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[1] Towards a physics Beyond the   
Standard Model  
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Towards a physics beyond the Standard Model 

• The Standard Model: A success up to now 
• Describes the links between 
• 12 fundamental particles 

• 3 interactions (EM, weak, strong) 

• Mass origin with the B.E.H. mechanism
• Higgs boson discovery in 2012 by ATLAS & CMS

• However some limitations …
• Gravitation, interaction hierarchy, naturalness, 

Matter/Antimatter asymmetry, dark matter, 
neutrino mass, etc.

“Low energy approximation of a more     
fundamental theory?”
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Beyond the Standard Model theories 

Questions
Ideas Dark Matter EWSB Origin Naturalness Unification New forces New particles

Super Symmetry ✓ ✓ ✓ ✓ ✓ Neutralino !χ#$
Super-partners t̃, 'b, etc.

Extra dimensions ✓ ✓ ✓ ✓ ✓ Kaluza Klein excitations
gluons g++ , gravitons G--, etc.

Higgs sector 
extensions ✓ ✓ ✓ New scalar bosons 

H/, H, A
Gauge sector 

extensions ✓ ✓ New heavy gauge bosons
W2, Z′

… … … … … … …

“Enhancing fundamental symmetries or playing with spacetime dimensionality”   
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Beyond the Standard Model theories 

Questions
Ideas Dark Matter EWSB Origin Naturalness Unification New forces New particles

Super Symmetry ✓ ✓ ✓ ✓ ✓ Neutralino !χ#$
Super-partners t̃, 'b, etc.

Extra dimensions ✓ ✓ ✓ ✓ ✓ Kaluza Klein excitations
gluons g++ , gravitons G--, etc.

Higgs sector 
extensions ✓ ✓ ✓ New scalar bosons 

H/, H, A
Gauge sector 

extensions ✓ ✓ New heavy gauge bosons
W2, Z′

… … … … … … …

Gazillion of new particles expected

“Enhancing fundamental symmetries or playing with spacetime dimensionality”   
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Direct vs. indirect search for New Physics

• No evidence (yet) for on-shell
production of new particles

• Lower limits are growing

Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.092178.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 CERN-EP-2018-1792.3 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 1707.024244.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 1% 1804.108233.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 79.8 ATLAS-CONF-2018-0175.6 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 79.8 gV = 3 ATLAS-CONF-2018-0164.15 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

LRSM W ′
R
→ tb multi-channel 36.1 CERN-EP-2018-1423.25 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL 1707.0242440.0 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π CERN-EP-2018-1742.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.34 TeVB mass

VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 CERN-EP-2018-1711.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 3.2 B(Y →Wb)= 1, c(YWb)= 1/
√
2 ATLAS-CONF-2016-0721.44 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 79.8) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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Direct vs. indirect search for New Physics

• No evidence (yet) for on-shell
production of new particles

• Lower limits are growing

Model ℓ, γ Jets† Emiss
T

∫
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.092178.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 CERN-EP-2018-1792.3 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 1707.024244.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 1% 1804.108233.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 79.8 ATLAS-CONF-2018-0175.6 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 79.8 gV = 3 ATLAS-CONF-2018-0164.15 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

LRSM W ′
R
→ tb multi-channel 36.1 CERN-EP-2018-1423.25 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL 1707.0242440.0 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π CERN-EP-2018-1742.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.34 TeVB mass

VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 CERN-EP-2018-1711.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 3.2 B(Y →Wb)= 1, c(YWb)= 1/
√
2 ATLAS-CONF-2016-0721.44 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 79.8) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

“Access higher mass scales by 
deviations in coupling measurements 

and search for rare processes”
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Searching for Flavour Changing Neutral Currents

• Interaction process where a fermion undergoes a change of flavour without alternating its charge
• Forbidden at tree level by the Glashow-Iliopoulos-Maiani (GIM) mechanism in the SM
• Heavily suppressed at higher corrections

“BSM can enhance FCNC contributions by introducing new particles or interactions”
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Searching for Flavour Changing Neutral Currents

• Interaction process where a fermion undergoes a change of flavour without alternating its charge
• Forbidden at tree level by the Glashow-Iliopoulos-Maiani (GIM) mechanism in the SM
• Heavily suppressed at higher corrections

Flavour-changing neutral-current (FCNC), such as b ! s`+`�, also constitute sensitive probes of NP beyond SM,
since it is forbidden at tree-level and can only occur at loop order in SM. The new heavy particles might appear in competing
diagrams and presents sizable contribution. In particular, the effective Hamiltonian of the b ! s`+`� transition allow us to
separate short and long distances, and the short distances are encoded in the Wilson coefficients of the relevant operators
and long distance are in the matrix elements of these operators, which are given as:

O7 =
e

16p2 mb s̄s µn(1+ g5)Fµn b [real or soft photon] (4)

O9 =
e2

16p2 s̄gµ(1� g5)b ¯̀gµ` [Z/hard g . . .] (5)

O10 =
e2

16p2 s̄gµ(1� g5)b ¯̀gµ g5` [Z] (6)

NP either induces a change in the Wilson coefficients by adding a new contribution or generate new operators (chirally
flipped, scalar or pseudoscalar or tensor operators).

As a typical process induced by b ! s`+`�, B ! K⇤`+`� decay has been paid much attention. Because the final state
K⇤ is a vector meson, it is of interest for us to investigate the angular distribution in detail for searching for observables
that are sensitive to the NP contribution. The resulting angular distribution can be parameterized in terms of eight angular
observables. Among them, observable P0

5 has usually been viewed as a good probe of NP due to few hadronic uncertainties,
in term of the analysis based on the soft-collinear effective theory. However, recent measurements showed that a tension
exists between experimental results of the P0

5 and their corresponding SM prediction in the region [4,8]Gev2, as illustrated
in Fig. 2. Note that the data from ATLAS, Belle and LHCb are above SM predictions remarkably. The CMS result is
more consistent with SM. In SM, the contribution from the high power corrections, such as charm loop and soft gluon
interactions, can only alleviate the tension and cannot explain this anomaly.

]4c/2 [GeV2q
0 5 10 15

5'P

1−

0.5−

0

0.5

1
LHCb
Belle

ATLAS prelim.
CMS prelim.

SM from DHMV

Figure 2: The theoretical predictions [15] and experimental results [16–19] of P0
5 in B ! K⇤µ+µ� decay.

Apart from the P0
5 anomaly, another ones are the violations of the lepton universality in B sector, which are denote by

RK(⇤) =
G(B ! K(⇤)µ+µ�)

G(B ! K(⇤)e+e�)
. (7)

In SM, they are protected from hadronic uncertainties and can be very accurately predicted, because the mass difference
between electron and muon is negligible in O(mb) scale. In 2014, the LHCb collaboration reported their first measurement
[20]

RK = 0.745+0.090
�0.074(stat)±0.036(syst),q2 2 [1,6] GeV2, (8)

3

e.g. Recent tension in !"# → %∗'(')
* → + transition only mediated by loop diagrams in SM

“BSM can enhance FCNC contributions by introducing new particles or interactions”
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[2] The ATLAS experiment
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The Large Hadron Collider 

World most powerful particle accelerator/collider

High energy collisions
Proton-proton (heavy ions)

s = 7, 8, 13 TeV
→ Access to massive particles

Very high collision frequency
~ 40 MHz

→ Study rare phenomena
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The Large Hadron Collider 

World most powerful particle accelerator/collider

Experiments at the LHC

ATLAS
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« A Toroidal Lhc ApparatuS » 
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Luminosity in LHC Run II

6ATLAS Collaboration Week, 8th October 2018                                    

Data taking in 2018  

• Instantaneous peak luminosities around 2y1034 cm-2 s-1

i.e. exceeding the LHC design luminosity by a factor of two 

• LHC is able to run with a full machine in 2018, 2556 bunches; 
No “Gruffalo” events (beam losses in Q16L2) since 7th August 

• Pile-up is high, however, ATLAS is capable to take this high luminosity without 
levelling  (m ~58)  
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[3] Searching for “top FCNC processes”
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The top quark 

• A unique particle
• Most massive elementary particle: m" ≈ 175 GeV
• Decays before hadronising, allowing study of bare quarks  
• Large coupling to Higgs boson & special role in EWSB

33%
66%

| Searches with top quarks in ATLAS | Loïc Valéry | CERN seminar

Top quark: probe for New Physics?

!7

Distinctive properties  
(mass, yt, …)

Leading radiative corrections  
to Higgs mass 

Unique experimental  
signature 

Leads radiative corrections to 
the Higgs mass

•  Une particule unique  
•  La plus massive des particules élémentaires : mtop = 173.34 ± 0.76 GeV 
•  Se désintègre avant de s’hadroniser : 
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•  Sonde importante pour la recherche de « Nouvelle Physique » 
•  Mesure de ses propriétés : masse, spin, largeur, polarisation, etc. 
•  Masse élevée pouvant être expliquée par de nouvelles dynamiques 
   ⟶ Couplages attendus avec de nouvelles particules massives 

!top � 10−25 s  
!had � h/ΛQCD � 10−23 s 

Vtb � 1 

Le quark top  

33% 66% 
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The top quark 

• A unique particle
• Most massive elementary particle: m" ≈ 175 GeV
• Decays before hadronising, allowing study of bare quarks  
• Large coupling to Higgs boson & special role in EWSB

• An important probe for testing SM & BSM Physics
• Test pQCD at NNLO precision (fixed-order) and constrain Parton Distribution Functions (PDFs)
• Determine SM parameters (mt, |Vtb|) and measure rare processes ($ ̅$+V, tZ, tH etc.)
• Constrain New Physics: Direct searches ($ ̅$ resonances, W’ → $&'), Anomalous couplings

33%
66%

| Searches with top quarks in ATLAS | Loïc Valéry | CERN seminar

Top quark: probe for New Physics?

!7

Distinctive properties  
(mass, yt, …)

Leading radiative corrections  
to Higgs mass 

Unique experimental  
signature 

Leads radiative corrections to 
the Higgs mass

•  Une particule unique  
•  La plus massive des particules élémentaires : mtop = 173.34 ± 0.76 GeV 
•  Se désintègre avant de s’hadroniser : 
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•  Sonde importante pour la recherche de « Nouvelle Physique » 
•  Mesure de ses propriétés : masse, spin, largeur, polarisation, etc. 
•  Masse élevée pouvant être expliquée par de nouvelles dynamiques 
   ⟶ Couplages attendus avec de nouvelles particules massives 

!top � 10−25 s  
!had � h/ΛQCD � 10−23 s 

Vtb � 1 

Le quark top  

33% 66% 
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A particle abundantly produced at the LHC

!
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quark-antiquark annihilation 
(~10%) 

gluon-gluon fusions
(~ 90%) 

Dominated by ! ̅! pairs productions (~832 pb at & = 13 TeV )

Single top-quark productions
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Up to now, an impressive 
agreement between predictions 

and measurements
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BSM contributions to top FCNC processes

Comparison between predicted 
!"($ → &')
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BSM contributions to top FCNC processes

Two-Higgs doublet models 
e.g.  • In tree-level FVC between SM fermions and H or A

• In flavour-conserving model via loops with !"

Super Symmetry 
e.g. • FVC with light-squarks #$
(NB: advancing #$ mass limits suppress loop-induced Br)

Warped extra dimensions 
e.g. • FVC between SM fermions and KK excitations

• From loop processes involving of fermion KK modes

*FVC = Flavour Violated Coupling

“Orders of magnitude in excess of SM expectations” 

Comparison between predicted 
%&(( → *$)
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Relying on a model independent approach

• Building an Effective Field Theory (EFT)
• Parameterize physics at scale Λ ≫ # in terms higher order operators  
• Respect SM symmetries (resulting in $ > 4)
• Lowest order for top-quark physics is $ = 6

ℒ = ℒ*+ +-
.

/.
(1)

3145 6.
(1) + ℎ. 9.

New-physics scale
OperatorEffective Lagrangian

SM Lagrangian Wilson coefficient Dimension :/9

<

=

∝ /.
3?

?

e.g. top FCNC interaction
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Relying on a model independent approach

• Building an Effective Field Theory (EFT)
• Parameterize physics at scale Λ ≫ # in terms higher order operators  
• Respect SM symmetries (resulting in $ > 4)
• Lowest order for top-quark physics is $ = 6

ℒ = ℒ*+ +-
.

/.
(1)

3145 6.
(1) + ℎ. 9.

New-physics scale
OperatorEffective Lagrangian

SM Lagrangian Wilson coefficient Dimension :/9

<

=

∝ /.
3?

?

e.g. top FCNC interaction

⟹ ℳ ? = ℳ*+ ? +ℳ*+ ℳBCD∗ + ℳBCD ? • If process highly suppressed in SM (such as FCNC)  
→ Leading contribution: quardratic terms  
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Top effective theory for FCNC

• Provide model independent approach for such BSM interactions 
• NLO computations in QCD for this class of processes started recently 
→ Large corrections ~ 30% - 80% and considerable reduction of residual theoretical uncertainties

• A technology within reach for physics analyses 
• e.g. TopFCNC model currently used by ATLAS (C. Degrande, F. Maltoni, J. Wang, C. Zhang) [link] 
→ UFO model containing 6D operators affecting top flavour-changing processes 

D
iff
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ro
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NLO vs. LO
relative dif.

+48%
+26%
+81%
+73%

To
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ss
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http://feynrules.irmp.ucl.ac.be/wiki/TopFCNC
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Main top FCNC research focuses 

!/#
$

%

!/#
$

&

!/#
$

'

!/#
$

(

')$ Z)$

%)$ H)$

FCNC in 
Strong interaction

Probe EW sector
Gauge coupling

Probe EW sector
Gauge coupling

Probe EW sector
Scalar coupling
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Most important top FCNC processes at LHC 

Decay processes ! → #$ with $ = &, (, )

!

̅!

+

+
,-

.

/-
012

3/5

$
Benefits from the large ! ̅! production cross section

The first approach … 



2727Geoffrey GILLES

Most important top FCNC processes at LHC 

Production modes !" → $%Decay processes $ → !% with % = ', ), *

$

̅$

"

"
,-

.

/-
012

3/5

%

3/5

"

63/ ̅5

$

%
Wider kinematic range accessible, probes interactions at 

higher scales where new physics effects could be enhanced

Benefits from the large $ ̅$ production cross section
The first approach … 
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Most important top FCNC processes at LHC 

Production modes !" → $%Decay processes $ → !% with % = ', ), *

$

̅$

"

"
,-

.

/-
012

3/5

%

3/5

"

63/ ̅5

$

%
Wider kinematic range accessible, probes interactions at 

higher scales where new physics effects could be enhanced

Benefits from the large $ ̅$ production cross section
The first approach … 

3/5

"

t
Or simply !" → $
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[4] Some of the latest ATLAS results
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[4] Some of the latest ATLAS results

Search FCNC in single top-quark production
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Search FCNC in single top-quark production

!/#
$

%

&'

(

)'
* • Definition of the signal region 

• 1 charged lepton (+, -) with ./ >25 GeV and |0| < 2.5 

• 1/2344 > 30 GeV, 5/ & > 50 GeV
• 1 b-tagged jets (50% b-jet efficiency) with ./ >50 GeV 

and |0| < 2.5 

• Backgrounds
• W+jets
• $ ̅$
• Single top
• Multi-jets
• 7+jets

Validated with looser 
b-tagging requirement

Estimated with
data-driven technics

Eur. Phys. J C76 (2016 87)
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Search FCNC in single top-quark production

NN Output

Ev
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ATLAS
-1= 8 TeV,  20.3 fbs

Signal region

Data
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Z+jets, diboson
Multi-jet
Uncertainty

NN Output
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 / 
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0.8
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1
1.1
1.2

of all objects in the final state), various object combinations are considered as well. These include the
basic kinematic properties of reconstructed objects like the W boson and the top quark, as well as angular
distances in ⌘ and � between the reconstructed and final-state objects in the laboratory frame and in the
rest frames of the W boson and the top quark. In order to reconstruct the four-vector of the W boson,
a mass constraint is used. A detailed description of the top-quark reconstruction is given in Ref. [83].
Further, integer variables such as the charge of the lepton are considered.

The ranking of the variables in terms of their discrimination power is automatically determined as part of
the preprocessing step and is independent of the training procedure [84]. Only the highest-ranking vari-
ables are chosen for the training of the neural network. Each variable is tested beforehand for agreement
between the background model and the distribution of the observed events in the control region. Using
only variables with an a priori defined separation power, 13 variables remain in the network. Table 2
shows a summary of the variables used, ordered by their importance. The probability density of the three
most important discriminating variables for the dominant background processes together with the signal
is displayed in Fig. 5.

The distributions for three of the four most important variables in the control and signal regions are shown
in Fig. 6. The shape of the multi-jet background is obtained using the samples described in Sec. 4.2. The
distribution of p`T is shown in Fig. 4(a) for the control region. The distributions are normalised using the
scale factors obtained in the binned maximum-likelihood fit to the Emiss

T distribution.

Variable Definition

mT(top) Transverse mass of the reconstructed top quark
p`T Transverse momentum of the charged lepton
�R(top, `) Distance in the ⌘–� plane between the reconstructed top quark and the charged

lepton
pb-jet

T Transverse momentum of the b-tagged jet
��(top, b-jet) Di↵erence in azimuth between the reconstructed top quark and the b-tagged jet
cos ✓(`, b-jet) Opening angle of the three-vectors between the charged lepton and the b-tagged jet
q` Charge of the lepton
mT(W) W-boson transverse mass
⌘` Pseudorapidity of the charged lepton
��(top,W) Di↵erence in azimuth between the reconstructed top quark and the W boson
�R(top, b-jet) Distance in the ⌘–� plane between the reconstructed top quark and the b-tagged jet
⌘top Pseudorapidity of the reconstructed top quark
pW

T Transverse momentum of the W boson

Table 2: Variables used in the training of the neural network ordered by their descending importance.

The resulting neural-network output distributions for the most important background processes and the
signal are displayed in Fig. 7 as probability densities and in Figs. 8(a) and 8(b) normalised to the number
of expected events in the control and signal regions, respectively. Signal-like events have output values
close to 1, whereas background-like events accumulate near �1. Overall, good agreement within system-
atic uncertainties between data and the background processes is observed in both the control and signal
regions.

14

• MVA approach (NN) used to discriminate signal and background

Exclusion limits on extracted on !"#→% & '((* → +,)
using binned likelihood fit to NN output

Obs. limit : !"#→% & '((* → +,) < 3.4 pb

Exp. limit : !"#→% & '((* → +,) < 2.9 pb

Eur. Phys. J C76 (2016 87)
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Search FCNC in single top-quark production
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• Exclusion limits on branching ratios and EFT interpretation

Limits on 
branching ratios 

Interpretation in terms of limits 
on FCNC couplings

0123/Λ < 5.8.10,8 TeV-1

0923/Λ < 13.10,8 TeV-1

Eur. Phys. J C76 (2016 87)
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[4] Some of the latest ATLAS results

Search for FCNC decay ! → # $ + & in ! ̅! events
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Search for FCNC decay ! → # $ + & in ! ̅! events

• Definition of the signal region 
• 3 leptons with () >15 GeV and |*| < 2.5 

• +)
,-.. > 40 GeV

• ≥ 2 jets with () >15 GeV and |*| < 2.5 
• Exactly 1 b-tagged jets (77% b-jet efficiency)
• Mass requirements  
• | m11 −  91.2 GeV | < 15 GeV

• | m12 −  80.4 GeV | < 30 GeV
• | m123 − 172.5 GeV | < 40 GeV

• | m411 −  172.5 GeV | < 40 GeV

• Background processes
• ! ̅!5

• 6& and &&
• ! ̅! and Z+jets with one 

non-prompt lepton       
• !& and !6&

̅!

7

7

68

9

:8

;<=

#/$
!

&
:8

:?

• Kinematic fit to signal hypothesis

@A =
,CDEDED
FGHI 8,JKLML

N

OJKLML
N +

,CPEHQ
FGHI 8,JRS

N

OJRS
N +

,EHT
FGHI8,U

N

OU
N

* Determined from simulation

JHEP 07 2018 (2018) 176
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Search for FCNC decay ! → # $ + & in ! ̅! events

• () used as final discriminant in the signal region
• Simultaneous fit in 5 CRs and SR under the background-only hypothesis 
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Ev
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1.
0

ATLAS  
-1 = 13 TeV, 36.1 fbs

 = 0)µCR+SR fit (
Signal Region
Post-Fit

Data
Ztt

WZ
Other
Non-prompt

 bWuZ®tt
 = 0.017%)B(

Bkg uncertainty

Sample Yields

Pre-fit Post-fit

tt̄Z 37± 5 37± 4

WZ 32± 19 32± 8

ZZ 6.2± 3.2 6.4± 3.0
Non-prompt leptons 26± 11 20± 7

Other backgrounds 23± 4 23± 4

Total background 124± 26 119± 10

Data 116 116

Data / Bkg 0.94± 0.21 0.97± 0.12
Signal t ! uZ (B = 0.1%) 101± 8 103± 8

Signal t ! cZ (B = 0.1%) 85± 7 87± 7

JHEP 07 2018 (2018) 176
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Search for FCNC decay ! → # $ + & in ! ̅! events

• Expected and observed exclusion limits on branching ratios and EFT interpretation 

0.01 0.02 0.03 0.04 0.05
 uZ) [%]®(tB

0

0.2

0.4

0.6

0.8

1

s
CL  sObserved CL

 - MediansExpected CL

s 1 ± sExpected CL

s 2 ± sExpected CL

ATLAS  
-1 = 13 TeV, 36.1 fbs

B(t ! uZ) B(t ! cZ)

Observed 1.7⇥ 10
�4

2.4⇥ 10
�4

Expected �1� 1.7⇥ 10
�4

2.2⇥ 10
�4

Expected 2.4⇥ 10
�4

3.2⇥ 10
�4

Expected +1� 3.4⇥ 10
�4

4.6⇥ 10
�4

Operator Observed Expected

|C(31)
uB | 0.25 0.30

|C(31)
uW | 0.25 0.30

|C(32)
uB | 0.30 0.34

|C(32)
uW | 0.30 0.34

Limits on 6D-operator 
coefficients 

Limits on 
Br(! → +&)

JHEP 07 2018 (2018) 176
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[4] Some of the latest ATLAS results

Search for FCNC decay ! → # $ + & in ! ̅! events
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Higgs decay channel & design of the analysis
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• ! → ##, %%∗, Z(∗

• Cleaner experimental signature 
probing mutli-lepton final states 

• Reduced background

• Suffer from low statistics

• ! → )*)
• Challenging channel
• Large background
• l+jets final states 

• Needs optimised b-tagging 
and MVA technics 

Dominant decay channels in SM and usually in BSM

• ! → ++
• Small branching ratio
• Very pure signature, reaching 

competitive sensitivity in FCNC 
, ̅, , → .! analyses  
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Search for FCNC decay ! → #$ with $ → %%
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JHEP 10 (2017) 129
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ATLAS -1 = 13 TeV, 36.1 fbs
Leptonic category 1

• Select event with 2 photons
• &' >40, 30 GeV and 100 < ()) < 160 GeV 

• Data divided in 4 categories
• 2 hadronic categories: no identified lepton, 4 jets, ≥ 1 b-tagged jet
• 2 leptonic categories: 1 lepton (+, -) with pT > 10,15 GeV, ≥ 1 jets  

!
./0

$

%

%

e.g. Category 1
events passing 
full selection 
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Search for FCNC decay ! → #$ with $ → %%
JHEP 10 (2017) 129

• Fit performed to di-photon mass with signal function at &'
• Backgrounds (primarily %%( and ! ̅!%) from sideband fit 

!
*/,

$

ℬ(t → cH)

1 2 3 4 5
3-10´

s
CL

3-10

2-10

1-10

1

5%

ATLAS -1 = 13 TeV, 36.1 fbs
)gg cH(®t 

Observed
Expected

s 1±
s 2±

Observed (expected) exclusion limits 
from $ → %% channel

-.(! → #$)< 0.22% (0.16%)
-.(! → #$)< 0.24% (0.17%)   

%

%
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Search for FCNC decay ! → #$ with multileptons
PRD 98 (2018) 032002

FCNC discriminant
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Pre-fit bkg.

• Search $ → %%, ''∗, Z*∗ in two channels 
• 2, same-sign, ≥ 4 jets, 1 or 2 b-jet
• 3,, ≥ 2 jets, 1 b-jets

Making use of ! ̅!$ data (PRD 97 (2018) 072003)
Optimising analysis for FCNC signal

Boosted Decision Trees (BDT) 
employed to discriminate 
signal from background
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Search for FCNC decay ! → #$ with multi-leptons
PRD 98 (2018) 032002

) [%]Hq→t(B95% CL limit on 
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• %&(! → #$) extracted from binned likelihood fit to BDT discriminant combining 2*++ and 3* ch.  
• Best-fit and upper limits obtained 

%&(! → -$)< 0.19% (0.15%)
%&(! → .$)< 0.16% (0.15%)   

Observed (expected) exclusion limits 
from multi-leptons channels
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Search for FCNC decay ! → #$ with $ → %&%
arXiv:1812.11568 – Submitted to JHEP 
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• Lepton+jets channels split into 9 
analysis regions – n jets m b-jets • Likelihood (LH) discriminant constructed to separate 

signals and backgrounds 
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Search for FCNC decay ! → #$ with $ → %&%
arXiv:1812.11568 – Submitted to JHEP 

• Lepton+jets channels split into 9 
analysis regions – n jets m b-jets

'((! → *$)< 0.52% (0.49%)
'((! → ,$)< 0.42% (0.30%)   

Observed (expected) exclusion limits 

from $ → %&% channels

• Similarly '((! → #$) extracted from binned likelihood fit 
to LC discriminant combining all channels
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Combining FCNC decay ! → #$ results 
arXiv:1812.11568 – Submitted to JHEP 

• Full likelihood combination of $ → %&%, '('), multilepton, ** channel searches 

95% CL limit on ℬ(t → Hu )
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All limits at 95% CL

Combined limits on branching ratios 
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Summary
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Summary

• Summary of the current 95% CL level 
observed limits on !"($ → &')
(with & = *, ,, - or ., and ' = / or 0) 
obtained by ATLAS … and CMS

“Best LHC limits starting to probe phase space 
of particular BSM models” 
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Summary 
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[5] Conclusions
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Conclusions

• Search for New Physics more than ever at the heart of LHC experiment research programs 
• No evidence (yet) for on-shell production of new particles
• Access higher mass scales by deviations in coupling measurements and search for rare processes

• A comprehensive high-precision search for FCNC processes pursued with the ATLAS experiment
• In both top-quark production and decay
• Developing more ambitious analysis strategies (using MVA, multi-channel combinations, etc. )
• Best LHC limits starting to probe space of particular BSM models

• The next steps
• Further exploit top-quark production mode in combination with top-quark decay analyses
• Making use the full Run II statistics 

“Promising research area for run-3 and HL-LHC” 



5252Geoffrey GILLES

Thank you 
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Abstract

The search for Flavour Changing Neutral Current (FCNC) processes constitutes an important
research topic at the LHC. Forbidden at tree level and highly suppressed at higher orders in the
Standard Model, FCNC processes can present enhanced contributions in many extensions of the
Standard Model. Therefore, such processes become particularly attractive for probing New Physics
in the top-quark sector, where searches for top-quark anomalous couplings offer complementarity to
the searches for new heavy resonances which have not yet been successful. In this context, a
comprehensive high-precision search for FCNC processes in both top-quark production and decay is
pursued with the ATLAS experiment. This seminar presents the status of this research activity


