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1. Z and W boson physics

2. Low-energy electroweak observables

3. Muon anomalous magnetic moment

4. CP-violation and electric dipole moments

5. Lepton flavor violation
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Z-pole observables
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m Deconvolution of initial-state QED radiation:

oleTe™ — 71 = Rini(s, ") ® ohara(s)

m Subtraction of y-exchange, v—Z interference,
box contributions:

Ohard = 0z + 0y +UfyZ + Obox

m Z-pole contribution:
R
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m |In experimental analyses:
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Z-pole observables 3/30

Effective weak mixing angle:

Z-pole asymmetries:
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Most precisely measured for f = ¢ (also f = b, ¢)




Current status of electrowedadk precision tests
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Standard Model after Higgs discovery:

m Good agreement between measured mass and indirect prediction

m \Very good agreement over large number of observables
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Direct measurements:
My = 125.6 + 0.4 GeV
mi = 173.24 + 0.95 GeV

Indirect prediction:
My = 123.7 £ 2.3 GeV
(with LHC BRS)
My = 89722 Gev
(w/o LHC data)
mi = 177.0 £ 2.1 GeV




Known corrections to Ar, sin? ngr’ GV 1 GAF

Y.ZW
YZW

e Complete NNLO corrections (Ar, sin? Qgﬂr) Freitas, Hollik, Walter, Weiglein 00
Awramik, Czakon ’'02; Onishchenko, Veretin '02

Awramik, Czakon, Freitas, Weiglein '04; Awramik, Czakon, Freitas '06

Hollik, Meier, Uccirati '05,07; Degrassi, Gambino, Giardino '14

e “Fermionic” NNLO corrections (gy f, g ) Czarnecki, Kiithn '96
Harlander, Seidensticker, Steinhauser '98
Freitas '13,14

e Partial 3/4-loop corrections to p/T-parameter
O(arad), O(a%as), O (o) Chetyrkin, Kiihn, Steinhauser '95
Faisst, Kuhn, Seidensticker, Veretin '03
Boughezal, Tausk, v. d. Bij '05
th Schroder, Steinhauser '05; Chetyrkin et al. ‘06
(ot = E) Boughezal, Czakon '06




Current uncertainties 6/30
Experiment Theory error Main source
My 80.385+ 0.015 MeV 4 MeV a3, alas
7 2495.2+23MeV  05MeV o, o> aas, aad
Ugad 41540 + 37 pb O‘%osn a3, alas
R, =rY%/rad 0.21629 +0.00066  0.00015 o2, a3, a’as
Sin? 0 0.23153 £0.00016 4.5 x 107> a3, a?as

m Theory error estimate is not well defined, ideally A < Aexp

m Common methods:

Count prefactors (o, Ne¢, Ny, ...)
Extrapolation of perturbative series
Renormalization scale dependence
Renormalization scheme dependence

m Also parametric error from external inputs (m¢, my, as, Aapag, ---)




W mass measurement at the LHC 7/30

Precision target for LHC: d My ~ 8 MeV Snowmass EW group, Baak et al. '13
m Requires improvements in PDF uncertainties (currently My ppr 2 10 MeV)

m Also improvements in experimental systematics and modeling of QED
radiation (state of the art MC programs: PHOTOS, HORACE)
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Drell-Yan at hadron colliders 8/30
Meausurement of sin? 0. from Agg for pp — Z — 0174~
— Check of discrepancy between SLD and LEP
Current erors: A —e—] 0.23099 + 0.00053
LEP/SLC: 1.6 x 104 2005
ATLAS: 10 x10~* 2013 Ny
CMS: 32 %104 2011 A —v— 0.23221 + 0.00029
CDF'. 6 _a AL * 0.23220 + 0.00081
: X 10 2014 had
D@ 4.7 x 10_4 _— Qs X 0.2324 £ 0.0012
Average 1+ 0.23153 = 0.00016
Future projection: 1075 T
LHC: <35x 104 T
Snowmass EW group, Baak et al. '13 2
I
. — , S 2. g Ao = +
CDF: ~4.5x 104 Bodek 14 105 I 9.02758 4 000035

O.ZISZ | | 0.2I34 |
. 2.lept
Sin“8, LEP EWWG 05




SM input parameters 9/30

e mi. < 1 GeV precision challenging at hardon colliders Erler’14
(b-jet energy scale, hadronization, color reconnection, MC generator, ...)

e M,y Currently My = 15 MeV
Ultimate LHC goal 0 My ~ 5...8 MeV ?

® (.
Most precise determination using Lattice QCD from v spectroscopy:
as = 0.1184 + 0.0006 HPQCD ’10

But eTe~ event shapes and DIS prefer ag ~ 0.114
Alekhin, Bliumlein, Moch '12; Abbate et al. '11; Gehrmann et al. '13

e Aopag. Current: 6(Aapag) ~ 10~

Improvement to 6(Aapaq) ~ 5 x 1072 likely (BES lll, Belle I1)




Future projections
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perturb. error  Param. error

ILC FCC-ee

Param. error

with 3-loopT  |LC* FCC-ee**
My [MeV] 3-5 ~1 1 2.6 1
7 [MeV] ~1 ~0.1 <0.2 0.5 0.06
Ry, [1077] 15 <5 5-10 <1 <1
sin? 05 [107°] 1.3 0.6 1.5 2 2

I Theory scenario: O(aa?), O(Njaas), O(N]%azozs)

(N} = at least n closed fermion loops)

Parametfric inputs:

*ILC:  dmy = 50 MeV, das = 0.001, oM, = 2.1 MeV
*FCC-ee: omy = 50 MeV, das = 0.0001, 6M, = 0.1 MeV
also: §(Aa) ~5x 1072




Low-energy electroweak observables
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m Polarized ee, ep, ed scattering

(Qw(e), Qu (p), eDIS)

E158°'05; Qweak '13; JlLab Hall A’13

m vN/vN scattering NuTeV '02
m Atomic parity violation
(Qu (133Cs)) Wood et al. '97

Guéna, Lintz, Bouchiat '05

—s Test of running MS weak mixing
angle sin26(w)

€ €
v/v v/v
A4
e, p, N e, p, N

95 [ev*vse] [Fyuf]
9y [eve] [Fyuvsf]

sl =1 —2|QIsin2d (1)
gs/];\ é 2sin? d(u)




Low-energy electrowedak observables 12/30
m Polarized ee, ep, ed scattering Erler '14
0.245 e e T
(QW(G)’ QW(p)’ eDIS) T stl\lnblished
E158°'05; Qweak '13; JLab Hall A’13 | i Qw(p)hew<e)__
JLab SLAC
. 3 I
m vN/vN scattering NuTeV '02 = Iowms) IS
£ 0.235 Lab
m Atomic parity violation
133 0.230 Iwap)
(Qw (+2°Cs)) Wood et al. '97 roum e Lo
Guéna, Lintz, Bouchiat '05 KvI JLab JLab
02257 '”6'.“(')01' o|o1 o|1 o ””“1'|o | '””1%0' ””1”6'00' 10000
u [GeV]

—s Test of running MS weak mixing
angle sin26(w)




Low-energy electrowedak observables 12/30
m Polarized ee, ep, ed scattering Erler '14
0.245 e e T
(QW(G)’ QW(p)’ eDIS) T stl\lnblished
E158°'05; Qweak '13; JLab Hall A’13 | i Qw(p)hew<e)__
JLab SLAC
. 3 I
m vN/vN scattering NuTeV '02 = Iowms) IS
£ 0.235 Lab
m Atomic parity violation
133 0.230 Iwap)
(Qw (+2°Cs)) Wood et al. '97 roum e Lo
Guéna, Lintz, Bouchiat '05 KvI JLab JLab
02257 '”6'.“(')01' o|o1 o|1 o ””“1'|o | '””1%0' ””1”6'00' 10000
u [GeV]

m Future experiments:

MOLLER (ee), P2, SoLID (ep),
Atomic PV in radium




Independent conftact interactions
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New neutral gauge boson with mass O(100 MeV), which mixes with photon

— Can explain g, — 2 discrepancy

— Low-energy precision experiments have highest sensitivity

y-DIS
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—~ 0.23¢
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o
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0.232- Moller =
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Davoudiasl, Lee, Marciano '14




j1(p2)
= (—ie) u(p2) | V" Fe(q?) + i

(p1)

v(q)

-2

Measured at BNL g—2 experiment:

ay = (11659208.0 + 6.3) x 10710

Jegerlehner, Nyfeller '09

oMY q
5 Y Fm(®)
m

u(p1)

momentum

actual precession x 2




Muon g—2: SM theory prediction
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ay [10—19]

QED O(a>)

90%9“@@”@9”@?”@

(@) I(b) I(C) I(€)

@ O, O D, o,

I(f) I(9) I(h) (i) ()

550 R /2 N A

(@) o) 11(C) I(d) Ii(e)

TS f7mon BN 77y 73

11() (a) 1(b) (c)

A S 0

\ Vi) Vi(D) VICT~=_ _ VI{d)—" VI(&

3 (o [ T

YiIG) VI Vi(h) YI6) ViG) Vil

11 658 471.88 £+ 0.01 | Aoyama, Hayakawa, Kinoshita, Nio '12




ay [10719]

QED O(a?)

11658 471.88 + 0.01

EW O(a?)

153 £0.2

Aoyama, Hayakawa, Kinoshita, Nio '12

Czarnecki, Krause, Marciano '96
Knecht et al. '02

Czarnecki, Marciano, Vainshtain '03




ay [10719]

QED O(a”) 11 658 471.88 + 0.01
EW O(a?) 15.3 +0.2
LO had. vac. pol. 687.2 +£3.5
NLO —9.93 4+ 0.09
NNLO 1.23 £+ 0.01

Aoyama, Hayakawa, Kinoshita, Nio '12

Czarnecki, Krause, Marciano '96
Knecht et al. '02
Czarnecki, Marciano, Vainshtain '03

Hagiwara et al. '11
Davier, Hoecker, Malaescu, Zhang '11
Jegerlehner '15




ay [10719]
QED O(a”) 11 658 471.88 + 0.01
EW O(a?) 15.3 +0.2
LO had. vac. pol. 687.2 +£3.5
NLO —9.93 + 0.09
NNLO 1.23 £+ 0.01
light-by-light 10.7 +3.2
/ N

(k) S ko

+ 5 permutations of the g;

qip

Aoyama, Hayakawa, Kinoshita, Nio '12

Czarnecki, Krause, Marciano '96
Knecht et al. '02
Czarnecki, Marciano, Vainshtain '03

Hagiwara et al. '11
Davier, Hoecker, Malaescu, Zhang '11
Jegerlehner '15

Prades, de Rafael, Vainshtein '09
Nyffeler '09
Erler, Toledo Sanchez '06




Muon g—2: SM theory prediction 14/30

ay [10—19]
QED O(a5) 11 658 471.88 + 0.01 | Aoyama, Hayakawa, Kinoshita, Nio '12
5 Czarnecki, Krause, Marciano '96
EW O(a”) 15.3 = 0.2 | Knechtetal. 02
Czarnecki, Marciano, Vainshtain '03
Hagiwara et al. '11
O etk W (90 Hot 22 82 Davier, Hoecker, Malaescu, Zhang '11
NLO —9.93 + 0.09 | Jegerlehner 15
NNLO 1.23 + 0.01
light-by-light 10.7 4+ 3.2 | Prades, de Rafael, Vainshtein '09
Nyffeler '09
Total 116591764 -+ 4.8 Erler, Toledo Sanchez '06
EXp 11 659 208.0 £ 6.3

— > 3 standard deviations!




Muon ¢g—2: Uncertainties
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Difficulties with hadronic contributions:

m Had. vac. pol. from eTe~ and
7 decay data (or lattice*)

m Calibration of old ete™
experiments

m y—p Mixing important for relating
eTe™ and 7 data

Jegerlehner, Szafron '11

m Light-by-light contribution only
from hadron models (or latticeT)

*Burger et al. '13; Davies et al. '15

TBIum, Chowdhury, Hayakawa, lzubuchi '14
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Muon ¢g—2: Uncertainties
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Difficulties with hadronic contributions:

m Had. vac. pol. from eTe~ and

7 decay data (or lattice*) -
m Calibration of old et =
experiments =
m y—p mixing important for relating =
eTe~ and 7 data
Jegerlehner, Szafron '11
m Light-by-light contribution only .
from hadron models (or latticeT) S

(1)

v

*Burger et al. '13; Davies et al. '15

IF

TBIum, Chowdhury, Hayakawa, lzubuchi '14
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Jegerlehner, Szafron '11
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New physics: Dark "photon” 16/30

New neutral gauge boson

1x 1074,

my ~ O(100 MeV), 105l

which mixes with photon

€
1%

£|nt m— —BMVU'M 1X1O_5,

2CW [

5x 10‘67

o
y

1x107° PHENIX (prelim) ,
- - : APEX \
€ v € 5x1077 MAMI i

KLOE (prelim)’

Gninenko, Krasnikov '01 ,
Fayet '07; Pospelov 08 L1050 50  10C 500 100C
Davoudiasl, Lee, Marciano '14 Myark photon [MeV]
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BayesFITS (2013)

Fowlie et al. '13
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6x* (basic +68(g—2), ) <5.99 |4

X* (8(g-2),) <1

: MSSM

loops

e Main contribution from slepton—
gaugino

New physics

e Fits (g, —2) and other constraints

for mgysy ~ few 100 GeV

e Large tan g3 helps

(b)

10°

102

m, (GeV)




New physics: Simplified models 18/30

Introduce one or two new fields (spin O, %, 1; SU(2) singlet, doublet, triplet)

a) ot b) c) 5 d)
W A\ H," HT X xt
Mmu” Mo[S,P] ™ Mu Mo[V,A] X% s X°

Aay = aﬁxp — CLEM = (29.3+8.4) — { mnp ~ few x 100 Ge

gnp ~ 1
— Within reach of LHC!

e |dentify parameter space that matches Aa,, at one-loop

e Compare with constraints from LHC searches




Two new fields: Allowed paramefter space 19/30

ell, Lykken, Westhoff 14
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CP-violation and electric dipole moments 20/30

m Very severe limits on CP violation from from fermion EDMs, d, of e and n

m Best limits on d. from paramagnetic systems (Tl, YbF, ThO):
|de| < 0.87 x 10728 ecm (90% CL)

m Uncertainties from nuclear and multi-electron contributions

m Paramagnetic systems may be influenced by electron EDM

LEDM = —5de eatVy5e Fu

and (spin-independent) electron-nucleon interactions

LNGIP = —iSE Eyse NICGY + C§PImsIN

Fits of both contributions lead to weaker limis

|de| < 5.4 x 10727 ecm (95% CL)

ICg| < 4.5 x 10~7 (95% CL) Cs = CY + 2N oM
Dzuba, Flambaum, Harabati '11

Engel, Ramsey-Musolf, von Kolck '13
Chupp, Ramsey-Musolf '14




New sources of CP-violation 21/30

m Contributions to de and d,, from CKM in SM are very small

m New CP-violation in many models of flavor and extended Higgs sectors

m 2HDM is good toy model




Two Higgs Doublet Model 22/30

Main sources of CP violation in Higgs sector:
m Mixing between scalar and pseudoscalar from scalar potential

m Misalignment between fermion masses and Yukawa couplings

Minimal field content to achieve both: add second Higgs doublet

Scalar potential

V= Sm3y 001 4 SmBpdbds 4 5(mipb] o + hic)
+ 301(@101)2 4 FA(@hP2)? 4 A3(@] 1) (PhP2) + Ag (D] Do) (Pl dy)
+ [3A5(@]®2)2 4 Ir(@]d1) (@] d2) + IA7(@T o) (@] 02) + hic]

v = (P1) =wvcosB, vy = (Dy) =wsinGes

complex parameters, can be made real by redefining ®q >

parameters with physical complex phase




Two Higgs Doublet Model 22/30

Zo symmetry to avoid FCNC: &1 — b1, Py — —Py
— P71 and P, cannot couple to the same fermion F' (F' = w, d, ¢)

May be softly broken by m7,

Scalar potential

V= 3m3 0l o1 + Im3,0lds + S(m,el oo +h)
+ 301(@101)2 4 FA(@hP2)? 4 A3(@] 1) (PhP2) + Ag (D] Do) (Pl dy)
+ [Sas(@]®)? + 1 (] T32) + 3 (DL TTds) + he

vi = (P1) =wvcosB, vy = (Dy) =wsinGe*

complex parameters, can be made real by redefining ®q >

parameters with physical complex phase




Yukawa couplings 23/30

Aligned 2HDM: No Z> symmetry, but ycbl o ycb? (3x3 matrices in flavor space)
f f

to void FCNC Pich, Tuzon '09
1 - _ _
LYUK — __er}mf foRH’L + h.c. Yeff _ i my f
Yif fi =T
3 . H;==
rrde = Ri1 + (Ri2 + 1Ri3)Cu a0 ;

R = mixing matrix of H7 5 3
Cu,de = complex O(1) numbers

— CP in H; decays possible also if R13 = 0 (no scalar—pseudoscalar mixing)




Electric dipole moments in 2HDM 24/30

a) Electron EDM: Main contribution from 2-loop Barr-Zee diagrams:

v, 2° \ . e 1, 2 \ 0
= " T - 4
A
e . b - e € A, b

(b)

Barr, Zee '90

(a)

de] :\/ZXGFU S[s (_,2) Yefrlmyefr_I_g(_g) im YT Re V&Il
t i ;

e 63
4] =G ) + st

b) Neutron EDM: Main contribution from Weinberg operator:
[dn] gt o< Im{Y; sz*YbeIr}

Weinberg '89




For CP in scalar potential: For P in Yukawa couplings:

‘%e (10 *cm) |p6k '13 Jung, Pich '13
, 0.5 T
-—I. ————————————————————————————— | ’
- Bound from electron EDM
0.4+
increasing m1, _
‘‘‘‘ 005 os oos —~ 03+
= U3
3
£ 0.2+
~gimimimimima s |
0.1
(mo3 = 400...500 GeV,tg = 1, 6 = 5) !
0.0
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Curves for different m?,
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EDM constraints 26/30
For CP in scalar potential: For P in Yukawa couplings:
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Lepton flavor violation 27/30

m Lepton flavor conservation is accidental in SM, due to particle content
— Very sensitive probe of new physics
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u—e interactions:
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T—u interactions:

Limits for C; /A2 in GeV~2, matched at scale M-
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RG effects 29/30

Small LFV effect may be generated at scales A > M~
— RG running effects become important

Log,,(C)

Log,,(A\/GeV) Pruna, Signer '14




Conclusions 30/30

m W/Z precision data are stress-testing the SM
— Indirect determinations of m; and My
— Strong constraints on new physics — talk by L. Reina
— LHC data may help resolve existing discrepancies

m Low-energy precision experiments will become competitive with W/Z-pole data
— Unique probes for light new physics
— Muon g—2 may already hint toward BSM,
but hadronic error could be underestimated

m Good control over input parameters my, Myy, as and Aap,q IS crucial
— Probably limited by theory uncertainties!

m Studies of CP from EDMs, Higgs and flavor physics are complementary
— Improvement of nuclear and atomic theory uncertainties important for
future EDM measurements

m FLV provide sensitive tests of high-scale flavor physics




