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Yukawa-like interactions in the
Standard Model
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Yukawa potential (1935)

π meson discovery (1947)

Hideki Yukawa (1907-1981)

• Historically, Yukawa potential to describe short-range nucleon
interactions within nucleus

• Postulate existence scalar meson field with mφ ∼ 200 ·me ,
observed 12 years later!

Monday, 16th December 2019 Probing Higgs and Dark sectors with b-jets at the LHC 4/37



Yukawa potential (1935)

π meson discovery (1947)

Hideki Yukawa (1907-1981)

• Historically, Yukawa potential to describe short-range nucleon
interactions within nucleus

• Postulate existence scalar meson field with mφ ∼ 200 ·me ,
observed 12 years later!

Monday, 16th December 2019 Probing Higgs and Dark sectors with b-jets at the LHC 4/37



Yukawa potential (1935)

π meson discovery (1947)

 μ π

ν
Hideki Yukawa (1907-1981)

• Historically, Yukawa potential to describe short-range nucleon
interactions within nucleus

• Postulate existence scalar meson field with mφ ∼ 200 ·me ,
observed 12 years later!

Monday, 16th December 2019 Probing Higgs and Dark sectors with b-jets at the LHC 4/37



In the Standard Model (SM)

• SM: simplest/most successful formalism describing
fundamental interactions between elementary particles

• Yukawa-like: Higgs-Fermions interactions → fermion mass terms

o decorrelated from Higgs-W /Z interactions
o added “by hand” in SM lagrangian
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Recently observed at the LHC!
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• Observation of H → ττ decays (2016) JHEP 08 (2016) 045

• Observation of H → bb decays and ttH production (2018)
Phys. Lett. B 786 (2018) 59 Phys. Lett. B 784 (2018) 173

o t, b-H couplings probed via ggH prod. and H → γγ decays since 2012

• Consistent with SM Yukawa-like couplings but limited precision
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Not the end of the story
• SM Yukawa-like interactions are special

o no underlying symmetry
o no quantized charge
o coupling over 6 orders of magnitude

• They have dramatic consequences

o flavour structure of charged currents
o nuclear physics (mn > mp)

o connected to strong CP problem?
arXiv:1605.03860 (2016)

• True nature of SM Yukawa-like interactions?

o fundamental or effective
o CP invariant or CP violating
o one or more mediator boson
o portal to dark sector?
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Experimental signature at the LHC

Monday, 16th December 2019 Probing Higgs and Dark sectors with b-jets at the LHC 8/37



The Large Hadron Collider at CERN
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2/19 calibration

• Proton-proton (pp) collisions at four interaction points
o 2010-2012:

√
s = 7, 8 TeV

o 2015-2018:
√

s = 13 TeV

• Very high instantaneous luminosity at ATLAS/CMS
o up to ∼ 70 proton-proton interactions per bunch-crossing (pileup)

• Long shutdown in 2019-2020
o preparing for large luminosity increase
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The ATLAS detector at LHC
JINST 3 (2008) S08003 ATLAS Luminosity Public
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• Multi-purpose, high efficiency/acceptance detector
o performance comparable to CMS

• Very large dataset of pp collisions at 13 TeV, ∼ 140 fb−1

o 7.7M Higgs, 275M top quarks, 2800M Z bosons, ...
o most results presented today still from partial dataset

• Focus on ATLAS results in the following
o similar physics output from CMS
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The ATLAS detector at LHC
JINST 3 (2008) S08003 ATLAS Luminosity Public
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Signature of Yukawa-like interactions

• SM Yukawa couplings scale with mass yf =

√
2 ·mf

246.22 GeV

• Heaviest SM fermion: top quark

o yf ∼ 1, ttH production

o BR(t→ bW) ∼ 100%

• Next-heaviest SM fermion: b quark

o yf ∼ 0.02, H → bb decay

o hadronization (b-jet)

Identification of jets originating from b quark (b-jet) is key
to study Yukawa-like interactions at the LHC
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b-jet identification in ATLAS
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What is a hadronic jet?

• High energy proton-proton collision
→ parton-parton scattering

• Partons ejected at high angles:
collimated parton shower

o in simulation: “parton-level” jets

• Hadronization due to confinement,
other non-perturbative effects

o in simulation: “hadron-level” jets

• Clusters of
calorimeter energy deposits
or inner detector tracks

o in simulation and in data:
“calorimeter” or “track” jets
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What is a hadronic b-jet?
• High energy proton-proton collision
→ parton-parton scattering

• Partons ejected at high angles:
collimated parton shower

o parton jets incl. ≥ 1 b-quark

• Hadronization due to confinement,
other non-perturbative effects

o hadron jets incl. ≥ 1 b-hadron

• Clusters of
calorimeter energy deposits
or inner detector tracks

o b-tagged calorimeter/track jets
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What is a hadronic c-jet?
• High energy proton-proton collision
→ parton-parton scattering

• Partons ejected at high angles:
collimated parton shower

o parton jets incl. ≥ 1 c-quark

• Hadronization due to confinement,
other non-perturbative effects

o hadron jets incl. ≥ 1 c-hadron

• Clusters of
calorimeter energy deposits
or inner detector tracks

o typical fake b-tagged jets
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Jet and track reconstruction in ATLAS

• tracker reconstructs trajectories of
charged particles (∼ 600 per event!)

• calorimeters collects energy deposits of
e/γ and hadrons → collimated jets φ cos ×|θ|tan

-0.05 0 0.05

φ
 s

in
 

×|θ
|ta

n

-0.05

0

0.05

210

310

410

510

E [MeV]
ATLAS simulation 2010

Pythia 6.425
dijet event

Monday, 16th December 2019 Probing Higgs and Dark sectors with b-jets at the LHC 16/37



b-jet identification in ATLAS
• b-hadrons have: HFLAV website

o significant lifetime (Vcb small)
cτ ∼ 450 µm

o large mass
m ∼ 5 GeV

o high jet momentum fraction (frag.)
fb ∼ 80%

c-hadrons properties between b- and light hadrons

• experimentally, b-jets have:

o secondary vertices
(B → D → light)

o displaced tracks

o more and higher energy tracks

• in ATLAS, b-tagging
in two-step approach

Monday, 16th December 2019 Probing Higgs and Dark sectors with b-jets at the LHC 17/37
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b-jet identification in ATLAS

• Experimentally, b-tagged jets are jets with score > X
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Algorithms based on displaced IP
• ATLAS Impact Parameter (IP)-based algorithms: IP2D/IP3D

• jet flavour probability from tracks
IPrφ = |d0| and IPz = |z0 sin θ|

o log-likelihood ratios (b, c, light)

• Strengths: very inclusive, simple
implementation

ATL-PHYS-PUB-2017-013

• Weaknesses:

o sensitive to IP resolution and
non-Gaussian tails

o lower performance at high pjetT
(higher track multiplicity)

Monday, 16th December 2019 Probing Higgs and Dark sectors with b-jets at the LHC 19/37
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Algorithms based on displaced vertices
• Inclusive secondary vertex algorithm: SV1

• Decay chain multi-vertex reconstruction: JetFitter

ATL-PHYS-PUB-2017-011 ATL-PHYS-PUB-2018-025

• SV1: fit unique vertex from 2-track vertices

o 0 or 1 secondary vertex with ≥ 2 tracks

SV1 reconstruction

• JetFitter:
fit multiple vertices along jet axis

o multiple vertices along axis with ≥ 1 track

• Less inclusive but complementary w.r.t
IP-based algorithms

JetFitter reconstruction
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• Less inclusive but complementary w.r.t
IP-based algorithms

JetFitter reconstruction
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• Highest reconstruction efficiency for b-jets

o at high pT, more JetFitter with > 1 vertex

• Efficiency non-zero for light jets

o fake vertices: random crossings, fake tracks
o real vertices: material interactions, s-hadron decays

• Properties of SV1 and JetFitter vertices provide discriminations

o ex: invariant mass of tracks fitted to vertex
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High-level b-tagging algorithm
• machine learning algorithms with ∼ 25 input discriminating variables

arXiv:1907.05120 (2019)

• Algorithm trained to identify b-jets

o use of simulated events
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• Output score telling how likely
the jet to be a b-jet

o outperform low-level taggers
o maximize acceptance

• Working Points for physics analyses
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o maximize acceptance
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Efficiency measurement in data
• Imperfect detector response and physics modeling in simulation

o precision measurement in collision data required

o select pure sample of b-jets from tt̄ events: eµ + exactly 2 jets

o main background from mis-reconstructed tt̄: extra jets + lost b-jet

• Improvement: lepton-jet invariant mass for signal/control regions
o strong constraints on background level
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Efficiency measurement in data
• Global fit of signal and background-enriched regions

o %-level constraints on b-jet composition before tagging

o less dependence on modeling of tt̄ + jets events

• precision improved by a factor of 2

o latest ATLAS b-tagging paper: arXiv:1907.05120 (2019)

o mistag rate / other measurements described elsewhere: ATLAS public
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Application to Higgs and Dark Sectors
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H → bb measurement (b-H)
Phys. Lett. B 786 (2018) 59
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ATLAS bb→H = 7 TeV, 8 TeV, and 13 TeVs
-1, and 24.5-79.8 fb-1, 20.3 fb-1      4.7 fb

• Dominant Higgs decays (∼ 60%) but large
background from multi-jet events

o most sensitive channel: VH with leptons

• b-tagging crucial to reject V + jets events

o dominant experimental systematic uncertainty

• Extra challenge: boosted H → bb tagging (high pH
T)
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ttH measurement (top-H)
Phys. Lett. B 784 (2018) 173
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ttH
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Total Stat. Syst. SMATLAS

­1 = 13 TeV, 36.1 ­ 79.8 fbs

             Total       Stat.    Syst.

Combined   )
0.19

0.21
  ± 0.18 , ±   ( 0.26

0.28  ±  1.32 

H (ZZ)tt < 1.77 at 68% CL

)γγH (tt   )0.17
0.23  ±  , 0.38
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• H → bb channel largest cross section but
large background from t̄t + g(→ bb̄) events

o H → γγ leading channel in ATLAS so far

• On-going work to improve tt̄ +g(→ bb̄) modeling

• Challenge: b-tagging at high multiplicity

o going beyond simple cut on b-tagging score

ttH(→ bb) uncertainties
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Monday, 16th December 2019 Probing Higgs and Dark sectors with b-jets at the LHC 27/37

https://doi.org/10.1016/j.physletb.2018.07.035


ttH(→ inv.) search
CMS-PAS-HIG-18-008 (2018)

Phys. Lett. B 793 (2019) 520

Phys. Rev. Lett. 122 (2019) 231801

• Many observational evidence for Dark Matter (DM)
o Weakly-Interacting (e.g. only Yukawa-like) Massive Particles (WIMP)?

• H → invisible decays in SM extremely rare (∼ 0.1%)
o any deviation is hint for the dark sector

• On-going effort to probe lowest possible branching ratio
o missing transverse energy signatures (Emiss

T )

o ttH(→inv.) production mode contributes: tt̄ + Emiss
T
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Main backgrounds (0-lepton channel)
JHEP 12 (2017) 085
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• ex: search for ttH(→ inv.) in 0-lepton channel

o e/µ/τ veto, ≥ 4 jets, ≥ 2 b-jets, large Emiss
T

• Main background: Z (→ νν) + jets, tt̄ with missing lepton

o rejected requiring b-jets, high large-R jet mass, mT(Emiss
T , b) > mtop
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Constraints on Supersymmetry
ttH(→ inv.)
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• No significant data excess over SM predictions so far → limits

• Typically interpreted in supersymmetric (mt̃1
,mχ̃0

1
) plane
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• No significant data excess over SM predictions so far → limits
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Constraints on Dark Matter
ttH(→ inv.)
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Phys. Rev. Lett. 121 (2018) 081801
Preliminary ATLAS-CONF-2016-070
Phys. Rev. D 98 (2018) 032016
Eur. Phys. J. C 78 (2018) 565
Eur. Phys. J. C 77 (2017) 393
JHEP 01 (2018) 126
PLB 776 (2017) 318
JHEP 10 (2018) 180

ATLAS Z' baryonic
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= 1/3, g
q

= 0.3, gθsin
Z' baryonic, Dirac DM

Phys. Rev. Lett. 119 (2017) 181804
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ATLAS Scalar
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Eur. Phys. J. C 78 (2018) 18

DarkSide-50

Phys. Rev. Lett. 121 (2018) 081307
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CRESST III
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LUX
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ATLAS

• No significant data excess over SM predictions so far → limits

• Also DM interpretation with simplified model
o H(→ inv.) ∼ scalar mediator with m = mH

o more complex interpretation (2 Higgs-doublet model) also
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What is next?
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Recent improvements in b-tagging
track IP correlation in b-jets
ATL-PHYS-PUB-2017-003
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• Current algorithms
assume track IP uncorrelated

• New algorithm learns correlations via
recurrent neural network

• Improves high-level performance
(DL1r vs DL1)

Performance of latest high-level taggers
FTAG-2019-005
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• Measurement of performance
in data on-going
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The high luminosity LHC (HL-LHC)

• large luminosity increase planned

o ×20 current dataset

• major upgrades required

• tracking and b-tagging in very
busy environment (µ = 200!)
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HL: performance and ressources
ATL-PHYS-PUB-2019-005 ATL-PHYS-PUB-2019-041
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ATLAS Preliminary

• ATLAS Inner Tracker (ITk) upgrade should improve and extend
(|η| < 2.4→ 4) b-tagging performance

• But huge rise in CPU needs

o improvements in offline event reconstruction required
o tracking typically biggest consumer → choices will have to be made
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HL-LHC sensitivity
ATL-PHYS-PUB-2018-054
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• observation of yµ expected

• σ(yt,b) ∼ 5%, dominated by systematics

• limits on H(→ inv.) BR: < 0.05− 0.1 (VBF channel),
ttH + tWH (2-lepton channel only) < 0.2!
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Conclusion
• Yukawa-like interactions in the Standard Model are puzzling

o “ad hoc” in lagrangian, no quantized charge, wide range of coupling

• To study them at the LHC, one needs to identify b-jets

o some leading measurements already dominated by systematic uncertainties
o tt̄ + Emiss

T , one of the leading channel to search for dark sector

• Continuous improvement of b-tagging performance

o advanced machine learning, improved efficiency measurements
o will benefit to results with full dataset and beyond

• The HL-LHC opens up new possibilities, brings new challenges

o extended tracking in extremely busy environment
o probing of Yukawa-like couplings with unprecedented precision
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Additional material



Algorithms based on displaced IP

Track signed d0 significance (Good)
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• per-jet log-likelihood ratios
for “b vs l”, “b vs c”, “c vs l”

DIP =
Ntrk∑
i=1

log(pb/pl )
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IP2D “b vs light” discriminant
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IP resolution measurements
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Hybrid training sample
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Performance vs η and µ
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Efficiency measurement in data
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Mistag rate measurement in data
(1/2)
• use of tt̄ semi-leptonic decays,

i.e. one W→ lν and one W→ cs

• selection: 1 lepton, 4 jets (incl. 2 b-jets),
kinematic fit to reduce background

• 2 jets attributed to W decay used in final fit

• uncertainty 5-20 %, dominated by tt̄
modeling

ATLAS-CONF-2018-001

FTAG-2019-004
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Mistag rate measurement in data
(2/2)
• sample of true light-jet before and after

b-tagging required

• not achievable by regular di-jet selection:
∼ 2% (5%) b-(c-)jet bef tag ... x10 after.

• use of a “flipped” tagger to calibrate
fakes from track resolution effects

• tag jets with negative attributes
→ similar mistag rate for light
(resolution function symmetric)
→ much lower rate for b and c

→ obtention of a purer sample after tag

ATLAS-CONF-2018-006

FTAG-2019-004

Track signed d0 significance (Good)
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Pseudo-continuous b-tagging
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ttH(→ bb) categorization

Dilepton, ≥ 4 j
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X → bb tagging
Eur. Phys. J. C 79 (2019) 836
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2017-04/


Top tagging
Eur. Phys. J. C 79 (2019) 375
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-03/


Tracking at HL-LHC
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