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What are 
Resonances?



{Bound States

{Resonances

Poles of Scattering Amplitude in 
Complex Momentum Plane

Re p

Im p

Physical States:
Im p > 0

eipr normalizable

Unphysical States:
Im p < 0

eipr not normalizable

Resonances: in QM

p

Analytic Continuation

 (~r) = eipz + f(p, cos ✓)
eipr

r

(fixed angle or partial wave)



Resonances in E Plane

{Bound States

{
Resonances on 

second Riemann Sheet

Poles of Scattering Amplitude in 
Complex Energy Riemann Surface
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Im E

Physical Sheet

Two-Sheeted: E=p2/2m

Branch Cut
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A Cautionary Tale: ππ Scattering
ρ(770)σ ?

f0(980)

B. Ananthanarayan, et. al., hep-ph/0005297



Resonances on 
second Riemann Sheet

Poles of ππ Scattering Amplitude in 
Complex s Riemann Surface, at fixed t

Re s

Im s

Physical Sheet

Branch Cut 4mπ
2

σ

f0(980)

I=0 ππ Scattering

p
s� = (400� 550)� i(200� 350)MeV

Is the σ resonance 
usefully considered 

a particle?

PDG, 2014

m� ⇡ ��



“s-channel” 
Resonances



s-channel Resonance 
Production

i

j

a

b

Resonance

i,j = u,d,g,γ,W,Z

a,b = j,t,b,g,γ,W,Z,h

Characteristics vs. Observables 
• i,j: event characteristics 
• Couplings: BR: σ * BR 
• Mass and width: dσ/dmab 
• Spin: dσ/dcosθab 
• a,b: in each decay channel 
• flavor tagging 
• jet substructure

NB: If a,b can be light quarks, 
 t-channel process may be relevant



Observation

Background

Signal

Total
Observed

M ± G ê2
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Events ê H0.1 TeVL
If you can see it, 

can you tell what it is?

What about  
interference? 
See talk by 

Yoon



New Gauge Bosons

Gauge bosons from extended color groups:
Classic Axigluon: P.H. Frampton and S.L. Glashow, Phys. Lett. B 190, 157 (1987).

Topgluon:  C.T. Hill, Phys. Lett. B 266, 419 (1991).

Flavor-universal Coloron: R.S. Chivukula, A.G. Cohen, & E.H. Simmons, Phys. Lett. B 380, 92 (1996).

Chiral Color with gL ≠ gR:  M.V. Martynov and A.D. Smirnov, Mod. Phys. Lett. A 24, 1897 (2009).

New Axigluon: P.H. Frampton, J. Shu, and K. Wang, Phys. Lett. B 683, 294 (2010).

Similar color-octet states:
KK gluon: H. Davoudiasl, J.L. Hewett, and T.G. Rizzo, Phys. Rev. D63, 075004 (2001)
                            B. Lillie, L. Randall, and L.-T. Wang, JHEP 0709, 074 (2007).

Techni-rho: E. Farhi and L. Susskind, Physics Reports 74, 277 (1981).

More exotic colored states: 
Color sextets, colored scalars, low-scale scale string resonances...
T. Han, I. Lewis, Z. Liu, JHEP 1012, 085 (2010).

Color Octet Vector Resonances

GUTS, DEWSB, Extra-d,…
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Dilepton Resonances
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Flavor-independent Z’

CMS EXO-12-061

Limits: 2.5-3 TeV



Third Generation Dilepton Resonances
Z’→τ+τ-→hadrons, leptons + ETmiss 

Limits: > 2 TeV

ATLAS CERN-PH-EP-2015-018



Dijet Resonances ATLAS CERN-PH-EP-2014-147 
CMS EXO-12-016 

See talks 
by Vignaroli, 

Simmons, 
Ittisamai



Diboson Resonances
pp → Resonance → WW/WZ → “jj” or lν “j”

Two highly-boosted 
“W-jets”

CMS EXO-12-024

One highly-boosted 
“W-jet” for large mW’

ATLAS CERN-PH-EP-2015-044
See talks by 

Ngadiuba and Angel!



Pair Produced 
Resonances



Pair Production of 
Resonances

Characteristics vs. Observables 
• i,j: event characteristics 
• Couplings: BR: σ * BRs 
• Mass: mab vs. ma’b’ 
• Spin: dσ/dcosθab,a’b’ 
• a,b: in each decay channel 
• flavor tagging 
• jet substructure

i,j,k = u,d,g,γ,W,Z

a,b = j,t,b,g,γ,W,Z,h

i

j

a

b

Resonance

Res
ona

nce
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b'

k

Note combinatorial issues!



Ancient History



Modern Implementation: 
Four-Jets

R-parity 
violating SUSY

Color-Octet 
Vector

CMS EXO-12-052



Vector Top Partners

ATLAS-CONF-2015-012



Upcoming Talks


