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WG3

WG3 objectives, tasks, milestones

@ Clearly crosses in many points with WG1&WG2 - see milestones below

e Goals of WG3 worth to study from perspective of synergy of future hadron/lepton

colliders (T. Lesiak talk)

WG3: Assessing the discovery potential of future high energy colliders

Objectives

Assessment of the discovery potential of future high energy colliders based on the
experimental results from the high-energy run of the LHC combined with progress
in theoretical research.

Tasks

Study of EW gauge-boson production at fixed order in perturbation theory and
resummation modelled through parton showers. The scattering of EW gauge-
bosons at high energies is particularly important for further investigations of the
EWSB at future colliders and the determination of the scale of new physics. Studies
of heavy-quark properties and couplings in the SM and beyond as well as
applications of effective field theories to jet observables at hadron colliders. As a
particular strong point the research approach towards new physics phenomena is
largely independent of particular model assumptions and driven by precision
comparisons to SM predictions for well-defined signals. This maximizes the
discovery potential.

Milestones

= Prospects for the physics of the Higgs boson, EW bosons, top quarks, and
high-energy jets at future colliders with ultra-high multiplicities.

Combined EW and QCD predictions at the highest energies.

Resummation techniques for multi-scale processes at the highest energies.

Deliverables

= Publications in high-impact journals.
Recommendations for the European strateagy discussion of high-energy

38



WG3

50 years of the Z-boson theory (1967)

S. Weinberg

"A MODEL
OF LEPTONS"

VoLUmE 19, NumsEr 21 PHYSICAL REVIEW LETTERS 20 1967
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The condition that ¢, have zero vacuum expec-
tation value to all orders of perturbation the-
ory tells us that A*=M,%/2h, and therefore the
field @, has mass M, while ¢, and @~ have mass
zero. But we can easily see that the Goldstone
bosons represented by @, and ¢~ have no phys-
ical coupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates ¢~ and ¢, everywhere® without chang-
ing anything else. We will see that G, is very
small, and in any case M, might be very large,’
so the ¢, couplings will also be disregarded
in the following.

The effect of all this is just to replace ¢ ev-
erywhere by its vacuum expectation value

@ =3(}): ©

The first four terms in £ remain intact, while
the rest of the Lagrangian becomes
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We see immediately that the electron mass
is AG,. The charged spin-1 field is

_in .
274, 1A B (8)

and has mass

9)
The neutral spin-1 fields of definite mass are
z - ry=iz(gA 3,8 ) 10
u(g’+g? (guuz#) (10)
A = A= _grA 3B ).
u= &) g MRS “) (11)
Their masses are
My =g g, 12)
M, =0, 13)
50 Ay is to be identified as the photon field.
The interaction between leptons and spin-1
mesons is
3,
ﬁ)lrue—l’yu%uw#(l +75)VJZ“. (14)
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WG3

And, exactly 45 years of the Z-boson discovery (1973)

Gargamelle
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Rich physics

Presently:

Very good agreement
theory — experiment

over large number of EWPOs

\Airma

Table 10.5: Principal Z pole observables and their SM predictions (ef. Tahle 10.4).
The first 57 is the effective weak mixing angle extracted from the hadronic charge
asymmetry, the second is the combined value from the Tevatron [164-166|, and
The values of A, are (i) from Apg for hadronic
App for leptonic final states and from polarized Bhabha
from the angular distribution of the 7 polarization at

the third from the LHC [170-172]
final states [150]; (ii) fr
scattering [161]; and (]

LEP 1. The Ar values are from SLD and the total 7 polarization, respectively.

Quantity Value Standard Moddl Pull
My [GeV] 911876 - 0.0021 11880 2 0.0020 -0.2
Iy [Gav] 2.4952  0.0023 2.4043  0.0008 0.4
I'(had) [GeV] L7441 40,0020 1.7420 % 0.0008
I(inv) [MeV] 1000£15 50166+ 0.05
T(E) [MeV] §3.084 -+ 0.086 §3.005 % 0.010
haalb] 41541+ 0,037 11484 £ 0.008 L5
Re 20804 0,050 20.734 £ 0.010 L4
Ry 20,785+ 0.033 20,784 £ 0.010 L6
20764+ 0.045 20779 £ 0.010 -03
Ry 0.21620 £ D.00066  0.21579 000003 0.8
Re 0.1721 £ 0.0030 0.17221 4 0.00003 0.0
ARS 0.0145 4+ 0.0025 0.01622 £ 0.00000 -p.r
AR 0.0169 4 0.0013 0.5
A 0.0188 +0.0017 L5
ASD 0.0092 4 0.0016 0.1031 + 0.0003 -2.4
AR 0.0707 4 0.0035 0.0736  0.0002 -0
AL 0.0076 + 0.0114 0.1032 + 0.0003 —05
it 0.2324 £ 0.0012 0.23152 4+ 0.00005 7
0.23185 + 0.00035 0.9
0.93105 + 000087 0.5
Ae 015138 -+ 0.00216 0.1470 - 0.0004 2.0
0.1544 £ 0.0060 12
0.1498  0.0049 0.6
Ay 0.142 £ 0.015 03
Ar 0136+ 0.015 0.7
0.1430 -+ 0.0043 0.7
A 0,923 4 0.020 0.9347 -0.6
Ae 0.670  0.027 0.6678 = 0.0002 0.1
As 0.805 + 0.001 0.0356 —i.d

Erler, Freitas, PDG'17
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WG3

Rough scheme for extracting the Z f f vertex and EW corrections (1)

REALITY
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Rough scheme for extracting the Z f f vertex and EW corrections (2)
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WG3

LEP sensitive to SM radiative corrections

Altogether 5 -10° Z-boson decays.

a Cross section : Z mass and width
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+ ~-30% QED corrections (ISR)
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WG3

oo seen from experiments (needs knowing QED)

EWPOs (electroweak pseudo-observables):

ef f.,Born

00 = peak

MZ; FZa Fpartial
real \

O_peak

Aeff.,Born Aeff.,Born
FBpeak »“*LRpeak

Ry, Ry
o Not got for free! Unfolding of QED Improvements needed for basic
LEP programs: KKMC, ZFITTER,...



EWPOs & Form Factors

fermionic,bosonic

B

planar,non—planar

V2 = o, [up(s) — ay(s)vs) =

Note approximate factorization of weak couplings

A. Ay

—— —
[fo dcosf — f dcos 0} dcosf 20,V 2apvp
Ap_p = ~ > +correct10ns + (Tord)
or az+v?: al+v

2Re > 1 — 4|Qy|sin? 05

ab

, sin?6b —>F<§Re—>
n (%e%f 1 — 4|Qp|sin® 0 —|—8Qb(sm 0};&)2 ft ap
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WG3

EW SM theory at loops, an example (A.; # 0)

eff
FZ7 Fpartial Uf,l/,u,d,b

eff.,Born jeff.,Born eff
AFB,peak » “*LR,peak aZ,l/,u,d,b

Rba RE) Sin2 933, Sin2 Qi?t
e.g. : improvements needed for subtle corrections Aj 5 (e.g. boxes, 2L-boxes)

2Re [Ue“‘:} 2%e [vfa}}

eff,Born  _ |ac|? lay[? LA - Ay §A A
FB,peak <1+ ‘|”e|‘z> (1+ ||vf|;> 1 2 = 4 e1f,
Qe af

'Uea* vfa}
A1 = 2Re[Af], Ay = |Agf]? + 2R € Afl,
1 e[Acr], Ag = [Acy|” + e[‘ae‘z lag]? ef}

Acy = 16‘Q€Qf|sév(lief—lﬁelif)
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WG3

A. Blondel: FCC-ee experimental demands to theory - "Giga-Z"

observable

M,

MeV/c2

T

z
MeV/c2

,rh
l_rl

MeV/c2

Physics
Input
Ap (T)
(no Aall)

a, 5,

LH

Unitarity of
PMNS, sterile v's

8,

Ap, &5 A
(T,s)

Ap, &5 A
(T,s)

Ap, & &, Aa
T, 5 U)

Input

Miop }
Mev/cz 13/01/2018

Present
precision

91187.5
+2.1

2495.2
+2.3

20.767 (25)

2.984
+0.008

0.21629 (66)

sin?@,,
0.23098(26)
sin9,,°f

0.23099(53)
80385
+15

173200
+900

FCC-ee stat
Syst Precision FCC-ee key
Z Line shape 0.005 MeV E_cal
scan <+0.1 MeV
Z Line shape 0.008 MeV E_cal
scan <+0.1 MeV
Z Peak 0.0001 (2-20) Statistics
Z Peak 0.00008 (40) ->lumi meast
Z+y(161 GeV) 0.001 Statistics
Z Peak 0.000003 (20-60)  Statistics, small IP
Z peak, sin?, 5 4 bunch scheme
Long. polarized | +0.000006
sin?0,, E_cal &
+0.000006 Statistics
Threshold (161 0.3 MeV E_cal &
GeV) <0.5 MeV Statistics
Threshold scan ~10 MeV E_cal &
Statistics

Challenge

QED corrections
QED corrections
QED corrections
QED corrections to

Bhabha scat.

Hem. corr, gluon split. m,

Design experiment

QED corections

Theory limit at 50
MeV? 10

12/38



WG3

Main issue

A. Blondel: A BIG QUESTION

Can theory in 2040 (~data taking)

comply with the level of anticipated
experimental accuracy?

To answer, in this talk | will discuss:

o Case of I'; intrinsic accuracy (preliminary results) vs. exp. demand
[0.1 MeV];




WG3

Current uncertainities, Ayres: 1604.00406

Experiment

Theory error  Main source

My

I'

0
Ohad

Ry, =T /T

sin

2ol

80.385 £ 0.015 MeV
2495.2 £ 2.3 MeV
41540 + 37 pb
0.21629 £ 0.00066
0.23153 £ 0.00016

4 MeV a3, o’ag
0.5 MeV i, alas, aa?

2 3 2
6 pb O oss O, Qi
0.000 a%os, a3, ooy
4.5 a3, o’ag

This talk: very preliminary results will be shown and discussed



WG3

Future projections, Ayres: 1604.00406

Measurement error Intrinsic theory

ILC CEPC FCC-ee  Current Future'
My [MeV] 3-4 3 1 4 1
I'; [MevV] 08 05 0.1 0.5 0.2
Ry [107°] 14 17 6 15 7
sin? 0y 1 23 0.6 4.5 1.5

Table: Projected experimental and theoretical uncertainties for some electroweak precision
pseudo-observables.

I Based on estimations for: O(ag,,),O(aqa?), O(Nsalay), O(Njo

’)



WG3

Our main goal ahead:

Present theoretical accuracy is not enough
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EWPOs, present status and future demands

Vocabulary

Known corrections (Ap, sin 0, g1, g4) comes from fermionic part
(fermions loops)

wZW
YZW

and rest constituate so-called bosonic corrections.

17 /38



EWPOs, present status and future demands

Published results on EWPOs in the SM @GNNLO

Complete corrections Ar, sin? 0l

Fermionic corrections sin? 0%, as, vy:

Bosonic corrections sin? 0%:

This talk: Bosonic corrections ay, vy :

Freitas, Hollik, Walter, Weiglein: '00
Awramik,Czakon: '02,0nishchenko,Veretin: '02
Awramik,Czakon,Freitas,Weiglein: '04
Awramik,Czakon,Freitas: '06
Hollik,Meier,Uccirati: '05,’07
Degrassi,Gambino,Giardino: '14
Awramik,Czakon, Freitas,Kniehl: '09
Czarnecki,Kihn: '96
Harlander,Seidensticker,Steinhauser: '98
Freitas: '13,'14

Dubovyk, Freitas, JG, Riemann, Usovitsch '16
Dubovyk, Freitas, JG, Riemann, Usovitsch '18
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EWPOs, present status and future demands

What we need: error estimations, Ayres: 1604.00406

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

m Common methods: e Count prefactors (o, N¢, Ny, ...)
e Extrapolation of perturbative series
e Renormalization scale dependence
e Renormalization scheme dependence

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

)



EWPOs, present status and future demands

An example: Intrinsic theory error estimation for I';, Ayres: 1604.00406

@ Geometric series
0(a?) — O(a}

51: O0®) —0(ad) )(’)(042) ~ 0.26 MeV

O(a)
2 2
5y 1 O(a’a,) — O(adas) ~ Ola goza()?(at)O(aas) ~ 0.3 MeV
53 : O(aa?) — O(a?) ~ O(aas)ozog)(at%) O(aag) ~ 0.23 MeV
611 Oaad) — O(gad) ~ Ofaas) — Oasas) O(aa?) ~ 0.035 MeV

O(a)

55 : O(ak,)) ~ O(apes)* ~ 0.1 MeV [Now we know it!]

[ 5
Total: 6Tz = /> 62 ~ 0.5 MeV
i=1

20/38



EWPOs, present status and future demands

New results for completing NNLO

Input parameters:

Parameter Value Parameter Value

My 91.1876 GeV | mMS 4.20 GeV

Ty 2.4952 GeV | mMS 1.275 GeV

My 80.385 GeV | m, 1.777 GeV

I'w 2.085 GeV A« 0.05900

My 125.1 GeV as(My) 0.1184

my 173.2 GeV G, 1.16638 x 107 GeV—2




EWPOs, present status and future demands

The cherry on the 2-loops EWPOs cake: results for O(a?,,)
[preliminary]*

y T; MeV] | T, T, T; [ Ty, Ty, Ty, [Ta,Ts [T, Tc | Ty | Tz |
O(a) 2.273 6.174 9.717 | 5.799 | 3.857 | 60.22
O(aa) 0.288 0.458 1.276 | 1.156 | 2.006 | 9.11
O(N7a?) 0.244 0.416 0.698 | 0.528 | 0.694 | 5.13
O(Nysa?) 0.120 0.185 0.493 | 0.494 | 0.144 | 3.04
O(ai,) 0.017 0.019 0.058 | 0.057 | 0.167 | 0.505
O(awa?, awal, a?ag, o) | 0.038 0.059 0.191 | 0.170 | 0.190 | 1.20

@ Fun fact of the day: so far all contributions positive!
@ 2016, estimation, bosonic NNLO ~ 0 + 0.1 MeV
2018, exact result: 0.505 MeV

*I. Dubovyk, A. Freitas, JG, T. Riemann, J. Usovitsch

N
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Needs for EWPOs beyond 2-loops

Having this knowledge: genuine 3-loop vertex calculations are obligatory!

@ Geometric series

Oa*) ~0la) ~ XL Ioe?) ~ papMey
Ow’ar) ~ Olaay) ~ LI o(aa, 03167
Ofac?) - Ofaad) ~ OB 0(aa,) ~ 02338007
Ofacd) - Ofarad) ~ A= D) 0002 ~ 0.035 Mo

O(ad,)) ~ Ofapes)? ~ 0.1 MeV 5T MeV]

@ FCC-ee®Per (') ~ 0.1 MeV
2 Fcc_eetheor. error(FZ) < Fcc_eeeacper. error(FZ> 77?



Needs for EWPOs beyond 2-loops

Answering Alain Blondel’s Big Question

@ Calculating N3LO with 10% accuracy (two digits), we can replace
5
2016 intrinsic error estimation 4"z = |/ b 62 ~ 0.5 MeV by

6T, = é(@-/loy ~0.05 MeV.

© The requirement of FCC-ee“?" """ (T" ;) ~ 0.1 MeV can be met and
the condition

S[FCCee™ ™ (I'z)] ~ 0.05 MeV <§[FCCec?"*(T'z)] ~ 0.1 MeV
will be fullfilled.

QCD 4-loops(!) 24/38



Needs for EWPOs beyond 2-loops

2-loops — 3-loops

my = My, mg = My

The integrals contain up to three dimensionless parameters
M3 ME, m? (Mg + ie)?
2° 2120 A2 2
Mz Mz My My

25/38



Needs for EWPOs beyond 2-loops

2-loops — 3-loops

o The standard model prediction for the effective weak mixing angle can
be written as

M2
sin? % = (1 — ) (1+ Arp)
MZ

e The bosonic electroweak two-loop corrections amount to

ARl = _0.9855 x 107

DFGRU, Phys.Lett. B762 (2016) 184
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Needs for EWPOs beyond 2-loops

Collection of radiative corrections: Full stabilization at 10

| Order Value [10-"] || Order Value [10-] |

o 468.945 || oo 1.362
oo —42.655 || o 0.123
a2, 3.866 || a,a? —7.074
£0.001 —— |0, -0.9855 || a,0? 1,196

Table: Comparison of different orders of radiative corrections to Aky,.
Input Parameters: Mz, 'z, My, I'w, Mg, my, as and Aa

@ one-loop contributions [Akhundov, Bardin, Riemann, 1986] [Beenakker, Hollik, 1988]
@ two-loop fermionic contributions [Awramik, Czakon, Freitas, Kniehl, 200]
@ two-loop bosonic contributions [Dubovyk, Freitas, JG, Riemann, Usovitsch, 2016]

Partial higher-order corrections

O(asa?) Avdeev: 1994, Chetyrkin: 1995

(’)(atag) Schroder: 2005,Chetyrkin: 2006,Boughezal: 2006
O(c?ay) and O(ad) vanderBij: 2000, Faisst: 2003

27 /38



Needs for EWPOs beyond 2-loops

Mellin-Barnes and Sector Decomposition methods are very much complementary

e MB works well for hard threshold, on-shell cases, not many internal masses (more IR);
SD more useful for integrals with many internal masses

— talks by Evgen, Johann and Sophia;
— JG, Kajda, Riemann, Yundin, EPJC'11; JG in PoS-LL2016 & DFGRU in PLB'16.

10~ accuracy achieved for any self-energy and vertex Feynman integral

with one of the methods.

28 /38



What is not covered in this workshop

3-loops. Basic bookkeeping

Z — bb

Number of 1 loop 2 loops 3 loops
topologies 1 14—®) 7 5B) 5 [ 211 —(A) g4 »B) 50
Number of diagrams 15 2383—(AB) 1114 | 490387 —(AB)120187

Fermionic loops 0 150 17580

Bosonic loops 15 964 102607

Planar diagrams 1T/15D 4T /981D 35T/84059D
Non-planar diagrams 0 1T/133D 15T /36128D

Table: Some statistical overview for Z — bb multiloop studies. At 3 loops there are in total almost half

a million of diagrams present. After basic refinements (A) and (B) about 10° genuine 3-loop vertex
diagrams remain. In (A) tadpoles and products of lower loops are excluded, in (B) symmetries of

topologies are taken into account.
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What is not covered in this workshop

A complete zoo of heavy particles m;, my, mz, myg ONNNLO level

MB: €°[8-dim], 1/¢[7-dim]; SD: €°[8-dim] , 1/¢[7-dim];

At 2-loops up to three dimensionless parameters (all 4 at 3-loops):

{MEI MZ, m? (Mz+i5)2}

My My My My
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What is not covered in this workshop

Conclusions on Z-lineshape and EWPOs for next years - theory

e Strong demand from FCC-ee to the theory on precision;
o We have to guarantee precise chain:
o — pseudoobservables —> 2-loops in SM
o NNLO practically done, we need to go beyond:
O(aa3), O(Nsa’a,), O(Nia?);

o @ We know how to do it;
@ and we have appropriate tools;

e To be on the safe side, we would like to have at least 2
independent calculations;

o Still, a lot work is ahead, for success and efficiency, we need steady
progress in numerical and also (semi)analytical approaches in
multiloop calculations

31/38
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Sector decomposition

FIESTA 3 [A.V.Smirnov, 2014], SecDeC 3 [Borowka, et. al., 2015] and pySeCDec [Borowka, et. al.,

2017

Mellin-Barnes integral approach

e With AMBRE 2 [Gluza, et. al., 2011] (AMBRE 3 [Dubovyk, et. al., 2015]) we derive
Mellin-Barnes representations for planar (non-planar) topologies. One
may use PlanarityTest [sieis, et al, 2013 for automatic identification.

@ Expansion in terms of € = (4 — D)/2 is done with MB [czakon, 2006],
MBresolve [ smimov, v. Smimov, 2000), barnesroutines (D. Kosower).

@ For the numerical treatment of massive Mellin-Barnes integrals with

Minkowskian regions, the package MBnumerics is being developed
since 2015.

33/38



What is not covered in this workshop

SOft7 ¢%:[MB - 3 dim] [SD - 5 dim], ¢~:[MB - 2 dim] [SD - 4 dim], e2:[MB - 1

dim] [SD - 3 dim]

Applications

MB 0.0602664865576999 ¢ 2

SD - 90 Mio  0.06026648655 ¢ 2

MB (—0.03151248903 10.18933275142i) ¢ |

SD - 90 Mio  (—0.0315124816 +0.189332716967) ¢~

MB 1 (—0.228231867511 —0.0882479456914) + O(e)
MB 2 (—0.228231867551 —0.088247945739i) + O(e)
SD - 90 Mio  (—0.22822653 —0.088245961) + O(e)

SD - 15 Mio  (—0.228162 —0.088209i) + O(e)

34 /38



What is not covered in this workshop

Intermezzo: 1997 — 2017/2018 — 2038

Twenty years on from Deep Blue Vs ,.h
Kasparov how a chess match started B

oy |
35/38



What is not covered in this workshop

References for EWPQOs corrections |

O(a) EW complete corrections:

(1]

A. A. Akhundov, D. Y. Bardin and T. Riemann, Electroweak One Loop Corrections to the Decay of the Neutral Vector Boson, Nucl. Phys. B 276 (1986) 1.
doi.org/10.1016/0550-3213(86)90014-3.

O(aas) QCD corrections:

(1

[2]
3]

[4]

5]

6]

[7]

A. Djouadi, C. Verzegnassi, Virtual very heavy top effects in LEP/SLC precision measurements, Phys. Lett. B195 (1987) 265-271.
doi:10.1016/0370-2693(87)91206-8.

A. Djouadi, O(aag) vacuum polarization functions of the standard model gauge bosons, Nuovo Cim. A100 (1988) 357. doi:10.1007/BF02812964.

B. A. Kniehl, Two loop corrections to the vacuum polarizations in perturbative QCD, Nucl. Phys. B347 (1990) 86-104.
doi:10.1016/0550-3213(90)90552-0.

B. A. Kniehl, A. Sirlin, Dispersion relations for vacuum polarization functions in electroweak physics, Nucl. Phys. B371 (1992) 141-148.
doi:10.1016/0550-3213(92)90232-Z.

A. Djouadi, P. Gambino, Electroweak gauge bosons selfenergies: Complete QCD corrections, Phys. Rev. D49 (1994) 3499-3511, Erratum: Phys. Rev. D53
(1996) 4111. arXiv:hep-ph/9309298, doi:10.1103/PhysRevD.49.3499,10.1103/PhysRevD.53.4111.

J. Fleischer, O. Tarasov, F. Jegerlehner, P. Raczka, Two loop (’)(asG“m?) corrections to the partial decay width of the Z9 into bb final states in the large
top mass limit, Phys. Lett. B293 (1992) 437-444. doi:10.1016/0370-2693(92)90909-N.

G. Buchalla, A. Buras, QCD corrections to the 5dZ vertex for arbitrary top quark mass, Nucl. Phys. B398 (1993) 285-300.
doi:10.1016/0550-3213(93)90110-B.
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What is not covered in this workshop

References for EWPQOs corrections |l
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doi:10.1016/0550-3213(93)90058-W.
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