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The Large Hadron Collider
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Motivations

No new physics states have been observed so far at the LHC

Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference

E
xt

ra
di

m
en

si
on

s
G

au
ge

bo
so

ns
C

I
D

M
LQ

H
ea

vy
qu

ar
ks

E
xc

ite
d

fe
rm

io
ns

O
th

er

ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 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 → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass
Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass
Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass
Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass
SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass
HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass
HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass
HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass
LRSM W ′

R → tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass
LRSM W ′

R → tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ

CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 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 + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass
VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass
VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass
VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass
VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass
VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass
Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass
Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 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

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT 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±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(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 Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
†Small-radius (large-radius) jets are denoted by the letter j (J).

It is plausible that new particles be too heavy to be produced at the LHC
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Motivations

Standard Model lagrangian

LSM = −1

4
F 2 + iψ̄ /Dψ − yψ̄ψϕ+Dϕ†Dϕ− V (ϕ)

If new physics lies at a scale Λ� υ = 246 GeV, its effects at low
energy (E ∼ υ) are best studied using effective field theory methods
and are parametrized by an effective Lagrangian Leff that includes
higher-dimensional operators:

Leff = LSM + L(5) + L(6) + . . .

where

L(5) =
α(5)

Λ
O(5) , L(6) =

∑
i

α
(6)
i

Λ2
O(6)
i , L(8) = . . .

Contributions to observables arranged as an expansion in E/Λ,
leading contributions from dimension-6 operators
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Motivations

59 independent SM dim-6 operators [B. Grzadkowski et al. arXiv:1008.4884]
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Motivations

The search for heavy new physics has become a program of SM
precision measurements at LHC, aiming at testing the existence of
one or several of these higher dimensional effective operators [C.

Englert, R. Rosenfeld, M. Spannowsky and AT arXiv:1603.05304, O. Éboli et al.

arXiv:1604.03105, C. Grojean et al. arXiv:1604.06444, C. Degrande et al.

arXiv:1609.04033]

It is crucial to have precise determinations of the modifications
induced by higher-dimensional operators (they alter the total rates,
deform the SM differential distributions), in particular when a
numerical estimator, like a Monte Carlo tool, is available [S. Fichet, P.

R. Teles and AT arXiv: 1611.01165]
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Optimal determination of the rates
(w. S. Fichet and P. R. Teles - arXiv: 1611.01165)

Effective lagrangian for a single dim-6 operator

Leff = LSM +
α

Λ2
O(6)

Amplitude

M =MSM +
α

Λ2
MBSM

Event rate (r bin label)

σr = σr(α) ≡ σSM
r +

α

Λ2
σint
r +

α2

Λ4
σBSM
r

22

+ +
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Optimized method for MC simulations

σSM
r is obtained by simply setting α = α0 = 0 in the MC

σint
r and σBSM

r are obtained by running the MC for two non-zero
values α1 and α2.

σSM
r = σ0

r

σint
r =

Λ2

α1α2

[
α2

2σ
1
r − α2

1σ
1
r

α2 − α1
− (α1 + α2)σ0

r

]
σBSM
r =

Λ4

α1α2

[
− α2σ

1
r − α1σ

2
r

α2 − α1
+ σ0

r

]
where σir = σr(αi)
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Results: minimizing the uncertainties

Relative variance

V̄ i
r =

E[(σ̂ir)
2]− E[σ̂ir]

2

E[σ̂ir]
2

∼ 1

NMC

Trace of relative covariance matrix admits a minimum (independent
of the value of the interference) for α0 = 0, α2 →∞ and

α1 ∼ Λ2

√
σSM
r

σBSM
r

The relative covariance matrix at the minimum (σ̄r ≡
√
σSM
r σBSM

r )

C̄min
r =

1

NMC


1 − σ̄r

σint
r

0

− σ̄r
σint
r

1 + 4 σ̄r
σint
r

+ 6
(
σ̄r
σint
r

)2
− σ̄r
σint
r

0 − σ̄r
σint
r

1
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Results: minimizing the uncertainties

For fixed α1, tr C̄r(0, α1, α2) is minimized for α2 going to infinity
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Concrete example

Search for the effective operator O3W in WW production at LHC

O3W = εijkW
i
µνW

j,ν
ρW

k,ρµ

mll mll
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NMC = 2.4 · 106
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New physics effects in gg → HZ
(w. C. Englert, R. Rosenfeld and M. Spannowsky - EPL 114 (2016) 3, 31001)

Parametrized by the following dim-6 operators

OHt =
ic̄Ht
υ2

(t̄Rγ
µtR)(Φ†

←→
D µΦ)

Ot = − c̄t
υ2
ytΦ
†Φ Φ† · Q̄L tR + h.c.

Process gg → (H,Z)Z → bb̄`+`− (decays not shown)
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Results: expected exclusion limits

Projected exclusion at 95% CLS for the boosted analysis including
showering and hadronization (L = 3 ab−1)
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Ongoing/future work

Searches for DM higher-dimensional operators at LHC
(monojet+MET, monojet+monolepton+MET)

O ∼ 1

Λ3
χχllHH O′ ∼ 1

Λ4
χχqlud

[N. Bernal, C. S. Fong, N. Fonseca, arXiv:1605.07188]

New physics in WW scattering at LHC (strategies for increasing
sensitivity to HWW and WWWW couplings)

Search for higher dimensional operators in double Higgs production at
e+e− colliders

Test of top-quark and Higgs compositeness at LHC (scaling laws ?)
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Obrigado!

ALBERTO TONERO (Unifal-MG) December 2, 2016 15 / 15


