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Motivation 

• LWSM is a novel (07’) solution to the hierarchy pbm.

• Higgs sector (@ tree level): 2 free parameters.

• Current constraints: only indirect bounds, obtained 
from B-meson mixing,              ,            . 

• This talk: 

• collider constraints from LEP and Tevatron.

• exclusion projections from LHC Run I.

b → XSγ Z → bb̄
Carone, Primulando, Phys. Rev. D80, 055020 (2009)
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Lee-Wick 
Standard Model

B. Grinstein, D. O’Connell, M. B. Wise  (2007)

Based on ideas by Lee and Wick (1969, 1970) 
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A toy model

A) HD formulation:

Propagator: D̂(p) = i
�
p2 − p4/M2 −m2

�−1

B) LW formulation:  φ̂ = φ− φ̃

�
m � M

�

2 poles: p2 = m2,M2

LLW + int. out φ̃ = LHD

has a partner    with wrong sign kinetic term and mass scale M.φ φ̃

The two formulations are equivalent :

B. Grinstein, D. O’Connell, M. B. Wise  (2007)

LHD =
1

2
∂µφ̂∂

µφ̂− 1

2M2

�
∂2φ̂

�2 − 1

2
m2φ̂2 − 1

4
gφ̂4

LLW =
1

2
∂µφ∂

µφ− 1

2
∂µφ̃∂

µφ̃− 1

2
M2φ̃2 − 1

2
m2(φ− φ̃)2 − 1

4
g(φ− φ̃)4
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LWSM: main features
•Technicalities aside: replicate the toy model for each SM field.

• In short: PV regulators correspond to actual physical fields.

•The LWSM solves the hierarchy problem à la SUSY:  the extra 
minus sign in the loop diagrams come from the LW fields 
propagators, rather than from the opposite statistics.

•Unitarity is preserved, provided that the LW fields do not appear 
as “out” states in the S-matrix (i.e: they have to be unstable).

•Causality is preserved at the macroscopic level, however it can 
occur at the microscopic level, testeable at the LHC through 
displaced vertexes (Alvarez, Schat, Da Rold, Szynkman, JHEP 0910, 023 (2009) ).
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Related work in LW theories
• LWSM: Lee, Wick, Nucl. Phys B9 (1969) 209, Phys. Rev. D2, 1033 (1970);  Grinstein, O’Connell, Wise, Phys. Rev. D77, 025012 

(2008)

• Unitarity: Grinstein, O’ Connell, Wise, Phys. Rev. D77, 065010 (2008), Phys. Rev. D79,105019 (2009)

• Renormalizability: Grinstein, O’ Connell, Phys. Rev. D78, 105005 (2008); Chivukula, Farzinnia, Foadi, Simmons, Phys. Rev. 
D82, 035015 (2010); Espinosa, Grinstein, arXiv:1101.5538

• EW constraints: Carone, Lebed, Phys. Lett B668, 221 (2008);  Alvarez, Schat, Da Rold, Szynkman JHEP 0804, 026 (2008); 
Underwood, Zwicky, Phys. Rev. D79, 035016 (2009); Chivukula, Farzinnia, Foadi, Simmons, Phys. Rev. D81, 095015 (2010) 

• Higgs sector constraints: Carone, Primulando, Phys. Rev. D80, 055020 (2009)

• FCNC:  Dulaney, Wise, Phys. Lett, B 658, 230 (2008)

• Gravity: Wu, Zhong, Phys. Lett. B 659, 694 (2008)

• Neutrino masses: Espinosa, Grinstein, O’Connell, Wise, Phys. Rev. D 77, 085002 (2008) 

• H       : Krauss, Underwood, Zwicky, Phys. Rev. D 77, 015012 (2008), Cacciapaglia, Deandrea, Llodra-Perez, JHEP 0906, 054 (2009)

• Higher derivatives: Carone, Lebed, JHEP 0901, 043 (2009).

• Unification: Carone, Phys. Lett. B 677, 306 (2009)

• High temperature: Fornal, Grinstein, Wise, Phys. Lett B 74, 330 (2009)

• LHC phenomenology: Rizzo, JHEP 0706, 070 (2007), JHEP 0801, 042 (2008)

• Acausality behaviour: Alvarez, Schat, Da Rold, Szynkman, JHEP 0910, 023 (2009) 

→ γγ
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LW Higgs sector
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LW Higgs sector (I)

V (X) = −m2

2
X†X +

λ

4
(X†X)2

Spectrum: 2 CP-even (     ), 1 CP-odd (  ) , a charged pairh, h̃ P̃ h̃±

H =
1√
2

�
0

v + h

�
, H̃ =

1√
2

� √
2 h̃+

h̃+ iP̃

�
Unitary gauge: no VEV for the 

LW Higgs doublet!

where                                          

LHiggs = (DµH)†Dµ
H − (DµH̃)†Dµ

H̃ +M
2
H̃

†
H̃ − V (H − H̃)

Explicit mass term for 
the LW Higgs doublet

Lmass = −λ

4
v2(h− h̃)2 +

M2

2

�
h̃h̃+ P̃ P̃ + 2h̃+h̃−�

LY uk =
�
g
ij
u ū

i
R(H − H̃)�Qj

L − g
ij
d d̄

i
R(H

† − H̃
†)Qj

L − g
ij
e ē

i
R(H

† − H̃
†)Lj

L + h.c.
�
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CP-even bosons can  be diagonalized by a symplectic rotation
�

h
h̃

�
=

�
cosh θ sinh θ
sinh θ cosh θ

��
h0

h̃0

�

m2
h0

+m2
h̃0

= m2
P̃
= m2

h̃± = M2Sum rule:

m2
h0,h̃0

=
M2

2

�
1∓

�
1− 4m2

M2

�
Mass eigenvalues:

cosh θ =
1

(1− r4)1/2
, sinh θ =

−r2

(1− r4)1/2
, r ≡ mh0

mh̃0

Mixing angle: 

LW Higgs sector (II)
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Lh̃±ff̄ =

√
2

v

�
h̃+ (ūRMuV dL − ūLMdV dR) + h̃− �

−d̄RV
†MduL + d̄LV

†MuuR

��

gh0V V = cosh θ , gh̃0V V = sinh θ

gh0P̃Z = gh0h̃±W∓ = − sinh θ , gh̃0P̃Z = gh̃0h̃±W∓ = − cosh θ

gh0ff̄ = −gh̃0ff̄
= cosh θ − sinh θ =

1 + r2√
1− r4

, gP̃ f f̄ = −1

Tree level couplings

Couplings to gauge bosons:

One gauge boson - Two Higgs bosons:

Neutral Yukawa couplings:

g2h0V V − g2
h̃0V V

= 1Gauge couplings sum rule:

Charged Yukawa couplings:

Both effective 
couplings can 
be larger than 
one, if r � 0.8

Those values 
are excluded:) :( 
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Loop induced effective couplings
gXgg = gXff̄ X = h0, h̃0, P̃

Krauss, Underwood, Zwicky, Phys. Rev. D 77, 015012 (2008)

gxγγ =
gxtt̄NcQ2

tF
x
1/2(β

t
x) + gxV V F1(βW

x ) +
gxh̃+h̃−
2m2

W /v
m2

W

m2
h̃±

F0(βh±

x )

NcQ2
tF1/2(βt

x) + F1(βW
x )

γ

Figure 1: (1A) fermion loop to gg → h0. (1B) fermion, (2A,2B) W boson and (3A,3B) would-

be Goldstone boson (SM) or charged Higgs boson (LW) contribution to h0 → γγ. In the SM, the

dominant contribution to gg → h0 stems from the top quark and the dominant contribution to

h0 → γγ is due to the W±.

because the LW fermion mass M does not enter with a term proportional to the unit

matrix, in contrast to the SM fermion mass m. Notice that the difference in the structure
of the SM and LW mass terms is transparent in the higher derivative formalism but not
in the LW formalism. In the LW formulation the scaling of the pure loops is 1/mf , as

stated above, but the diagonalization of the Yukawa matrix exactly cancels this effect.
Furthermore, this implies that the Yukawa element (gt,phys)11 > mt,phys which is unusual

and due to the ghost-like nature of the LW particles. The consequences for the CKM
elements |Vt(d,s,b)| will be discussed later, in section 5.

Finally, the κ factor for the process gg → h0 is then simply given by 4

κgg =
sH−H̃ F̃1/2

F1/2(βt)
, (56)

with

F̃1/2 =
(gt,phys)11

mt,phys
F1/2(βt) −

(gt,phys)22

mt̃,phys

F1/2(βt̃) −
(gt,phys)33

mt̃′,phys

F1/2(βt̃′) , (57)

where sH−H̃ takes into account the mixing of the SM and LW Higgs and is given in

4The quantity F̃1/2 may be written in terms of a trace as: F̃1/2 = Tr[ gt,phys η3 M−1
t,phys F ] with

F = diag[F1/2(βt), F1/2(βt̃), F1/2(βt̃′)].
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No need to deal with very large bottom 
Yukawa: all of the Yukawa couplings are 
enhanced by EXACTLY the same factor.

The diphoton channel is more 
complicated: one has to consider not only 

top quarks in the loop, but also W’s 
(second row), Goldstone bosons and 

charged Higgs bosons (third row).
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Effective couplings
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g2h0ff̄
= g2h0gg > g2h0V V > g2

h̃0V V

g2h0γγ

BR(h0 → ff̄/gg) > SM, BR(h0 → V V ) < SM

g2h0γγ deviates from the SM, at most, 7 %.

: all prod. XS > SMh0
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Collider Bounds
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Current collider bounds

Excluded by LEP

Excluded by Tevatron

“LEP reach”

Currently allowed
None analysis apply

Perturbativity bound

HiggsBounds 2.1.1: P. Bechtle, O. Brein, S. Heinemeyer, 
G. Weiglein, K. E. Williams (2008-2011)

b → XSγ
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LHC analysis

Excluded by LEP / Tevatron Currently allowed

• Scanned mass range: 

• Perturbativity and             exclusions are also applied.

110 GeV ≤ mh0 ≤ 200 GeV

b → XSγ
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LW @ LHC Run I

L = 1, 5, 10 fb−1 : end of 2011, end of 2012, optimistic

h0 → WW : mh0 ≥ 130/125/120 GeV

Other Higgs bosons and channels are out of LHC Run I reach.
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Conclusions

• We have studied the collider bounds on the Higgs 
sector of the LW SM.

• This work complements the             constraints.

• Tevatron current data constraints a minor portion 
of the parameter space.

• Lightest Higgs in the reach of LHC Run I only in 
the               channel.

b → XSγ

h0 → WW
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Thanks!
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Backup slides
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Constraints on parameter space

MB̃,W̃ ≥ 3− 4 TeV

MQ̃ ≥ 3 TeV

Ml̃ ≥ 100 GeV

EWPD

EWPD

Direct Search

Mh̃ ≥ 463 GeV b → XSγ
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