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Complementary facilities

High-energy
precision tests

EW symmetry
breaking

Low-energy
precision tests

new amplitudes

High energy lepton
and hadron colliders

LEP & SLC
Tevatron & LHC

Medium energy
accelerators & table-top

CEBAF (Jefferon Lab)
MESA (Mainz)



RHigh Energy
Precision lests



® Consider fundamental SM relations like
sinBw = g2 /(g2 + g'?) = | — Mw?/MZ%/(I + Ap)
or V2 Ge (I = Ar) = g2 /(4 Mw?)

® Compute radiative correction parameters such as Ap and
Ar to very high (two-loop EW) accuracy

® [ hese are functions of mt, Mny, Mz, ..., as well as Mw and
sin?Ow themselves (needs numerical iterations)

® Compare with experimental Ap and Ar to test SM and
look for deviations (new physics)
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-+ c(stat)
o(sys)
o(theo)

ATLAS
m,, = 125.5 GeV

H— vy

Low P,

Highp,

' 2 jef high
mass (VBF)

VH categories |
H—- ZZ" - 4l
VBF +VH-like
categores

calegones

H—- WW*' = viv

0+1 jet

2 jet VBF u=14

Comb. H-yy, ZZ*, Ww*

1.33

iIs=7TeV |Ldt=4.6-48 "

\s=8TeV [Ldt =20.7 b’

Total uncertainty
+1conu

Signal strength ()

—

1 II'I]III

Higgs BR + Total Uncert
3
I

iIs=7TeV,L<5.1fb"'

CMS Preliminary
pr.-.t =0.65

» T

u=1.10x041

H— ZZ

u=092%0.28

LHC HIGGS XS WG 2013

180 200
M, [GeV]

s=8TeV.L<196fb’
m, = 125.7 GeV

1.5 2

Best fit o/c,,

2.5

10



global fit

Mu [GeV]

125.5

uncertainty

+22

2.3
0.6
0.4
0.4

JE, Freitas 2013
PDG 2014

11






B all precision data (90% CL)
B direct (10)

indirect (10)

M, =125.9 GeV
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I all precision data (90% CL)
B direct (10)
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I all precision data (90% CL)
B direct (10)

indirect (10)

M, =125.9 GeV

I, O R, Rq (10)

Z pole asymmetries (10)
M,, (10)

..... — directm, (10)
— ——— direct M,
precision data (90%)
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sinZ0w



t= (W Fiw?)/+/2
Z% = cosOw W3 —sinOw B

A = sinOw W3 + cosOw B

Mw = 2 g v = cosOw Mz

sinBw = g2 /(g? + g'?) = | — Mw?/MZ?



Z-pole Asymmetries

A(P.) — 0.23159 = 0.00041
A(SLD)  —a— 0.23098 = 0.00026

LEP/SLC Average: 0.23153 £ 0.00016 Xx?/d.of.=16.8/12

Tevatron Average: 0.23176 £ 0.00060
LHC Average: 0.2297 = 0.0010

Grand Average: 0.23150 £ 0.00016 Xx2/d.of.=20.2/14

Standard Model: 0.23155 £ 0.000047
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LEP/SLC Average: 0.23153 £ 0.00016 Xx?/d.of.=16.8/12

Tevatron Average: 0.23176 £ 0.00060
LHC Average: 0.2297 = 0.0010

Grand Average: 0.23150 £ 0.00016 X?/d.of.=20.2/14

Standard Model: 0.23155 £ 0.000047

+ 0.000047 (SM) =

+ 0.000015 (My)

+ 0.000026 (M
(
(
(

theory uncertainty

also + 0.00005
(conservative)

+ 0.000020 (Mo)
+ 0.000020 (as

+ 0.000023 (Qhaq)
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7, Opag Ry R
asymmetries
— — e & v scattering
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I, 0. Ry R
— — e & v scattering

—-—- My, I,

asymmetries




B all (90% CL)

I 04000 By By |

— — e & v scattering| |
- My, Ty
asymmetries

-=- APV
Belle Il

® | constraints mass splittings within SU(2) doublets
® Currently, >i C/3 AmiZ < (50 GeV)?

® Ars would give similar constraint (independent of S)
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hadrons hadrons

hadrons hadrons




. BNL-E821 2004

® goal of FNAL-E989 (New g—2 Collaboration):
+0.16 x 107

@ SM:a, = (1165918.21 + 0.48)x107’

hadrons

® 3.3 O deviation (includes e'e” & T-decay data)

® 2 and 3-loop hadronic vacuum polarization:

® consistency between exp. e
and prediction from e"e” and CVC after oo

accounting for Y-p mixing ce KLOE

Jegerlehner, Szafron 201 1
520 540 560

® |.9 O conflict between KLOE and BaBar 2,250 (107°)
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. 2
sin 6, (w)
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Contact Interactions



® Normalized so that giiiL = | (p-decay)
® NC couplings: g¢ay € Y*Y e f Yy f
° lg¥'av| = V2 — 2 | Q4| sin2Ow

°ef=¢e — |g®®ay| = 2 — 2 sin?Ow « |

geffoae YHef yuy° f

1g¥fva| = V2 — 2 sin?Ow

® in SM: enhanced sensitivity to sinOw

(compete with Z-pole)

® BSM: enhanced sensitivity to Anew
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Asymmetries

® Z-pole:X ~Mz/Tz» | = [withAs=2 ve ae/ (Vo* + ac’)]
x A Ay (Ags) LEP
x A (final state Ayo)) LEP
x A, (A) SLD
x A, (Ar™) SLD
e PVES /Belle l:x ~Q*Gr « | =

= 2. v (ALr in forward direction) SLAC-E22 & E 158, Qweak, MOLLER,
P2

® Ve 3q (Arr at larger scattering angles) PVDIS, SoLID

® 2. a, (Ars) Belle Il (independent of sin“Oyy)
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B all data
. SM
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Qweak + APV
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precision A A\

APV

Qweak final 4.5% 0.0008 33 TeV
SoLID 0.6 % 0.00057 22 TeV
MOLLER 2.3 % 0.00026 39 TeV

P2 2.0 % 0.00036 49 TeV

PVES 0.3 % 0.0007 49 TeV
I\ 0.5% 0.0018 34 TeV
APV 0.1% 0.0037 |6 TeV

Belle I 0.14% — 33 TeV



Mw, 'z /H-threshold
Ars@Belle Il PVES AR



Conclusions



Conclusions

® Precision tests generally in excellent agreement with SM.

@ [hree independent determinations of My agree very well

® Persistent: gy—2 (3.3 0) and Ars(b) vs.ALr
® Amusing: revival of APV anomaly!?
® emergence of Myw anomaly? (small, but Mw is special)
® Low-energy:
® next generation experiments set to reach LEP precision

x model-independent couplings: multi-TeV scale
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® generate large EVV logs regulated in the IR by uncertain hadronic scale
(similarly for charge radius correction to gy ')

e for APV (E. = 0, Q’ = 0) effect for gay 'is « gya ' and vice versa

@ for elastic scattering E. # 0, mixing in opposite chirality structure

= strong point for P2 (Mainz)

® much activity recently:

=
® SVA 3 Iarge error Gorchtein, Horowitz 2009; Sibirtsev, Blunden, Melnitchouk, Thomas
2010; Gorchtein, Horowitz, Ramsey-Musolf 201 I; Rislow, Carlison 201 1; Hall et al. 2013
4

eq . .
® gav  for PVES Blunden, Melnitchouk, Thomas 201 I; Rislow, Carison 2013

e . 2
® 2 for APV (I = 4 sin“B)-suppressed Blunden, Melnitchouk, Thomas 2012
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e Define in sin’Bw(u) = g2(H)/[g(W) + Z(W)]
® U2 d&/dp? = & /2471 2 N Y™ (QY)3
® X=2XiNCy VvV Q = dX/X = d&/
running of & (e"e” and/or T data) = running of sin2Byy if
ecither no mass threshold is crossed
e@or perturbation theory applies (W%, leptons, b & ¢ quarks)
eor all coefficient are equal (RGE factorizes) like for (d,s)

e@or there is a symmetry like SU(3)F
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—— 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
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