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Overview

w general introduction -- hierarchy problem - Higgs composite or fund.?

W Lee-Wick QFT -- toy model L ~ ¢p3

1. Higher derivative formulation
2. Auxiliary field formulation

v tree-level unitarity -- an instructive example

v The Lee-Wick Standard Model (construction principle)

absence of quadratic divergences

fermion sector

electroweak precision observables (oblique formulation)
LHC phenomenology I & II

v Ideas behind unitarity -- acausality (brief)

v Epilogue formal & pheno aspects




Introduction...

W ca’69 renormalization theory not popular with all field theorists
prior to: Wilson view renormalization (effective theories)
‘t Hooft & Veltman renormalization spont.-broken gauge theories
strong interaction as a gauge theory known as QCD

oy,
Finite Theory of Quantum Electrodynamics® / )fe/daedpaa//:
I'. Iy, L aww G O, Wik af/ea &péy ,P,.//a
Yy s iy e deaar, | .J;ﬂ.'-l'.l .'Iqlll'.t.;-lll'l\._ i'l'r: Yark, New Vorl 08057 &fyl' &,aa/ ’:9
8 g

< ca’07 omnipresent hierarchy problem ...
inspires most new physics models (not flavour ...)

Grinstein O’Connel Wise ... apply Lee-Wick field theories to SM
= only logarithmically divergent (cure to hierarchy problem)




Lee-Wick field theories

/‘\iee & Wick ~ 1970

a theory with (unobservable) ghosts
renders QED finite

v Field theory laboratory v Curious (LW)SM phenomenology

Grinstein, O’Connel, Wise 2007
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.. only
candidate:
non-trivial

acausal QFT

1970

“solution” to

unitary? hierarchy problem




Hierarchy Problem

w If SM viewed as an effective theory (Wilson)
2 1.2
['" Apw — mH hO

scalar mass term is relevant operator (grows at low energy)
= Agw ~ mp appears accidental / unnatural

W Viewpoint from perturbatlon theory -- 1-loop Correctlons
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W “Cure”: something ought to happen Enew =O(1)Agw
EWPO often = Enew =O(10)Agw “little hierarchy problem”




In fact: why there really ought to be something .....

W_-W| scattering “perturbative unitarity”
S-wave
A T |
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Serit ~ (1.2 TeV)?
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Standard (Model) solution




centered around the Higgs mechanism of SSB
= W,Z masses; hierarchy problem?

O
< —~>
fundamental particle composite particle
v strong dynamics
SSB SU(2).
Higgs-mechanism <qrQL> ~ (Aew)?
v/V2 ||
need cancelation hierarchy problem quantum corrections
mechanism cut off by analogue of Aqcp
Supersymmetry Examples y Techmcglour i
opposite statistics partner Iggs sector = (auge theory
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.= time to enter Lee-Wick field theories

A. Higher derivative formulation

B. Auxiliary field formulation




A. Higher derivative formulation

Add higher derivative term to L

.

[ Lra= =500 — 5P — (02 2P J

2M?

Propagator:

R 1 1 1
{ D(p) = p? — p /M2 — m2 -~ (p? — mih)@(pz _ Mph2)}

W two poles -- one “wrong” sign residue (PV ghost)
W improved convergence diagrams




B. Auxiliary field formulation

Introduce auxiliary field ®
(equivalent Lagrangian)
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shift to physical fields couplings & masses




Improved convergence: e.g. self energy

[EW) ~ [0 [ wte = [ e —am J
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“only” log-divergent

Hasty impression (AF-formalism):

P1: double number of fields
P: power counting improves: #(inter lines) (-2)




Higher derivative (HD) formulation:

w construction principle of LWSM
w power counting (divergences)

Auxiliary field (AF) formulation:

W explicit calculations
w contact with experiment

use them both = check your results




Interpretation: First example Uit
causality?

s-channel unitarity (/-loop)
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The Lee-Wick Standard Model (LWSM)

Grinstein, O’Connel, Wise
(0704.1845)

Construction principle in HD formalism
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® gauge invariance (minimal coupling) enforces derivatives in Lint

o | 82u¢¢ could be used as PV regulator for non-abelian gauge theories




Absence of quadratic divergences -- HD formalism
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w top and Higgs loop: no new “X simply log convergent

w gauge boson loop: new “0” = closgr look P
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w in Lorentz gauge (0- A=0) & partial-/ = log-convergent

Grinstein, O’Connel, Wise

(0704.1845)




Flavour sector ... CKM -- AF formalism

v.¢ massive fermion = 2xchiral femion Qr < (Qr,QR)
= three LW fermion generations !! P, gr < (d1,qr)
my —Mmy 0 my — Ty 0
— ¢ my —Mt — My my 0
0 — M 0 0 0 0

top mass matrix top Yukawa matrix

w are not simultaneously diagonal

[non-unitary correction to CKM matrix (generalize unitarity) J

2
1 .
W oeg Vi — [Viel(14 2 (%> ) > 1 possible (x=t)
2 \my Krauss, Underwood, RZ '07




Electroweak (precision) constraints

\ 4

L )
&- O—O
low Mz above LHC (Mw..) ILC?
O low: V-, V-N scattering, atomic parity
O Z-pole: LEPI/SLC asymmetries FB, polarization initial/final state scattering

. above: LEP2 asymmetries/cross section (contact interactions)

Generally: trade EW parameters (gi,g2,v) for three best measured parameters

mz=91.1976(21) GeV, o'(mz)=127.918(18), Ge=1.16637(1)105GeV-

[QuantityX : X: X(GM, .| My, ...) = X(Gsar, M, )j

| .Lagrangian (“theory”) 2. Gr=GFM(1+01w) (“experiment”)




Work out effective Lagrangians (step 1)

J-out heavy d.o.f. & diagonalize (hyperbolic)

N
Eerf = — (pf\/iGF)l/Z 2my Jz- 72, Jg E(J3_55<m2> JQ)M
 4Gg , , .
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w Out of (Gr,mz,&) only mz affected
w Low energy not affected (formally) -- 7 94/ Miw? = 0"
Match with experiment (step 2)
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perform the x2fit .....
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Oblique formalism (S,T,U)

Kennedy & Lynn, Altarelli & Barbieri, Peskin & Takeuchi ~90’

w If “new physics” in (W,Z) self energy (e.g. 4™ family, technicolor)

“universal”
le ~ , le .
Jan ’x AVAVAY VAVAY Qv corrections

'\

oy (€) ! ,5(0) + I, (0)e + 0(62)] ab € {BB, B3,33,11}

W = 8 - 3(Gp,mz,&)-2y) = 3 parameters S, (T, U)

e.g. p«(0)=1+al; T=




Non-universal models ...... \

w additional weak gauge bosons W,Z -- f-out

Jze>< = 4-Fermi contact terms (non-univsersal)
SM SM

W,Z,W.,Z

| | Weut = oW + W
T AN VN . o
VoV wout | py/in. Ceﬁ" ~ Win . ST\Z/}
Y

= theory “universal” form -- “universalized”

W prize to pay: one higher order = 3 + 4 = 7 parameters (5,X) (T,U,V) (W,Y)

[Hab(E) = a5 (0) + 115 (0)e + %Hi{b(o)62 +O(e”)

Strumia’99 ........ Barbieri,Pomarol Rattazi,Strumia‘04




Underwood,RZ arxiv:0805.3296[hep-ph]

LWSM (AF) formalism

v.¢ belongs to this class of models

w “universalize” AF formulation = HD formulation !! "k b, %
Warg,
1 N2 2
H2:2_2_q_, W = ZWIT7 () = — W

All leading order terms

W expand (previous) tree-level exact results in € -- they do agree!

w N.B. carefully avoided “custodial symmetry” ; ambiguous gi1=0!

W Similar models x-dim. LW ~ KK; but W,Y ~ (mw/Mkk)?> 0 no ghost :)




LHC Pheno I - gg - ho — YY Krauss, Underwood, RZ "07

v Low Higgs mass discovery channel

i
sensitive to heavy quarks i.e. top , ) ﬁ::
A~ (14 O(1/mly)) 7
p )
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~ ~ Rizzo arxiv:0704.3458[hep-ph]
LHC Pheno Il -- qq — Z(W) — li(v)X

v Can LW gauge bosons be “uniquely” identified?

wrong sign |. residue
2. width i

Q 2. width ~2 GeV small -- at least l.w/Mw suppressed + hadronic env.

@ 1. measure cross section rather than amplitude! S,
(=Dresidue, 5 A7 - Aggz X ey
0 ~ (—1)resid ZAnZ - AqqzZ Az SWe,. oy,
es1duetgq a9 er ho,0p//”g

vw.¢ obvious formal cure: same initial final state vertices!

@ gauge bosons to two jets (dijets) -- challenging background

Q@ Bhabba scattering e*e” = e*e” for ILC 411,%/

ér

Rizzo arxiv:0712.1791[hep-ph] “Veg




Idea behind unitarity Lee-Wick 1970

negative norm states & unitarity are in straight contradiction

@ree —~/eve/ ( 1mproved pert. A works ... but hoew aboedd /OOD

v basic-picture: S-matrix block-diagonal on particle/ghost-space

} sy,
S 0 particle-world STS =1 Lt ..
S = 0 X Lee-Wick-resonance Z‘V of/"a/
0/'/%' /},
% e # 0, the states {|eTe™ )y, ., |A)} mix for m ; > 2m,
: 0 /2 1
int __ _ = 5
H _<iF/2 >, F—BamA

[ negative norm states have complex energies j




Viewpoint of analyticity
(rather non-analytic points:)

W positive norm: negative norm:
A
Ca M2 = M2y, —iMiwT T 1 =
ASY ghadt -,
weo ¥ : !
PSRN\ 1% ghect L
. M e
| poss
L hq‘:
Co -
Schwartz-reflection principle "We* %
o0z,
1 1 dsp(s)  ~MZ>r2 1
WA q2—M3+q2—Mé‘2+Am28—q2—i0 T M2




Ready for Loops Lee-Wick 69
. . CLOP 69 (refined)
(rather non-analytic points:)

| 1 1 dsp(s)  q*=m?>r? 1
Ag?) = @ — M2
iA(q7) qz_M02+q2_MC*2+Am23—q2—i0 T @E—M?

Im p*
[ 86*)A(+ 0?)
X X p
, \ Examples: Lee-Wick poles in Cyo
— e po = /T2
o x 290:i\/132+]\45k2

v  Status: no examples known in literature where this does not work!




Coleman’s Eridice lecture ....
i Lee-Wick’69
(A)Causality

(In proofs of analyticity causality is ingredient ...may expect trouble)

v Classical level: higher derivatives .. need future BC to eliminate unstable mode

v Quantum level: acausality is microscopic phenomenon

t \ / reverse sign width T
N
time / \

w Distance of backward propagation prop. to 1/ w .. microscopic

Alvarez et al ‘09 proposal to measure with primary & secondary vertex ... lee-wick electron cand.
since it is lightest.




Epilogue | (formal)

v Unitarity to all order in perturbation theory?

w Non-perturbative definition Boulaware, Gross ‘84
path-f via canonical formalism does not yield CLOW prescription

v Is LWFT Lorentz invariant?
No with LW prescription -- Yes? with CLOW prescription

w Is LWFT effective description of sthg beyond field theory?
(borne out in desperation of the hierarchy problem)

W Proposal path-f quantum fields restricted test fcts space
yields CLOW prescription Tonder, Dorca ‘06

w Not discussed high T physics e.0.s. w=1 (p=w p) ......




Epilogue 1l (pheno)

w 2007 GOW extended LWFT to SM: chiral fermions -- non-abelian gt

counting of d.o.f. not trivial when Msy = 0 (Mrw = 0 by construction

w not suprisingly LWSM has curious phenomenology

e.g. possible | Vi | >1
negative residue “cought” in: xx = Zrw = xx ; xx=(qq,11)

Tey,
v EWPO constrains ~ 2-3TeV for weak LW gauge bosons p,;ZZZ,_a 4

again distinguished other models e.g. x-dim

v¢ Issues left out:
LWFT as lattice regulator (avoids discretization effects cut-off) used 1990
LWFT running of beta-fct, LWFT & massive vector boson scattering

Merci pour votre attention!




