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Introduction

• This talk covers selected highlights of ATLAS results
• More details in many other dedicated talks during this 

workshop [see next slide]

• Running conditions and performance in Run 2
• Pileup mitigation

• Measurements
• Electroweak, QCD, top physics, Higgs boson.
• Emphasis on some personal favourites

• Searches for SUSY and other BSM physics
• Spoiler: no new hints of signals

• Future prospects with upgrades
• More pileup!
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More information

• ATLAS Public Results https://twiki.cern.ch/twiki/bin/view/AtlasPublic

• Overview talks including ATLAS results
• Recent Standard Model results in ATLAS and CMS (Beauchemin)
• Top physics in ATLAS and CMS (Diez Pardos)
• Higgs (SM and BSM) in ATLAS and CMS (Coadou)
• Physics Prospects for HL-LHC with the ATLAS detector (Iconomidou-

Fayard)
• Recent SUSY results in ATLAS (Mamuzic)
• Recent Exotics and beyond the SM results in ATLAS and CMS (Pigazzini)

• ATLAS young Scientist talks
• Search for ttH production in the 3 lepton final state at ATLAS (Wang)
• Search for dark matter in the jet+missing transverse momentum topology 

with ATLAS (Ratti)
• Measurement of the W-boson mass at the ATLAS experiment (Kivernyk)
• Measurement of Hàττ in the semileptonic final state using the ATLAS 

detector (De Maria)
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initial 2017 calibration
LHC and ATLAS performance

• Peak lumi in 2017
1.74x1034cm-2s-1

• 2016: 1.38x1034cm-2s-1

• Goal for 2017 and 2018:
45/fb per year at 13 TeV
with ~50% stable beam time

• Design pileup <µ>~23

• Algorithms for pileup 
mitigation needed at trigger 
level to keep low thresholds
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Physics object performance with pileup

• Continuous work to refine calibrations and trigger performance
• Examples: Level 1 and high level trigger ET

miss in Wàµv
events (2017)

• Mass of Zàee events
(2016 high vs. low µ and 
2017 vs. 2016)
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Standard Model measurements
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Electroweak standard model

SM prediction is more precise than direct W mass measurement
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New W mass from ATLAS

• Template fits to lepton pT or transverse mass of lv system (7 TeV pp)
• Zàll events also used for calibration
• Experimental challenge – calibrate leptons and hadronic recoil
• Multijet background from fits in bins of lepton isolation

• Physics modelling uncertainties dominate
• Closure tests: comparison of W+,W-,e,µ, pT fit or mT fit
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Physics modelling for W mass

• Uncertainties constrained from 
data (including Z at 8 TeV)
• pT

W from PYTHIA 8 with AZ 
tune, after fit to Z data

• Reweight rapidity distribution 
and angular variables to NNLO

• Validate angular variables with 
Z data
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W mass uncertainties

• Alternative pT
W models are not used • Total uncertainties
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W mass result

• Combined result:
mW = 80370±7(stat)±11(exp)±14(mod) = 80370±19 MeV
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W mass result

• Combined result:
mW = 80370±7(stat)±11(exp)±14(mod) = 80370±19 MeV

• Compare total uncertainty: CDF ±19 MeV, D0 ±23 MeV
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Light-by-light scattering

• Evidence for γγàγγ in the large electromagnetic fields of 
colliding lead ions at √sNN=5.02 TeV
• 13 events with 2.6±0.7 background; 4.4σ significance
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https://www.nature.com/nphys/journal/vaop/ncurrent/full/nphys4208.html
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Ultra peripheral Pb-Pb collision

ATLAS HighlightsPippa Wells 15



Jets at 13 TeV

• Double differential inclusive and dijet cross sections from 2015 data
• Compared to NLO pQCD predictions with different PDFs & scales
• Inclusive cross sections also compared to NNLO (level of 

agreement depends on choice of scale).

• Dijet distributions also used in searches – see later
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Measured in eµ channel at 13 TeV with 2015 data
Also differential measurements eg. pT(t), pT(tt), m(tt)
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Top mass

• Latest measurements from Run 1 
• Sub GeV precision from 8 TeV dilepton result
• Compare pole mass from cross-section measurements
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Single top quark production

• Cross-sections agree with SM prediction,|Vtb| consistent with 1
• t-channel, Wt and s-channel shown here
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Single top with a Z

• Events with 3-leptons, two jets – one tagged as b-jet
• Several kinematic variables in neural net
• Signal significance 4.2 σ observed (5.4 σ expected)
• Cross section 600 ± 170 (stat) ± 140 (syst) fb
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Higgs boson measurements



Higgs Boson Production
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Higgs Boson Production & Decay

• Measure cross-section times branching 
ratio to different final states
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Status at the end of Run 1

• Run 1 legacy – overall production rate known to 10%
• µ=σ/σSM=1.09±0.11
• VBF and Hàττ observed when combining ATLAS and CMS
• Want to establish ttH and Hàbb with Run 2 data
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Hàγγ

• Full 2015+2016 data
• Total rate, also fiducial and differential cross sections
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pT(γγ)

ATLAS-CONF-2017-045
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HàZZà4l

• Divided into categories to fit production modes.
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ATLAS-CONF-2017-043
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• Hàγγ and ZZà4l
cross section
• Compared to 

N3LO prediction
• Global signal strength

µ=1.09±0.12

• New mass measurement
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Evidence for Hàbb

• Search for VH with Hàbb and Zàvv, Wàvl or Zàll
• Variables such as m(bb), pT(V) included in BDT

• Simultaneous fit to signal and control regions to constrain 
background processes
• Eg. High pT signal regions - m(bb) distribution
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arXiv:1708.03299

0-lepton 1-lepton 2-lepton

Z+jets

• Non-resonant backgrounds from W/Z+jets, ttbar and single-top
• Resonant VZ, Z → bb background, used to validate the analysis procedure 
• Small residual multi-jet background component in 1-lepton channel (<5%)

Main backgrounds after VH selection

mbb̄ [GeV] mbb̄ [GeV] mbb̄ [GeV]

ttbar,  
single top

W+jets
Z+jets

19



Cross check of VZ, Zàbb

• BDT tuned for each region
• Combined yield as a function of S/B
• Clear excess: Obs. 5.8 σ (expected 5.3 σ)
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VH, Hàbb result

• Run 2 significance observed
3.8 σ, expected 2.8 σ

• With Run 1: 3.6 σ (obs) 4.0 σ (exp)

• Combining with Run 1
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WHàevbb candidate event
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New Phenomena



Dark matter searches

• Search for SM particle + ET
miss

• Photon, vector boson, Higgs boson
• High pT jet, b/bb etc.

• Example, ET
miss in mono-γ events

• Main backgrounds Z/W+γ
• Interpretation in simplified models vs. mediator and DM masses
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Dark matter in dijet decays

• Dijet bump searches re-interpreted as constraint on mediator mass
• Trigger level analysis (TLA) to extend to lower mass region
• Recoil of dijet against ISR jet for the lowest masses
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Comparison with DM direct searches

• Model dependent DM-nucleon cross-section to compare with 
direct searches
• Spin dependent or Spin-independent
• Couplings of mediator to DM
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Hadronic only Lepton couplings in addition
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GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.05162χ̃0

1 1.0 TeV

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV
χ̃+

1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV
g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃

0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 ATLAS-CONF-2017-0132.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 ATLAS-CONF-2017-0131.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% ATLAS-CONF-2017-0360.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
May 2017

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made. 1 TeV 2 TeV
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SUSY searches – squarks and gluinos

• “Classic” SUSY search with 0 lepton, 2-6 jets and ET
miss

• Squarks up to 1.6 TeV and gluinos up to 2.0 TeV excluded
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ATLAS-CONF-2017-022
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Run 1 [1506.08616]

SUSY third generation

• Higgs mass can be protected with a light scalar top quark
• Many dedicated searches to cover stop-LSP mass ranges
• Many t/b quarks in the final state
• Probing scalar top mass

up to 950 GeV
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SUSY electroweak production

• Benefits more from increasing luminosity (lower cross section)
• Leptons and ET

miss in the final state

• Consider different
mediators resulting
in different final
state combinations
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Long lived particles

• Compressed spectra and/or RPV can give rise to long lived particles 
eg. Disappearing tracks from chargino decay. 

• Pixel tracklets
with r<12cm

• Exclusion depends
on lifetime

• Electroweak prod –
chargino < 430 GeV

• Strong production –
gluino < 1.6 TeV
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 ATLAS-CONF-2017-0607.75 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO CERN-EP-2017-1328.6 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 CERN-EP-2017-1324.1 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 36.1 k/MPl = 1.0 ATLAS-CONF-2017-0511.75 TeVGKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 Tier (1,1), B(A(1,1) → tt) = 1 ATLAS-CONF-2016-1041.6 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 ATLAS-CONF-2017-0274.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 ATLAS-CONF-2017-0502.4 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 3.2 Γ/m = 3% ATLAS-CONF-2016-0142.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 36.1 1706.047865.1 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 36.7 gV = 3 CERN-EP-2017-1473.5 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 ATLAS-CONF-2017-0552.93 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 − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL ATLAS-CONF-2017-02740.1 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 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 400 GeV ATLAS-CONF-2017-0601.5 TeVmmed

Vector mediator (Dirac DM) 0 e, µ, 1 γ ≤ 1 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 480 GeV 1704.038481.2 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 + X 0 or 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 B(T → Ht) = 1 ATLAS-CONF-2016-1041.2 TeVT mass

VLQ TT → Zt + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 36.1 B(T → Zt) = 1 1705.107511.16 TeVT mass

VLQ TT →Wb + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(T →Wb) = 1 CERN-EP-2017-0941.35 TeVT mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 B(B → Hb) = 1 1505.04306700 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B(B → Zb) = 1 1409.5500790 GeVB mass

VLQ BB →Wt + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(B →Wt) = 1 CERN-EP-2017-0941.25 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∗) CERN-EP-2017-1485.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 13.3 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

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 ATLAS-CONF-2017-053870 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 2017

ATLAS Preliminary∫
L dt = (3.2 – 37.0) 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). 1 TeV 10 TeV



High mass resonances with ATLAS

• dijet mass and angular distributions show no deviations (37/fb)
• QBH>8.9 TeV. q*>6.0 TeV, W’>3.7 TeV
• Contact interaction scale Λ > 13 – 29  TeV

• W’ à lv, M(W’)>5.1 TeV,  Z’ à ll, M(Z’)>3.4 – 4.1 TeV (13/fb)
• Contact interaction scale Λ > 17 – 25 TeV (3.2/fb)
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arXiv:1703.09127
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Boosted hadronic decays

• Low backgrounds for high mass objects. 
Exploit hadronic decays.
• Jet substructure (and b-tagging) to 

tag top quarks, W/Z and Higgs bosons
• eg. Jet mass of top-tagged sample

• Search for heavy resonance decaying to VH
• ATLAS 3.3σ local, 2.1σ global excess

around 3 TeV in qqbb channel
• Not seen in VHàleptons+b-jets
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arXiv:1707.06958

 [GeV]W'm
1500 2000 2500 3000 3500

) [
pb

]
c

+cb
 b

→
 B

(H
 

×
 W

H
) 

→
 W

' 
→

(p
p 

σ

3−10

2−10

1−10

1

10

ATLAS
-1 = 13 TeV  36.1 fbs

Observed limit
Expected limit

σ1 ±Expected 
σ2 ±Expected 

=3
V

HVT Model B, g
=1

V
HVT Model A, g

 [GeV]Z'm
1500 2000 2500 3000 3500

) [
pb

]
c

+cb
 b

→
 B

(H
 

×
 Z

H
) 

→
 Z

' 
→

(p
p 

σ

3−10

2−10

1−10

1

10

ATLAS
-1 = 13 TeV  36.1 fbs

Observed limit
Expected limit

σ1 ±Expected 
σ2 ±Expected 

=3
V

HVT Model B, g
=1

V
HVT Model A, g



High mass di-photon resonance

• The hint that went away
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JHEP 09 (2016) 1
arXiv:1707.04147

200 400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

20
 G

eV

1−10

1

10

210

310

410
ATLAS  

Spin-0 Selection
-1 = 13 TeV, 3.2 fbs

Data

Background-only fit

 [GeV]γγm
200 400 600 800 1000 1200 1400 1600 1800 2000

D
at

a 
- f

itt
ed

 b
ac

kg
ro

un
d

10−

5−
0
5

10
15

500 1000 1500 2000 2500

Ev
en

ts
 / 

20
 G

eV

1−10

1

10

210

310

410

510
ATLAS

Spin-0 Selection
-1 = 13 TeV, 36.7 fbs

Data

Background-only fit

 [GeV]γγm
500 1000 1500 2000 2500

D
at

a 
- f

itt
ed

 b
ac

kg
ro

un
d

10−

5−
0
5

10
15



The future – near and far
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Full exploitation of LHC is top priority in Europe & US for high energy physics
Operate HL-LHC with 5 (nominal) to 7.5 (ultimate) x1034cm-2s-1 to collect 
3000/fb in order ten years.

Run 2 at 
~full design 
energy

Run 3 à
original 
design lumi

HL-LHC: 
ten times 
design lumi

Run 1 Phase I 
upgrades 
(injectors)

Phase II 
upgrades 
(final focus)

Magnet 
splice 
update



ATLAS Phase 1 upgrades

• Phase 1 (for Run 3, after LS2)
• FTK (fast track trigger - gradual implementation)
• NSW (muon new small wheel – reject background in trigger)
• L1 calo (finer granularity for trigger)
• Trigger-DAQ upgrades (trigger, higher through put)
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Trigger response
to 70 GeV electron

B and C rejected with NSW



Phase 2 for HL-LHC

• New all-silicon tracker ITk
• Extending to |η|< 4.0
• L1 track trigger 

• Calorimeter electronics upgrade 
(full info at trigger level)

• Muon system upgrades (fill gaps in trigger coverage with new inner 
barrel chambers; new front-end electronics)

• Trigger-DAQ upgrades

• Options: 
• High granularity 

timing detector for the 
forward region

• Muon high-η tagger
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Figure 1.3: Two R-Z views of the Phase-II ATLAS muon spectrometer layout showing a small sector
(top) and a large sector (bottom). The drawings show the new detectors to be added in the Phase-
II upgrade, including the addition of the high-⌘ tagger (red text: BI RPC, sMDT, EIL4 TGC, high-⌘
tagger), those to be installed during LS2 (green text: Micromegas and sTGC in the New Small Wheel
and BIS78 RPC and sMDT), and those that will remain unchanged from the Run 1 layout (black text).
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Higgs boson

• Example coupling plots from Run 1 and for HL-LHC
• Typical precision improves from 10% (300/fb) to 4% (3000/fb)
• Hàµµ observed with >7σ significance
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Higgs boson pair production
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FIG. 1. Representative Feynman diagrams for the process gg ! HH.

factor 10 and 30 smaller than that for gg ! HH [25,20]. Since Higgs pair production at the
LHC is rate limited, we concentrate on the gluon fusion process in the following.

For mH < 140 GeV, the dominant decay mode of the SM Higgs boson is H ! bb̄, and
the QCD bb̄bb̄ background overwhelms the gg ! HH signal [28]. For mH > 140 GeV,
H ! W+W� dominates, and the W+W�W+W� final state has the largest individual
branching ratio. If all W bosons decay hadronically, QCD multi-jet production dwarfs
the signal. A similar result is obtained for the `±⌫ + 6 jet (only one W boson decays
leptonically), and `±⌫`0⌥⌫ + 4 jet (one W+W� pair decays leptonically) final states, where
W+ multi-jet and W+W�+ multi-jet production provide very large backgrounds. This
leaves the same-sign dilepton final states, (jj`±⌫)(jj`0±⌫), modes where three W bosons
decay leptonically and one decays hadronically, and the all-leptonic decay modes. The
latter su↵er from a large suppression due to the small WWWW ! 4` + 4⌫ branching ratio
of (0.216)4 = 0.0022 (BR(W ! `⌫) = 0.216, ` = e, µ). In the following we therefore only
consider the (jj`±⌫)(jj`0±⌫) and (jj`±⌫)(`0±⌫`00⌥⌫) final states.

In this section we discuss in detail the calculation of signal and background cross sections
for the (jj`±⌫)(jj`0±⌫) final state. The three lepton final state will be considered in Sec. III.

A. Calculation of the signal cross section

The Feynman diagrams contributing to gg ! HH in the SM consist of fermion triangle
and box diagrams (see Fig. 1) [16]. Non-standard Higgs boson self-couplings only a↵ect
the triangle diagrams with a Higgs boson exchanged in the s-channel. We calculate the
gg ! HH ! (W+W�)(W+W�) ! (jj`±⌫)(jj`0±⌫) cross section using exact loop matrix
elements [16]. As demonstrated in Ref. [21], the infinite top quark mass limit, which is
commonly used in place of exact matrix elements to speed up the calculation, reproduces
the correct total cross section for HH production to within 10% to 30% for Higgs masses
between 140 GeV and 200 GeV, but produces completely incorrect kinematic distributions.
The intermediate Higgs and W bosons are treated o↵-shell using finite widths in the double
pole approximation in our calculation. Decay correlations for the H ! W+W� ! 4 fermion
decays are fully taken into account [29].

Signal results are computed consistently to leading order QCD with the top quark mass
set to mt = 175 GeV and SM HWW and top quark Yukawa couplings, and the renormaliza-
tion and factorization scales are taken to be the Higgs boson mass [16]. The contributions

4

Higgs triple 
self-coupling 

λ

• Higgs boson pair production includes destructive
interference between two types of processes:

• ~factor 2 increase in cross section if λà0

• Will have to combine several 
decay modes and both 
experiments to have evidence

• More generally – explore 
electroweak symmetry breaking in 
Vector Boson Scattering

NNLO σSM=40.8 fb

Channel Events 
in 3/ab

Significance 
for HH (λ=1)

bbbb 40000 0.6 σ
bbWW 30000 (ttbar backgr)
bbττ 9000 0.6 σ
WWWW 6000
γγbb 320 1.05 σ
γγγγ 1



Search reach (300/fb vs 3000/fb)

• Electroweak SUSY, extend from 
500-600 GeV to 800-900 GeV

• Scalar top/bottom, few 100 
GeV increase in reach
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HL-LHC studies in progress

• Present efforts are focussing on TDRs for each Phase 2 upgrade
• Demonstrate that the detector and trigger choices meet the 

required performance
• ITk layout from the Strip TDR improves in Hàµµ mass resolution

• More comprehensive physics prospects planned for Update of 
European Strategy for Particle Physics
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Conclusions

• Measurements – recent highlights include
• W mass measurement with 7 TeV data – 19 MeV precision
• Evidence for light-by-light scattering in Pb-Pb
• Evidence for Hàbb decays

• Searches
• SUSY being probed up to 2 TeV
• No hints yet of BSM new physics

• Future prospects
• Well defined path for experiment upgrades to match (HL-)LHC
• Precise measurements of Higgs boson properties. Probe 

electroweak symmetry breaking.
• Increase reach for high mass or weakly coupled new particles

• A rich and diverse programme to keep us busy for years and even 
decades to come
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BàK*µµ angular analysis

• Multiparameter fit to BàK*µµ, K*àKπ as a function of lepton 
pair invariant mass squared (q2)

• P’5 should be less sensitive to hadronic uncertainties
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Angular analysis of B→K*μμ decays
❖ Rare B→K*## decays offer a rich laboratory for new-physics 

searches via differential angular distributions as a functions of 
lepton invariant mass:

M. Neubert: Heavy Flavour Physics (Introductory Talk)                                                                                                    11

*PLB 753 (2016) 424: AFB, FL, dBF/dq2
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ϕ
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Introduction

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

J/
ψ

ψ
(2

S)

B0 ➝ K*0 μ+ μ− described within Standard Model 
(SM) as flavour-changing neutral-current process

Decay fully described as a function of three angles 
(θl, θK, Φ) and dimuon invariant mass squared, q2

(searched in its fully charged final state B0 ➝ K*0(K+ π−) μ+ μ−)

Robust SM calculations of several angular 
parameters, e.g. forward-backward asymmetry of 
the muons, AFB, longitudinal polarisation fraction of 
the K*0, FL, P5’ (see next slides) are available for 
much of the phase space

Discrepancy of the angular parameters vs q2 with 
respect to SM indicates new physics

This talk is about extension of previous analysis* 
(same 2012 data set, 20.5 fb−1 (8 TeV)): new 
angular parameters, P1 and P5’

Two channels can contribute to the final state K+ π− μ+ μ−:
P-wave resonant channel, K+ π− from the meson vector resonance K*0 decay
S-wave non-resonant channel, K+ π− don’t come from any resonance

We have to parametrise both decay rates ➜ 14 parameters ➜ given the number events 
in 2012 data set, we need to reduce number of free angular parameters to allow the fit to 
converge ➜ exploit the odd symmetry of trigonometric functions, i.e. fold decay rate 
around Φ = 0 and θl = π / 2

Decay rate depends upon 6 angular parameters:
Fs, As, FL: fixed to published CMS measurements on same data set (Φ integrated out)
P1, P5’: measured parameters in this analysis (Φ dependent)
A5s: nuisance parameter (Φ dependent)

4

The decay rate
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S-wave and S&P-wave interference

P-wave

4 4 Analysis method

luminosity corresponding to the collected data. Such number of events is considered a negligi-
ble contribution to the 1397 signal events in data.

4 Analysis method

This analysis measures P1 and P0
5 of the decay B0 ! K⇤0µ+µ� as a function of q2. Figure 1

shows the angular variables needed to define the decay: ql is the angle between the positive
(negative) muon momentum and the direction opposite to the B0 �B0� in the dimuon rest frame,
qK is the angle between the kaon momentum and the direction opposite to the B0 �

B0� in the
K⇤0 �

K⇤0� rest frame, and f is the angle between the plane containing the two muons and the
plane containing the kaon and pion in the B0 rest frame. Although the K+p� invariant mass
must be consistent with that of a K⇤0, there can be a contribution from spinless (S-wave) K+p�

combinations [24, 40–42]. This is parametrized with three terms: FS, which is related to the
S-wave fraction, and AS and A5

S, which are the interference amplitudes between the S-wave
and P-wave decays. Including these components, the angular distribution of B0 ! K⇤0µ+µ�

can be written as [24]:
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The expression is an exact simplification of the full angular distribution by folding the f and ql
angles around zero and p/2 respectively (if f < 0 then f ! �f, the new f domain becomes
(0, p), if ql > p/2 then ql ! p � ql , the new ql domain becomes (0, p/2)). Fitting the data with
the full angular distribution would cause fit convergence problems due to the limited number
of signal candidate events, which is why we adopted the folding procedure that exploits the
antisymmetric dependence of the angular variables with respect to f = 0 and ql = p/2 in such
a way that the cancellation about these angular values is exact.

For each q2 bin, the observables of interest are extracted from an unbinned extended maximum-
likelihood fit to four variables: the K+p�µ+µ� invariant mass m and the three angular vari-
ables ql , qK, and f. For each q2 bin, the unnormalized probability density function (PDF) has
the following expression:

PDF(m, qK, ql , f) = YC
S
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f M
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(2)

where the contributions correspond to correctly tagged signal events, mistagged signal events,
and background events. The parameters YC

S and YB are the yields of correctly tagged signal

Two channels can contribute to the final state K+ π− μ+ μ−:
P-wave resonant channel, K+ π− from the meson vector resonance K*0 decay
S-wave non-resonant channel, K+ π− don’t come from any resonance

We have to parametrise both decay rates ➜ 14 parameters ➜ given the number events 
in 2012 data set, we need to reduce number of free angular parameters to allow the fit to 
converge ➜ exploit the odd symmetry of trigonometric functions, i.e. fold decay rate 
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Decay rate depends upon 6 angular parameters:
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(artwork from talk by Mauro Dinardo @ Moriond-EW)



BàK*µµ angular analysis

• New results from ATLAS in the region q2<6 GeV2
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ATLAS-CONF-2017-023

9M. Galanti – HF @ ATLAS and CMS 27/03/2017

B23K*26768 angular analysis
ATLAS: ATLAS-CONF-2017-023

CMS: CMS-PAS-BPH-15-008

● Available theoretical predictions:

● DHMV/JC: QCD factorization, hadronic uncertainties from 
calculations

● HEPfit/CFFMPSV fit: hadronic charm contributions fited from 
LHCb data

● In general, no significant deviations seen from SM

● ATLAS generally in good agreement with SM, except a 2.5(2.7) c 
deviation from DHMV for P4’(P5’) in the 4<qZ<6GeVZ bin

● CMS data compatible with SM predictions in the whole range 
and favoring DHMV at low qZ
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Heavy Ion collisions
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-1 5.02 TeV, 25 pbpp

Heavy Ion collisions

• Hard probes created in the early stage of collision may be modified by 
the Quark Gluon Plasma

• RAA for Z bosons – flat: no interaction in the medium
• RAA for jets and hadrons: significant suppression
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