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Current status of electroweak precision observables 1/20

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 = 125.09+0.24 GeV
m¢ = 173.34 + 0.81 GeV

Indirect prediction:
My =126.1+1.9 GeV
(with LHC BRS)
My = 9672 Gev
(w/o LHC data)
mt = 176.7 £ 2.1 GeV




Assuming flavor universality: L= Zz SO; + O(N3) (AN > M)
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Known corrections to Ar, sin? ngr’ GV 1 GAF
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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 4120
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, ---)




Example: Error estimation for I, 5/20

m Goemetric perturbative series (ot = yi 2/4T)

O(a®) = O0(af)

O(a) — O(af) ~ O(a?) ~ 0.26 MeV

O(a)
O(a’as) — O(a%as) ~ O(az()g(_a()g(a%)O(aas) ~ 0.30 MeV
O(aag) — O(Oztag) ~ O(aas)oza(?(atas)o(aas) ~ 0.23 MeV
O(aag’) — O(Oztas) O(aas)coza(?(atas)o(aag) ~ 0.035 MeV

O(abos) ~ O(apos)? ~ 0.1 MeV

m Parametric prefactors: (’)(a%os) ~ Tza? ~ 0.1 MeV

O(Ozas) — O(atas) ~ I_ZmozS ~ 0.29 MeV

Total: 6 > =~ 0.5 MeV




Future high-energy eTe— colliders

6/20

m International Linear Collider (ILC)
Int. lumi at /s ~ Mx: 50-100 fb—1

m Circular Electron-Positron Collider (CEPC)
Int. lumi at /s ~ Mz: 2 x 150 fb—1

m Future Circular Collider (FCC-ee)
Int. lumi at /s ~ M»: > 2 x 30 ab—1




Future projections 7120

Measurement error Intrinsic theory
Current ILC CEPC FCC-ee  Current Futurel
My, [MeV] 15 3-4 3 1 4 1
., [MeV] 23 08 05 0.1 0.5 0.2
Ry [1072] 66 14 17 6 15 7
sin2 0% [107°] 16 1 23 0.6 4.5 L5

— EXxisting theoretical calculations adequate for LEP/SLC/LHC,
but not ILC/CEPC/FCC-ee!

T Theory scenario: O(a2..), O(aa?), O(Nsalas), (’)(NJ%orQ’)
(N} = at least n closed fermion loops)




Bosonic O(a?) corrections 8/20

m Two-loop diagrams without closed fermion loops
m On-shell renormalization

m Self-energies (incl. from renormlization) and vertices with sub-loop bubbles

using dispersion relation technigue S. Bauberger et al. '95
Awramik, Czakon, Freitas '06

m Non-trivial vertex diagrams:
e Sector decomposition (FIESTA 3/ SecDec 3) Smirnov '14; Borowka et al. '15

e Mellin-Barnes representations (MB / AMBRE 3 / MBnumerics) Czakon 06
Dubovyk, Gluza, Riemann '15; Usovitsch '17

e No tensor reduction (besides trivial cancellations)
— (O(1000) different two-loop vertex integrals

My




Mellin-Barnes representations 9/20

Transform Feynman integral with Mellin-Barnes representation

1 _ 1 d d C A Imzp
(Ag+ ...+ A2  (2m)™ Jo “1 Cm “m ' Igczles o)f
B
X A% AZmASATAL A .o o o o>
Re z1
y M(—z1) - T(—zm)lFr(Z+ 21+ ... 4+ z2m) /
r(Z) |

polesof M(Z + 214+ ...+ zm)




Mellin-Barnes representations 9/20

Transform Feynman integral with Mellin-Barnes representation

1 _ 1 d d C A Imzp
(Ag+ ...+ A2  (2m)™ Jo “1 Cm “m ' IE(EIes o)f
B
X A% AZmASATAL A .o+ o o>
Re z1
y M(—z1) - T(—zm)lFr(Z+ 21+ ... 4+ z2m) /
r(Z) |

polesof M(Z + 214+ ...+ zm)

m Consistent choice of all C; often requires £ = O

C A lm zq
(@=n+te ' poles of
M(—21)
—@ @ O@ @ o —>
m For £ — O: residues from pole crossings Re 21
— 1/e" terms Czakon '06
Anastasiou, Daleo '06 00les of T(Z + 21 + ...+ 2zm)

m Do remaining C; integrations numerically - 0




Mellin-Barnes representations 10/20

b
—)@ (2m)3 /dzlede3 (ml) E—21— 22(m2)22(m2)1 e+21— z3( p2)23

T X T(=20)M (—23)F (1 + 21 + 22)[ (23 =
y (1—e—20)l

F[(2—¢e+4 23)
<3 — C3 + iy37 Y; € (—OO, OO)
(_p2)z3 — \(p2)63-|—iy36—i7r03i€7ry3 . m 21
'ﬁéting :
os¢tl div. for y3 — oo,
eventually over- —o—0 060 o
Re z1
come by I funct.




Mellin-Barnes representations 10/20

p
H@ = bs [dardendzg (md) 2 (mB)2(mB) ()

T X T(=20)M (—23)F (1 + 21 + 22)[ (23 =
T—c—z)l

M(2 -4 23)
<3 — C3 + iy37 Yi € (—OO, OO)
' —1 Alm
(_p2)z3 — \(p2)63—|—zy36 mc::iewyg, c: \ fl
-~ N’ 7/
oscillating : .

div. for y3 — oo

y; — Y; — 10

(—p2)?3 = (p2)c3twsze—im(c3+0y;)(m+0 109 P?)y3 !

Huang, Freitas '10




Mellin-Barnes representations 11/20

Counter rotations not always successful:

2
e | dadzz 20m) 2 (= 55)

2
m
y M(—22)3(1 + 22)T (=21 — 22)[ (1 + 21 + 22)T(—1 — 27 — 227)
(1 —21)

For p2 = m? contour rotation has no effect

Shift countour: z1 = ¢1 4+ iy1, 20 = co +n + iyo

m Worst asymtotic behaviour of integrand for y; — —oo, yo = O:

m Pick up (finite number of) pole residues from contour shift




Mellin-Barnes representations 12/20

e Shifts improve asymptotic behaviour and size of numerical integral
e Automatic algorithms for finding suitable shifts in development

(MBnuneri cs) Usovitsch '17
Absolute and Real part of the discrete functuion |{I'|J
Abs{Redlin)))
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mi1=m, ms =mg= My, mr=m3=m4q =0 0\

SecDec: (24 hours) -
1
Isp = 1.541 4 0.2487 i + =(0.123615 — 1.06103 )
€

1
+ —(-0.3377373796 — 5 x 10719 )
€

MBnumerics: (43 min.)
Img = 1.541402128186602 + 0.248804198197504 1
1
+ —(0.12361459942846659 — 1.0610332704387688 1)
c

1
+ = (—~0.33773737955057970 + 3.6 x 107 )
€




mi1 = Mz, rest zero

SecDec: error > 1

MBnumerics: (finite part)

Analytical:

—0.7785996083 — 4.12351260 2

Fleischer, Kotikov, Veretin '98

—0.7785996090 — 4.12351259 1




Comparison of techniques 15/20

Sector decomposition:
m Fully automated for (almost) any multi-loop diagram
— public tools available

m Numerical stability and precision difficult in some cases

Mellin-Barnes:

m Contour shift method applied successfully for 2-loop vertices
— Good numerical precision

m Extension to more loops/legs possible, but more work needed

m Partial automatization possible, but full automatization difficult
(nested interdependent shifts for multi-dimensional integrals)

m Package MBnuner i cs under development Usovitsch '17




Numerical infegration over Feynman parameters
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m After removal of singularities through sector decomposition:
1
Ir(elg> = /O dry...dz, 1 (A —ie)™F

m Physical thresholds: A changes sign in ingration region
— Problematic for numerical integrators

— Deform integration into complex plane:

T A DA\ 2 5
U i
Typical choice: A ~ 0.5—1

m Potential issues:
— 0A/0z; may vanish in certain sub-spaces
— Thresholds may be at edge of integration region

Nagy, Soper '06




Additional checks 17/20

m Comparison of SecDec and MBt ool s results (successful for most integrals)
m Comparison for Eucledian kinematics (results for all integrals with SecDec)

m Comparison to analytical results for some single-scale and two-scale integrals
Fleischer, Kotikov, Veretin '99

Aglietti, Bonciani '03,04

Aglietti, Bonciani, Grassi, Remiddi '08

m Comparison to sub-loop dispersion relation method for integrals without

soft divergencies and numerator terms Bauberger, Berends, Bohm, Buza '95
Awramik, Czakon, Freitas '06




Results

18/20

Inpufts:

My = 91.1876 GeV
my = 173.2 GeV

My = 80.385 GeV My = 125.1 GeV

Exp. error O(azrm) O(agys)
sin? 02 0.016  0.86x10™% -0.22x 104
[~ [MeV] 2.3 8.2 INn progress
o9 4 [Pb] 37 8.0 in progress
Ry 6.6 x 1074 —1.7 x 10~*  in progress
Ry 0.025 —0.027 In progress




Results 19/20

Problem for dissemination of numerical result(s):

Large # of numerical integrals, slow evaluation

Solution: Fit formula with sufficient # of (motivated) terms to data grid spanning
at least 20 of each input parameter

2 b M
Sin“ O = (1—M—V2V>(1—|—Amb),
Z

2
ARTPS) — ko kg ey + kocy + kac@ + kacpicr + ksow,

X
My~ 125.1 GeV My~ 173.2 GeV

My 91.1876 GeV\?
oW = X — 1.
\AY;

M, = 80.385 GeV

My 91.1876 GeV my 91.1876 GeV\?
CH = |Og X : Ct — — 17

1.3882 x 1074,
—9.930 x 1074

ko = —0.98605 x 104, k; = 0.3342 x 10™%, ks
ks = —1.7497 x 1074, kg = —0.4934 x 10~ %, ks




Conclusions 20/20

m Electroweak precision tests at future ete~ colliders (ILC, FCC-ee, CEPC):
complete SM 2-loop and dominant 3-loop corrections mandatory

m Sector decomposition: very general, but numerical convergence sometimes
slow and not guaranteed

m Mellin-Barnes integrals with contour shifts: powerful for accurate numerical
evaluation for Minkowskian external momenta

m Computation of complete 2-loop results underway with missing bosonic
contributions completed soon




