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INTRODUCTION



Standard Model’s many symmetries…
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Quantity Symmetries Electromagnetic Weak Strong
Energy Time translation

Linear momentum Spatial translation
Angular momentum Rotations

Center-of-mass Lorentz boosts
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 relativistic gauge field theories, like the SM
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Flavor universality in the SM
• SM gauge couplings cannot differentiate leptons

• only the Higgs can via Yukawa coupling
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but by what mechanism ?

why three generations ?

⇒ hopefully new physics 
can explain
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Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.
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R(K(*)) and angular observables 
combined ~ 4𝛔 deviation

R(D(*)) combined 3.1𝛔 deviation

⇒ signs of new physics violating lepton flavor universality?
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Leptoquarks
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• scalar or vector boson

• decays into ℓq
⇒ carries L, B, color

• fractional charge

• coupling 𝝺ℓq
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signs for destructive interference 
with SM in B → K𝜇𝜇 decay

LQ ⇡ LQ3

++

[Isidori group: arXiv:1706.07808, arXiv:1903.11517]
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B anomalies according to LQs

combined explanation with
vector leptoquark:
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Muon anomalous moment
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B k and B q.—Two fast transients induced by the dynam-
ics of charging the ESQ system and firing the SR kicker
magnet slightly influence the actual average field seen by
the beam compared to its NMR-measured value as
described above and in Ref. [61]. An eddy current induced
locally in the vacuum chamber structures by the kicker
system produces a transient magnetic field in the storage
volume. A Faraday magnetometer installed between the
kicker plates measured the rotation of polarized light in a
terbium-gallium-garnet crystal from the transient field to
determine the correction B k.

The second transient arises from charging the ESQs,
where the Lorentz forces induce mechanical vibrations in
the plates that generate magnetic perturbations. The ampli-
tudes and sign of the perturbations vary over the two
sequences of eight distinct fills that occur in each 1.4 s
accelerator supercycle. Customized NMR probes measured
these transient fields at several positions within one ESQ
and at the center of each of the other ESQs to determine
the average field throughout the quadrupole volumes.
Weighting the temporal behavior of the transient fields
by the muon decay rate, and correcting for the azimuthal
fractions of the ring coverage, 8.5% and 43% respectively,
each transient provides final corrections B k and B q to aμ as
listed in Table II.

V. COMPUTING aμ AND CONCLUSIONS

Table I lists the individual measurements of ωa and ω̃0
p,

inclusive of all correction terms in Eq. (4), for the four run
groups, as well as their ratios, R0

μ (the latter multiplied by
1000). The measurements are largely uncorrelated because
the run-group uncertainties are dominated by the statistical
uncertainty on ωa. However, most systematic uncertainties
for both ωa and ω̃0

p measurements, and hence for the ratios
R0

μ, are fully correlated across run groups. The net computed
uncertainties (and corrections) are listed in Table II. The fit
of the four run-group results has a χ2=n:d:f: ¼ 6.8=3,
corresponding to Pðχ2Þ ¼ 7.8%; we consider the Pðχ2Þ to
be a plausible statistical outcome and not indicative of
incorrectly estimated uncertainties. The weighted-average
value isR0

μ ¼ 0.003 707 300 3ð16Þð6Þ, where the first error
is statistical and the second is systematic [82]. From Eq. (2),
we arrive at a determination of the muon anomaly

aμðFNALÞ ¼ 116 592 040ð54Þ × 10−11 ð0.46 ppmÞ;

where the statistical, systematic, and fundamental constant
uncertainties that are listed in Table II are combined in
quadrature. Our result differs from the SMvalue by 3.3σ and
agrees with the BNL E821 result. The combined exper-
imental (Exp) average [83] is

aμðExpÞ ¼ 116 592 061ð41Þ × 10−11 ð0.35 ppmÞ:

The difference, aμðExpÞ − aμðSMÞ ¼ ð251 $ 59Þ × 10−11,
has a significance of 4.2σ. These results are displayed
in Fig. 4.
In summary, the findings here confirm the BNL exper-

imental result and the corresponding experimental average
increases the significance of the discrepancy between the
measured and SM predicted aμ to 4.2σ. This result will
further motivate the development of SM extensions,
including those having new couplings to leptons.
Following the Run-1 measurements, improvements to

the temperature in the experimental hall have led to greater

TABLE II. Values and uncertainties of the R0
μ correction terms

in Eq. (4), and uncertainties due to the constants in Eq. (2) for aμ.
Positive Ci increase aμ and positive B i decrease aμ.

Quantity
Correction
terms (ppb)

Uncertainty
(ppb)

ωm
a (statistical) % % % 434

ωm
a (systematic) % % % 56

Ce 489 53
Cp 180 13
Cml −11 5
Cpa −158 75

fcalibhωpðx; y;ϕÞ ×Mðx; y;ϕÞi % % % 56
B k −27 37
B q −17 92

μ0pð34.7°Þ=μe % % % 10
mμ=me % % % 22
ge=2 % % % 0

Total systematic % % % 157
Total fundamental factors % % % 25
Totals 544 462

FIG. 4. From top to bottom: experimental values of aμ from
BNL E821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g − 2 Theory Initiative recommended
value [13] for the standard model is also shown.

PHYSICAL REVIEW LETTERS 126, 141801 (2021)

141801-7

BNL & FNAL combined 4.2𝛔 deviation

BNL: arXiv:hep-ex/0602035, FNAL: arXiv:2104.03281, theory WP: arXiv:2006.04822

+

SM theory: 116 591 810 (43)×10–11 (460 ppb)
Experiment: 116 592 061 (41)×10–11 (350 ppb)

https://arxiv.org/abs/hep-ex/0602035
https://arxiv.org/abs/2104.03281
https://arxiv.org/abs/2006.04822


LQ3 SEARCHES AT CMS
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Exclusion in 𝝺 vs. mass space
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VectorScalar nonresonant 𝝉𝝉

pair

single

use the fact that single production has 𝝈 ~ 𝝺2,
and nonresonant 𝜏𝜏 production 𝝈 ~ 𝝺4

to exclude higher masses & couplings 𝜆

pheno papers: arXiv:1609.07138, arXiv:1810.10017

𝜆

𝜆

𝜆
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LQ3 models & signatures
• scalar LQS (S = 0), vector LQV (S = 1)
• decays into ℓq
⇒ carries L, B, color
⇒ fractional charge

• coupling 𝜆ℓq
• simplified models restrict to up or down type:

• branching parameter 𝛽
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typical benchmarks 𝛽 = 0, 0.5, 1
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reinterpret stop & sbottom searches with ≥2 jets + MET:
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arXiv:1909.03460
𝛽 = 0, 137 fb–1LQ3LQ3 → b𝛎b𝛎, t𝛎t𝛎
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arXiv:1909.03460
𝛽 = 0, 137 fb–1LQ3LQ3 → b𝛎b𝛎, t𝛎t𝛎
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• select 2 jets, veto charged lepton, 𝜏h

• fit MT2 in many bins of #jets, b tags, HT

arXiv:1909.03460
𝛽 = 0, 137 fb–1LQ3LQ3 → b𝛎b𝛎, t𝛎t𝛎 strategy
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LQ3LQ3 → b𝛎b𝛎, t𝛎t𝛎 results
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arXiv:1909.03460
𝛽 = 0, 137 fb–1
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strongest constraints on 
scalar & vector production 
through pair production

non-minimal coupling 𝜅 = 1 (Yang-Mills), 0 (minimal)
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LQS LQV,  = 1 LQV,  = 0
mass [GeV] mass [GeV] mass [GeV]

LQi ! q⌫ (q = u, d, s, or c) 1140 1980 1560
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3 ! b⌫ 1185 1925 1560

LQu
3 ! t⌫ 1140 1825 1475

LQu
3 !

⇢
t⌫ (B = 50%)
b⌧ (B = 50%)

— 1550 1225
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LQ3 → b𝝉 reconstruction
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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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QCD fake-⌧ - - 1860 ± 110 173 ± 34
tt̄ fake-⌧ - - 200 ± 110 142 ± 79
Fake-⌧ 13900 ± 1700 6400 ± 1000 - -
Z ! ⌧⌧ + (bb, bc, cc) 520 ± 160 285 ± 83 258 ± 64 156 ± 36
Other 2785 ± 270 158 ± 26 817 ± 95 21 ± 4
Total Background 37510 ± 220 22120 ± 160 3482 ± 59 756 ± 27
Data 37527 22117 3469 768
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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
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pair LQSLQS → bb𝝉𝝉

single 𝝉LQS → b𝝉𝝉

single production becomes 
more important at high 
couplings: 𝜎(𝜏LQ) ~ 𝜆2

�

scalar, 𝛽 = 1, 35.9 fb–1
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LQ3 → t𝝉 reconstruction
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arXiv:2012.04178
𝛽 = 0.5, 137 fb–1LQ3LQ3 → t𝛎b𝝉 / t𝝉b𝛎 strategy

• reconstruct 𝜏 lepton in fully 
hadronic final state

• reconstruct top in fully hadronic 
final state:
1. resolved: 3 AK4 jets
2. boosted, partially merged
3. boosted, fully merged

• four categories:
– two b jet categories: 1b, ≥2b
– resolved or boosted top

• fit scalar sum pT

• single + pair is one signal

t → bW → bjj

resolved top

ST = ptT + p⌧hT + pmiss
T
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arXiv:2012.04178
𝛽 = 0.5, 137 fb–1LQ3LQ3 → t𝛎b𝝉 / t𝝉b𝛎 results

Vector
𝞳 = 0Scalar

Vector
𝞳 = 1

pair

single

combined

Obs. (Exp.)

LQV, k = 0 (TeV) LQV, k = 1 (TeV)
Pair 1.29 (1.39) 1.65 (1.77)

� = 1.5 2.5 1.5 2.5
Single 1.03 (1.12) 1.25 (1.35) 1.20 (1.29) 1.41 (1.53)
Pair+Single 1.34 (1.46) 1.41 (1.54) 1.69 (1.81) 1.73 (1.87)
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LQS (TeV)
Pair 0.95 (1.03)

� = 1.5 2.5
Single 0.55 (0.56) 0.75 (0.81)
Pair+Single 0.98 (1.06) 1.02 (1.10)
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CMS LQ summary
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LQ → q𝝉

LQ → q𝛎

LQ → qe

LQ → q𝝁

(Thanks to F. Romeo)
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CMS LQ3 summary

LQ → q𝝉

LQ → q𝛎

TeV 25

(Thanks to F. Romeo)

pair+single, 137 fb–1

pair, 35.9 fb–1

single, 35.9 fb–1

pair+single, 35.9 fb–1

pair+single, 137 fb–1

pair, 137 fb–1

pair, 137 fb–1

pair, 137 fb–1
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Summary

• third-generation LQs are well motivated by theory and 
recent experimental results, like the B anomalies

• CMS has performed searches for several scenarios and 
resonant signatures
– scalar, vector
– single, pair production
– LQ → t𝜈, b𝜏, or t𝜏, b𝜈
– new results with 137 fb–1 probe in the 1.5–2 TeV region

• looking forward to new Run-2 results
– vector LQ → b𝜏 (𝛽 = 1)
– including nonresonant 𝜏𝜏 production (LQ t-channel)
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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⌫⌫

B (LQ ! q`) = �

B (LQ ! q0⌫) = 1� �
typical benchmarks 𝛽 = 0, 0.5, 1
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Third-generation LQ searches
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• LQ → t𝛎
scalar pair (2016, arXiv:1902.08103)
scalar/vector pair (2016, SUS-19-005)

• LQ → b𝛎
scalar/vector pair (2016, SUS-19-005)

• LQ → t𝝉, b𝛎
scalar single+pair (Run 2, EXO-19-015)
scalar pair (Run 2, ATLAS-CONF-2020-029)

• LQ → t𝛎, b𝝉
scalar pair (2016, arXiv:1902.08103)
vector single+pair (Run 2, EXO-19-015)

• LQ → b𝝉
scalar pair (2016, EXO-17-016)
scalar single (2016, EXO-17-029)
scalar pair (2016, arXiv:1902.08103)

• LQ → t𝝉
scalar pair (2016, B2G-16-028)
scalar pair (Run 2, ATLAS-CONF-2020-029)

𝜷 = 0

𝜷 = 0.5

𝜷 = 1

LQ → b𝜏 coupling strength 𝜆
non-minimal coupling 𝜅 (vector)
𝛽 = B(LQ → qℓ) = 1 – B(LQ → q𝜈)



Single production yield & efficiency

two competing effects when 𝜆 is increased:
• cross section 𝜎(𝜏LQ) ~ 𝜆2 at Breit-Wigner peak
• width increases, degrading efficiency
• pole at low mass of highly off-shell events increases yield,

but degrades efficiency

low-mass pole
(highly off-shell)

Breit-Wigner
LQ mass peak = M(t𝜈)

32

large pole
at low-mass
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