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BEH physics
Standard recipe to compute the mass spectrum of a BEH theory:

Nontrivial minimum of the potential

φ(x) = v + ϕ(x)

Φ

UL

Inserting split into Lagrangian → mass term for gauge bosons
SU(2): 3 massive gauge bosons +1 massive Higgs
Successful phenomenological description of electroweak physics
same number of states also seen in lattice computations
[Shrock’85-88, Maas’12, Maas&Mufti’13]

BUT! Mismatch to lattice computations for SU(3)
[Maas&Törek’16,’18]
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BEH physics - ambiguities

Physical observable is gauge invariant!

Gribov-Singer ambiguity

No observable non-Abelian gauge charge
[Lavelle&McMullan’97, Ilderton et al. ’07, Heinzl et al. ’08]

Spontaneous symmetry breaking vs Elitzurs theorem
→ Higgs VEV is not a suitable order parameter (gauge-dependent)

Spectrum qualitatively the same in QCD and Higgs-like region
[Osterwalder&Seiler’78, Fradkin&Shenker’79]

⇒ Rethinking of the particle spectrum!
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Fröhlich-Morchio-Strocchi mechanism
1. Construct a gauge-invariante operator

O(x) =
(
φ†φ

)
(x)

2. Choose a gauge which allows for a nonvanishing VEV

3. Expand Higgs field in correlator in fluctuations around the vev

〈
(
φ†φ

)
(x)

(
φ†φ

)
(y)〉 = v4 + v3〈ϕ〉+ v2〈ϕ2〉+ v〈ϕ3〉+ 〈ϕ4〉

4. Perform standard perturbation theory on the right-hand side

〈
(
φ†φ

)
(x)

(
φ†φ

)
(y)〉 = v2〈h(x)h(y)〉+ 〈h(x)h(y)〉2 +O(g , λ)

5. Compare poles on both sides

Confirmed on the lattice for SU(2)-Higgs theory [Maas’12]

[Fröhlich et al ’80,‘81]
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FMS mechanism in the weak sector

L = −1
4Wi µνW µν

i + (Dµφ)†Dµφ− U(φ†φ)

Strict gauge-invariant description of the Higgs 〈φ†φφ†φ〉 ' 〈hh〉+ · · ·

Triplet of gauge bosons?

Local SU(2)L Symmetry: Wµ → αWµα
−1 − i

g (∂µα)α−1, φ→ αφ

Additional global SU(2)cust. symmetry
Wµ(x)→Wµ(x), φ(x)→ aφ(x) + bφ∗(x)

Possible to construct custodial vector triplet
→ expands to elementary gauge triplet in leading order

Similar considerations for left-handed fermion doublets

Mapping of local to global multiplets in the Standard Model

[Fröhlich et al ’80, ‘81]
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Beyond the Standard Model
SU(N > 2) gauge theory + Higgs in fundamental representation

Local and global symmetry group do not match: SU(N) vs U(1)

JP Field Mass Degeneracy Operator Mass Deg.
0+ h mh 1

φ†φ mh 1

O±1 (N − 1)mA 1/1̄

1−

Aµ
i 0 (N − 1)2 − 1 iφ†Dµφ

√
2(N−1)

N mA 1

Ãµ
i mA 2(N − 1) O±1 (N − 1)mA 1/1̄

Āµ
i

√
2(N−1)

N mA 1

Nonperturbative check for N = 3 on the lattice
[Maas,Törek’16,’18]

Also mismatches between the fluctuation and bound state spectrum
for other representations or gauge groups

[Maas,RS,Törek’17]
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Ãµ
i mA 2(N − 1) O±1 (N − 1)mA 1/1̄

Āµ
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Āµ
i

√
2(N−1)

N mA 1

Nonperturbative check for N = 3 on the lattice
[Maas,Törek’16,’18]

Also mismatches between the fluctuation and bound state spectrum
for other representations or gauge groups

[Maas,RS,Törek’17]

R. Sondenheimer (FSU Jena) Bound states in BEH theories Lisbon, 05.09.2018 6 / 8



Beyond the Standard Model
SU(N > 2) gauge theory + Higgs in fundamental representation
Local and global symmetry group do not match: SU(N) vs U(1)

JP Field Mass Degeneracy Operator Mass Deg.
0+ h mh 1 φ†φ mh 1

O±1 (N − 1)mA 1/1̄

1− Aµ
i 0 (N − 1)2 − 1 iφ†Dµφ

√
2(N−1)

N mA 1

Ãµ
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Āµ
i

√
2(N−1)

N mA 1

Nonperturbative check for N = 3 on the lattice
[Maas,Törek’16,’18]

Also mismatches between the fluctuation and bound state spectrum
for other representations or gauge groups

[Maas,RS,Törek’17]

R. Sondenheimer (FSU Jena) Bound states in BEH theories Lisbon, 05.09.2018 6 / 8



Beyond the Standard Model
SU(N > 2) gauge theory + Higgs in fundamental representation
Local and global symmetry group do not match: SU(N) vs U(1)

JP Field Mass Degeneracy Operator Mass Deg.
0+ h mh 1 φ†φ mh 1

O±1 (N − 1)mA 1/1̄

1− Aµ
i 0 (N − 1)2 − 1 iφ†Dµφ

√
2(N−1)

N mA 1

Ãµ
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Beyond the Standard Model - Multi-Higgs models
Mapping of local to global multiplets works for 2HDM! [Maas,Pedro 16]

But constraints for SU(5) GUT

SU(5) 〈Σ〉∼w−−−−−→ SU(3)× SU(2)×U(1) 〈φ〉∼v−−−−→ SU(3)×U(1) (w � v)

Global symmetry:

JP Field Mass Degeneracy Operator Mass Degeneracy
0+ h mh 1

ϕa ∼w 6

O0− mh 1

σi ∼w 8
σ̃i ∼w 3

O±1− ∼w 1/1̄

σ̄i ∼w 1
1− Aµ 0 1

W µ
± mW 2

O0− 0 1

Zµ mZ 1
Xµ

i ∼w 6

O±1− ∼w 1/1̄

Y µ
i ∼w 6

Gµ
i 0 8 [Maas,RS,Törek’17]
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Conclusions & Outlook

Observable spectrum must be gauge invariant

Non-Abelian gauge theory: composite operator

FMS mechanism provides a mapping of local to global multiplets

Same results in leading order for the standard model and 2HDM

BSM model building may be affected

Thank you for your attention!
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