Theoretical Implications of
Precision Measurements

Jens Erler (IF-UNAM)

LEPTON PHOTON

The 28th International Symposium on
Lepton Photon Interactions at High Energies
August 7-12, 2017




Old Physics Implications: the electroweak global fit

Key Observables
New Physics Implications

Conclusions



Old Physics Implications:
the electroweak global fit
(PDG 2016 & some 2017 updates)




Birthdays

October 17: 50 years of Standard Model (immortal?)

July 4: 5 years of Higgs
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Introduction: The electroweak fit

5 inputs needed to fix the bosonic sector of the SM:
SU(3) x SU(2) x U(I) gauge couplings and 2 Higgs parameters

fine structure constant: & e.g. from the Rydberg constant
(leaves g.—2 as derived quantity and extra SM test)

Fermi constant: Gr from PSI| (muon lifetime)

Z mass: M7 from LEP

Higgs mass: My from the LHC

strong coupling constant: 0s(Mz) is fit output re
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Weak probes of the strong coupling

Z width, height and BRs: only & constraint not limited by theory
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&s(Mz) = 0.1203 + 0.0028 .
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Ny = 2.992 + 0.007 Freitas, JE 2016
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W width: 1* + 2"¢ row CKM unitarity test 10

T lifetime & BRs: 0
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O(s at the verge of a perturbative breakdown: FOPT vs. CIPT

O(s(mT) =0.3 |4+O'OI6_o.o|3 and O(S(Mz) =0.1 |74+0'OO|9_o_oo|7

electroweak fit = &;(Mz) = 0.1182 + 0.0016 Freitas, JE (PDG 2016)
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Top quark mass

ATLAS
Tevatron
CMS
grand average

JE, Eur. Phys. J. C 75 (2015)

me = 172.97 £ 0.28,ncorr. £ 0.29¢or £ 0.500cp GeV

future reduction of QCD error at hadron colliders to 70 MeV?

change from previous m¢ = 173.34 £ 0.81 GeV — AMy = -3 GeV

indirectly from EW fit:m = 176.7 £ 2.1 GeV Freitas, JE (PDG 2016)
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Key Observables



Weak Mixing Angle (sin20w)
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sin2Ow within the SM

sin“Ow & Mw most precise derived quantities in EVV sector:

Standard Model:
key test of EW
symmetry breaking

Higgs sector:
predict My and
compare with LHC

3 O conflict;
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sin2Ow beyond the SM

Z-Z' mixing: modification of Z vector coupling
oblique parameters: STU (also need Mw and [ Z)

new amplitudes: off- versus on-Z pole measurements (e.g. Z')

dark Z: renormalization group evolution (running)
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Running weak mixing angle
results and prospects
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Running weak mixing angle
results and prospects
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Rodolfo Ferro, JE
(update in preparation)
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use PQCD where possible
(mc and mp, needed)

where not, relate to
dispersion relation result for
running X where possible

flavor separation: construction
of upper and lower limits on
strange quark contribution

singlet separation: adaptation
of lattice result for g,—2
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Mw in the MSSM
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ay = (1165920.91 + 0.63)% 1077 BNL-E821 2004
SM:a, = (1165917.63 £ 0.46)x107° (4.2 O)

hadronic vacuum polarization (VP):
use data + PQCD Luo, JE 2002

(mcand mpneeded) 000

——i T Belle

Davier et al. 201 1

ee BABAR
ee CMD-2
ee SND
ee KLOE

500 520 540 560
-10
19 au2n,LO (1 0 )



ay = (1165920.91 + 0.63)% 1077 BNL-E821 2004
SM:a, = (1165917.63 £ 0.46)x107° (4.2 O)

hadronic vacuum polarization (VP):
use data + PQCD Luo, JE 2002

(mc and my needed)

consistency between experimental

B(T™ — v T 117) and prediction from
e*e” and CVC after accounting for ce D
Y-P MiXing Jegerlehner, Szafron 201 | o
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a,2r.LO (1 09
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g, — 2 theory prospects

VP in space-like region from Bhabba carioni calame et al. 2015
and |le-scattering Abbiendi et al. 2016 USing

auhad - O(/Tl'de (|—X) AO(had[X2 muz/(x—l)] Lautrup et al. 1972
hadronic YxY error: £0.32x 1077 (30%)

lattice:

hadrons

5% statistical error (systematic error
under investigation) Bium et al. 2015

only quark-connected diagrams

[ 7

cross-check: calculation of muonic Yy agrees within 2%

VP:also few % errors (~| year to achieve sub-%!?)
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New Physics Implications



Oblique physics beyond the SM

STU describe corrections to gauge-boson self-energies
T breaks custodial SO(4)

a multiplet of heavy degenerate chiral fermions contributes
AS = Nc /3711 3 [tal' — t3r']?

extra degenerate fermion family yields AS =2/311 = 0.21

Sand T (U) correspond to dimension 6 (8) operators
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Non-degenerate doublets (T)

Apo = Gr % Ci/ (8 v/2 T12) Am2
where Ami? = (m| — my)?

despite appearance there is decoupling
(see-saw type suppression of Am;?)

summer 2017 update: po = 1.00039 = 0.00019 (2.0 O)
(15 GeV)? = 2 Ci/3 Ami? < (47 GeV)? @ 90%CL

CEPC can measure T within £ 0.00008
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Non-oblique parameters

long-standing deviation in Arg(b) from LEP |

currently: pp = 0.056 £ 0.020 K, =0.182 + 0.068 (2.7 O)

Freitas, JE (PDG 2016)

difficult to explain without affecting / tuning Ry

CEPC:  pp — + 0.005 Ko = * 0.007

Results virtually independent of STU (fixed or floating)
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Conclusions

SM almost 50 but in remarkable health!

SM over-constrained: derived quantities like Mw, sin’Ow, g,—2
and weak charges computed and measured

Precision in sin“Ow (Ars) & Mw and future Qw(e) & Qw(p)
measurements challenge theory — needs major global effort

indirect Mu: 1.9 O below direct
p-parameter: 2.0 0 highinSM+ p fit (S=U =0)

Contact interactions: compare sin“Bw at low Q? with Z-pole
and test Anew Up to O(50 TeV) in the case of strong coupling
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experiment  precision A sin20w(0)  Anew
APV 133Cs 0.58 % 0.0019 32.3 TeV
14 % 0.0013 17.0 TeV

Qweak | 19 % 0.0030 7.0 TeV

PVDIS 4.5 % 0.0051 7.6 TeV
Qweak final 0.0008
SolLID 0.00057

0.00026

P2 0.00032
PVES '2C 0.0007
APV 22°Ra 0.0018
o |APV 213Ra/?2°Ra 0.0037
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Charm and bottom quark masses

» g,—2:c quark and yxy effects
comparable; £ 70 MeV in m. would

induce an error of £ |.6 % |O_|O — N 2707 (BTeY) + 5.1 16" (7 TeV)
comparable to projections for D Rt y
FNAL & |-PARC e |

+ (M) & sin?Bw(0): PQCD for heavy  :|
quark contributions if masses known |

(M, €) fit
= 68% CL
—95% CL

* Yukawa coupling — mass relation: otk i o

Amb =+ 9 MeV & Amc =+ 8 MeV Particle mass (GeV)
to match future precision in
HiggsBRs &
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Relativistic sum rule formalism

A

2 11,(0) — ﬂq(_t) [T ds R,(s)
127 . —/4

mq
* QCD sum rule of moments of vector current correlator [l

° pQCD to O (0(53) Chetyrkin, Kiihn, Sturm 2006; Boughezal, Czakon,

Schutzmeier 2006; Kniehl, Kotikov 2006; Maier, Maierhofer, Marquard 2008;
Maier, Maierhofer, Marquard, Smirnov 2010

*t & 0 = Ist moment sum rule .#,
* differentiating = higher moments .4, Novikov et al. 1978

°*t & o0 = 0th moment sum rule . % JE, Luo 2003

* regularization: subtract R¢(s) = 4/3 atme =0
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Features of our approach

* only experimental input: electronic widths of J/\P and P(25)

* continuum contribution from self-consistency between sum
rules

*include 7y — |
stronger (milder) sensitivity R
to continuum (mc)

* quark-hadron duality needed
only in finite region (not locally)

mc(mc) = 1272+ 8 + 2616 [&s(MZ) - 0.1 |82] MeV
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Error calibration

* experimental input error

* truncation error (we use more
conservative estimate than
taking last computed term)

*we use e” e~ — hadron data
to control method (higher
order in OPE & quark-hadron
duality violations)

nc(ie) [GeV]

*Gs(Mz) = 0.1182 + 0.0016
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Continuum

«R.O™ = 4/3 [ 1 —4 M*2Mp)/s’ 12 [ | + 2 A3 M*(2Mp)/s’ ]

50
s’ = s+ 4 [ M(2M) - M?] 5|

40
* A\ known asymptotic behaviour 5 3sf]

“s0l) 1

* \3 free parameter (expect = 1) 25

2ob :
o Mo& MY => N3 = |,23(6) 3840 42 44 he- s T30

Vs [GeV]

* removing background from light quarks and singlet contributions
from Crystal Ball, BES & CLEO data = A\; = |.34(17)

* fit normalization of sub-continuum data to pQCD = A3 = |.15(16)
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Recent m. determinations

Chetyrkin ('10)
Bodenstein ('11)
Narison ('11)
Dehnadi ('15)
Chakraborty ('14)
Nakayama ('16)
Maezawa ('16)

This Work
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domain-wall quarks

staggered fermions



