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The Standard Model after the Higgs discovery

* Standard Model fully established but cannot account for:

e Mass and scale hierarchies:
11
’r77J1:()1)/777J1/e > 10 MHiggs < MPlanck

e Dark matter and dark energy
e Amount of CP violation to sustain matter/antimatter asymmetry
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The Standard Model after the Higgs discovery

* Standard Model fully established but cannot account for:

e Mass and scale hierarchies:
11
'rntop/r'nl/63 > 10 MHiggs < MPlanck
e Dark matter and dark energy

e Amount of CP violation to sustain matter/antimatter asymmetry

* Explore the limits of the Standard Model

e Search for new particles and phenomena at higher energy

e Search for enhancement of rare phenomena

GCompare precision measurements to SM predictions)

P o

THE LOW-ENERGY FRONTIER
OF THE STANDARD MODEL

Control over hadronic uncertainties
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Precision Tests of the Standard Model

Anomalous magnetic moment of the muon: a, = %(g —2),

~ [ 116592 080(54)(33) - 10~ Experiment
“v 7] 116591802(2)(42)(26) - 10~ SM prediction

g

Dispersion theory: Model estimates:
[ (105 £ 26) - 10~ 11
GJEVP = (6923 £42 £ 3) - 10~ abL — ( + 26)
g | (116 +39) - 10!

based on Rexp(e*e™ — hadrons)
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Precision Tests of the Standard Model

Running of electroweak mixing angle: sin‘Ow

|||||||||||||||||||||||||||||

Maa 7 = 100 MeV 1

v—DIS 1
Miark 7z = 200 MeV i

Qweak (first)

: #4
0.232 i Moller

MESA
Qweak ¢
0.230+ "Anticipated sensitivities" SLAC
.............................
-3 -2 -1 0 1 2 3

* Running of sin“Ow at low energies discriminates between
“New Physics” scenarios

* Challenge for theory: hadronic contributions
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Precision Tests of the Standard Model

Proton Radius Puzzle

—&— MAMI (). Bernauer et al.)

e . JLab (X. Zhan et al.)

—e—  CODATA

&  pH (R. Pohl et al.)

& MH (A. Antognini et al.)

0.85 0.9
Proton Charge Radius (fm)

Muonic Hydrogen: rg = 0.8409 £+ 0.0004 fm [Antognini et al. 2013]

Electronic systems: rg = 0.8775 £ 0.0051 fm [CODATA 2012]

* Signal for “New Physics” or poorly understood hadronic effects?
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Precision Tests of the Standard Model

* Accuracy of Standard Model tests limited by hadronic contributions

* Employ “ab initio” approach: Lattice QCD

T

*
gluon quark

“Clover” @ Mainz

Hartmut Wittig
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|. Low-energy precision experiments at Mainz

II The muon (g 2) in Lathce QCD
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IV The charge radlus of the nucleon
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Low-energy precision experiments at Mainz

* MESA — “Mainz Energy-Recovering Superconducting Accelerator

loading hall

3
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MAGIX P2 Superconducting cavities

@ PRISMA

“Energy Recovery” vs. “Extracted Beam” modes

Beam energy: 105 MeV /155 MeV  Current: 1-2 mA

Luminosity:  up to 103° cm™s™!

Hartmut Wittig Limits of the Standard Model
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The muon (g-2) in
Lattice QCD

/

F




The Mainz (g-2). project

Collaborators:

L E

THE LOW-ENERGY FRONTIER

N. Asmussen, A. Gérardin, J. Green, O. Gryniuk, G. von Hippel,

H. Horch, H. Meyer, A. Nyffeler, V. Pascalutsa, A. Risch, HW OF THE STANDARD MODEL
M. Della Morte, A. Francis, B. Jager, V. Gulpers, G. Herdoiza :
(D PRISMA
Topics:

* Hadronic vacuum polarisation
* Light-by-light scattering
* Running of aem and sin?Bw

* Determination of as from vacuum polarisation function

Hartmut Wittig Limits of the Standard Model 12



Lattice QCD approach to HVP

* Convolution integral over Euclidean momenta: [Lautrup & de Rafael; Blum]

QIVP — 44 / " dQ? £(Q) {11(Q?) — 11(0))

0

tk.
|
WIN
~
2
=
~
|
W]
Q|
2
=
o
|
Wl
V]
2
=
Va)
_|_

27

* Lattice momenta are quantised: (), = 7
3

* Determine VPF I1(Q?) and additive renormalisation I1(0)

* Statistical accuracy of [1(Q?) deteriorates as Q — 0

Limits of the Standard Model 13
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Lattice QCD approach to HVP

* Convolution integral over Euclidean momenta: [Lautrup & de Rafael; Blum]

QIVP — 44 / " dQ? £(Q) {11(Q?) — 11(0))

0

* |ntegrand peaked near Q% ~ (V5 — 2)m?

L =20fm mi 10 fm 5fm
ol | ] R

0.08
Accurate determination

requires large statistics
on large volumes!

0.06

0.04

0.02

0 0.01 0.02 0.03 0.04 0.05 0.06
Q? [GeV?]
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Lattice QCD approach to HVP

0.09 L _“_“_j ___________ SUSNOS R .| twisted bes —e— | 2
' : : . |periodic bcs —e—i

pert

g 2
0 002 004 006 008 01 012 0.14 0.09 GeV

q% [GeV?]

2
o

* Model-independent fits compromised when applied to Q% > m

* Determination of I1(0) may be biased by more accurate data at large Q-

Hartmut Wittig Limits of the Standard Model



Lattice QCD approach to HVP

%k ”Hybrid" method: [Golterman, Maltman & Peris, Phys Rev D90 (2014) 074508]

—I1(Q%) 4
Pade :
approx.
: numerical
interpolations

: > ()?
~0.1 GeV?

* Determine II(0) from Padé approximation in small-momentum region

* Requires sub-percent accuracy in u,d-part for Q% = 0(0.1 GeV?)

Hartmut Wittig Limits of the Standard Model 16



Lattice QCD approach to HVP

Main issues:
* Statistical accuracy at the sub-percent level required

* Comprehensive study of finite-volume effects

Reduce systematic uncertainty associated with region of small Q?
& accurate determination of I1(0)

Include quark-disconnected diagrams

A O

* |nclude isospin breaking: my, # mg, QED corrections

Hartmut Wittig Limits of the Standard Model 17



Low-momentum region: Time moments
* Expansion of VPF at low-Q*: I1(Q%) = 11y + Z QY11
j=1
* Vacuum polarisation for Q = (w,0) :

Mk (w) = a* ) e Z (Jx ()3 (0))

* Spatially summed vector correlator: G(zy) = —a” Z (Ji(x)J(0))

%* Time moments: [Chakraborty et al., Phys Rev D89 (2014) 114501]
592Tl ~
_ 2N _(_1\n 2 2
Gan = ay 23" Glzo) = (—1)"5— {w (e )}wQZO
L0
* Expansion coefficients:  II(0) = I = 1G I, = (—1)7*+ Gaj2
I (27 +2)!

Hartmut Wittig Limits of the Standard Model 18



Time-Momentum Representation

* Integral representation of subtracted VPF  TI(Q?) = II(Q?) — II1(0)

1 >C .
Q%) —T1(0) = 02 /o dxo G(x0) [Q°xg — 4sin® (5Qx0) ]
G(zg) = —a’ Z (Ji()Jr(0)) [Bernecker & Meyer, Eur Phys J A47 (2011) 148]

[Francis et al. 2013; Feng et al. 2013; Lehner & Izubuchi 2014, Del Debbio & Portelli 2015,...]

* ()’ is a tuneable parameter

* No extrapolation to Q = 0 required; related to time-moments

* Must determine [ = 1 vector correlator ((xo) for xo — 00

— Include two-pion states to capture long-distance behaviour

Hartmut Wittig Limits of the Standard Model



Time-Momentum Representation

1
Q2

G(x9) = —a’ Z () J1(0))

I1(Q*) — I1(0) /OOO dro G(xg) [QQ:E(Q) — 4 sin” (%ng)]

0.12

011 - n(@2-n()
01

0.09
connected vector correlator —a— 0.08 -

0.01 ¢

0.001 0.07 -
0.06 -

0.0001 0.05 -

0.04 -
0.03 -

0.02 -
001% F7, N=2

0.16

I I [ [ I I
FM(Q@P)sTp - [M(Q3)-M(0)IvRM Sampling, Ayrvssto '

0.156 - M(0)s=const

0.152

0.148 -

Q2[GeV?] |
| |

12

[Glilpers et al., arXiv:1411.7592; Francis et al., arXiv:1410.7491]
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Current data sets and statistics

* Nr= 2 flavours of O(a) improved Wilson fermions
* Three values of the lattice spacing: a =0.076, 0.066, 0.049 fm
* Pion masses and volumes: m?in = 18 MeV, m L >4

* 1000-4000 measurements per ensemble

To be processed:

* Nr=2+1 flavours of O(a) improved Wilson fermions; tree-level
Symanzik gauge action; open boundary conditions

* Five values of the lattice spacing; physical pion mass

Hartmut Wittig Limits of the Standard Model



Comparison: Fits versus Time moments

* Construct Padé approximants either from fits or time moments

0.16

Padé [1,1]:' Fit m—
Padé [1,1]: TimeMikdindats m—
VPF ddig —=— A

Fit Padé [1,1] for
QL .. S 0.5GeV?

~11(Q%)

0.08

0 0.1 0.2 0.3 0.4 0.5
Q? [GeV?]

* Low-order Padé approximants consistent for Q% < 0.5 GeV?

* Apply trapezoidal rule to evaluate convolution integral for Q% = 0.5 GeV?

Hartmut Wittig Limits of the Standard Model 22



Chiral and continuum extrapolations

* Use collection of different functional forms, e.g.

00 up, down s — Fit A:
;‘:_§:§2§2 — 5 5 5
s L0 bo + bim: 4 bomz In(m: ) 4 bsa
e 500 b
5 Fit B:
400
300 bo -+ blTTL72T -+ bgmi -+ bgCL
0 0.I05 Ol.l O.I15 0I.2 0.25
m2 [GeV?|
5 | ' ' ' 320207'55 fE —— . .
) shammge 200186 i —— * Perform cuts in pion mass and
E \ - lattice spacing
;8 \ »
R i | . .
” ' ‘ — * Lattice spacing effects clearly
6L “ ¢ ¢ N i
ol — - — -~ 4 resolved for larger quark masses
m2 [GeV?|
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Disconnected Contributions

* Electromagnetic current correlator with u, d, s quarks:

Gﬁs(azo) = —/d?’az <J£S(x)J,§S(O)>, Jﬁs = %E’y — %E d— %E%s
* |dentify connected and disconnected contributions:

G*(20) = 2GLon(T0) + §Gion(x0) — §GEc(20)

GdlSC( 0) = /dga: {Tr [Se(az,x)’yk] — Tr [Ss(x,x)fyk]} x {x — 0}

0.0004 light ~—a— Qe — 5 |rsnrsnes — H— s l,,gl,t,,,,, d stra g ——
trang z ‘ : ‘ ‘ ‘
0.0003 1 1.5¢ — 05 |-------- .......... ......... ......... ......... .......... .......... e
0.0002 b I l f ! ! le—0p [oror & & : :
e | ' 5 : * : : : i :
0.0001 | | ‘ﬁ.'. ‘ ’_ | og al 56 — 06 F ] oL o S * AAAAAAAAAAAAA S
AR UONIDMIGIIERIN SRR AL i
= . RN | | | sl 11788111, 5 3 ; : : ;
0.0001 ¢+ &} 4 SRR T T Y R & - —5e — 06 [9---*- SO N — - — 1 S el
' o l wey | : 3 | | : |
0.0002 & | i i —1le—05 k- R AR —— T I S - _
0.0008 [ APRRRPOY S W TR SN S O N O
0.0004 | ) P | |9 Eoeeem _________ ......... ......... ......... ......... ......... s

0 4 8 12 16 20 24 28 32
t/a

[Glilpers et al., arXiv:1411.7592; V. Glilpers, PhD Thesis 2015]
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Disconnected Contributions

* Non-zero disconnected contribution can be resolved:

le — 06

T SOUTCeS s

o LA TI A TTTI LN
1k

L]

-

2 ~le—06 ]

% Disconnected contribution for xg — oo:

_ 2 Pdise _ _ 2 (1. con | momeo 2
0 Ger Grr 9 Gl 9

* Dominates accuracy of G(xo) for xo = 1.6 fm
hvp

* Disconnected diagrams contribute less than 1% to a,
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Running of electroweak

couplings
_ > A
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Running of & — phenomenological approach

* Fine structure constant: a(Q?) = -
| 1 — Aa(Q?)

* Hadronic contributions — phenomenological approach:

> a@Q? [ Rpaa(s) oo LEP
A&had(Q ) — 3 dS 5 1/a=constant=137.04
T Jamz (s —Q7) 135 |
c.f. <
e > ~ 130
JHVP _ (amu)Q/ e Rhad(s)K(s)
B 2
ST/ Jamz : fa g on
125 B 12.25GeV® <-Q° < 3434GeV L3
] 1800GeV? < -Q% < 21600GeV’L3
— QED

Ao (M32) = (276.26 + 1.38) - 10~*

2 3 4
1 10 10" 10" 10
-Q? (GeV?)

* Error on Aanag limits accuracy of Standard Model tests
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Running of & — Euclidean approach

* Vacuum polarisation function:  Aap.q(Q?) = 4o (H(QQ) — H(O))

. dII(Q?) 3nm d
* Adler function:  D(Q?) = —1277 = Anad (Q°
er function (Q?) im0 T o dlngE e a(Q7)

3.0
) s 0.007 |
2.0 b
. S 0.005 F
= | :c; u,d,s,,c, R |
1.0 k! u, d, S
0.003 w.d
0.5 ;E u,d,s.,.c., R | pheno. alphaQED u,d,s,c,b
| u,d, s, pheno. u,d -
u, d (shift) lead. pQCD
0.0 P S S S S S— 0000 b
00 05 1.0 15 20 25 3.0 35 40 45 0.5 1.0 15 20 25 30 35 40 45

Q? [GeV?] Q? [GeV?|

[H. Horch, G. Herdoiza @ Lattice 2015]

* Lattice QCD: similar accuracy as phenomenological approach
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Running of sin%0w

* Definition:

sin2 By (Q?) = sin2 H(0) (1 _ Asin? GW(QQ))

N——
0.23864
0.245 L ) B 1 B L ) B L AR
— SM
+ published
= ongoing

0 240 [ ] planned

=2
@3 Q,,(Cs)
“c 0.235
(/)]
7 QP
Mainz ITevatron
0.230 §Q,(Ra) IQw(p K SLD
JLab eDIS <€ cMS4
TQle) <
JLab 1
02 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII | wepem) |||
001 o 001 0.01 0.1 1 10 100 1000 10000
u[GeV]

[Erler & Su, PPNP 71 (2013) 119]

* Dispersive approach requires separation of contributions from
up/down-type quarks

Hartmut Wittig
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Running of sin%0w

* Euclidean approach: 70 .VM’)

LZ(Q) = [ @@ (V7 (2)7(0))

V7 =V7] —sin’Ow J)

Vj — i (ﬂyuu — Ewud — SYuS +cyuc+ .. )

177(Q%) = T3(Q%) — sin® T (Q?)

62

Apaa sin? Oy (Q2) = (H’YZ(QQ) _ H”Z(O)>

sin? 6,

* Spin-off of calculation of running of Aahad
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Running of sin%0w

* Preliminary results:

Connected contributions: Disconnected contributions:
T T I le — 05 —
Mainz Il E5 disconnected —a—
Re — 06 -
-0.002 F BTME v |
OGe — 006 F

de — 06 F

%HH}

fE 90— 06} **
O
—de — 06 | +*

Ge — 06 |

—

) (l~s)

-0.004

As

(14

A2 gin? Oy (Q?)

-0.006 F+
—8¢ — 006 F

—]e — ()") I i 1 1 1 1 1
0 4 b 12 16 20 24 28 32

_0008 1 1 1 1 1 1 1 1 1
s 180 15 20 25 80 356 40 46

Q* [GeV?]

* Long-distance behaviour of total correlator limited by accuracy of disconnected
contribution —>» systematic error estimate

[H. Horch, G. Herdoiza, V. Glilpers @ Lattice 2015]
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4 N
Nucleon electromagnetic
form factors

and charge radii

r,
' 4
/
y
\ /
J
\
\ /
\ .
/
\ 4
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The noise problem of baryonic correlators

* Exponentially increasing noise-to-signal ratio:
Rus (0) o exp { (m — 3mir)ao)

* Excited-state contributions
die out slowly

16

14
* Ground state dominates

=
fOI’ X0 > 0.6 fm g 12
2=

10

* Baryonic three-point functions may%

ohs
from excited states if source-sink separatilf 1:°L 1 —12fm .......

F6 (a=0.063 fm) |

0.0 0|.2 0|.4 Oi.6 Oi.8 li.O 1i.2 1i.4
> Systematic bias in form factors and other matrix elemetits
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The noise problem of baryonic correlators

* Example: lattice calculation of nucleon axial charge:

L a0 G8: (4.0 fm)*, a”! =3.13 GeV, m_ =0.19 GeV

1.35

Y5

1.30

1.25}

——
l

o~ 1-20 {

1.15 }
I B
1.10 [
—— Experiment

1.05 I AMA
t Jaeger, Rae et al.

L e e [von Hippel, Rae, Shintani, HW, arXiv:1605.00564]

t, [fm]

* Systematic trend in the data as source-sink separation is increased

* Must employ noise reduction methods, e.g. “all-mode-averaging”
[Blum et al, Phys Rev D88 (2013) 094503]
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Controlling excited state contributions

* Mainz approach: use complementary methods to determine nucleon form factors
|

'N6 T T T Gl:'(Qz)
' —— Experiment Kelly 2004 my = 220MeV  HBH
: : : $ Plateau 280MeV @
| A A - ? Summation | 0.8 - 350MeV A
: : : ¢ : Two—sta’:ce | Kelly 2004 —
5 : : i PRELIMINARY
& 0.75 0.6 - W
& &
N——r" @
& = LI
O 0.50 QO ~
04 | if
i |
0.25f I
02 | -1 4
0.0 0l.2 OI.4 OI.6 OI.8 1I.O 1I.2 ' ®
2 2
Q [GGV ] 0 | | | |
[Capitani et al., Phys Rev D92 (2015) 054511] . e e v 05 :

[T. Harris @ Lattice 2015]

* Chiral trend towards phenomenological parameterisation
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Nucleon form factors and charge radii

charge radii and magnetic moment

HBChPT | | —— HBChPT
Dipole a=0.079 fm ® Dipole a=0.079 fm
Dipole a=0.063 fm 4 Dipole a=0.063 fm
Dipole a=0.050 fm || e P ¢ Dipole a=0.050 fm ]
Direct Direct
CODATA : * Experiment
prlydliogen 06 K i
.-
: = : : :
1} kg
ORI el + ....... { .................
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
m?2 [GeV? m?2 [GeV?

(rg)y = 0.722 £ 0.034 7075 fm? (ra) = 0.720 £ 0.053 {532 fm”

* Full error budget — sub-percent accuracy nequiBei&Btc:rﬁa‘iﬁH_r%é%cattering

[Capitani et al., Phys Rev D92 (2015) 054511]
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Summary

, &l
’

Sub-percent accuracy required to have an impact on SM precision tests |

R RS Nl W] A .
. oinvich 7

-

Technical challenges:
2 * Large noise-to-signal ratio in baryonic correlation functions
r

gy * Quark-disconnected diagrams
,f . T " we - ! ‘ N
o el SN e 1 b .'

(9-2)u and running of electroweak couplings:
* sub-percent accuracy achievable for O(500Kk) lattice “measurements”

—_— —

—, —
— 5 g —
-~ -

Proton radius and nucleon matrix elements:
* |large statistics necessary to eliminate bias from excited states

UM
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