Importance of Z-pole and WW running
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m Electroweak precision at Z pole & WW
m Electroweak precision at /s = 250 GeV

m o5 and a(s) measurements




ete™ — ff for Egy ~ Mz:
e Mass M,
o Width Tz = ¥, T4
e Brachingratio Ry =4/l

(s—M2)2+M2T3 — M2

® O

I‘ff = C[(Qi)Q + (gié)Q]

LN

T

o

90

92 04
E_, [GeV]




Forward-backward asymmetry:

3
AFB = = g AeAs

4= 2(1 — 4sin26/ )
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Left-right asymmetry:

With polarized e~ beam: AR= oL TR — Ae
oL+ oR

Polarization asymmetry:

Average 7 pol.inete™ — 7T7: (Pr) = — A




m Deconvolution of initial-state QED radiation: LEP EWWG 05
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m Subtraction of y-exchange, v—Z interference, _
box contributions: o

1 __ _in::::dﬁl:y factor 10)

Thard = 0z + 0yt 04z + Obox =

m /-pole contribution: Eom [GeV]
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T, 07, Tboxs Tnon—res known at NLO >~W,<
— need consistent pole expansion framework o Y f
— leading NNLO may be needed for future eTe™ _
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Monte-Carlo methods for QED effects
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m Implementation in MC program to evaluate exp. efficiency and particle 1D

m Current state of art: e.g. KORALZ,

KKMC

— O(a”L) accuracy [L = In(s/m3)]

m One to two orders improvement needed:

a2

Jadach, Ward, ...

Observable Where from Present (LEP) FCC stat. | FCC syst I:‘E‘:
Mz [MeV] Z linesh. [28] 01187.5 + 2.1{0.3} 0.005 0.1 3
I'z [MeV] Z linesh. [28] 2495.2 + 2.1{0.2} 0.008 0.1 g
RZ =T /T Tl 'lf/ [33] | 20.767 £ 0.025{0.012} | 6-107° R [ 12
op_4[nb] op.q [28] 41.541 +£0.037{0.25} | 0.1-1072 [ 4.107° 6
N, o(Mz) [28] 2.984 £ 0.008{0.006 } 5.10°° 1. 365 6
sin® .91:3" x 105 | Al 133) 23009 + 53{28} 0.3 0.5 55
P _do (o) +0.020{0.001} 1.0-10-° | 0.3-10~* | 100 Jadach,
Skrzypek 19
(a) 0.5% (b) 0.02% (¢) 0.001%
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alL & alL oy al )
a’l? oL o 2 o’ a’l; CI?I_ o’ |
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— Need matching of h.o. matrix elements with QED parton shower

(exclusive in all fs particles)




WW threshold 5/21

m High-precision measurement of Myy

g 92— m,,=80.385 GeV TI,=2.085 GeV
from €+€_ — W_l_W_ at threshold % J m,=79.385-61.835 GeV, I,,=2085GeV
7E m,=80.385 GeV, I,=1.085-3.085GeV 7~
m a) Corrections near threshold enhanced by $55
1/5andnj P
M2 —i Myl A
~J — W WL W ~Y \/ = 040 450e
p \/1 4 S I_W/]WW E
b) Non-resonant contributions are important =~ = ® w0 g,

m Full O(«) calculation of eTe™ — 4f
Denner, Dittmaier, Roth, Wieders '05

m EFT expansion in a. ~ My /My ~ (2
Beneke, Falgari, Schwinn, Signer, Zanderighi ‘07

e NLO corrections with NNLO Coulomb correction u
(OC 1/5”): 5thMW ~ 3 MeV —
Actis, Beneke, Falgari, Schwinn '08
e Adding NNLO corrections to ee — WW and i
W — ffand NNLO ISR: &My < 0.6 MeV ¢




WW threshold

m High-precision measurement of Myy
from eTe™ — WTW ™ at threshold

m a) Corrections near threshold enhanced by

1/BandIng

b) Non-resonant contributions are important

o — N w e &) D ~

- —— m,=80.385 GeV T,=2.085GeV
g m,,=79.385-81.835 GeV, I,=2.085 GeV
“[ ] my=80385GeV, I,=1.085-3.085 GeV PARREr
[ 1 ‘ 1 1 1 | | | | ‘ | | | ‘ | | | ‘ |
156 158 160 162 164
Ecn (GeV)

m Resummation of soft photon radiation

A

Jadach, Ptaczek, Skrzypek '19




Electroweak precision tests at future colliders 6/21

. Schematic o
| 80-100 km
‘ long tunnel

N M, 2 My

ILC/GigaZ | 100 fo—1 | 500 fo—! (6 pts.) | beam pol. (P,-=0.8, P,;.=0.3)
FCC-ee |230ab— 1| 10ab—1 (2pts.) | 2 detectors
CEPC 45 ab—1 | 2.6 ab—1 (3 pts.) | 2 detectors




Electroweak precision tests af future colliders
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Anticipated precision for EWPOs:

Current exp. ILC/GigaZ CEPC FCC-ee

My [MeV] 15 1-2 @
Mz [MeV] 2.1 -
Iz [MeV] 2.3 10
R, =1%3d/r¢ [1073] 25 6°
Ry, =TY%/rb2d10-3] 66 15 ¢
Sin2 0% [107°] 16 1d

e
0.5°¢
0.5¢
2b
4.3 ¢
<1°¢

1€
0.1°¢
0.1°¢
1b
6 C
0.5¢

Systematics:

% energy scale

b acceptance

¢ flavor tagging

d polarization

¢ beam energy calibration / beam-beam interactions




Comparison of EWPOs with theory
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m To probe new physics, compare EWPOs with SM theory predictions

m Need to take theory error into account:

Current exp. Currentth.T CEPC FCC-ee

My [MeV] 15 4% 1 1

M7 [MeV] 2.3 0.4 0.5 0.1

R, =1539/r [1073] 25 5 2 1

Ry, =T1%/r%ad 110-9] 66 10 4.3 6

Sin2 0% [107°] 16 4.5 <1 0.5
* computed from G, T full NNLO and leading NNNLO

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

m Common methods: e Count prefactors (a, Ne, Ny, -..)
e Extrapolation of perturbative series
e Renormalization scale dependence
e Renormalization scheme dependence




Comparison of EWPOs with theory 9/21

m Electroweak precision tests at future etTe~ colliders require 1—2 orders im-
provement in SM theory calculations and tools

e Z-pole: 3-loop & leading 4-loop EW + multi-loop/leg merging for QED MC
e off Z-pole / backgrounds: (>2)-loop EW
e WW 2-loop EW for 2—2 processes (+ 4-loop QCD)

(>1)-loop for backgr. and non-resonant terms




BSM reach: effective operator analysis 10/21

SMEFT: Gauge-invariant operators with SU(2) Higgs doublet
L=3;50;+0ON3) (A> M)

Op1 = (DMCD)TCD ST (DIP) A AT — _% %
OBW = CDTBIL“/WMVCD al\S = —62’020;5\\2/\/
(3e Te _a eNrTe a . C(L3L)e
OV = (Lo L )(LE oy LE) AGp = —vV2-55
< _
Ok = i(®T Dy ©)(Jry"fr) f=-eutb,lq
5, F T ) t
of =i Bonery - (%).(2).(4) (2.
e M T d, s b

NS _
O = j(dt D& d)(Fouy"F)

More operators than EWPOs
— Need to make flavor assumptions and/or
use other obs. (e.g. W production and decay)




BSM reach: effective operator analysis 11/21

Projected reach assuming Minimal Flavor Violation:

95% CL reach from the full EFT fit (modified SILH')

3 =
10 £ Ml HL-LHC S2 + LEP/SLD W ILC 250GeV B CLIC 380GeV light shade: individual fit (one operator at a time) 107
o ll CEPC Z/\WW/240GeV M ILC 250GeV/350GeV I CLIC 380GeV/1.5TeV solid shade: global fit i
|l FCC-ee Z/WW/240GeV [ | |LC_259G8V!'350G6V;’500G8V .CLlQ BLBDGeVH 5TeV/I3TeV| iepton colliders are combined with HL-LHC & LEP/SLD ]
102 B FCC-ee Z/WW/240GeV/365GeV P(e .e")=(+0.8,£0.3) P(e",e")=(70.8, 0) flavor universality imposed in gauge couplings -
w Ahke =107 3
A C 5| (0]
§ 1 -
< 1 e 3 1
0.1 102

Ox Oww Oss Ouw Ous Oca Oy, Oy, Oy Oy Oy Osw Ows Or One Onq O'Hq Owu Ong O
| |
de BlaS, Durleux, Grojean, GIU, Paul ’19 Operators relevant for EWPOs




Electroweak precision at /s = 250 GeV 12/21

EWPOs accessible through radiative return ete— — 2

m ~ mostly collinear with beam

f1
m Reduction in cross-section by i
~ ZIn-25 ~ 0.06 — L+
T me 92
~

m Precise det. of m ¢ ¢ from measured angles: fo
m2, =528 g | sin(61 + 62)|
1 1443 sin 61 + sin 65

m Additional backgrounds from eTe~ — WW, ZZ that are not flat in myf
Ueno '19




Z~ electroweak precision: observables
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m A g — sin? Ggfr (limited by sys. err. on beam polarization)
a A’,é’é’b (statistics limited)

m Ry, Rc, Ry (limited by sys. err. on flavor tag)

Fujii et al. "19

m No competitive measurements on M, », o° (need to use LEP values)




Z~ electroweak precision: theory input 14/21

Leading effect: Soft+collinear multi-y ISR
e’ : : f
e f
_ = / /
oleTe™ = ffl = Rini(s,5) ® onarg(s’)
Kureav, Fadin ‘85
Berends, Burgers, v. Neerven '88
Kniehl, Krawczyk, Kiihn, Stuart ’88
Beenakker, Berends, v. Neerven 89

Bardin et al. '91; Skrzypek 92
Montagna, Nicrosini, Piccinini ‘97

R -—Z(O‘)n En: h |nm( > )
i —\rr oot nm mg

Universal (m=n) logs known to n = 6,

also some sub-leading terms
Ablinger, Blimlein, De Freitas, Schonwald '20

Exclusive description: MC tools

Subleading effects:
Radiative corrections to

eTe™ — ffv(+ny)

e Some corrections cancel for
ALR, AFg, BRs

e NLO for ee — ff~
+ NNLO for ee — Z~,
Z — ff could be sufficient




W mass 15/21

W mass measurement from eTe™ — WWW: Baak et al. '13
w (vyl'vy: Endpoints of E, or other distributions

m ‘vyj7: Kinematic reconstruction

m jjj7: Systematic uncertainty from color reconnection

Expected precision with £;,t = 2 ab—! at /s = 250 GeV: AMy ~ 2.5MeV

Theory needs: Small impact of loop corrections, but accurate decription of FSR
QED effects needed




Electroweak precision tests af future colliders
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Anticipated precision for EWPOs:

Fujii et al. "19

ILC-250* ILC/GigaZ CEPC FCC-ee

My [MeV] 2.5 ¢ 1-2 @€ 1€ 1€

Mz [MeV] — — 05¢ 0.1°¢

7 [MeV] — 14 05¢ 0.1¢

R, =T229/rY11073]  16°¢ 6° 20 10

R,=rY%/rhado-> 23¢ 15 ¢ 43¢  6°

sin? 05 [107°] 24 14 <1¢ 05¢
Systematics: * /s =250GeV, Lipy = 2ab~1

% energy scale

b acceptance

¢ flavor tagging

d nolarization

¢ beam energy calibration / beam-beam interactions




BSM reach: effective operator analysis 17/21

Projected reach assuming Minimal Flavor Violation:

95% CL reach from the full EFT fit (modified SILH')

3 =
10 £ Ml HL-LHC S2 + LEP/SLD W ILC 250GeV B CLIC 380GeV light shade: individual fit (one operator at a time) 107
o ll CEPC Z/\WW/240GeV M ILC 250GeV/350GeV I CLIC 380GeV/1.5TeV solid shade: global fit i
|l FCC-ee Z/WW/240GeV [ | |LC_259G8V!'350G6V;’500G8V .CLlQ BLBDGeVH 5TeV/I3TeV| iepton colliders are combined with HL-LHC & LEP/SLD ]
102 B FCC-ee Z/WW/240GeV/365GeV P(e .e")=(+0.8,£0.3) P(e",e")=(70.8, 0) flavor universality imposed in gauge couplings -
w Ahke =107 3
A C 5| (0]
§ 1 -
< 1 e 3 1
0.1 102

Ox Oww Oss Ouw Ous Oca Oy, Oy, Oy Oy Oy Osw Ows Or One Onq O'Hq Owu Ong O
| |
de BlaS, Durleux, Grojean, GIU, Paul ’19 Operators relevant for EWPOs




Correlafion between EW and Higgs physics
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m Improvement of Z-pole data important for Higgs physics and aGC:

e
&

1072

Higgs couplings

16

10~

20
10

15[

precision reach on effective couplings from full EFT global fit

| (Ml HL-LHC S2 + LEP/SLD M ILC 250GeV [P A@PINCVIN| Ml CLIC 380Ge" GEAGELNECN 0N shade: CEPCIFCC-ee wiltout Z-pale || _q
£ |l CEPC Z/WW/240GeV Il ILC 250GeV/350GeV Il CLIC 380GeV/1.6TeV *?" gﬁegéﬁ“ iy 1"‘
F (Il FCC-ee Z/WW/240GeV M ILC 250GeV/350GeV/500GeV |l CLIC 380GeV/1.5TeV/3TEV | japton coliers are combined with HL-LHG & LEPISLD|]
| Ml FCC-ee Z/WW/240GeV/365GeV | P(e”,6")=(70.8,+0.3) P(e",e*)=(70.8, 0) imposed U(2) in 182 gen quarks I
=5 —5107
§ h W
- |50
- —107 O
£ = 1]
— —10™
| | | 1| | | 1 1 | 1 0_5
7z WW vy z 99 ft cc bb i HH
69y 6gy 09y 69y 69 o9y 695 (oo e 09y 69y 69,7  OKy Az "
L —10
| Ratios, real EW / perfect EW | E
L -2
[ J415
bg7f égp™ saty T 5aff 6g og5y 6g 6ar &gt 691z OKy Az

| Ratios, real EW / perfect EW |

59HV

Lol
Y
o

09,z Oky

de Blas, Durieux, Grojean, Gu, Paul '19




as and «(s) measurements 19/21
Strong coupling
e Electroweak precision (R, = 329 /r%): _
as = 0.120 4 0.003 PDG 18 ¢t A !
.. : =
— No (negligible) non-perturbative QCD effects . =\
e
FCC-ee: Ry, ~ 0.001 1
= das < 0.0002 (subj. to theory error)
Caviat: Ry could be affected by new physics
) q
_ —had. €
o R= UU[F; —mu]] at lower /s §

e.g. CLEO (/s ~ 9 GeV): as = 0.1104+0.015 e

Kihn, Steinhauser, Teubner ’07

— dominated by s-channel photon, less room for new physics
— QCD still perturbative

naive scaling to 50 ab—1 (BELLE-Il): das ~ 0.0001




Shift of finestructure constant 20/21

e Aap,q: Could be limiting factor

a) From eTe~ — had. using dispersion relation
Current: §(Aapag) ~ 1074
Improvement to §(Aapaq) ~ 5 x 1072 likely

b) Direct determination at FCC-ee from ete~ — ptu~ off the Z peak
(i.e. AFS at (/s ~ 88 GeV and /s ~ 95 GeV)

— 0(Aapag) ~ 3 x 1072 with Lot = 85 ab—1 Janot ’15
Requires high-precision theory O
prediction foreTe™ — pt ™ | AN
including 2/3-loop corrections for JOIAN / \ /
~-exchange and box contributions . ‘\\ | /

\JV

-5 L1 L1 L1 L1 L1 L1 L1 L L Li g
105660 70 80 90 100 110 120 130 _ 140 150
Vs (GeV)




summary 21/21

m Electroweak precision tests at future ete~ colliders require allow to probe
multi-TeV BSM physics (or feebly coupled lighter physics)

m Improved measurements in several sectors important:
EW masses and couplings, Higgs couplings, top mass, as and a(s)

m [heory progress needed both for fixed-order loop corrections as well as
MC tools

m ILC-250 can deliver similar physics goals as GigaZ, but with reduced precision
— Open question: Direct determination of as and a/(s)

m Unique theory challenges for description of ee —+ Z~v vs. ee — Z







Z lineshape

m Deconvolution of initial-state QED radiation:

oleTe™ = f71 = Rini(s,5") ® ohara(s)

box contributions:
Ohard = 0z + 0y + O~Z + Opbox

m /-pole contribution:

R

0z = =2 =+ Onon—res
(s — M2)2 + Mol 2

m In experimental analyses:
1

(s — M2)2 4 522 /M2

MZ :Mz/\/l—l—r%/M%%Mz—?)él MeV
T, =rz/1+T23/M3 ~T7—09MeV

m Subtraction of y-exchange, v—Z interference,

LEP EWWG '05

Opad [nb]




Consistent (gauge-invariant) theory setup:
Expansion of Alete™ — pTu~] about sg = M2 — iMz[z:

R

s — S0

AleTe™ — ff]l = +S+(s—s9)T+...

R = ¢5(s0)9%(s0)

1
ol + 9595 + 9595 + Sbox

S=|-—"1g
277
M2

$=5(Q

al,(s) : effective V f F couplings

At NNLO: Need R at O(a?), S at O(«), etc.




Z-pole asymmetries

Blondel scheme: (if e~ and e™ polarization available) Blondel '88

Four independent measurements for P, /P,— = ++,+—, —+, ——

4o |loppto g -0y —o oy to -0y to)
TN\ (oprto oy +o Nopyto o —o )

Note: No need to know |P, | !

Main systematic uncertainties:
m Difference of |P|for P > 0and P <O
m Difference of Lfor P > 0and P <O

SALR~107% = §sin?0i~ 1.3 x107° Mbnig, Hawkings '99




m Many seminal works on 1-loop and leading 2-loop corrections
Veltman, Passarino, Sirlin, Marciano, Bardin, Hollik, Riemann, Degrassi, Kniehl, ...

m Full 2-loop results for Myy, Z-pole observables

Freitas, Hollik, Walter, Weiglein '00 Hollik, Meier, Uccirati ‘05,07
Awramik, Czakon ’'02 Awramik, Czakon, Freitas, Kniehl '08
Onishchenko, Veretin 02 Freitas '14

Awramik, Czakon, Freitas, Weiglein '04 Dubovyk, Freitas, Gluza, Riemann, Usovitsch '16,18
Awramik, Czakon, Freitas '06

m Approximate 3- and 4-loop results (enhance by Y; and/or Ny)

Chetyrkin, Kihn, Steinhauser '95 Chetyrkin et al. '06
Faisst, Kihn, Seidensticker, Veretin '03 Boughezal, Czakon '06
Boughezal, Tausk, v. d. Bij '05 Chen, Freitas 20

Schroder, Steinhauser '05




Theory and parametric uncertainties

CEPC perturb. error  Param. error main

with 3-loop!  CEPC* source
MW [MeV] 1 1 2.1 mi, A
[, [MeV] 0.5 0.15 0.15 my, Qs
Ry [1072] 4.3 5 <1
sin? 05 [107°] <1 1.5 2 my, Ao

" Theory scenario: O(aa?), O(Njaas), O(N]%azozs), leading 4-loop
(N? = at least n closed fermion loops)

Parametfric inputs:

*CEPC: 6m; = 600 MeV, das = 0.0002, §Mz = 0.5 MeV,
S(Aa) =5 x 1072




Theory and parametric uncertainties

CEPC perturb. error  Param. error main

with 3-loop!  CEPC* source
My [MeV] 1 1 0.6 Ao
I, [MeV] 0.5 0.15 0.1 Qs
Ry [1072] 4.3 5 <1
sin? 05 [107°] <1 1.5 1 A«

" Theory scenario: O(aa?), O(Njaas), O(N]%azozs), leading 4-loop
(N? = at least n closed fermion loops)

Parametfric inputs:
*FCC-ee: ém; = 50 MeV, das = 0.0002, §M» = 0.5 MeV,
S(Aa) =3 x 1072




Calculational technigques

Experimental precision requires inclusion q 7,

; 1
of radiative corrections in theory
(1-loop, 2-loop, and partial 3-loop)

7
>
q2+p1 —H;A

\
q1+p1+p2
Integrals over loop momenta:

4 .4
/d q1d”q> f(q1, 92, P1, D2, -y M1, MO, ...)

Computer algebra tools:

m Generation of diagrams, ©(100) — O(10000)
m Lorentz and Dirac algebra

m Integral simplification (and expansion)

Evaluation of loop infegrals:

m |In general not possible analytically

m Numerical methods are more general, but computing intensive

m Special numerical techniques can balance precision and evaluation time




Analyfic calculafions

e Mostly used for diagrams with few mass scales

e Reduce to master integrals with integration-by-parts and other identities
Chetyrkin, Tkachov '81; Gehrmann, Remiddi '00; Laporta '00; ...

Public programs: Reduze von Manteuffel, Studerus 12
FIRE Smirnov ’13,14
LiteRed Lee 13
KIRA Maierhoefer, Usovitsch, Uwer ’17

— Large need for computing time and memory

e Evaluate master integrals with differential equations or Mellin-Barnes rep.
Kotikov '91; Remiddi '97; Smirnov '00,01; Henn’13; ...

— Result in terms of Goncharov polylogs / multiple polylogs

— Some problems need iterated elliptic integrals / elliptic multiple polylogs
Broedel, Duhr, Dulat, Trancredi '17,18
Ablinger er al. ’17

— Even more classes of functions needed in future?




Asymptotic expansions

e Exploit large mass ratios,
e.g. M%/mt2 ~1/4

e Evaluate coeff. integrals analytically

e Fast numerical evaluation
— Used in some 2/3-scale problems

— Public programs:
exp Harlander, Seidensticker, Steinhauser '97

asy Pak, Smirnov ’10
— Possible limitations:

e Difficult coefficient integrals
e bad convergence

V.ZW




Numerical infegration

Two general approches:

— Automated treatment of UV/IR divergencies
— No restriction on number of loops or legs

m Sector decomposition:

Public programs: SecDec  Carter, Heinrich '10; Borowka et al. '12,15,17
FIESTA Smirnov, Tentyukov '08; Smirnov '13,15

m Mellin-Barnes representations:

Public programs: MB/MBresolve Czakon '06; Smirnov, Smirnov '09

AMBRE /MBnumerics Gluza, Kajda, Riemann ‘07
Dubovyk, Gluza, Riemann’15
Usovitsch, Dubovyk, Riemann 18

m Diagrams with internal thresholds can cause numerical instabilities

m Specialized techniques (for some type of diagrams) often improve
computing time, robustness, precision (but not automated)




e

Example: HZ double boxes P
Song, Freitas '21

e Introduce Feynman parameters
and disp. rel.

e Expressions for second loop

from, e.g., LoopTools
Hahn, Perez-Victoria '98

e 3-dim. numerical integral with
adaptive Gaussian integration

e 0(0.1%) precision in O(min.)
on laptop

Q1+p1T f!

Va

Vi

q1+p1+p2
B

q vl




