
Top partner-resonance interplay in a Composite
Higgs framework

Juan Yepes

UTFSM - 2018

J. Yepes and A. Zerwekh, arXiv:1711.10523.

J. Yepes and A. Zerwekh, in progress

S. Norero, J. Yepes and A. Zerwekh, in progress

1 / 25



SCALAR RESONANCE FOUND !

Higgs particle @ LHC

⇓

Hierarchy problem

⇓

δm2
h ' g2

16π2 Λ2 ↔ NP @ TeV

⇓
* Perturbative regimes

I MSSM
I SUSY particles
I Heavy fermion resonances
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SCALAR RESONANCE FOUND !

⇓

Hierarchy problem

⇓
δm2

h ' g2

16π2 Λ2 ↔ NP @ TeV

⇓
* Non-perturbative regime

strong dynamics @ Λs ∼ TeV

I Technicolor ⇒ 3 GB encoded
but no light Higgs h

I Composite Higgs ⇒ SM light
Higgs as a composite PGB.

δm2
h '

g2

16π2
m2
ρ

Georgi & Kaplan
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Composite Higgs

* Minimal SSB SO(5)→ SO(4) at scale f

* 4 massless PNGBs ⇒ SU(2)L Higgs doublet

* PNGBs:

U = exp

[
i

√
2

f
Πi T i

]
=

 I3

cos h+〈h〉
f sin h+〈h〉

f

− sin h+〈h〉
f cos h+〈h〉

f


T i : coset SO(5)/SO(4)-generators Πi : PNGB fields.

* Explicit ����SO(5) via couplings to: SM fermions + gauge bosons.

* Tunning level ⇒ ξ = v2

f 2 : controls low energies SM departures

EPWTs → ξ = {0.1, 0.2, 0.25} ↔ f ≈ {800, 550, 490}GeV
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Composite Higgs
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Matter sectors

* Massless elementary fields: SM field sector q & no Higgs

* Massive composite fields: Higgs + composite resonances

* Partial compositeness ⇒ elementary-composite mixings

LUV
mix =

∑
q y q̄Oq Oq shapes embeddings

{
q5
L, u

5
R

q14
L , u

1
R
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Top partners

* SO(4)-rep

Ψ4︷ ︸︸ ︷(
T
B

)
1
6

(
X5/3

X2/3

)
7
6

Ψ1

⇓

T̃

* MΨ+q = {M4+5, M4+14, M1+5, M1+14} q shaped by Oq

* M4(1) ' g4(1)f & M4(1) ∼ 0.5− 1.5 TeV & 1 . g4(1) . 3

Vector resonances

* Spin-1 ρµL = (3, 1) + ρµR = (1, 3) of SU(2)L × SU(2)R

* mρ ' gρf & 1 < gρ < 4π
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Fermion–vector interplay

* Fermion currents coupled to spin-1 resonances

LM + ρχ ∼ αχ
i J

µ
iχ ρµχ + h.c.

* Fermionic 2nd rank tensors coupled to resonance strength

L mag
M + ρχ

=
1

f
βχi J

µν
iχ ρµνχ + h.c.

i = {q, ψ, qψ, uψ} αχ
i -βχi weighting coeffs.
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Fermion–vector interplay

M4+5 M4+14

Jµq = q5
L γ

µ T q5
L

Jµ
ψ

= Ψ4 γ
µ τ Ψ4

Jµ
uψ

=
(
u5
R T U

)
j
γµ (Ψ4R )j

Jµ
qψ

=
(
q5
L T U

)
j
γµ (Ψ4L)j

Jµq =
(
UT q14

L U T
)

5 j
γµ

(
UT q14

L U
)
j 5

Jµ
ψ

= Ψ4 γ
µ τ Ψ4

Jµ
qψ

=
(
UT q14

L U T
)

5 j
γµ (Ψ4L)j

Jµν
ψ

= Ψ4L σ
µν τ Ψ4R

Jµν
qψ

=
(
q5
L T U

)
j
σµν (Ψ4R )j

Jµν
uψ

=
(
u5
R T U

)
j
σµν (Ψ4L)j

Jµνqu = q5
L σ
µν T u5

R

Jµν
ψ

= Ψ4L σ
µν τ Ψ4R

Jµν
qψ

=
(
UT q14

L U T
)

5 i
σµν (Ψ4R )i

M1+5 M1+14

Jµq = q5
L γ

µ T q5
L

Jµ
qψ

=
(
q5
L U
)
γµ Ψ1L

Jµq =
(
UT q14

L U T
)

5 j
γµ

(
UT q14

L U
)
j 5

Jµν
qψ

=
(
q5
L U
)
σµν Ψ1R

Jµνqu = q5
L σ
µν T u5

R

−
9 / 25



Low energy effects

* E � mρL � Λ⇒ integ. out ρ
EOM
===⇒ ρµχ ∼

∑
i

αχi√
2

g2
ρχ

m2
ρχ
J µ
iχ

LM + ρχ
ρ−EOM
====⇒ −

∑
i,j

αχi α
χ
j

g2
ρχ

m2
ρχ

Oχi j , Oχi j = J χi J
χ
j

* M4(1) < mρ ⇒ integrating out Ψ
EOM
==⇒ Ψ ∼ elementary fields

LM + ρχ + L mag
M + ρχ

ρ−EOM
=====⇒
Ψ−EOM

− 1

f 2

∑
i

ci Oi −
1

f

∑
V

cmag
V Omag

V

*

OuL uL = (ūL γµ uL)2 OuL dL = (ūL γµ uL)
(
d̄L γµ dL

)
OdL dL =

(
d̄L γµ dL

)2

Omag
γ = ū σµν u Aµν
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Flavour & ∆F = 2 operators

FCNC processes mostly constrained by the down quark sector

1

f 2
cdL dL

OdL dL
→

1

f 2
(V
†
CKMi3

VCKM3j )
2
κ

2
ij cdLdL

[d̄iγµdj ][d̄iγ
µdj ]

U(3)2
LC , κij = 0

U(3)2
RC & U(2)2

RC , κij = 1

U(3)2
RC : |cdLdL | . 5.4× 10−7

(1,2)
U(2)2

RC : |cdLdL | . 2.4× 10−6
(1,3)

@ M4+5 ηL(R) →
yL(R) f

M4
≡

yL(R)
g4 11 / 25



Compositeness constraints

Light quark compositeness related to the one of the top quark

O(1)
qq = (q̄Lγ

µqL)(q̄LγµqL) ∼ {OuL uL
, OuL dL

, OdL dL
} ⇒ cuL uL

= 2 cuL dL
= cdL dL

= c
(1)
qq

O(1)
qq ⇒ jet’s angular distributions departures

Wilson coefficient bounded as (5.0 TeV)−2 ⇒ c(1)
qq =⇒


cuL uL

& cdL dL
. {1.2, 0.6, 0.5} × 10−8

cuL dL
. {0.6, 0.3, 0.25} × 10−8

ξ = 0.1
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Some η ∼ y/gΨ - ranges

For ξ = 0.1:

ηL-small

Model αi = ±1 αi = αj = ±1, αk = αl = ∓1 Other combinations

M4+5

&

M4+14

ηL ≈ −0.25 ηL ≈ 0.25 −

ηL-large

Model αi = ±1
αi = · · · = αl = ±1

αm = αn = ∓1
Other combinations

M4+5

&

M4+14

−1.06 ≤ ηL ≤ −0.94

(−1.19 . ηL . −0.84)

0.94 . ηL . 1.06

(0.84 . ηL . 1.19)

0.94 . ηL . 1.06

(0.84 . ηL . 1.18)

ηL ≈ 0.41 ηL ≈ 0.41

M1+5

&

M1+14

|ηL| & 26.01

(|ηL| & 8.21)

|ηL| & 26.01

(|ηL| & 8.21)

|ηL| & 26.01

(|ηL| & 8.21)

Expected: 0.3 . ηL(R), η̃L(R) . 1
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Fermionic EDMsγ

W W

f ff ′

q

p2p1

+
i

2
εµνρσW

+
µW−ν Aρσ ⇒ Af ≡ −i df u (p2) σµνq

ν
γ

5 u (p1)

df =
cmag
γ

f



M4+5 :

∣∣∣∣ df
e

∣∣∣∣ =

∣∣∣∣∣
√
ξ

4
√

2f

[
ηR

(
β
L
qψ − β

R
qψ

)
+ β

L
qu + ηL

(
β
L
uψ − β

R
uψ

)
− βR

qu

]∣∣∣∣∣
M4+14 :

∣∣∣∣ df
e

∣∣∣∣ =

∣∣∣∣∣∣ 1

4f

√
ξ

2
ηR

(
β
L
qψ − β

R
qψ

)∣∣∣∣∣∣
M1+5 :

∣∣∣∣ df
e

∣∣∣∣ =

∣∣∣∣∣
√
ξ

4
√

2f

(
β
L
qu − β

R
qu

)
+ i

(ξ − 2)

4
√

2f
η̃R

(
β
L
qψ + β

R
qψ

)∣∣∣∣∣
Neutron EDM bound

∣∣∣ dne ∣∣∣ < 2.9× 10−26 cm , at 90% CL
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Comments on ρ and Ψ-production

* Spin-0 & spin-1 resonances impact on PNGBs scattering: Contino
2011 et al.....

* Heavy triplet resonances impact@ LHC in:{l+l−, lνl , τ+τ−, jj , tt̄}
& {WZ , WW , WH, ZH}: Cárcamo 2017 et al., Shu 2015-2016...

* Vector resonance mass ∼ 2.1− 3 TeV.

* Stringent experimental constraints on Ψ4 and Ψ1 from direct
searches: S. Chatrchyan et al. 2014.

* Pair production mechanism driven mostly by QCD interactions →
mX5/3

∼ 800 GeV & mX2/3
∼ 700 GeV.

* Experimental searches: for singly produced partners & searches for
pair production ⇒ Bounds on singly produced partners: De Simone
et al., Azatov 2013, Matsedonskyi 2015.... 9-plet case analysed
m9 & 1 TeV: Matsedonskyi 2014.

* Interplay ρ-Ψ impact underway: J. Yepes and A. Zerwekh, ongoing.
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SUMMARY

* Interplay among three matter sectors:
SM elementary fields + top partners
Ψ4-Ψ1 permitted by SO(4) + vector
resonances ρ of SU(2)L × SU(2)R in
a SO(5) CHM.

* ρ coupled to: SO(5)-invariant
fermionic currents + 2nd rank tensors

* MΨ < mρ ⇒ low energy effects:
4-fermion ops. bounded via
flavour-dijet processes + EDM
bounds.

* Parametric spaces from current &
tensors ∼ O(10−3–10−4)-O(10−4)
respectively.

* Opposite interfering currents &
tensors: mostly favoured at M4+5

and M4+14. Parametric freedom not
enough in M1+5-M1+14.

* mρ ∼ 2.1-3 TeV + mΨ ∼ 0.8-1 TeV.

PERSPECTIVES

* Production channels for the ρ-Ψ
interplay soon: J. Yepes and
A. Zerwekh, underway.

* Scalar resonance in a top partner
model: S. Norero, J. Yepes and
A. Zerwekh, in progress.

⇓
S. Norero’s poster please
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Thanks :)
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Backup ;)

18 / 25



Matter sectors

* Massless elementary fields: SM field sector q & no Higgs

* Massive composite fields: Higgs + composite resonances

* Partial compositeness ⇒ elementary-composite mixings

LUV
mix =

∑
q

y q̄Oq Oq shapes elementary embeddings

⇓︷ ︸︸ ︷�� ��5-plet

q5
L =

1√
2


idL
dL
iuL
−uL

0

 u5
R =


0
0
0
0
uR



�� ��14-plet

q14
L =

1√
2


0 0 0 0 idL
0 0 0 0 dL
0 0 0 0 iuL
0 0 0 0 −uL
idL dL iuL −uL 0

 u1
R
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Top partners

* 4-plet Ψ4 + singlet Ψ1 of SO(4)

Ψ4 =
1√
2


iB − iX5/3

B + X5/3

iT + iX2/3

−T + X2/3

 , Ψ1 = T̃

* MΨ+q = {M4+5, M4+14, M1+5, M1+14} q shaped by Oq

Vector resonances

* Spin-1 ρµL = (3, 1) + ρµR = (1, 3) of SU(2)L × SU(2)R

* Parametrized by a mass mρ ' gρf & 1 < gρ < 4π
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Fermion–vector interplay

* Fermion currents coupled to spin-1 resonances

LM + ρχ ∼
1√
2
αχ
i J

µ
iχ (ρµχ − eµχ) + h.c.

* Fermionic 2nd rank tensors coupled to resonance strength field

L mag
M + ρχ

=
1

f
βχi J

µν
iχ ρµνχ + h.c. ,

i = {q, ψ, qψ, uψ} αχ
i and βχi weighting coefficients.
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Dim-6 operators

M4+5 M4+14

Oqq =
1

2
Jq Jq O(3)

qψ
= Jq Jqψ

Oψψ =
1

2
Jψ Jψ O(4)

qψ
= Jψ Jqψ

O(1)
qψ

=
1

2
Jqψ Jqψ O(2)

uψ
= Jψ Juψ

O(1)
uψ

=
1

2
Juψ Juψ O(1)

quψ
= Jq Juψ

O(2)
qψ

= Jq Jψ O(2)
quψ

= Jqψ Juψ

Oqq = 1
2
Jq Jq

O(2)
qψ

= Jq Jψ

Oψψ = 1
2
Jψ Jψ

O(3)
qψ

= Jq Jqψ

O(1)
qψ

= 1
2
Jqψ Jqψ

O(4)
qψ

= Jψ Jqψ

M1+5 M1+14

Oqq =
1

2
Jq Jq

O(1)
qψ

=
1

2
Jqψ Jqψ

O(2)
qψ

= Jq Jqψ

Oqq = 1
2
Jq Jq
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Wilson coefficients

M4+5 M1+5

cuLuL = 1
8

(ξ − 1)

[
4ηLα

L
qα

L
qψ +

(
αL
q

)2
+ αR

q

(
4ηLα

R
qψ + αR

q

)]

cdLdL
= 1

8

[
−4ηLα

L
qα

L
qψ −

(
αL
q

)2
− αR

q

(
4ηLα

R
qψ + αR

q

)]

cuLdL
= − 1

8
(ξ − 2)

[
12ηLα

L
qα

L
qψ + 3

(
αL
q

)2
− αR

q

(
4ηLα

R
qψ + αR

q

)]

cuLuL = 1
8

(ξ − 1)

[(
αL
q

)2
+
(
αR
q

)2
]

cdLdL
= − 1

8

[(
αL
q

)2
+
(
αR
q

)2
]

cuLdL
= − 1

8
(ξ − 2)

[
3
(
αL
q

)2
−
(
αR
q

)2
]

M4+14 M1+14

cuLuL = 1
8

(5ξ − 1)

[
4ηLα

L
qα

L
qψ +

(
αL
q

)2
+ αR

q

(
4ηLα

R
qψ + αR

q

)]

cdLdL
= 1

8
(2ξ − 1)

[
4ηLα

L
qα

L
qψ +

(
αL
q

)2
+ αR

q

(
4ηLα

R
qψ + αR

q

)]

cuLdL
= − 1

8
(7ξ − 2)

[
12ηLα

L
qα

L
qψ + 3

(
αL
q

)2
− αR

q

(
4ηLα

R
qψ + αR

q

)]

cuLuL = 1
8

(5ξ − 1)

[(
αL
q

)2
+
(
αR
q

)2
]

cdLdL
= 1

8
(2ξ − 1)

[(
αL
q

)2
+
(
αR
q

)2
]

cuLdL
= − 1

8
(7ξ − 2)

[
3
(
αL
q

)2
−
(
αR
q

)2
]

Before fermion mass diagonalization & up to O(η) and O(ξ)
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Top partners EOM: M4+5 + M1+5

LH components

TL → −
ξ

4

ηL
η2
L + 1

tL , X5/3,L → 0 T̃L →
√
ξ

2

η̃L

(η̃2
R + 1)

√
η2
L + 1

tL

BL → 0 X2/3,L →
ξ

4

ηL√
η2
L + 1

tL

RH components

TR →
√
ξ

2

ηR

(η2
L + 1)

√
η̃2
R + 1

tR , X5/3,R → 0 , T̃R → −
ξ

2

η̃R
η̃2
R + 1

tR ,

BR → −η̃R bR , X2/3,R → −
√
ξ

2

ηR√
η̃2
R + 1

tR .

with

ηL(R) →
yL(R)f

M4
≡ yL(R)

g4
, η̃L(R) →

ỹL(R)f

M1
≡ ỹL(R)

g1
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Top partners EOM: M4+14 + M1+14

LH components

TL → −
5 ξ

4

ηL
η2
L + 1

tL , X5/3,L → 0 T̃L → −
√

2 ξ√
η2
L + 1

(
η̃L − η̃2

R −
M4

M1
ηR η̃R

)
tL ,

BL → −
ξ

2

ηL
η2
L + 1

bL X2/3,L →
3 ξ

4

ηL√
η2
L + 1

tL

RH components

TR → −
√

2 ξ

√
η̃2
R + 1

η2
L + 1

ηL

(
M1

M4
η̃R + ηR

)
tR , X5/3,L → 0 , T̃R → −η̃R tR ,

BR → −η̃R bR X2/3,R → 0

with

ηL(R) →
yL(R)f

M4
≡ yL(R)

g4
, η̃L(R) →

ỹL(R)f

M1
≡ ỹL(R)

g1
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