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» Practical example: gauge extensions

o Parity violationin-electron:scattering atoms and ions

. Electric Dipole Mloments




The SM and Beyond
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. Dasic structure of the SM well:established through
. discovery of weak neutral currents
. PVeDIS (consistentiwith:v:iscattering):sLAC-E-122 (1978)
. discovery of W-and Z1bosons

. SM as spontaneously broken, renormalizable QFT
established — before Higgs discovery — through

. Nigh precision Z factories LEP & SLC (also Tevatron)




. Closing In onthe Higgs
0§~ talk by Daniele del Re

consistent (sadly) with
precision constramnts

« Small:deviations-occulr,
but nothing conclusive

. My Just dimension 5
HHLL-operator?
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» ODservation: dark matter, dark energy:and:aryon
asymmetry

» theory: hierarchy:-and:cosmological:constant problems
(also strong CP: problem, but less severe)

. arbitrariness of gauge group, multiplets & parameters,
but tantalizing hints at unification structure (Es &
subgroups) and gauge coupling unification (in MSSM)

. Overriding goal: finding principles underlying the SM
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. Noew =~ 3.4 TeV.(E158)
« Nnew = 4.6 TeV (Qweak)
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. Wweak charges: Nnew = [{/2 Ge AQw] 7 = 246.22:GeV /| AQw
. Noew = 3.4 TeV(E158)
« Nnew = 4.6 TeV (Qweak)
. Noon = 2.5 TeV(SOLID)
. Noow = 7.5 TeVA(MOLLER)
. EM dipole-moments: =4 D op: Prp -+ H.c.] FHY
. ReD=ea/2m)= New=mpu/JAa,= 3.8 TeV (MDM)
. IMD=d= NAnew=+/(e6 me/2 Ads) = 83 TeV (EDM)

« U = e conversion: Anew = 130 TeV (transition moment)



llustrative example:
supersymimetric extentions
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. theory: unigue extension of Poincare group
. Only way to couple massless spin 372 (cf. spin 1 & 2)

. elegant solution to hierarchy problem (makes sense
also in combination with other ideas like LEDS)

. Obbservation: gauge coupling unification (one-loop)

. Solid prediction for a light Higgs (Mu = 150 GeV)

. Natural radiative EW symmetry lbreaking for large mit

« dark matter candidate
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. theory: y-problem (remainder: of hierarchy: problem)

. dimension-4 proton:decay:not through-an-automatic
accidental symmetry as in: SM-(in minimal models)

. many new parameters (105 + Rp + non-holomorphic)
. SUSY breaking (hidden sector) and mediation

. (NON)-opbservation of sparticles and extra Higgs particles

. little hierarchy problem (fine tuning)
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. MSSM very important reference model when analyzing
and interpreting experimental data (by Occam’s razor)

. but even with an LHG discovery: unlikely the full TeV scale
theory

» EXPECt extra ingredients to solve its problems (such as
extra gauge symmetries)

. SUSY may itself be merely one ingredient to stabilize
other types of possible TeV scale physics (like LEDS)
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. detalls: = Tuesday afternoon

e Ay = (Qu=2)/2 = /2Tt + 45117 +0.63)x107°
BNL-E821 (2004)

. Aay(et e = hadrons) = (69.23 £ 0.42)x 1077
= a,oP — g,"=(2.88 +0.80)x 10 (3.6 O)
« Aay(T — v hadrons) = (70.15 £ 0.47)x107°
= 2P =g, =(1.96 £ 0.83)x10-° (2.4 0)
. Aay(T) = Aay(ete) =(0.91 £ 0.50)x10-2(1.8 o)

Davier, Hocker, Malaescu, Zhang (2010)
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. Aay(average) = (69.61 + 0.36)x 10"
= 9,2 — " = (2.50 = 0.77)x10-2 (3.2 O)

. hadronic correction correlated with: et(Vl7) & sin2Bw(0) and
thus with Mg; discussed in new: physics context by

Passera, Marciano, Sirlin (2008)

» Aau(yxy) =(1.05+0.20)x10-2 (included above)

Prades, de Rafael, Vainshtein (2009)

« Aap(yxy) < 1.59 x1072 (95% CL) JE, Toledo (2006}
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f the three dominant errors from
. experiment (currently:6:3x10719)
. hadronic vacuum:polarzation:(3:6x1019)
o YXY (2:6x10719)

can be pushed below 3x10-'%then 5 o discovery would
be established (if central value does not change)

(YxY already there but hardest to defend)




gu—Z in the MSSM

Cho, Hagiwara,
Matsumoto, Nomura (2011)
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Cho, Hagiwara, Matsumoto, Nomura (2011)
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. tTop-down: strings and GUTs

. Dottom-up: models of dynamical symmetry breaking,
SUSY, large/warped extra dimensions, little Higgs, ... on
ife support = U(1)'s as paramedics = Mz = 0(1eV)

. discovery: s-channel resonances at colliders, interference
with y/Z at low energies

. discrimination: angular distribution can indicate spin

. diagnostics: charges can hint at underlying principles

20
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. Es like Z' bosons arise in SUSY when demanding
. oM Yukawa couplings:allowed
. the U(1)" provides a solution to the p-problem
. chirality & SUSY: protect all fields against large masses
« gauge and gravitational‘anomaly cancellation
.« gauge coupling unification

. the U(1)" forbids dimension 4 proton decay JE (2000)

21




. E6 = SO 0)xU(1)y = SUG)xU(M)xxU()w

» Z' = COSx COSP Zy + sinaxcosP Zy + sinP Zy
~ C1 ZR + 3 (C2 Zr1 + C3ZLy)

. Kinetic mixingzoc=0-= - Eqy

. trinification: Ee—=:SUB)2 =
SUB)exSUR)LxU1)LixSU2)axU(1)r1

. Classification in pProgress Je, Rojas (2011)
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e Norizontal line:
SO(10)
(including
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models
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Parity violation In electron
scattering atonis ana ions




68% exclusion limits
MZ’ =1.2 TeV

B SOLID (0.6%) B Qweak (4%)
Bl MOLLER (2.3%) Bl APV




—— 95% C.L. this analysis
85% C.L. this analysis

—— 68% C.L. this analysis
95% C.L. CDF analysis

----- - 95% C.L. PE
-~~~ 95% C.L. EWPD

electroweak
precision
data
complement
di-lepton
channel
analyses




~

-0.2 -015 -01 -0.05 0 0.05 0.1

e
W)SUSY/(QW)SM

scattering and
SUSY

Ar

Ramsey-Musolf,
Su (2006)

—220 —1‘5 o=10 =5 0 5 10 -i5
0 (QW)SUSY/ (QW)SM (%)

-10 -5 10 15

-
3 Q0 gy @y (D

28



Weak Charges & New Physics

sy :|0.0716 Qtr = TO.O449
| ¢ | £0.0029 Experiment | é I 0.0051
i—» SUSY Loops <—§
; - RPV SUSY §—>
; - Leptoquarks ;
SlI/[ JE, Ramsey-Musolf (2003) SIT\/I
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Clectric Dipole Moments
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1PV =TPY =TEY=E TY = [V =¥

= Kramers degeneracy. for 2j odd; however, (2j+1)-fold
degeneracy lifted by electrostatic field

= d=0or I broken
- /I (CP) unrelated to flavor change (unlike CGKM phase)

» CKM-C2 too small-to produce BAU or EDMs

. argument in addition to mass hierarchy problem

* new particles beyond the SM — new CP phases (C/r” problems)

. SM: |dn| = 10-"2'e fm McKeliar, Choudhury, He, Pakvasa (1987)



Sources for EDMs

- - - — _ f
- ~
- ~
-~
~
N
N
\

n l"gTrNN p gTrNN;‘,a n

QCD (O-term)

Electroweak (CKM) éﬁj\v
~ _ —®~ - ~
dr, -~ . dp Pospelov,
K . Ritz (2010)
d > & g» & ;d

New Physics (SUSY)
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e G 932/32]_[2 Guva GHV 2
* total derivative with 2. and QP

« XP T assumng:/Aaco:>Ms>-Mii =g =

dnl = e B gamemz=mn) N mn) 322 f22 mk?)

= 54 %1072 g e tm Crewther, di-Vecchia, Veneziano, Witten (1979)
. MK2 — M2 < M2 = 0 = 0 (rather than 6 = )
» analogous logs enter chromo-electric de vries, Timmermans,

Mereghetti, van Kolck (2010) and gravitational dipole moments
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. recent XP 1 result

dn| = |dol = 2.1 x 10726 ¢ fm still dominated by chiral
OJ arithm Mereghetti, de Vries, Hockings, Maekawa, van Kolck (2010)

. excellent agreement with QGD sum rule approach

dnl = 2.4 %1020 & fm Pospelov; Ritz (2010)

da| = 1.7 x 1074 8¢ fm (chiral log cancels)

. experiment: {dal < 2.9 x 10-"° e fm 1L (2008)

=0 <101
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. EDMs strongly constrain models and parameters beyond
the SM including those motivated by baryogenesis

» but Is the absence of any non=vanishing =DMV already a
problem for baryogenesis itself?

. consider simple toy model
Grojean, Servant, Wells (2004); Huber, Pospelov, Ritz (2005)

| = (HTES AR Zo e Qs A

= ne ~ 10%if Acp ~ 400 ... 800 GeV, while next
generation of EDNV experiments will probe Acp ~ 3 TeV!
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- g‘term 3X1O_3 g e fm = dn = —dp - —3 dd ~ dSHe

. soft SUSY breaking: da = 20:dh:=200-ds=10-"" e fm




® @—’[erm: 3X1O_3 g efm = dn = —dp SHEas dd = dSHe
. soft SUSY breaking: da = 20:dh:=200-ds=10-"" e fm
. |07 < 9.6x107"2 & fm (Berkeley)

o de < 1.6X1O_14 e fm

assuming absence or suppression of other CP-odd
sources such as effective eeNN 4-Fermi operators

= A > 56 TeV (if tree level induced; loop induced /21m)




e @—’[erm: 3x107° g efm=d,= —dp =~ —3 dg = d8e
. soft SUSY breaking: da = 20:dh:=200-ds=10-"" e fm
. |07 < 9.6x107"2 & fm (Berkeley)

o de < 1.6X1O_14 e fm

assuming absence or suppression of other CP-odd
sources such as effective eeNN 4-Fermi operators

= A > 56 TeV (if tree level induced; loop induced /21m)

. SUSY thresholds: A = 10> TeV Pospelov, Ritz, Santoso (2005)
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. Scenario 1: new physics found at LHC

. PV e scattering and gu—2 will-help:to discriminate
between scenarios and models, and fix parameters
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. Scenario 1: new physics found at LHC

. PV e scattering and gu—2 will-help:to discriminate
between scenarios and models, and fix parameters

« Scenario 2: nothing: or little beyond the Higgs at LHC

. Use ultra-high p

see It new physi

recision Maller, APV & EDI efforts to
CcS IS pushed up by merely a little

hierarchy = suc

n-as In little and littlest Higgs theories

Arkani-Hamed, Cohen, Georgi (2001);
Arkani-Hamed, Cohen, Katz, Nelson (2002)
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. Scenario 2+: beyond that, need SM rare and forbidden
processes from CP- (EDNs) and flavor sectors
S~ talk by Toshio Numao: tO-Stuldy PeV region

. these observables have fantastic reach
. but single number:measurements (no cross checks)
. ON the other hand, no “look elsewhere effect”

. NEDM by itselt — while a breakthrough in its own right
(Oacp) — not enough to establish new physics
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