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The Standard Model |

The SM is a quantum field theory
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The Standard Model |

The SM is a quantum field theory with the following characteristics:

Particle Content ( fermions: Q,u,d, L, e, ... scalars: H)
Gauge Group: SU(3). x SU(2). x U(1)y
Re-normalizable (d=4, h=c=1)

CPT invariant. A system is said to have CPT Symmetry if the physics is
unaffected by the combined transformations CPT

¢ © o ¢

o Lorentz Invariant (space-time) . A physical system is said to have Lorentz
Symmetry if the relevant laws of physics are unaffected by Lorentz
transformations.— Lorentz scalars
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o Lorentz Invariant (space-time) . A physical system is said to have Lorentz
Symmetry if the relevant laws of physics are unaffected by Lorentz
transformations.— Lorentz scalars

What if... ?

The observation of Lorentz or CPT violation would be a sensitive signal for
unconventional physics.
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Lorentz Symmetry SO(3, 1)

Lorentz Group:
o SO(3)

o Boost

Lorentz Violation:
o By hand :
Generic. (relatively easy to use, quick results; not fundamental,

conservation laws?)

o Spontaneous symmetry breaking:

Preserve all the properties that we like from the SM.
Bjorken'63. Nambu’'68.
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1. Add a non Lorentz invariant term to a generic free particle Lagrangian

L=0,¢*"0"¢p — p2d*¢+ €0;¢d'¢p (+€dopd°¢) J

2. Check the dispersion equation. ( For p or E)

— E - (1+e)p*—m*=0,
3. Since the LIV contributions are small, expand in Taylor form
2
E2_ 2 m=p2 (). P ¢ (ﬁ)
p°—m° =p- | €(0) M~|—e(0) v) T
4. Use very high energy limit. Then A:= {E, p}. Keep only one term at time
n=12,...

General LIV dispersion equation:

E? —p? = m? — a,A"2, a, =M /M= 1/M" J
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How these LIV correction change the Energy threshold for usual
processes?

Pair Production: ~yyyey, — ete™
w2 — (14 a,k"k? =0, E*>—(1+o})p?=m?

[a,,—aﬂ,‘K"H—a;(l—K)"H]wnH_ 1 wtl=0
S =

mg e

b zaRI=R) ZpK(1=K)
L . ap=ay =0 2
LI regime is recovered if = Wkl — me
K=1/2 th =,

Redefine:
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YHEY, — €te™ . perYy — PT0 = AX"2 —x+1=0 |

Phenomenology for n=1 J

Three kinds of scenarios
emerge:

o A =0. LI is preserve. (red
dot)

o N < 0. Ei moves
backward from the
standard EJ/.

o A > 0. E; moves forward
and a second E;, appears.
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Energy threshold for several vy

13
L ) wthFIRB ~ 3 x 10 eV wklY =7
YVHEYL —> € €

14 o
o wy ~5x10

o whl  ~6x101° eV

thyadio
Generic example 1:
P N <O J
1
Integral
Flux of Y
102
1012 101 104 1015 1016 1077 1018 101 10% 102
E (eV)

wEY moves backward from the value of the standard w./. And it happens for

each pair-production region.
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Generic example 2: AL >0 J B =1.8x10"%eV 1

1 e o

Integral
Flux of Y

102
102 102 102 E(eV)
. ) _ —32,1/-1
Generic example 3: Ay >0 J b1 =1.1x10">4eV
1
Flujo :RAD'O
Integral :
i
1
103 !
| Y A T I I LI B B
108 101 105 10 1017 1018 101 1020 102 102 102 E(eV)

The vy flux recovers at higher energies!
The background opacity region — ‘opacity bands’ yye. The width of the
bands depends on the size of LIV coefficients.

There are several observational windows for the same model.
Unique signature of LIV.
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Spontaneously Symmetry Breaking

£ = 3100 + 126) - 3 (67

This costs too much
energy! | think Il
hang out down there.

oo

77\ energy

Two minima at ¢ = v = +(u/\)2.

We have to commit to one or the other

of the two possibilities for the ground
. . “vacuum expectation value”
state and build perturbation thoery
around it. . .
The reflection symmetry is broken

I
We did not put symmetry breaking spontaneously!
terms into the Lagrangian by hand but
yet the reflection symmetry is broken.
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SME: Pure-photon sector

1. Take de SM L. You can do sector by sector.

1 v
‘C;SJI,Xlaton = _ZF;W FH (+£Dirac)
2. Add the SME terms

1 1
CPT — KA V. CPT —odd __ K A puv
ﬁphotoneven = Z ( kF)HAMV F™FR, ‘Cphotono =+ E (kAF) EHAMVA F*

3. Start the hunt

Vacuum Cherenkov Radiation |

Brett, PRL 98, 041603,2007,
C. Kaufhold, F.R. Klinkhamer and M.

Schreck, 2008.
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SSB: SME-Pure Photon Sector. J

— |

w? = kK*(1 + apk™)

d3p d3k

(27)32E,(p) (gﬂ)szw(k)(zw)%u)(q —p—k)

_51 2
ar =g M

Brett, PRL 98, 041603,2007,
C. Kaufhold, F.R. Klinkhamer and M.

Schreck, 2008.
_12f

_13 . . . . . .
1x10°  2x10" 5x10° 1x10%  2x10 5x10"  1x102

E(eV)
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logy, M (E)

E(eV) E(eV)

-26 iron

27

logio M (E)

log,, M (E)

-28

proton

-3
g 1018 100 102 103 1016 1018 100 102 104
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While we would like to believe that the fundamental laws of Nature are
symmetric, a completely symmetric world would be rather dull, and as a matter of
fact, the real world is not perfectly symmetric. More precisely, we want the
Lagrangian, but not the world described by the Lagrangian, to be symmetric. Zee.

Thanks! ©
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General Expression
E2—p2=m2+anp2(%)"

Particular Cases

Galaverni, Sigl, 2008; Maccione, Liberati, 2008; Jacobson,Liberati y
Mattingly,2003;Aloisio, Blasi, Ghia, Grillo,2000

0 E2—p?>=m?— o Ep? — anE3 Giovanni Amelino-Camelia, 2011
Er = E1 + Ex + B1p1- p2 + BoE1 Ba;
pr=pi+p+nEipp+nbp; aito+fi+l—11—72 =0;
o DSR1E2—p*>=m? —a1Ep® 1, P2,71,7%2 =0;
Amelino-Camelia & la., 2011

o E?2—p? =m? — qEp%; Giovanni Amelino-Camelia, 2011
Er=E+E+ Bipip2
pT = p1+ P2+ n1E1p2 + 2 E0p1; (PF=p &)
9 E?—p?=m’— k3
0 E2=p’cha + M chay Scully y Stecker,2009
o m = (1+g(al))(E2 - p?) Galaverni, Sigl, 2008
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How these LIV correction change the Energy threshold for usual
processes?

Pair Production: ~yyyey, — ete™
w2 — (14 a,k"k? =0, E*>—(1+o})p?=m?

= +Kn+l_ —l_Kn+l 1
[on — a3 jzzn( ) ]wn+2_7m2 wH+1=0
b zaRI=R) TR K(1-K)
ap = ani =0 >
LI regime is recovered if K—1/2 = thh/ _ Me
_ b

Redefine:
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Pion Production: pcgpyp — pr° ,
WP = (1+ank")k* =0, E?—(1+ap?m)p? = m?

[al,,p +af(1—K)™ 4 aﬁK”*l}

4w
n+2 b _
2 Kemi+(1-K)’mi B - > | KEm2i(1-K2m2 E,+1=0
[m” + I-K)K ] [mw T-K)K ]
Ip —afP =a™ =
LI regime is recovered if @ af =a” =0 N EL — mz(2mp + mx)
P
Redefi K = m/(mx + mp) Bl
edefine:
_ 4wb E L 1 E .
X = 5 K2m24+(1—-K)2m2 —P " ELI =P
mz + W Pth
(ELymit / .
Ani= oG Goi= [af +ab (1= K)okt
b

— Ax"2 —x+1=0 J
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Standard Model of Particles Il

1% u
La=(""), Ra=Ua)r, Qa= ("), Ua=(ua)r, Da=(da)r,
Ia L da L
A= 1,2, 3 labels the flavor: 4 = (e, i1, T), va = (Ve, vy, v7), ua = (u, ¢, t), da = (d, s, b).

The Higgs doublet: ¢ = % </3,>' the Gauge Fields: G,,W, and G,

1.- R 1.- —
Liepton = 5 Lav" D, La+ ElRAVH D, Ra,

1.~ & 1. - 1. -
Lquark = E/QA"Y” D, Qa+ E/UA"Y” D, Us+ ElDA')’M D ,,Da,
Lyukawa = —[(GL)asLadRs + (Gu)asLad“Re + (Gp)as QagpDg] + H.C.
Fpg 1 2t (st a2
Lhiggs = (Du#)' D"¢ + ¢’ — a((f’ ?)°,

1 1 1
LGauge = 3 Tr(Gu, G*) — 5 Tr(W,,, WH") — ZB’WBW’
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Standard Model of Particles +

La= <7AA>L, Ra=(la)r, Qa= <Z§>L, Ua = (ua)r, Da = (da)r,

A= 1,2, 3 labels the flavor: 4 = (e, 1, T), va = (Ve, Yy, v7), ua = (u, ¢, t), da = (d, s, b)

The Higgs doublet: ¢ =

\}5 </3, ; the Gauge Fields: G,,W, and G,

NI =

- = 1. .- =

Llepton = _’LA/YM D[LLA + ElRA/YM DMRA +...

1.~ & 1.- < I
cquark:E/QAP)’MD;LQA"‘E/UA'YMDuUA+§/DA7MDMDA+

Lyiukawa = —[(GL)asLadRe + (Gu)asLad Re + (Gp)as QadDg] + H.C. + ...

Liggs = (D) D" + 1126 — (¢>T¢>)2

1 1
Louge = ~5 TH(Gu ") = 5 THWou W) — LB BY & .
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The (Minimal) Standard Model Extension

e 1. = 1. ==,
ﬁfe,fln A 5’(CL);WABLA’YH D"Lg + E/(CR);WABRA’YM D"Rg

1

LgCaF;'ge—even — _E(kG)f'i)\ltl/ Tr(G")‘ Gltz/)

1
(kB)K)\y,lI BHABMV

1
—E(kw)w,, Tr(WSAWH) — i

_ 1. - 1. _
ﬁiﬁln ol = —5'(3L)HABLAW”LB - 5'(3R)MABRA’7"RB

quark quark Yukawa Higgs Higgs gauge
HLEPT —even T LEPT—odd T LPTweven T LPT—even T LCPT —o0dd T LCPT—odd

Properties conserved

Energy-momentum conservation, hermiticity, micro-causality, positivity of the
energy, power counting renormalizable, O. Lorentz invariance, ...
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LIVQED

- - 1 v

Livgep = by Dyth — m*p — ZF,WF”
_€
4M?2
Where D,y = (0, + ieA, )Y

o g .
Fixipy Db + %D&W DiDjty + ——— Fy02F¥

o Gauge invariance preserved.
o Invariant under rotations in three-dimensional space in the preferred frame.
o CPT and P invariance.

o Only operators that cannot be removed by a field and/or coordinate
redefinition

hep-ph/1204.5782
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