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๏With Run3 starting, we are still in the process of analysing Run2 data


๏There are interesting (but still small) discrepancies to watch for)


๏More could come


๏Pursuing the search process is a must


๏With x2 more data coming at ~ same energy, maximal gain from exploring (also) 
new directions


๏Alternative data taking could be crucial, to extend our search to the data 
that we normally throw away


๏Scouting


๏Parking


๏Anomaly detection


๏…

This talk in a nutshell
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๏There are interesting (but still small) discrepancies to watch for)


๏More could come


๏Pursuing the search process is a must


๏With x2 more data coming at ~ same energy, maximal gain from exploring (also) 
new directions


๏Alternative data taking could be crucial, to extend our search to the data 
that we normally throw away


๏Scouting


๏Parking


๏Anomaly detection


๏…

This talk in a nutshell

I am focusing on searches today, for lack of time 
A lor more happening with Higgs, top, EW, QCD and 

Heavy Ions
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๏Run 1 (7 TeV/8TeV) was a 
triumphant journey towards 
the Higgs discovery


๏In Run 2 we shifted 
attention to new physics, 
thanks to energy increase 
(to 13 TeV)


๏No discovery reported, but


๏several analyses reported 
3-4 sigma (local) 
excesses that should be 
monitored with more data


๏many analyses are still 
ongoing

A little bit of history
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๏Exclusion plots come with assumptions and warnings


๏For instance, SUSY limits use simplified models


๏Not a complete model, BR=100% typically assumed, Cross section computed assuming all 
other sparticles are decoupled 


๏The actual exclusion might be weaker

Let’s keep in mind…
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Some interesting excess
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๏The dijet resonance search 
identified an excess of a 
few events on the tail


๏When inspected, these 
events revealed a common 
structure


๏two jet pairs, merged 
into single jets with 
M~2 TeV


๏The dijet system had 
mass above 6 TeV


๏Nothing yet significant, 
but something to watch
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๏Excess seen in ATLAS dE/dx analysis. CMS still analysing Run2 data 
+ will repeat the search in Run3

Some interesting excess

8 J. Gonski23 March 2022

Pixel dE/dx Result

10

•Excess (3.6σ local, 3.3σ global) in high dE/dx SR (> 2.4) with for target mass hypothesis of 1.4 TeV
- ❗ Cross check of candidate tracks with TileCal and MS time-of-flight variables was consistent with β = 1, 

therefore not consistent with LLP hypothesis 

•Set limits on gluino, chargino, stau hypotheses  
- Max sensitivity for ! ~10-30 ns 
- Gluino R-hadrons with mass < 2.27 TeV excluded with ! = 20 ns and LSP mass = 100 GeV

SUSY-2018-42

   Ismet Siral, University Of Oregon
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• Above are shown expected background distributions for discovery categories:

• Overall a good shape agreement has been observed between data and expected background with the 
exception of:

• An excess in the Inclusive-High category at m >1 TeV

• The observed excess events were examined individually for unexpected instrumentation effects and 
backgrounds.

Discovery RegionsSR Low-dE/dx [1.8, 2.4] SR High-dE/dx [> 2.4] Gluino Exclusion

Talk by Julia Gonski @Moriond

https://cds.cern.ch/record/2805254/files/ATL-PHYS-SLIDE-2022-059.pdf


๏LHCb anomalies point to breaking of 
Lepton Flavor Universality


๏In μ/e ratio of b-> sll


๏In τ/μ ration of b -> clν rates


๏Confirmation from LHCb at larger 
statistics + independent experiment 

And the biggest excitement

9
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Introduction

E↵ective Field Theories and Wilson coe�cients

E↵ective field theories:

!

He↵ = �GFp
2
VCKM

X

i

CiOi

Fermion operators Oi and Wilson coe�cients Ci
! Wilson coe�cients allow for model independent

comparison of di↵erent EWP measurements

q2
spectrum:
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No  pole  
for  

(pseudo-scalar)

b → sγ
B → Pℓℓ

 pole  
for  

(vector hadron)

b → sγ
B → Vℓℓ

q2 = m2
ℓℓ [GeV2]

dBR/dq2

C7

C9, C10 + long-distance 
C9, C10

cc̄

1561

 spectrum of q2 b → sℓℓ

The measurements: b-> s ll (aka R(K) and similar)
• Theory well established 


• 4fermion interaction once heavy degrees of freedom 
“integrated out”


• Several effective operators (O) with their Wilson coefficients 
(C)


• Absolute-rate calculations made complex by QCD effects 
but not relevant for ratios


• Mind the charmonium: different diagrams (Os and Cs) enter 
there. Tree-level -> reduce NP sensitivity

Martino Borsato - Heidelberg U.

Weak effective theory

๏ Integrate out  

๏ four-fermion interaction described 
by effective couplings

      

๏ Main SM contributions:
• Vector ( ) and Axial-vector ( ) 

leptonic currents
• Dipole  contribution in  
→ very well constrained by radiative

๏ Suppressed in the SM:
• Right-handed quark currents 
• Spin-0 leptonic currents  and 

> mW

Ci = CSM
i + CNP

i

C9 C10

b → sγ* C7

C′ i
CS CP
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Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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e−

ν̄e

e−

n p

ν̄e

 decayβ b → sℓℓ

integrate out >mW

More details in 
 next talks

ℋeff = GF

2
VtbV*ts ∑

i
CiOi

Martino Borsato - Heidelberg U.

 tests of LUb → sℓ+ℓ−

๏  is lepton universal in the SM 
→ can identify LU violating NP contribution

Hiller & Kruger arXiv:hep-ph/0310219

๏  not observed yet → compare µ and e

๏ Predictions are extremely precise
• QCD uncertainty cancels to 
• Up to  ~1% QED corrections

Bordone et al arXiv:1605.07633

๏ Main challenge at LHCb is e/µ differences in 
the detector response

b → sℓ+ℓ−

b → sττ

10−4
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μ+

μ−

?=

RH =
∫ qmax

q2
min

dℬ(B → Hμ+μ−)
dq2 dq2

∫ qmax
q2

min

dℬ(B → He+e−)
dq2 dq2

≅ 1

SM
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

statistical and systematic uncertainty is then determined by scanning the profile-likelihood
and the statistical contribution to the uncertainty is isolated by repeating the scan with
the e�ciencies fixed to their fitted values.

The determination of the rJ/ ratio requires control of the relative selection e�ciencies
for the resonant electron and muon modes, and does not therefore benefit from the
cancellation of systematic e↵ects in the double ratio used to measure RK . Given the scale
of the corrections required, comparison of rJ/ with unity is a stringent cross check of
the experimental procedure. In addition, if the simulation is correctly calibrated, the
measured rJ/ value will not depend on any variable. This ratio is therefore also computed
as a function of di↵erent kinematic variables that are chosen to provide overlap with the
spectra of the nonresonant decays. Although the range of q2 di↵ers between resonant
and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the
momenta of the final-state particles, or the opening angle between the two leptons, rather
than directly on q

2. A given set of values for the final-state particles’ momenta and angles
in the B

+ rest frame will result in a distribution of such values when transformed to the
laboratory frame. As a result, there is significant overlap between the nonresonant and
resonant samples in the relevant distributions, even if they are mutually exclusive as a
function of q2.

The value of rJ/ is measured to be 0.981± 0.020, where the uncertainty includes both

5

Electrons at LHCb
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LHCb arXiv:2103.11769

N(K+e+e−) = 1640 ± 70 N(K+μ+μ−) = 3850 ± 70

MuonsElectrons

4

The measurements: b-> s ll (aka R(K) and similar)

Martino Borsato - Heidelberg U.

LU tests at LHCb
๏ Previous LU tests:

•  with 
  

→ 2.2-2.5σ deviation from SM per bin
               LHCb arXiv:2103.11769

•  with 

→ agrees with SM at <1σ 
               LHCb, JHEP 05 (2020) 040

•  with 

→ 3.1σ deviation from the SM
      LHCb, JHEP 08 (2017) 055

B0 → K*0ℓ+ℓ− 3 fb−1

RK*0 = 0.66+0.11
−0.07(stat) ± 0.03(syst) in [0.045,1.1] GeV2

RK*0 = 0.69+0.11
−0.07(stat) ± 0.05(syst) in [1.1,6.0] GeV2

Λb → pK−ℓ+ℓ− 4.7 fb−1

RpK− = 0.86+0.14
−0.11(stat) ± 0.05(syst) in [0.1,6.0] GeV2

B+ → K+ℓ+ℓ− 9 fb−1

RK+ = 0.846+0.042
−0.039(stat)+0.013

−0.012(syst) in [1.1,6.0] GeV2

19

0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

2021
B+ → K+ℓ+ℓ−

LH
C

b arX
iv:2103.117693.1σ

๏ New tests of isospin partners  
of  and  with 

•
•

LHCb arXiv:2110.09501

RK+ RK*0 9 fb−1

B0 → K0
Sℓ+ℓ−

B+ → K*+ℓ+ℓ−

Martino Borsato - Heidelberg U.

LU test in  and K0
S K*+

๏ Results are in agreement with 
SM predictions and previous 
measurements at Belle

๏ Central values exhibit same 
pattern of deviation as isospin 
partners  and RK+ RK*0

24

R−1
K0

S
= 1.51+0.40

−0.35( stat. )+0.09
−0.04( syst. )

R−1
K*+ = 1.44+0.32

−0.29( stat. )+0.09
−0.06 (syst.) 

Paper dedicated to the  
memory of Sheldon Stone

LHCb arXiv:2110.09501
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Class II scenario: the 4321 model
• Many signatures predicted

Admir Greljo | Model building: Where to look?
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Benchmark spectrum

Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
g4 = 3.5, v3 = 1.75, v1 = 1.2 TeV and v15 = 0.3 TeV, which fixes the masses of g0µ, Uµ and Z 0

µ,
while MQ = 1.6 TeV, ML = 0.85 TeV, sq3 = 0.79, s`3 = 0.81 and sq2 = 0.3, which sets the fermionic
masses. (Right panel) Normalized V fLfL couplings of the g0 (red) and Z 0 (blue) to left-handed
fermions as a function of the sin ✓L. Solid, dotted and dashed lines are for the light-light, light-heavy

and heavy-heavy combinations, respectively. The coupling normalizations are, g4gs
g3

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

V ff interactions are practically flavour diagonal, except for the leptoquark couplings to fermionic
partners described by the W matrix. The couplings to right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These inter-
actions are worked out in Eqs. (A.48) to (A.53). To illustrate the main implications, in Fig. 8 (right
panel) we show the normalized V fLfL couplings for Z 0 and g0 as a function of sin ✓L, valid for any
of the left-handed mixing angles. Solid, dotted and dashed lines represent couplings to light-light,
light-heavy and heavy-heavy combinations, where labels light and heavy denote a SM fermion and
its partner, respectively. Red color is for g0 couplings (#) normalized as L � # g4gs

g3
 q�

µT a q g0aµ ,

while blue is for Z 0 couplings (#) normalized as L � #
p
3g4gY
6
p
2g1

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

is worth noting that sizable couplings to SM fermions are generated only for large mixing angles.
In practice, the third family mixings, sq3 and s`3 , typically control the decay channels of new
resonances, while sq2 (= sq1) is relevant for their production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
with loop-induced �F = 2 observables, see Sec. 4.3.

– 26 –

• Third-generation high-  signaturespT
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Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
g4 = 3.5, v3 = 1.75, v1 = 1.2 TeV and v15 = 0.3 TeV, which fixes the masses of g0µ, Uµ and Z 0

µ,
while MQ = 1.6 TeV, ML = 0.85 TeV, sq3 = 0.79, s`3 = 0.81 and sq2 = 0.3, which sets the fermionic
masses. (Right panel) Normalized V fLfL couplings of the g0 (red) and Z 0 (blue) to left-handed
fermions as a function of the sin ✓L. Solid, dotted and dashed lines are for the light-light, light-heavy

and heavy-heavy combinations, respectively. The coupling normalizations are, g4gs
g3

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

V ff interactions are practically flavour diagonal, except for the leptoquark couplings to fermionic
partners described by the W matrix. The couplings to right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These inter-
actions are worked out in Eqs. (A.48) to (A.53). To illustrate the main implications, in Fig. 8 (right
panel) we show the normalized V fLfL couplings for Z 0 and g0 as a function of sin ✓L, valid for any
of the left-handed mixing angles. Solid, dotted and dashed lines represent couplings to light-light,
light-heavy and heavy-heavy combinations, where labels light and heavy denote a SM fermion and
its partner, respectively. Red color is for g0 couplings (#) normalized as L � # g4gs

g3
 q�

µT a q g0aµ ,

while blue is for Z 0 couplings (#) normalized as L � #
p
3g4gY
6
p
2g1

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

is worth noting that sizable couplings to SM fermions are generated only for large mixing angles.
In practice, the third family mixings, sq3 and s`3 , typically control the decay channels of new
resonances, while sq2 (= sq1) is relevant for their production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
with loop-induced �F = 2 observables, see Sec. 4.3.
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Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured multi-
lepton + multi-jet final state signature.

third family, t, b, ⌧ and ⌫⌧ . Thus, the signature in the detector contains multiple jets and leptons
and is rich with b-tags, hadronic ⌧ -tags, etc. While the extraction of precise limits requires a
dedicated experimental analysis, we estimate the potential sensitivity in the current and near-future
datasets, by comparing with the existing R-parity conserving (RPC) and R-parity violating (RPV)
supersymmetry (SUSY) searches.

Using 36 fb�1 of 13 TeV pp collision data, the ATLAS collaboration has searched for sig-
natures involving multiple b-jets, high missing transverse momentum and either (at least) three
isolated leptons, or two isolated same-sign leptons [121]. Following this general selection, the
upper limits are set on the signal regions based on the number of b-jets, jets, leptons and Emiss

T
,

which are then interpreted in terms of simplified SUSY benchmarks. As an example, pair produc-
tion of gluinos, each decaying to a top pair and a neutralino, can be qualitatively compared to our
pp ! N2N2 ! (tt⌫)(tt⌫). Interpreting naively the exclusion limits, that is, neglecting any differ-
ences in acceptances between our model and the SUSY benchmarks, we conclude that the signal
rate for this process is . 5 fb. This search is already starting to probe the interesting parameter
space, see Fig. 14 (top right panel). Another relevant RPC example involves pair production of
stops, each decaying to t, W± and neutralino, and sets an upper limit on the cross section . 10 fb.
Finally, the limit from RPV searches on gluino pair production, where each decays to tbj, implies
an upper limit of . 15 fb.

In addition to these final states, the 4321 model predicts even more exotic multi-lepton plus
multi-jet signatures due to cascade decays among particles shown in Fig. 8 (left panel). An example
of such process is illustrated in Fig. 16. In this example, a pair of vector-like quarks is created by an
s-channel coloron, and one of them decays to vector-like lepton which eventually decays to three
SM fermions. The final state contains 3q3 + 5`3, or 5q3 + 3`3, where q3 = t, b and `3 = ⌫⌧ , ⌧ .

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a dedicated
experimental effort.
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Figure 9. (Top panel) Representative Feynman diagrams for dominant vector-like fermion decays.
(Bottom panel) Phase space suppression in a fermion decay to three fermions of which one is
massive and two massless.

decay channel is negligible for the fermion partners of the first and second family. Even for the
charm quark partner, we find B(C ! H̃0c) < 10�7 in the interesting parameter range.9

In addition, a vector-like fermion decay to a SM fermion and a radial scalar excitation is, in
principle, possible via Eq. (2.2). The precise details depend on the scalar potential, however, we
expect scalar modes to be heavy enough such that on-shell 1 ! 2 decay is kinematically forbidden.

The dominant decay modes of the first and second family vector-like fermion partners are
1 ! 3 processes induced via an off-shell g0, Uµ or Z 0

µ mediator exchanged at tree-level. Typically,
a heavy fermion will decay to three SM fermions of which (at least) two are third generation,
or it will decay to another vector-like partner and two SM fermions (see representative Feynman
diagrams in Fig. 9 (top panel)). To a good approximation, we can integrate out heavy vectors and

9This is in contrast to the decays of (T,B) due to the large top quark mass. The predictions for the branching ratios
are B(T ! ht) ⇡ B(T ! Zt) ⇡ 0.5 and B(B ! Wt) ⇡ 1. Recent dedicated experimental searches exclude
MB < 1.35 TeV [106] and MT < 1.3 TeV [107]. These are below the indicated limits from electroweak precision
observables discussed in Sec. 4.1. That is, the collider searches for the third family partners are less relevant for the
spectrum on Fig. 8 (left panel).
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Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
g4 = 3.5, v3 = 1.75, v1 = 1.2 TeV and v15 = 0.3 TeV, which fixes the masses of g0µ, Uµ and Z 0

µ,
while MQ = 1.6 TeV, ML = 0.85 TeV, sq3 = 0.79, s`3 = 0.81 and sq2 = 0.3, which sets the fermionic
masses. (Right panel) Normalized V fLfL couplings of the g0 (red) and Z 0 (blue) to left-handed
fermions as a function of the sin ✓L. Solid, dotted and dashed lines are for the light-light, light-heavy

and heavy-heavy combinations, respectively. The coupling normalizations are, g4gs
g3

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

V ff interactions are practically flavour diagonal, except for the leptoquark couplings to fermionic
partners described by the W matrix. The couplings to right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These inter-
actions are worked out in Eqs. (A.48) to (A.53). To illustrate the main implications, in Fig. 8 (right
panel) we show the normalized V fLfL couplings for Z 0 and g0 as a function of sin ✓L, valid for any
of the left-handed mixing angles. Solid, dotted and dashed lines represent couplings to light-light,
light-heavy and heavy-heavy combinations, where labels light and heavy denote a SM fermion and
its partner, respectively. Red color is for g0 couplings (#) normalized as L � # g4gs

g3
 q�

µT a q g0aµ ,

while blue is for Z 0 couplings (#) normalized as L � #
p
3g4gY
6
p
2g1

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

is worth noting that sizable couplings to SM fermions are generated only for large mixing angles.
In practice, the third family mixings, sq3 and s`3 , typically control the decay channels of new
resonances, while sq2 (= sq1) is relevant for their production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
with loop-induced �F = 2 observables, see Sec. 4.3.
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Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured multi-
lepton + multi-jet final state signature.

third family, t, b, ⌧ and ⌫⌧ . Thus, the signature in the detector contains multiple jets and leptons
and is rich with b-tags, hadronic ⌧ -tags, etc. While the extraction of precise limits requires a
dedicated experimental analysis, we estimate the potential sensitivity in the current and near-future
datasets, by comparing with the existing R-parity conserving (RPC) and R-parity violating (RPV)
supersymmetry (SUSY) searches.

Using 36 fb�1 of 13 TeV pp collision data, the ATLAS collaboration has searched for sig-
natures involving multiple b-jets, high missing transverse momentum and either (at least) three
isolated leptons, or two isolated same-sign leptons [121]. Following this general selection, the
upper limits are set on the signal regions based on the number of b-jets, jets, leptons and Emiss

T
,

which are then interpreted in terms of simplified SUSY benchmarks. As an example, pair produc-
tion of gluinos, each decaying to a top pair and a neutralino, can be qualitatively compared to our
pp ! N2N2 ! (tt⌫)(tt⌫). Interpreting naively the exclusion limits, that is, neglecting any differ-
ences in acceptances between our model and the SUSY benchmarks, we conclude that the signal
rate for this process is . 5 fb. This search is already starting to probe the interesting parameter
space, see Fig. 14 (top right panel). Another relevant RPC example involves pair production of
stops, each decaying to t, W± and neutralino, and sets an upper limit on the cross section . 10 fb.
Finally, the limit from RPV searches on gluino pair production, where each decays to tbj, implies
an upper limit of . 15 fb.

In addition to these final states, the 4321 model predicts even more exotic multi-lepton plus
multi-jet signatures due to cascade decays among particles shown in Fig. 8 (left panel). An example
of such process is illustrated in Fig. 16. In this example, a pair of vector-like quarks is created by an
s-channel coloron, and one of them decays to vector-like lepton which eventually decays to three
SM fermions. The final state contains 3q3 + 5`3, or 5q3 + 3`3, where q3 = t, b and `3 = ⌫⌧ , ⌧ .

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a dedicated
experimental effort.
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Figure 9. (Top panel) Representative Feynman diagrams for dominant vector-like fermion decays.
(Bottom panel) Phase space suppression in a fermion decay to three fermions of which one is
massive and two massless.

decay channel is negligible for the fermion partners of the first and second family. Even for the
charm quark partner, we find B(C ! H̃0c) < 10�7 in the interesting parameter range.9

In addition, a vector-like fermion decay to a SM fermion and a radial scalar excitation is, in
principle, possible via Eq. (2.2). The precise details depend on the scalar potential, however, we
expect scalar modes to be heavy enough such that on-shell 1 ! 2 decay is kinematically forbidden.

The dominant decay modes of the first and second family vector-like fermion partners are
1 ! 3 processes induced via an off-shell g0, Uµ or Z 0

µ mediator exchanged at tree-level. Typically,
a heavy fermion will decay to three SM fermions of which (at least) two are third generation,
or it will decay to another vector-like partner and two SM fermions (see representative Feynman
diagrams in Fig. 9 (top panel)). To a good approximation, we can integrate out heavy vectors and

9This is in contrast to the decays of (T,B) due to the large top quark mass. The predictions for the branching ratios
are B(T ! ht) ⇡ B(T ! Zt) ⇡ 0.5 and B(B ! Wt) ⇡ 1. Recent dedicated experimental searches exclude
MB < 1.35 TeV [106] and MT < 1.3 TeV [107]. These are below the indicated limits from electroweak precision
observables discussed in Sec. 4.1. That is, the collider searches for the third family partners are less relevant for the
spectrum on Fig. 8 (left panel).
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Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
g4 = 3.5, v3 = 1.75, v1 = 1.2 TeV and v15 = 0.3 TeV, which fixes the masses of g0µ, Uµ and Z 0

µ,
while MQ = 1.6 TeV, ML = 0.85 TeV, sq3 = 0.79, s`3 = 0.81 and sq2 = 0.3, which sets the fermionic
masses. (Right panel) Normalized V fLfL couplings of the g0 (red) and Z 0 (blue) to left-handed
fermions as a function of the sin ✓L. Solid, dotted and dashed lines are for the light-light, light-heavy

and heavy-heavy combinations, respectively. The coupling normalizations are, g4gs
g3

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

V ff interactions are practically flavour diagonal, except for the leptoquark couplings to fermionic
partners described by the W matrix. The couplings to right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These inter-
actions are worked out in Eqs. (A.48) to (A.53). To illustrate the main implications, in Fig. 8 (right
panel) we show the normalized V fLfL couplings for Z 0 and g0 as a function of sin ✓L, valid for any
of the left-handed mixing angles. Solid, dotted and dashed lines represent couplings to light-light,
light-heavy and heavy-heavy combinations, where labels light and heavy denote a SM fermion and
its partner, respectively. Red color is for g0 couplings (#) normalized as L � # g4gs

g3
 q�

µT a q g0aµ ,

while blue is for Z 0 couplings (#) normalized as L � #
p
3g4gY
6
p
2g1

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

is worth noting that sizable couplings to SM fermions are generated only for large mixing angles.
In practice, the third family mixings, sq3 and s`3 , typically control the decay channels of new
resonances, while sq2 (= sq1) is relevant for their production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
with loop-induced �F = 2 observables, see Sec. 4.3.
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Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured multi-
lepton + multi-jet final state signature.

third family, t, b, ⌧ and ⌫⌧ . Thus, the signature in the detector contains multiple jets and leptons
and is rich with b-tags, hadronic ⌧ -tags, etc. While the extraction of precise limits requires a
dedicated experimental analysis, we estimate the potential sensitivity in the current and near-future
datasets, by comparing with the existing R-parity conserving (RPC) and R-parity violating (RPV)
supersymmetry (SUSY) searches.

Using 36 fb�1 of 13 TeV pp collision data, the ATLAS collaboration has searched for sig-
natures involving multiple b-jets, high missing transverse momentum and either (at least) three
isolated leptons, or two isolated same-sign leptons [121]. Following this general selection, the
upper limits are set on the signal regions based on the number of b-jets, jets, leptons and Emiss

T
,

which are then interpreted in terms of simplified SUSY benchmarks. As an example, pair produc-
tion of gluinos, each decaying to a top pair and a neutralino, can be qualitatively compared to our
pp ! N2N2 ! (tt⌫)(tt⌫). Interpreting naively the exclusion limits, that is, neglecting any differ-
ences in acceptances between our model and the SUSY benchmarks, we conclude that the signal
rate for this process is . 5 fb. This search is already starting to probe the interesting parameter
space, see Fig. 14 (top right panel). Another relevant RPC example involves pair production of
stops, each decaying to t, W± and neutralino, and sets an upper limit on the cross section . 10 fb.
Finally, the limit from RPV searches on gluino pair production, where each decays to tbj, implies
an upper limit of . 15 fb.

In addition to these final states, the 4321 model predicts even more exotic multi-lepton plus
multi-jet signatures due to cascade decays among particles shown in Fig. 8 (left panel). An example
of such process is illustrated in Fig. 16. In this example, a pair of vector-like quarks is created by an
s-channel coloron, and one of them decays to vector-like lepton which eventually decays to three
SM fermions. The final state contains 3q3 + 5`3, or 5q3 + 3`3, where q3 = t, b and `3 = ⌫⌧ , ⌧ .

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a dedicated
experimental effort.
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Figure 9. (Top panel) Representative Feynman diagrams for dominant vector-like fermion decays.
(Bottom panel) Phase space suppression in a fermion decay to three fermions of which one is
massive and two massless.

decay channel is negligible for the fermion partners of the first and second family. Even for the
charm quark partner, we find B(C ! H̃0c) < 10�7 in the interesting parameter range.9

In addition, a vector-like fermion decay to a SM fermion and a radial scalar excitation is, in
principle, possible via Eq. (2.2). The precise details depend on the scalar potential, however, we
expect scalar modes to be heavy enough such that on-shell 1 ! 2 decay is kinematically forbidden.

The dominant decay modes of the first and second family vector-like fermion partners are
1 ! 3 processes induced via an off-shell g0, Uµ or Z 0

µ mediator exchanged at tree-level. Typically,
a heavy fermion will decay to three SM fermions of which (at least) two are third generation,
or it will decay to another vector-like partner and two SM fermions (see representative Feynman
diagrams in Fig. 9 (top panel)). To a good approximation, we can integrate out heavy vectors and

9This is in contrast to the decays of (T,B) due to the large top quark mass. The predictions for the branching ratios
are B(T ! ht) ⇡ B(T ! Zt) ⇡ 0.5 and B(B ! Wt) ⇡ 1. Recent dedicated experimental searches exclude
MB < 1.35 TeV [106] and MT < 1.3 TeV [107]. These are below the indicated limits from electroweak precision
observables discussed in Sec. 4.1. That is, the collider searches for the third family partners are less relevant for the
spectrum on Fig. 8 (left panel).
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• Pati-Salam vector leptoquark model

5

B(U ! t⌫) = B(U ! b⌧) = 0.5. Revisiting the AT-
LAS search [32] for QCD pair-produced third generation
scalar leptoquark in the tt̄⌫⌫̄ channel, Ref. [20], excludes
MU < 770 GeV. For large �ij , limits from leptoquark pair
production are even more stringent due to extra contribu-
tions from diagrams with leptons in the t�channel [33].

Integrating out the heavy Uµ field at the tree level, the
following e↵ective dimension six interaction is generated

L
e↵
U

= �
1

M
2
U

J
µ†
U
J
µ

U
. (10)

Using Fierz identities to match the above expression onto
the operator basis in Eq. (3), one finds

Le↵
U

= �
�il�

†
kj

2M
2
U

[(Q̄i�µ�
a
Qj)(L̄k�

µ
�aLl) + (Q̄i�µQj)(L̄k�

µ
Ll)] ,

(11)

which finally leads to

L
e↵
U

� �
|gU |

2

M
2
U

⇥
Vcb(c̄L�

µ
bL)(⌧̄L�µ⌫L) + (b̄L�

µ
bL)(⌧̄L�µ⌧L)

⇤
.

(12)
The fit to R(D(⇤)) anomaly requires |gU |

2
/M

2
U

⌘

2|c
QQLL

| ' (4.3 ± 1.0) TeV�2. As a consequence, size-

able b b̄ ! ⌧
+
⌧
� signal at LHC is induced via t-channel

vector LQ exchange. A recast of existing ⌧
+
⌧
� searches

in this model is presented in the Section IVB 4.

D. Scalar Leptoquark

Finally, we analyze a model recently proposed in
Ref. [34], in which the SM is supplemented by a scalar
leptoquark weak doublet, � ⌘ (3,2, 1/6) and a fermionic
SM singlet (⌫R),4 with the following Yukawa interactions,

L� � Y
ij

L
d̄i(i�2�

⇤)†Lj + Y
i⌫

R
Q̄i�⌫R + h.c. . (13)

The mass of the fermionic singlet is assumed to be be-
low the experimental resolution of the semi-tauonic B

decay measurements, such that the excess of events is ex-
plained via the LQ mediated contribution with ⌫R in the
final state. Following Ref. [34], the R(D(⇤)) anomaly can
be accommodated provided the model parameters (eval-
uated at mass scale of the leptoquark µR ⇠ 0.5 � 1 TeV)
take values respecting

✓
Y

b⌫

R
Y

b⌧⇤
L

g2
w

◆✓
MW

M�

◆2

= 1.2 ± 0.3, (14)

(see Fig. [1] in [34]) where gw ' 0.65 and MW ' 80 GeV
are the SM weak gauge coupling and W boson mass,
respectively. Considering an exhaustive set of flavor con-
straints, Ref. [34] finds that Y

s⌧

L
, Y

sµ

L
and Y

s⌫

R
are in

4
The case of several ⌫R is a trivial generalization which does not

a↵ect our main results.

general constrained to be small, and we therefore do not
consider them in our subsequent analysis.

The �(2/3) component decays dominantly to b⌧ and
t⌫, while �(1/3) decays to the b⌫ final state. As in the
vector leptoquark case, QCD pair production can again
be used to obtain constraints on the leptoquark mass
M�. In particular, ATLAS [32] excludes at 95% CL
pair-produced third-generation scalar leptoquarks decay-
ing exclusively to bb̄⌫⌫̄ for M� < 625 GeV and tt̄⌫⌫̄ for
M� < 640 GeV, respectively. In addition, CMS [35] ex-
cludes at 95% CL M� < 900 GeV scalar leptoquarks
decaying exclusively to ⌧ leptons and b quarks. Con-
sequently, relatively large couplings are required in or-
der to accommodate the R(D(⇤)) anomaly. For example,
M� = 650 GeV, implies |Y

b⌫

R
Y

b⌧

L
| = 34 ± 9. Imposing a

(conservative) perturbativity condition on all partial de-
cay widths �(� ! qi`j)/M� . 1, leads to |Y

ij

L,R
| . 7.1.

In this model the R(D(⇤)) resolution involves a light
⌫R and thus cannot be matched onto the SM EFT in
Eq. (3). Nonetheless, sizable bb̄ ! ⌧⌧ production at LHC
is generated via t-channel � exchange, and can e↵ectively
constrain |Y

b⌧

L
| (see Section IV B 4). A restrictive enough

bound in conjunction with Eq. (14) can in turn drive the
Y

b⌫

R
coupling into the non-perturbative regime.

IV. SENSITIVITY OF EXISTING LHC
SEARCHES

In the following, we perform a recast of several exper-
imental searches employing the ⌧

+
⌧
� signature at the

LHC, to set limits on the EFT operators introduced in
Eq. (3) as well as on the corresponding simplified models
described in the previous section as possible UV comple-
tions beyond the EFT. These constraints are compared to
the preferred regions of parameter space accommodating
the R(D(⇤)) anomalies.

A. Recast of ⌧⌧ resonance searches

ATLAS (8 TeV, 19.5 fb�1): The ATLAS collabo-
ration has performed a search for narrow resonances de-
caying to the ⌧

�
⌧
+ final state at 8 TeV pp collisions with

19.5 � 20.3 fb�1 of data [36]. The details of the analysis
and our recast methods are described in the Appendix.
We rely on the o�cial statistical analysis performed by
the ATLAS collaboration. In particular, the observed
95% CL upper limits on the allowed signal yields in the
final selection bins are obtained by rescaling the observed
95% CL upper limits on the production cross-section for
the Sequential SM (SSM) as reported in Fig. 8 of [36].
The rescaling factors are the signal event yields reported
in Table 4 of [36] divided by the predicted cross-section in
SSM from Fig. 8 of [36]. In particular, for the final selec-
tion bins defined with m

tot
T

> 400, 500, 600, 750 and 850
GeV, the excluded number of signal events at 95% CL
are Nevs > 21, 11, 5.3, 3.3 and 3.4, respectively. Here the

�U
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Pair production

R(D(*))
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(mostly)

[LQ collider physics in the Backup]

LQ -channel  
@ HL-LHC

t

1708.08450, 
1712.01368, 
1802.04274, 
1805.09328, 
1808.00942, 
1903.11517, 
1910.13474, 
2004.11376, 

…

Cornella, Faroughy, Fuentes-Martin, Isidori, Neubert, 2103.16558 

Summary
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The Dream Scenario (aka “reasonable” by TH)

μ

μ

bL

sL

Mediators
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or + other loop models

See for example: 
Arcadi, Calibbi, Fedele, Mescia, 2104.03228

ℒ ⊃ 1
16π2

|Vts |
(0.6 TeV)2 (s̄LγμbL) (μ̄LγμμL)

15

or

This talk[See talk by Renner]

Models: Class I
The mediator mainly couples to muons 

16

[or at least as much as to tau leptons]
gτ ≲ gμ

Models: Class II
The mediator dominantly couples to taus

gτ ≫ gμ

This talk

Admir Greljo | Model building: Where to look?
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Third-generation dominance

• Since  , perhaps:  mτ ≫ mμ ℒ ⊃ |Vts |
(2 TeV)2

mμ

mτ
(s̄LγμbL) (μ̄LγμμL)

• Collider implications:  
New physics mostly coupled to third generation

Admir Greljo | Model building: Where to look?

•  gauge invariance:SU(2)L

ℒ ⊃ 1
(2 TeV)2 (b̄LγμbL) (τ̄LγμτL)

ℒ ⊃ |Vts |
(2 TeV)2 (c̄LγμbL) (τ̄Lγμντ

L)

Z′�
LQ

Faroughy, AG, Kamenik; 1609.07138

b b̄ → τ+ τ−

 Scale ⟹ ≲ 5 TeV
high-  LHC!pT

⟹ δRD(*) = )( % )
(Remarkable!)

MY PERSONAL OPINION 
Arguments in favour of Class II 
strongly based on arguments 

that failed us so far (3rd 
generation dominance) and on 
the need to explain also R(D*), 

which is not (imo) an 
established signal of anything 
yet (i.e., b->s ll seems to be 

more convincing)

12

๏Several 
implications at 
high pT


๏Leptoquarks


๏Z’


๏Long decay 
chains to final 
states with 3rd 
generation 
particles


๏Mild excess 
observed (2.8σ 
of significance)

And the biggest excitement

10

Conclusions
• The case for Lepton Flavor Universality violation is building up


• More channels with some deviation


• 5s effect might be just a matter of time


• Not clear that all of these are on the same “th-clean” level ( R(K) vs R(D*) )


• Certainly we cannot put our head in the sand. But I think we never did


• Most of the TH interpretations involve things that we are already looking for (and 
the fact that we didn’t find any start to put some bound)


• We are explicitely looking for the models proposed to explain all this (e.g., 
B2G-21-004 for the 4321 model, now in ARC review)


• We should certainly be more systematic when covering the space of possibilities 
(e.g., differential xsec as searches, building on old Large-ED efforts)


• Low-mass is a possibility: We should think beyond the trigger limitations, 
exploiting cascade decays of SM particles, ISR, scouting, B-parking


• In my opinion, it is time for a structured effort within Physics Coordination

22
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Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
g4 = 3.5, v3 = 1.75, v1 = 1.2 TeV and v15 = 0.3 TeV, which fixes the masses of g0µ, Uµ and Z 0

µ,
while MQ = 1.6 TeV, ML = 0.85 TeV, sq3 = 0.79, s`3 = 0.81 and sq2 = 0.3, which sets the fermionic
masses. (Right panel) Normalized V fLfL couplings of the g0 (red) and Z 0 (blue) to left-handed
fermions as a function of the sin ✓L. Solid, dotted and dashed lines are for the light-light, light-heavy

and heavy-heavy combinations, respectively. The coupling normalizations are, g4gs
g3

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

V ff interactions are practically flavour diagonal, except for the leptoquark couplings to fermionic
partners described by the W matrix. The couplings to right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These inter-
actions are worked out in Eqs. (A.48) to (A.53). To illustrate the main implications, in Fig. 8 (right
panel) we show the normalized V fLfL couplings for Z 0 and g0 as a function of sin ✓L, valid for any
of the left-handed mixing angles. Solid, dotted and dashed lines represent couplings to light-light,
light-heavy and heavy-heavy combinations, where labels light and heavy denote a SM fermion and
its partner, respectively. Red color is for g0 couplings (#) normalized as L � # g4gs

g3
 q�

µT a q g0aµ ,

while blue is for Z 0 couplings (#) normalized as L � #
p
3g4gY
6
p
2g1

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

is worth noting that sizable couplings to SM fermions are generated only for large mixing angles.
In practice, the third family mixings, sq3 and s`3 , typically control the decay channels of new
resonances, while sq2 (= sq1) is relevant for their production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
with loop-induced �F = 2 observables, see Sec. 4.3.
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Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured multi-
lepton + multi-jet final state signature.

third family, t, b, ⌧ and ⌫⌧ . Thus, the signature in the detector contains multiple jets and leptons
and is rich with b-tags, hadronic ⌧ -tags, etc. While the extraction of precise limits requires a
dedicated experimental analysis, we estimate the potential sensitivity in the current and near-future
datasets, by comparing with the existing R-parity conserving (RPC) and R-parity violating (RPV)
supersymmetry (SUSY) searches.

Using 36 fb�1 of 13 TeV pp collision data, the ATLAS collaboration has searched for sig-
natures involving multiple b-jets, high missing transverse momentum and either (at least) three
isolated leptons, or two isolated same-sign leptons [121]. Following this general selection, the
upper limits are set on the signal regions based on the number of b-jets, jets, leptons and Emiss

T
,

which are then interpreted in terms of simplified SUSY benchmarks. As an example, pair produc-
tion of gluinos, each decaying to a top pair and a neutralino, can be qualitatively compared to our
pp ! N2N2 ! (tt⌫)(tt⌫). Interpreting naively the exclusion limits, that is, neglecting any differ-
ences in acceptances between our model and the SUSY benchmarks, we conclude that the signal
rate for this process is . 5 fb. This search is already starting to probe the interesting parameter
space, see Fig. 14 (top right panel). Another relevant RPC example involves pair production of
stops, each decaying to t, W± and neutralino, and sets an upper limit on the cross section . 10 fb.
Finally, the limit from RPV searches on gluino pair production, where each decays to tbj, implies
an upper limit of . 15 fb.

In addition to these final states, the 4321 model predicts even more exotic multi-lepton plus
multi-jet signatures due to cascade decays among particles shown in Fig. 8 (left panel). An example
of such process is illustrated in Fig. 16. In this example, a pair of vector-like quarks is created by an
s-channel coloron, and one of them decays to vector-like lepton which eventually decays to three
SM fermions. The final state contains 3q3 + 5`3, or 5q3 + 3`3, where q3 = t, b and `3 = ⌫⌧ , ⌧ .

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a dedicated
experimental effort.
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• Third-generation high-  signaturespT

• Exotic multi-lepton & 
multi-jet signatures  
(3rd fam.)

(a) (b) (c)

Figure 9. (Top panel) Representative Feynman diagrams for dominant vector-like fermion decays.
(Bottom panel) Phase space suppression in a fermion decay to three fermions of which one is
massive and two massless.

decay channel is negligible for the fermion partners of the first and second family. Even for the
charm quark partner, we find B(C ! H̃0c) < 10�7 in the interesting parameter range.9

In addition, a vector-like fermion decay to a SM fermion and a radial scalar excitation is, in
principle, possible via Eq. (2.2). The precise details depend on the scalar potential, however, we
expect scalar modes to be heavy enough such that on-shell 1 ! 2 decay is kinematically forbidden.

The dominant decay modes of the first and second family vector-like fermion partners are
1 ! 3 processes induced via an off-shell g0, Uµ or Z 0

µ mediator exchanged at tree-level. Typically,
a heavy fermion will decay to three SM fermions of which (at least) two are third generation,
or it will decay to another vector-like partner and two SM fermions (see representative Feynman
diagrams in Fig. 9 (top panel)). To a good approximation, we can integrate out heavy vectors and

9This is in contrast to the decays of (T,B) due to the large top quark mass. The predictions for the branching ratios
are B(T ! ht) ⇡ B(T ! Zt) ⇡ 0.5 and B(B ! Wt) ⇡ 1. Recent dedicated experimental searches exclude
MB < 1.35 TeV [106] and MT < 1.3 TeV [107]. These are below the indicated limits from electroweak precision
observables discussed in Sec. 4.1. That is, the collider searches for the third family partners are less relevant for the
spectrum on Fig. 8 (left panel).
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Dominant decays of new 
vector-like fermions
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The  model4321

Di Luzio, Fuentes-Martin, AG, Nardecchia, Renner; 1808.00942
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Figure 4: Expected and observed upper limit on electroweak vector-like lepton cross section at
95% CL with 2017 and 2018 data and all tau-multiplicity categories combined.
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Figure 4: Expected and observed 95% confidence level upper limits on the electroweak vector-
like lepton cross section times branching fraction, combining the 2017 and 2018 data and all th
multiplicity channels combined.

related to the difference between data and simulation in the th fake factors. All of these were
found to give substantially similar results to the main result presented here.

One change to the analysis model was made after unblinding since it is believed to be a more
accurate statistical model, regardless of the data. At the time of unblinding, a simpler model
of the fake factors and their uncertainties was used. This model did not fully propagate the
correlations in fake factors, and did not account for possible differences in the fake factors
between the derivation region and the main fit. The expected limits for the previous model
were somehwat lower, but within the central 68% interval of the model presented here. The
observed limits were also somewhat lower, but shifted less that the expected limits, and the
observed signal significance for the old model were approximately 10% larger.

10 Summary
The first search for vector-like leptons in the context of the 4321 model has been presented, us-
ing proton-proton collision data collected with the CMS detector at

p
s = 13 TeV, correspond-

ing to an integrated luminosity of 96.5 fb�1. The probed model consists of an extension of the
standard model with an SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥U(1)0 gauge sector that can provide a com-
bined explanation to multiple anomalies observed in B hadron decays, which point to lepton
flavour nonuniversality. In the model, a leptoquark is predicted as the primary source of lepton
flavour violation while the UV-completion predicts additional vector-like fermion families. In
particular, vector-like leptons are investigated by their coupling to standard model fermions



๏Luminosity doubling


๏can improve current results by at 
least sqrt(2)


๏can investigate previous excesses 
with comparable datasets


๏New trigger opportunities


๏Improved algorithms and hardware 
let us do more than in the past


๏New triggers imply new (i.e., 
unexplored) territory, basically 
a new experiment


๏For instance, a big push in this 
direction from long-lived 
particle searches

What should we expect from Run3

11



Alternative Data Taking 
Strategies: scouting



๏LHC produces more events than what we can store


๏We then filter them using trigger


๏The menu is a negotiation between different physics 
topics and the rate of the corresponding processes


๏Many studies are trigger limited

The LHC Big Data Problem

13

High-Level 


Trigger
L1 

trig
ger

1000 evt/
sec

40 M 
evt/sec

100 K evt/
sec



๏Most of LHC events have two jets


๏If one wants to look for dijet resonances, a hard cut on jet 
energy has to be applied


๏For this reason, we cannot keep sensitivity to low-mass resonances

Example: Dijet resonance searches

14

energy E is defined as the scalar sum of the calorimeter
tower energies inside the jet. The jet momentum ~p is
the corresponding vector sum of the tower energies using
the tower directions. The E and ~p of a reconstructed jet are
corrected as a function of pT and ! for the nonlinearity
and inhomogeneity of the calorimeter response. The cor-
rection is between 43% and 15% for jets with corrected pT

between 0.1 and 1.0 TeV in the region j!j< 1:3. The jet
energy corrections were determined and validated using
simulations, test beam data, and collision data [12].

The dijet system is composed of the two jets with the
highest pT in an event (leading jets). We require that the
pseudorapidity separation of the two leading jets, !! ¼
!1 " !2, satisfies j!!j< 1:3, and that both jets be in the
region j!j< 2:5. These ! cuts maximize the search sensi-
tivity for isotropic decays of dijet resonances in the pres-
ence of QCD background. The dijet mass is given by

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE1 þ E2Þ2 " ð ~p1 þ ~p2Þ2

p
. We select events with

m> 220 GeV without any requirements on jet pT .
To remove possible instrumental and noncollision back-

grounds in the selected sample, the following selections are
made. Events are required to have a reconstructed primary
vertex within jzj< 24 cm. For jets, at least 1% of the jet
energy must be detected in the ECAL, at most 98% can be
measured in a single photodetection device of the HCAL
readout, and at most 90% can be measured in a single cell.
These criteria, which are fully efficient for dijets, remove
0.1% of the events passing the pseudorapidity constraints
and the dijet mass threshold.

Figure 1 presents the inclusive dijet mass distribution for
pp ! 2 leading jetsþ X, where X can be anything, in-
cluding additional jets. We plot the measured differential
cross section versus dijet mass in bins approximately equal
to the dijet mass resolution. The data are compared to a
QCD prediction from PYTHIA [13], which includes a full
GEANT simulation [14] of the CMS detector and the jet
energy corrections. The prediction uses a renormalization
scale " ¼ pT and CTEQ6L1 parton distribution functions
[15]. The PYTHIA prediction agrees with the data within the
jet energy scale uncertainty, which is the dominant system-
atic uncertainty. To test the smoothness of our measured
cross section as a function of dijet mass, we fit the data with
the parametrization

d#

dm
¼ P0ð1"m=

ffiffiffi
s

p ÞP1

ðm=
ffiffiffi
s

p ÞP2þP3 lnðm=
ffiffi
s

p Þ ; (1)

with four free parameters P0, P1, P2 and P3. This func-
tional form has been used by prior searches to describe
both data and QCD predictions [16,17]. In Fig. 1 we show
both the data and the fit, which has a $2 ¼ 32 for 31
degrees of freedom. In Fig. 2 we show the ratio between
the data and the fit. The data are well described by the
smooth parametrization.

We search for narrow resonances, for which the natural
resonance width is negligible compared to the CMS dijet

mass resolution. Figures 1 and 2 present the predicted dijet
mass distribution for string resonances and excited quarks
using the PYTHIA Monte Carlo and the CMS detector
simulation. The predicted mass distributions exhibit a
Gaussian core from jet energy resolution and a tail toward
lowmasses from QCD radiation. This can be seen in Fig. 3,
which shows examples of the predicted dijet mass distri-
bution of resonances from three different parton pairings:
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FIG. 1 (color online). Dijet mass spectrum (points) compared
to a smooth fit (solid) and to predictions [13] including detector
simulation of QCD (short-dashed), excited quark signals (dot-
dashed), and string resonance signals (long-dashed). The errors
are statistical only. The shaded band shows the effect of a 10%
systematic uncertainty in the jet energy scale (JES).
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FIG. 2 (color online). Ratio (points) between the dijet mass
data and the smooth fit, compared to the simulated ratios
for excited quark signals (dot-dashed) and string resonance
signals (long-dashed) in the CMS detector. The errors are
statistical only.
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3 Search for narrow dijet resonances

3.1 Dijet mass spectra and background parameterizations

Figure 7 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width. The dijet mass spectrum for the high-
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Figure 7: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The horizontal
lines on the data points show the variable bin sizes. The lower panel in each plot shows the
difference between the data and the fitted parametrization, divided by the statistical uncer-
tainty of the data. Examples of predicted signals from narrow gluon-gluon, quark-gluon, and
quark-quark resonances are shown with cross sections equal to the observed upper limits at
95% CL.

mass search is fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s; and P0, P1, P2, and P3 are four free fit parameters. The chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [5–18, 53] to describe the data. For the low-mass search
we used the following parameterization, which includes one additional parameter P4, to fit the
dijet mass spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln2 (x)
. (2)

Equation (2) with five parameters gives c2/NDF = 20.3/20 when fit to the low-mass data,
which is better than the c2/NDF = 27.9/21 obtained using the four parameter functional form
in Eq. (1). An F-test with a size a = 0.05 [54] was used to confirm that no additional parameters
are needed to model these distributions, i.e. in the low-mass search including an additional
term P5 ln3 (x) in Eq.( 2) gave c2/NDF = 20.1/19, which corresponds to a smaller p-value than

36 fb-1 @13 TeV in 2016



๏Trade-off between # of events & event size


๏write HLT objects (four-momenta, etc…) rather than full 
event content


๏write many more events (essentially HLT passthrough, 
limited by L1)

The Scouting Streams

15

High-Level 


Trigger
L1 

trig
ger

1000 evt/sec,  
1 MB/evt

40 M 
evt/sec

100 K evt/
sec full event

Scouting
1/100 the 

events size

x6 more events 



๏Dijet Data Scouting 
strategy in Run2 used two 
tiers


๏A calo-scouting stream 
with minimal event 
content, to go as down 
as possible (limited by 
L1 trigger)


๏A PF-scouting stream, 
going as down as HLT 
let us run the PF 
sequence. More complex 
event content and more 
flexibility 
(substructure, etc)

DiJet Scouting Streams

16

PF Scouting

Parking

Scouting/Parking Strategy with HT Triggers

3

HT (GeV)

250 GeV 450 GeV 800 GeV

HT > 250 GeV: Scouting with calo-jets 
• Peak rate: 3.8 kHz (too high for parking)

Lowest unprescaled HT trigger

HT > 450 GeV: Parking 
• Peak rate: 420 Hz

HT > 450 GeV:  
Scouting with PF candidates 
• Peak rate: 420 Hz

Calo Scouting

A.U.

D. Anderson, 16/09/2015

(Not to scale)

Rate estimates assume a 
luminosity of 7e33 cm-2 s-1



DiJet Scouting Streams

17
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3 Search for narrow dijet resonances

3.1 Dijet mass spectra and background parameterizations

Figure 7 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width. The dijet mass spectrum for the high-
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Figure 7: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The horizontal
lines on the data points show the variable bin sizes. The lower panel in each plot shows the
difference between the data and the fitted parametrization, divided by the statistical uncer-
tainty of the data. Examples of predicted signals from narrow gluon-gluon, quark-gluon, and
quark-quark resonances are shown with cross sections equal to the observed upper limits at
95% CL.

mass search is fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s; and P0, P1, P2, and P3 are four free fit parameters. The chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [5–18, 53] to describe the data. For the low-mass search
we used the following parameterization, which includes one additional parameter P4, to fit the
dijet mass spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln2 (x)
. (2)

Equation (2) with five parameters gives c2/NDF = 20.3/20 when fit to the low-mass data,
which is better than the c2/NDF = 27.9/21 obtained using the four parameter functional form
in Eq. (1). An F-test with a size a = 0.05 [54] was used to confirm that no additional parameters
are needed to model these distributions, i.e. in the low-mass search including an additional
term P5 ln3 (x) in Eq.( 2) gave c2/NDF = 20.1/19, which corresponds to a smaller p-value than



๏Same approached followed 
for other final states


๏multiple jet resonances 
(e.g., trijet in 


๏jet substructure


๏…


๏In particular, the use of 
PF (with full access to 
individual particles) 
showed a great potential, 
which so far was barely 
explored

More than dijet
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● No significant excess observed, results interpreted in the context of 
gluino pair production with RPV decay

CMS-EXO-17-030Three-jet Resonance Search

CMS-EXO-17-030 


See D. Sperka’s talk at HOW2019

https://indico.cern.ch/event/759388/contributions/3303370/attachments/1815486/2966980/Sperka_CMS_Scouting_JLab.pdf


๏Starting in 2015, the same idea was applied to dimuon events, to 
probe light dimuon resonances (prompt and displayed)


๏Similar to LHCb turbostream analysis


๏Probed competitive Dark Photon parameter space

DiMuon Scouting Stream

19
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Scouting Dimuon Mass Distribution 

● CMS collected dimuon events using a collection of L1 muon triggers, 
and minimal requirements at the HLT level: 



๏Improved Trigger farm (heavy computing now on GPUs) makes it 
possible to run PF algorithm on a much larger dataset


๏Can use PF scouting on O(10K) evt/sec, storing an event 
content including all PF particles


๏Could boost the physics case of the scouting stream

Scouting plans for Run3

20
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Possible Extensions for HLT Scouting 

● For Run 3, plan to extend the coverage further to other final states

➔ PF Scouting on all L1 events? ~400 ms / event, probably unrealistic…

● More realistic to target specific scenarios such as search diphoton 
resonances to look for low mass scalars or axion like particles

➔ Double EG Thresholds 22 / 12 GeV (L1) and 30 / 18 GeV (HLT) 

arxiv:1710.01743CMS-HIG-17-013 See D. Sperka’s talk at HOW2019

https://indico.cern.ch/event/759388/contributions/3303370/attachments/1815486/2966980/Sperka_CMS_Scouting_JLab.pdf


Alternative Data Taking 
Strategies: parking



๏When we take data, we saturate our computing facilities with the data we 
take


๏We could take more, but then we don’t have enough computing power


๏During long shutdowns, our CPUs are under-utilised (e.g., for MC 
production) 

LHC schedule: Runs and LeSs

22



๏Since Run 1, we open up the triggers during the last year before a 
LS


๏We send the events on tape (cheaper than disk) and reconstruct them 
during the shutdown


๏We target specific physics use cases


๏Inclusive/invisible Higgs in Run 1


๏B physics in Run 2

Data Parking

23
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๏Saturated available rate with 
displaced muon trigger


๏Selected ~80% pure sample of BB 
mesons


๏ one leg biased by trigger


๏one leg trigger-selection 
free


๏Used to establish a physics 
program targeting the LHCb 
anomalies


๏Studies ongoing


๏More to come in Run3

B-physics Parking

24
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CMS “Data Parking”
● We can take a lot more than 1 KHz of data, e.g. in 2018 for BPH

➔ If you are fine with waiting longer to have it fully reconstructed

➔ Not the main point of this talk, focus on another strategy... 

See D. Sperka’s talk at HOW2019

https://indico.cern.ch/event/759388/contributions/3303370/attachments/1815486/2966980/Sperka_CMS_Scouting_JLab.pdf


Alternative Data Taking 
Strategies: anomaly detection



๏The first step of the scientific method 
consists in observing nature


๏In the last 40 years, our starting point has 
been the SM (which was put together from 
experimental information collected in the 70s)


๏We are victim of our success:


๏We use data mainly to confirm our hypothesis


๏We have lost the value of learning from data


๏Not by chance, we totally endorsed blind 
analysis as the ONLY way to search

HEP searches in LHC era
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HEP searches in LHC era
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๏Rather than specifying a signal hypothesis 
upfront, we could start looking at our data 
first


๏Based on what we see (e.g., clustering alike 
objects) we could formulate a signal hypothesis


๏EXAMPLE: star classification was formulated on 
empirical characteristics


๏Afterwords, the connection to physics properties 
(temperature) was understood

Learning from Data
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๏Anomaly detection is one kind of data mining technique


๏One defines a metric of “typicality” to rank data samples


๏Based on this ranking, one can identify less typical events, tagging 
them as anomalies


๏By studying anomalies, one can make hypotheses on new physics mechanisms

Learning from Anomalies
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Unsupervised learning

30

training data
Model

output giving Loss 
Minimum

๏A training dataset x 


๏No target y


๏A model providing an output y at the minimum 
of the loss 


๏A loss function of x and y specifying the task


๏e.g., clustering: group similar objects 
together



๏Autoencoders are networks 
with a typical “bottleneck” 
structure, with a symmetric 
structure around it


๏They go from ℝn ➝ ℝn 


๏They are used to learn 
the identity function as 
𝑓-1(𝑓(x))


where 𝑓: ℝn ➝ ℝk and 𝑓-1: ℝk 
➝ ℝn


๏Autoencoders are essential 
tools for unsupervised 
studies

Autoencoders

31

Latent 
space



๏An autoencoder can reproduce 
new inputs of the same kind 
of the training dataset


๏The distance between the 
input and the output will 
be small


๏If presented an event of 
some new kind (anomaly), the 
encoding-decoding will tend 
to fail


๏In this circumstance, the 
loss (=distance between 
input and output) will be 
bigger

Anomaly detection
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T. Heimel et al., https://arxiv.org/abs/1808.08979 
M. Farina et al., https://arxiv.org/abs/1808.08992

https://arxiv.org/abs/1808.08979
https://arxiv.org/abs/1808.08992


๏With 40M beam crossings/seconds and 1000 stored, we might just 
being writing the wrong events


๏If we want to take action on a “plan B” path, this has to happen at 
the trigger

Offline might be too late
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๏HLS4ML aims to be this automatic tool


๏reads as input models trained on standard DeepLearning libraries


๏comes with implementation of common ingredients (layers, activation functions, etc)


๏Uses HLS softwares to provide a firmware implementation of a given network


๏Could also be used to create co-processing kernels for HLT environments

HLS4ML: NN to FPGAs

34
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high level synthesis for machine learning
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2 Building neural networks with hls4ml

In this section we give an overview of the basic task of translating a given neural network model into
a firmware implementation using HLS. We then pick a specific use-case to study, though the study
will be discussed in a way that is meant to be applicable for a broad class of problems. We conclude
this section by discussing how to create an e�cient and optimal firmware implementation of a neural
network in terms of not only performance but also resource usage and latency.

2.1 hls4ml concept

Our basic task is to translate a trained neural network by taking a model architecture, weights, and
biases and implementing them in HLS in an automated fashion. This automated procedure is the task
of the software/firmware package, hls4ml. A schematic of a typical workflow is illustrated in Fig. 1.
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Figure 1: A typical workflow to translate a model into a firmware implementation using hls4ml.

The part of the workflow that is illustrated in red indicates the usual software workflow required
to design a neural network for a specific task. This usual machine learning workflow, with tools such
as Keras and PyTorch, involves a training step and possible compression steps (more discussion
below in Sec. 2.3) before settling on a final model. The blue section of the workflow is the task of
hls4ml which translates a model into an HLS project that produces a firmware block. This automated
tool has a number of configurable parameters which can help the user customize the network translation
for their application.

The time to perform the hls4ml translation is much shorter (minutes to hours) than a custom
design of a neural network and can be used to rapidly prototype machine learning algorithms without
dedicated engineering support. For physicists, this makes designing physics algorithms for the trigger
or DAQ significantly more accessible and e�cient, thus allowing the "time to physics" to be greatly
reduced.

– 5 –

https://fastmachinelearning.org/hls4ml/

hls4ml: a user-friendly, open-source tool to develop and optimize FPGA firmware for 
Machine Learning inference: 
• input models trained with standard ML libraries like (Q)Keras, PyTorch, (Q)ONNX 
• Python package for conversion, configuration and optimization 
• uses HLS software: rapid design space exploration + more accessible to non-FPGA-experts 
• comes with implementation of common ingredients - layer types, activation functions 
• and novel ingredients for fast, efficient inference - low-precision NNs, network optimisations 

https://arxiv.org/abs/1804.06913

2 Building neural networks with hls4ml

In this section we give an overview of the basic task of translating a given neural network model into
a firmware implementation using HLS. We then pick a specific use-case to study, though the study
will be discussed in a way that is meant to be applicable for a broad class of problems. We conclude
this section by discussing how to create an e�cient and optimal firmware implementation of a neural
network in terms of not only performance but also resource usage and latency.

2.1 hls4ml concept

Our basic task is to translate a trained neural network by taking a model architecture, weights, and
biases and implementing them in HLS in an automated fashion. This automated procedure is the task
of the software/firmware package, hls4ml. A schematic of a typical workflow is illustrated in Fig. 1.
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The part of the workflow that is illustrated in red indicates the usual software workflow required
to design a neural network for a specific task. This usual machine learning workflow, with tools such
as Keras and PyTorch, involves a training step and possible compression steps (more discussion
below in Sec. 2.3) before settling on a final model. The blue section of the workflow is the task of
hls4ml which translates a model into an HLS project that produces a firmware block. This automated
tool has a number of configurable parameters which can help the user customize the network translation
for their application.

The time to perform the hls4ml translation is much shorter (minutes to hours) than a custom
design of a neural network and can be used to rapidly prototype machine learning algorithms without
dedicated engineering support. For physicists, this makes designing physics algorithms for the trigger
or DAQ significantly more accessible and e�cient, thus allowing the "time to physics" to be greatly
reduced.

– 5 –
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Coming Soon



Anomaly Detection on FPGA
๏Autoencoders can provide 
event discrimination for 
anomaly detection, even 
with the little information 
available at L1
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FIG. III. ROC curves of four AD scores (IO AD for AE and VAE models, Rz and DKL ADs for the VAE models) for the CNN
(left) and DNN (right) models, obtained from two new physics benchmark models: h± ! ⌧⌫ (top) and h0 ! ⌧⌧ (bottom).

the case of AE computes the loss function between the
input and network output and for VAE computes the
DKL term of the loss.

A summary of the accuracy, resource consumption, and
latency for the QAT DNN and CNN BP AE models, and
the PTQ DNN and CNN BP VAE models is shown in
Table III. Resource utilization is quoted as a fraction of
the total available resources on the FPGA. We find the
resources are less than about 12% of the available FPGA
resources, except for the CNN AE, which uses up to 47%
of the look-up tables (LUTs). Moreover, the latency is
less than about 365 ns for all models except the CNN AE,
which has a latency of 1480 ns. The II for all models is
within the required 115 ns, again except the CNN AE.
Based on these, both types of architectures with both
types of autoencoders are suitable for application at the
LHC L1T, except for the CNN AE, which consumes too
much of the resources.

Since the performance of all the models under study are
of a similar level, we choose the “best” model based on
the smallest resource consumption, which turns out to be
DNN VAE. This model was integrated into the emp-fwk
infrastructure firmware for LHC trigger boards [61], tar-
geting a Xilinx VCU118 development kit, with the same
VU9P FPGA as previously discussed. Data were loaded
into onboard bu↵ers mimicking the manner in which data
arrives from optical fibres in the L1T system. The de-
sign was operated at 240MHz, and the model predictions
observed at the output were consistent with those cap-
tured from the HLS C Simulation. For this model we
also provide resource and latency estimates for a Xilinx
Virtex 7 690 FPGA, which is the FPGA most widely used
in the current CMS trigger. The estimates are given in
Table IV.
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TABLE III. Resource utilization and latency for the quantized and pruned DNN and CNN (V)AE models. Resources are based
on the Vivado estimates from Vivado HLS 2020.1 for a clock period of 5 ns on Xilinx VU9P.

Model DSP [%] LUT [%] FF [%] BRAM [%] Latency [ns] II [ns]
DNN AE QAT 8 bits 2 5 1 0.5 130 5
CNN AE QAT 4 bits 8 47 5 6 1480 895

DNN VAE PTQ 8 bits 1 3 0.5 0.3 80 5
CNN VAE PTQ 8 bits 10 12 4 2 365 115

TABLE IV. Resource utilization and latency for the quantized and pruned DNN AE model. Resources are based on the Vivado
estimates from Vivado HLS 2020.1 for a clock period of 5 ns on Xilinx V7-690.

Model DSP [%] LUT [%] FF [%] BRAM [%] Latency [ns] II [ns]
DNN VAE PTQ 8 bits 3 9 3 0.4 205 5
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Anomaly Dataset
๏The minimal final deliverable is a 
dataset of anomalous events


๏Could be used to look for 
recurrent topologies


๏By visual inspections, these 
“clusters” could inspire new 
searches on other (future) 
datasets


๏Not very far away from how our 
field used to operate before big-
data computing solutions took over



Much more than BSM program

๏LHC experiments will deliver much more than this


๏More precise W and top mass measurements


๏EFT operator analyses from differential cross section 
measurements in Higgs, top, and EW processes


๏Broader reach to Flavor physics


๏More exiting Heavy Ion physics


๏Stay tuned…



Backup Slides
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๏Pruning: identify which 
part of the network is 
really relevant and 
remove the rest (makes 
network smaller)


๏Quantization: use limited 
precision for numerical 
representations (save 
resources)


๏Reuse: dilute the network 
inference on multiple 
clock cycles, trading off 
resource needs for 
latency

Network compression techniques
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Efficient NN design: compression
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Retrain 
with L1

Prune

Prune

Retrain 
with L1 Prune

…

1st iteration

2nd iteration

7th iteration

……

Prune and repeat the train for 7 iterations
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Figure 3.1: Pruning the synapses and neurons of a deep neural network.

the connections that have been removed. The phases of pruning and retraining may be repeated
iteratively to further reduce network complexity. In effect, this training process learns the network
connectivity in addition to the weights — this parallels the human brain development [109] [110],
where excess synapses formed in the first few months of life are gradually "pruned", with neurons
losing little-used connections while preserving the functionally important connections.

On the ImageNet dataset, the pruning method reduced the number of parameters of AlexNet
by a factor of 9× (61 to 6.7 million), without incurring accuracy loss. Similar experiments with
VGG-16 found that the total number of parameters can be reduced by 13× (138 to 10.3 million),
again with no loss of accuracy. We also experimented with the more efficient fully-convolutional
neural networks: GoogleNet (Inception-V1), SqueezeNet, and ResNet-50, which have zero or very
thin fully connected layers. From these experiments we find that they share very similar pruning
ratios before the accuracy drops: 70% of the parameters in those fully-convolutional neural networks
can be pruned. GoogleNet is pruned from 7 million to 2 million parameters, SqueezeNet from 1.2
million to 0.38 million, and ResNet-50 from 25.5 million to 7.47 million, all with no loss of Top-1 and
Top-5 accuracy on Imagenet.

In the following sections, we provide solutions on how to prune neural networks and how to
retrain the pruned model to recover prediction accuracy. We also demonstrate the speedup and
energy efficiency improvements of the pruned model when run on commodity hardware.

3.2 Pruning Methodology

Our pruning method employs a three-step process: training connectivity, pruning connections,
and retraining the remaining weights. The last two steps can be done iteratively to obtain better
compression ratios. The process is illustrated in Figure 3.2 and Algorithm 1.

→ 70% reduction of weights 
and multiplications w/o 
performance loss
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Efficient NN design: quantization
• In FPGAs use fixed point data types → less resources and latency than 32-bit floating 

point 

• NN inputs, weights, biases, outputs represented as
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Quantization

Quantized [24, 36–39] and even binarized [40–43] neural networks have been studied in detail as an
additional way to compress neural networks by reducing the number of bits required to represent each
weight. FPGAs provide considerable freedom in the choice of data type and precision. Both are
important to consider to prevent the wasting of FPGA resources and latency. In hls4ml we use fixed
point arithmetic, which uses less resources and latency than floating point arithmetic. Resource usage
using floating point arithmetic and integer arithmetic use the same resources.

The inputs, weights, biases, sums, and outputs of each layer (see Eq. 2.1) are all represented as
fixed point numbers. For each, the number of bits above and below the binary point can be configured
for the use case. It is broadly observed that precision can be reduced significantly without causing a
loss in performance [XXX], but this must be done with care. In Fig. 7, we show the distribution of
the absolute value of the weights after the compression described in Sec. 2.3. In this case, to avoid
overflow in the weights, at least three bits should be assigned above the binary point — two to envelope
the largest absolute value and one for the sign. The neuron values, xm, and intermediate signals in the
FPGA used to compute them, require more bits, given the form of Equation 2.1. We determine the
number of bits to assign below the binary point by scanning physics performance versus number of
these bits.

Figure 7: Distribution of the absolute value of the weights after compression.

In addition to saving on resources used for signal routing, reducing precision saves on resources
and latency used for mathematical operations. For many applications the primary limitation will be
the DSP resources of the FPGA used for multiplication. The number of DSPs used per multiplier
depends on the precision of the numbers being multiplied and can change abruptly. For example, one
Xilinx DSP48 block [XXX] can multiply a 25-bit number with an 18-bit number, but two are required
to multiply a 25-bit number with a 19-bit number. Similarly, the latency of multipliers increases with
precision, though they can remain pipelined. Detailed exploration of the e�ect of calculation precision
is presented in Sec. 3.
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integer bits = 2 + 1 for sign
(need more for neurons)

• But need more bits for neurons as computed with 
multiplications and sums → we perform a scan of 
physics performance versus bit precision

• To avoid overflow/underflow of weights at 
least 3 bits needed

ap_fixed<width,integer>

weights
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Network Tuning: Parallelization

!15

related to the Initiation Interval = when new inputs are introduced to the algo.

• ReuseFactor: how much to parallelize
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mult

mult

mult

mult

mult

mult

reuse = 4
use 1 multiplier 4 times

reuse = 2
use 2 multipliers 2 times each

reuse = 1
use 4 multipliers 1 time each


