV, discovered by ATLAS 
(Phys. Rev. Lett. 108, 152001)  via decay to Y(1S,2S)g
(where g  e+e- conversion), is identified with the cb(3P) 
states

 Three states are expected with J=0,1,and 2, with the 
latter two expected to have large branching fractions 
to photons. 

 This bottomonium state is closest to the continuum and 
could mix with states that are just above 

 It is analogous to the X(3872) in charmonium

 With the full 2015-2012 dataset, 80 fb-1, CMS studied

 cb(3p)Y(3S)gY(mm)g (ge+e-)

 There are fewer Y(3S) but the small photon 
energy can be measured with excellent 
resolution by CMS with its 3.8T field 

 Needs the very large dataset!

 The two cb(3p) states are clearly resolved!!
Mass Difference: DM = 10.6 ± 0.64 (stat) ± 0.17 (syst) MeV

Masses of the two states:

M1 = 10513.42 ± 0.41(stat) ± 0.18 (syst) MeV 

M2 = 10524.02 ± 0.57(stat) ± 0.18 (syst) MeV 

CMS-BPH-17-008-003



Higgs Mass from 4 Leptons (ZZ*)
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2016
13 TeV

2011/12
7/8 TeV

Mass (2016, 4L) : 

ATLAS + CMS:
Mass (Run 1, all ): 

Best single measurement of Higgs mass!
Better than all modes, ATLAS and CMS from Run1!

125.26±0.20(stat)±0.08(sys)Gev

125.09±0.21(stat)±0.11(sys)Gev



Highlights from Heavy Ion Physics
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Higgs Coupling to Top Quarks 
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3σ evidence for tt-H in multi-lepton final states
3.3 σ (2.5 expected) when combined with 2015 result

HIG-17-004

SS dilepton



Physics News

25 new results overall and 12 approved in the last 7 days. The full list 

will appear on the public page in preparation. 

Among the highlights: H →WW with 2016 data (HIG-16-042)

Recent Results: HWW

SF, DF = different, same flavor leptons

13/9/18 J. Butler, CMS Status, RDMS2018, Tashkent, Uzbekistan 62

http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-16-042


Higgs t+t using

7, 8, and 13 (2016 only) TeV data
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• Now more than a year old, but still worth remembering
• Four decay topologies for t+t: em, eth,mth,thth

• Three production modes: 0-jet (gg), VBF, boosted (additional objects)
• Irreducible sources of systematics: W+jets, DY Z/gll,tt, t-tbar, QCD

m(signal strength)= 1.09 +0.27-0.26. Significance 4.9 (4.7) s; 
Combined with Run 1: m(signal strength)= 0.98 +/-0.18 Significance 5.9(5.9) s
First single experiment observation: fermion Yukawa, lepton, 3rd Generation

HIG-16-043, arXiv:1708.00373



SUSY? Don’t count it out!
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 Many more things to do new signal topologies:
• e.g. single stop search

• using taus in cascades

• new kinematic range and objects
• boosted EWKino (WZ, HH)

• new interpretations (accessing low cross 
sections)

• e.g. more general higgsino interpretation with different 
spectrum assumptions

• examples from the theory talks: dirac gauginos, resonant 
signatures

• theory input is essential (and our dialogue with the pheno
community with reinterpretation material)!

• new datasets?
• e.g. parked b dataset to look for higgsinos decaying via 

offshell H (bb+MET)

 With no energy increase explore lower couplings!

 Already looking into displaced signatures with:

• Muons: SOS search in the compressed regime

• Taus: stau search (e.g. GMSB SUSY with a stau
NLSP)

• Delayed jets (with ECAL timing): up to 1.5m 
displacement

• Disappearing tracks: target wino (N)LSP with direct or in 
cascade production 

 Many more

• Having eyes open for the surprises in the tails of 
150/fb!

Turns  out your friend here is only MOSTLY dead. See, mostly dead is still 
slightly alive. (From the movie “A Princess Bride”)



P5’ in B0
K*0m+m (8 TeV)
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Physics Letters B, Volume 780, 2018, pp. 251-272



H tau tau backup
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H tau tau backup 
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16 9 Results

 (GeV)ttm

0
-4

0

4
0
-6

0

6
0
-7

0

7
0
-8

0

8
0
-9

0

9
0

-1
0

0

1
0
0
-1

1
0

1
1
0
-1

2
0

1
2
0
-1

3
0

1
3
0
-1

5
0

1
5
0
-2

0
0

2
0
0
-2

5
0

0
-4

0

4
0
-6

0

6
0
-7

0

7
0
-8

0

8
0
-9

0

9
0

-1
0

0

1
0
0
-1

1
0

1
1
0
-1

2
0

1
2
0
-1

3
0

1
3
0
-1

5
0

1
5
0
-2

0
0

2
0
0
-2

5
0

0
-4

0

4
0
-6

0

6
0
-7

0

7
0
-8

0

8
0
-9

0

9
0

-1
0

0

1
0
0
-1

1
0

1
1
0
-1

2
0

1
2
0
-1

3
0

1
3
0
-1

5
0

1
5
0
-2

0
0

2
0
0
-2

5
0

0
-4

0

4
0
-6

0

6
0
-7

0

7
0
-8

0

8
0
-9

0

9
0

-1
0

0

1
0
0
-1

1
0

1
1
0
-1

2
0

1
2
0
-1

3
0

1
3
0
-1

5
0

1
5
0
-2

0
0

2
0
0
-2

5
0B

k
g
. 

u
n

c
.

(O
b
s
. 

- 
b
k
g

.)

0

5

E
v
e

n
ts

/b
in

1-10

1

10

210

 < 300 GeV
jj

0 < m  < 500 GeV
jj

300 < m  < 800 GeV
jj

500 < m  > 800 GeVjjm

 (13 TeV)-135.9 fbCMS , VBF
h

t
h

t

Observed

 = 1.09)m (tt®H

tt®Z

/eemm®Z

+jetstt

W+jets

QCD multijet

Others

Total unc.

 = 1.09)m (tt®H

Bkg. unc.

Obs. - bkg.

Bkg. unc.
tt®H

Bkg. unc.

Figure 6: Observed and predicted 2D distributions in the VBF category of the t ht h decay chan-

nel. The normalization of the predicted background distributions corresponds to the result of
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ground histograms are stacked. The “ Others” background contribution includes events from

diboson and single top quark production, as well as Higgs boson decays to a pair of W bosons.

The background uncertainty band accounts for all sources of background uncertainty, system-

atic as well as statistical, after the global fit. The signal is shown both as a stacked filled his-

togram and an open overlaid histogram.
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VH(bb) Backup

 Primary improvements for 2017 analysis: 

 Improved b-jet energy regression 

 FSR recovery. 

 Kinematic fit in Z(ll) 

 Deep neural network (DNN) to discriminate signal from background. 

 Multi-output DNN in W(lv)+heavy flavor and Z(vv)+heavy flavor control regions to discriminate among background components. 

 DeepCSV to identify b-jet candidates. 

 • Each of these improvements with respect to the previous analysis cycles will be outlined in dedicated slides. 

 Bjet resolution – 12%

 Systematics

 et energy scale: 

 • Split into 27 independent uncertainty sources as recommended by JET/MET. 

 • Jet energy resolution: 

 • 10% uncertainty on regressed b-jets from dedicated study discussed with JME.
• Decorrelated for signal to avoid any possible constraining, should cover any uncertainties from PS. 

 • Standard JER uncertainty for additional jets. 

 • B-tagging: 

 Split into independent uncertainty sources as recommended by BTV. 

 Further de-correlated based on jet pT/η, as in 2016 analysis. 

 • Background normalizations: 

 Derived from fit to data for backgrounds with floating normalisation (V+udcsg, V+b, V+bb, tt) 

 15% uncertainty on VV and single top cross section. 

 • Monte Carlo statistics 

 • QCD scale and pdf (acceptance as well as overall cross section). 

 • Δη(jj) LO to NLO re-weighting: 

 • Full correction taken as uncertainty. 

 • pT(W) linear re-weighting (1-lepton channel only) • Statistical uncertainty band from fit to derive corrections. 

 • Lepton efficiency, pile-up re-weighting, luminosity, 

 Validation

 VZ, Zbb

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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• Systematic uncertainties primarily 

impacting the measurement 

include: 
• Uncertainty on normalization of 

floating V+(b)b backgrounds. 

• MC statistical uncertainty in signal 
region high-score DNN bins. 

• B-tagging uncertainties. 

• LO to NLO Δη(jj) re-weighting 
uncertainty on V+(b)b. 

• QCD scale uncertainties on V+(b)b 
and signal.

Systematic Impacts
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Link to full set of impacts here
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Higgs Properties
• Coupling measurements:

• Rate of a given process depends on several couplings

• Example hàggàWW: 89 ∝
: ;
<: =

<

: >
< 	

• The ? ’s multiply the SM couplings. ?@ is a function of ?A and ?B.

• ?C multiplies the Higgs width and depends on all couplings

• Comprehensive study of Higgs couplings at the HL-LHC

• Reduced theoretical uncertainties needed (mprovement since 2014)

• Expected deviations from SM predictions by various models (Singlet 

mixing, 2HDM, Decoupling MSSM, Composite, Top Partner..) 

predicted to be between 1-10%.

15

?@ ?D

Narain, ICFA, Nov 2017

Currently ? ’s are typically 

measured to »20%. 

Projections at 3-10%-level 

with 3000 fb−1

HL-LHC will improve msm’t

precision by a factor 2-3!
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 Very large solenoid -
6m diameter x 13 m long 
 Tracking and calorimetry fit 

inside 
 Very strong field – 3.8T 

 Excellent momentum 
resolution

 Chambers in the return iron 
track and identify muons, 
leading to a very compact 
system

 A lead tungstate crystal 
calorimeter (~76K crystals) 
for photon and electron 
reconstruction

 Hadron calorimeters for jet 
and missing Et reconstruction  
to h~5

• Charged Particle Tracking 
with all-silicon components
 A silicon pixel detector out to 

radius ~ 20 cm

 A silicon microstrip detector 
from there out to 1.1 m

 Weight,  dominated by steel, 
is 14,000 Tonnes

CMS Design

links

CMS is continuously upgraded to  handle

higher luminosity and do better physics
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Physics Outlook

 Both the LHC and the CMS detector performed well in Run 2 (2015-2018)

 The two year shutdown in 2019/20 should give us time to catch up on 
analysis and assess where we really at

 With the LHC is running at 13 TeV (14 TeV after 2020) with high 
luminosity and availability,  our discovery potential remains great.  

 Discoveries may come in a  few months  or after several years 

 They might start with a  striking signal appearing in a single channel or 
they may appear in several  channels emerging slowly, each with initially 
low significance, out of large backgrounds. 

 They may appear in scenarios we have long been exploring, e.g. SUSY 
or Extra Dimensions, or may surprise us with signatures that we are not 
even looking for, or triggering on, today 

 As investigators/ researchers into the unknown we need to step 
back and survey the big picture and look for new, untried  
approaches or corners of our data that are unexplored or only dimly 
illuminated 

 Today we have of order <5% of the ultimate LHC data in hand

 It is our mission to explore and make discoveries  in this huge new 
expanse of scientific territory
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Recording
Efficiency
94.2%

Can get 
800 pb-1

In a day!

Mean Pileup
38 int/Xing

Peak lumi
~1.8-1.9 x
10 34.
cm-2s-1
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Precise measurement of t-channel single top cross sections and ratio 

of Rt-ch of t+ to t- production (more u-quarks than d- quarks)

• Rt-ch = 1.65 ± 0.02 (stat) ± 0.04 (syst). 

• Total single top cross section =  219.0 pb ± 1.5 (stat) ± 33.0 (syst) 

• the absolute value of the CKM matrix element Vtb is 

determined to be 1.00 ± 0.05 (exp) ± 0.02 (theo). 

t-channel ~220 pb

20

tW ~70 pb

Observation @ Tevatron only

s-channel ~10 pb

20 Top-Quark Phenomenology

comparison to pp̄ collider experiments because ant iquarks occur only as sea quarks.

As the top quark is the heaviest known SM part icle, a higher minimal centre-of-mass

energy
p

s for its product ion is needed in comparison to other part icles. The minimal

energy needed for the product ion of a top-quark pair is
p

ŝ = 2 ·mt op ⇡ 345GeV. The

centre-of-mass energy of the colliding hadrons (e.g. protons) is related to the partonic

centre-of-mass energy
p

ŝ via the proton momentum fract ions x1 and x2 of the two

init ial state partons: p
ŝ =

p
x1x2s. (3.2)

3.1.2 Single Top-Quark Product ion

In addit ion to the previously discussed product ion of top-quark pairs, also single top

quarks can be produced in hadron colliders. The product ion cross sect ion for these

processes is lower because the product ion mechanism involves the weak interact ion, i.e.

Wtb vert ices. ThepossibleLO Feynman diagrams(s-channel, t -channel and tW-channel)

are shown in Figure 3.3.

q0

t

q

b

W

Figure 3.3: Feynman diagrams of the LO product ion of single top quarks in hadron

colliders: s-channel (top,right), t -channel (top,left ) and tW-channel (bot tom).

In the t-channel, the top quark is created by a fusion of a b quark and a virtual W

boson. This channel is the predominant product ion mode for single top quarks at the

LHC with
p

s = 8 TeV. The charge of the init ial state quark determines if a top quark

or an ant itop quark is produced. For a pp collider, up quarks dominate the PDFs of

the valence quark. Therefore, the product ion of top quarks (σpp! t ,t− channel ⇡ 56.4 pb)

is preferred over the product ion of ant itop quarks (σpp! t̄ ,t− channel ⇡ 30.7 pb) [47].

In the s-channel, a W boson creates either a top and an ant ibot tom quark or an

ant itop and a bottom quark. This depends on the charge of the W boson, which is

determined by the charge of the init ial state quarks. Therefore, the same argumentat ion

as for the t-channel holds and the product ion of top quarks (σpp! t ,s− channel ⇡ 3.8 pb) is

preferred over the product ion of ant itop quarks (σpp! t̄ ,s− channel ⇡ 1.8 pb) [47].

In the tW-channel, the top (ant itop) quark is produced in associat ion with a W boson.
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to predictions with CtG/ L 2 = − 1.0, 0.0, 1.0 TeV− 1, produced with the MG5 aMC@NLO gener-
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Differential Cross section to
Constrain top chromo-magnetic
Dipole moment

• Assume scale of new physics >> that probed in direct searches → 

constrain new physics contribut ions due to higher-order operators using ETFs

• Recent example

 Differential cross section to constrain 

top chromo-magnetic dipole moment
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Chromo-magnetic dipole moment

Buarque Franzosi & Zhang, EFT for CMDM at 
NLO in MG5_aMC@NLO, PRD 91 (2015) 114010

95% Confidence Intervals on CMDM

-0.06 < C
tG

/L 2 < 0.41    This measurement

-0.89 < C
tG

/L 2 < 0.43    CMS 8 TeV diff. x-sec

-0.42 < C
tG

/L 2 < 0.30    CMS 8 TeV incl. x-sec

-0.32 < C
tG

/L 2 < 0.73    Tevatron incl. x-sec

Normalized fiducial measurements 
for leptons are extremely precise

CMDM affects total rate and lepton 
angle distributions

Roadmap towards a truly global EFT fit in the top sector → F. Maltoni
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Top Mass

 “Standard methods” are all systematics-limited!

 Alternative methods are not as accurate now, but will become so and we hope the 
one or more will have ultimately more favorable systematics

 Need to do better to address issues like stability of the EW vacuum

J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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June 20, 2018I. Volobouev 14

Top Mass

“Direct” run 2 top mass
measurement with 35.9 fb-1: 
arXiv:1805.01428

• One l + at least four jets
• Stringent selection 

requirements (including 
exactly two b tags and      
a good χ2 from kinematic fit). 
1.6 x 105 events pass with 
S/B ~ 22.

• “Ideogram” method is used 
for mt extraction with JSF as  
a nuisance parameter. Events 
are weighted by exp(-χ2/2).

• Main systematic uncertainties 
come from  b jet energy 
correction (0.32 GeV), color 
reconnection (0.31 GeV), and 
ME generator dependence 
(0.22 GeV, using POWHEG v2 
vs. MADGRAPH5_aMC@NLO)
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• Key SM parameter

• Test EW vacuum stability

CMS all-jet  (13 TeV)

172.34 ±0.20 (stat+JSF) 

±0.76 (syst) GeV
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172.34 ±0.20 (stat+JSF)

±0.76 (syst) GeV

Alternative methods“classic” methods



Top gallery
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J. Butler, CMS Status, RDMS2018, 

Tashkent, Uzbekistan
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Rare, FC Top Decays

Even with full LHC data, none will reach SM 

expectations but some will reach level predicted 

by some BSM models

Proton-Pb at 8.16 TeV

PhysRevLett.119.242001


