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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) 1507.055251.8 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 20.3 m(q̃)-m(χ̃

0
1 )<10 GeV 1507.05525100-440 GeVq̃

q̃q̃, q̃→q(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ (off-Z) 2 jets Yes 20.3 m(χ̃
0
1)=0 GeV 1503.03290780 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃0

1
0-1 e, µ 2-6 jets Yes 20 m(χ̃

0
1)<300 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1507.055251.26 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20 m(χ̃
0
1)=0 GeV 1501.035551.32 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 cτ(NLSP)<0.1 mm 1507.054931.29 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<900 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.054931.3 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 20.3 m(χ̃
0
1)<850 GeV, cτ(NLSP)<0.1 mm, µ>0 1507.054931.25 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290850 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 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 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, 1407.0583110-167 GeVt̃1 230-460 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 1506.0861690-191 GeVt̃1 210-700 GeVt̃1

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

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 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)) 1403.5294140-465 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)) 1407.0350100-350 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)) 1402.7029700 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, 1402.7029420 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 1501.07110250 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)) 1405.5086620 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493124-361 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 1506.05332482 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 1310.6584832 GeVg̃

Stable g̃ R-hadron trk - - 19.1 1411.67951.27 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 2<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542435 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 1404.25001.35 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 1405.5086750 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→qχ̃
0
1, χ̃

0
1 → qqq 0 6-7 jets - 20.3 m(χ̃

0
1)=600 GeV 1502.05686870 GeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 20.3 ATLAS-CONF-2015-026100-308 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 1501.01325490 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7 TeV

√
s = 8 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: July 2015

ATLAS Preliminary
√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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CMS Exotica Physics Group Summary – Moriond, 2015

stopped gluino (cloud)

stopped stop (cloud)

HSCP gluino (cloud)

HSCP stop (cloud)

q=2/3e HSCP

q=3e HSCP

chargino, ctau>100ns, AMSB

neutralino, ctau=25cm, ECAL time

0 1 2 3 40

RS1(γγ), k=0.1
RS1(ee,μμ), k=0.1

RS1(jj), k=0.1

RS1(WW→4j), k=0.1

0 1 2 3 40 1 2

coloron(jj) x2
coloron(4j) x2

gluino(3j) x2
gluino(jjb) x2

0 1 2 3 40 1

RS Gravitons

3 4

Multijet 

Resonances

Long-Lived 

Particles

SSM Z'(ττ)

SSM Z'(jj)

SSM Z'(bb)

SSM Z'(ee)+Z'(µµ)

SSM W'(jj)

SSM W'(lv)

SSM W'(WZ→lvll)

SSM W'(WZ→4j)

0 1 2 3 40 1

Heavy Gauge 

Bosons

CMS Preliminary

j+MET, vector DM=100 GeV, Λ

j+MET, axial-vector DM=100 GeV, Λ

j+MET, scalar DM=100 GeV, Λ

γ+MET, vector DM=100 GeV, Λ

γ+MET, axial-vector DM=100 GeV, Λ

l+MET, ξ=+1, SI/SD DM=100 GeV, Λ

l+MET, ξ=-1, SI/SD DM=100 GeV, Λ

l+MET, ξ=0, SI/SD DM=100 GeV, Λ

0 1 2 3 40

Dark Matter

LQ1(ej) x2
LQ1(ej)+LQ1(νj)

LQ2(μj) x2
LQ2(μj)+LQ2(νj)

LQ3(νb) x2
LQ3(τb) x2
LQ3(τt) x2
LQ3(vt) x2

Single LQ1 (λ=1)
Single LQ2 (λ=1)

0 1 2 3 40

Leptoquarks

e* (M=Λ)

μ* (M=Λ)

q* (qg)

q* (qγ)

b*

0 1 2 3 40 1

Excited 

Fermions
dijets, Λ+ LL/RR

dijets, Λ- LL/RR

dimuons, Λ+ LLIM

dimuons, Λ- LLIM

dielectrons, Λ+ LLIM

dielectrons, Λ- LLIM

single e,  Λ HnCM

single μ, Λ HnCM

inclusive jets, Λ+

inclusive jets, Λ-

0 1 2 3 4 5 6 7 8 9 1011121314151617181920210 1 2 3 4 5 6 7 8 9 101

ADD (γ+MET), nED=4, MD

ADD (j+MET), nED=4, MD

ADD (ee,μμ), nED=4, MS

ADD (γγ), nED=4, MS

ADD (jj), nED=4, MS

QBH, nED=4, MD=4 TeV

NR BH, nED=4, MD=4 TeV

QBH (jj), nED=4, MD=4 TeV

Jet Extinction Scale

String Scale (jj)

0 1 2 3 4 5 6 7 8 90 1 2 3 4 5

Large Extra 

Dimensions

Compositeness

TeV

TeV

TeV

TeV

TeV

TeV

TeV

TeV

TeV
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Energy Scale Fields Effective Theory

ΛNP ∼ TeV

Sn,Pn,Vn,An, Fn

H ,W ,Z , γ, g
τ, µ, e, νi

t, b, c, s, d , u

Underlying Dynamics

Energy Gap

?

MW

H ,W ,Z , γ, g
τ, µ, e, νi

t, b, c, s, d , u
Standard Model
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Effective Field Theory

Leff = L(4) +
∑

D>4

∑

i

c
(D)
i

ΛD−4
NP

O(D)
i

• Most general Lagrangian with the SM gauge symmetries

• Light (m ≪ ΛNP) fields only

• The SM Lagrangian corresponds to D = 4

• c
(D)
i contain information on the underlying dynamics:

L
NP

=̇ g
X
(q̄Lγ

µqL)Xµ

g 2
X

M2
X

(q̄Lγ
µqL) (q̄LγµqL)

• Options for H(125):

– SU(2)L doublet (SM)
– Scalar singlet
– Additional light scalars

EWSB A. Pich – Scalars 2015 6



LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

EWSB A. Pich – Scalars 2015 7



Σ ≡ (Φc ,Φ) =

(

Φ0∗ Φ+

−Φ− Φ0

)

LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

=
1

2
Tr

[

(DµΣ)†DµΣ
]

− λ

4

(

Tr
[

Σ†Σ
]

− v2
)2

EWSB A. Pich – Scalars 2015 7



Custodial
Symmetry

Σ ≡ (Φc ,Φ) =

(

Φ0∗ Φ+

−Φ− Φ0

)

LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

=
1

2
Tr

[

(DµΣ)†DµΣ
]

− λ

4

(

Tr
[

Σ†Σ
]

− v2
)2

SU(2)L ⊗ SU(2)R → SU(2)L+R Symmetry: Σ → gLΣ g
†
R

EWSB A. Pich – Scalars 2015 7



Custodial
Symmetry

Σ ≡ (Φc ,Φ) =

(

Φ0∗ Φ+

−Φ− Φ0

)

≡ 1√
2
(v + H) U(~θ )

U(~ϕ ) ≡ exp

{

i ~σ· ~ϕ
v

}

LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

=
1

2
Tr

[

(DµΣ)†DµΣ
]

− λ

4

(

Tr
[

Σ†Σ
]

− v2
)2

=
v2

4
Tr

[

(DµU)†DµU
]

+ O(H/v)SU(2)L ⊗ SU(2)R → SU(2)L+R Symmetry: Σ → gLΣ g
†
R
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Custodial
Symmetry

Σ ≡ (Φc ,Φ) =

(

Φ0∗ Φ+

−Φ− Φ0

)

≡ 1√
2
(v + H) U(~θ )

U(~ϕ ) ≡ exp

{

i ~σ· ~ϕ
v

}

LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

=
1

2
Tr

[

(DµΣ)†DµΣ
]

− λ

4

(

Tr
[

Σ†Σ
]

− v2
)2

=
v2

4
Tr

[

(DµU)†DµU
]

+ O(H/v)SU(2)L ⊗ SU(2)R → SU(2)L+R Symmetry: Σ → gLΣ g
†
R

Same Goldstone Lagrangian as QCD pions:

fπ → v , ~π → ~ϕ → W±
L ,ZL

EWSB A. Pich – Scalars 2015 7



Goldstone Electroweak Effective Theory

L(2)
EW

= − 1

2g2
〈ŴµνŴ

µν〉 − 1

2g ′ 2 〈B̂µνB̂
µν〉+ v2

4
〈DµU†DµU〉

U(ϕ) = exp

{

i
√
2

v
Φ

}

, Φ ≡ 1√
2
~σ·~ϕ =





1√
2
ϕ0 ϕ+

ϕ− − 1√
2
ϕ0





DµU = ∂µU − i ŴµU + i U B̂µ , DµU† = ∂µU† + i U†Ŵµ − i B̂µU† , 〈A〉 ≡ Tr(A)

Ŵµν = ∂µŴν − ∂νŴµ − i [Ŵµ, Ŵν ] , B̂µν = ∂µB̂ν − ∂ν B̂µ − i [B̂µ, B̂ν ]SU(2)L ⊗ SU(2)R → SU(2)L+R Symmetry: U(ϕ) → gL U(ϕ) g †
R

Ŵ µ → gL Ŵ
µg

†
L + i gL ∂

µg
†
L , B̂µ → gR B̂µg

†
R + i gR ∂µg

†
R

SM Symmetry Breaking: Ŵ µ = −g
2 ~σ · ~W µ , B̂µ = −g ′

2 σ3 B
µ

EWSB A. Pich – Scalars 2015 8



Higher-Order Goldstone Interactions

L(4)
EW

∣

∣

∣

Bosonic

=
∑

i

Fi (h/v) Oi Fi (h/v) =
∑

n=0

Fi,n

(

h

v

)n

Appelquist-Bernard, Longhitano, Buchalla et al, Alonso et al, Pich et al. . .

O(p4) P-even bosonic operators (A.P., Rosell, Santos, Sanz-Cillero)

O1 =
1
4 〈 f

µν
+ f +µν − f

µν
− f −µν 〉 O6 =

1
v2 (∂µh)(∂

µh) 〈 uνuν 〉
O2 =

1
2 〈 f

µν
+ f +µν + f

µν
− f −µν 〉 O7 =

1
v2 (∂µh)(∂νh) 〈 uµuν 〉

O3 =
i
2 〈 f

µν
+ [uµ, uν ] 〉 O8 =

1
v4 (∂µh)(∂

µh)(∂νh)(∂
νh)

O4 = 〈 uµuν 〉 〈 uµuν 〉 O9 =
1
v
(∂µh) 〈 f µν− uν 〉

O5 = 〈 uµuµ 〉2

U = u2 = exp
{

i
v
~σ ~ϕ
}

, uµ ≡ i u (DµU)†u = u†
µ , f

µν
± = u†Ŵµνu ± u B̂µνu†

Custodial symmetry assumed

EWSB A. Pich – Scalars 2015 9



EW Resonance Effective Theory

• Towers of heavy states are usually present in strongly-coupled
models of EWSB: Technicolour, Walking TC. . .

• The low-energy constants (LECs) of the Goldstone Lagrangian
contain information on the heavier states. The lightest states
not included in the Lagrangian dominate
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EW Resonance Effective Theory

• Towers of heavy states are usually present in strongly-coupled
models of EWSB: Technicolour, Walking TC. . .

• The low-energy constants (LECs) of the Goldstone Lagrangian
contain information on the heavier states. The lightest states
not included in the Lagrangian dominate

1 Build L
eff
(ϕi ,Rk) with the lightest Rk coupled to the ϕi

2 Require a good UV behaviour Low # of derivatives

3 Match the two effective Lagrangians LECs
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EW Resonance Effective Theory

• Towers of heavy states are usually present in strongly-coupled
models of EWSB: Technicolour, Walking TC. . .

• The low-energy constants (LECs) of the Goldstone Lagrangian
contain information on the heavier states. The lightest states
not included in the Lagrangian dominate

1 Build L
eff
(ϕi ,Rk) with the lightest Rk coupled to the ϕi

2 Require a good UV behaviour Low # of derivatives

3 Match the two effective Lagrangians LECs

This program works in QCD: RχT (Ecker–Gasser–Leutwyler–Pich–de Rafael)

Good dynamical understanding at large NC

EWSB A. Pich – Scalars 2015 10



Coset Space Coordinates: G ≡ SU(2)L ⊗ SU(2)R → H ≡SU(2)V

ξ̄(ϕ)H

G/Hϕ ϕ′

g
h

ξ̄(ϕ) ≡ (ξ
L
(ϕ), ξ

R
(ϕ)) ∈ G

ξ
L
(ϕ)

G−→ g
L
ξ
L
(ϕ) h†(ϕ, g)

ξ
R
(ϕ)

G−→ g
R
ξ
R
(ϕ) h†(ϕ, g)

U(ϕ) ≡ ξ
L
(ϕ) ξ†

R
(ϕ)

G−→ g
L
U(ϕ) g†

R

Canonical choice: ξ
L
(ϕ) = ξ

R
(ϕ)† ≡ u(ϕ)

G
−→ g

L
u(ϕ) h†(ϕ, g) = h(ϕ, g) u(ϕ) g†

R

U(ϕ) = u(ϕ)2 = exp
{

i
v
~σ ~ϕ

}

SU(2)V triplets: X ≡ 1
2 σ

a Xa G−→ h(ϕ,g) X h(ϕ,g)†

∇µX = ∂µX + [Γµ,X ] , Γµ =
1

2

{

u
†(∂µ − i Ŵµ) u + u (∂µ − i B̂µ)u

†
}

uµ ≡ i u DµU
† u = u†µ , f

µν
± = u† Ŵ µνu ± uB̂µν u†
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LO Resonance EW Lagrangian: Pich–Rosell–Santos–Sanz-Cillero

Leff = LEWET +
∑

R

LR +
∑

R,R′

LRR′ + · · ·

Heavy Triplets: V(1−−) , A(1++) , P(1++) ; Heavy Singlet: S1(0
++)

∑

R

LR =
v

2
κ

W
h 〈uµuµ〉 +

FV

2
√
2
〈Vµν f

µν
+ 〉 +

i GV

2
√
2
〈Vµν [uµuν ]〉

+
FA

2
√
2
〈Aµν f

µν
− 〉 +

√
2 λhA

1 ∂µh 〈Aµνuν〉

+
dP

v
∂µh 〈P uµ〉 +

cd√
2
S1 〈uµuµ〉 + λhS1 v h2 S1

U = u2 = exp
{

i
v
~σ ~ϕ
}

, uµ ≡ i u (DµU)†u = u†
µ , f

µν
± = u†Ŵµνu ± u B̂µνu†

Antisymmetric Vµν and Aµν fields (better UV properties):

L
Kin

= −1

2

∑

R=V ,A

〈∇λ
Rλµ∇νR

νµ − 1

2
M

2
R RµνR

µν〉
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Resonance

Exchange

GVGV

GV

F
A

F
A

A
F 2

GV
F

V

F
V

F
V

V
V

F 2

GV
2

2
M V

2q    <<
V,A
2

M

V

V

A
2

M

2
M V

A

2
M V

F
V

Pich, Rosell, Santos, Sanz-Cillero

F1 =
F 2
A

4M2
A

−
F 2
V

4M2
V

, F2 = −
F 2
A

8M2
A

−
F 2
V

8M2
V

, F3 = −
FVGV

2M2
V

F4 =
G 2

V

4M2
V

, F5 =
c2d

4M2
S1

−
G 2

V

4M2
V

, F6 = −
(λhA

1 )2v2

M2
A

F7 =
d2
P

2M2
P

+
(λhA

1 )2v2

M2
A

, F8 = 0 , F9 = −
FAλ

hA
1 v

M2
A
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Short-Distance Constraints

• Vector Form Factor: 〈ϕ(p1)ϕ(p2)|J
µ
V |0〉 = (p1 − p2)

µ FV
ϕϕ(s)

κ W GV

V
F

V

FV
ϕϕ(s) = 1 +

FV GV

v2
s

M2
V − s

lim
s→∞

FV
ϕϕ(s) = 0 FV GV = v2
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Short-Distance Constraints

• Vector Form Factor: 〈ϕ(p1)ϕ(p2)|J
µ
V |0〉 = (p1 − p2)

µ FV
ϕϕ(s)

κ W GV

V
F

V

FV
ϕϕ(s) = 1 +

FV GV

v2
s

M2
V − s

lim
s→∞

FV
ϕϕ(s) = 0 FV GV = v2

• Axial Form Factor: 〈h(p1)ϕ(p2)|J
µ
A |0〉 = (p1 − p2)

µ FA
hϕ(s)

κ W λ 1
hA

A
F

A

FA
hϕ(s) = κ

W

(

1 +
FA λhA

1

κ
W
v

s

M2
A − s

)

lim
s→∞

FA
hϕ(s) = 0 FA λhA

1 = κ
W
v

EWSB A. Pich – Scalars 2015 14



Weinberg Sum Rules

Chiral Symmetry:

Πµν
LR(q) ≡

∫

d4x e
iqx 〈0|T (JµL (x) J

ν
R (0)

†)|0〉 = (−gµνq2 + qµqν) ΠLR(q
2) = 0
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Weinberg Sum Rules

Chiral Symmetry:

Πµν
LR(q) ≡

∫

d4x e
iqx 〈0|T (JµL (x) J

ν
R (0)

†)|0〉 = (−gµνq2 + qµqν) ΠLR(q
2) = 0

OPE: Πµν
LR(q) 6= 0 only through order parameters of EWSB

(operators invariant under H but not under G)
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Πµν
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∫

d4x e
iqx 〈0|T (JµL (x) J

ν
R (0)

†)|0〉 = (−gµνq2 + qµqν) ΠLR(q
2) = 0

OPE: Πµν
LR(q) 6= 0 only through order parameters of EWSB

(operators invariant under H but not under G)

Asymptotically-Free Theories: lim
s→∞

s2ΠLR(s) = 0 (Bernard et al.)
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Weinberg Sum Rules

Chiral Symmetry:

Πµν
LR(q) ≡

∫

d4x e
iqx 〈0|T (JµL (x) J

ν
R (0)

†)|0〉 = (−gµνq2 + qµqν) ΠLR(q
2) = 0

OPE: Πµν
LR(q) 6= 0 only through order parameters of EWSB

(operators invariant under H but not under G)

Asymptotically-Free Theories: lim
s→∞

s2ΠLR(s) = 0 (Bernard et al.)

1

π

∫ ∞

0

ds [ ImΠVV (s)− ImΠAA(s) ] = v
2 (1st WSR)

1

π

∫ ∞

0

ds s [ ImΠVV (s)− ImΠAA(s) ] = 0 (2nd WSR)
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• WSRs @ LO: ΠLR(s) =
v2

s
+

F 2
V

M2
V − s

− F 2
A

M2
A − s

V, A

• 1st WSR: F 2
V − F 2

A = v2

• 2nd WSR: F 2
V M2

V −F 2
A M2

A = 0

F 2
V = v2 M2

A

M2
A −M2

V

, F 2
A = v2 M2

V

M2
A −M2

V

, MA > MV
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• WSRs @ LO: ΠLR(s) =
v2

s
+

F 2
V

M2
V − s

− F 2
A

M2
A − s

V, A

• 1st WSR: F 2
V − F 2

A = v2

• 2nd WSR: F 2
V M2

V −F 2
A M2

A = 0

F 2
V = v2 M2

A

M2
A −M2

V

, F 2
A = v2 M2

V

M2
A −M2

V

, MA > MV

• WSRs @ NLO: κ
W

≡ g
hWW

g SM
hWW

=
M2

V

M2
A

Pich–Rosell–Sanz-Cillero
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• WSRs @ LO: ΠLR(s) =
v2

s
+

F 2
V

M2
V − s

− F 2
A

M2
A − s

V, A

• 1st WSR: F 2
V − F 2

A = v2

• 2nd WSR: F 2
V M2

V −F 2
A M2

A = 0

F 2
V = v2 M2

A

M2
A −M2

V

, F 2
A = v2 M2

V

M2
A −M2

V

, MA > MV

• WSRs @ NLO: κ
W

≡ g
hWW

g SM
hWW

=
M2

V

M2
A

Pich–Rosell–Sanz-Cillero

1st WSR likely valid also in gauge theories with non-trivial UV fixed points

2nd WSR questionable (not valid) in walking (conformal) TC scenarios
Appelquist–Sannino, Orgogozo–Rychkov
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Short-distance constraints bring sharper predictions
Pich, Rosell, Santos, Sanz-Cillero

F1 =
F 2
A

4M2
A

− F 2
V

4M2
V

= −v2

4

(

1
M2

V

+ 1
M2

A

)

F2 = − F 2
A

8M2
A

− F 2
V

8M2
V

= − v2(M4
V
+M4

A
)

8M2
V
M2

A
(M2

A
−M2

V
)

F3 = −FVGV

2M2
V

= − v2

2M2
V

F4 =
G 2
V

4M2
V

=
(M2

A
−M2

V
)v2

4M2
V
M2

A

F5 =
c2
d

4M2
S1

− G 2
V

4M2
V

=
c2
d

4M2
S1

− (M2
A
−M2

V
)v2

4M2
V
M2

A

F6 = − (λhA
1 )2v2

M2
A

= −M2
V
(M2

A
−M2

V
)v2

M6
A

F7 =
d2
P

2M2
P

+
(λhA

1 )2v2

M2
A

=
d2
P

2M2
P

+
M2

V
(M2

A
−M2

V
)v2

M6
A

F8 = 0

F9 = −FAλ
hA
1 v

M2
A

= −M2
V
v2

M4
A
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A.P., Rosell, Santos, Sanz-Cillero, arXiv:1510.03114
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Gauge Boson Self-Energies @ LO

V, A SLO = 4π

(

F 2
V

M2
V

− F 2
A

M2
A

)

, TLO = 0

Sensitive to vector and axial states MA > MV > 1.5 TeV

0 1 2 3 4
MV HTeVL0

1

2

3

4
MA HTeVL

0.5 1.0 1.5 2.0 2.5 3.0
MV HTeVL

-0.5

0.0

0.5

1.0

1.5

2.0

2.5
SLO

3 σ bounds AP–Rosell–Sanz-Cillero

• 1st+2nd WSR: SLO =
4πv2

M2
V

(

1 +
M2

V

M2
A

)

• 1st WSR (MA > MV ): SLO = 4π

{

v2

M2
V

+ F
2
A

(

1

M2
V

−
1

M2
A

)}

>
4πv2

M2
V

>
4πv2

M2
A
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Gauge Boson Self-Energies @ NLO

Sensitive to the light scalar h(125) AP, Rosell, Sanz-Cillero

V V V V

A A A A

S S SS

S S S S

A A A

V V V V

A

κ
W

≡ g
SWW

g SM
HWW

=
M2

V

M2
A

∈ [0.94, 1]

MA ≈ MV > 4 TeV (95% CL)

MV

ΚW

-0.4 -0.2 0.0 0.2 0.4

-0.4

-0.2

0.0

0.2

0.4

S
T

MV ∈ [1.5, 6.0] TeV

0 ≤ κ
W

≤ 1

1st+2nd WSRs
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A.P., Rosell, Santos, Sanz-Cillero, arXiv:1510.03114
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OUTLOOK

• Effective Field Theory: powerful low-energy tool

• Mass Gap: E,m
light

≪ ΛNP

• Assumption: relevant symmetries (breakings) & light fields

• Most general Leff(φlight
) allowed by symmetry

• Short-distance dynamics encoded in LECs

• LECs constrained phenomenologically

• Goal: get hints on the underlying fundamental dynamics

New Physics
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Learning from QCD experience. EW problem more difficult

Fundamental Underlying Theory unknown

QCD

χPT

?

Standard
Model

Additional dynamical input (fresh ideas!) needed
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Gauge Boson Self-Energies @ NLO

Weaker assumptions: 1st WSR only , MA > MV > 0.4 TeV

0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

MV HTeVL

Κ
W

AP, Rosell, Sanz-Cillero

• 0.2 <
MV

MA

< 1

• 0.02 <
MV

MA

< 0.2

κ
W

≡ g
SWW

/gSM

HWW
very different from one

requires large (unnatural) mass splittings
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A New Higgs-Like Boson

H → γγ H → ZZ∗
→ 4ℓ H → γγ H → ZZ∗

→ 4ℓ
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It is a Higgs Boson

Particle mass (GeV)
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Higgs Mechanism:

Gauge invariance

Massless W±, Z (spin 1)

3× 2 polarizations = 6
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Higgs Mechanism: 3 additional degrees of freedom ϕi (x)
Gauge invariance

Massless W±, Z (spin 1)

3× 2 polarizations = 6

+

3 Goldstones ϕi (x)
SSB

Massive W±, Z
3× 3 polarizations = 9
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Higgs Mechanism: 3 additional degrees of freedom ϕi (x)
Gauge invariance

Massless W±, Z (spin 1)

3× 2 polarizations = 6

+

3 Goldstones ϕi (x)
SSB

Massive W±, Z
3× 3 polarizations = 9

Spontaneous Symmetry Breaking

LΦ = (DµΦ)
†DµΦ− µ2Φ†Φ− λ (Φ†Φ)2

µ2 < 0

Φ(x) = exp
{

i ~σ · ~ϕ(x)
v

}

1√
2

[

0
v + H(x)

]

EWSB A. Pich – Scalars 2015 28



Higgs Mechanism: 3 additional degrees of freedom ϕi (x)
Gauge invariance

Massless W±, Z (spin 1)

3× 2 polarizations = 6

+

3 Goldstones ϕi (x)
SSB

Massive W±, Z
3× 3 polarizations = 9

Spontaneous Symmetry Breaking

LΦ = (DµΦ)
†DµΦ− µ2Φ†Φ− λ (Φ†Φ)2

µ2 < 0

Φ(x) = exp
{

i ~σ · ~ϕ(x)
v

}

1√
2

[

0
v + H(x)

]

DµΦ = (∂µ + i
2
g ~σ· ~Wµ + i

2
g′ Bµ) Φ ; v2 = −µ2/λ

(DµΦ)
†DµΦ → M2

W W †
µW

µ +
M2

Z

2 ZµZ
µ

MW = MZ cos θW = 1
2 g v
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EFFECTIVE LAGRANGIAN: L(U) =
∑

n

L2n
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EFFECTIVE LAGRANGIAN: L(U) =
∑

n

L2n

• Goldstone Bosons

〈0| q̄j
L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij
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|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij

• Expansion in powers of momenta derivatives

Parity even dimension ; U U† = 1 2n ≥ 2
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〈0| q̄j
L
qi
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|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij

• Expansion in powers of momenta derivatives

Parity even dimension ; U U† = 1 2n ≥ 2

• SU(2)L ⊗ SU(2)R invariant

U g
L
U g †

R
; g

L,R
∈ SU(2)L,R
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EFFECTIVE LAGRANGIAN: L(U) =
∑

n

L2n

• Goldstone Bosons

〈0| q̄j
L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij

• Expansion in powers of momenta derivatives

Parity even dimension ; U U† = 1 2n ≥ 2

• SU(2)L ⊗ SU(2)R invariant

U g
L
U g †

R
; g

L,R
∈ SU(2)L,R

L2 =
f 2

4
Tr

(

∂µU
† ∂µU

) Derivative

Coupling
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EFFECTIVE LAGRANGIAN: L(U) =
∑

n

L2n

• Goldstone Bosons

〈0| q̄j
L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij

• Expansion in powers of momenta derivatives

Parity even dimension ; U U† = 1 2n ≥ 2

• SU(2)L ⊗ SU(2)R invariant

U g
L
U g †

R
; g

L,R
∈ SU(2)L,R

L2 =
f 2

4
Tr

(

∂µU
† ∂µU

) Derivative

Coupling

Goldstones become free at zero momenta
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Electroweak Symmetry Breaking

L2 =
v2

4
Tr

(

DµU
†DµU

) U = 1 L2 = M2
W W †

µW
µ +

1

2
M2

Z ZµZ
µ

MW = MZ cos θW = 1
2 g v
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Electroweak Symmetry Breaking

L2 =
v2

4
Tr

(

DµU
†DµU

) U = 1 L2 = M2
W W †

µW
µ +

1

2
M2

Z ZµZ
µ

MW = MZ cos θW = 1
2 g v

DµU = ∂µU − i Ŵ µU + i U B̂µ , DµU† = ∂µU† + i U†Ŵ µ − i B̂µU†

Ŵ µν = ∂µŴ ν − ∂νŴ µ − i [Ŵ µ, Ŵ ν ] , B̂µν = ∂µB̂ν − ∂νB̂µ − i [B̂µ, B̂ν ]

Ŵ µ = − g

2
~σ· ~W µ , B̂µ = − g′

2
σ3 B

µ (explicit symmetry breaking)
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Ŵ µ = − g

2
~σ· ~W µ , B̂µ = − g′

2
σ3 B

µ (explicit symmetry breaking)

• EW Goldstones are responsible for MW,Z (not the Higgs!)

EWSB A. Pich – Scalars 2015 30



Electroweak Symmetry Breaking

L2 =
v2

4
Tr

(

DµU
†DµU

) U = 1 L2 = M2
W W †

µW
µ +

1

2
M2

Z ZµZ
µ

MW = MZ cos θW = 1
2 g v

DµU = ∂µU − i Ŵ µU + i U B̂µ , DµU† = ∂µU† + i U†Ŵ µ − i B̂µU†

Ŵ µν = ∂µŴ ν − ∂νŴ µ − i [Ŵ µ, Ŵ ν ] , B̂µν = ∂µB̂ν − ∂νB̂µ − i [B̂µ, B̂ν ]

Ŵ µ = − g

2
~σ· ~W µ , B̂µ = − g′

2
σ3 B

µ (explicit symmetry breaking)

• EW Goldstones are responsible for MW,Z (not the Higgs!)

• QCD pions also generate small W,Z masses: δπMW =
1

2
g fπ
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Higher-Order Goldstone Interactions

L(4)
EW

∣

∣

∣

CP-even

=
14
∑

i=0

ai Oi (Appelquist, Longhitano)

O0 = v2 〈TLVµ〉2

O1 = 〈U B̂µνU
†Ŵ µν〉 O2 = i 〈U B̂µνU

† [Vµ,V ν ]〉
O3 = i 〈Ŵµν [Vµ,V ν ]〉 O4 = 〈VµVν〉 〈VµV ν〉
O5 = 〈VµV

µ〉2

O11 = 〈(DµV
µ)2〉

Vµ ≡ DµU U† , DµVν ≡ ∂µVν − i [Ŵµ,Vν ] , (Vµ,DµVν ,TL) → gL (Vµ,DµVν ,TL) g
†
L

Symmetry breaking: TL ≡ U
σ3
2
U† , B̂µν ≡ −g ′ σ3

2
Bµν
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Higher-Order Goldstone Interactions

L(4)
EW

∣

∣

∣

CP-even

=
14
∑

i=0

ai Oi (Appelquist, Longhitano)

O0 = v2 〈TLVµ〉2

O1 = 〈U B̂µνU
†Ŵ µν〉 O2 = i 〈U B̂µνU

† [Vµ,V ν ]〉
O3 = i 〈Ŵµν [Vµ,V ν ]〉 O4 = 〈VµVν〉 〈VµV ν〉
O5 = 〈VµV

µ〉2 O6 = 4 〈VµVν〉 〈TLV
µ〉 〈TLV

ν〉
O7 = 4 〈VµV

µ〉 〈TLVν〉2 O8 = 〈TLŴµν〉2

O9 = −2 〈TLŴµν〉 〈TL [V
µ,V ν ]〉 O10 = 16 {〈TLVµ〉 〈TLVν〉}2

O11 = 〈(DµV
µ)2〉 O12 = 4 〈TLDµDνV

ν〉 〈TLV
µ〉

O13 = 2 〈TLDµVν〉2 O14 = −2i εµνρσ 〈ŴµνVρ〉 〈TLVσ〉

Vµ ≡ DµU U† , DµVν ≡ ∂µVν − i [Ŵµ,Vν ] , (Vµ,DµVν ,TL) → gL (Vµ,DµVν ,TL) g
†
L

Symmetry breaking: TL ≡ U
σ3
2
U† ∼ O(p) , B̂µν ≡ −g ′ σ3

2
Bµν ∼ O(p2)
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Goldstone interactions are determined by the underlying symmetry

v2

4
〈∂µU

†∂µ
U〉 = ∂µϕ

−∂µϕ+ +
1

2
∂µϕ

0∂µϕ0

+
1

6v2

{(

ϕ+ ↔
∂ µ ϕ−

)(

ϕ+ ↔
∂

µϕ−
)

+ 2
(

ϕ0 ↔
∂ µ ϕ+

)(

ϕ− ↔
∂

µϕ0
)}

+ O
(

ϕ6/v4
)
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Goldstone interactions are determined by the underlying symmetry

v2

4
〈∂µU

†∂µ
U〉 = ∂µϕ

−∂µϕ+ +
1

2
∂µϕ

0∂µϕ0

+
1

6v2

{(

ϕ+ ↔
∂ µ ϕ−

)(

ϕ+ ↔
∂

µϕ−
)

+ 2
(

ϕ0 ↔
∂ µ ϕ+

)(

ϕ− ↔
∂

µϕ0
)}

+ O
(

ϕ6/v4
)

ϕ ϕ

ϕ ϕ

T
(

ϕ+ϕ− → ϕ+ϕ−) =
s + t

v2
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Goldstone interactions are determined by the underlying symmetry

v2

4
〈∂µU

†∂µ
U〉 = ∂µϕ

−∂µϕ+ +
1

2
∂µϕ

0∂µϕ0

+
1

6v2

{(

ϕ+ ↔
∂ µ ϕ−

)(

ϕ+ ↔
∂

µϕ−
)

+ 2
(

ϕ0 ↔
∂ µ ϕ+

)(

ϕ− ↔
∂

µϕ0
)}

+ O
(

ϕ6/v4
)

ϕ ϕ

ϕ ϕ

T
(

ϕ+ϕ− → ϕ+ϕ−) =
s + t

v2

Non-Linear Lagrangian: 2ϕ → 2ϕ, 4ϕ · · · related
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ϕaϕb → ϕϕd :
A(ϕaϕb → ϕcϕd ) = A(s, t, u) δab δcd + A(t, s, u) δac δbd + A(u, t, s) δad δbc

A(s, t, u) =
s

v2
+

4

v2

[

ar4(µ) (t
2 + u2) + 2 ar5(µ) s

2
]

+
1

16π2v2

{

5

9
s2 +

13

18
(t2 + u2) +

1

12
(s2 − 3t2 − u2) log

(−t

µ2

)

+
1

12
(s2 − t2 − 3u2) log

(−u

µ2

)

− 1

2
s2 log

(−s

µ2

)}

ai = a
r
i (µ) +

γi

16π2

[

2µD−4

4−D
+ log (4π) − γE

]

, γ4 = − 1

12
, γ5 = − 1

24
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ϕaϕb → ϕϕd
+ Higgs (tree + 1-loop) contributions

L =
v2

4
〈DµU†DµU〉

[

1 + 2 a
H

v
+ b

H2

v2

]

Espriu–Mescia–Yencho, Delgado–Dobado–Llanes-Estrada

A(s, t, u) =
s

v2
(1 − a

2) +
4

v2

[

a
r
4(µ) (t2 + u

2) + 2 ar5(µ) s
2
]

+
1

16π2v2

{

1

9
(14 a4 − 10 a2 − 18 a2b + 9 b2 + 5) s2 +

13

18
(1 − a

2)2 (t2 + u
2)

− 1

2
(2 a4 − 2 a2 − 2 a2b + b

2 + 1) s2 log

(−s

µ2

)

+
1

12
(1 − a

2)2
[

(s2 − 3t2 − u
2) log

(−t

µ2

)

+ (s2 − t
2 − 3u2) log

(−u

µ2

)]}

γ4 = − 1
12 (1 − a2)2 , γ5 = − 1

48 (2 + 5 a4 − 4 a2 − 6 a2b + 3 b2)
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ϕaϕb → ϕϕd
+ Higgs (tree + 1-loop) contributions

L =
v2

4
〈DµU†DµU〉

[

1 + 2 a
H

v
+ b

H2

v2

]

Espriu–Mescia–Yencho, Delgado–Dobado–Llanes-Estrada

A(s, t, u) =
s

v2
(1 − a

2) +
4

v2

[

a
r
4(µ) (t2 + u

2) + 2 ar5(µ) s
2
]

+
1

16π2v2

{

1

9
(14 a4 − 10 a2 − 18 a2b + 9 b2 + 5) s2 +

13

18
(1 − a

2)2 (t2 + u
2)

− 1

2
(2 a4 − 2 a2 − 2 a2b + b

2 + 1) s2 log

(−s

µ2

)

+
1

12
(1 − a

2)2
[

(s2 − 3t2 − u
2) log

(−t

µ2

)

+ (s2 − t
2 − 3u2) log

(−u

µ2

)]}

γ4 = − 1
12 (1 − a2)2 , γ5 = − 1

48 (2 + 5 a4 − 4 a2 − 6 a2b + 3 b2)

SM: a = b = 1 , a4 = a5 = 0 A(s, t, u) ∼ O(M2
H
/v2)
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