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Introduction

probes of the SM and beyond




Low energy probes

V: scattering, oscillations, magnetic moments

e: polarization asymmetries, g—2, EDM
U: lifetime, decay parameters, g—=2, LFV, EDM

T: lifetime, BRs, spectral functions, LFV

atoms, ions,

molecules, solids:
PNC, EDMs

muonic atoms,
muonium: LFV




Hadronic and nuclear probes

Mesons: weak decays, mixings

cc, bb: resonance parameters, production X-section
p: lifetime, EDM

n: lifetime, decay parameters, EDM, n-n oscillation
*‘H: EDM

*H: ordinary B-decay

nuclei (10 < A< 74): superallowed 0" —=0" B-decays

heavy nuclei: ¥ fB-decay




High energy probes

® t:pair decays, single (EWV) production X-section
® VV:mass, width, BRs,anomalous gauge couplings

® /:lineshape parameters, BRs, asymmetries

H: collider searches
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SM global fit: formalism
o p-lifetime = (v/2 Gp) 2= 246.2209 (5) GeV
® clectron g—2 = o' = 137.035 999 679 (94)
® Z lineshape = Mz =91.1876 (21) GeV
B D sin2Ow cos?Bw (1 — AF) = 0.167 145 (8) =
sin2Bw cos2Bw (1 — Ar), with cosBw = Mw/Mz

® two equations, one unknown: My (in p, Ar & Ar)

® there is independent My-dependence in ['z & the
low energy neutral current (p) and the Zbb-vertex
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global fit
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CDF & DO
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LEP |
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SM global fit: results

slobal fit

173.1 £ 1.4
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91.1874 (21) LEP |
0.23119 (13) Ars(b) & ALr
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SM: Higgs boson mass
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LEP 2 Higgs searches
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precision data

+ LEP 2

SM: Higgs boson mass
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SM: Higgs boson mass
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precision data

+ LEP 2

+ Tevatron

SM: Higgs boson mass

115 GeV < My < 149 GeV (90% CL)
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— 88 GeV —

nominally excluded = 23 GeV

34

nominally excluded

0 40 80 120 160

200

16



0.08

0.06

probability per GeV
S
N

0.02

100

125

150

M., [GeV]

175

99% CL limit

200

225

17



Physics beyond the SM

Z’ bosons and 4th fermion generation
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Universal Z' bosons: formalism

® consider only effects of Z' (not exotic fermions)

® in this case Z' decouples (unlike 4th family)

® tan’0 = [Mo°—Mz°]/[Mz*—Mo?],
with cosOw = Mw /Mo (Langacker 1984)

® can allow T # 0 (Higgs triplets, exotics in loops)

e 0 =Cg2/91 Mz*/Mz?, with C a function of the
U(1)" charges and VEVs of the Higgs sector

® sinO = 0 = high energy data virtually blind to Z’

® conversely: high energy data = sin@ = 0(10-3)
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Atomic parity violation

Nuclear spin independent PV sensitive to g-vector
e -axial-vector couplings (Cii, Qw « A%)

most precise measurement: Qw('**Cs) (Boulder)

also needs precise atomic structure calculation =

Qw('PCs) = =73.17 £ 0.29 (exp.) £ 0.20 (theory)
(Derevianko 2008)

SM: Qw(Cs) = 188 Qw(u) + 211 Qw(d) = - 73.15
AQw(q) « (eL — er) (q + qr) Mz?/Mz? (sin@ = 0)
= M, > 0.89 TeV (95% CL) (Zy: qL + qr = 0)
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4th fermion generation

Degenerate case (T=U=0,S =2/311 = 0.2122):
solidly excluded at 5.5 0 (Nf = 2.86 + 0.21)

Complementary to Nr = 2.991 £ 0.007 from [ z

T parameter free:T = 0.21 £ 0.04 (Mn = | |7 GeV)
but Ax? = 5.2 relative to SM (excluded at 98% CL)

Designer splittings (Am = 50 GeV) of doublets:

(He, Polonsky, Su 2001; Bulanov et al. 2003;
Novikov, Rozanoyv, Vysotsky 2009)

(m¢, my’) = (400, 100) GeV = S =0.15,T =0.19
(Kribs et al. 2007): Ax?* = 2.8 (marginal at 90% CL)
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CKM first row unitarity

superallowed 0° — 0" B-decays (Hardy, Towner):
Vad| = 0.97424 (8) (10) (18) = 0.97424 + 0.00022

Kiz decays: [Vus| = 0.22478 + 0.00124 (KLOE)

K2 decays: [Vus/Vud| = 0.23216 £+ 0.00145 (KLOE)

Vad|? + [Vas|? + [Vus|2 = | = 0.0000 % 0.0006
« eL (eL — qu) In(Mz'/Mw)/(Mz?/Mw? = 1)
from |-loop W-Z’ box (Marciano, Sirlin 1987)

= M, > 265 GeV at 95% CL (Ax> < 3.84)

(no constraint on Zy, since e. = L)
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Polarized Mgller scattering

SLAC E-158:E =45 & 48 GeV,P =89+t 4 %
= Q? =m E = 0.026 GeV? (high energy, low Q?)

ArL=— (1.31 £0.14 £ 0.10)x107 « Qw(e)
= Qw(e) = —0.0403 + 0.0053
SM: Qw(e) = p (-1 + 4 K sin2Bw[v/Q?]) = —0.0472

AQw(e) = (eL — er) (eL + er) Mz2/Mz? (sin0=0)
(manifestly complementary to Tevatron and LEP 2)

= My = 0.67 TeV (95% CL) (Zy:eL + er = 0)
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® Qweak @ 6 GeV CEBAF: AQw(p) = = 0.0029 =
My = 0.67 TeV (expected 95% CL limit)

e PV-DIS @ 6 and 12 GeV CEBAF:
(2 Ciy — Cig) +0.84 (2 Cou — Coq) = £ 0.0049 =
My = 045TeV (Zy:qutqr=eL+er = 0) or
PDFs: higher twist (CSV) go with Q* (x)
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Polarized e scattering: future

® Qweak @ 6 GeV CEBAF: AQw(p) = = 0.0029 =
My = 0.67 TeV (expected 95% CL limit)

e PV-DIS @ 6 and 12 GeV CEBAF:
(2 Ciy — Cig) +0.84 (2 Cou — Coq) = £ 0.0049 =
My = 045TeV (Zy:qutqr=eL+er = 0) or
PDFs: higher twist (CSV) go with Q* (x)

® c2ePV @ |2 GeV CEBAF: AQw(e) =+ 0.0011 =
My = 1.07 TeV or A sin?Ow = = 0.00029

25
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® Use perturbative QCD as much as possible:
® c and b quarks: 4-loop RGE + 3-loop matching

® light quarks (E > 1.8 GeV):4-loop analytic results
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Parametrizing the running of X

® Use perturbative QCD as much as possible:

c and b quarks: 4-loop RGE + 3-loop matching
light quarks (E > 1.8 GeV): 4-loop analytic results

® absorb higher order QCD corrections into
effective “threshold masses”, mq

mc and mp:from QCD sum rules (S resonances)

mu and mq (E < 1.8 GeV): use dispersive result
and approximate isospin symmetry, my, = mqd

ms: difficult to determine independently of mg
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Running of sin20w
® Define mq= "2 & Mis and consider 2 limits:

® s quark behaves like a heavy quark (€ ~ 1):

® s quark behaves like a light quark (¢ <« 1):

ms = Mo /Mw my= 240 MeV (& = 0.47 to
reproduce DR constraint)
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Running of sin20w
Define mq= "2 €q Mis and consider 2 limits:

® s quark behaves like a heavy quark (€ ~ 1):

® s quark behaves like a light quark (¢ <« 1):

ms = Mo/ Mw my= 240 MeV (&s = 0.47 to
reproduce DR constraint)

singlet (QCD annihilation) diagrams negligible

=> irreducible theoretical uncertainty s £ 7x107>

s, M, Mb, Sin20w = parametric uncertainties

29
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Universal Z’ bosons: results

957% CL lower  precision
limits [GeV] data <k =2

781 (OPAL)
147 878 | 481 (2f-WG)
419 904 | 515 (OPAL)
976 630 | 804 (2f-WG)
sequential Z' 1387 | 1.030 | 1,787 (2f-WG)

® precision data assume T =0 (p = |)

® CDF assumes no exotic or SUSY decay channels

® |EP 2 assumessin@ =0




M, [TeV]

o
-
-
oo

0.46 TeV < Mz’ < 29 TeV (90% CL)
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Conclusions

Electroweak precision physics growing field

with bright future (polarized e scattering,
precision flavor physics)

Higgs searches + EVV precision data restricts
Higgs mass to 34 GeV window (in SM)

Z' constraints from EVV precision data
competitive with LEP 2 and Tevatron

20 problems in CKM |st row unitarity & APV
disappeared entirely (4th family constraints
somewhat weaker)

33



Backup slides




1000

%‘ _——_
Q. 100 - I‘Z’ Yt Rl’ Rq
T . asymmetries
= M
so- o
—~ — —- low-energy

20

10

140 150 160 170 180 190
m, [GeV]

35



Top quark mass: interpretation




Top quark mass: interpretation

- Poor perturbative series between pole (M) & MS
(m¢) masses (IR renormalons) = Am:= % 0.6 GeV




Top quark mass: interpretation

- Poor perturbative series between pole (M) & MS
(m¢) masses (IR renormalons) = Am:= % 0.6 GeV

- Which top mass definition is measured in kinematic
reconstruction (pp, pp, e’ e )?

36



Top quark mass: interpretation

- Poor perturbative series between pole (M) & MS
(m¢) masses (IR renormalons) = Am:= % 0.6 GeV

- Which top mass definition is measured in kinematic
reconstruction (pp, pp, e’ e )?

v e’e — tt (Fleming, Hoang, Mantry, Stewart 2008):
factorization theorem expressing d>c/d.#d. ¥
(jet invariant masses) in terms of a top-resonance
Mass (mt) Wlth \mt - Mr_l = O(I_t) (ruling out ﬁt)
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Top quark mass: interpretation

- Poor perturbative series between pole (M) & MS
(m¢) masses (IR renormalons) = Am:= % 0.6 GeV

- Which top mass definition is measured in kinematic
reconstruction (pp, pp, e’ e )?

v e’e — tt (Fleming, Hoang, Mantry, Stewart 2008):
factorization theorem expressing d>c/d.#d. ¥
(jet invariant masses) in terms of a top-resonance

mass (m¢) with |m¢ = M| = O(";) (ruling out m)

v LHC (Hoang, Stewart, 2008): m{=M. (MSR mass),
Mc(M;) = me(my); A = M(316-2 GeV) at large pr
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® was 2.7 0 before inclusion of [ dx x (S —§) =
0.0020 = 0.0014 (NuTeV now agrees with CTEQ)
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® ).0 O deviation from SM (in flux), effect of K<3 BR?

® was 2.7 0 before inclusion of [ dx x (S —§) =
0.0020 = 0.0014 (NuTeV now agrees with CTEQ)

® new QED radiative corrections (Diener, Dittmaier,
Hollik), but not yet included by NuTeV
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VN and VN-DIS (NuTeV)

2.0 0 deviation from SM (in flux), effect of Ke3 BR?

was 2.7 0 before inclusion of [ dx x (S = S) =
0.0020 = 0.0014 (NuTeV now agrees with CTEQ)

new QED radiative corrections (Diener, Dittmaier,
Hollik), but not yet included by NuTeV

CSV due to “quark model” and “QED splitting

effects” can each remove | O; phenomenological
CSV PDFs can remove/double the effect (MRST)
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VN and VN-DIS (NuTeV)

2.0 0 deviation from SM (in flux), effect of Ke3 BR?

was 2.7 0 before inclusion of [ dx x (S = S) =
0.0020 = 0.0014 (NuTeV now agrees with CTEQ)

new QED radiative corrections (Diener, Dittmaier,
Hollik), but not yet included by NuTeV

CSV due to “quark model” and “QED splitting

effects” can each remove | O; phenomenological
CSV PDFs can remove/double the effect (MRST)

nuclear effects: different for NC and CC; 20% of
effect, both signs possible (Brodsky, Schmidt, Yang)
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® £-821:2.7-3.4 0 (3%x1077) SM deviation (in flux)

® SUSY with tanfp » |, light superpartners,
sign(M) > 0?
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Muon g—2 (BNL)

® £-821:2.7-3.4 0 (3%x1077) SM deviation (in flux)

® SUSY with tanfp » |, light superpartners,
sign(M) > 0?

® )-loop vacuum polarization (dispersion relation):
T data inconsistent with e"e: enhanced CVC?
CMD 2, SND, KLOE inconsistent with BaBar (RR)

& Belle (T): 3.4 — |.7 O after BaBar result on R(s)?
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hadrons u

Muon g—2 (BNL)

® £-821:2.7-3.4 0 (3%x1077) SM deviation (in flux)

Y Y

hadrons

Y

® SUSY with tanfp » |, light superpartners,
sign(M) > 0?

® )-loop vacuum polarization (dispersion relation):

T data inconsistent with e e : enhanced CVC?
CMD 2, SND, KLOE inconsistent with BaBar (RR)

& Belle (T): 3.4 — |.7 O after BaBar result on R(s)?

® 3-loop Y X Y (not first principles calculations!):
T’ +VMD: (1.16 £ 0.40)% 1079 (Nyffeler 2009)

free quarks: < 1.59x107° (Toledo, |E 2006)
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g—2:vacuum polarization

free quarks deviation
K +65.1 +70.3 8%
K (22) -211.00 -182.00 1 4%
K(2b) +1.07 +0.99 7%
K (2¢) +0.027 +0.028 4%
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P
g—2:light x light __ -

free quark estimate (using quark masses for
running )

exact for infinitely heavy quarks (short distance ok)

overestimate in chiral limit with m,, /m . fixed
(charged pointlike pions contribute negatively)

VMD: (1.36 + 0.25) x 10~ (error:“rough guess”;
U ~ 0.6 GeV) Melnikov,Vainshtein (2004)

Toledo, |E (2006):

(

(1.370715) x 1077

free quarks <\ < 1.59 x 10~?2( 95% CL)
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