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Field SU(3). SU(2); U(l)y Lorentz
Qi = ( Z;L ) 3 2 1/6 (1/2,0)
L
ul, 3 1 2/3 (0,1/2)
db, 3 1 -1/3 (0, 1/2)
Li = ( ”fL ) 1 2 “1/2  (1/2,0)
L
el 1 1 -1 (0,1/2)
H = ( Z;r ) 1 2 1/2 (0,0)




The Hierarchy Problem

e Motivation for new physics beyond weak scale, Hierarchy
Problem. SM Higgs potential: V(H) = MHTH —v2/2)? im-
plies vacuum expectation value HY = v/\/§ physical Higgs
scalar mass mj, ~ vV Av. v/Mpy ~ 10717,

e One |loop radiative corrections from coupling to W boson
induce ; dm# ~ gaA2/1672.



e If Ac is of order the Planck scale then ém7 ~ (1018GeV)Z2.
To keep v small requires a delicate fine tuning between bare
parameters and radiative corrections.

e Some of solutions proposed: Dynamical Symmetry Break-
ing (Technicolor), Low Energy Supersymmetry, Large Extra
Dimensions, Warped Extra Dimensions, Anthropic Principle
A.

o Lee-Wick Standard Model presented in a paper with Donal
O’'Connell and Benjamin Grinstein arXiv:0704.1845. It builds
on ideas first presented in two papers, T. D. Lee and G. C.
Wick, Nucl Phys B9, 209 (1969) and T.D. Lee and G. C.
Wick, Phys. Rev. D2, 1033 (1970). Paradigm shift not
causal.
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A Toy Model

e |Lagrange density
Lhg = %c%cﬁ@“q@ - 2—]\142(32@2 - Emzqu - agfb ;
propagator of ¢
1
p2 — pA /M2 —m2
M > m, poles at p? ~ m?2 and also at p? ~ M2. More than

one degree of freedom. Residue of p? ~ M2 wrong sign.
Unstable.

D(p) =




e Auxiliary Lee Wick scalar field ¢. Write the theory as
1 .~ 1 ~ P | -~ 1 -

L= 20,00"d — —m?¢° — 9% + —M?¢> — —g¢°.

Qucb ¢ chb ¢ <b+2 ¢ 3!g<z5

Removing ¢ from £ with their equations of motion repro-
duces Lyqg-

e Define ¢ = ¢ + ¢ to remove ¢-¢ kinetic mixing.

1 1 -~ 1 ~-> 1 ” 1 ~
L= 28,00"p— =0, F+=M?$?> ——m?(¢—¢)° ——g(¢p—)>.

5 ,ufb @ 5 ,ufb </5‘|‘2 0 2m (fb fb) 3!9((/5 Cb)
Two kinds of scalar field: a normal scalar field ¢ and a new

LW-field ¢. ¢ can decay to two ¢'s. Lee Wick resonance,
calculate its decay width from two-point function of cZ.
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e Bubble sum,

3 —i —i 5 —i
D(p) p2_M2 _.I_pz_MQ(_ZZ(p ))pz_ _I_
—1

p? — M? 4+ 5 (p?)

e (—iX(p?)) same as usual but extra minus sign with each
(—iX(p?)). Width,

2 2

4
r=—_2 \/1—£.
327 M M?2
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LW-Gauge Bosons and the Hierarchy Problem

e Higher derivative Lagrange density
1 - . 1 . -
— = 1% o A v
Lng =~ trEuFH + itr (D" Fuw) (DMEYY),

where Fy, = 0,A, — 0y A, — iglAy, A)], and A, = AT4 with
T4 the generators of the gauge group G in the fundamental
representation. Choose this higher derivative term because
can remove it using LW-field A,.

1. . I -
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e [0 diagonalize the kinetic terms, we introduce shifted fields
defined by

The Lagrangian becomes
1 1 ~ ~ ~ -
L= —ZtrFu P + “tr (DuAy — DyA,) (DHAY — DY AH)
-~ 3 - - o~
. ury 2 2 [T %
zgtr<[AM,A ]F ) -9 tr<[AM,AV] [A A D
—4igtr (| Ay, Ay| DFAY) — M3tr (A, AM).
e Only dimension four operators but longitudinal massive vec-
tor bosons can cause bad high energy behavior. Standard

model with no Higgs but mass terms for W-bosons A(LL —
LL) ~ g°E?/M?. Arises from e;(p) = (|p|, E(p)p)/M.
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e For Lee-Wick massive gauge bosons no bad high energy be-
havior of scattering amplitudes at tree level A(LL — LL) ~
g°M?/E?, A(LL — LT) ~ g°M/E, A(LL — TT) ~ g2.

e [0 discuss hierarchy problem add scalar multiplet in funda-
mental representation

tna = (0,8)' (P"3) = 37 (DuD*3)' (DsD5).
¢

¢ p=¢—¢
L = (Du¢)' D¢ — (Dud) ' D'G + M35
+ig(D'¢) ANT A + g1 A TAAPITP § — iggt A T4 DV

~

—ig(DFG)TALTAG +igdt AT DF G — g?$1 AGTAAPFTE G,
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e \Work in higher derivative theory and fix gauge in usual way.
Gauge boson propagator

o p? —p/ Mz " p? " M3

No quadratic divergence in theory in Landau & = O gauge,
d:6—2L—E—E’—2Eg.

e EXplicit one loop calculation in LW-version of theory with no
higher derivative terms. Propagators for gauge bosons,

DAB(p) — _5AB ! (Uuu — (1 — g)p,upy> 3
p p

while the propagator for the LW-vector field is

DAB(p) — 5AB 2 (77 . pMpV> .
[N 2 2 pv 2
pe — M3 M3
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e One loop scalar mass corrections

—i24(0) = QQCQ(N)/ (;Z:.];n]z;
—i>;(0) = —ngz(N)/(;inl;n (kgn _]\142
4 — MYy
—12.(0) = _QQCQ(N) / (;Zﬁl;n k12
| 5 d'k 1
—124(0) = —g CQ(N)/(2 Y M2
T A

1
oas2
M3

)
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e Mixing between LW and massive gauge bosons
Lonix = Mgy (WEW ™+ WEW ™) + M3 2, (cos 6y W3 — sin oy, B*)

sin? Oy M2
M2

Ap=p—1=—

|Ap| < 1073 leads to My > 1TeV.
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Fermions

e Eliminate the higher derivative term by introducing LW-quark
doublets Qr, Q% which form a real representation of the
gauge groups. Lagrangian in this formulation becomes

£=QriPQr+ Mg (GrG% + G'rQL)
+QriPQr + QriDQ — Q' riDQ.
Remove LW-fermions with their equations of motion

~/ l? p

Qp = QL, QL= ~5Qr,
Q
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e [0 diagonalize the Kinetic terms, we introduce the shift QL =
Qr, — QL, and the Lagrangian becomes

L=QriPQr — QriPQr — Q' riPQr + Mg <5LQIR + @RQL)
—QrA*Qr + QryuAFQ L, + Qe AM Q.

e New FCNC but small.

23



Conclusion

PLEASE LET THE LHC WORK
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