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OUTLINE
• Plan for 2017

• Highlights 

• Publication strategy and status

• Prospects and challenges ahead
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TRANSITION TO HIGH LUMINOSITY

• 2016 provided biggest jump in σ x Luminosity for a very long time

• Next two years will increment our sensitivity in rare decays and weak production

• EYETS provides opportunity to digest this jump and be ready for 2017 run
– fluctuation will happen but our duty to use all data at our disposal
– continuous reloading of everything every 6 months not healthy for long term
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Status of EXO Analyses

• For high mass searches parton luminosity counts! 
• With 3 fb-1 all searches with Mx>2 TeV are competitive!

WHICH ANALYSES ARE SENSITIVE
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STELLAR PERFORMANCE BY LHC

• Exceeded promised delivery for 2017 despite unexpected problems

– Expectations for 2018 could well exceed 60 fb-1 

– Full Run 2 with  150 fb-1 presents opportunities and new challenges for analysis

4



Shahram Rahatlou, Roma Sapienza & INFN

STRATEGY FOR 2017
• Because of much larger statistics no physics case for quick re-loads of 

results every 6 months

– very little gain for most searches

– more challenging for tackling systematics in measurements


• Target publication quality results even for conferences not just half-baked 
(sometimes not correct) results for a PAS

– PAS intended and used only as a conference note

– paper should be near CWR in order to release PAS for a conference


• No last minute approvals before conferences

– one week embargo on approvals and PAS (conference note) ready for release 

before the conference


• Goal: reduce significant delays between preliminary PAS and paper

– sometimes even >1 year

– much reduced interest of community in our papers


‣ Theorists and non-CMS members can cite our PAS and publish their great thoughts and ideas

‣ By the time paper out with a year-old result, no interest


– Provide real reward (paper) for young students and postdocs applying for jobs
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PUBLICATIONS IN 2017

• Strategy to target publication-quality papers seems to pay off

– Faster turn around between presentation at conferences and submission

– Reduced delay between “a” preliminary result in PAS and paper

– Advance the field with papers (good for CMS and community) not with 

PAS (only good for community)
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PUBLICATION STATUS
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SOME HIGHLIGHTS

Without spoiling too much next talks
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EFFECTIVE WEAK MIXING ANGLE

• Forward-backward asymmetry determined in bins of mass & rapidity

• Approaching Tevatron precision 


– will benefit from rest of run2 to push both statistics and systematics
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V + H ➝ bb
• Presented at Lepton Photon


– Paper submitted in September

– ATLAS presented at EPS and submitted 2 days after our presentation at LP


• 3.3σ (2.8σ expected) at 13 TeV

– ATLAS 3.5σ observed (3.0σ expected)


• 3.8σ (observed and expected) after combination with 8 TeV

– ATLAS 3.6σ observed (4.0σ expected)


• ATLAS and CMS aiming for 5σ (possibly) with 2017 data

– no combination before end of run2
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Figure 7: Weighted dijet invariant mass distribution for events in all channels combined.
Shown are data and the VH and VZ processes with all other background processes subtracted.
Weights are derived from the BDT output distribution as described in the text.

Table 10: The expected and observed significances and the observed signal strengths for VH
production with H ! bb for Run 1 data [17], Run 2 2016 data, and for the combination of the
two. Significance values are given in numbers of standard deviations.

mH = 125 GeV Significance Significance Signal strength
expected observed observed

Run 1 2.5 2.1 0.89+0.44
�0.42

Run 2 2.8 3.3 1.19+0.40
�0.38

Combined 3.8 3.8 1.06+0.31
�0.29
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Figure 8: Combination of all channels in the VZ search, with Z ! bb into a single event BDT
distribution. Events are sorted in bins of similar expected signal-to-background ratio, as given
by the value of the output of their corresponding BDT discriminant. The bottom inset shows
the ratio of the data to the predicted background, with a red line overlaying the expected SM
contribution from VZ with Z ! bb.

Acknowledgments608

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-609

mance of the LHC and thank the technical and administrative staffs at CERN and at other610

CMS institutes for their contributions to the success of the CMS effort. In addition, we grate-611

fully acknowledge the computing centres and personnel of the Worldwide LHC Computing612

Grid for delivering so effectively the computing infrastructure essential to our analyses. Fi-613

nally, we acknowledge the enduring support for the construction and operation of the LHC614

and the CMS detector provided by the following funding agencies: BMWFW and FWF (Aus-615

tria); FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria);616

CERN; CAS, MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES and CSF (Croatia);617

RPF (Cyprus); SENESCYT (Ecuador); MoER, ERC IUT, and ERDF (Estonia); Academy of Fin-618

land, MEC, and HIP (Finland); CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Ger-619

many); GSRT (Greece); OTKA and NIH (Hungary); DAE and DST (India); IPM (Iran); SFI620

(Ireland); INFN (Italy); MSIP and NRF (Republic of Korea); LAS (Lithuania); MOE and UM621

(Malaysia); BUAP, CINVESTAV, CONACYT, LNS, SEP, and UASLP-FAI (Mexico); MBIE (New622

Zealand); PAEC (Pakistan); MSHE and NSC (Poland); FCT (Portugal); JINR (Dubna); MON,623

RosAtom, RAS, RFBR and RAEP (Russia); MESTD (Serbia); SEIDI, CPAN, PCTI and FEDER624

(Spain); Swiss Funding Agencies (Switzerland); MST (Taipei); ThEPCenter, IPST, STAR, and625

NSTDA (Thailand); TUBITAK and TAEK (Turkey); NASU and SFFR (Ukraine); STFC (United626

Kingdom); DOE and NSF (USA).627

Individuals have received support from the Marie-Curie programme and the European Re-628

search Council and Horizon 2020 Grant, contract No. 675440 (European Union); the Leventis629

Foundation; the A. P. Sloan Foundation; the Alexander von Humboldt Foundation; the Belgian630

Federal Science Policy Office; the Fonds pour la Formation à la Recherche dans l’Industrie et631
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Figure 6: The best fit value of the signal strength, µ, is shown in black with green error band.
Above the dashed line are the WH and ZH signal strengths when each production mode has
an independent signal strength parameter in the fit. The results of an alternative fit where each
leptonic channel has its own signal strength parameter are shown below the dashed line.

Figure 7 shows a dijet invariant mass distribution for data and for the VH and VZ processes,557

with all other background processes subtracted. The distribution is constructed from all events558

in all channels that populate the BDT output distributions in Fig. 4. The values of the scale559

factors and nuisance parameters from the fit used to extract the VH signal are propagated560

to this distribution. To better visualize the contribution of events from signal, all events are561

weighted by S/(S+B), where S and B are the numbers of expected signal and total post-fit562

background events in the bin of the output of the BDT distribution in which each event is563

contained. The data are consistent with the production of a standard model Higgs boson with564

a mass of 125 GeV decaying to bb.565

7.1 Combination with Run 1 VH(bb) analysis566

The combination of this result with similar searches performed by the CMS experiment during567

Run 1 of the LHC [17, 37, 39] (using proton-proton collisions at
p

s = 7 and 8 TeV with data568

samples corresponding to integrated luminosities of up to 5.1 fb�1 and 18.9 fb�1 respectively)569

yields an observed signal significance of 3.8 standard deviations, where 3.8 are expected from570

a SM signal. The corresponding signal strength is µ = 1.06+0.31
�0.29. In the combination, all system-571

atic uncertainties are assumed to be uncorrelated, except for cross section uncertainties derived572

from theory, which are assumed to be fully correlated. Treating all uncertainties as uncorrelated573

results in a negligible change in the combined significance. Table 10 lists these results.574

7.2 Extraction of VZ with Z ! bb575

The VZ process with Z ! bb, having a nearly identical final state as VH with H ! bb serves576

as a validation of the methodology used in the search for the latter process. Event BDT dis-577

http://cds.cern.ch/record/2278170
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Motivation
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• Search for gg → H → bb̄ historically 
deemed impossible due to  
overwhelming and difficult to 
predict QCD background 

• We can access this process in the 
boosted dijet topology  

• Probing Higgs couplings at high 
momentum transfer (Q) accesses 
large new physics energy scale (Λ) 
[1] 
• May be easier to see BSM effects

11. Status of Higgs boson physics 11

Table 11.1: State-of-the-art of the theoretical calculations in the main different
Higgs production channels in the SM, and main MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:

NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL
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Figure 11.1: Generic Feynman diagrams contributing to the Higgs production
in (a) gluon fusion, (b) weak-boson fusion, (c) Higgs-strahlung (or associated
production with a gauge boson) and (d) associated production with top quarks.

procedures when including higher-order corrections matched to parton shower simulations
as well as uncertainties due to hadronization and parton-shower events.

Table 11.2, from Refs. [42–45], summarizes the Higgs boson production cross sections
and relative uncertainties for a Higgs mass of 125GeV, for

√
s = 7, 8, 13 and 14TeV. The

Higgs boson production cross sections in pp̄ collisions at
√

s = 1.96TeV for the Tevatron
are obtained from Ref. [47].

(i) Gluon fusion production mechanism

At high-energy hadron colliders, the Higgs boson production mechanism with the
largest cross section is the gluon-fusion process, gg → H + X , mediated by the exchange
of a virtual, heavy top quark [48]. Contributions from lighter quarks propagating in the
loop are suppressed proportional to m2

q . QCD radiative corrections to the gluon-fusion
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FIG. 2: Sample of the leading-order Feynman diagrams, in the Full Theory with finite top mass e↵ects, contributing
to the scalar plus jet production at the LHC.

Analogously to the production of the Higgs, the dominant form of dark matter production at the LHC would be
through gluon fusion, as the tree-level couplings to the light quarks are Yukawa-suppressed. This production mode is
dominantly through the loop induced g � g � �(A) coupling. Representative diagrams for the leading-jet process are
shown in Figure 2. Note that in the production of the mediators in channels with associated b or t quarks is largely
dominated by the tree-level terms, though as in Higgs production, loop e↵ects can be important in the �(A)+ heavy
flavor channels.

If the external particles in the loop induced g � g � �(A) interaction are on-shell, then it can be exactly calculated
in a single coupling value, as in Higgs physics. A similar diagram induces couplings to photons. At leading-order, the
on-shell Lagrangians for our two benchmark models gain the additional terms [47–51]
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We should emphasize that the e↵ective coupling approximation can be accurately calculated for arbitrary top and
mediator masses. However, for associated production of � or A plus jets at collider, with momenta and energy scales
where the loop induced top contributions start to be resolved, that is pT,� = O(2mt), this e↵ective operator breaks
down and the one-loop dynamics should be taken into account.

In Section IV we will discuss further details of the missing transverse energy searches with associated jets used the
LHC experiments. For this section, it is su�cient to state that significant transverse missing momentum is required
(that is, large transverse momentum of the � or A), along with large momentum of at least one jet, in order to pass
the trigger and selection criteria. In events without additional heavy flavor tagging, the primary production vertex
for the � or A will be through the top-loop coupling to gluons, in association with a hard emission of initial state
radiation, see Figure 2.

In Figure 3, we show the missing transverse momentum distribution (MET or /ET ) for pp ! �̄� + j at the
8 TeV LHC, setting m� = 10 GeV. Following our sketch (in Figure 1) of the inclusion of integrated-out particles as
we resolve e↵ective operators, we present the di↵erential MET distribution from dark matter production for three
di↵erent interaction hypothesis:

1. for the direct production through an EFT interaction with gluons, ↵S/⇤3 [�̄�Gµ⌫Gµ⌫ ];

2. for the production via a scalar mediator with an e↵ective g � g � � interaction vertex, as in Eq. (3). For
comparison purposes, we show both a light (100 GeV) on-shell mediator and very heavy (1200 GeV) mediator
which gives dark matter through o↵-shell production; and

3. for the production via a scalar mediator where the top-loop has been taken into account via the exact one-loop
computation. We show once more a very light (m� = 100 GeV) and a very heavy (m� ! 1) mediator scenarios.

All these distributions were generated using MCFMv6.8 [52, 53], where we have extended the process implementation
pp ! H(A) + j ! ⌧+⌧� + j in MCFM to accommodate the o↵-shell mediator production and decay to a dark matter
pair. The hard scales are defined as µ2

F = µ2

R = m2

�(A)

+ p2

Tj . For further details on the event generation see
Section IV.
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to the scalar plus jet production at the LHC.
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through gluon fusion, as the tree-level couplings to the light quarks are Yukawa-suppressed. This production mode is
dominantly through the loop induced g � g � �(A) coupling. Representative diagrams for the leading-jet process are
shown in Figure 2. Note that in the production of the mediators in channels with associated b or t quarks is largely
dominated by the tree-level terms, though as in Higgs production, loop e↵ects can be important in the �(A)+ heavy
flavor channels.

If the external particles in the loop induced g � g � �(A) interaction are on-shell, then it can be exactly calculated
in a single coupling value, as in Higgs physics. At leading-order, the on-shell Lagrangians for our two benchmark
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weaker bounds on the scalar model relative to pseudoscalars in channels where the gluon coupling dominates (i.e.,
LHC monojets).

In Section IV we will discuss further details of the missing transverse energy searches with associated jets used the
LHC experiments. For this section, it is su�cient to state that significant transverse missing momentum is required
(that is, large transverse momentum of the � or A), along with large momentum of at least one jet, in order to pass
the trigger and selection criteria. In events without additional heavy flavor tagging, the primary production vertex
for the � or A will be through the top-loop coupling to gluons, in association with a hard emission of initial state
radiation, see Figure 2.
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8 TeV LHC, setting m� = 10 GeV. Following our sketch (in Figure 1) of the inclusion of integrated-out particles as
we resolve e↵ective operators, we present the di↵erential MET distribution from dark matter production for three
di↵erent interaction hypothesis:

1. for the direct production through an EFT interaction with gluons, ↵s/⇤3 [�̄�Gµ⌫Gµ⌫ ];

2. for the production via a scalar mediator with an e↵ective g � g � � interaction vertex, as in Eq. (3). For
comparison purposes, we show both a light (100 GeV) on-shell mediator and very heavy (1200 GeV) mediator
which gives dark matter through o↵-shell production; and

3. for the production via a scalar mediator where the top-loop has been taken into account via the exact one-loop
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11. Status of Higgs boson physics 11

Table 11.1: State-of-the-art of the theoretical calculations in the main different
Higgs production channels in the SM, and main MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:

NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL

g

g

t

tW, Z

W,Z

q

q

g

g

q

q

q

q
(a) (b)

(c) (d)

H

HH

H

Figure 11.1: Generic Feynman diagrams contributing to the Higgs production
in (a) gluon fusion, (b) weak-boson fusion, (c) Higgs-strahlung (or associated
production with a gauge boson) and (d) associated production with top quarks.

procedures when including higher-order corrections matched to parton shower simulations
as well as uncertainties due to hadronization and parton-shower events.

Table 11.2, from Refs. [42–45], summarizes the Higgs boson production cross sections
and relative uncertainties for a Higgs mass of 125GeV, for

√
s = 7, 8, 13 and 14TeV. The

Higgs boson production cross sections in pp̄ collisions at
√

s = 1.96TeV for the Tevatron
are obtained from Ref. [47].

(i) Gluon fusion production mechanism

At high-energy hadron colliders, the Higgs boson production mechanism with the
largest cross section is the gluon-fusion process, gg → H + X , mediated by the exchange
of a virtual, heavy top quark [48]. Contributions from lighter quarks propagating in the
loop are suppressed proportional to m2

q . QCD radiative corrections to the gluon-fusion

October 6, 2016 14:51

[1] https://indico.cern.ch/event/602633/contributions/2432234/attachments/1406599/2149448/CMS-SM-Higgs-Beyond.pdf
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BOOSTED Z/H ➝ bb
• Probing Higgs coupling at high momentum thanks to state-of-the-art 

techniques in boosted topology

– Opens new possibilities for inclusive Higgs studies 

11

8 7 Results

7 Results

The estimation of the SM background processes and the extraction of a potential signal from SM
H ! bb are performed simultaneously. The resonant Z signal is used as a standard candle to
simultaneously constrain the systematic uncertainties associated to it and the H boson. Results
are obtained from a combined binned maximum likelihood fit to the mSD distribution in data
in the passing and failing regions of each pT category, and in the tt-enriched control region.
The combined likelihood of the data for a given Higgs signal strength µH and Z signal strength
µZ, L(data|µH, µZ), is given by the product of Poisson likelihoods in each bin multiplied by
external constraints for the nuisance parameters.

Fig. 4 shows the mSD distribution for data and measured SM background contributions in the
passing and failing regions. Contributions from W and Z boson production are clearly visible
in the data.
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Figure 4: Post-fit mSD distributions in data for the pass and fail regions and combined pT cate-
gories by using a polynomial 2nd order in r and 1st order in pT. The features at 166 GeV and
180 GeV in the mSD distribution are due to the kinematic selection on r, which affects each pT
category differently.

The measured Z boson signal strength is µZ = 0.78+0.23
�0.19, which corresponds to an observed

significance of 5.1s with 5.8s expected. This constitutes the first observation of the Z signal
in the single-jet topology, further validating the substructure and b-tagging strategy for the
Higgs boson search in the same topology. The measured cross section of the Z+jets process
is 0.85+0.26

�0.21 pb, which is consistent, within the uncertainty on the measurement, with the SM.
The measured H boson signal strength is µH = 2.3+1.8

�1.6 and includes the corrections to the
pT described in Sec. 3. The observed µH and the theoretical cross-section imply a measured
cross-section of 74+51

�49 fb, which is consistent, within the stated uncertainty, with the SM. The
observed (expected) significance is 1.5s (0.7s).

Tab. 2 summarizes the measured signal strengths and significances for the Higgs and Z boson
processes. In particular, they are also reported for the case the corrections to the Higgs pT spec-
trum are not applied. Fig. 5 shows the profile likelihood test statistic scan in data as function of
the Higgs and Z signal strength parameters (µH, µZ).

HIG-17-010

1.5σ (0.7σ expected) 5.1σ (5.8σ expected)

http://cds.cern.ch/record/2266164?ln=en
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DI-BOSON SEARCHES

• Boosted topologies now used as standard tools for V-tagging and also Higgs-tagging

- Workshop at CERN in December to explore boosted techniques also on SM 

Physics

• New results presented for VV, VH and HH (resonant and non-resonant)


- CERN Seminar on Dec 5 during CMS week

• No new excess and no confirmation of old mild excesses

12
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TOP IN HEAVY IONS
• First observation of top quark production in proton-lead collisions! 


– showcased at TOP 2017 conference and paper submit at time of 
presentation

13

W candidate mass top candidate mass

arxiv:1709.07411

https://arxiv.org/abs/1709.07411
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EVIDENCE FOR single top + Z

• Rare Standard Model process sensitive to FCNCs, tZ and WWZ 
triple coupling

– presented at TOP 2017 and paper now in submission

– Significance: 3.7σ observed with 3.1σ expected

– ATLAS had shown results at EPS and submitted in September

‣ Significance: 4.2σ observed with 5.4σ expected
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TOP-16-020

https://cds.cern.ch/record/2284830
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P5’ IN K*μμ

• Of great interest for community following hints of deviations in lepton flavour 
universality from LHCb

– Uncertainties still large to draw conclusions

– electron channel (unfortunately) not quite accessible in CMS


• Limited statistics at 13 TeV because of high thresholds in trigger

– Work in progress towards updated measurement
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*PLB 753 (2016) 424: AFB, FL, dBF/dq2
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μ+
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π−

μμ / K*0
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B0
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Introduction

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

J/
ψ

ψ
(2

S)

B0 ➝ K*0 μ+ μ− described within Standard Model 
(SM) as flavour-changing neutral-current process

Decay fully described as a function of three angles 
(θl, θK, Φ) and dimuon invariant mass squared, q2

(searched in its fully charged final state B0 ➝ K*0(K+ π−) μ+ μ−)

Robust SM calculations of several angular 
parameters, e.g. forward-backward asymmetry of 
the muons, AFB, longitudinal polarisation fraction of 
the K*0, FL, P5’ (see next slides) are available for 
much of the phase space

Discrepancy of the angular parameters vs q2 with 
respect to SM indicates new physics

This talk is about extension of previous analysis* 
(same 2012 data set, 20.5 fb−1 (8 TeV)): new 
angular parameters, P1 and P5’
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Preliminary results

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

Both SM-DHMV and SM-HEPfit uses the same form-
factors, and light-cone sum rule predictions are combined 
with lattice determinations at high q2 to yield more precise 
determinations of the form factors over the full q2 range
SM-DHMV the hadronic charm-loop contribution is 
derived from calculations
SM-HEPfit the hadronic contribution is derived from 
LHCb data

SM-DHMV: JHEP 01 (2013) 048, JHEP 05 (2013) 137
SM-HEPfit: JHEP 06 (2016) 116, arXiv:1611.04338

J/
ψ

Inner vertical bars ➜ statistical uncertainty
Outer vertical bars ➜ total uncertainty
Horizontal bars ➜ bin widths

Statistical uncertainty is the dominant contribution 
but in 5th and 6th q2 bins were it is comparable to 
systematic uncertainty

LHCb: JHEP 02 (2016) 104
Belle-preliminary: arXiv:1612.05014

ψ
(2

S)

ψ
(2

S)

J/
ψ

Angular analysis results on                     s 

❖ Results are compatible with theoretical calculations & fits:

Bd ! K⇤µ+µ�

CFFMPSV: Ciuchini et al.; JHEP 06 (2016) 116; arXiv:1611.04338.
DMVH:      Decotes-Genon et al.; JHEP 01 (2013) 048; JHEP 05 (2013) 137; JHEP 12 (2014) 125.
JC:               Jäger-Camalich; JHEP 05 (2013) 043; Phys. Rev. D93 (2016) 014028.
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HEAVY NEUTRAL LEPTONS

• Improved LEP limits below W mass

• First constraints for mN > 500 GeV

• Strongest constraints from LHC


– only probing prompt HNL decays so far

• Further improvement in progress


– add long-lived particles to  
extending sensitivity at low mass
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Heavy neutral leptons: trilepton signature

N are sterile and interact only with ⌫ through
mixing

produced in W, Z, b, ... decays containing a ⌫

target 3` decays of heavy neutral leptons (HNL)
produced in W! `⌫

HNL lifetime becomes longer with small masses
or mixing

⌧ / |V`N |�2 m�5
N

analysis probes prompt HNL decays

all combinations of e, µ used currently no ⌧h

lepton PT spectra compressed for low masses

dedicated trilepton search is new in CMS!

Willem Verbeke (Ghent University) trilepton HNL search: approval August 1, 2017 4 / 37

Heavy neutral leptons: the current picture
minimal extension of SM solving several issues:

smallness of neutrino masses (seesaw)

baryon asymmetry of the universe (CP
violation from degenerate N2 and N3)

N1 is dark matter candidate

hadron colliders have never probed
below mN = 40 GeV

no existing results above mN = 500
GeV

To be updated!

Willem Verbeke (Ghent University) trilepton HNL search: approval August 1, 2017 3 / 37
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Figure 3: Exclusion region at 95% CL in the |VeN|2 vs. mN (left) and |VµN|2 vs. mN (right) planes.
The dashed black curve is the expected upper limit, with one and two standard-deviation
bands shown in dark green and light yellow, respectively. The solid black curve is the ob-
served upper limit, while the dotted black curve is the observed limit in the approximation
of prompt N decays. Also shown are the upper limits from other direct searches in L3 [32],
DELPHI [36], ATLAS [26], and CMS [25].

nation of electrons and muons, i.e., eee, eeµ, eµµ, or µµµ. No statistically significant excess of284

events beyond the standard model background is observed.285

Upper limits at 95% confidence level are set on the mixing parameters |VeN|2 and |VµN|2, rang-286

ing between 1.2 ⇥ 10�5 and 1.8 for N masses in the range 1 GeV < mN < 1.2 TeV. These results287

surpass those obtained in previous searches carried out by the ATLAS [26] and CMS [25, 27]288

Collaborations, and are the first direct limits for mN > 500 GeV. This search also provided the289

first probes for low masses (mN < 40 GeV) at the LHC, improving on the low-mass limits set290

previously by the L3 [32] and DELPHI [36] Collaborations. For N masses below 3 GeV, the291

most stringent limits to date are obtained from the beam-dump experiments: CHARM [29, 34],292

BEBC [28], FMMF [35], and NuTeV [37].293
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FIRST RESULT WITH CT-PPS
• Evidence for central production of high mass di-muons


• Excellent proof of principle and successful detector operation


• Preliminary result with muons shown at EPS paper including also electrons 
now in CWR

17

1

1 Introduction
The present paper reports evidence of central semi-exclusive production of dimuon pairs, pp !
pµ

+
µ

�p(⇤), with mass m(µµ) > 110 GeV. The two muons are measured in the central CMS
apparatus, and the final state proton in the CMS-TOTEM Precision Proton Spectrometer (CT-
PPS). The latter is a near-beam magnetic spectrometer that uses the LHC magnets between the
Interaction Point (IP) and detectors at about 210 m from the IP on both sides. Protons that
have lost a small fraction of their momentum are bent out of the beam envelope so that their
trajectories can be measured. The second proton may either remain intact or dissociate into
a low mass state, indicated by the symbol p⇤, and escapes undetected in the forward region
opposite that of the measured proton.

Central dimuon production is dominated by the diagrams shown in Fig. 1, in which both pro-
tons radiate quasi-real photons that interact and produce the two muons. The left and center
diagrams result in at least one intact final state proton, and are considered as signal in this anal-
ysis. However, the acceptance for detecting both protons starts only above m(µµ) ⇠ 400 GeV,
where the cross section for Standard Model pp ! pµ

+
µ

�p production is very small. By using
events with only a single proton tagged, the final sample will contain a mixture of “elastic”
(or “exclusive”, pp ! pµ

+
µ

�p) and single proton-dissociation (pp ! pµ

+
µ

�p⇤) events, but
the acceptance is extended to lower masses where the cross section is non-negligible. The
rightmost diagram is considered as a background. A background contribution is also expected
from Drell-Yan events in which a proton from another interaction in the same bunch crossing
(pileup) is wrongly associated to the dimuon system.

p p

p p

�

�

µ+

µ�

p p

p

�

�

µ+

µ�

p

p

�

�

µ+

µ�

Figure 1: Production of muon pairs by gg fusion. The “elastic” (left), single proton dissociation
(center), and double proton dissociation (right) topologies are shown. The left and center dia-
grams result in at least one intact final state proton, and are considered as signal in this analysis.
The rightmost diagram is considered as a background.

Central semi-exclusive dimuon production has never been measured directly and is of interest
because it constitutes a background to the exclusive reaction pp ! pµ

+
µ

�p when the final-
state protons are not measured. In turn, the exclusive process is interesting because deviations
from the expected cross section, which is well known, may be an indication of new physics. In
central semi-exclusive events, the momentum of the two muons can be used to determine that
of the proton, and hence the proton fractional momentum loss x. This indirect measurement
of x can be compared with the direct one obtained with CT-PPS. The comparison can be used
to suppress background; it also provides proof of the correct functioning of CT-PPS and can be
used to estimate its resolution.

CT-PPS operated for the first time in 2016 and collected a total of ⇠15 fb�1 in regular, high-
luminosity runs of LHC. For the present analysis, a sample of approximately 10 fb�1 is used; the
remaining data were taken after September 2016, when LHC collided protons with a different
crossing angle, which implies a different CT-PPS acceptance.

PPS-17-001

6 4 Proton reconstruction

x = Dp/p, (2)

and p and Dp the nominal beam momentum and the proton longitudinal momentum loss,148

respectively. The symbol T(s, x) denotes the so-called single pass transport matrix, whose ele-149

ments are the optical functions. The leading term in the horizontal plane is:150

x = Dx(x)x, (3)

where the dispersion Dx has a mild dependence on x. In the vertical plane, the leading term151

reads:152

y = Ly(x)Q⇤
y , (4)

where Ly(x) is the so-called vertical effective length. The x dependence of Ly(x) is shown in153

Fig. 5. At any location s in the RP region there is a value of x, x0, where Ly vanishes and hence154

the values of y concentrate around zero. Consequently, the distribution of the track impact155

points exhibits a ‘pinch’ at x0 ⇡ Dxx0 , cf. Fig. 6. The horizontal dispersion Dx can then be156

estimated as:157

Dx ⇡ x0

x0
. (5)
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Figure 5: The vertical effective length Ly as a function of the proton momentum loss x at differ-
ent RPs calculated with MAD-X [10].

An independent estimate of the difference of the dispersions in the two LHC beams, DDx, can158

be obtained by varying DDx to find the best match between the x distributions reconstructed159

from the two arms.160
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1 Introduction1

The present paper reports the observation of central semi-exclusive production of muon and2

electron pairs, pp ! pl+l�p(⇤), with mass m(l+l�) > 110 GeV/c2. The two leptons are mea-3

sured in the central CMS apparatus, and the final state proton in the CMS-TOTEM Precision4

Proton Spectrometer (CT-PPS). The latter is a near-beam magnetic spectrometer that uses the5

LHC magnets between the Interaction Point (IP) and detectors at about 210 m from the IP on6

both sides. Protons that have lost a small fraction of their momentum are bent out of the beam7

envelope and their trajectories are measured. The second proton may either remain intact or8

dissociate into a low mass state, indicated by the symbol p⇤, and escapes undetected in the9

forward region opposite that of the measured proton.10

Central dilepton production is dominated by the diagrams shown in Fig. 1, in which both11

protons radiate quasi-real photons that interact and produce the two leptons. The left and12

center diagrams result in at least one intact final state proton, and are considered as signal in13

this analysis. However, the acceptance for detecting both protons in “elastic” (or “exclusive”)14

pp ! pl+l�p events (the left diagram) starts only above m(l+l�) ⇠ 400 GeV/c2, where the15

Standard Model cross section is small. By selecting events with only a single proton tagged,16

the sample will contain a mixture of lower mass elastic and single-dissociation (pp ! pl+l�p⇤,17

“semi-exclusive”) events, thus extending the coverage to a region where the cross section is18

higher. The rightmost diagram is considered background if a proton from the diffractive disso-19

ciation is detected or if a proton from another interaction in the same bunch crossing (pileup) is20

wrongly associated to the dimuon system. Another background contribution is expected from21

Drell-Yan events in combination with a pileup proton.22

Figure 1: Production of lepton pairs by gg fusion. The “elastic” (left), single proton dissociation
or “semi-exclusive” (center), and double proton dissociation (right) topologies are shown. The
left and center processes result in at least one intact final state proton, and are considered signal
in this analysis. The rightmost diagram is considered background.

Central semi-exclusive dilepton production has never been measured directly and is of interest23

because it constitutes a background to the exclusive reaction pp ! pl+l�p when the final-state24

protons are not measured. In turn, the exclusive process is interesting because deviations from25

the expected cross section may be an indication of new physics. The exclusive reaction has26

been measured at the Tevatron and at the LHC but never with a proton tag [1–4].27

In central (semi-)exclusive events, the momentum of the two leptons can be used to determine28

that of the proton, and hence the proton fractional momentum loss x. This indirect measure-29

ment of x can be compared with the direct one obtained with CT-PPS. The comparison can be30

used to suppress background; it also provides proof of the correct functioning of CT-PPS and31

can be used to estimate its resolution.32

1 Introduction

The TOTEM experiment will measure the total pp cross section and study elastic scattering and diffrac-
tive dissociation at the LHC. More specifically, TOTEM will measure:

* the total cross-section with an absolute error of 1 mb by using the luminosity independent method.
This requires the simultaneous measurement of the elastic pp scattering down to the four-momentum
transfer of −t ≈ 10−3 GeV2 and of the inelastic pp interaction rate with an adequate acceptance in
the forward region;

* elastic proton scattering over a wide range in momentum transfer up to −t ≈ 10 GeV2;

* diffractive dissociation, including single, double and central diffraction topologies using the forward
inelastic detectors in combination with one of the large LHC detectors.

TOTEM was proposed in 1997 [1]. Having received favourable consideration from the LHCC and the
Research Board, the Collaboration prepared a Technical Proposal [2] in 1999 in which they identified
CMS as the optimal host experiment for TOTEM.

Since then TOTEM has pursued detailed studies on the integration of their detectors into the CMS
environment at intersection point I5. Ongoing discussions with CMS have led to satisfactory agreements
about the compatibility of the TOTEM detectors with the host experiment, the shape of the vacuum
chamber, the various support structures, and the sequence of operations for the installation and the
removal of the TOTEM detectors.

Figure 1.1: The TOTEM detectors are installed in the CMS forward region.

As noted above, TOTEM has to measure the inelastic pp interaction with adequate acceptance in
the forward region. Two tracking telescopes, T1 and T2, installed on each side of the IP in a manner
compatible with the CMS detector, will provide this coverage (Fig. 1.1). The T1 telescope will be
placed in the CMS endcaps, while T2 will be in the shielding behind the CMS Hadronic Forward (HF)

http://cds.cern.ch/record/2265781?ln=en
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LOW MASS μμ SEARCH
• Original analysis searching for light scalar in bbA(→μμ) final state


– Motivated by theory papers in 2-Higgs-Doublet Model

– bump in μμ mass with accidental requirements on muon pt

‣ one b-jets in barrel and one forward jet


– similar structure also with one b-jet in barrel and one other barrel jet

‣ lower local significance


• Analysis of 13 TeV data approaching unblinding soon

19

Second event category 

• Un-binned fit by BW+Gaussian for the hypothetical signal and 2nd 
degree polynomial function for the background parameterization.  

15/09/2016 9 

First event category 

• The excess has a width larger than the detector resolution 
• Un-binned fit by BW+Gaussian for the hypothetical signal and 2nd 

degree polynomial function for the background parameterization.  
15/09/2016 7 

HIG-16-017
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4-μ SEARCH

• Enhancement seen in a search motivated by theory papers on tetra-quarks and 
hidden valley

– Extensive work by authors, conveners, and Carlo Battilana (thank you!) to address 

questions and concerns about trigger matching since October 2016

– Cross check analysis, same selection but with independent tools, by a second team

– Soon to be sent back to ARC for review


• At least 2 independent teams now looking at 13 TeV data

– dedicated trigger deployed in last part of 2017 data

– Aiming for a first result by Spring

20
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Figure 2: The final four-lepton invariant mass distributions of (a) U(1S)µ+µ� and (b)
U(1S)e+e� event candidates. The solid curves show the result of a simultaneous maximum
likelihood fit to the two distributions. The dashed curve shows the fit results for the back-
ground component. The lower panels show the difference between the data and fit results,
divided by the uncertainty in the data.

four-muon mass without imposing this constraint. The total systematic uncertainty is evalu-221

ated to be 0.2 GeV, leading to a mass measurement of 18.4 ± 0.1 (stat) ± 0.2 (syst) GeV.222

6 Summary223

We present evidence for an enhancement in the invariant mass distribution of U(1S)`+`� fi-224

nal states, with ` as electron or muon. The width of the enhancement is consistent with the225

CMS detector resolution, and the mass is determined to be 18.4 ± 0.1 (stat) ± 0.2 (syst) GeV.226

The global significance of the result is 3.5 standard deviations. A possible standard model in-227

terpretation of this enhancement is a tetraquark state composed of two bottom quarks and two228

bottom antiquarks with a mass slightly below the twice the hb mass and a width smaller than229

150 MeV. However, a new-physics explanation, such as an elementary light scalar particle,230

remains a possibility.231
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CREATIVE PHYSICS
• Short but successful XeXe run in 2017 (40M min bias events)


– Despite not being a desire of heavy ion group, excellent operation and 3 papers in 
preparation aiming for Spring


• Low pileup run

– collected ~250 pb-1 at pile-up ~ 3

– Targeting measurement of W pT at low momentum

– includes triggers for auxiliary measurements of underlying events and QCD


‣ See plenary presentation on motivations and first look at data next Thu


• electron-proton collisions at LHC! (see details, hep-ex/0405028 )

– partially stripped Pb ions against protons

– center of mass energy ~ 200 GeV similar to HERA


‣ no estimate yet of total luminosity

– Useful for Parton Density Function measurements  

and probing (Q2,x) plane

‣ Ongoing discussion in FSQ about acceptance in  

CMS barrel and trigger strategy 

21

• number of ions per bunch - 9.4× 107,

• number of protons per bunch - 4× 109,

• transverse emittance - ≤ 1.5 µm,

• β∗ ≥ 0.5 m (depending on the reduction factor of the beam emittance).

6.3 The kinematic domain

The kinematic (x,Q2) domain which is accessible for the PIE collider is shown in
Fig. 4 and in Fig. 5.

Kinematic Limits for the PIE Collider

10
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Figure 4: Kinematic domain of the PIE collider - the pseudorapidity acceptance for
the electron-proton collisions.

The covered region extends over 5 orders of magnitude in xBj and Q2 and over
3 orders of magnitude in the perturbative-QCD region. The measurement domain is

16

https://indico.cern.ch/event/644287/contributions/2724486/attachments/1562773/2461206/KRASNY_GF_PBC_NOV_2017.pdf
https://arxiv.org/abs/hep-ex/0405028v1
https://hypernews.cern.ch/HyperNews/CMS/get/forward-smallxqcd/1343/1.html
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W MASS
• Steady but slow and limited progress after more than 1 year


– List of tasks, deliverables, interested teams and their real commitments now 
available


• Concerns about manpower while aiming for a better measurement than 
ATLAS

– only 2 PhD students and one staff committed full-time to this project


• CMS One-day workshop on W mass on Jan 31 

23
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BS → μμ
• Extremely reduced manpower for a flagship measurement with very high 

scientific impact

– Roughly 3 individuals fully focused on delivering analysis of 2016 data


• Analysis of 2016 data almost 1 year behind schedule

– no look at data and its features in 2016

– efforts started by end of 2016 and still on-going


• Several important issues have delayed this analysis

– Yield instability for signal and control samples across 2016 eras

– discrepancies in BDT output between data and MC still under investigation


‣ cause related to flight distance significance selection but mitigation not found yet


• Delivery of this result on 2017 and 2018 data needs new blood and 
interested analysis teams - not just additional manpower

24
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ttH

• Individual results shown at Moriond 2017 for multilepton WW, ZZ, !! and 
hadronic !! Higgs decays

– Ahead of ATLAS and of great impact for community


• Combination took several months

– Observed significance of 3.2σ (2.8σ expected)

– paper in CWR only in November


• ATLAS preliminary result presented in October

– Observed significance of 4.2σ (3.8σ expected)


• Our result expected to be better and hopefully to be ready soon
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PHYSICS PLANNING MEETING
• Long term planning for physics with full 13 TeV data


– Schedule and resources for MC production

– Planning of re-processing with Offline & Computing and PPD


• Physics insights and inspiration for best use of data in next 5 years


• Statistics in 2017 and 2018 offer different prospects and 
opportunities for different physics groups 

– Some will need all the data

– Some are already limited by statistics and could do with partial data

– Some might have interesting plans  which might never materialise due to 

personpower issues


• A first collaboration-wide discussion was held on October 26

– Follow-up discussion at next Thursday Physics Plenary


• Planning our physics goals and activities will continue with such 
regular meetings through 2018 
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https://indico.cern.ch/event/671372/
https://indico.cern.ch/event/683845/
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HIGH LUMINOSITY PROGRAM
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HINTS AND FLUCTUATIONS
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HINTS AND FLUCTUATIONS
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Figure 9: Observed (solid) and expected (dashed) 95% CL upper limits on the product of the
graviton production cross section and the branching fraction of Gbulk ! WW (left) and Gbulk !
ZZ (right). The cross section for the production of a bulk graviton multiplied by its branching
fraction for the relevant process is shown as a red solid (dashed) curve for k/MPl = 0.5 (0.2),
respectively.

ity of the sample is not large enough to allow us to set mass limits on the bulk graviton models
with k/MPl = 0.2 or 0.5. Fig. 10 (right) presents also the local p-value of the significance of
the excesses observed in the data. No excesses with significances larger than two standard
deviations are observed.

8.2 Model-independent limits

The analysis as presented above is specific to the case of a narrow bulk graviton model, but this
is not the only extension of the SM predicting resonances decaying to vector bosons. Therefore
it is useful to allow the reinterpretation of these results in a generic model. In this section
we present the exclusion limits on the visible number of events after having introduced some
modifications to the analysis that greatly simplify its structure, at a moderate price in terms
of performance. Together with the upper limits on the number of signal events, we provide
tables with the reconstruction and identification efficiencies for vector bosons in the kinematic
acceptance of the analysis. Following the instructions detailed in Appendix A, it is possible to
estimate the number of events for a generic signal model that would be expected to be detected
in CMS with the collected integrated luminosity and to compare it with the upper limit on the
number of events.

To avoid the dependence on the assumptions in the construction of the separate categories, we
perform a simplified analysis, reducing the event classification to one single category. We do
this by adding the muon and electron channels and dropping the low-purity category (whose
sensitivity is much smaller than the high-purity category). The loss in performance is very
small over a large range of masses. The effect of dropping the LP category is visible only at
very high masses, where the upper limit on the cross section becomes 15% less stringent.

A generic model cannot restrict itself to narrow signal widths, hence we provide limits as a
function of both mass (MX) and natural width (GX) of the new resonance. The generated line
shape is parametrized with a Breit–Wigner function (BW) and its width is defined as the G
parameter of the BW. The BW line shape is convoluted with the double-sided CB introduced
in Section 6.2 for describing the detector resolution. While different values of GX are scanned,
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ZZ (right). The cross section for the production of a bulk graviton multiplied by its branching
fraction for the relevant process is shown as a red solid (dashed) curve for k/MPl = 0.5 (0.2),
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ity of the sample is not large enough to allow us to set mass limits on the bulk graviton models
with k/MPl = 0.2 or 0.5. Fig. 10 (right) presents also the local p-value of the significance of
the excesses observed in the data. No excesses with significances larger than two standard
deviations are observed.

8.2 Model-independent limits

The analysis as presented above is specific to the case of a narrow bulk graviton model, but this
is not the only extension of the SM predicting resonances decaying to vector bosons. Therefore
it is useful to allow the reinterpretation of these results in a generic model. In this section
we present the exclusion limits on the visible number of events after having introduced some
modifications to the analysis that greatly simplify its structure, at a moderate price in terms
of performance. Together with the upper limits on the number of signal events, we provide
tables with the reconstruction and identification efficiencies for vector bosons in the kinematic
acceptance of the analysis. Following the instructions detailed in Appendix A, it is possible to
estimate the number of events for a generic signal model that would be expected to be detected
in CMS with the collected integrated luminosity and to compare it with the upper limit on the
number of events.

To avoid the dependence on the assumptions in the construction of the separate categories, we
perform a simplified analysis, reducing the event classification to one single category. We do
this by adding the muon and electron channels and dropping the low-purity category (whose
sensitivity is much smaller than the high-purity category). The loss in performance is very
small over a large range of masses. The effect of dropping the LP category is visible only at
very high masses, where the upper limit on the cross section becomes 15% less stringent.

A generic model cannot restrict itself to narrow signal widths, hence we provide limits as a
function of both mass (MX) and natural width (GX) of the new resonance. The generated line
shape is parametrized with a Breit–Wigner function (BW) and its width is defined as the G
parameter of the BW. The BW line shape is convoluted with the double-sided CB introduced
in Section 6.2 for describing the detector resolution. While different values of GX are scanned,

ZZ hypothesis

WW hypothesis
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Combination

CMS-EXO-13-009

8

Search for q* in γ+jet final state

• The analysis of the full 2016 dataset in progress:
• Studies of 24 fb–1 of data presented in mid-November: 

https://indico.cern.ch/event/586175

• Do not look at the M(γ; jet) distribution for now

EXO status and plans                                                                                                         1 December 2016

EXO-16-015

3.7σ excess 
(f=0.1)

not seen 
by ATLAS

not seen by 
CMS@Run1

2/12/2016 High mass diphotons 5

Summary of run 2 (so Far)

It has been quite a year since venice!

 Dec'15: modest
 excess @ 750 GeV

 Large interest from
 THEorists

Not confirmed by 2016 
data
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Preliminary results

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

Both SM-DHMV and SM-HEPfit uses the same form-
factors, and light-cone sum rule predictions are combined 
with lattice determinations at high q2 to yield more precise 
determinations of the form factors over the full q2 range
SM-DHMV the hadronic charm-loop contribution is 
derived from calculations
SM-HEPfit the hadronic contribution is derived from 
LHCb data

SM-DHMV: JHEP 01 (2013) 048, JHEP 05 (2013) 137
SM-HEPfit: JHEP 06 (2016) 116, arXiv:1611.04338

J/
ψ

Inner vertical bars ➜ statistical uncertainty
Outer vertical bars ➜ total uncertainty
Horizontal bars ➜ bin widths

Statistical uncertainty is the dominant contribution 
but in 5th and 6th q2 bins were it is comparable to 
systematic uncertainty

LHCb: JHEP 02 (2016) 104
Belle-preliminary: arXiv:1612.05014
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Figure 2: The final four-lepton invariant mass distributions of (a) U(1S)µ+µ� and (b)
U(1S)e+e� event candidates. The solid curves show the result of a simultaneous maximum
likelihood fit to the two distributions. The dashed curve shows the fit results for the back-
ground component. The lower panels show the difference between the data and fit results,
divided by the uncertainty in the data.

and relative normalization determined from a fit to simulated signal events. For the back-191

ground, we use an event-mixing technique. First, U(1S) ! µ+µ� tracks in the final sample192

are combined with e+e� tracks from a different event. The mixed-event sample is then fit by193

a Chebychev polynomial, with the order N determined from an F-test as described for the194

U(1S)µ+µ� sample. The final values of the Chebychev polynomial parameters, and the signal195

and background yields, are determined in the maximum likelihood fit.196

The largest likelihood occurs for a mass of 18.5 ± 0.2 (stat) GeV and corresponds to a signal197

yield of 35 ± 13 events. The value of the test statistic is 10.3, providing a local significance198

of 3.2 standard deviations. As for the U(1S)µ+µ� channel, the assumed width of the signal199

distribution is varied by 5% with a negligible impact on the results.200

5.3 The combined U(1S)µ+µ�
and U(1S)e+e� channels201

The mass values of the enhancements in the U(1S)µ+µ� and U(1S)e+e� data are consistent202

with each other within the statistical precision, and the widths in both channels are consistent203

with the CMS detector resolution. We therefore perform a simultaneous fit of the two channels204

in the context of a mass scan, assuming a common mass value. The signal and background205

modeling is as described in Sections 5.1 and 5.2. The maximum likelihood occurs for a mass206

of 18.4 ± 0.1 (stat) GeV. The same signal yields are obtained as reported in Sections 5.1 and207

5.2. The results of this fit are shown in Fig. 2. The value of the test statistic is 27.8, which for208

two degrees of freedom (the two yields) corresponds to a p-value of 3.0 ⇥ 10�7 and to a local209

significance of 5.0 standard deviations. Variation of the signal width by 5% has a negligible210

impact on the significance. We account for the effect of searching over an extended mass range211

using the technique described in Ref. [26]. The global significance is thereby determined to be212

3.7 standard deviations.213

We consider the following sources of systematic uncertainty. The uncertainties associated with214

the signal and background shapes in the fit are assessed by using different functional forms215

First event category 

• The excess has a width larger than the detector resolution 
• Un-binned fit by BW+Gaussian for the hypothetical signal and 2nd 

degree polynomial function for the background parameterization.  
15/09/2016 7 
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THE BIG PICTURE

30



Shahram Rahatlou, Roma Sapienza & INFN

CONCURRENT AND COMPLEMENTARY EFFORTS

• Multi-boson final states

– Higgs

– B2G

– EXO

– Standard Model

– SUSY


• MET + X

– EXO

– SUSY

– Top


• Long-lived objects

– EXO

– SUSY

– Higgs


• Low mass objects

– B Physics

– Higgs exotic decays
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SUSY AND STANDARD MODEL
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Theory prediction

Some remaining opportunities (e.g. PDF constraints from t¯t/Z

production ratios)
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CROSSING GROUP BOUNDARIES
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tttt

• Rare SM process with cross section ~ 10 fb

– Sensitive to ttH coupling

– enhancement in many BSM models 


• 1.6σ significance compatible  
with SM 


• Work in progress on 2017 data 
already


• Same team also targeting WWW  
production

34
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1 Introduction

The production of four top quarks (tttt) is a rare standard model (SM) process, with represen-
tative leading order (LO) Feynman diagrams shown in Fig. 1. Many beyond-the-SM (BSM)
theories predict an enhancement of the tttt cross section, such as gluino pair production in
the supersymmetry framework [1–10], the pair production of scalar gluons [11, 12], and the
production of a heavy pseudoscalar or scalar boson in association with a tt pair in Type II
two-Higgs-doublet models (2HDM) [13–15]. Additionally, a top quark Yukawa coupling larger
than expected in the SM can result in a significant increase of tttt production via an off-shell
SM Higgs boson [16]. The SM cross section for tttt at

p
s = 13 TeV is predicted to be 9.2+2.9

�2.4 fb
at next-to-leading order (NLO) [17]. Alternatively, the authors of Ref. [16] calculate a leading
order cross section of 9.6+3.9

�3.5 fb at
p

s = 13 TeV, and then apply a NLO/LO K-factor of 1.27
based on the

p
s = 14 TeV evaluation of Ref. [18], resulting in a prediction of 12.2+5.0

�4.4 fb.
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Figure 1: Representative Feynman diagrams for tttt production at LO in the SM.

After the decays of the top quarks the final state contains several jets resulting from the had-
ronization of light quarks and b quarks (b jets), and may contain isolated leptons and missing
transverse momentum depending on the branching fractions of the W bosons [19]. Among
these final states, the same-sign (SS) dilepton and the three (or more) lepton final states, con-
sidering electrons and muons and not including leptonic t decays, correspond to branching
fractions in tttt events of 8 and 1%, respectively. However, due to the low level of backgrounds,
these channels are the most powerful ones to isolate tttt production with SM-like kinematics.
The ATLAS and CMS Collaborations at the CERN LHC have previously searched for SM tttt
production in both

p
s = 8 and 13 TeV pp collisions [20–23]. The most sensitive of these results

is a by-product of the CMS SS dilepton search for BSM physics at
p

s = 13 TeV [23], with an
observed (expected) tttt cross section upper limit of 42 (27+13

�8 ) fb at 95% confidence level (CL).

The search of Ref. [23] is inclusive, exploring the final state with two SS leptons and at least two
jets. The analysis described in this paper, which is based on the same data set corresponding to
an integrated luminosity of 35.9 fb�1, employs a signal categorization optimized for sensitivity
for the SM tttt production, an improved b jet identification algorithm, and background estima-
tion techniques that have been adapted to take into account the higher jet and b jet multiplicity
requirements of the signal regions.

2 Background and signal simulation

Monte Carlo (MC) simulations at NLO are used to evaluate the tttt signal acceptance and to
estimate the background from diboson (WZ, ZZ, Zg, SS WW) and triboson (WWW, WWZ,
WZZ, ZZZ, WWg, WZg) processes, as well as from processes with a single top quark (tWZ,
tZq, tg) or a tt pair produced in association with a boson (ttW, ttZ, ttH). These samples are
generated using the MADGRAPH5 AMC@NLO 2.2.2 [17] program with up to two additional
partons in the matrix element calculation, except for the WZ, ZZ and ttH samples, which are
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PHYSICS DESIDERATA IN 2018
• Observation of  H → bb decay 


– In 2017, CMS alone established H →""


• Observation of ttH production 

– review underway for hadronic ttH(bb) and combination with ttH multi 

leptons with 2016 data

– addition of 2017 data might be decisive


• New measurement of Bs → μμ  and probing Bd → μμ

– at least with 2016 data while monitoring quality of 2018 data


• Updated measurement of P5’ in Bd → K*μμ


• Preliminary measurement of W mass 
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OUTLOOK
• Challenges and successes of 2017 exposed some of our fragilities


– Partition of (not only) human resources across three projects

‣ Running and operation of current CMS detector

‣ Analysis of data in real time and production of solid scientific results

‣ R&D of future CMS detector and its construction

36
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OUTLOOK
• Challenges and successes of 2017 exposed some of our fragilities


– Partition of (not only) human resources across three projects

‣ Running and operation of current CMS detector

‣ Analysis of data in real time and production of solid scientific results

‣ R&D of future CMS detector and its construction

• Successful program in 2017 but no timely analysis of 2017 data

– comprehensive feedback from analysis teams only in mid November

‣ Unavailability of MC samples and stable data conditions did not help


– problem could be even bigger in 2018

‣ larger dataset  in 2018 and  70 fb-1 of well understood data in hand for analysis

‣ Upgrade of HCAL endcap in YETS 2017 could add another difficulty on top of 

existing  challenges
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OUTLOOK
• Challenges and successes of 2017 exposed some of our fragilities


– Partition of (not only) human resources across three projects

‣ Running and operation of current CMS detector

‣ Analysis of data in real time and production of solid scientific results

‣ R&D of future CMS detector and its construction

• Successful program in 2017 but no timely analysis of 2017 data

– comprehensive feedback from analysis teams only in mid November

‣ Unavailability of MC samples and stable data conditions did not help


– problem could be even bigger in 2018

‣ larger dataset  in 2018 and  70 fb-1 of well understood data in hand for analysis

‣ Upgrade of HCAL endcap in YETS 2017 could add another difficulty on top of 

existing  challenges

• Democratic trigger budget for all groups might be revised

– Consider alternative strategies by pre-scaling some triggers instead of all 

triggers at high luminosity (aka levelling)

– First ideas to be discussed at Trigger Workshop on Dec 11
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DESIDERATA FOR 2017 DATA

• We were aware new detector(s) might presented surprises 

– unfortunately situation much worse than expected


• Timely use of 2017 data basically impossible for Winter 2018

– Later (wrt 2016) availability of MC and data

– unique problems of the detector 

– Larger and more diverse data collected in 2017

38

RE-RECO OF 2017 DATA
• Main use of 2017 data for late 2017 and Winter 2018


– Legacy 2016 rereco  + 2017 Prompt reco


• Reprocess data when sufficient detector understanding to provide 
good (better) prompt reco

– Expect about 10/fb by mid July 


• Update Prompt Reco (PR) with improvements and fixes as early as possible

– No delay in deployment of new calibrations and alignment

– No issue with on-going analyses needing stability


• Prompt reco of 2017 data could be used for physics publications

– 30/fb of PR with performance comparable to Sep rereco good for all 

searches


• When?

– September with data availability no later than October 


‣ assuming PR as good as re-reco

–  legacy re-reco of 2017 only later if new issues arise or for uniformity

8

Delay of ~ 2.5 month 
WRT this plan a major 
concern 

Unexpected problems 
with pixel did not help

Realistically this might 
be happening just now 
at the end of data 
taking

O&C 29 Mar 2017
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DESIDERATA FOR 2017 MC

39

SIMULATION
• Produce sufficient MC to allow detector commissioning and 

performance studies with early data

– No massive MC production before July

– target generic processes good for general performance and standard 

model plots

– Copious MC samples only when


• Bulk of MC production for physics after commissioning with early 
data

– trigger menu finalized

– issues and features in data understood 

9

O&C 29 Mar 2017
Unfortunately this 
happened too later 
(after summer) 
even for POG 
studies

We might have 
achieved this but 
late availability is a 
serious concern


