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Two ways of probing UV physics l

1 High-energy colliders

Probing

To probe/ discover new physics at scale Ayp a typical energy of
E _-"i‘\,-'p 1= I'E‘q'l.:lj.IE‘d.

Frecision measurements at low energies

e

i
&Energ}r ~a 'f?_j

ALy E

where typically n == 0.

These twao ways are complementary! As fime scales and maney
needed to run collider programs increase, precision measure-
ments become mare popular.
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Two ways of probing UV physics l

1. High-energy colliders

9 \."‘i—
FProbing
1 1
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(What kind of experiments are informative?

VWhat precision measurements can do and what they cannot. .
Farticle Data Group book gives

1, = 938.27200 £ 0.00004MeV

{and even better accuracy for m, — my,) Last digits ...7200
“lenow™ abowt the contribution of weak interactions to the
proton mass I{:ﬁfn;mk ~ F'mi ~ ]_D_‘E"mp) but this information
iz lost under the contribution of strong and electromagnetic in-
teractions. To learn about weak interactions one should ook
at processes of observables that cannot be induced by strong
or electromaghetic forces, eg n—p+e+ 7.

MNecessary condition for the success of any low energy meastre-
ment in providing infarmation about short-distance scales: min-
imize/eliminate contributions of larger distance scales due fo
known physics or makes sure that they are caleulable.
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What you can study:

L. Properties of Z, Z' through parity violation in atoms

2. CF violation at a TeV scale and beyond by measuring EDMs
{electric dipale moments)

3 extra Higes basons if they viclate CF or flavour symmetry
1. Non-SM contributions to ¢ — 2 of muon

5. Lorentz/CPT breaking effects (that may arise in variations
of string theory and quantum gravity)

What you cannot study:

Any short distance physics that respecis flavour and CF and
Lorentz imv |, ete. For example, SM Higps You need a collider
for that!

Pirsa: 04100007 Page 22/61
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|Parit_'5,r non-conservation. Impact on HEPI

1. The existence of neutrino is inferred (Pauli)
2 Effective inferaction introduced by Fermi It allows for a
unified description of all g+ and 5= ffects
Lops = Grlfyn) (Euv)
J Lee and Yang

3. Discovery of Parity viclation
Copp = Geplaty + bpsin (Epv)
S N IR (R

4. Complete parametrization of all possible interactions of di-
mension 6; more than 10 different structures canst x 1 nelse

| experiment

5 V — A structure of the theary

-

Lr
\/—gﬂfm(l — s JidE (1 — ¢ )i + small carrections

i}
6. Chiral matter, W, Z are inferred. SU(2) x U(1) theory of
electroweak interactions {Glashow, Salam, Weinberg}|

7. Experimental discovery of W and Z, precision measurements
at LEF. Effective theary approach to T8V scale physics.
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Standard Model = effective field theory l

Effective field theary is the modern langnage of particle physics.

New physics at the scale AS
Experiment at low scales p, A >
After identifying hight degrees of freedom at scale g, one can con-
struct an effective action by infegrating out frequencies higher
than u
St =jrd4.r % II:E—F&E)
w p
where AL isthe resul of “integrating out” heavy modes befween
scales Af and g AL can be argpanized in terms of operators of
Increasing, dimension,
(4]

AL =% g—
=% A

Operators QE“HJ have {mass} dimension n + 4 and are builf
from fields with & < g and their importance scales as g™ /AI™.
Wilson coefficients ;/AF™ contain information about details of
dynamics at short distances.

Within Standard Maodel there are nimerous examples how the
effective field theory works, and waorks successfully as ane crosses
numerous energy threshalds, There are reasons to believe that
Standard Madel itself is an effeciive field theary,
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[

Why EFT is so appealing?l

It isvery instrumental. Having e g. Fermi interaction allows

to deseribe muaon decay, weak processes in stars, MSW effects
in neutrino cscillations, ...

. It iz a complete description for all practical purposes, espe-

clally if the scale sepamation i= large.

. The riles of the game are well defined. All the machinery

of field theory that gives renormalization of operators, their
mixing etc. can be applied. Explicit cutoff Ay ~ A may
be needed.

. You can parametrize your ignorance. One can study known

and unknown physics this way.

. It is transparent and physical.

- Problems that are usually encountered are naturalness

problems. {You expect cerfain coefficients o be large, but
they turn out to be very small ie cosmaological constant,
theta term, small Yukawa couplings). These are cancep-
tual problems rather than problems that make theory non-
existent.
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Electric Dipole Moments I

Purcell and Ramsey (1949) (“How do we know that strong in-
teractions conserve parity™ — |d,| < 3 X 107¥ecm )
) =
H=—pB.c —dE-¢
& 7= [ means that both P and T are broken. If CPT holds then

ZF is hroken as well

Current most sensitive experimental limits:

ldn| < 9% 10 ®ccm (L)
|dng| < 2x107®eem (2)
de| = 6% 107 ccm. 3
|n # 3)

Method: Apply the moderate B and strong parallel E. Try to
detect the precession frequency shift A while reversing E.

Current sensistivity of the mercury EDM experi-
ment. Aw ~ 0.5 nHz (~ 10-FGeV).

Last 5 years have seen sprawling of the EDM measurements:
(Hg, U of Washington; PbO, Yale; YbF, IC UL; neutron, ILL,
Grenoble: neutron, LANL-Oak Ridge; En, TRIUMF; electron
EDM in solids, LANL: Ra, KV Netherlands: Ra, Amponne, Me,
Frint:et-::un;...:]

New project with deuteron EDM at BNL.
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I,

L~

Why bother? Importance of EDMs.

Known form of CP viclation, Kobayashi-Mashkawa phase,
predicts extremely tiny EDMs, |d,| < 107®ecm, |d,| <
107 eem. Therefare, expetiments have at least six orders
of magnitude to explore before running into the CKM
background' dg ~ emgnia SHm(Ve ViV, V1) /(1087)

. [Kobayashi-Maskawa phase {and #5-p) cannot be a source

of the dvhamically generated barvon asymmetry. New
sotirces of CF violation are needed. Some scenarios of barymo-
penesis, e g, electroweak baryopenesis, predict new source of
CPF violation at the weak scale, and measurable EDMs.

. EDMs are most easily induced in theories with addi-

tional scalars, like supersymmetric theories. The search
for scalars is one of the major gpals of high-enerey pro-
gramme. EDM measurements are needed to complement
collider information about new scalar particles.
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CP _or CPT 7}

S L= _d%EJFUTSE#FFW

Hrp oga = —dE-— — .
€ = dgytpwiFun®, CP+, CPT—

where a# = (1,0, 0, 0} is the “preferred frame”.

EDM d carrespands to a dimension 5 operator, and cannot be a
fundamental quantity in field theory. A guess,

d ~ efloop fﬂ.ctor}k X ¢op/AL.

High-precision measurement of an EDM translates into the sensi-
tivity to ¢op/Af. O phase isof order 1, then AF = 1/{d=® /) ~
103G, You could probe all the way to Ak, befars hitting, the
Kaobayashi- Maskawa prediction!

Unfortunately, there are selection rile imposed by the SU({2) x
U{1} imvariance in the CP-add, CPT-even case. The SU{2) %
U({1)-invariant generalization of EJ*‘“”*;E.E,-EFFU is necessarily an
operator of dimension 6, involving the Higps vev,
ELJFVTS¢!HHFpu-

Therefore, the scaling of d s ~ (weak scale)/Af?, and “onk”
up to 10° GeV can be probed, with current sensitivity up to ten

eV

CP-, CFTH
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From SUSY to an atomic/nuclear EDMI

Ene gy
A fondamemal CP—odd phase
T —t— (hISSNI)
/ 13 "R
=

S : By d gw
S e
e ! iy
. i o
g i -
nucko: —— () 1 .
: ! l Eonm I |nen1.run EON |
| g K ]
EDMNls of EONls of
e — =t dt n=li
N R ies L TT5 ity

Appying EF T, ane can classify all CF-odd operators of dimen-
sion 4.5.6.... at p =1 GeV.

7
12aV g =5
'Cl;'f? = 32:;2 HQCDE;;UGFP,G

: . s .
e bl Fopst =5 e g:( G et

- Fid Pz T :
ta f“bcgipgvﬁﬁgﬁ#ﬁjL T Oy (e + -

ij=edz
The most complete to date calculations of EDMs in SUSY the-
aries; from CP phases to the observables, can be found in D
Demir, O, Lebedev, K. Olive, M P, A Ritz, Nucl Phy= B680

(EDD-I) 33Y, wikh the bulk of QOD caleulstiobs depe by M. and 4. Rite in 19992002,
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CP _or CPT 7}

S L= _d%EJFUTSE#FFW

Hrp _oga = —dE-— — .
€ = dgytpwiFun®, CP+, CPT—

where a# = (1,0, 0, 0} is the “preferred frame”.

EDM d carrespands to a dimension 5 operator, and cannot be a
fundamental quantity in field theory. A guess,

d ~ efloop fﬂ.ctor}k % dap/AL.

High-precision measurement of an EDM translates into the sensi-
tivity to ¢op/Af. O phase isof order 1, then AF > 1/{d=®/e) ~
1013GeY . You could probe all the way to Ak befares hitting, the
Haobayashi- Maskawa prediction!

Unfortunately, there are selection nile imposed by the SU({2) x
U1} imvariance in the CP-odd, CPT-even case. The SU{2) X
U{1)-invariant generalization of EJ*‘“”*;E.E,-EFFU is necessarily an
operator of dimension 6, involving the Higss vev,
ELJFVTS¢!HHFpu-

Therefore, the scaling of d s ~ (weak scale)/Af? and “onk”
up o 10° GeV can be probed, with current sensitivity up to ten

TeV.

CPL, CPTH
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From SUSY to an atomic/nuclear EDMI

Ene gy
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T —— (hISSHI)
/ + "R
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S : 8y d gw
S e
% ! ey
. ) e
\ i -
nucko: —— (A 1 .
E ! l Eonm I |nen1.run EON |
_ g F ]
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e — =t dt n=li
i R e TT st tFigh

Appying EF T, ane can classify all CF-odd operators of dimen-
sion 4.5.6,... at p =1 GeV.

7
12aV g =
'Cl;'f? = 32:;2 HQCDE;;UGFP,G

: = L .
e blFopst =5 Lo g:( G et

- T S = :
ta f“bcgipgvﬁﬁgﬁ#ﬁjL T Oy () + -

i)=edz
The most complete 1o date calculations of EDMs in SUSY the-
aries, from CP phases to the observables, can be found in D
Demir, O, Lebedev, K. Olive, M P, A Ritz, Nucl Phy= B680

(EDD-I) 33Y, stk the bulk of QOD caleubsbiobs dope br M. and 4. Rite in 19992002,
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Future: deuteron EDM at 1027 cml

Fxperiment Deuteron EDM collaboration, (Semertzidis et al )},
hep-ex/0308063: Theory: O. Lebedev, X A Olive, M P and
A. Ritz, Plys. Rev. D70 {2004} 016003

200 T T T T
; ™y =400 Cel, L= 400 Ge\-:&u=DJJT, EA=I:I;
. A, =300 Ce¥, ton B =10 1
100 o -
'\.“ mA=4IZIEI Ce¥ %
] e ]
By 10 S
E 'ﬂ—.._‘__\_‘_ 11111
-\-\_\-""‘-\—\. --""‘--.
13 T SN
3 Fig - ‘\_"‘-\-\.\_‘__H‘ -E
1 e
o0l
10 in
m3 (TeY)
1003 T 3
_ mh.z:ﬂIl Geﬁ;p:ﬂﬂﬂeﬁ;%:ﬂ,&ﬁ‘:D_‘mg
1 Ay =300 Ce¥ tmn B=10 ]
10 - o my =400 Cel o
Mg, i
i Tl
s
3 1
E 1
i
01 :
] P
001 3 =
10 0

my, {TeV)
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CP _or CPT 7}

S L= _d%EJFUTSE#FFW

Hrp oga = —dE-— — .
€ = digytwiiFun®, CP+, CPT—

where a# = (1,0, 0, 0} is the “preferred frame”.

EDM d carrespands to a dimension 5 operator, and cannot be a
fundamental quantity in field theory. A guess,

d ~ efloop fﬂ.ctor}k % ¢op /AL

High-precision measurement of an EDM translates info the sensi-
tivity to ¢op/Af. O phase isof order 1, then AF = 1/{d=® /) ~
1013GeV. You could probe all the way to A%, befars hitting, the
aobayashi- Maskawa prediction!

Unfortunately, there are selection rile imposed by the SU({2) x
U{1} imvariance in the CP-odd, CPT-even case. The SU{2} %
U({1)-invariant generalization of EJ*‘“”*;E.E,-EFFU is necessarily an
operator of dimension 6, involving the Higgs vev,
ELJFVTS¢!HHFpu-

Therefore, the scaling of d s ~ (weak scale)/Af? and “onk”
up to 10° GeV can be probed, with current sensitivity up to ten

=V

CP—, OFT4
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From SUSY to an atomic/nuclear EDMI

Ene gy
A fondamemal CP—odd phase
T —t— (hISSNI)
/ 13 "R
=

e : 8oy d gn
S e
% ! s
. i e
\ i -
nuckon: —— () 1 -
7 I l Eonm I |nen1.run EON |
_ ¥ K ]
EDOMNls of EONls of
e — =t dt n=ii
e R s L TTS ity

Appying EF T, ane can classify all CF-odd operators of dimen-
sion 4.5.6.... at p =1 GeV.

7
Laay 9= - BT 11 2
£5F = 553 Pacn 0

: —: . S
_E i=E,Eu’d;s il T,'J:'I::FG')TSE;L’ — E i=uz,d,sd Ligsﬂ:ﬂjg}rﬁL
- T A =rialy ;
—|-§w fﬂkgfw'gvﬁ’bgﬁp’c 4 i E,d ,z:f::'_: (?.'l’éi.-bee}(l'i’;'z’f5i.-i’}') A,
i g=wd,z

The most complete to date calculations of EDMs in SUSY the-
aries, from CP phases to the observables, can be found in D
Demir, O, Lebedev, K. Olive, M P, A Ritz, Nucl Phy= B680

(EDD-I) 33Y, stk the bulk of QOD caleulstioks depe br M. and 4. Rite in 19992002,
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'Two possible outcomes of “quantum gravity”

A, We do not know the scale of quantum gravity Afy ~
1/ {G‘\;}l-"g iz inferred from low ehergy physics. An actual 1Y
cutaff, Afge can be much lower

B. At momentum fransfers ¢ ~ Afgz the exchange by a gravi
ton becomes strong, All expectations are that the theory would
flow into a different repime (string theary?, LQGT)

Typel.
All fundamental symmetries such as Lorents, CPT are preserved
by UV physics.
aie”
G—lgg b ¥ —
= =1 JIUEG

Gravity sector will contain higher derivative terms like R®
R¢YR,,, ete. It 1s not encugh to have large energy, one needs
large momentum/enery transfer g ~ Mg to probe £. Chances

for experiments 4o reach anything above few TeV are slim.

Type 2. UV physics viclates fundamental symmetries such as
Lorentz, CFT ... In this case, much higher Afge are accessible
either through high-precision measurements or via astrophysical
probes.

Typed 7
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From SUSY to an atomic/nuclear EDMI

Ene gy
A fondamemal CP—odd phase
T —t— (hISSNI)
/ 13 "R
=

SN : 8y d gn
S e
% ! ey
- ) o
2 i -
nucko: —— () 1 .
e I l EoNm I |nen1.run EON |
| g K f
EDOMNIs of EOMNls of
e — =ti dt n=li
i R aiare LT Shn ity

Appying EF T, one can classify all CF-odd operators of dimen-
sion 4.5.6.... at p =1 GeV.

7
12ay g =5
'Cl;'f? = 32:;2 HQCDE;;UGFP,G

: = s .
= bl Fopst =5 i g:{ G et

- T T T :
ta f“bcgipgvﬁﬁgﬁ#ﬁjL T Oy () + -

ij=edz
The most complete to date calculations of EDMs in SUSY the-
aries, from CP phases to the observables, can be found in D
Demir, O, Lebedev, K. Olive, M P, A Ritz, Nucl Phys B680

(EDD-I) 33Y, wikh the bulk of QOD caletlstinbs depe by MF. and 4. Rite in 19992002,
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From SUSY to an atomic/nuclear EDMI

Ene gy
A fondamemal CP—odd phase
T —t— (hISSNI)
/ 13 "R
=

S : 8y d gn
S e
% ! iy
- i L
\ i -
nucko —— () 1 -
7 ! l Eonm I |nen1.run EON |
| g K ]
EDONIs of EONls of
e — =t dt n=li
e R e LT} R

Appying EF T, ane can classify all CF-odd operators of dimen-
sion 4.56.... at p =1 GeV¥.

7
Laal 9= - BT 11 2
£55F = 553 Pacn 3,0

) L, N . .
- f=ezﬂ,d 2 & ¥ Fohs = 2 z'=uz,d sd 9.l Go sl
]_ B o '-'Trvﬁ,b - pE = = o :
+—u tr, i s, ST o/ FE £ 00T VT STV s SIS
: F F g ijmedah 4 (‘" L K‘r; ’Fs?.q)

The most complete to date calculations of EDMs in SUSY the-
aries; from CP phases to the observables, can be found in D
Demir, O, Lebedev, K. Olive, M P, A Ritz, Nucl Phy= B680

(EDD-I) 33Y, wikh the bulk of QOD caleulstiobs dete by M. and 4. Rite in 19992002,
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CP _or CPT 7}

S L= _d%EJFUTSE#FFW

Hrp_oga = —dE-— — .
€ = digytpwiFyn®, CP+, CPT—

where a# = (1,0, 0, 0} is the “preferred frame”.

EDM d carrespands to a dimension 5 operator, and cannot be a
fundamental quantity in field theory. A guess,

d ~ efloop fﬂ.ctor}k % ¢ap/AL.

High-precision measurement of an EDM translates info the sensi-
tivity to ¢op/Af. O phase isof order 1, then AF > 1/{d=® /) ~
1013GeV. You could probe all the way to A%, befors hitting, the
Kaobayashi- Maskawa prediction!

Unfortunately, there are selection rile imposed by the SU({2) x
D1} imvariance in the CP-odd, CPT-even case. The SU{2) %
U{1)-invariant generalization of EJ*‘“”*;E.E,-EFFU is necessarily an
operator of dimension 6, involving the Higss vev,
ELJFVTS¢!HHFpu-

Therefore, the scaling of d is ~ (weak scale)/Af? and “onk”
up 1o 10° GeV can be probed, with current sensitivity up to ten

TeV.

CP-, CPT4
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From SUSY to an atomic/nuclear EDMI

Enengy
A fondamemal CP—odd phase
T —t— (hISSNI)
/ 13 "R
=

S : 8oy d gn
S e
% ! e,
. ) e
2 i -
nuckos —— () 1 '
2 ! l ENm I |nen1.run EON |
_ g ¥ ]
EDOMNIs of EOMNls of
e — =ti dt n=ii
i R s L TT5 s

Appying EF T, one can classify all CF-odd operators of dimen-
sion 4.5.6.... at p =1 GeV.

7
Laay 9= - BT 112
£5F = 553 Pacn ;0

: — . iy S
_E i=E,Eu’d;s il T,'J:'I::FG')TSE;L’ — E i=uz,d,sd Ligsﬂ:ﬂjg}rﬁL
- T e T ;
—|-§w fﬂkgfw'gvﬁ’bgﬁp’c 4 i E,d ,E?Ci_:' (?.'l’éi.-bee}(l'i’;'z’f5i.-i’}') Al
i g=wd,z

The most complete to date calculations of EDMs in SUSY the-
arles; from CP phases to the observables, can be found in D
Demir, O, Lebedev, K. Olive, M P, A Ritz, Nucl Phys B680

(EDD-I) 33Y, stk the bulk of QOD caletlstiobs depe by M. and 4. Rite 5 19992002,
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Future: deuteron EDM at 1027 cml

Fxperiment Deuteron EDM collaboration, {Semertzidis et al),
hep-ex/0308063: Theory: O. Lebedev, L. A Olive, M P and
A. Ritz, Plys. Rev. D70 {2004} 016003

2000 T T T |
; my g =400 Cel, 1= 400 Ge\-:&;:EIJ.IT, EA=I:I;
= A, =300 Ce¥,ton B =10 1
100 o -
'\.“ mA=4IZIEI Se¥ %
] e ]
Hexp 10 5 S 3
7 ThEal o TRy 7
'\-\_\_\_‘_‘_\_\- --"'H-._ -3
13 I S
3 Fig Y -H_"‘-\-\.\_‘_ -E
04 . -‘-‘-""‘-l-._\_‘__h:_
o0l
10 in
m3 (TeY)
1003 T 3
_ mh.z:ﬂIl Geﬁ;p:ﬂﬂﬂeﬁ;%:ﬂ,&ﬁ‘:D_‘mg
1 Ay =300 Ce¥tmn B=10 ]
10 - o my =400 Gl o
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EDM measurements are sensitive to CP violation
at the multi-TeV szcale. They must be continued. as
they can lead to a discovery of new physics above the
weak scale. and possibly above the reach of future

colliders
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'Two possible outcomes of “quantum gravity”

A. We do not know the scale of quantum gravity Afp ~
1/ {G’J\;}l 2 i inferred from low energy physics. An actual UV
cutaff, Afgq can be much lower

B. At momentum fransfers ¢ ~ Afgc the exchange by a gravi
ton becomes strong, All expectations are that the theory would
flow into a different repime (string theary?, LQGT)

Typel.
All fundamental symmetries such as Lorents, CPT are preserved
by UV physics.
"
ey
sMT L e

Gravity sector will contain higher derivative terms like RZ
R¢YR,,, ete. It 1s not encugh to have large energy, one needs
large momentum/energy transfer g ~ Mg to probe £. Chances

for experiments 4o reach anything above few TeV are slim.

Type 2. UV physics viclates fundamental symmetries such as
Lorentz, CPFT ... In this case, much higher Afge are accessible
either through high-precision measurements or via astrophysical
probes.

Typed 7
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Examples of “optimistic” outcomesl

1. Nancommutative field theories.

For canonical ([f,ua o] = i&‘w} noncommutative field theary the
sensitivity of “clock comparison® experiments is such that

Aye > 5 x 10MGeV (I Mocioln, MP. and R. Roiban, Phys.
Lett. BI89 (2000) 390)

r-Minkowshi noncommutativity (7), [£,,2.] = i B

2. Pure phenomenclogical approach. Let us maodify the disper
sion relations!

E? E*’
+ o (—] 2
Mg M2,
(G. Amelino-Camelia, J. Ellis, N. Mavromatos, 5. Sarkar, T
Jacobson, D, Mattingly, J. Alfaro, D. Sudarsky, L. Smalin, ..}

There are some attempis to derive such relation in LQG.

E2=p2—|-m2—|-c1

One can either study conditions such that E3/Af ~ G{THE)
(astrophysical settings), or have the accuracy of laboratary mea-
surements better than m? /Afp; ~ 107 19Gey

Both examples can be dealt with within the effective field theory
framewnrk.
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Phenomenology of NC field thenriesl

Maociolu, Pospelov, Raoiban
[2#,2%] = i6#" One can rewrte theary in normal coordinates
in terms of the # product,

: S : :
(@ # ¢ )iz} = exp {580z )0ly) 1 ¢z )4 o) x=y
##¢ has the dimension of inverse enersy squared, that I call
].Jl'll-'!k?;.'c

In the linear arder in #, there are corrections in terms of dimen-
sion b operators,

Bxi=E£+8" =0,
For example, in NC QED,
e . € 0 3
AC= B B R L
The “magnetic part of 8,,., 8;; = ¢; iP5 )k, couples to
(5 B}{Ez — Bz). In a bound state of chareed constituents with

a total spin S (nucleon, nuclei} this would lead to an effective
coupling #5- 8,

(N|Lgepl+)| Ny = f.za&#“f?.faww,

where dg > 0.1{GeV )3. MNucleon energy depends on the arienta-
tion of it spin relative to ther preferred frame given by 8.,
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Clock comparison experimentsl

As the Farth rofates, the effective angle between laboratory B
and #5 changes, leading to 21kr modulation of the precession
frequency.

.

S . =

-~ - _,'-:"'(_

¥ rm

Best sensitivity measurements compare different spins in the
magnetic field (co-mapnetometers, or clocks).  C. Berglund
et al, (1995) compares ¥Cs and ™Hg. #5 affects mostly the

muclear spin, so that

g 2 AT o

Hg s
The LV =pin precession s not found with accuracy 100 nHz
~ 10~1GeV, so that
0.1{GeV)
# o o T B T N
AT
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Phenomenology of NC field thenriesl

Maociolu, Pospelov, Roiban
[2#,2%] = i6#" One can rewrte theory in normal coordinates
in terms of the # product,

: L e : .
(& # ¢ )iz} = {500z )0(y) } 17 )40 )|x=y
##¢ has the dimension of inverse enersy squared, that I call
].Jl'll-'!k?;.'c

In the linear arder in #, there are corrections in terms of dimen-
sion b operators,

Exi= £+ =0,
For example, in NC QED,
e r € 0 3
A P R RS
The “magnetic” part of 8, 8;; = ¢; iP5 )k, couples to
(85 B}{Ez — Bz). In a bound state of chareed constituents with

a total spin S (nucleon, nuclei) this would lead to an effective
coupling #5 - S,

(N|Lgepl+)| ¥ = f.za&#“f?.faww,

where dg ~ 0.1{GeV )3. MNucleon energy depends on the acrienta-
tion of it spin relative to ther preferred frame given by 8,,.
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Clock comparison experimentsl

As the Farth rofates, the effective angle between laboratory B
and #5 changes, leading to 21kr modulation of the precession
frequency.

e e e
o o F ) ,f’“’, = @Emh
f__..-*" Sun ot #

. 3

/”w‘/ﬂl ST

¥ rm

Best sensitivity measurements compare different spins in the
magnetic field (co-mapnetometers, or clocks).  C. Berglund
et al, (1995) compares ¥Cs and ¥Hg. #5 affects mostly the

muclear spin, so that

g o AT

Hg s
The LV =pin precession s not found with accuracy 100 nHz
~ 1071GeV, 5o that
0.1{GeVh
# Pyt e 1 S I N i i
Ao

Page 49/61




Pirsa: 04100007

EFT approach to quantum gravityl

Does quantum gravity give me this?

E?
Ef=p' tm’ fo—
o +m Elﬂfpl
I do not even know what quanfum gravity is, but I can fry
to apply EFT to study is consequences. Lame separation of
scales, Afp 2% E 1= guaranteed.

E? modification — dimension 5 operators
E* modifications — dimension 6§ operators

We can built these operators using aslightly modified ==t of stan-
dard principles of EFT (Myers, Pospelov, Phys. Rev. Lett 50
(2003) 211601 ). Dimension 5 operator should satisfy 7 creteria

1, Qimdiatc ib the aame fiald

2. Qb= axtta datvathoe pelathe to the stabdar doetc t=bm

3, Gatges inatank

4. Mok bedticdble o lowet dimetedoh ob squiabobs of moban

5. Nt a total dadvathee

6. Lopehi- {mvatant, eocept for & “preferted fmme™ =, = [1,0,0,0)
T

. Shotild hot cobted b c oordibabex 1, =xplichl
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Selection rules and Dperatorsl

Dimension b operators are severely constrained by these selection
rules. The only possible operatars that give E° modification of
the dispersion relations are

Sealars: -
L, =1—0(n- 8D
B
Wectars: ¢
L, =—nFm - H{n, F)
o Afm
Fermions:

S :
€4 == (mah + narfs) (n - B U
Fl

There are no modifications to disperisan relation for a real scalar!
For photons, this modification is helieity dependent,

5
(Ez—pzﬂ:éps) (et ie,) =0

Only three constants are relevant for QED, 7y 5 and £
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Phenomenological constraintsl

FPreferred frame — loss of isotmopy due to Earth’s motion relative
to a “fived” frame n; ~ v;fe~ 1077

A fypical spin precession constraint is then

(72 — 70) — 0500 — 7g) + 107%¢| < 107°
(See also, OSudarsky, Urrutia, Vucetich, FPhys. Rev.
Iftt.SQ:?BlSDl,EDDE}
The samie operaftors are used io derive constraints from astro-
physics { Jacobson et al ), and from the precession of polarization

of light over cosmological distances {Gleiser, Kozameh). The
limits are typically at O(10~% — 107) level

Much stronger constraints from the mere existence of high-
energy cosmic rays have been reporfed recently in Gagnon,
Maoore, hep-ph /0404196,

Astrophysics and low-enemy tests provide constraints on differ
ent linear combinations of parameters

Using the evolution of operators over the scales, one can
strengthen some limits due to the mixing of operators.
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Naturalness pmbleml

We assumed dimension 5 aperators without checking whether
dimension 3 exist. They do! Seeeg. papers by A Kostelecky
Again, for QED

3 = i 1 == iy b &
’CEQ%D — ] #E."*’f:"#r:"mu"f = SHpvwg# Tt "T‘:,r.ef'u JAUEAL?-:

Dimension three coefficients can be induced from dimension 5
via quantum loops with a predictable outcome,

z
A

Al

By ~ (loop factor) x €
It is a disaster unless cither fine-tuning happens, or A%, -
divetgence is absent, or the cutoff scale is moderate to low.

Solution 1. Protection by a twist (Myers, Pospeln). A%
divergence is abzent if instead of 7 77, we use abaclutely sym-
metric irreducible tensor gy, such that contraction &%, = 0.

Sohution 2. Operators that break SUSY are supersymmetric.
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SUSY Lorentz Violationl

5. Groot Nibbelink, M. Fospelov, hep-ph /04(H271; F. Bolokhaov,
S. Groot Nibbelink, M, Pospelov, in preparation.

Any LV operator respecting MSSM gauge invariance
and exact SUSY has dimension five or higher and
iz therefore suppres=zed by at leazt one power of an
ultraviolet =cale Af.

s R
jd%&*(la WP+ mELE Y +he + [d8EL e Ey
=
1 i e
+de+9(zwi EietVa B, — 5 W e, W)

1L :
+Efcz3& P W oW +hoc.
It can be shown that these operators are reducible on the equa-
tions of motion, (e g. FEEI_E — E"amazE}. Therefore, in
SUSY theories a different modification of dispersion relation is
possible:

E E2 i
E2=p2+m2(1+c —|-t:2—-l-...]
My M2,

These modifications are tiny If SUSY is broken softly, then
diverpencies are under contral  dim3 ~ dimbxmipey X

lﬂg(_-"i ol J-"ITTIST_TS'Y} :
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A contradiction with LQG?I

There are certain claims of LQG with regard to non-trivial IV
phenomenalogy that the current form of the EF T appmach can-
not reproduce

1. Frame independence

2 Spatial i=otropy

3. Modification of dispersion relations for a singlet scalar

It iz good that there are contradictions. It gives us
a chance to learn how gquantum gravity merges with
the rest of physics.
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SUSY Lorentz Violationl

5. Groot Nibbelink, M. Fospelov, hep-ph/I4(H271; P Bolakhaov,
S. Groot Nibbelink, M. Pospelov, in preparation.

Any LV operator respecting MSSM gauge invariance
and exact SUSY has dimension five or higher and
iz therefore suppres=zed by at leazt one power of an
ultraviolet =cale Af.

e _
jd%&*(la WP+ mELE Y +he + [d8EL e Ey
=
1 e R
+de+9(zwi EietVa B, — il W e, W)

1L :
+Efcz3& TP W oW +hoc.
It can be shown that these operators are reducible an the equa-
tions of motion, (e g. FEEI_E — E"amazE}. Therefore, in
SUSY theories a different modification of dispersion relation is
possible:

E E2 '
E2=p2+m2(1+c —|-t:2—-l-...]
Mg M,

These modifications are tiny If SUSY is broken softly, then
diverpencies are under control  dim3 ~ dimbxmipey X

lﬂg(_-"i oL J-"ITTIST_TS'Y} ;
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A contradiction with LQG?I

There are certain claims of LQG with regard to non-trivial IV
phenomenalogy that the current form of the EF T apprmach can-
not reproduce

1. Frame independence

2 Spatial i=otropy

3. Modification of dispersion relations for a singlet scalar

It iz good that there are contradictions. It gives us
a chance to learn how quantum gravity merges with
the rest of physics.
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Defficiency of the current EFT approachl

L=

. Why n, =(1,0,0,0)7
 Gravity is jgnored. All background fensors like n, are go-

ing, to become functions of coordinates, and eventually dy-
namical fields ar their derivatives. Do we miss additional
low-energy degrees of freedom?

. When dinamics for n_, i= put it, the way we classify operators

may change as well.

. Other constraints will neccessarily emerge once 7, s dynam-

ical: cosmalogy, long-range forces, change of couplings. .

. Dynamiral mechanisms {0 “condense” {ensors are not suffi-

clently explored. See, however, J. W Maffat, Int. J. Maod.
Phys. D12 (2003) 1279 and “ghost-condensation” liferature.
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[N

Defficiency of the LQG claims I

. Do you really mean that below Afp Quantum Gravity does

not merge with effective field theory? This i= a good reason
10 be waorried

. Don't you also have some new [R degrees of freedom?

I you convines us that EFT does not work, give us a for-

malism of comparable usefitliness.

. Should calculate not only phenomenclogy pertinent to cos

mic rays and GKZ, but low energy effects, and spin dynamics
in particular.

. What are C PT properties of predicted modifications?
. Effective field theory for s-Minkowski space (M. Dimitrijevic,

F. Meyer, L. Maller and J. Wess, Eur. Phys. 1. C36 (2004)
117} contains expliclt dependence on coordinates. How can
it possibly be frame independent?
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Conclusions I

. Low energy precision searches of CP. CPT and

Lorentz violation allow to probe short distance
physics that iz outside of reach of the existing
collider experimentsz.

. Effective field theory approach can be applied to

to study effects of Lorentz violating backgrounds.
Precizion measurementz. astrophyszicz and cos-

mology impose complementary and very restric-
tive bounds at better than lD_5,-"'ﬂ|fp1 level.

. We claszified Lorentz-noninvariant backgrounds

in SUSY theories to show that only operators
suppressed by at list one power of Afy are allowed
and that there is no modification to dispersion re-
lation.

. Quantum gravity must merge with EFT at zome

point. The way it happens should be one of the
focuzes of theory community.
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