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Outline

e The Lee-Wick Standard Model (LWSM, 2008)

e Wrong vertex displacement
due to a LW resonance at LHC

@ What is a Wrong vertex displacement?
@ The ’longest lived’ Lee-Wick particle

@ Montecarlo simulation for LHC

@ Conclusions
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The Lee-Wick Standard Model

The Lee-Wick Standard Model

B.Grinstein, D.O’'Conell and M.Wise
Phys.Rev. D77, 025012 (2008)
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The Lee-Wick Standard Model

The LWSM philosophy in a toy scalar model
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The Lee-Wick Standard Model

The LWSM philosophy in a toy scalar model

In the LWSM:
For every particle we add a higher derivative term
Lha = 30u00" 051 (0°0)* — 3m°F — 4g6* (M > m)

A~

D(p) = m — two poles: p? = m?, M?
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The Lee-Wick Standard Model

The LWSM philosophy in a toy scalar model

In the LWSM:
For every particle we add a higher derivative term

Lha = 30u00"6— 530 (0°0)? = 3m*¢? — 3igd* (M > m)
D(p) = m — two poles: p? = m?, M?

Equivalent theory with new Lee-Wick field b:

L= 20,006 30,0054 M2 — S (6~ 3 — (6~ O’
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The LWSM philosophy in a toy scalar model

In the LWSM:
For every particle we add a higher derivative term

Lhg = 30,001 ¢~ 515 (020)? — Im2d? — Lgd* (M > m)

D(p) = m — two poles: p? = m?, M?

Equivalent theory with new Lee-Wick field b:

L= 20,006 30,0054 M2 — S (6~ 3 — (6~ O’

—i

; .
D¢(p) = P2 —m2 D(};(p) = P2 M2
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The LWSM philosophy in a toy scalar model

In the LWSM:
For every particle we add a higher derivative term

Lhg = 30,001 ¢~ 515 (020)? — Im2d? — Lgd* (M > m)

D(p) = m — two poles: p? = m?, M?

Equivalent theory with new Lee-Wick field b:

L= 20,006 30,0054 M2 — S (6~ 3 — (6~ O’

i ~ —i
D¢(p) = P2 —m2 D(};(p) = P2 M2
In the LWSM for every SM-field there is a LW-partner
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The Lee-Wick Standard Model

LWSM solves the hierarchy problem

SM hierarchy problem: Higgs mass quadraticaly sensitive to cutoff

1-loop corrections from W:

S O~ A~ (1018 GeV)? if A~ Mpy
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The Lee-Wick Standard Model

LWSM solves the hierarchy problem

SM hierarchy problem: Higgs mass quadraticaly sensitive to cutoff

1-loop corrections from W:

w w 2
™, oy, 2 g 2 18 2
AT o~ A~ (10% GeV)? if A ~ Mpy
H H H H
Resolution in the LWSM:
W » W 2 p g2 2
oy, M, v 2 g Miw A
&, s 2 S, — (5m ~ |0 ( )
s % Tw? s 3 h 1672 g MI?W
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The Lee-Wick Standard Model

Lee-Wick issue: acausality

Lee-Wick particles have opposite sign width I' < 0 and hence these
resonances exhibit a time advancement instead of a time delay.
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The Lee-Wick Standard Model

Lee-Wick issue: acausality

Lee-Wick particles have opposite sign width I' < 0 and hence these
resonances exhibit a time advancement instead of a time delay.

/

% [LW r: 1

Decay products would show up before colision
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The Lee-Wick Standard Model

Lee-Wick issue: acausality

Lee-Wick particles have opposite sign width I' < 0 and hence these
resonances exhibit a time advancement instead of a time delay.

/

% [LW r: 1

Decay products would show up before colision

@ No paradox if only average position is studied (Lee & Wick)
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The Lee-Wick Standard Model

Lee-Wick issue: acausality

Lee-Wick particles have opposite sign width I' < 0 and hence these
resonances exhibit a time advancement instead of a time delay.

/

% [LW r: 1

Decay products would show up before colision

@ No paradox if only average position is studied (Lee & Wick)

@ Marty Mcfly paradox: there might be natural constrains which
we ignore (Coleman)
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The Lee-Wick Standard Model
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o Mgy =3 —4Tev
L MLW7quarks >3 TeV

e No constrain on Lee-Wick leptons other than direct search
(M; > 100 GeV)
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Wrong vertex displacement due to a LW resonance at LHC

.
Wrong vertex displacement

due to a Lee-Wick resonance at LHC
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Wrong vertex displacement due to a LW resonance at LHC

How to test acausality

o LW particles live too little to make temporal acausal beaviors
explicit

E. Alvarez* (and C. Schat, L. Da Rold and A. Szynkman) Wrong vertex displacement due to a Lee-Wick resonance at L



Wrong vertex displacement due to a LW resonance at LHC

How to test acausality

o LW particles live too little to make temporal acausal beaviors
explicit

@ We could look for spatial acausal behavior, with no paradox
around.
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Wrong vertex displacement due to a LW resonance at LHC

How to test acausality

o LW particles live too little to make temporal acausal beaviors
explicit

@ We could look for spatial acausal behavior, with no paradox
around.

@ Wrong Vertex Displacements at LHC!
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Wrong vertex displacement due to a LW resonance at LHC

Wrong vertex displacement

Center of mass (a la Coleman):
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Wrong vertex displacement due to a LW resonance at LHC

Wrong vertex displacement

Center of mass (a la Coleman):

Decay products
show up before

colision /I
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Wrong vertex displacement due to a LW resonance at LHC

Wrong vertex displacement

Center of mass (a la Coleman):
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Wrong vertex displacement due to a LW resonance at LHC

Wrong vertex displacement

Center of mass (a la Coleman):

Boosted:
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Wrong vertex displacement due to a LW resonance at LHC

Wrong vertex displacement

Center of mass (a la Coleman):

Boosted:

Decay products
show up before

w
> «—
T\’

secondary
vertex
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Wrong vertex displacement due to a LW resonance at LHC

Wrong vertex displacement

Center of mass (a la Coleman):

Boosted:

- L
T B = /T\
~\
secondary primary
vertex vertex
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Wrong vertex displacement due to a LW resonance at LHC

Wrong vertex displacement

Center of mass (a la Coleman):

Boosted:

- secondary vertex decay
products points TOWARDS

/ primary vertex, instead

e of AWAY.
——" 5
) A . .
T O T - invariant mass for
\ d decay products
secondary primary
Fihejs o vertex
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Wrong vertex displacement due to a LW resonance at LHC

Wrong vertex displacement

Center of mass (a la Coleman):

Boosted:

Formal S-matrix theory predicts the
wrong vertex displacement
extrapolating the OUT states.

See Grinstein, O'Conell & Wise
PRD79:105019 (2009)

secondary
vertex

- secondary vertex decay

products points TOWARDS

primary vertex, instead

of AWAY.

- invariant mass for
d decay products
primary
vertex
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Wrong vertex displacement due to a LW resonance at LHC

The "longest lived” Lee-Wick particle

o We seek for the LW-particle with smallest I

@ Mass and interactions are both important
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Wrong vertex displacement due to a LW resonance at LHC

The "longest lived” Lee-Wick particle

o We seek for the LW-particle with smallest I
@ Mass and interactions are both important

@ Light leptons LW-partners are favourites (assume MFV):

& and (g:)

E. Alvarez* (and C. Schat, L. Da Rold and A. Szynkman) Wrong vertex displacement due to a Lee-Wick resonance at L



Wrong vertex displacement due to a LW resonance at LHC

The "longest lived” Lee-Wick particle

Main decays for 7. within MFV

~ me /M, ~me/M;, ~ me/v
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Wrong vertex displacement due to a LW resonance at LHC

The "longest lived” Lee-Wick particle

Main decays for 7. within MFV

[

~ mF/AM;u ~me/v

IFIGev] I7l[sec]
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" Mee
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2x10°% Mle — Z €] 1x1072
1
1x102 ~ 5x10
x Mée — h(200GeV) e]
2x107
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Wrong vertex displacement due to a LW resonance at LHC

Looking for a wrong displaced vertex

® M; ~400GeV — |7 ~ 10" sec — Ax ~ 1073 mm
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Wrong vertex displacement due to a LW resonance at LHC

Looking for a wrong displaced vertex

® M; ~400GeV — |7 ~ 10" sec — Ax ~ 1073 mm

@ LHCb Vertex Locator resolves Ax; > 1072 mm
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Wrong vertex displacement due to a LW resonance at LHC

Looking for a wrong displaced vertex

o M; ~400GeV — || ~ 107 sec — Ax ~ 1073 mm
@ LHCb Vertex Locator resolves Ax; > 1072 mm

@ We need to create 7, boosted with v~ 10
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Wrong vertex displacement due to a LW resonance at LHC

Looking for a wrong displaced vertex

o M; ~400GeV — || ~ 107 sec — Ax ~ 1073 mm
@ LHCb Vertex Locator resolves Ax; > 1072 mm

@ We need to create 7, boosted with v~ 10

@ However.....10 x 400 GeV ~ 4 TeV .....is it possible at LHC?
(7 TeV)
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Wrong vertex displacement due to a LW resonance at LHC

The process

Feynman Diagram

!

‘.

p,> T M 0.02mm
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Wrong vertex displacement due to a LW resonance at LHC

The process

Feynman Diagram

p,> T M0.02mm
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Wrong vertex displacement due to a LW resonance at LHC

The process

Feynman Diagram
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Wrong vertex displacement due to a LW resonance at LHC

The process

R3-space
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Wrong vertex displacement due to a LW resonance at LHC

The process

R3-space

@ look for two events of e Z (reconstructed) coming from
displaced vertex.
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Wrong vertex displacement due to a LW resonance at LHC

The process

R3-space

@ look for two events of e Z (reconstructed) coming from
displaced vertex.

@ compute the invariant mass
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Wrong vertex displacement due to a LW resonance at LHC

The process

R3-space

@ look for two events of e Z (reconstructed) coming from
displaced vertex.

@ compute the invariant mass
© check if the events are wrong displaced vertex
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Wrong vertex displacement due to a LW resonance at LHC

LHC simulation

Process pp — (v, Z, W, B) — Zelz simulated through
MadGraph/MadEvent for M; = 400 GeV

10* E
103 [~ -
-] I 1
& 1% |- 3
£ g :
g r ]
= 10! -
100 -
S R I R i 1 ||

0 500 1000 1500 2000

pt (Z)

X-sect = 2.769E-02(pb) AVG = 4.434E+02 RMS = 3.695E+02
Tot # Evts = 154305 Entries = 154305 Undersc=_ 0 Over
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Wrong vertex displacement due to a LW resonance at LHC

LHC simulation

Process pp — (v, Z, W, B) — Zelz simulated through
MadGraph/MadEvent for M; = 400 GeV

ot Z-resorlance I I '

W, and B
resonance

103 E

| 2

S W0t E available 3
g F energy E
g L dumping ]
B

\

L.

Ty
Lol
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X-sect = 2.769E-02(pb) AVG = 4.434E+02 RMS = 3.695E+02
Tot # Evts = 154305 Entries = 154305 Undersc= 0 Over
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Wrong vertex displacement due to a LW resonance at LHC

LHC simulation

Process pp — (v, Z, W, B) — Zeéze simulated through
MadGraph/MadEvent for M; = 400 GeV

[ 'z-resonlance

104

T

W, and B
resonance

ol

108 E —
g 2 ]
S W0t E available 3
g E energy 3
g L dumping ]
- 10! |- \l -
100 |- —
0 500 1000 1500 2000
pt (2)

X-sect = 2.769E-02(pb) AVG = 4.434E+02 RMS = 3.695E+02
Tot # Evts = 154305 Entries = 154305 Undersc= 0 Over
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Wrong vertex displacement due to a LW resonance at LHC

LHC simulation

Cross-sections for having wrong vertex displacements at LHC.

a[tb]

400 PP—> ¢, £,
I pP—> 7, ¢
300 be L
r pT>r M 0.02mm

200

100

L M;[GeV]
450
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Wrong vertex displacement due to a LW resonance at LHC

LHC simulation

Cross-sections for having wrong vertex displacements at LHC.

a[tb]

400 PP—> ¢, £,
I pP—> 7, ¢
300 be L
r pT>r M 0.02mm

200}

100

L M;[GeV]
200 250 300 350 400 450

("] U(Mlﬁe = 400 GeV) = 3 fb —~ 1 year to have 100 events @ L = 1033cm—2s~1
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Wrong vertex displacement due to a LW resonance at LHC

LHC simulation

Cross-sections for having wrong vertex displacements at LHC.

a[tb]

400} Pp — Ze -

PP — 7
300 e fe
pT>r M 0.02mm

200}

100

200 250 300 350 400

L M;[GeV]
450
("] U(Mlﬁe = 400 GeV) = 3 fb —~ 1 year to have 100 events @ L = 1033cm—2s~1

@ At I\/IZe > 500 GeV there is a dumping due to the high p; needed. (p; > 1700 GeV —~ 50 years for
10 events)
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Wrong vertex displacement due to a LW resonance at LHC

LHC simulation

Cross-sections for having wrong vertex displacements at LHC.

a[tb]

400} Pp — Ze -

PP — 7
300 e fe
pT>r M 0.02mm

200}

100

200 250 300 350 400

L M;[GeV]
450

("] U(Mlﬁe = 400 GeV) = 3 fb —~ 1 year to have 100 events @ L = 1033cm—2s~1

@ At I\/IZe > 500 GeV there is a dumping due to the high p; needed. (p; > 1700 GeV —~ 50 years for
10 events)

@ Background analysis is missing for a real final estimation.
(Notice: signal comes with a high pr electron, for instance M; = 400 GeV = pr(e) ~ 1TeV)
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Wrong vertex displacement due to a LW resonance at LHC

Conclusions
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Wrong vertex displacement due to a LW resonance at LHC

Conclusions

@ The Lee-Wick Standard Model solves the hierarchy problem and will
be tested at LHC.
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Wrong vertex displacement due to a LW resonance at LHC

Conclusions

@ The Lee-Wick Standard Model solves the hierarchy problem and will
be tested at LHC.

@ The distinguishable feature of the LWSM is its acausality.
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Wrong vertex displacement due to a LW resonance at LHC

Conclusions

@ The Lee-Wick Standard Model solves the hierarchy problem and will
be tested at LHC.

@ The distinguishable feature of the LWSM is its acausality.

@ We explored its possible evidence at LHC through wrong vertex
displacementes. Recall: acausality signal # time paradox!!
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Wrong vertex displacement due to a LW resonance at LHC

Conclusions

@ The Lee-Wick Standard Model solves the hierarchy problem and will
be tested at LHC.

@ The distinguishable feature of the LWSM is its acausality.

@ We explored its possible evidence at LHC through wrong vertex
displacementes. Recall: acausality signal # time paradox!!

@ We found that MFV plus leptons with masses below 500 GeV could
lead to evidence of acausal vertex displacements in LHC era.
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Wrong vertex displacement due to a LW resonance at LHC

Conclusions

@ The Lee-Wick Standard Model solves the hierarchy problem and will
be tested at LHC.

@ The distinguishable feature of the LWSM is its acausality.

@ We explored its possible evidence at LHC through wrong vertex
displacementes. Recall: acausality signal # time paradox!!

@ We found that MFV plus leptons with masses below 500 GeV could
lead to evidence of acausal vertex displacements in LHC era.

@ Possible observation requires to go further and analyze the
bakgrounds.
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Wrong vertex displacement due to a LW resonance at LHC

Conclusions

@ The Lee-Wick Standard Model solves the hierarchy problem and will
be tested at LHC.

@ The distinguishable feature of the LWSM is its acausality.

@ We explored its possible evidence at LHC through wrong vertex
displacementes. Recall: acausality signal # time paradox!!

@ We found that MFV plus leptons with masses below 500 GeV could
lead to evidence of acausal vertex displacements in LHC era.

@ Possible observation requires to go further and analyze the
bakgrounds.

@ Wrong vertex displacement is a general signal for any acausal theory.
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Wrong vertex displacement due to a LW resonance at LHC

LWSM basic particle content and interaction

LW-gauge bosons are massive and mix:

2

R 1,22
s (W + %)
- 3 <32
+— (g1B,A, +8lBy + &W, +aW,
Fermions are vector like and mix:

(1)
Loy = ST wipp— D> PP — My)d
Y=q;, ur, dg b d

Y=g, o, d
- = - b = d ~d
—my(ig — Gg)(af — ;) — mg(dr — dr)(a] — a) + h.c.
Interaction between gauge bosons and fermions: @
Lint

- ab( B+ BYY + (W + W)
»=aL,uR,dR
+ 3

ad( B+ BYD + e (W + W)
i

(3)
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Wrong vertex displacement due to a LW resonance at LHC

pr distribution for final SM electrons in signal

pr distribution for final SM electrons for events which generate
wrong vertex displacements > 0.02mm (M; = 400 GeV).
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