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•Thanks to the LOC for the invitation to review 
how “Lattice Field Theory is impacting the quest for 
new physics”

•Thanks to all who sent details on their work 



•Apologies to all I will not be able to address

‣ SUSY

‣ extradimensions

‣ new mechanism for mass generation

‣ non-perturbative Higgs physics

‣ Gauge/gravity duality

‣ Asymptotic Safety

Talks on Tue by: Kanata, Giedt, Schaich,  
August, Joseph, Giudice  

Talk on Thu by Garofalo

Talk on Thu by Alberti

Talks on Thu by Maas, Toerek

Talk on Mon by Bennett 
Talks on Fri by Forini, Berkowitz

Talk on Mon by Buyukbese, Bond
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The Standard Model

Gauge Fields 
+ Fermions 
+ Scalar
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• Spin 0?
• Is it a scalar (or pseudoscalar)?
• Coupling to other SM particles proportional to their mass?
‣ origin of mass

• Quantum effects consistent with SM Higgs?
• It is Elementary or Composite?

The SM Higgs?

ATLAS and CMS are providing precise measurements  
of the properties of the Higgs  

and strong constraints on Beyond SM physics



Claudio Pica

The Standard Model Works
∫
L dt

[fb−1] Reference

WZjjEWK 20.3 PRD 93, 092004 (2016)

W±W±jj EWK 20.3 PRL 113, 141803 (2014)

Wγγ 20.3 PRL 115, 031802 (2015)

Zγγ 20.3 PRD 93, 112002 (2016)

ZjjEWK 20.3 JHEP 04, 031 (2014)

t̄tγ 4.6 PRD 91, 072007 (2015)

t̄tZ 20.3 JHEP 11, 172 (2015)

3.2 ATLAS-CONF-2016-003

t̄tW 20.3 JHEP 11, 172 (2015)

3.2 ATLAS-CONF-2016-003

Zγ
4.6 PRD 87, 112003 (2013)

arXiv:1407.1618 [hep-ph]

20.3 PRD 93, 112002 (2016)
arXiv:1407.1618 [hep-ph]

Wγ 4.6 PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]

ts−chan 20.3 PLB 756, 228-246 (2016)

ZZ
4.6 JHEP 03, 128 (2013)

20.3 ATLAS-CONF-2013-020

3.2 PRL 116, 101801 (2016)

WZ
4.6 EPJC 72, 2173 (2012)

20.3 PRD 93, 092004 (2016)

3.2 arXiv:1606.04017 [hep-ex]

Wt 2.0 PLB 716, 142-159 (2012)

20.3 JHEP 01, 064 (2016)

γγ 4.9 JHEP 01, 086 (2013)

WW 4.6 PRD 87, 112001 (2013)

20.3 arXiv:1603.01702 [hep-ex]

tt−chan
4.6 PRD 90, 112006 (2014)

20.3 ATLAS-CONF-2014-007

3.2 ATLAS-CONF-2015-079

t̄t
4.6 EPJC 74: 3109 (2014)

20.3 EPJC 74: 3109 (2014)

3.2 arXiv:1606.02699 [hep-ex]

Z 0.035 PRD 85, 072004 (2012)

0.081 arXiv:1603.09222 [hep-ex]

W 0.035 PRD 85, 072004 (2012)

0.081 arXiv:1603.09222 [hep-ex]

γ
4.6 PRD 89, 052004 (2014)pT > 100 GeV

20.2 arXiv: 1605.03495 [hep-ex]pT > 25 GeV

Dijets R=0.4 4.5 JHEP 05, 059 (2014)0.3 < mjj < 5 TeV
Jets R=0.4 4.5 JHEP 02, 153 (2015)0.1 < pT < 2 TeV

pp 8×10−8 Nucl. Phys. B, 486-548 (2014)

σ [pb]
10−4 10−3 10−2 10−1 1 101 102 103 104 105 106 1011

data/theory
0.5 1 1.5 2 2.5

Theory

LHC pp
√
s = 7 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 8 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 13 TeV

Data
stat
stat ⊕ syst

Standard Model Production Cross Section Measurements Status: June 2016

ATLAS Preliminary

Run 1,2
√
s = 7, 8, 13 TeV
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The Standard Model Works
Model e, µ, τ, γ Jets Emiss

T

∫
L dt[fb−1] Mass limit Reference
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Other

MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.055251.85 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 3.2 m(χ̃

0
1)<250 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1605.038141.03 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 3.2 m(χ̃

0
1)<250 GeV 1605.038141.51 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 2-6 jets Yes 3.3 m(χ̃
0
1)<350 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1605.042851.6 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20 m(χ̃
0
1)=0 GeV 1501.035551.38 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-10 jets Yes 3.2 m(χ̃

0
1) =100 GeV 1602.061941.4 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 To appear2.0 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 1507.054931.37 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 20.3 m(χ̃
0
1)<850 GeV, cτ(NLSP)<0.1 mm, µ>0 1507.054931.3 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290900 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 3.3 m(χ̃

0
1)<800 GeV 1605.093181.78 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 3.3 m(χ̃
0
1)=0 GeV 1605.093181.8 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.37 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 3.2 m(χ̃

0
1)<100 GeV 1606.08772840 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 3.2 m(χ̃

0
1)=50 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV 1602.09058325-540 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7/20.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, 1407.0583117-170 GeVt̃1 200-500 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3 m(χ̃
0
1)=1 GeV 1506.08616, 1606.0390390-198 GeVt̃1 205-715 GeVt̃1 745-785 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-245 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-600 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-610 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1 e, µ 6 jets + 2 b Yes 20.3 m(χ̃
0
1)=0 GeV 1506.08616320-620 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV 1403.529490-335 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-475 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350355 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029715 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029425 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, sleptons decoupled 1501.07110270 GeVχ̃±

1 , χ̃
0

2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086635 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493115-370 GeVW̃

GGM (bino NLSP) weak prod. 2 γ - Yes 20.3 cτ<1 mm 1507.05493590 GeVW̃

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 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 1506.05332495 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584850 GeVg̃

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 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542440 GeVχ̃0

1

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 1504.051621.0 TeVχ̃0

1

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

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 20.3 λ′
311

=0.11, λ132/133/233=0.07 1503.044301.7 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.45 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% 1502.05686917 GeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 6-7 jets - 20.3 m(χ̃

0
1)=600 GeV 1502.05686980 GeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.2500880 GeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 3.2 ATLAS-CONF-2016-022345 GeVt̃1
t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

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

0
1)<200 GeV 1501.01325510 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: July 2016

ATLAS Preliminary
√
s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new
states or phenomena is shown.
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The Standard Model Works
Model ℓ, γ Jets† Emiss

T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

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

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

ADD QBH − 2 j − 3.6 n = 6 1512.015308.3 TeVMth

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

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

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 1504.055112.66 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 3.2 k/MPl = 1.0 ATLAS-CONF-2015-0751.06 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 3.2 k/MPl = 1.0 1606.04782480-770 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

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

SSM Z ′ → ℓℓ 2 e, µ − − 3.2 ATLAS-CONF-2015-0703.4 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

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

SSM W ′ → ℓν 1 e, µ − Yes 3.2 1606.039774.07 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 3.2 gV = 1 ATLAS-CONF-2015-0681.6 TeVW′ mass

HVT W ′ →WZ → qqqq model A − 2 J − 3.2 gV = 1 ATLAS-CONF-2015-0731.38-1.6 TeVW′ mass

HVT W ′ →WH → ℓνbb model B 1 e, µ 1-2 b, 1-0 j Yes 3.2 gV = 3 ATLAS-CONF-2015-0741.62 TeVW′ mass

HVT Z ′ → ZH → ννbb model B 0 e, µ 1-2 b, 1-0 j Yes 3.2 gV = 3 ATLAS-CONF-2015-0741.76 TeVZ′ 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 − 3.6 ηLL = −1 1512.0153017.5 TeVΛ
CI qqℓℓ 2 e, µ − − 3.2 ηLL = −1 ATLAS-CONF-2015-07023.1 TeVΛ

CI uutt 2 e, µ (SS) ≥ 1 b, 1-4 j Yes 20.3 |CLL | = 1 1504.046054.3 TeVΛ

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

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

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

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

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

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

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

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

T5/3 →Wt 1 e, µ ≥ 1 b, ≥ 5 j Yes 20.3 1503.05425840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 3.6 only u∗ and d∗, Λ = m(q∗) 1512.015305.2 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 3.2 1603.087912.1 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

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

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

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

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

Higgs triplet H±± → ℓℓ 2 e, µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass

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

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

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

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

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: March 2016

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

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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• Minimal Walking Technicolor search at LHC

The Standard Model Works

 [TeV]AM
0.5 1 1.5 2 2.5

g~
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Dilepton 95% Exclusion 
Dilepton 95% Expected limit 
Theory Inconsistent
Running regime
EW precision test

ATLAS
 = 8 TeVs

 ll→ 2, R1R
-1 L dt = 20.3 fb∫ee: 

-1 L dt = 20.5 fb∫: µµ

 PRD 90, 052005 (2014)

Effective model for the 
analysis described in:
Eur.Phys.J.Plus 126 (2011) 81 
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The Standard Model Works

Particle mass [GeV]
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ATLAS+CMS
SM Higgs boson

] fitε[M, 
68% CL
95% CL

Run 1 LHC
CMS and ATLAS

arXiv:1606.02266

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

mH = 125.09±0.24 GeV

Phys. Rev. Lett. 114, 191803
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Theoretical 

• Effective description / not UV complete
• EW scale stability / naturality
• Flavour problem / undetermined  

fermion masses & mixing angles
• EW vacuum meta-stability…

Unexplained phenomena 

• Neutrino masses and their origin/nature 
• Dark matter / dark energy
• Matter-antimatter asymmetry
• gravity…

Flaws of the SM
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[1307.3536], [1306.3234]

Plenary Talk Rinaldi

Plenary Talk Nicholson
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Experimental tensions 

• g-2

• proton radius puzzle

• some few sigma deviations in heavy flavour / lepton systems

• some “bumps”…

Flaws of the SM

Plenary Talk Wittig
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• heavy vectors ?

Tantalising hints of new physics?
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• new scalars?

Tantalising hints of new physics?

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

]
σ

 L
oc

al
 s

ig
ni

fic
an

ce
 [

0

0.5

1

1.5

2

2.5

3

3.5

4

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

 [%
]

X
m/

X
Γ 

0

2

4

6

8

10
ATLAS -1 = 13 TeV, 3.2 fbs Spin-0 Selection

Few sigmas excesses come and go… 
stay tuned for updates soon
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• Most models for BSM traditionally based on weakly-coupled/
calculable extensions. Experimental bounds are now 
constraining many models to tight corners of parameter space

• Strongly coupled model requiring non-perturbative dynamics 
are becoming more popular. In particular for the Lattice:  

Walking Technicolor and pNGB Composite Higgs

• Phenomenology needs non-perturbative input for strongly 
coupled models: quantum symmetries, spectrum, low energy 
constants, …

Lattice and BSM physics

Lattice can provide input for BSM physics/searches! 



Claudio Pica

Anatomy of Composite Higgs

LSM°Hi g g s

X
GSM = SU (3)£SU (2)£U (1)
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Anatomy of Composite Higgs

LSM°Hi g g s +LSD

• “Higgs Impostor”: Scalar composite state
• W/Z mass generation
• new resonance spectrum (dark matter?)
• …

LSD =° 1
4

F 2
µ∫+ i√ /D√

Gauge group:
Nf fermions √

GTC = SU (N ), SP (N ), SO(N ), . . .
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Anatomy of Composite Higgs

LSM°Hi g g s +LSD +Li nt

       contains:
• (effective) interactions to generate SM fermion masses, 

such as:                ,

among SM fermions    and operators     from SD

• other possible dim=6 or higher operators:  
⇒ FCNC

Li nt

q O

1

§2
UV

qqOB
1

§2
UV

qOF

1

§2
UV

qqqq
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Anatomy of Composite Higgs

LSM°Hi g g s +LSD +Li nt

UV

IR

1 TeV

5~10 TeV

~103-4 TeV

LgSM +new physics

LUV
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Anatomy of Composite Higgs

LSM°Hi g g s +Li nt

UV

IR

1 TeV

5~10 TeV

~103-4 TeV

LgSM +new physics

LUV
+LSD

On the Lattice we only study the SD in isolation

Realistic phenomenology requires taking into account back-
reactions from SM and other interactions. 

1. Identify quantities which only depend on the new SD 
2. Compute (small?) corrections from other sectors 

Ruling in or out a realistic model always requires to 
consider the full setting!
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• If EWSB is due to a new of strongly-interacting sector with fermions, one 
would expect, in general, composite scalar particles 

• To not be excluded by experiments, this scalar states should mimic a SM-like 
Higgs boson: correct mass and couplings

• This could happen if the composite scalar is a light pseudo-Goldstone boson of 
some broken symmetry:

Composite Higgs from SD?

I  
scale invariance symmetry 

(dilaton) 

Walking Technicolor

2 
Flavour symmetry  

(pNGB) 

pNGB Higgs



Claudio Pica

I.  Walking Technicolor

B. Holdom, Phys. Rev. D 24, 1441 (1981); Phys. Lett. B 150, 301 (1985)
K. Yamawaki, M. Bando and K. I. Matumoto, Phys. Rev. Lett. 56, 1335 (1986)
T. Akiba and T. Yanagida, Phys. Lett. B 169, 432 (1986)
T. W. Appelquist, D. Karabali and L. C. R. Wijewardhana, Phys. Rev. Lett. 57, 957 (1986)
 T. Appelquist and L. C. R. Wijewardhana, Phys. Rev. D 35, 774 (1987); Phys. Rev. D 36, 568 (1987).
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Plus 

• Natural

• UV complete theories 
available to explore

Minus 

• Fermion masses vs FCNC

• Electroweak precision data

• Light Higgs

• Higgs couplings

Technicolor

TCfermion condensate breaks EW
Higgs is the lightest scalar excitation of the condensate
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• Extended TC interactions are needed. 

•             , below           :

SM Fermion Masses

QL

QR

ETC

ψL

ψR

ETC

ψL

QL

QR

ψR

§ET C Æab
Q̄T aQ√̄T b√

§2
ETC

+Øab
Q̄T aQQ̄T bQ

§2
ET C

+∞ab
√̄T a√√̄T b√

§2
ETC

Li nt

TCquark

SM fermion
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SM Fermion Masses
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See [1005.5727], [1104.1255]
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SM Fermion Masses

Æab
Q̄T aQ√̄T b√

§2
ETC

+Øab
Q̄T aQQ̄T bQ

§2
ET C

+∞ab
√̄T a√√̄T b√

§2
ETC

SM fermion mass

m ª hQQiET C

§2
ETC

hQQiETC = hQQiT C exp

∑Z§ETC

§TC

dµ

µ
∞(Æ(µ))

∏
hQQiT C º§3

T C

In QCD-like dynamics: Æ(µ) ª 1
lnµ

∞/Æ ) hQQiETC ' hQQiT C

µ
ln
§ETC

§TC

∂k

m ª§TC

µ
§TC

§ETC

∂2

) ª 1 MeV Need enhancement 
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Walking Technicolor

α

EnergyΛTC

Running 
QCD-Like

�

Energy�U

�*

IR fixed point
IR conformal

α

EnergyΛETCΛTC

Walking 
Deformed/“Near” IR conformal
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SM Fermion Masses - Walking

Æab
Q̄T aQ√̄T b√

§2
ETC

+Øab
Q̄T aQQ̄T bQ

§2
ET C

+∞ab
√̄T a√√̄T b√

§2
ETC

SM fermion mass

m ª hQQiET C

§2
ETC

hQQiETC = hQQiT C exp

∑Z§ETC

§TC

dµ

µ
∞(Æ(µ))

∏
hQQiT C º§3

T C

Extreme Walking: )

) Need large 

∞' ∞§Æ(µ) 'Æ§ hQQiETC ' hQQiTC

µ
§ETC

§TC

∂∞§

m ª§T C

µ
§TC

§ETC
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4-Fermion interactions

Æab
Q̄T aQ√̄T b√

§2
ETC

+Øab
Q̄T aQQ̄T bQ

§2
ET C

+∞ab
√̄T a√√̄T b√

§2
ETC

4-F  
interactions

Modify SD:

• Generate mass for TCpions

• If TC conformal:
‣ change anomalous dimensions? 
‣ drive away from IR fixed point / generate Walking 

ETCΠ Π

 Fukano, Sannino, “Ideal Walking”, arXiv:1005.3340Talk Rantaharju Thu 
see also: Talk Schmidt Wed
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S-parameter
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DR

6º

Models with small number ND of gauged fermions favored

Some indications of reduced S-parameter near the 
conformal window
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S-parameter
SU(3) FundamentalLSD collaboration, 

Phys.Rev. D90 (2014) no.11, 114502  
Phys.Rev.Lett. 106 (2011) 231601   

Difficult chiral extrapolation when approaching the CW

More investigations of this mechanism needed
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SM radiative corrections shift the TC Higgs mass

Narrow due to kinematics, similar to  
f0(980) in QCD

Light TC Higgs

t

W Z

R. Foadi, M. Frandsen, F. Sannino, 
Phys.Rev. D 87, 095001
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• Near the conformal window, as conformal invariance of the theory is 
approximatively restored, one can speculate the existence of an associated pNGB, 
the dilaton

Consider the theory:

Introduce a “conformal compensator”:                              (under scale tranf.)

The Lagrangian is scale invariant if we replace:

where              is the scale of conformal symmetry breaking. 

Introducing                           and expanding around             , we have:

Dilaton Higgs

L =
X

i

g

i

(µ)O
i

(x), with [O
i

] = d

i

¬(x) ! e

∏¬(e

∏
x)

gi (µ) ! gi

µ
µ
¬

f

∂µ
¬

f

∂4°di

f = h¬i

¬̄(x) =¬(x)° f f = h¬i

L¬ =
1
2
@µ¬̄@

µ¬̄+ ¬̄

f
T µ

µ+·· ·

See e.g. Goldberger, Grinstein, Skiba [0708.1463]
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Replacing the SM Higgs with the dilaton in the same way:

(at tree level) which is identical in form to the couplings of the SM Higgs. 

Couplings to gluons and the photon are induced in the same way as for 
the SM Higgs and are also similar if          (EW vev).

For Walking TC           is expected since the same TCquark condensate 
breaks EW and conformal invariance.

       Similar couplings to the SM Higgs,  
       difficult to distinguish at the experiments!  

Dilaton Higgs

L¬,SM =
µ

2¬̄
f

+ ¬̄
2

f 2

∂∑
m2

W W +
µ W °µ+ 1

2
m2

Z ZµZµ
∏
+ ¬̄

f

X

√
m√√̄√

f ª v

f ª v

)
Bellazzini et al. [1209.3299]

See e.g. Goldberger, Grinstein, Skiba [0708.1463]
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2.  pNGB Higgs

D. B. Kaplan and H. Georgi, Phys. Lett. B 136, 183 (1984)
D. B. Kaplan, H. Georgi and S. Dimopoulos, Phys. Lett. B 136, 187 (1984)
T. Banks, Nucl. Phys. B 243, 125 (1984)
H. Georgi, D. B. Kaplan and P. Galison, Phys. Lett. B 143, 152 (1984).
H. Georgi and D. B. Kaplan, Phys. Lett. B 145, 216 (1984).
M. J. Dugan, H. Georgi and D. B. Kaplan, Nucl. Phys. B 254, 299 (1985)
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Plus 

• Higgs is light

• Gauge boson couplings

Minus 

• Higgs mass

• EW vacuum alignment 

• Fermion masses

Composite pNGB Higgs
Higgs is a pseudo Goldstone boson

EW symmetry broken via radiative corrections
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Consider a SD with global symmetry breaking pattern 

which preserves custodial symmetry. To give the correct hyper-
charge to all SM fields we need a NGB with

For EW breaking the minimal cosets are:

pNGB Higgs

As far as the EW sector is concerned, the possible minimal custodial
cosets of this type are

4 ( ↵,  ̃↵) Complex SU(4)⇥ SU(4)0/SU(4)D

4  ↵ Pseudoreal SU(4)/Sp(4)

5  ↵ Real SU(5)/SO(5)

E.g. SU(4)/SO(4) is not acceptable since the pNGB are only in the
symmetric irrep (3, 3) of SO(4) = SU(2)L ⇥ SU(2)R and thus we do
not get the Higgs irrep (2, 2).

pNGB content under SU(2)L ⇥ SU(2)R: (X = 0 everywhere)
I Ad of SU(4)D ! (3, 1) + (1, 3) + 2 ⇥ (2, 2) + (1, 1)
I A2 of Sp(4) ! (2, 2) + (1, 1)
I S2 of SO(5) ! (3, 3) + (2, 2) + (1, 1)

9/49

SU(3) Nf=4 Fund Dirac

SU(2) Nf=2 Fund Dirac

SU(4) Nf=2.5 2-A Dirac

Higgs = (2,2)0 2GF /HF

GF ! HF ∂ SU (2)L £SU (2)R £U (1)X
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• Loop corrections of EW gauge bosons will generate a potential for 
the Higgs but will not break EW symmetry (Higgs remains 
massless)

• However in any realistic model, couplings to SM 
fermions will be present

• in particular top quark corrections will offset the minimum and 
generically tend to align the vacuum in the EW symmetry breaking 
(TC) direction

pNGB Higgs

TC

CH

✓

1

§2
UV

qqOB
1

§2
UV

qOF

ETC like Linear coupling
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• Another generic feature of pNGB Higgs models is that 
couplings to the EW gauge bosons and SM fermions mimic 
those of the SM Higgs for small 𝜃

pNGB Higgs couplings

gW W h1

g SM
W W h

= 1+Cµ+O (µ2)

gt th1

g SM
t th

= 1+Dµ+O (µ2)
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Fermion masses are generated via linear couplings

If dim[OF]≤2.5 then large SM fermion masses can be generated.  
E.g. if OF is a baryon, then we should have 𝛾B≥2   (unitarity bound 3) 

Other possibilities exist: e.g. if the new strong sector feature elementary 
TCcoloured scalars then OF can be a composite        which have 
engineering dimension 5/2, so that no anomalous dimension is needed. 
Realistic models which can generate all SM masses exist.  

Partial Compositeness

1

§2
UV

qOF mq ª v

µ
§

§UV

∂2(dim[OF ]°5/2)

™S

See Sannino, Strumia, Tesi, Vigiani [1607.01659] 

See also Pica, Sannino [1604.02572]
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• SU(3) with Nf>6 Fund Dirac fermions [Vecchi 1506.00623]

• For SD models with only fermions and 2 representations [Ferretti 1604.06467]

Partial Compositeness Models

This is the list of theories that are likely to be outside the conformal
window but still have enough matter to realize the mechanism of
partial compositeness:

GHC  � G/H

SO(7, 9) 5 ⇥ F 6 ⇥ Spin SU(5)
SO(5)

SU(6)
SO(6) U(1)

SO(7, 9) 5 ⇥ Spin 6 ⇥ F
Sp(4) 5 ⇥ A2 6 ⇥ F SU(5)

SO(5)
SU(6)
Sp(6) U(1)

SU(4) 5 ⇥ A2 3 ⇥ (F,F) SU(5)
SO(5)

SU(3)⇥SU(3)0

SU(3)D
U(1)

SO(10) 5 ⇥ F 3 ⇥ (Spin, Spin)
Sp(4) 4 ⇥ F 6 ⇥ A2 SU(4)

Sp(4)
SU(6)
SO(6) U(1)

SO(11) 4 ⇥ Spin 6 ⇥ F
SO(10) 4 ⇥ (Spin, Spin) 6 ⇥ F SU(4)⇥SU(4)0

SU(4)D

SU(6)
SO(6) U(1)

SU(4) 4 ⇥ (F,F) 6 ⇥ A2

SU(5, 6) 4 ⇥ (F,F) 3 ⇥ (A2,A2)
SU(4)⇥SU(4)0

SU(4)D

SU(3)⇥SU(3)0

SU(3)D
U(1)

23/49

See also talk by Del Debbio [Thu] 
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• Location of the boundary of the Conformal Window

• Can we exhibit an IR conformal model with               ?
‣ or one with large anomalous dimensions for baryons ~2?

• Find SD models with light scalars / “Higgs impostors”
‣ how the spectrum of SD changes when approaching the CW?
‣ is the light scalar a dilaton?

• Couplings of the composite Higgs

• Spectrum, S-parameter, other LEC of viable models

Impact of Lattice

∞§ ª 1
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SU(N) phase diagram @ Lattice 2016

SU(N)
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Multiple Representations @ Lattice 2016

In the first two cases, the hypercolor group is fixed and we scan
over the two irreps:

SU(4) case: • = 1404.7137
• = “swapped”

Sp(4) case: • = 1311.6562
• = “swapped”

26/49

From G. Ferretti

?

# Weyl fermions

SU(4)

For an estimate of the conformal window, see also: 
Ryttov, Sannino, Int.J.Mod.Phys. A25 (2010) 4603-4621 [0906.0307]  
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Conformal Window / Large 𝛾* 
new results at Lattice 2016
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• Long history of previous studies  
(see review talks at past Lattice conferences)  

• New high precision study of GF coupling with controlled systematics
• Use of significantly larger volumes respect to previous state-of-the-art.

SU(3) Nf=12

Talk by Nogradi [Tue] 

 a2/L2 ×10-3
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s=2 stepped lattice sizes: L/a = 32, 36, 40, 48, 56

 Tuned targets for steps from L/a = 16, 18, 20, 24, 28
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• Long history of previous studies  
(see review talks at past Lattice conferences)  

• New high precision study of GF coupling with controlled systematics
• Use of significantly larger volumes respect to previous state-of-the-art.

SU(3) Nf=12

Talk by Nogradi [Tue] 
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• Long history of previous studies  
(see review talks at past Lattice conferences)  

• New high precision study of GF coupling with controlled systematics
• Use of significantly larger volumes respect to previous state-of-the-art.
• Exclude fixed-point around 1-𝜎 of  

previous best estimate of location

• Fixed point at higher g2 ??

SU(3) Nf=12

Talk by Nogradi [Tue] 

 g2(L) 
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(g
2 (s

L)
-g

2 (L
))/

lo
g(

s2 )

-0.1

-0.05

0

0.05

0.1

0.15
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IRFP from Reference [1]

scale factor s=2

 continuum limit of Nf=12 step β-function 

Use of Large Volumes is  
mandatory close to IR point! 
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• Updates [arXiv:1603.08854] with larger 32 volume
• Finite volume GF coupling with Optimal Domain-Wall fermion action

SU(3) Fund Nf=10
Talk by Chiu [Tue] 

Renormalized Couplings with 

6T.W. Chiu,  SU(3) with Nf=102016/7/26

8 0.3tc
L

  

2Other values of ( , ) are obtained by cubic spline interpola on.tig L a
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• Updates [arXiv:1603.08854] with larger 32 volume
• Finite volume GF coupling with Optimal Domain-Wall fermion action

SU(3) Nf=10
Talk by Chiu [Tue] Results of Discrete β-function (cont)

13T.W. Chiu,  SU(3) with Nf=102016/7/26

Results of Discrete β-function (cont)

14T.W. Chiu,  SU(3) with Nf=102016/7/26

Results of Discrete β-function (cont)

15T.W. Chiu,  SU(3) with Nf=102016/7/26
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• Updates [arXiv:1603.08854] with larger 32 volume
• Finite volume GF coupling with Optimal Domain-Wall fermion action

• Largest volume still running
• Estimate of systematic error of  

continuum extrapolation needed

• Anomalous dimensions 𝛾* ?

SU(3) Nf=10
Talk by Chiu [Tue] 

Discrete β-function of SU(3) Gauge Theory with Nf=10

16T.W. Chiu,  SU(3) with Nf=102016/7/26
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• measure of GF coupling with SF bc  
Similar method to previous Nf=8 determination

• extrapolation near FP still affected by systematics: larger volumes required?
• small 𝛾* ?

SU(2) Fund Nf=6
Talk by Leino [Thu] 

Posters by Tähtinen, Soursa [Tue] 

Continuum limit

12 � 30 8 � 24

• L20-30 has less statistics than L8-12
• L8-12 behaves oddly on strong coupling and L8 was not used

when defining ⌧0
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MASS ANOMALOUS DIMENSION OF
SU(2) USING THE
SPECTRAL DENSITY METHOD

Joni M. Suorsa1, Viljami Leino1,
Jarno Rantaharju2, Teemu Rantalaiho1,
Kari Rummukainen1, Kimmo Tuominen1,
Sara Tähtinen1, and David J. Weir3

1University of Helsinki and Helsinki Institute of Physics
2CP3-Origins, University of Southern Denmark
3University of Stavanger

BACKGROUND

Infrared-conformal gauge theories have been considered as models for physics
beyond the Standard Model. In these models the anomalous dimension of the
fermion operator ÂÂ, “

m

, plays an important role. The scaling exponent of
the spectral density of the massless Dirac operator is a function of the mass
anomalous dimension, and thus it can be extracted by studying the behaviour of
the eigenvalue distribution of the Dirac operator.

SETUP

The theory which we are studying is SU(2) with N

f

= 8 and N

f

= 6 fermions in
the fundamental representation. We use HEX smeared, clover improved Wilson
fermions with Schrödinger functional boundary conditions, and we have tuned
the PCAC quark mass to zero. We calculate the integrated spectral density,
the mode number, per unit volume stochastically [1]. We use from 16 to 20
configurations for the calculation for each value of the gauge coupling.

Figure 1: Mode number data on the right for N

f

= 6 with V = 244 and on the left for N

f

= 8
with V = 324. The dashed line shows the fit range.

POWER LAW FIT

The mode number in the vicinity of the IR-fixed point has an approximate form
of a power law [2, 3]

‹(�) ƒ ‹0 + A

⇥
�2 ≠ m

2⇤ 2
1+“ú , (1)

where ‹0 and A are an additive and a multiplicative constant respectively, m is
the quark mass and “ú is the mass anomalous dimension “

m

near the fixed point.
Since we tune the PCAC mass to zero, we expect the two constants ‹0 and m

2 to
be close to zero, and in our investigations we found this to be the case. Setting
the two constants to zero had a negligible e�ect on the numerical value of “ú,
and thus our fitting function is

‹(�) ƒ A�
4

1+“ú. (2)

The range of eigenvalues where Eq. 2 holds is not known a priori, and needs
to be determined by trial and error. We established this range by matching the
results obtained using this method to the results obtained by the Schrödinger
functional step scaling method and the perturbative prediction for small coupling
values.

To obtain “ú we fit Eq. 2 to the data in Fig. 1, and our results are summarised
in Fig 2. When the data is presented as in the upper row, the range where Eq. 2
holds will appear as a straight line. The red dashed line shows our fit range.

Figure 2: Our main results for “ú as a function of the gradient flow coupling constant using the
spectral density method. The curves are of descending gauge coupling order. The red and blue
solid lines correspond to the first order and fourth order perturbative results.

COMPARISON WITH OTHER METHODS

We have identified the presence of a fixed point for N

f

= 6 at g

2
GF

≥ 14 and for
N

f

= 8 at g

2
GF

≥ 8. For more details about this see the talk by Viljami Leino.
We have also calculated the mass anomalous dimension using the Schrödinger
functional step scaling method [4], and by fitting the correct power law behaviour
M Ã m

1/(1+“)
Q

to our spectrum data. The mass anomalous dimension calculated
with each of these methods are summarised in Table 1. For more details about
the spectrum measurements see the poster by Sara Tähtinen.

Figure 3: The mass anomalous dimension of SU(2) with N

f

= 8 as a function of the gradient
flow coupling constant obtained using the mass step scaling method.

N

f

— “
M

“
SD

“
SF

6 0.5 0.382(12) 0.280(2) 0.142(27)
0.6 0.314(7) 0.231(2) 0.414(63)
0.8 0.248(3) ≥ 0.16 0.157(21)

8 0.6 0.293(30) ≥ 0.13 0.072(24)
0.8 0.238(31) 0.111(1) 0.109(14)

Table 1: Comparison of obtained “ú values between di�erent methods. The values for the
spectral density method quoted without errors are based on interpolation from the data.

CONCLUSIONS
Since the Schrödinger functional step scaling method shows nontrivial behaviour
near the fixed point, complementary methods for determining the mass anomalous
dimension are warranted. While our results for the mass anomalous dimension
using the step scaling method and the spectral density method agree for some
coupling values, there is an unresolved discrepancy between our results with
di�erent methods. This comparison is further complicated by the unexpected
behaviour of the step scaling method at the fixed point.
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• Spectrum (including scalar) and 𝛾*
‣ new results for Nf=2, 3/2
‣ 2 lattice spacings

SU(2) Adj Nf=2, 3/2
Talk by Bergner [Mon] 

INTRO Nf = 2 Nf = 3/2 Nf = 1, 1/2 CON

Particle spectrum of Minimal Walking Technicolour:
smaller lattice spacing
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Claudio Pica

• Spectrum (including scalar)

SU(2) Adj Nf=2, 3/2
Talk by Bergner [Mon] 

NF=2

INTRO Nf = 2 Nf = 3/2 Nf = 1, 1/2 CON

Particle spectrum of Minimal Walking Technicolour
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constant mass ratios
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INTRO Nf = 2 Nf = 3/2 Nf = 1, 1/2 CON

Particle spectrum of Minimal Walking Technicolour:
smaller lattice spacing
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𝛽=1.5 𝛽=1.7

Significant 𝛽 dependence, Finite size effects at small quark mass.
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• First results for Nf=3/2

SU(2) Adj Nf=2, 3/2
Talk by Bergner [Mon] 

NF=3/2
INTRO Nf = 2 Nf = 3/2 Nf = 1, 1/2 CON

New results for Nf = 3/2
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light scalar, spectrum comparable to the Nf = 2 case

di↵erent from MWT: spin-1/2 mass similar to mV

13/15

INTRO Nf = 2 Nf = 3/2 Nf = 1, 1/2 CON

New results for Nf = 3/2

aM

amPCAC

amV
amspin� 1

2am0++

aF⇡
amS

amPV
amPS

16

3 ⇥ 32

M
/m

P
S

amPCAC

mV/mPS
mspin� 1

2
/mPS

F⇡/mPS
mS/mPS
16

3 ⇥ 32

�⇤ from mass spectrum: 0.495(78)

�⇤ from modenumber: � = 1.5: 0.40(5); � = 1.7: 0.32(5)

light scalar, spectrum comparable to the Nf = 2 case

di↵erent from MWT: spin-1/2 mass similar to mV

13/15



Claudio Pica

• Significant 𝛽 dependence, needs to be clarified
‣ corrections to scaling? larger volumes?

• Very large volumes required as demonstrated  
in [ arXiv:1512.08242] for Nf=2

• Large 𝛾* for Nf=1 ? Inside the CW? 
‣ See also [1412.5994] 

SU(2) Adj Nf=2, 3/2, 1, 1/2
Talk by Bergner [Mon] 

INTRO Nf = 2 Nf = 3/2 Nf = 1, 1/2 CON

Comparison with Nf = 1 and Nf = 1/2

Theory scalar particle �⇤ small � �⇤ larger �
Nf = 1/2 SYM part of multiplet – –
Nf = 1 adj QCD light 0.92(1) 0.75(4)⇤

Nf = 3/2 adj QCD light 0.40(5)⇤ 0.32(5)⇤

Nf = 2 adj QCD light 0.376(3) 0.274(10)
(⇤ preliminary)

SYM: SUSY provides multiplet structure of states, confining

other theories: light scalar, light spin-1/2 state for Nf = 2
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Models Light 𝜎 Scalars
new results at Lattice 2016



Claudio Pica

• Mass deformation induces “Walking”

SU(3) Fund Nf=4l+8h
Talks by Hasenfratz, Rebbi [Mon] 
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4+8 flavors : “walking” running coupling 

               develops a “shoulder”  as m� → 0 : this is walking ! 
Walking range can be tuned arbitrarily with m� 

gGF2 (µ)

Nf=4 : running fast

m!= 0 
There are error bars on 
this plot!
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• Light scalar as mh is decreased.
‣ How light is it? Requires controlled extrapolation…

• Other ratios appear only mildly dependent on mh , i.e “QCD-like”

SU(3) Fund Nf=4l+8h
Talks by Hasenfratz, Rebbi [Mon] 

Spectrum of light fermion composite states
from [PRD 93 (2016) 075028]
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Observations:
0++ is light (M

0

++ < M⇢), it tracks the pion.
M⇡/F⇡ bends down indicating that the system is chirally broken.
For growing mh and m` ! 0 the system approaches QCD, for decreasing
mh and m` ⇠ mh we approach degenerate 12 flavors.
The ratios appear largely independent of mh!
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See also [1512.02576 ]
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• Hyperscaling in spectrum expected close to an IR fixed point: 

SU(3) Fund Nf=4l+8h
Talks by Hasenfratz, Rebbi [Mon] 

The gauge coupling in Nf=12 runs slow -  
             is not a (very) good approximation, corrections are needed 

Ratios scale as 

c0 depends on g2 and the observable, ω is universal : both can be  
determined from Nf=12 studies

g→ g!
Cheng, A.H.,Y. Liu,Petropoulos, 
Schaich,PRD90 (2014) 014509  

MH1
/Fπ = !ΦH (mℓ /mh)(1+ c0mh

ω )

Hyperscaling in the light mass spectrum

from [PRD 93 (2016) 075028]
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Hyperscaling in the spectrum of heavy fermion composites
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The increase of the ratios Mhh
H /F⇡ for a?m` ! 0 is

due to the decrease of F⇡, which tends to a small
but non-zero value in the same limit. To the extent
that F⇡(m` = 0) set the EW scale the high values
of the ratios have physics significance.
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light-light hadrons

heavy-heavy
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• New: Preliminary 𝜂’ from topological charge density with WF smearing

• Relatively heavy 𝜂’ ~ 3TeV (assuming Fps=246GeV)

SU(3) Sextet Nf=2
Talks by Kuti, Wong for LHC [Mon,Tue] 

Selected new
results from the
Spectroscopy

in the sextet BSM
Model

Chik Him (Ricky)
Wong
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Gradient Flow
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• Nearly conformal model with light 𝜎

• Spectrum not compatible with mass-deformed hyper scaling

• Problem of chiral extrapolation in presence of a light 𝜎

SU(3) Sextet Nf=2
Talks by Kuti, Wong for LHC [Mon,Tue] 

Selected new
results from the
Spectroscopy

in the sextet BSM
Model

Chik Him (Ricky)
Wong

Outline

Review

h Spectroscopy
Correlator construction

Improvement using
Gradient Flow

Preliminary Results

Conclusion

Sextet model as Composite Higgs candidateSextet model as Composite Higgs candidate
Consistent with cSB

Static Quark Potential: Confining (Fodor et al, PoS (Lattice 2012) 025)

Chiral condensate: Non-zero (Fodor et al, PoS (LATTICE 2013) 089)

b function of gR : No IRFP is observed (Fodor et al, Phys.Rev. D94 (2016) no.1, 014503 )

Hadron Spectroscopy
Action: Tree-level Symanzik-Improved 2-stout r = 0.15 smeared
gauge action with Staggered Nf = 2 Sextet SU(3) fermions
Previously:(Fodor et al, PoS (LATTICE 2014) 244)
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• Sextet model with non-improved Wilson fermions
• Study of the phase diagram, spectrum, w0/t0 scale setting
• Preliminary analysis shows no clear signs of ChSB, but conformal 

hypothesis does not fit well data

SU(3) Sextet Nf=2
Talk by Hansen [Thu] 

Spectrum
๏ Meson and baryon spectrum for β = 5.4

0 0.05 0.1 0.15 0.2 0.25
MPCAC

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

M
as

s

Baryon 3/2
Baryon 1/2
Axial
Vector
Pseudoscalar

Preliminary

Region I → II

Region II
Weak coupling

Region III

Region I
Strong coupling

Region IV

β

m
0

4 4.5 5 5.5 6 6.5
−2

−1.5

−1

−0.5

0



Claudio Pica

• Updated spectrum for Nf=8, see LatKMI [1403.5000]
• New results for Nf=4
• New: 𝜂’ mass from topological charge density with WF smearing

SU(3) Fund Nf=8, 4
Talk by Aoki for LatKMI [Tue] 

Nf=4, η’  correlation function G(r) (preliminary)
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• asymptotic form:   G(r) =
C
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K1(Mr)

Nf=4, η’   (preliminary)  -  mass extraction: mf=0.01

• asymptotic form:   G(r) =
C

r
K1(Mr)
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• Preliminary results show heavy 𝜂’ as approaching the CW.
‣  is there a reason for this enhancement? [Matsuzaki, Yamawaki JHEP2015]

• Light  𝜎  for Nf=8, compatible with pion mass in the explored mass range

SU(3) Fund Nf=8, 4
Talk by Aoki for LatKMI [Tue] 

spectrum: Nf dependence
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• Updated spectrum for Nf=8, see LSD [1601.04027]
• Use of new action respect to previous USBSM studies allows use of 

coarser lattices

SU(3) Fund Nf=8
Talks by Fleming, Gasbarro for LSD [Tue] 

Light hadron spectrum
• Spectrum consistent with earlier LSD Nf=8 results but at lighter 

quark mass. 

• Very strong quark mass dependence for quantities expressed 
in lattice units, as expected from enhanced chiral condensate.

Phys.Rev. D93 (2016) 114514  
plus preliminary updates
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• Mv/FPS~8 like in QCD
• Use vector meson dominance  

and KSRF relation  
 
 
to estimate 𝛤𝜌/M𝜌~20% 

• Too broad to explain  
LHC excess? 

• What about the scalar? 
 

SU(3) Fund Nf=8
Talks by Fleming, Gasbarro for LSD [Tue] 

3

FIG. 3. The pseudoscalar, vector and axial-vector decay
constants F⇡, F⇢ and Fa1 vs. the input fermion mass am.
Only statistical uncertainties are shown, within which F⇢ ⇡
Fa1 throughout the range of masses we investigate.

FIG. 4. Ratios of the Nf = 8 hadron masses divided by the
pseudoscalar decay constant F⇡ at each fermion mass am.

smallest [50], while the vector F⇢ and axial-vector Fa1 are
approximately degenerate within statistical errors. Sim-
ilar behavior was reported in Refs. [13, 28], where it was
related to reductions in the electroweak S parameter.

In Fig. 4 we plot ratios of the hadron masses divided by
F⇡, observing that all the ratios are rather independent of
the fermion mass, although some changes appear at our
lightest mass where the vector meson is above the two-
pseudoscalar threshold. We find that M⇢/F⇡ ⇡ 8 and
MN/F⇡ ⇡ 11, similar to the physical QCD ratios. In
fact, M⇢/F⇡ ⇡ 8 appears to be a generic feature of many
strongly coupled gauge theories, both IR conformal and
chirally broken [8, 15, 29–31].

Let us now specialize to models in which we assign
chiral electroweak couplings to only ND = 1 pair of the
Nf = 8 fermions. This choice sets the physical value

FIG. 5. Comparing our 8-flavor M0++ and M⇢ results with
those of the LatKMI Collaboration [4, 15, 38], using the same
reference scale

p
8t0. We plot these quantities vs. M⇡ and

include a dashed line to highlight degeneracy with the pseu-
doscalar meson. A consistent trend is clearly visible, with the
light singlet scalar 0++ state following the pseudoscalar to the
smallest masses studied so far.

of F = 246 GeV/
p
ND, and is motivated to keep the

electroweak S parameter as close as possible to its small
experimental value [13, 28]. Translating our results into
physical units by identifying F⇡ with the low-energy con-
stant F is strictly correct only in the chiral limit. We can-
not currently carry out a controlled chiral extrapolation,
in part because the e↵ects of a light 0++ scalar on the
low-energy e↵ective theory are not yet well understood
despite ongoing investigations [32–36]. If we assume that
the ratio M⇢/F⇡ shown in Fig. 4 remains relatively insen-
sitive to the fermion masses then we would end up with a
vector meson mass around 2 TeV. Similar considerations
suggest that MN and Ma1 would be around 2.7 TeV.
On the other hand, the physical 0++ mass will depend
sensitively on how long this state continues to track the
pseudoscalar whose mass must vanish in the chiral limit.
At present we can estimate 0 . M0++ . 1 TeV, and this
mass could be reduced further by interactions with the
top quark in realistic models where the strong dynamics
we study is coupled to the standard model [37].

Comparison with previous work: Some aspects of
the Nf = 8 spectrum discussed above were observed in
earlier lattice studies using di↵erent discretizations and
heavier masses [4, 13, 15, 16]. In particular, the remark-
ably light singlet scalar 0++ Higgs candidate was first
reported by Ref. [4]. The increasing evidence [3–9] that
such behavior could be a fairly generic feature of near-
conformal strong dynamics is extremely interesting from
the phenomenological point of view.

In this context the behavior of M0++ in the chiral limit
is particularly important. As a step in this direction, in
Fig. 5 we compare our results for the light meson spec-

4

FIG. 6. Left: Testing the first KSRF relation in Eq. (1) for Nf = 8 through lattice measurements of F⇢/F⇡. Right: The
second KSRF relation then provides an estimate for g⇢⇡⇡ ⇡ M⇢/

�p
2F⇡

�
, which is within 10% of the physical QCD value

g⇢⇡⇡ ⇡ 6 throughout the range of masses we investigate.

trum with those of the LatKMI Collaboration [4, 15, 38].
To enable consistent comparisons between independent
studies that employ di↵erent lattice actions, we plot all
quantities in terms of a standard Wilson flow reference
scale

p
8t0 introduced in Ref. [39]. This figure demon-

strates that our work accesses significantly lighter masses.
At the same time, the clear consistency between the two
sets of results confirms that discretization artifacts are
under control. As discussed above, both studies find
M0++ ⇡ M⇡ ⌧ M⇢, and it remains an open question
how light the scalar will become in the chiral limit where
M⇡ ! 0. In the absence of non-perturbative lattice cal-
culations it would have been di�cult to anticipate this
dramatic dynamical e↵ect.

The vector meson: We now study more properties
of the vector resonance to further relate our numerical
work to phenomenological models of new strong dynam-
ics. The production rate of the vector meson at col-
liders is determined by its couplings to standard model
fermions, which are in turn related to the decay con-
stant F⇢. On the other hand, the resonance’s decay rate
is dominated by its coupling to the longitudinal compo-
nents of the electroweak gauge bosons, assuming that the
N2

f � 4 = 60 uneaten pseudo-Nambu–Goldstone bosons
are heavy enough that their e↵ect is negligible. The re-
sulting decay width �⇢ of the vector resonance therefore
depends on the ⇢ ! ⇡⇡ coupling g⇢⇡⇡ of the new strong
dynamics.

We estimate g⇢⇡⇡ invoking the Kawarabayashi–
Suzuki–Riazuddin–Fayyazuddin (KSRF) relations [40,
41]

F⇢ =
p
2F⇡ g⇢⇡⇡ =

M⇢p
2F⇡

, (1)

in a manner similar to what has been done in lattice
QCD studies such as Ref. [42]. These relations result
from fairly simple assumptions (principally current al-

gebra and some form of vector meson dominance [43]),
and arise rather generically in models of hidden local
symmetries [44] and in chiral e↵ective theories for spin-
1 mesons [45]. We assess their applicability to Nf = 8
through our direct measurements of F⇢ and F⇡.
In the left panel of Fig. 6 we plot our lattice results for

F⇢/F⇡, finding agreement with the first KSRF relation in
Eq. (1) to within 8% throughout the range of masses we
investigate. This justifies using the second KSRF relation
to estimate g⇢⇡⇡ ⇡ M⇢/

�p
2F⇡

�
. When we plot this

quantity in the right panel of Fig. 6, we observe that it
is within 10% of the QCD value g⇢⇡⇡ ⇡ 6. Since we have
already seen that the 8-flavor M⇢/F⇡ ⇡ 8 is similar to
the QCD value and rather independent of the fermion
mass, this behavior is not too surprising.
The physical decay width of the vector resonance can

now be estimated as

�⇢ ⇡
g2⇢⇡⇡M⇢

48⇡
⇡

M3
⇢

96⇡F 2
⇡

. (2)

Here we neglect the small electroweak gauge boson
masses compared to the vector resonance mass. With
M⇢ ' 2 TeV, this expression leads to �⇢ ' 450 GeV.
The corresponding �⇢/M⇢ ' 0.22 for Nf = 8 is also sim-
ilar to the QCD value, 0.19 [26]. This relatively broad
width may make such a vector resonance challenging to
discover at the LHC [46].
It is significant that we are able to measure F⇢ and

estimate g⇢⇡⇡ and �⇢ using lattice calculations and the
KSRF relations. These quantities are needed for phe-
nomenological predictions of vector meson production
and decay rates at colliders in models of new strong dy-
namics such as those considered by Refs. [47, 48]. In
particular, Ref. [47] needs to treat F⇢ and g⇢⇡⇡ as tun-
able parameters. Our new non-perturbative results for
these quantities may be used to improve this aspect of
strongly interacting model building in the future.
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• Good agreement with LatKMI

• Scalar as light as pions

• IF dilaton-like, 𝜎 is expected to become much lighter than 𝜌

• Not clear how to extrapolate: different extrapolations give wildly different results

SU(3) Fund Nf=8
Talks by Fleming, Gasbarro for LSD [Tue] 

Isosinglet spectrum
• Stable scalar degenerate with pion even when Mπ/Mρ ≲ 1/2. 

• Nice consistency between LSD and LatKMI.

Phys.Rev. D93 (2016) 114514  
plus preliminary updates

Need good effective description of pi-𝜎 system
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• Near CW assume                                                 at the ChSB scale

• Systematic expansion in: m, p2, 1/N, nf-nf*

• LO Lagrangian (𝜏 dilaton):

Effective action for pi-𝜎 dilaton
Talks by Shamir, Golterman [Mon] 

Pseudo Nambu-Goldstone boson of approx dilatation symmetry?

• dilatations: Φi(x) → λ∆i Φi(λx) , ∆i scaling dimension of field Φi(x)

• dilatation current: Sµ = xνTµν classically conserved for m = 0

• non-conservation: ∂µSµ = Tµµ = −Tcl − Tan

Tcl = m[ψψ]

Tan =
β(g2)

4g2
[F 2] + γmm [ψψ]

• probe beta fn at the ChSB scale:
〈

Tan(0) [F 2](x)
〉

c
/
〈

[F 2](0) [F 2](x)
〉

c

• below conformal sill: β(g2c) ∝ Nf −N∗
f

expect: increasing Nf towards N∗
f ⇒ smaller β(gc) at ChSB scale

⇒ better scale invariance ⇒ “dilatonic” pNG boson gets lighter

• Q: use Nf −N∗
f as small parameter? (problem: Nf takes discrete values)

11

Low-energy EFT with dilatonic meson: power counting

• standard ChPT: fermion mass m is a parameter of the microscopic theory
m can be tuned continuously towards zero

⇒ Systematic expansion in m and p2

• problem: cannot turn off trace anomaly; theory is defined at fixed Nc, Nf

• analogy: cannot turn off U(1)A anomaly;
but it becomes vanishingly small for Nc → ∞

⇒ Systematic expansion in m, 1/Nc, and p2 [Kaiser and Leutwyler, ’00]

• Veneziano limit: Nf , Nc → ∞ with nf = Nf/Nc fixed
nf becomes a continuous parameter; theory depends only on g2Nc and nf

n∗
f = limNc→∞N∗

f (Nc)/Nc = sill of conformal window for Nc → ∞.

• assume: Tan ∼ (nf − n∗
f)

η at the ChSB scale [η = 1 in this talk]

⇒ Systematic expansion in m, 1/N , nf − n∗
f , and p2

12

Leading order lagrangian, finally:

• now set σ(x) = 0, obtaining at order m ∼ nf − n∗
f ∼ p2:

L = Lπ + Lτ + Lm + Ld

Lπ = (f2
π/4) e

2τtr (∂µΣ
†∂µΣ)

Lτ = (f2
τ /2) e

2τ(∂µτ)
2

Lm = −(mf2
πBπ/2) e

yτtr
(

Σ+ Σ†
)

Ld = [c̃00 + (nf − n∗
f)(c̃01 + c̃11τ)] f

2
τBτ e

4τ

18
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• Results (more in Shamir, Golterman talks):

• Use EFT to “test” diatonic nature of light scalar from Lattice data 
‣ close enough to CW? 
‣ need higher order corrections?
‣ correct assumptions for EFT?

Effective action for pi-𝜎 dilaton
Talks by Shamir, Golterman [Mon] 

Tree-level masses

• m = 0: shifted classical vacuum: v = ⟨τ⟩ = 0

• dilatonic meson mass: m2
τ = 4c̃11(nf −n∗

f)B̂τ (B̂τ = e2v[pre−shift]Bτ)

• m > 0: Vcl(τ) = Vd(τ) e4τ −
m
M

eyτ ⇒ v(m) increases monotonically with m

• dilatonic meson: m2
τ = 4c̃11(nf − n∗

f)B̂τe2v(m)
(

1 + (4− y)v(m)
)

• pion: m2
π = 2B̂πme(y−2)v(m), increase with m faster than ordinary ChPT

Varying nf towards n∗
f :

• condensate enhancement for c̃00 > 0⋆

〈

ψψ
〉

f̂3
π

= −
Bπ

fπ
exp

[

γ∗m

(

1

4
+

c̃00
c̃11(nf − n∗

f)

)]

⋆ “gauge choice” c̃01 = 0 ⇒ Vcl = [c̃00 + (nf − n∗
f)c̃11τ ] f

2
τBτ e4τ

4

Tree-level masses

• m = 0: shifted classical vacuum: v = ⟨τ⟩ = 0

• dilatonic meson mass: m2
τ = 4c̃11(nf −n∗

f)B̂τ (B̂τ = e2v[pre−shift]Bτ)

• m > 0: Vcl(τ) = Vd(τ) e4τ −
m
M

eyτ ⇒ v(m) increases monotonically with m

• dilatonic meson: m2
τ = 4c̃11(nf − n∗

f)B̂τe2v(m)
(

1 + (4− y)v(m)
)

• pion: m2
π = 2B̂πme(y−2)v(m), increase with m faster than ordinary ChPT
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• condensate enhancement for c̃00 > 0⋆
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ψψ
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π

= −
Bπ
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1

4
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c̃00
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⋆ “gauge choice” c̃01 = 0 ⇒ Vcl = [c̃00 + (nf − n∗
f)c̃11τ ] f

2
τBτ e4τ

4

Tree-level masses
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• dilatonic meson mass: m2
τ = 4c̃11(nf −n∗

f)B̂τ (B̂τ = e2v[pre−shift]Bτ)

• m > 0: Vcl(τ) = Vd(τ) e4τ −
m
M

eyτ ⇒ v(m) increases monotonically with m

• dilatonic meson: m2
τ = 4c̃11(nf − n∗

f)B̂τe2v(m)
(

1 + (4− y)v(m)
)

• pion: m2
π = 2B̂πme(y−2)v(m), increase with m faster than ordinary ChPT

Varying nf towards n∗
f :

• condensate enhancement for c̃00 > 0⋆

〈

ψψ
〉

f̂3
π

= −
Bπ

fπ
exp

[

γ∗m

(

1

4
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f)c̃11τ ] f
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τBτ e4τ

4

Matching the trace anomaly

• dilatation current: Sµ = xνΘµν = xν(Tµν +Kµν/3)

⟨0|Θµν(x) |τ⟩ =
f̂τ
3
(−δµνp

2 + pµpν) e
ipx

⟨0|Sµ(x) |τ⟩ = ipµf̂τ e
ipx

• anomalous divergence shows up at leading order in EFT:

∂µSµ = c̃11(nf − n∗
f)f

2
τBτe

4τ + (1 + γ∗m)
f2
πBπm

2
eyτtr (Σ+ Σ†)

= −
β(g2)

4g2
F 2(EFT)− (1 + γ∗m)mψψ(EFT)

• GMOR relation when m ≪ |nf − n∗
f |: −(2m/Nf)

〈

ψψ
〉

= f̂2
πm

2
π

• GMOR-like relation for dilatonic meson: −(β(g2)/g2)
〈

F 2
〉

= f̂2
τm

2
τ

(works since Γτ/mτ ∼ |nf − n∗
f |)

5
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pNGB Higgs
new results at Lattice 2016
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• Simple realistic model for pNGB Higgs 

• First full determination of spectrum including 𝜎 and 𝜂’
‣ 4 lattice spacings 
‣ scale setting via w0 

‣ non-perturbative renormalization  
in RI-MOM scheme

‣ both chiral and continuum extrapolation  
(better control of systematics  
needed to reduce errors)

SU(2) Fund Nf=2 
Cacciapaglia, Sannino, JHEP04(2014)111
Arbey et al. [1502.04718] 

Talks by Drach, Janowski [Mon,Thu] 

Based on [1602.06559], [1607.06654]
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• new scalar spectrum

SU(2) Fund Nf=2 
Talks by Drach, Janowski [Mon,Thu] 
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• Spectrum of heavy resonances >15 TeV  
(depends on EW vacuum alignment angle)

• Better control of extrapolations needed

• Predicts pNGB Higgs with no 
extra resonances to be seen at 
LHC, barring extra pNGB  
in the spectrum  

SU(2) Fund Nf=2 
Talks by Drach, Janowski [Mon,Thu] 
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• First investigation of model with 2 irreps, same as Ferretti’s [1404.7137]
• Partially quenched (sextet) exploration of “chimera” baryons 
‣ can be light → good for phenomenology
‣ anomalous dimensions?

SU(4) Nf= 2F + 2 Sextet  
Talk by Jay [Thu] 

SU(4) baryon spectrum vs κ6 !

Ø  Chimera Qqq baryons can be light particles in the heavy spectrum !
Ø  Will these features persist with both representations in the sea? !

Qqq

QQQQQQ
[J(J+1) Rotor]!

qqqq
[J(J+1) Rotor]!
Constant vs κ6!

12	
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• Radiative contribution to pNGB Higgs potential from EW gauge bosons

• Currents calculated with overlap 
fermions on 2 sea actions

• Alternative method via “Minimal  
Hadron Approximation” consistent

SU(4) Nf=2 Sextet  
Talk by Svetitsky [Thu] 

VEW (h) = (3g 2 + g 02)CLR

µ
h

f

∂2

+O(h4) CLR =
Z1

0
d q2q2¶LR (q2)

(q

2±µ∫°qµq∫)¶
LR

(q

2) =°
Z

d

4
xe

i qxhJ

L

µ(x)J

R

∫ (0)i
LATTICE CALCULATION

• A hint: Integrating the Minimal Hadron Approx

(in the chiral limit∗) gives

CLR ≈ f2
π

m2
a1
m2

ρ

m2
a1

−m2
ρ

log

(

m2
a1

m2
ρ

)

,

i.e., CLR ∝ f2
π .

• so look at the ratio CLR/f2
π =⇒

∗ via the Weinberg sum rules

(two ensembles — two sea actions):
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• Much activity and progress both on model exploration and tools
• Lattice simulations yield first principle results for the SD dynamics 

which can provide crucial input for model building

• BAD: 
‣ Despite many efforts, still controversy on the location of the 

Conformal Window. Need better methods?
‣ IR conformal models with large 𝛾*: where are they?
‣ Difficult to control systematics for “walking” models  

Conclusions
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• Much activity and progress both on model exploration and tools
• Lattice simulations yield first principle results for the SD dynamics 

which can provide crucial input for model building

• GOOD: 
‣ Phenomenologically interesting models are being investigated:  

1) strongly coupled models with light scalars;  
2) pNGB Higgs models

‣ New tools for BSM models are being developed
‣ (Preliminary) Results for the resonance spectrum of many 

models (Nc, Nf, irrep) are available 
Already useful for model builders?
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• Much activity and progress both on model exploration and tools
• Lattice simulations yield first principle results for the SD dynamics 

which can provide crucial input for model building

• GOOD: 
‣ Phenomenologically interesting models are being investigated:  

1) strongly coupled models with light scalars;  
2) pNGB Higgs models

‣ New tools for BSM models are being developed
‣ (Preliminary) Results for the resonance spectrum of many 

models (Nc, Nf, irrep) are available 
Already useful for model builders?

Conclusions

Thank you!
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• Gauge Group: SU, SO, SP, Exceptional

• Matter Representation(s)

• # of Flavors per Representation

Conformal Window

QCD-like IR conformal No AF
Nf

α

EnergyΛTC

�

Energy�U

�*

α

EnergyΛETCΛTC

?
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SU(N)
SU(N)

2 3 4 5 6 7 8

2
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6
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10

12

14

16

18

N

n f

Fund

A-Sym

Sym
Adj

Ryttov & Sannino 07
Dietrich & Sannino 07
Sannino & Tuominen 04

Ryttov & Shrock 10
Poppitz & Unsal 9, 10

Pica & Sannino 10

Other methods to estimate the lower boundary available: Schwinger–Dyson 
eq, counting of thermal d.o.f.,  
not all in agreement ➙ NEED non-perturbative Lattice determination

From perturbative 4-loops 𝛾*=1 
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Other Gauge Groups
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Mojaza, Pica, Ryttov 
Sannino 12
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All Orders g*=1

Four Loops g*=1
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Thursday, May 24, 12

Except
ional

Mojaza, Pica, Ryttov Sannino 12
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Multiple Representations

In the first two cases, the hypercolor group is fixed and we scan
over the two irreps:

SU(4) case: • = 1404.7137
• = “swapped”

Sp(4) case: • = 1311.6562
• = “swapped”

26/49

?

# Weyl fermions
For an estimate of the conformal window, see also: 
Ryttov, Sannino, Int.J.Mod.Phys. A25 (2010) 4603-4621 [0906.0307]  
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Light Scalars in Mass deformed Models
Theories with Light Scalars

• Mass-deformed IRFP theories with very light scalars.
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Theories with Light Scalars
• Mass-deformed IRFP theories with very light scalars.
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Are light scalar states a generic feature of mass deformed 
(weakly coupled?) IR models? 


