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Particle Physics in one slide
• The central question of particle physics: what are fundamental 

constituents of matter and their interactions
• Current knowledge is encapsulated in the Standard Model (SM)
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• Consists of 24 elementary 
matter particles and 3 forces 
with a total of 19(+7) 
parameters

• Remarkably successful in 
describing many experimental 
results, yet we know its 
incomplete
• Dark matter

• Baryon asymmetry

• Neutrino mass



The Large Hadron Collider (LHC)
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ATLAS Cavern 

#CMS#is#a#large#compact#fast5electronics#detector#(80#M#channels,#40#MHz),#
#embedded#in#a#4#T#magne?c#field,#precise#3D#event#reconstruc?on.#

#

#High5efficiency#(pT,#MET,#event#mul?plicity)#low5latency#trigger#system############
#brings#the#20#MHz#collision#rate#down#to#800#Hz,#almost#insensi?ve#to#PU.#

#

#Aker#3#years#of#opera?on,#efficiency#of#all#subdetectors#above#96%.#
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Two general 
purpose detectors

ATLAS
CMS

N = L⇥ �



�4

today

First beam in ATLAS
(2009)

Higgs discovery
(2012)

Only ~5% of total 
expected data
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Current Higgs Properties
• Mass: 124.97 ± 0.24 (± 0.16) GeV

• Width:  Indirect via off-shell < 14.4 (15.2) MeV

• Spin and parity

• Couplings to other elementary particles
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JPC = 0++
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Figure 5. Regions of absolute stability, meta-stability and instability of the SM vacuum in the
Mt–Mh plane. Right : zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

Type of error Estimate of the error Impact on Mh

Mt Experimental uncertainty in Mt ±1.4GeV

↵s Experimental uncertainty in ↵s ±0.5GeV

Experiment Total combined in quadrature ±1.5GeV

� Scale variation in � ±0.7GeV

yt O(⇤QCD) correction to Mt ±0.6GeV

yt QCD threshold at 4 loops ±0.3GeV

RGE EW at 3 loops + QCD at 4 loops ±0.2GeV

Theory Total combined in quadrature ±1.0GeV

Table 1. Dominant sources of experimental and theoretical errors in the computation of the SM
stability bound on the Higgs mass, eq. (1.2).

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of

the SM potential. By taking into account all uncertainties, we find that the stability region

is disfavored by present data by 2�. For Mh < 126GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

The dominant uncertainties in the evaluation of the minimum Mh value ensuring abso-

lute vacuum stability within the SM are summarized in table 1. The dominant uncertainty

is experimental and comes mostly from the measurement of Mt. Although experiments at

the LHC are expected to improve the determination of Mt, the error on the top mass will

remain as the largest source of uncertainty. If no new physics other than the Higgs boson

is discovered at the LHC, the peculiarity of having found that the SM parameters lie at

the critical border between stability and metastability regions provides a valid motivation

for improved top quark mass measurements, possibly at a linear collider.

The dominant theoretical uncertainty, while reduced by about a factor of 3 with the

present work, is still related to threshold corrections to the Higgs coupling � at the weak

– 16 –

https://link.springer.com/content/pdf/10.1007/JHEP08(2012)098.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031


Probing supersymmetry to the TeV scale
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Model e, µ, τ, γ Jets Emiss

T

∫
L dt[fb−1] Mass limit Reference
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q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<100 GeV 1712.023321.55q̃ [2×, 8× Degen.] 0.9q̃ [2×, 8× Degen.]

mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃
0
1)=5 GeV 1711.033010.71q̃ [1×, 8× Degen.] 0.43q̃ [1×, 8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV 1712.023322.0g̃

m(χ̃
0
1)=900 GeV 1712.023320.95-1.6g̃̃g Forbidden

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)<800 GeV 1706.037311.85g̃

ee, µµ 2 jets Yes 36.1 m(g̃)-m(χ̃
0
1 )=50 GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-11 jets Yes 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8g̃

3 e, µ 4 jets - 36.1 m(g̃)-m(χ̃
0
1)=200 GeV 1706.037310.98g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV 1711.019012.0g̃

3 e, µ 4 jets - 36.1 m(g̃)-m(χ̃
0
1)=300 GeV 1706.037311.25g̃

b̃1b̃1, b̃1→bχ̃
0
1/tχ̃

±
1

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=1 1708.09266, 1711.033010.9b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=BR(tχ̃

±
1 )=0.5 1708.092660.58-0.82b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃
0
1)=200 GeV, m(χ̃

±
1 )=300 GeV, BR(tχ̃

±
1 )=1 1706.037310.7b̃1b̃1 Forbidden

b̃1b̃1, t̃1 t̃1, M2 = 2 × M1 Multiple 36.1 m(χ̃
0
1)=60 GeV 1709.04183, 1711.11520, 1708.032470.7t̃1

Multiple 36.1 m(χ̃
0
1)=200 GeV 1709.04183, 1711.11520, 1708.032470.9t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 36.1 m(χ̃
0
1)=1 GeV 1506.08616, 1709.04183, 1711.115201.0t̃1

t̃1 t̃1, H̃ LSP Multiple 36.1 m(χ̃
0
1)=150 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.4-0.9t̃1t̃1

Multiple 36.1 m(χ̃
0
1)=300 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.6-0.8t̃1t̃1 Forbidden

t̃1 t̃1, Well-Tempered LSP Multiple 36.1 m(χ̃
0
1)=150 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.48-0.84t̃1t̃1

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1 0 2c Yes 36.1 m(χ̃

0
1)=0 GeV 1805.016490.85t̃1

m(t̃1,c̃)-m(χ̃
0
1 )=50 GeV 1805.016490.46t̃1

0 mono-jet Yes 36.1 m(t̃1,c̃)-m(χ̃
0
1)=5 GeV 1711.033010.43t̃1

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV, m(t̃1)-m(χ̃

0
1)= 180 GeV 1706.039860.32-0.88t̃2

χ̃±
1
χ̃0

2 via WZ 2-3 e, µ - Yes 36.1 m(χ̃
0
1)=0 1403.5294, 1806.022930.6χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)=10 GeV 1712.081190.17χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃0

2 via Wh ℓℓ/ℓγγ/ℓbb - Yes 20.3 m(χ̃
0
1)=0 1501.07110χ̃±

1 /χ̃
0

2 0.26

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃ν(τν̃), χ̃
0
2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃

0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.078750.76χ̃±

1 /χ̃
0

2

m(χ̃
±
1 )-m(χ̃

0
1 )=100 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.078750.22χ̃±

1 /χ̃
0

2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0 1803.027620.5ℓ̃

2 e, µ ≥ 1 Yes 36.1 m(ℓ̃)-m(χ̃
0
1 )=5 GeV 1712.081190.18ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 ≥ 3b Yes 36.1 BR(χ̃
0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 Yes 36.1 BR(χ̃
0
1 → ZG̃)=1 1804.036020.3H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 Pure Wino 1712.021180.46χ̃±

1

Pure Higgsino ATL-PHYS-PUB-2017-0190.15χ̃±
1

Stable g̃ R-hadron SMP - - 3.2 1606.051291.6g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

Multiple 32.8 m(χ̃
0
1)=100 GeV 1710.04901, 1604.045202.4g̃ [τ( g̃) =100 ns, 0.2 ns] 1.6g̃ [τ( g̃) =100 ns, 0.2 ns]

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 0.44

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 6 <cτ(χ̃

0
1)< 1000 mm, m(χ̃

0
1)=1 TeV 1504.05162g̃ 1.3

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′
311

=0.11, λ132/133/233=0.07 1607.080791.9ν̃τ

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 Yes 36.1 m(χ̃

0
1)=100 GeV 1804.036021.33χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.82χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]
Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′

112
=2e-4, 2e-5] 1.05g̃ [λ′′

112
=2e-4, 2e-5]

g̃g̃, g̃→ tbs / g̃→tt̄χ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.1g̃ [λ′′

323
=1, 1e-2] 1.8g̃ [λ′′

323
=1, 1e-2]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05g̃ [λ′′

323
=2e-4, 1e-2] 0.55g̃ [λ′′

323
=2e-4, 1e-2]

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
July 2018

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.



Searches for exotic particles to high mass
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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 1703.091278.9 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 1703.0912721.8 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).



What’s new at the HL-LHC?
• Upgraded accelerator: much more data!
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What’s new at the HL-LHC?
• Upgraded accelerator: also many more interactions per 

bunch crossing
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What’s new at the HL-LHC?
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Upgrades planned for almost all detectors



Why? Aka what physics will we do?
• Two key directions

• What can we measure more accurately?

• Precision measurements can be indirect probes for new physics at 
high energy scales

• What new processes will we be able to reach that we can’t measure 
now?

• A few examples

• Higgs boson properties

• Rare decays

• Self-coupling

• New physics

• Search for even rarer phenomena

• Small increase to higher mass scales
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Caveat: Updates expected soon

European Strategy Update

https://europeanstrategy.cern/european-strategy-for-particle-physics


Rare Higgs decays
• So far we’ve only been able to directly probe the coupling of the Higgs to 

third generation fermions

• At HL-LHC, we would be able to study the coupling of the Higgs to muons 
to a precision of ~15%

• Might also be able to probe the coupling to charm quarks
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>=200µ, <-1 = 14 TeV, 3000 fbs

ATL-PHYS-PUB-2018-006

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-006/


Double Higgs production
• Key property of the Standard Model Higgs boson: it interacts with itself

• Main probe is via searches for pairs of Higgs bosons, but this process has a 
tiny cross-section

• Many possible channels: product of individual Higgs decay channels

• Current sensitivity is O(10) x SM
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Example: bbγγ
• Search for events containing two Higgs bosons where one decays to 

photons and the other to b-quarks

• With a cut-based analysis, we’d expect to reach 1σ with the full HL-LHC 
dataset

• Will need to use as many channels as possible
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Vector boson scattering
• Vector boson scattering was a key element of the so-called “no lose” 

theorem for the LHC

• We have discovered the Higgs, but the measurement of same-charge WW 
provides an important probe of electroweak symmetry breaking

• Expect to reach a precision of ~4% by end of HL-LHC
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Example: Extending new physics searches to 
high mass
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Example 2: Extending mass reach

• We can also use dibosons to look 
for new particles

• e.g. W’→WZ or Z’→WW

• Typically extend mass reach by ~1 
TeV beyond LHC
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Computing for HL-LHC

• The HL-LHC environment is expected to pose a challenge for computing

• Currently project 6x more CPU time needed to reconstruct events

• Dominated by track reconstruction in the inner detector

• Also expect to need 10x more disk storage

• Major focus of current developments, see talk by T. Boccali for more details

• More recently, explorations into whether quantum computing might play a 
role
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Simulated HL-LHC event in ATLAS
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140 simultaneous proton-proton collisions



Track Reconstruction
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QUBO for track reconstruction
A D-Wave QMI (Quantum Machine 
Instruction) minimises the 
hamiltonian O:
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qi = qubit i (“on” or “off”) 
ai = bias weight of a qubit, 
bij = coupling between two qubits

⇒ equation of a quadratic unconstrained binary optimization (QUBO)

Idea: adaptation of Fast track finding with neural networks, Stimpfl-Abele 
(1990): replace Hopfield networks with QUBO

Use the dataset and efficiency scoring function developed in the context of 
the trackml challenge

L. Linder et al, hep-qpr 

http://inspirehep.net/record/300646/?ln=en
http://inspirehep.net/record/300646/?ln=en
https://www.kaggle.com/c/trackml-particle-identification
https://sites.google.com/lbl.gov/hep-qpr


QUBO for track reconstruction
Currently testing implementation 
on a subset of tracks with a cone 
of |φ| < π/3


In simulation, obtain 98.9% 
efficiency for 100 tracks

On DWave using qbsolv, obtain 
99.42% for 60 tracks

Next step: extend to larger dataset
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from 10952 input 
doublets down to 380.

simulation, 16 min DWave, 2.65 QPU s

L. Linder et al, hep-qpr 

DWave

https://sites.google.com/lbl.gov/hep-qpr


Quantum Associative Memory for Track 
Reconstruction
• ATLAS currently commissioning a 

new hardware-based track trigger, 
called the Fast Track Trigger (FTK)

• Pattern recognition engine: 
Associative Memory

• QuAM: A quantum variant of 
associative (a.k.a content-
addressable) memory:

• Exponential storage capacity 
(absolute)

• Optimal QA for pattern recall

• Implemented storage and retrieval 
quantum circuit generators on 
QISKIT
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I. Shapoval et al, hep-qpr 

https://sites.google.com/lbl.gov/hep-qpr


QuAM on QISKit

Ex.: complete circuit for encoding three 2-bit patterns

Storage QASM

QISKit - Quantum Information Software Kit

An open source project comprising Python 
SDK, API and OpenQASM for implementing 
quantum algorithms on IBM Quantum 
Experience (QE) hardware and 
simulators.
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Supported backends:
▸ IBM QE cloud-based quantum chips 

           [5Q Sparrow/Raven, 16Q Albatross, 20Q]
▸ Local/remote simulators

           [with realistic noise models]

▸ QuAM storage circuit generator [implemented]

▸ QuAM retrieval circuit generator [implemented]

Ex.: complete circuit for retrieving one 2-bit pattern (1 iteration)

Retrieval QASM

Snippet

Snippet

Quantum  
code

I. Shapoval et al, hep-qpr Ran on IBM Q Experience

https://sites.google.com/lbl.gov/hep-qpr


Conclusion
• HL-LHC is coming soon!

• Major upgrade to accelerator and detectors which will enable an extensive 
and exciting physics program

• Presented selected highlights here

• Fully exploiting this data is the topic of an extensive R&D program in 
software and computing

• See, e.g. T. Boccali’s talk for more details

• Too early to tell, but, perhaps quantum computing can play a role?

• Showed some examples of preliminary research in pattern recognition on 
quantum computers

• Other ideas will be covered in dedicated talks, e.g. machine learning
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Back up
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Algorithm

Input: seeds (doublets) 

1. combine doublets into triplets, early cuts (R-Z angle, curvature, ...) 
2. combine triplets into quadruplets, early cuts (Δcurvature, ...) 
3. generate QUBO, qubits representing potential triplets: 

a. qubit bias weight: negative constant (-0.01) 
b. coupling based on 

i. quadruplets: negative value depending on Δcurvature, R-Z angle, length 
ii. conflicts: positive constant 

4. sample QUBO (qbsolv) 
5. assemble results 

Output: final doublets

two triplets combined 
into a quadruplet

examples of conflicting 
triplets



QuAM storage protocol
A quantum circuit implementing the iterative part of the storage protocol 1.

1 C.A Trugenberger, Probabilistic Quantum Memories.  Phys Rev. Lett. Vol 87, 6 (2001)

Circuit for storing a 2-bit 
pattern
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QuAM retrieval protocol
Generalized Grover’s algorithm*

  -  “quantum oracle” operator. Inverts the phase of state representing the target pattern 𝜏.

- Grover’s diffusion operator. Inverts all amplitudes about the amplitudes average.

- Inverts phases of all terms originally present in memory.

States that 
match the 
target pattern.

States that don’t 
match the target 
pattern.

Probability “ramp-up”  vs. pattern matches

Peak probability  vs. pattern matches and 
memory capacity

Note: neither quantum noise, nor probabilistic memory 
cloning operations,  are taken into account here.

*

Grover’s cycle. Repeated                                                                                                                     times.



Topological complexity of QuAM1

▸ Storage connectivity requirements                           IBM Q Experience QPUs    

                d=2                         d=3                                              

                                                                        . . .

▸ Retrieval connectivity requirements
                d=2                           d=3

                                                                         . . .
                                                                                           

1 {p}, {u} and {m} nodes represent qubits from temporary storage, control and memory registers. 
  d - pattern length

IBM Q 5 
Tenerife 

(public)

IBM Q 16 
Rüschlikon 

(public)

IBM Q 20 
Tokyo 

(IBM Q clients)

INCOMPATI

BLE INCOMPATI

BLE



Topological complexity of QuAM1

1 {p}, {u} and {m} nodes represent qubits from temporary storage, control and memory registers. 
  d - pattern length

IBM Q 5 
Tenerife 

(public)

IBM Q 16 
Rüschlikon 

(public)

IBM Q 20 
Tokyo 

(IBM Q clients)

INCOMPATI

BLE INCOMPATI

BLE

INCOMPATI

BLE
Connectivity 1 3 d+1

Qubits d d 2

Aggregate QuAM 
requirements
d=20 (~ current pattern length in ATLAS)



D-Wave execution (qbsolv)

trackml score of 99.42% for 60 tracks 
in a phi angle of π/3 rad.

from 10952 input 
doublets down to 380.


