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This school is about QCD - the theory  of strong interactions.   Strong interactions are  
interactions between hadrons; they determine hadron properties, such as masses, 
magnetic moments, lifetimes, form factors etc. 

Since our  focus will be the LHC physics, we will mostly talk about QCD in the context 
of quarks and gluons.  

 QCD is multi-facet
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What is the physics beyond the Standard Model?

?
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.05525q̃, g̃ 1.85 TeV

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2017-0221.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

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

0
1)<200 GeV ATLAS-CONF-2017-0222.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2017-0222.01 TeVg̃

g̃g̃, g̃→qq(##/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)<400 GeV ATLAS-CONF-2017-0301.825 TeVg̃

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

0
1) <400 GeV ATLAS-CONF-2017-0331.8 TeVg̃

GMSB (#̃ NLSP) 1-2 τ + 0-1 # 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.05493g̃ 1.37 TeV

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290g̃ 900 GeV

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2017-0211.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV ATLAS-CONF-2017-0211.97 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.0600g̃ 1.37 TeV

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃

0
1)<420 GeV ATLAS-CONF-2017-038950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2017-030275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2017-020t̃1 90-198 GeV 205-950 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019320-880 GeVt̃2

#̃L,R #̃L,R, #̃→#χ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-440 GeV#̃

χ̃+
1
χ̃−

1 , χ̃
+

1→#̃ν(#ν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(#̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039710 GeVχ̃±

1

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)) ATLAS-CONF-2017-035760 GeVχ̃±

1

χ̃±
1
χ̃0

2→#̃Lν#̃L#(ν̃ν), #ν̃#̃L#(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(#̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.16 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, #̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, #̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV
χ̃0

2
χ̃0

3, χ̃
0
2,3 →#̃R# 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(#̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 590 GeV

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2017-017430 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV
Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃

0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

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→b# 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.

No new partic
les  beyond the Higgs so far
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.05525q̃, g̃ 1.85 TeV

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2017-0221.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

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

0
1)<200 GeV ATLAS-CONF-2017-0222.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2017-0222.01 TeVg̃

g̃g̃, g̃→qq(##/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)<400 GeV ATLAS-CONF-2017-0301.825 TeVg̃

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

0
1) <400 GeV ATLAS-CONF-2017-0331.8 TeVg̃

GMSB (#̃ NLSP) 1-2 τ + 0-1 # 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.05493g̃ 1.37 TeV

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290g̃ 900 GeV

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2017-0211.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV ATLAS-CONF-2017-0211.97 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.0600g̃ 1.37 TeV

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃

0
1)<420 GeV ATLAS-CONF-2017-038950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2017-030275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2017-020t̃1 90-198 GeV 205-950 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019320-880 GeVt̃2

#̃L,R #̃L,R, #̃→#χ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-440 GeV#̃

χ̃+
1
χ̃−

1 , χ̃
+

1→#̃ν(#ν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(#̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039710 GeVχ̃±

1

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)) ATLAS-CONF-2017-035760 GeVχ̃±

1

χ̃±
1
χ̃0

2→#̃Lν#̃L#(ν̃ν), #ν̃#̃L#(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(#̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.16 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, #̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, #̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV
χ̃0

2
χ̃0

3, χ̃
0
2,3 →#̃R# 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(#̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 590 GeV

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2017-017430 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV
Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃

0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

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+
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0
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√
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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.

In the midst of every crisis lies an 

opportunity
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6

indirect searches for new particles and interactions
at hadron colliders will feature more and more 
prominently in the exploration of physics beyond 
the Standard Model.

These results suggest a paradigm change: 
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The LHC was  not envisaged as a precision 
machine,  but  it can  be turned into  one,  
provided that  theory (QCD) can keep up.

712
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The new paradigm of discovery 
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Bard: Interpreting New Frontier Energy Collider Physics

Bruce Knuteson∗

MIT

Stephen Mrenna†

FNAL

No systematic procedure currently exists for inferring the underlying physics from discrepancies
observed in high energy collider data. We present Bard, an algorithm designed to facilitate the
process of model construction at the energy frontier. Top-down scans of model parameter space
are discarded in favor of bottom-up diagrammatic explanations of particular discrepancies, an ex-
planation space that can be exhaustively searched and conveniently tested with existing analysis
tools.

In contemporary high energy physics experiments, it
is not uncommon to observe discrepancies between data
and Standard Model predictions. Most of these discrep-
ancies have been explained away over time. To convinc-
ingly demonstrate that an observed effect is evidence of
physics beyond the Standard Model, it is necessary to
prove it is (1) not a likely statistical fluctuation, (2) not
introduced by an imperfect understanding of the exper-
imental apparatus, (3) not due to an inadequacy of the
implementation of the Standard Model prediction, and
(4) interpretable in terms of a sensible underlying the-
ory. Those who object to (4) as being necessary fail to
appreciate that most hypothesis development in science
occurs before, rather than after, publication. This last
criterion is essential, and will likely point the way to other
discrepancies that must exist if the interpretation is cor-
rect.

In the search for new electroweak-scale physics at

FIG. 1: A cartoon illustration of Bard’s starting point: an
excess (circled in red) in data (individual events shown as tick
marks on the horizontal axis) over Standard Model prediction
(shown as a continuous distribution) in a particular exclusive
final state (e+e−bb̄) on the tail of the total summed scalar
transverse momentum of all objects in the event (

∑
pT ).

FIG. 2: Chalkboard drawing of the ingoing and outgoing legs
of the Feynman diagram responsible for producing an ob-
served signal in the final state e+e−bb̄ at the Tevatron (left),
and of a Feynman diagram possibly responsible for producing
this signal (right).

the frontier energy colliders, a model-independent search
strategy (Vista [1, 2] or Sleuth [1, 2, 3, 4, 5]) rigor-
ously addresses whether a statistical fluctuation explains
the observation. Rejecting the hypothesis that the ob-
served effect arises from a feature of the detector or an
inadequacy of the detector simulation is best handled by
requiring consistency among all collected data; this is
the purpose of Vista. Our ability to calculate QCD at
hadron colliders has improved dramatically over the past
decade, with much recent progress in describing multi-
jet final states. Using these tools and demanding con-
sistency among many different observables addresses the
third criterion. Addressing the fourth requires a practi-
cal method for systematically generating new hypotheses
to yield sensible interpretations of discrepancies.

Event generators containing implementations of
physics beyond the Standard Model are able to calcu-
late model predictions within particular scenarios. In-
terpreting a specific discrepancy requires working in the
inverse direction, from observed phenomenon to the un-
derlying model. The typical top-down approach of scan-
ning model parameter spaces to find regions compati-
ble with discrepancies is computationally intractable for
parameter spaces with dimensionality larger than about
five. We are aware of no satisfactory systematic pre-
scription for interpreting possible discrepancies observed
at the Tevatron or Large Hadron Collider in terms of the

ar
X

iv
:h

ep
-p

h/
06

02
10

1v
1 

 1
1 

Fe
b 

20
06

Bard: Interpreting New Frontier Energy Collider Physics

Bruce Knuteson∗

MIT

Stephen Mrenna†

FNAL

No systematic procedure currently exists for inferring the underlying physics from discrepancies
observed in high energy collider data. We present Bard, an algorithm designed to facilitate the
process of model construction at the energy frontier. Top-down scans of model parameter space
are discarded in favor of bottom-up diagrammatic explanations of particular discrepancies, an ex-
planation space that can be exhaustively searched and conveniently tested with existing analysis
tools.

In contemporary high energy physics experiments, it
is not uncommon to observe discrepancies between data
and Standard Model predictions. Most of these discrep-
ancies have been explained away over time. To convinc-
ingly demonstrate that an observed effect is evidence of
physics beyond the Standard Model, it is necessary to
prove it is (1) not a likely statistical fluctuation, (2) not
introduced by an imperfect understanding of the exper-
imental apparatus, (3) not due to an inadequacy of the
implementation of the Standard Model prediction, and
(4) interpretable in terms of a sensible underlying the-
ory. Those who object to (4) as being necessary fail to
appreciate that most hypothesis development in science
occurs before, rather than after, publication. This last
criterion is essential, and will likely point the way to other
discrepancies that must exist if the interpretation is cor-
rect.

In the search for new electroweak-scale physics at

FIG. 1: A cartoon illustration of Bard’s starting point: an
excess (circled in red) in data (individual events shown as tick
marks on the horizontal axis) over Standard Model prediction
(shown as a continuous distribution) in a particular exclusive
final state (e+e−bb̄) on the tail of the total summed scalar
transverse momentum of all objects in the event (

∑
pT ).

FIG. 2: Chalkboard drawing of the ingoing and outgoing legs
of the Feynman diagram responsible for producing an ob-
served signal in the final state e+e−bb̄ at the Tevatron (left),
and of a Feynman diagram possibly responsible for producing
this signal (right).

the frontier energy colliders, a model-independent search
strategy (Vista [1, 2] or Sleuth [1, 2, 3, 4, 5]) rigor-
ously addresses whether a statistical fluctuation explains
the observation. Rejecting the hypothesis that the ob-
served effect arises from a feature of the detector or an
inadequacy of the detector simulation is best handled by
requiring consistency among all collected data; this is
the purpose of Vista. Our ability to calculate QCD at
hadron colliders has improved dramatically over the past
decade, with much recent progress in describing multi-
jet final states. Using these tools and demanding con-
sistency among many different observables addresses the
third criterion. Addressing the fourth requires a practi-
cal method for systematically generating new hypotheses
to yield sensible interpretations of discrepancies.

Event generators containing implementations of
physics beyond the Standard Model are able to calcu-
late model predictions within particular scenarios. In-
terpreting a specific discrepancy requires working in the
inverse direction, from observed phenomenon to the un-
derlying model. The typical top-down approach of scan-
ning model parameter spaces to find regions compati-
ble with discrepancies is computationally intractable for
parameter spaces with dimensionality larger than about
five. We are aware of no satisfactory systematic pre-
scription for interpreting possible discrepancies observed
at the Tevatron or Large Hadron Collider in terms of the

ar
X

iv
:h

ep
-p

h/
06

02
10

1v
1 

 1
1 

Fe
b 

20
06

Bard: Interpreting New Frontier Energy Collider Physics

Bruce Knuteson∗

MIT

Stephen Mrenna†

FNAL

No systematic procedure currently exists for inferring the underlying physics from discrepancies
observed in high energy collider data. We present Bard, an algorithm designed to facilitate the
process of model construction at the energy frontier. Top-down scans of model parameter space
are discarded in favor of bottom-up diagrammatic explanations of particular discrepancies, an ex-
planation space that can be exhaustively searched and conveniently tested with existing analysis
tools.

In contemporary high energy physics experiments, it
is not uncommon to observe discrepancies between data
and Standard Model predictions. Most of these discrep-
ancies have been explained away over time. To convinc-
ingly demonstrate that an observed effect is evidence of
physics beyond the Standard Model, it is necessary to
prove it is (1) not a likely statistical fluctuation, (2) not
introduced by an imperfect understanding of the exper-
imental apparatus, (3) not due to an inadequacy of the
implementation of the Standard Model prediction, and
(4) interpretable in terms of a sensible underlying the-
ory. Those who object to (4) as being necessary fail to
appreciate that most hypothesis development in science
occurs before, rather than after, publication. This last
criterion is essential, and will likely point the way to other
discrepancies that must exist if the interpretation is cor-
rect.

In the search for new electroweak-scale physics at

FIG. 1: A cartoon illustration of Bard’s starting point: an
excess (circled in red) in data (individual events shown as tick
marks on the horizontal axis) over Standard Model prediction
(shown as a continuous distribution) in a particular exclusive
final state (e+e−bb̄) on the tail of the total summed scalar
transverse momentum of all objects in the event (

∑
pT ).

FIG. 2: Chalkboard drawing of the ingoing and outgoing legs
of the Feynman diagram responsible for producing an ob-
served signal in the final state e+e−bb̄ at the Tevatron (left),
and of a Feynman diagram possibly responsible for producing
this signal (right).

the frontier energy colliders, a model-independent search
strategy (Vista [1, 2] or Sleuth [1, 2, 3, 4, 5]) rigor-
ously addresses whether a statistical fluctuation explains
the observation. Rejecting the hypothesis that the ob-
served effect arises from a feature of the detector or an
inadequacy of the detector simulation is best handled by
requiring consistency among all collected data; this is
the purpose of Vista. Our ability to calculate QCD at
hadron colliders has improved dramatically over the past
decade, with much recent progress in describing multi-
jet final states. Using these tools and demanding con-
sistency among many different observables addresses the
third criterion. Addressing the fourth requires a practi-
cal method for systematically generating new hypotheses
to yield sensible interpretations of discrepancies.

Event generators containing implementations of
physics beyond the Standard Model are able to calcu-
late model predictions within particular scenarios. In-
terpreting a specific discrepancy requires working in the
inverse direction, from observed phenomenon to the un-
derlying model. The typical top-down approach of scan-
ning model parameter spaces to find regions compati-
ble with discrepancies is computationally intractable for
parameter spaces with dimensionality larger than about
five. We are aware of no satisfactory systematic pre-
scription for interpreting possible discrepancies observed
at the Tevatron or Large Hadron Collider in terms of the

ar
X

iv
:h

ep
-p

h/
06

02
10

1v
1 

 1
1 

Fe
b 

20
06

Bard: Interpreting New Frontier Energy Collider Physics

Bruce Knuteson∗

MIT

Stephen Mrenna†

FNAL

No systematic procedure currently exists for inferring the underlying physics from discrepancies
observed in high energy collider data. We present Bard, an algorithm designed to facilitate the
process of model construction at the energy frontier. Top-down scans of model parameter space
are discarded in favor of bottom-up diagrammatic explanations of particular discrepancies, an ex-
planation space that can be exhaustively searched and conveniently tested with existing analysis
tools.

In contemporary high energy physics experiments, it
is not uncommon to observe discrepancies between data
and Standard Model predictions. Most of these discrep-
ancies have been explained away over time. To convinc-
ingly demonstrate that an observed effect is evidence of
physics beyond the Standard Model, it is necessary to
prove it is (1) not a likely statistical fluctuation, (2) not
introduced by an imperfect understanding of the exper-
imental apparatus, (3) not due to an inadequacy of the
implementation of the Standard Model prediction, and
(4) interpretable in terms of a sensible underlying the-
ory. Those who object to (4) as being necessary fail to
appreciate that most hypothesis development in science
occurs before, rather than after, publication. This last
criterion is essential, and will likely point the way to other
discrepancies that must exist if the interpretation is cor-
rect.

In the search for new electroweak-scale physics at

FIG. 1: A cartoon illustration of Bard’s starting point: an
excess (circled in red) in data (individual events shown as tick
marks on the horizontal axis) over Standard Model prediction
(shown as a continuous distribution) in a particular exclusive
final state (e+e−bb̄) on the tail of the total summed scalar
transverse momentum of all objects in the event (

∑
pT ).

FIG. 2: Chalkboard drawing of the ingoing and outgoing legs
of the Feynman diagram responsible for producing an ob-
served signal in the final state e+e−bb̄ at the Tevatron (left),
and of a Feynman diagram possibly responsible for producing
this signal (right).

the frontier energy colliders, a model-independent search
strategy (Vista [1, 2] or Sleuth [1, 2, 3, 4, 5]) rigor-
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served effect arises from a feature of the detector or an
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the purpose of Vista. Our ability to calculate QCD at
hadron colliders has improved dramatically over the past
decade, with much recent progress in describing multi-
jet final states. Using these tools and demanding con-
sistency among many different observables addresses the
third criterion. Addressing the fourth requires a practi-
cal method for systematically generating new hypotheses
to yield sensible interpretations of discrepancies.

Event generators containing implementations of
physics beyond the Standard Model are able to calcu-
late model predictions within particular scenarios. In-
terpreting a specific discrepancy requires working in the
inverse direction, from observed phenomenon to the un-
derlying model. The typical top-down approach of scan-
ning model parameter spaces to find regions compati-
ble with discrepancies is computationally intractable for
parameter spaces with dimensionality larger than about
five. We are aware of no satisfactory systematic pre-
scription for interpreting possible discrepancies observed
at the Tevatron or Large Hadron Collider in terms of the

Main idea behind this paper  was to search systematically  for a correlated  set of 
deviations from the SM  predictions and a possibility to explain them with a single NP 
hypothesis.  With null search results from the LHC, this idea becomes extremely timely...

ar
X

iv
:h

ep
-p

h/
06

02
10

1v
1 

 1
1 

Fe
b 

20
06

Bard: Interpreting New Frontier Energy Collider Physics

Bruce Knuteson∗

MIT

Stephen Mrenna†

FNAL

No systematic procedure currently exists for inferring the underlying physics from discrepancies
observed in high energy collider data. We present Bard, an algorithm designed to facilitate the
process of model construction at the energy frontier. Top-down scans of model parameter space
are discarded in favor of bottom-up diagrammatic explanations of particular discrepancies, an ex-
planation space that can be exhaustively searched and conveniently tested with existing analysis
tools.

In contemporary high energy physics experiments, it
is not uncommon to observe discrepancies between data
and Standard Model predictions. Most of these discrep-
ancies have been explained away over time. To convinc-
ingly demonstrate that an observed effect is evidence of
physics beyond the Standard Model, it is necessary to
prove it is (1) not a likely statistical fluctuation, (2) not
introduced by an imperfect understanding of the exper-
imental apparatus, (3) not due to an inadequacy of the
implementation of the Standard Model prediction, and
(4) interpretable in terms of a sensible underlying the-
ory. Those who object to (4) as being necessary fail to
appreciate that most hypothesis development in science
occurs before, rather than after, publication. This last
criterion is essential, and will likely point the way to other
discrepancies that must exist if the interpretation is cor-
rect.

In the search for new electroweak-scale physics at

FIG. 1: A cartoon illustration of Bard’s starting point: an
excess (circled in red) in data (individual events shown as tick
marks on the horizontal axis) over Standard Model prediction
(shown as a continuous distribution) in a particular exclusive
final state (e+e−bb̄) on the tail of the total summed scalar
transverse momentum of all objects in the event (

∑
pT ).

FIG. 2: Chalkboard drawing of the ingoing and outgoing legs
of the Feynman diagram responsible for producing an ob-
served signal in the final state e+e−bb̄ at the Tevatron (left),
and of a Feynman diagram possibly responsible for producing
this signal (right).

the frontier energy colliders, a model-independent search
strategy (Vista [1, 2] or Sleuth [1, 2, 3, 4, 5]) rigor-
ously addresses whether a statistical fluctuation explains
the observation. Rejecting the hypothesis that the ob-
served effect arises from a feature of the detector or an
inadequacy of the detector simulation is best handled by
requiring consistency among all collected data; this is
the purpose of Vista. Our ability to calculate QCD at
hadron colliders has improved dramatically over the past
decade, with much recent progress in describing multi-
jet final states. Using these tools and demanding con-
sistency among many different observables addresses the
third criterion. Addressing the fourth requires a practi-
cal method for systematically generating new hypotheses
to yield sensible interpretations of discrepancies.

Event generators containing implementations of
physics beyond the Standard Model are able to calcu-
late model predictions within particular scenarios. In-
terpreting a specific discrepancy requires working in the
inverse direction, from observed phenomenon to the un-
derlying model. The typical top-down approach of scan-
ning model parameter spaces to find regions compati-
ble with discrepancies is computationally intractable for
parameter spaces with dimensionality larger than about
five. We are aware of no satisfactory systematic pre-
scription for interpreting possible discrepancies observed
at the Tevatron or Large Hadron Collider in terms of the

Monday, March 26, 18



The original wishlist  
Knuteson then came up with the ``next-to-leading order (NLO) 
wishlist‘’ (circa 2004) , i.e. the  list of processes whose  reliable  description he 
thought was instrumental for making his idea a reality. The appearance of the 
wishlist started a concerted effort  by theorists to improve ways and means to 
perform NLO computations -- the beginning of the NLO revolution. 

Monday, March 26, 18



Systematic precision studies at hadron colliders, aimed at discovering New Physics 
through indirect effects, have never been  attempted before. 

Indeed, hadrons are composite particles kept together by a poorly understood strong 
force.  If we can’t understand (compute) properties of one proton, can we confidently 
describe what happens when two protons collide? 

We believe that, to some extent, this can be done and that outcomes of certain (hard) 
hadron collisions can be understood starting directly from the SM Lagrangian.   

 Precision physics at the LHC?

  

Introduction

● The goal of hadron collider physics program (Tevatron, LHC) is to discover and study 

physics beyond the Standard Model in the  mass range 100 GeV - few TeV 

● To produce that heavy final states, we require rare short-distance processes where both 

protons disintegrate and all momenta transfers are large. These processes can be 

understood using factorization and asymptotic freedom.

● A major role in  such an understanding  is played by parton-parton scattering that is 

described by  perturbative QCD.

                                           

Collins, Soper, StermanSufficiently inclusive hard hadron processes can be described 
by the collinear factorization formula.
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LHC: the world of quarks and gluons

Hard scattering processes at the  LHC can be understood in terms of  quarks and 
gluons;  very  limited knowledge about protons is needed. Physics of quarks and 
gluons is governed  by a non-abelian SU(3) gauge-field theory -- the  QCD.   

Dµ = @µ � igsT
aAa

µ, Ga
µ⌫ = @µA

a
⌫ � @⌫A

a
µ + igsf

abcAb
µA

c
⌫ .

1) The Lagrangian

2) Degrees of freedom: quarks (up, down, strange, charm, bottom, top) and gluons 
(also ghosts, see later). 

3) SU(3) group --> interaction charges (color) -->  each quark can appear in one of 
the three color states and a gluon in one of eight. 

LQCD =
X

q̄j
⇣
iD̂ �mj

⌘
qj �

1

4
Ga

µ⌫G
a,µ⌫

[T a, T b] = ifabcT
c
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QCD Feynman rules 
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The running coupling constant

The effective coupling constant in QCD changes in such a way that it decreases at large 
momenta transfers (short distances).  This phenomenon, known as the asymptotic 
freedom, enables us to describe perturbatively hard scattering processes at the LHC. 
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Perturbation theory for cross sections
Starting from the QCD Feynman rules -- and fixing  initial and final states for which 
we would like to know the scattering amplitudes  and the order in perturbation theory, 
we can put together Feynman diagrams  and calculate them using standard rules of 
perturbative QFTs. 

Sounds simple but not quite: 

 - need to deal with (very) large number of diagrams and integrals (algebraic 
complexity);

 - need to be able to compute complicated loop integrals   (analytic complexity);

 - need to understand complex interplay between final states with different 
multiplicities, to arrive at predictions that are insensitive to long-distance (non-
perturbative) effects. 

Badger

Tancredi

Röntsch
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Cross sections and observables

In addition, quite often we have to go  beyond fixed order perturbation theory:  

 - phase-space regions where fixed order perturbation theory fails but long-distance 
effects are still suppressed;

 - hadrons, not quarks and gluons hit LHC detectors; need to model the transition to 
connect theoretical computations with experimental measurements. 

Monni

Hoeche

d�

dp?
=

1X

k

↵k
s ln

2k p?
m

ck

Monday, March 26, 18



What has been studied and how well?
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…in some more detail 

There are deviations from the SM predictions; however, given the errors, both  
theoretical and experimental, nothing to write 500 papers about…again…or make a reservation for  
Stockholm  

What has been studied and how well?

Monday, March 26, 18



What has been studied and how well?
Vector boson production in association with jets (up to seven !) .   Need to describe 
kinematic properties of jets; sufficient statistics to be sensitive to O(1-10) percent  
accuracy. 

Physics: PDFs;  backgrounds to BSM searches with complex signatures.    

Gigantic number of tree-level and one-loop diagrams needed to compute cross-sections 
and kinematic  distributions. Very  hard if traditional methods are  used -- modern 
unitary-based methods for one-loop computations.    
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Precision in Production
The state-of-the-art

Andrew Papanastasiou tt̄ production (theory) 3/24

I fully-di↵erential NNLO-QCD predictions for tt̄ production
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Figure 14. The pT,t/t̄ (left) and mtt̄ (right) distributions for LHC 13 TeV. Error bands are from scale
variation only.

Second, we would like to emphasise that besides pdf errors, the results we present here

will also be a↵ected by the resummation of collinear logs and possibly by EW e↵ects. Those

contributions will require dedicated future studies. In any case the NNLO QCD result com-

puted in this work o↵ers the base for such future additions.

6 Conclusions

The main result of this work is the extension of the recently computed NNLO QCD di↵erential

distributions for stable top quark pair production at the LHC beyond the small pT /mtt̄ regime

studied so far at LHC Run I. The results derived here make it possible to describe stable top

quark production into the multi-TeV regime which will be explored in detail during LHC Run

II. We have presented high-quality predictions for most top-quark distributions for both LHC

8 TeV and 13 TeV. Our results are in the form of binned distributions and are computed

with three di↵erent pdf sets. All results are available for download in electronic form with

the Arxiv submission of this work. The relatively small bin sizes for our results, coupled with

their small Monte Carlo errors, would allow one to easily produce high-quality analytic fits to

all distributions. We expect that such fits could subsequently be used for further rebinning to

a di↵erent bin size, at the expense of tolerable errors. This way our results could be extended

to accommodate diverse bin configurations; in order to also allow for a (fast) change of parton

distribution sets we will release in the near future our results as fastNLO library tables. This

– 21 –

[Czakon,Heymes,Mitov ’16]

What has been studied and how well?
 Top quark pair production cross section is  currently measured to about 3 percent -- need  
NNLO QCD accuracy.

 Physics: backgrounds to top-like BSM physics, gluon PDF, top quark mass.

Very complex loop diagrams with massive particles inside -- we still do not know 
how to compute them analytically.  Complicated subtraction scheme to put together 
final states  with different multiplicities. 
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What has been studied and how well?
Top quark mass may shine brightly, as it hold keys to the fate of our Universe,  but it has a 
past.. a dark  connection to the underworld of non-perturbative QCD. 

The most precise measurements of the top quark pole mass rely on parton shower 
event generators, to correlate kinematics of complex final states with the value of 
the top quark mass and to estimate non-perturbative effects. 

Fate of the vacuum

Thus, the lifetime of the Standard Model universe is

⌧SM =

✓
�

V

◆�1/4

= 10139
+102
�51 years (6.27)

That is, to 68% confidence, 1088 < ⌧SM
years

< 10291. To 95% confidence 1058 < ⌧SM
years

< 10549.
To be more clear about what the lifetime means, we can ask a related question: what is

the probability that we would have seen a bubble of decaying universe by now? Using the
space-time volume of our past lightcone [15], (V T )light-cone =

0.15
H4

0
= 3.4 ⇥ 10166 GeV�4 and

the Hubble constant H0 = 67.4 km
s Mpc

= 1.44 ⇥ 10�42 GeV, the probability that we should
have seen a bubble by now is

P =
�

V
(V T )light-cone = 10�516�409

+202 (6.28)

Since the bubbles expand at the speed of light, chances are if we saw such a bubble we would
have been destroyed by it; thus it is reassuring to find the probability of this happening to
be exponentially small.

The phase diagrams in the mt/mh and mt/↵s planes are shown in Fig. 2. In these
diagrams, the boundary between metastability and instability is fixed by P = 1, where P is
the probability that a bubble of true vacuum should have formed without our past lightcone,
as in Eq. (6.28). The boundary between metastability and instability is determined by the
gauge-invariant consistent procedure detailed Section 6.2 (and in [17, 38]). Although the
absolute stability boundary is close to the condition �? = 0 in Eq. (6.14), it is systematically
higher and a better fit to the curve for �? = �0.0013.

Varying one parameter holding the others fixed, we find that the range of mpole
t , mpole

h or
↵s for the SM to be in the metastability window are

171.18 <
mpole

t

GeV
< 177.68, 129.01 >

mpole
h

GeV
> 111.66, 0.1230 > ↵s(mZ) > 0.1077

(6.29)
Numbers on the left in these ranges are for absolute stability and on the right for metasta-
bility.

To be absolutely stable, the bounds on the parameters are
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Figure 2: (Top) phase diagram for stability in the mpole
t /mpole

h plane and closeup of the SM
region. Ellipses show the 68%, 95% and 99% contours based on the experimental uncertain-
ties on mpole

t and mpole
h . The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the ↵s experimental uncertainty
and the theory uncertainty. (Bottom) phase diagram in the mpole

t /↵s(mZ) plane, with un-
certainty on the boundaries given by combinations of uncertainty on mpole

h and theory. The
dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).
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(To rule out absolute stability: reduce top quark mass uncertainty below 250 MeV)

State of the art: [Andreassen, 
Frost, Schwartz ’17]

Uncertainty equal parts mt, 
αs, threshold corrections
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4t /8⇡

2 (right). The grey shadings cover values of the RG scale above the
Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/

p
8⇡.
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SM Higgs quartic runs negative in UV, 
implying metastability/instability[Buttazzo et al. 1307.3536]

[Andreassen, Frost, Schwartz ’17]

[Cabibbo, Maiani, Parisi, Petronzio, '79; 
Hung '79; Lindner 86; Sher '89; …]Fate of the vacuum

Thus, the lifetime of the Standard Model universe is
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That is, to 68% confidence, 1088 < ⌧SM
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< 10291. To 95% confidence 1058 < ⌧SM
years

< 10549.
To be more clear about what the lifetime means, we can ask a related question: what is

the probability that we would have seen a bubble of decaying universe by now? Using the
space-time volume of our past lightcone [15], (V T )light-cone =

0.15
H4

0
= 3.4 ⇥ 10166 GeV�4 and

the Hubble constant H0 = 67.4 km
s Mpc

= 1.44 ⇥ 10�42 GeV, the probability that we should
have seen a bubble by now is

P =
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V
(V T )light-cone = 10�516�409

+202 (6.28)

Since the bubbles expand at the speed of light, chances are if we saw such a bubble we would
have been destroyed by it; thus it is reassuring to find the probability of this happening to
be exponentially small.

The phase diagrams in the mt/mh and mt/↵s planes are shown in Fig. 2. In these
diagrams, the boundary between metastability and instability is fixed by P = 1, where P is
the probability that a bubble of true vacuum should have formed without our past lightcone,
as in Eq. (6.28). The boundary between metastability and instability is determined by the
gauge-invariant consistent procedure detailed Section 6.2 (and in [17, 38]). Although the
absolute stability boundary is close to the condition �? = 0 in Eq. (6.14), it is systematically
higher and a better fit to the curve for �? = �0.0013.

Varying one parameter holding the others fixed, we find that the range of mpole
t , mpole

h or
↵s for the SM to be in the metastability window are
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Numbers on the left in these ranges are for absolute stability and on the right for metasta-
bility.

To be absolutely stable, the bounds on the parameters are
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Figure 2: (Top) phase diagram for stability in the mpole
t /mpole

h plane and closeup of the SM
region. Ellipses show the 68%, 95% and 99% contours based on the experimental uncertain-
ties on mpole

t and mpole
h . The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the ↵s experimental uncertainty
and the theory uncertainty. (Bottom) phase diagram in the mpole

t /↵s(mZ) plane, with un-
certainty on the boundaries given by combinations of uncertainty on mpole

h and theory. The
dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).
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(To rule out absolute stability: reduce top quark mass uncertainty below 250 MeV)

State of the art: [Andreassen, 
Frost, Schwartz ’17]

Uncertainty equal parts mt, 
αs, threshold corrections
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)
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and sign(�)
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8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4t /8⇡

2 (right). The grey shadings cover values of the RG scale above the
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SM Higgs quartic runs negative in UV, 
implying metastability/instability[Buttazzo et al. 1307.3536]

[Andreassen, Frost, Schwartz ’17]

[Cabibbo, Maiani, Parisi, Petronzio, '79; 
Hung '79; Lindner 86; Sher '89; …]
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Where do we go from here  ?
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Measurement of the strong coupling constant at the shortest distances. Statistically 
unlimited.  Need NNLO QCD corrections to three jet production at the LHC.  

The strong coupling constant

Very complicated loop integrals; enormous amount of algebra.  Will the current 
attempts to compute the 3-jet rate  lead to new groundbreaking methods for 
multi-loop computations? 
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Heavy	quark	mass	effects	
•  H+jet	amplitudes	with	masses	

§  Small-mass	limit	(K.	Melnikov,	L.	Tancredi,	C.	Wever)	

§  Two-loop	integrals	with	full	mass	dependence	in	
progress	(R.	Bonciani,	V.	Del	Duca,	H.	Frellesvig,	J.	Henn,	F.	Moriello,	V.	
Smirnov;	D.	Kara,	TG)	
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Figure 1: Examples of two-loop Feynman diagrams that contribute to the process
gg → Hg.

where, for consistency with Eq.(2.6), sums over polarizations of external gluons are

taken to be

∑

pol

(εµ1 (p1))
∗ εν1(p1) = −gµν +

pµ1p
ν
2 + pν1p

µ
2

p1 · p2
, (3.2)

∑

pol

(εµ2 (p2))
∗ εν2(p2) = −gµν +

pµ2p
ν
3 + pν2p

µ
3

p2 · p3
, (3.3)

∑

pol

(εµ3 (p3))
∗ εν3(p3) = −gµν +

pµ1p
ν
3 + pν1p

µ
3

p1 · p3
. (3.4)

We stress at this point that all Lorenz indices in Eq.(3.1) have to be understood as

d-dimensional. The explicit form of the projection operators can be found by making
an Ansatz in terms of the same linearly independent tensors as in Eq.(2.7)

P µνρ
j =

1

d− 3

[

c(j)1 gµν pρ2 + c(j)2 gµρ pν1 + c(j)3 gνρ pµ3 + c(j)4 pµ3p
ν
1p

ρ
2

]

, (3.5)

where j ∈ {1, 2, 3, 4}. The scalar functions c(j)i are unknown a priori; they are found

by requiring that Eq.(3.1) is satisfied. We obtain

c(1)1 =
t

s u
, c(1)2 = 0 , c(1)3 = 0 , c(1)4 = −

1

s u
,

c(2)1 = 0 , c(2)2 =
u

s t
, c(2)3 = 0 , c(2)4 = −

1

s t
,

c(3)1 = 0 , c(3)2 = 0 , c(3)3 =
s

t u
, c(3)4 = −

1

t u
,

c(4)1 = −
1

s u
, c(4)2 = −

1

s t
, c(4)3 = −

1

t u
, c(4)4 =

1

s t u
.

(3.6)

With these results at hand, we can compute each of the form factors separately.
Since the form factors are independent of the external polarization vectors, all the

– 7 –

When the full theory is considered the bottom-quark amplitudes are 
enhanced by (regular) logarithms of the ratio           in the region                                 

!
• Subject of discussion in the past years: what’s their impact at HO ?

Should they be resummed ? 
!

• Amplitude DL resummed in the abelian limit ~Cf^n as^n L^2n    
!
!
!
!
!
!
!

Corrections in the abelian limit beyond LO are moderate: at two loops ~ 2% 
of which only 0.2% is pt dependent (strong cancellations) - an order of 
magnitude smaller at 3 loops…

Masses and soft factorisation
Top and bottom loops have also a different behaviour with respect to 
factorisation of soft emissions in the region 

pt ⌧ mH ⌧ mt mb ⌧ pt ⌧ mH

H

W+

W�

W+

W�

H

pt
pt

p
t,veto = 25� 30GeV

Top loop: Bottom loop:

Soft gluons cannot resolve the 
top loop      factorisation OK)

Soft gluons can resolve a bottom 
loop      factorisation breaking?)

mbmtQuark masses

19

m2
b << p2t << m2

Hpt/mb

[Melnikov, Penin ‘16]
e.g.

Full NLO result important for %-level theory,  
all-order corrections expected to remain moderate
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Higgs transverse momentum distribution can be used to study Yukawa couplings of 
light quarks (b,c).  Unconventional logarithms that depend on the light quark 
masses. Re-summation of these logarithms is not understood. Impacts precision of 
the transverse momentum distribution. 
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Weak boson fusion gives access to Higgs coupling to vector boson -- same coupling 
that breaks the electroweak symmetry?   Very precise predictions are available -- in 
the factorization approximation.   Time to go beyond it. Computing H+2jets at 
NNLO for weak boson fusion kinematics will help further to improve the  precision 
of the coupling extraction.

Higgs gauge coupling

H

q

q

g

g

Beyond the factorization approximation Background at NNLO
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What will we need from pQCD

For this research program to succeed, it will be important: 

- to understand better the role of non-perturbative effects in collider QCD and their 
impact on observables; 
 
- to make parton showers a systematically-improvable approximation;

- to understand re-summations for more exclusive quantities; 

- to learn how to get around the exponential growth in algebraic complexity in multi-
loop  multi-parton computations ;

-  to find robust ways to compute Feynman integrals that do not rely on simplifications 
allowed by special cases (multi-mass cases etc.);

- to design physically-transparent and efficient subtraction schemes at NNLO.  Connect 
them to resummations  and parton showers. 
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Conclusions
Conclusions

Quantum Chromodynamics is both a very 
broad and very deep subject; during this 
week  we will talk about  just a  few topics 
that  are relevant for how QCD is used to 
describe hard hadron collisions. 

We will cover just a small fraction of what is 
out there to be learned -- just a tip of an 
iceberg.   Nevertheless, we all hope that 
these lectures will help you in your scientific 
endeavors.   Enjoy !
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