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Conserved quantities & symmetries in the SM
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quantity symmetries electromagnetic weak strong
energy time translation ✔ ✔ ✔

linear momentum spatial translation ✔ ✔ ✔

angular momentum rotational energy ✔ ✔ ✔

charge, color, … gauge transformation ✔ ✔ ✔

lepton number L ✔ ✔ ✔

baryon number B ✔ ✔ ✔

isospin ✔ ✘ ✘

lepton flavor ✔ ✔ ✔

quark flavor ✔ ✘ ✔

parity P ✔ ✘ ✔

charge conjugation C ✔ ✘ ✔

time reversal T ✔ ✘ ✔

CP ✔ ✘ ✔

CPT ✔ ✔ ✔

fundamental to QFTs and gauge theories, like the SM



Lepton flavor universality in the SM
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me, mµ, m⌧ ⌧ MZ:

assuming MZ >> m𝜏, m𝜇, me ~ 0,

→ but no fundamental reason why these couplings should be universal !



DOES NATURE RESPECT LEPTON 
FLAVOR UNIVERSALITY ?



Observables included in the global likelihood
So far, 265 Observables Aebischer et al. 1810.07698
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Test lepton flavor universality
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B anomalies at Belle, BaBar, LHCb
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R(K(*)) and angular observables 
combined ~ 4𝛔 deviation

R(D(*)) combined 3.1𝛔 deviation

⇒ lepton flavor universality violated ?
⇒ signs of new physics ?
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0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4R
(D

*)

HFLAV average

Average of SM predictions

 = 1.0 contours2χ∆

 0.003±R(D) = 0.299 
 0.005±R(D*) = 0.258 

HFLAV

Winter 2019

) = 27%2χP(

σ3

LHCb15

LHCb18

Belle17

Belle19 Belle15

BaBar12

HFLAV
Spring 2019

RK result with 2011 to 2016 data LHCb-Paper-2019-009

Using 2011 and 2012 LHCb data, RK was:

RK = 0.745+0.090
≠0.074(stat.) ± 0.036(syst.),

≥ 2.6 ‡ from SM (PRL113(2014)151601).

Adding 2015 and 2016 data, RK becomes:

RK = 0.846

+0.060

≠0.054

(stat.) +0.016

≠0.014
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Dominant systematic uncertainties:
Fit shape, trigger calibration, B+ kinematics.
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HOW CAN WE EXPLAIN THE 
ANOMALIES ?



Leptoquarks
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B anomalies according to LQs
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signs for destructive interference 
with SM in B → K𝜇𝜇 decay

LQ ⇡ LQ3

++

[Isidori group: arXiv:1706.07808, arXiv:1903.11517, Julie’s talk]
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HOW DO WE FIND LQs ?
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LQ production at CMS
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LQ production properties
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LQ decay signatures at CMS
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LQ analyses at the LHC
ordered by final state:



LQ reconstruction
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LQ reconstruction
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LQ reconstruction
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Upper limits on LQ → b𝝉
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Table 2: Post-fit expected numbers of signal and background events, determined from a background-only fit, compared
to the observed number of data events after applying the selection criteria and requiring at least one b-tagged jet. Both
the up-type and down-type leptoquark samples here use B = 1. In the ⌧`⌧had channel, the fake-⌧-lepton background
includes all processes in which a jet is misidentified as a ⌧-lepton, while in the ⌧had⌧had case the fake background
from QCD multi-jet processes and tt̄ production are derived separately. The tt̄ background includes events with true
⌧had and the very small contribution from leptons misidentified as ⌧had. The ‘Other’ category includes contributions
from W+jets, Z+jets, and diboson processes. The total background is not identical to the sum of the individual
components since the latter are rounded for presentation, while the sum is calculated with the full precision before
being rounded. The uncertainty in the total background is smaller than that in the tt̄ and multi-jet backgrounds due to
these being strongly anti-correlated.

Sample Post-fit yield
⌧`⌧had ⌧had⌧had

1-tag 2-tag 1-tag 2-tag
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Figure 8: Expected and observed 95% CL upper limits on the cross-section for up-type (left) and down-type (right)
scalar leptoquark pair production with B = 1 as a function of leptoquark mass for the combined ⌧`⌧had and ⌧had⌧had
channels. The observed limit is shown as the solid line. The thickness of the theory curve represents the theoretical
uncertainty from PDFs, renormalization and factorization scales, and the strong coupling constant ↵s.
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Backup

LQ in t-channel
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Run-2 legacy LQ → b𝝉
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AN-19-019
EXO-19-016

• combine 2016 + 2017 + 2018
• combine most important 𝝉𝝉 channels:

𝝉h𝝉h, 𝝁𝝉h, e𝝉h, e𝝁
• combine all three production modes

through several b jet categories
• currently updating DeepTauID for higher efficiency
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Exclusion in 𝝺 vs. mLQ space
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OTHER SEARCHES ?
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CMS LQ search summary
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WHAT’S NEXT ?
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HL-LHC LQ → b𝝉

3310/10/19 [CMS-PAS-FTR-18-028 (Pablo & Yuta), CMS-PAS-FTR-18-008]

Outlook
• Many more years of LHC data-taking ahead
• Sensitivity reach estimated for up to 3000fb�1 at 14 TeV
• Expected mass exclusion limit substantially improved
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• limit can be further improved with larger dataset, and higher 𝑠�

• some searches will have to contend with increased pileup
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CONCLUSIONS



Conclusion
• third-generational LQs with mLQ ~ O(TeV) have are 

well motivated by the B anomalies

• many LQ couplings have been probed at the LHC
• so far, no deviations above the SM observed with 

mLQ exclusions in the TeV range
• analyses have been mostly been statistically limited
• looking forward to new results with full Run-2 data, 

and including the nonresonant mode
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Some general BSM predicting LQs
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• Grand Unified Theory: larger symmetry group from 
which SM’s SU(3)CxSU(2)LxU(1)Y emerges
→ quarks and leptons unified in one fermion multiplet
⇒ lepton-quark interaction via new gauge bosons

• Compositeness: fermions are composite particles
⇒ bound states may decay into a lepton + quark

• Supersymmetry with R-parity violation:
⇒ sparticles may decay into lepton + quark

⇒ new gauge bosons carrying both lepton and baryon number: 
leptoquarks !

⌧�

LQ

q

`

�lq



LQ decay signatures at CMS
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B (LQ3 ! b⌧) = �

B (LQ3 ! t⌫⌧ ) = 1� �

LQ

LQ

b, t, t

⌧ , ⌫, ⌫

b, b, t

⌧ , ⌧ , ⌫

e.g. purely third-generation LQ3:

analyses often use a parameter 𝜷:

LQ

⌧ , ⌫, ⌫

b, b, t

⌧ , ⌧ , ⌫

bb⌧⌧ , bt⌧⌫, tt⌫⌫ b⌧⌧ , b⌧⌫, t⌫⌫
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LQ → b𝝉 production cross sections

4010/10/19
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Obtaining exclusion in 𝝺 vs. mLQ space
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RUN-2 LEGACY LQ → b𝝉𝝉



Summary of signal selections
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baseline ℓ𝝉h and 𝝉h𝝉h selections  

ℓ/𝝉h pT > 50 GeV

≥1 jet pT > 50 GeV, ≥1 b tag, mvis > 100 GeV |𝞰1 + 𝞰2| < 2.2, Δ𝞰ℓℓ < 3

discriminating variable:
ST = pT

1 + pT
2 + pT

j
discriminating variable:
𝞆 = e2Δ𝜂 in mvis bins

LQ

b

b

⌧+

⌧�

pair single nonresonant

loose DeepCSV
orthogonal:
no jets with pT > 50 GeV



Exclusion in 𝝺 vs. mLQ space
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Exclusion in 𝝺 vs. mLQ space
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OBJECT RECONSTRUCTION



𝝉h reconstruction
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𝝉h background
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e → 𝝉h fake

e

𝝁

𝝁 → 𝝉h fake j → 𝝉h fake

𝝅0 𝝅+𝝅– 𝝅–

real 𝝉h



LQ SEARCHES AT THE LHC



qq⌫⌫

jj⌫⌫

bb⌫⌫

tt⌫⌫

qq``

jjee, jjµµ

bb⌧(⌧)

tt⌧⌧ , ttµµ

qq`⌫

jje⌫, jjµ⌫, jj⌧⌫

bt⌧⌫
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LQ analyses at the LHC

𝜷 ~ 0𝜷 ~ 1 𝜷 ~ 0.5



LQ LQ → jj𝛎𝛎, bb𝛎𝛎, tt𝛎𝛎

5110/10/19
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existing SUSY searches with jets + MET can be reinterpreted:

identical to scalar LQ with m𝜒 = 0

[CMS, arXiv:1805.10228], [ATLAS, arXiv:1902.08103]
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LQ LQ → jjℓℓ, jjℓ𝛎, with ℓ = e or 𝝁

52

target 2 jets with either 2 leptons or 1 with MET 

10.2 Results of the leptoquark search

The data event yields (black points) in a representative subset of the SRs are shown in Figure 9 together
with the predicted background yields as evaluated with the fit. The bottom panel shows the significance
of the deviations, assuming Poisson statistics and taking only statistical uncertainties into account. Even
without including systematic uncertainties, no significant excess above the SM expectation is observed in
any of the SRs. The modified frequentist CLs method [88] is used to set limits on the strength of the LQ
signal.

Each BDT uses as inputs variables that reconstruct the LQ mass. Since these have a high discriminating
power, the sensitivity of the SRs exhibits a strong dependence on the LQ mass below values of mLQ around
600 GeV. Therefore, in this regime a simple interpolation of acceptance between simulated mass points
does not give a reliable estimate of the limit in the mass interval. To account for this limitation, results are
presented separately for low and high mass regions, defined as being less than and greater than 600 GeV,
respectively. For masses below around 600 GeV the intervals between mass points are greater than the
typical mass resolution for adjacent masses (the converse is true for masses above around 600 GeV).

A coarse scan of the mass is performed in the low mass region in intervals of 50 GeV. Exclusion limits that
are obtained at these scan points are used as conservative limits for the intermediate masses between these
points. While for masses above ⇠ 600 GeV the the mass-scan intervals are smaller than the mass resolution
at the test points, the intervals used below ⇠ 600 GeV are larger than the mass resolution. Therefore,
above ⇠ 600 GeV a simple interpolation is used to obtain the limits in the mass intervals. In the range
below ⇠ 600 GeV this is not appropriate and a di�erent approach is used. Since the limit within a given
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Figure 9: Data and background yields in the SR for di�erent values of LQ mass for (a) first- and (b) second-generation
LQs. Each bin in these plots corresponds to one SR, the bin label indicating the channel, i.e. dilepton or lepton–
neutrino. Two consecutive bins show the two SRs for a given mass hypothesis, that is indicated at the bottom
of the plots. Mass points from 375 GeV to 1.5 TeV are shown. The background contributions correspond to tt̄,
W+jets, diboson (VV), Z+jets, single-top (Wt,Wq) processes, and fake electrons. The background distributions are
cumulatively stacked. The grey band indicates the total uncertainty in the background estimate after the fit. The
bottom panel shows the significance of the deviations, taking only statistical uncertainties into account.
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𝜷 = 1, 0.5
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Figure 6: Data and background event yields after final selections for the µµjj analysis, as a
function of scalar mLQ. ‘Other background’ includes W+jets and single top quark production.
The selection criteria for each bin are detailed in Table 1. All the bins are correlated, as the
events selected for each mLQ are a strict subset of the events selected for the lower mass LQ.
The hashed band represents the combined statistical and systematic uncertainty in the full
background estimate.
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Figure 7: Data and background event yields after final selections for the µnjj analysis, as a
function of mLQ. ‘Other background’ includes Z/g⇤+jets and single top quark production. The
selection criteria for each bin are detailed in Table 2. All the bins are correlated, as the events
selected for each mLQ are a strict subset of the events selected for the lower mass LQ. The hashed
band represents the combined statistical and systematic uncertainty in the full background
estimate.

LQ LQ → jj𝝁𝛎, jj𝝁𝝁

ATLAS uses several inputs to BDT:

[CMS, arXiv:1811.01197 (e) & arXiv:1808.05082 (𝜇)], [ATLAS, arXiv:1902.00377]

CMS reconstructs each LQ, and cuts-and-counts

7.2 Limit setting 11
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Figure 5: Comparison of data and background distributions of Sµµjj
T (left), mmin

µj (upper right),
and mµj (lower right), for the µµjj channel (upper plots) and the µnjj channel (lower plots).
Events after final selections with mLQ = 1400 GeV are shown in the upper plots, and with
mLQ = 1100 GeV in the lower plots. The hashed band represents the combined statistical and
systematic uncertainty in the full background estimate. ‘Other background’ includes W+jets,
single top quark, and diboson backgrounds in the µµjj channel, and Z/g⇤+jets, single top
quark, and diboson backgrounds in the µnjj channel.

Limits are also set at 95% CL for b values from 0 to 1 for both the µµjj and µnjj channels, as well
as for the combination of both channels. In the combination, all systematic uncertainties are
treated as fully correlated and all statistical uncertainties are treated as fully uncorrelated. The
resulting two-dimensional limit plot is shown in Fig. 9. The combination of the two channels
improves the mass exclusion, particularly for low values of b. Using the combined channels,
second-generation scalar LQs with masses less than 1285 GeV can be excluded for b = 0.5,
compared with an expected limit of 1365 GeV.

The results in the µµjj channel are also interpreted in the context of the displaced SUSY model
described in Section 1. Studies in both simulation and data have shown that tracking efficiency
remains at ⇠100% for the lifetimes and corresponding impact parameters considered [32],
which allows interpretation of the results for a displaced signal to be made with the same final
selections and systematic uncertainties as previously used for a prompt signal. The 95% CL
expected and observed limits on the displaced SUSYet pair production cross section are shown
in Fig. 10. The limits are presented in two dimensions as a function of et mass and lifetime.
The expected and observed limits have been extrapolated to ct = 0 cm using the prompt LQ
limits, taking into account the assumed et branching ratio, et ! bµ = 1/3. This extrapolation
connects these results to the prompt kinematic range and is motivated by the fact that prompt
top squark pair production is kinematically very similar to that for LQs. The observed exclu-
sion limits are 1150, 940, and 305 GeV for ct = 0.1, 1.0, and 10.0 cm. Following the formulation

min(mLQ1,mLQ2) [GeV]

LQ LQ → jj𝝁𝝁
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Figure 8: The expected and observed upper limits at 95% CL on the product of the scalar LQ
pair production cross section and the branching fractions b2 or 2b(1 � b) as a function of the
second-generation mLQ obtained with the µµjj (left) or µnjj (right) analysis. The solid lines rep-
resent the observed limits, the dashed lines represent the median expected limits, and the inner
dark-green and outer light-yellow bands represent the 68% and 95% confidence intervals. The
stheory curves and their blue bands represent the theoretical scalar LQ pair production cross sec-
tions and the uncertainties on the cross sections due to the PDF prediction and renormalization
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Figure 7: BDT score distributions for ⌧`⌧had (top) and ⌧had⌧had (bottom) channels in the 1-tag (left) and 2-tag (right)
regions after performing the combined channel fit. The stacked histograms show the various SM background
contributions, which are normalized to the expected cross-section. The hatched band indicates the total statistical
and systematic uncertainty in the SM background. The error bars on the black data points represent the statistical
uncertainty in the data yields. The dashed histogram shows the expected additional yields from a leptoquark signal
model for a down-type leptoquark sample with a mass of 800 GeV (B = 1) added on top of the SM prediction. The
ratio of the data to the sum of the backgrounds is shown in the lower panel.
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T (right) for the estimated back-
ground in the signal region. The heavy neutrino model with m(WR) = 3 TeV and m(Nt) =
1.5 TeV is used as a benchmark in the m(th,1, th,2, j1, j2, pmiss

T ) distribution, while the leptoquark
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9 Summary

A search is performed for physics beyond the standard model in events with two energetic
t leptons and two energetic jets, using data corresponding to an integrated luminosity of
35.9 fb�1 collected in 2016 with the CMS detector in proton-proton collisions at

p
s = 13 TeV.

The search focuses on two benchmark scenarios: (1) the production of heavy right-handed
Majorana neutrinos, N`, and right-handed WR bosons, which arise in the left-right symmetric
extensions of the standard model and where the WR and N` decay chains result in a pair of
high transverse momentum t leptons; and (2) the pair production of third-generation scalar
leptoquarks that decay to ttbb. The observed m(th,1, th,2, j1, j2, pmiss

T ) and SMET
T distributions

do not reveal any evidence for physics beyond the standard model. Assuming that only the
Nt flavor contributes significantly to the WR decay width, WR masses below 3.52 (2.75) TeV are
excluded at 95% confidence level, assuming the Nt mass is 0.8 (0.2) times the mass of the WR
boson. In the second beyond the standard model scenario, leptoquarks with a mass less than
1.02 TeV are excluded at 95% confidence level, to be compared with an expected mass limit of
1.00 TeV. Both of these results represent the most stringent limits to date for ttjj final states.
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Figure 6: Upper limits at 95% confidence level on the product of the cross section and the
branching fraction squared (left), and on the leptoquark mass as a function of the branching
fraction (right), for the pair production of scalar LQs decaying to a top quark and a t lepton. In
the left plot, the theoretical curve corresponds to the NLO cross section with uncertainties from
PDF and scale variations [24], shown by the dotted lines. The right plot additionally includes
results from a search for pair-produced bottom squarks [38].

been analyzed. The search has been carried out in the `th+jets and `thth+jets channels, where `
is either an electron or muon and th indicates a tau lepton decaying to hadrons. Standard model
backgrounds due to misidentified th leptons are derived from control regions. The measured
transverse momentum distributions for the reconstructed top quark candidate are analyzed in
four search regions in the `th+jets channel. The observed number of events are found to be in
agreement with the background predictions.

Upper limits on the production cross section of LQ3 pairs are set between 0.6 and 0.01 pb at 95%
confidence level for LQ3 masses between 300 and 1700 GeV, assuming a branching fraction of
B = 1. The scalar LQ3s are excluded with masses below 900 GeV, for B = 1. This result
represents the most stringent limits to date on LQ3s coupled to t leptons and top quarks and
constrains models explaining flavor anomalies in the b quark sector through contributions from
scalar LQs.
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four search regions in the `th+jets channel. The observed number of events are found to be in
agreement with the background predictions.
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Figure 5: Distributions of pt
T for events in the muon channel passing the full selection in cate-

gory A. The events are separated into OS (upper), SS (lower), low ST (left) and high ST (right)
categories. The hatched areas represent the total uncertainties of the SM background. In the
bottom panel, the ratio of data to SM background is shown together with statistical (dark gray)
and total (light gray) uncertainties of the total SM background.

CMS
• focus on 1ℓ + 1𝜏h + jets
• define low and high ST region
• fit on top pT

⇒ mLQ < 900 GeV

ATLAS
• recast bb𝜏𝜏 search
⇒ mLQ < 930 GeV

vary 𝛽
from 0 to 1

𝜷 = 1
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Figure 2: Observed upper limits on the production cross section for pair production of LQs
decaying into a top quark and a muon or a t lepton (left) and LQs decaying into a top quark
and a muon or into a bottom quark and a neutrino (right) at 95% CL in the MLQ–B(LQ ! tµ)
plane. The lines show the lower mass exclusion limits for scalar (black) and vector (colored)
LQs. They are derived by using the prediction for the scalar and vector LQ signal calculated at
NLO [50] and LO [51], respectively.
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Figure 2: Observed upper limits on the production cross section for pair production of LQs
decaying into a top quark and a muon or a t lepton (left) and LQs decaying into a top quark
and a muon or into a bottom quark and a neutrino (right) at 95% CL in the MLQ–B(LQ ! tµ)
plane. The lines show the lower mass exclusion limits for scalar (black) and vector (colored)
LQs. They are derived by using the prediction for the scalar and vector LQ signal calculated at
NLO [50] and LO [51], respectively.
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LQ LQ → tt𝝁𝝁
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LQLQ ! tµtµ

• CMS: First search for
pair-produced LQ ! tµ

• 2µ + jets final state grants high
signal efficiency

• Dominant backgrounds derived
from data

Results
• LQs (B = 1) excluded up to

1420 GeV
• Combination with search for

LQLQ! b⌫b⌫
• MLQ < 980 GeV excluded for all

values of B
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𝜷 = 1

• 2𝜇 + jets
⇒ high efficiency

• also combined with
LQ LQ → bb𝜈𝜈
LQ LQ → tt𝜏𝜏

• mLQ < 1420 GeV for 𝛽 = 1
mLQ < 980 GeV for any 𝛽


