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2020’s result from the Paris lab on agep(0)

Aricie | Publshed: 02 December 2020
Measurement of the fine-structure constant as a test of Determination of the fine-structure constant with
the Standard Model an accuracy of 81 parts per trillion

Wecheng Zhong’ Bran Estey’, © Holgr Miller Léo Morel, Zhibin Yao, Pierre Cladé & Saida Guellati-Khéifa &

Nature 588, 61-65(2020) | Cite this article

6367 Accesses | 1 Citations | 300 Altmetric | Metrics
a~!(Cs)= 137.035 999 046(27) a~'(Rb)= 137.035 999 206(11)

a~(a,)= 137.035 999 139(31)

Remarks:
(i) new result - deviation from SM in the same direction as in (g — 2),,,

(i) substantial disagrement with Cs (~ 5.40).

Over 2 decades of improvements
https://www.nature.com/articles/s41586-020-2964-7 [02 December 2020]


https://www.nature.com/articles/s41586-020-2964-7

agep(0) and BSM

m—Allowed range

101 102
m (Mev)

Substructure: aggrp(0) — modification of da. ~ m./m*
Excluded (light, states, weakly coupled):

m* < 520 GeV.

Future da. improvement by an order of magnitude in next years,
sensitivity similar as for (g — 2),.



FCC-ee discovery strategy

From a bird's eye perspective, the physics plan includes

1. searching for new elusive particles that could interact extremely weakly;

2. unveiling the existence of new heavy particles by their indirect (virtual
loops) effect on ultra-precise measurements.

Two ways for discoveries (in both cases precision is crucial):

1. within the known theory (anomalies')
2. new processes and (rare) phenomena;

See the overview talk by Christophe Grojean (pdf) and talks by Matthew
Mccullough, Christoph Paus and David d'Enterria on physics and theoretical
aspects of FCC-ee feasibility studies.

L have always suspected that, one day, (...) they [JG: experimentalists] would like to see what would happen, just for the fun of it, if
they falsely report that there exists a certain bump, or an oscillation in a certain curve, and see how the theorists predict it. | know these
men so well that the moment | thought of that possibility | have honestly always been concerned that some day they will do just that.
Then you can imagine how absurd the theoretical physicists would sound, making all these complicated calculations to demonstrate the
existence of such a bump, while these fellows are laughing up their sleeves.’ — R.P. Feynman


https://indico.cern.ch/event/1064327/contributions/4893259/attachments/2452515/4202680/Grojean_FCCWeek_2022_05_30.pdf

In quest of new elusive particles and interactions

The FCC-ee physics covers an entire spectrum of problems presented in particle
physics

» Higgs scalar potential, scalar particles;

» Flavor mixings, mass hierarchies, types of neutrinos;

» CP (a)symmetry (quarks, neutrinos, scalars);
Note the 100" Birthday Anniversary of Prof. Chen Ning Yang,
G. t'Hooft ‘Projecting local and global symmetries to the Planck scale’, 2202.05367

> Astro and cosmological problems (DM, BAU).
link: ECFA 1st Workshop of the WG1-SRCH group (searches for new scalars, last week)

link: FCC Higgs group
(+EW and Precision, Top, Flavours (quark and leptons), BSM)

Which BSM model in case of the anomaly?
I have chosen to discuss:

(i) the Myw measurement problem,
(ii) recent progress in Feynman integrals evaluation methods


https://inspirehep.net/literature/2031354
https://indico.cern.ch/event/1149554/timetable/
https://e-groups.cern.ch/e-groups/EgroupsSubscription.do?egroupName=FCC-PED-PhysicsGroup-Higgs

SM TESTS: My



SM
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Science 376 (2022) 6589, 170-176

SM: My = 80.357 £ 6 MeV, (PDG2020)
Global : My = 80.379 + 12 MeV, (PDG2020)
CDFII : My = 80433.5+ 9.4 MeV
FCC-ee forecast : My = X £+0.4 MeV!

Conclusion?


https://inspirehep.net/literature/2064224

Input and calculated/measured parameters

Schemes: G, vs M ,...
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Fig. from the FCC-ee report ‘aggrp’ by F. Jegerlehner in 1905.05078

Introduction to Precision Electroweak Analysis by J. Welss, 0512342


https://arxiv.org/abs/1905.05078
https://arxiv.org/abs/0512342

Input and calculated/measured parameters

Experimental values:

& = 1/137.0359895(61), v* — eTe”

Gr = 1.16639(1) x 10~° GeV 2 muon decay

mz = 91.1875+ 0.0021 GeV

mw = 80.426 £ 0.034 GeV

. - 1/2 — 824)° — 50

sgff = 0.23150 £ 0.00016, effective sin? Ow,ALr = Elj2 — §£;2 = §£

[+~ = 83.984 =+ 0.086 MeV
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Shaping the SM, tree level estimates

In terms of &, Gr and iz

-1
m = w30 (1 - ﬂ‘goﬁ . )
FmZ
202y = figeY = 2. = 11 1_ dTe
e ﬂGFﬁ’LQZ ¢ 2 2 ﬁéFﬁ’l?Z

Prediction : oy = 80.939 + 0.003 GeV 150 away

= 0.21215 £ 0.00003 1200 away

Prediction : fH—z— = 84.843 £0.012MeV 100 away

o . A2
Prediction : Sig



Shaping SM, oblique corrections also not sufficient

‘oblique’

a3
m ! 1927T§K(aame)m,u>mW)
(éF)th 9° [ ] % —?
= 1+ illww(q%)
\/i 8m12/V S m%/V q—0
_ 1 [1 3 HWW(O)}
202 i



Primary role of SM radiative corrections, F. Jegerlehner, in 1905.05078

. 2 2 o 1
@i @z = A i — A A 7G 7M ) 5 ) )
sin cos V3G, ME 1= an, r ri(at, Gy Mz, mp, mgse, my)

2
w
ATi — —ST Ap + Ari reminder

w
Sm% \/EG,U«
AP= "6
. o e? IL,,(mz) .
a(mz) = m = E |:1 + TQZ:| ~ 128 (137 at the Thomson hrmt)

Still, well visible disagreement between SM prediction and
experiment for EWPOs without subleading SM corrections,
and only with the leading corrections Aa(myz) and Ap.

T'i reminder matters!


https://arxiv.org/abs/1905.05078

Input, theoretical

and parametric errors,

A. Freitas et al.,
precision measurements at FCC-ee

"Theoretical uncertainties for electroweak and Higgs-boson
", https://arxiv.org/abs/1906.05379

Quantity FCC-ee  Current intrinsic error Projected intrinsic error
(at start of FCC-ee)
My [MeV] 05-1F 4 (%, a%ay) 1
sin? 0% [107°] 0.6 45 (« 3 a?as) 15
I'z [MeV] 0.1 04 (« 5, a2a5, aa?) 0.15
Ry, [1077] 6 11 (o?,?as) 5
R; [1073] 1 6 (a®, a’as) 1.5
TThe pure experimental precision on Myy is ~ 0.5 MeV.
Quantity FCC-ee future parametric unc. __Main source
My [MeV] 0.5 — 1 1(0.6) 5(Aa)
sin? 6. [1079) 06 2 (1) 5(Aa)
Ty [MeV] 0.1 0.1 (0.06) Sag
Ry, [1079] 6 <1 Sag
Ry [1073] 1 1.3 (0.7) Sag

Important input parameter errors are §(Aa) = 3-107°, Sas = 0.00015.
as — see the talk by David d’Enterria.


https://arxiv.org/abs/1906.05379

Input and renormalization schemes

E.g. the bosonic 2-loop corrections shift the value of I'; by 0.51 MeV
when using My as input and 0.34 MeV when using G, as input.

Reminder: 0I'z pec—ce = 0.1 MeV
Dubovyk et al, https://doi.org/10.1016/].physletb.2018.06.037

[ T, MeV] [ Te, Ty Tr [ Tog Loy, Loy Ty, Ts | Tw,lc T}, Ty
Born 81142 160.096 371.141 292.445 360.56 | 24202
O(a) 2273 6.174 9.717 5.799 3.857 60.22
O(aas) 0.288 0.458 1276 1156 2.006 911
O(N;faz) 0.244 0.416 0.698 0.528 0.694 5.13
O(N;a?) 0.120 0.185 0.493 0.494 0.144 3.04
[SICTIN) 0.017 0.019 0.058 0.057 0.167 0.505
O(aga?, agas, afas, ap) 0.038 0.059 0.191 0.170 0.190 1.20

* Fixed values of My,



https://doi.org/10.1016/j.physletb.2018.06.037

A. Blondel, P. Janot, 2106.13885

Eur. Phys. J. Plus (2022) 137:92 Page9of 19 92

Table 3 Measurement of selected precision measurements at FCC-ee, compared with present precision.
Statistical errors are indicated in boed phase. The systematic uncertainties are initial estimates, aim is to
improve down to statistical errors. This set of measurements, together with those of the Higgs properties.
achieves indirect sensitivity to new physics up to a scale A of 70TeV in a description with dim 6 operators,
and possibly much higher in specific new physics (non-decoupling) models

Observable Present value £ error FCC-ge stat. FCC-ee syst. Comment and leading exp. error
my (keV) Q1186700 £ 2200 4 100 From Z line shape scan
Beam energy calibration
Iz (keV) 2495200 + 2300 4 25 From Z line shape scan
Beam energy calibration
sin®agll (x 106) 231480 £ 160 2 24 from Af at Z peak
Beam energy calibration
lf&QEDII'I'J%J( x10%) 128952+ 14 3 Small From A‘Fﬁg off peak
QED&EW errors dominate
Rf (x10%) 20767 + 25 0.06 0.2-1 Ratio of hadrons to leptons
Acceptance for leptons
as(m3) (x10%) 1196 = 30 0.1 0.4-1.6  FromRZ above
°r?a|1 (% 10%) (nb) 41541 £ 37 0.1 4 Peak hadronic cross section
Luminosity measurement
N, (x10%) 2006 +7 0.005 | Z peak cross sections

Luminosity measurement
Rp (= 108) 216290 £ 660 0.3 < 6l Ratio of bb to hadrons


https://arxiv.org/abs/2106.13885

Future: W, t, H

> ete” - WTIW™ at 161 GeV: dmSi” = 0.5+ 1 MeV.
Challenge to get the same TH error:
NNLO eTe™ — 4f.

> ete™ — ¢t at 350 GeV: 6m;°°P = 17 MeV
Big challenge for theory, today > 100 MeV, future projection < 50 MeV:
~ 10 MeV unc. from mass def.;
~ 15 MeV from a5 unc. to threshold mass def.;
~ 30 MeV - h. orders resummation

» ete™ — HZ at 240 GeV: Kinematic constraint fits with Z — Il and
H — bb, ...,
mug = 125.35 GeV £150 MeV [link CMS], T = 4.15:§ MeV, Ty < 13
MeV at 95 % C.L., 1901.00174

exp

omy " = 10 MeV; Theory errors subdominant.

Monte Carlo generators (not discussed!) ‘QED challenges at FCC-ee precision measurements’,
S. Jadach and M. Skrzypek, Eur.Phys.J.C 79 (2019) 9, 756 1903.09895


https://cms.cern/news/cms-precisely-measures-mass-higgs-boson
https://arxiv.org/abs/1901.00174
https://arxiv.org/abs/1903.09895

TOOLS



Direct numerical approach?

> Sector decomposition (SD) method:

» FIESTA [016), [AV.Smimoy]

> pySecDec [2022],  Expansion by regions with pySecDec],
» The Mellin-Barnes (MB) method:

» MB M.czakon, 2006]

» MBnumerics [.usovitsch, 1.Dubovyk, T.Riemann, 2015] — Minkowskian kinematics
» Differential equations (DEs) method:

» AMFlow [X. Liu Y-Q. Ma, 2022] AMFlow,
» SeaSyde [T. Armadillo, R. Bonciani, S. Devoto, N. Rana, A. Vi, 2022]

2All programs are public



Mls with high accuracy, results™

*Results for 3-loop EWPOs at the eTe™ Z-resonance peak,
I. Dubovyk, A. Freitas, JG, K. Grzanka, M. Hidding, J. Usovitsch, ‘Evaluation of multi-loop
multi-scale Feynman integrals for precision physics’, 2201.02576

pom 0 m

Ihoat[2,1,1,1,1,1,1,0,0,s,¢,m>, m3] = +0.000328707579/¢°
(0.0014129475 — 0.0020653306 )/ €
—  (0.005702737 — 0.000485980 i) + O(c),
55 Mls, s = 2,t = 5, m> = 4, m3 = 16.

taNPI1 vtwP| box2l


https://arxiv.org/abs/2201.02576

AMFlow method, 7 = co —+ 7 = 0" analytic continuation (auxiliary mass flow)

2. A set of Jan 27 2022 papers by Zhi-Feng Liu, Yan-Qin Ma and Xiao Liu:
https://inspirehep.net/literature/2020677, https://inspirehep.net/literature/2020676,
https://inspirehep.net/literature/2020880 and 1711.09572
https://inspirehep.net/literature/1639025.

L N—VK+1 ~N—V
T = dPt; | Dy - Dy
= D2 ) T pur ok
i=1 1 K
51 = E%—mQ—l—in
I; = lim Iy
i, I5(m)
5w = AmIm
1— =
an n n n

Key point: boundary conditions at 7 — oo are single
mass scale bubble integrals, solved iteratively.


https://inspirehep.net/literature/2020677
https://inspirehep.net/literature/2020676
https://inspirehep.net/literature/2020880
https://inspirehep.net/literature/1639025

MIs with high accuracy by AMFlow, results

I[(e)] = — 2.073855510286740¢ > — 7.812755312590133¢ "
— 17.25882864945875 + 717.6808845492140€

+ 8190.876448160049¢> + 78840.29598046500¢°
+ 566649.1116484678¢* + 3901713.802716081¢”
+ 23702384.71086095¢° + 14214293.68205112¢”,

10 orders in €, 16-digit precision.



Summary and Outlook®*

1. Challenges at Z-pole:

1.1 3-loop EW and mixed EW-QCD, leading 4-loop corrections for
Z — 2f vertices
1.2 QED interference effects, non-factorizable corrections
1.3 Adjusting MC generators at NNLO and beyond (Bhabha (!),
exclusive NNLO ete™ — ff).
2. Challenge to improve input parameters («, as, physics at ZH, WW, tt)
3. Challenge to optimize/understand paths towards BSM discovery (RHNs,
DM, CP effects,...)
4. Challenge: SM(BSM)EFT, precision physics for concrete BSM models
5. Challenge: Tools (MC generators, multitoop—numerieal, analytical

programs)

*'FCC-ee: the challenge for theory’, talk at 4th FCC Physics and Experiments Workshop, link

3'At each meeting it always seems to me that very little progress is made. Nevertheless, if you look ever any reasonable length of time,
a few years say, you find a fantastic progress and it is hard to understand how that can happen at the same time that nothing is happening

in anyone moment (zeno's paradox).” - R.P. Feynman


https://indico.cern.ch/event/932973

BACKUP



NEUTRINOS



Neutrino parameters and the known unknowns

m? m?
-_— V‘,
. . . - B D -_— V"
In Standard Model: determined by | .o o . -V,
arbitrary Yukawa coupling constants
d s b Lm2
- L . S, v2 2
LMA-MSW s e Wt solar~7.6x107¢
. . . T
v, " P ~2.5x103%eV? .
v . <— normal hierarchy. atmospheric
- ~2.5x10%V?
® ev, <«—  inverted hicrarchy_____ N solar~7.6x10%eV?2 5
v, 3V +my
«—
P : o TR0 e Tes  iee ez
0
meV eV keV MeV GeV Tev
Normal Ordering (best fit) Tnverted Ordering (Ax” = 2.6)
bfp £lo 30 range bfp £lo 30 range
sin® 012 0.304%0:013 0.269 — 0.343 0.304°0013 0.269 — 0.343
@ 33.447077 31.27 — 35.86 33451077 31.27 — 35.87

sin” 0.573%0:03% 0.405 — 0.620 0.5785005 0.410 — 0.623
19.21% 39.5 — 52.0 19.5719 39.8 — 52.1
2 0.02220*5:000%  0.02034 — 0.02430 | 0.022387099053  0.02053 — 0.02434
613/°) 857013 8.20 — 8.97 8.60%0 13 8.24 — 8.98
dep/” 1947532 105 — 405 287137 192 — 361
Am}, +0.21 +0.21
e 742453} 6.82 - 8.04 7.42%53) 6.82 — 8.04
Ami,

103 eV?

5150028
+2.5151002%

+2.431 — +2.599

~2.49876:0%

—2.584 — —2.413




BSM and RHNs, FCC-ee CDR vol.1

LFV Z-decays: (107° = 107°). FCC-ee — ~ 10~? branching fractions.
A. Blondel et al. 1411.5230 ESPPU Briefieng Book 1910.11775

can generate Baryon Asymmetry of Universe
N, N if My > 140 MeV
GeV 2» N3 N2N3
“constrained:

mass: 1-50 keV.
hev g

107to 103

o decay time:

Tt > Tuniverse 0 = E
vy
mev | 2 N, vymay have been seen: R S
v anivi1402:2301  and arxiv:1402.4119 2
10° 1 10

Low-scale leptogenesis with flavour and CP symmetries, M. Drewes et al, 2203.08538

102
my (GeV)

Discrete Flavor Symmetries and Lepton Masses and Mixings, G. Chauhan, et al, 2203.08538
(Snowmass contribution)
Resonant Leptogenesis, Collider Signals and Neutrinoless Double Beta Decay from Flavor and CP

Symmetries, G. Chauhan, B. Dev, 2203.08538


https://inspirehep.net/literature/1713706
https://arxiv.org/abs/1411.5230
https://inspirehep.net/literature/1761133
https://arxiv.org/abs/2203.08538
https://arxiv.org/abs/2203.08105
https://arxiv.org/abs/2203.08105
https://arxiv.org/abs/2112.09710

Flavor symmetries, why?

—a45
C12C13 s S12C13 s Syze”*

UpMNS = [ —S12023 — C12513523¢" C12C23 — S12513523¢"° C13S523
S12823 — C12513C23¢" —C12S523 — S12513C23¢" C13C23

4
(Prior to 2012)
so3 = 1/v2 (023 = 45°) and 613 = 0

€12 s12 0
w-| 2% H %
0= 2 2 2
_s12 €12 1
V2 V2 V2
012 = 45°%(s19 = 1/V2) 615 = 35.26%(s12 = 1/V3) 010 = 31.7° 015 = 30°(s10 = 1/2)
Bimaximal Mixing Tribimaximal Mixing Golden Ratio Mixing Hexagonal Mixing
1 1 ) 1 © 1 3 1
1 L 0 /2 1 ) 0 = & 0
V2 2 3 V2F¢ V2+e 1 2
1 1 1 1 V3 _ 1 =il [ 1 __1 V3 1
12 21 \{5 \{6 \45 1/5 \/44{2% Va+2e \{’Z’ 2v2 2\/@ V2
1 _1 4 _ [ 1 3 1
2 2 V2 V6 V3 V2 Vitze Vitze V2 2V2  2v2 vz
Fukugita, Tanimoto, Yanagida PRD98; Harrison Perkins, Scott PLBO2; Dutta,Ramond NPBO3; Rodejohann et. al. EPJC10

(GR: tan 019 = 1/¢ where ¢ = (1 + /5)/2)



Flavor symmetries, why?

e Using the diagonalization relation
my, = U diag(ma, ma, m3)U],

such a mixing matrices can easily diagonalize a © — 7 symmetric
(transformations ve — ve, vy — V-, V- — v, under which the neutrino mass
term remains unchanged) neutrino mass matrix of the form

A B B
m, = B C D ,
B D C

With A+ B = C + D this matrix yields tribimaximal mixing pattern where
s12 = 1/v/3 i.e., 012 = 35.26°



Non-zero 613

Normal Ordering (best fit) Inverted Ordering (Ay* = 2.6)
bip £1o 30 range bip £1o 30 range
sin” 012 0.30450015 0.269 — 0.343 0.30419013 0.269 — 0.343
612/ 33447077 31.27 — 35.86 33457077 31.27 — 35.87
sin® O3 0.57370:0%5 0.405 — 0.620 0.57870:047 0.410 — 0.623
49.241% 39.5 — 52.0 495119 39.8 — 52.1
sin” 015 0.0222019:999%%  0.02034 — 0.02430 | 0.02238+3:999%3  0.02053 — 0.02434
613/°) 8.570 15 8.20 — 8.97 8.607012 8.24 — 8.98
scp/® 194452 105 — 405 287137 192 — 361
Am3, +0.21 . +0.21 .
o5 ovF 7.42792 6.82 — 8.04 742028 6.82 — 8.04
Am3, =15+0.028 . 5 +0.028 3 .
TooaeyE | TROISIGGR 42431542599 | 24987000 25805 2413
Bimaximal Mixing Tribimaximal Mixing Golden Ratio Mixing Hexagonal Mixing
2 1 P
0 i N7 ° Vi 7
1 el —L —1
\@ ‘ﬁ 4 l\ﬁ 4;r2~p 4-+2¢
V2 v 4V v N =17 ?

Decendents of fixed pattern mixing schemes



Flavor Symmetries in Various Frontiers: Leptogenesis

» The CP-violating out-of-equilibrium decay of RH neutrinos into lepton and
Higgs doublets in the early universe produces a net lepton asymmetry
Fukugita, Yanagida, 1986; Covi, Roulet, Vissani 9605319

» The CP asymmetry parameter :

ZI) 1 > Im {((YJYV)M) ] ; (m?> |

AJYI/)i’L‘ m3

i J
» Flavor symmetry dictates the structure of Y, and Mg, hence leaves its
imprint on leptogenesis

‘Probing Leptogenesis at Future Colliders’, Antusch et al, JHEP 09 (2018) 124

‘CP Violating Effects in Heavy Neutrino Oscillations: Implications for Colliders and Leptogenesis’,
B. Dev et al, JHEP 11 (2019) 137

‘Theories and Experiments for Testable Baryogenesis Mechanisms: A Snowmass White Paper’, J.L.
Barrow et al, Snowmass 2022, 2203.07059

‘Searches for Long-Lived Particles at the Future FCC-ee’, J.Alimena et al, Snowmass 2022,

2203.05502


https://link.springer.com/article/10.1007/JHEP09(2018)124
https://doi.org/10.1007/JHEP11(2019)137
https://inspirehep.net/literature/2051136
https://inspirehep.net/literature/2049590

FCC-LLP 2203.0550

Flavor Symmetries in Various Frontiers: Collider Physics

CP phases present in Yp can be related to the low-energy CP phases in
UPMNS-

PMNS mixing matrix depends on a single free parameter — constrains
and predictions for both low- and high-energy CP phases as well as the
lepton mixing angles

Example : G. Chauhan, B. Dev, 2203.08538 A(6n%) x CP — Z3 x CP

500 2000 2500 3000
My (GeV)

N, MidGeV)
M. 150

L (m)

6giTt gl


https://arxiv.org/abs/2112.09710
https://arxiv.org/abs/2203.0550

FCC-ee: SM EWK FACTORY



FCC-ee: Z,W,H,t and flavour electroweak factories

T
e  FCCee(21Ps)
e FCCee(41Ps)
®  ILC(TDR, upgrades)
4 CLIC(CDR, upgrade)

@ Y, (157-163 GeV)

HZ (240GeY)

Luminosity [10* cm2s]

17 (365 GO

=y

L L
100 150

L
200

2!

L
300

https://arxiv.org/abs/2203.06520 [The Future Circular Collider:

Snowmass Process|

. .
350 200
Vs [GeV]

a Summary for the US 2021

Phase Run duration Center-of-mass Integrated Event
(years) Energies Luminosity Statistics

(Gev) @—1)
FCC-ee-Z 4 88-94 150 5. 1012 Z decays
FCC-ee-W 2 157-163 10 10° WW events
FCC-ee-H 3 240 5 108 ZH events
25k WW — H
FCC-ee-tt 5 340-365 02 +1.5 108 £ even ts
200k ZH
50k WW — H



https://arxiv.org/abs/2203.06520

Jorgen D'Hondt, " Strategies and plans for particle physics in Europe”,

Epiphany 2021, https://indico.cern.ch/event/934666

e*e Higgs Factories (incl. B/c/t/EW/top factories)

energy

frontier

8.5 years (4pb! @ 0.5 TeV)

8.5 years (8ab! @ 1 TeV)
I 7 years (2.5ab* @ 1.5 TeV)
CLIC) 8years (5ab! @ 3 TeV)

Higgs Factories with complementarity

1000 (=}
precision z 21Ps assumed for
fronti circular colliders
rontier
100
synchrotron radiation <\:<"’
£
£
= 10
for the same power, less —
luminosity at higher E,,
(Energy Recovery Linac
technology might mitigate this 1 )
& allow to go to higher £,,,) /ﬂ)o == 1000
ECm [
B/c/t/EW Factories
per detector in e'e #z #8 #t #charm | #ww .
LEP 4x108 1x10° 3x10° | 1x108 2x10¢ .
SuperKEKB - 101 10t 101 -
FCC-ee 25x102 | 75x10 | 2x104 | 6x10 | 15x10°

8hzz (250GeV) versus gy (380GeV)
top quark physics
beam polarization for EW precision tests

(transverse polarization in circular e*e” colliders only at lower
E.rn while longitudinal polarization at linear colliders)


https://indico.cern.ch/event/934666

SCALARS



What Is a Particle Physics scalars landscape?

Mount Mayon (Renowned as the " perfect cone” because of its almost symmetric conical shape)

Vs —wlote yaete)?, o= (

Varm = -—-m3 (qﬂ‘@) + 3 (,1)1‘.1))2 + M3 T (ATA)
+ e (@Tugahp) +he
+21 (efe) T (aTa) + xg [T (ATA)]2

+  AgTr [(ATA)Q] +ag0fante.



Compositeness - testing substructures of elementary particles

Higgs Factories

» The Higgs boson has a size/wavelength. What'’s
inside?

Precision measurements are
different ways of probing
the “compositeness of the
Higgs”.

Moev <10 m

Matthew Philip Mccullough, Oxford 2019,

https://indico.cern.ch/event/783429 /contributions /3305140 /attachments /1829729/2996092/CEPC.pdf


https://indico.cern.ch/event/783429/contributions/3305140/attachments/1829729/2996092/CEPC.pdf

Higgs Physics in ‘FCC Physics Opportunities’, EPJCC 79 (2019) 6, 474

et Iliggsstrahlung 7z
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ZH cross section measurement gives a model-independent measurement of

grazz — normalization for the measurements of other Higgs boson couplings,
a unique feature of eTe™ colliders.


https://inspirehep.net/literature/1713706

Sensitivity of FCC-ee, comparisons, Blondel & Janot 1912.11871

Upper Limits / Precision on K,

10 &
| sandard Model '
1E I '
Foeg o9y @ £ FE T
I ox =3 = o] Oy Oy
-1 L = 4 O o oa
107 £ z 2 2% 2%

Current upper limits on the Higgs boson coupling modifier to electrons, ke,
from and ATLAS; projected ke upper limits at HL-LHC and FCC-hh; and
projected k. precisions at FCC-ee in two different running configurations (one
year with 2 IPs, or three years with 4 IPs).


https://inspirehep.net/literature/1773245

The ‘universe’ stability fate phase diagram, https://arxiv.org/abs/1707.08124

Dotted lines indicating the scale at which the addition of higher-dimension could stabilize the SM
(one of possible BSM scenarios). Is BSM needed there?

‘The Standard Model of Particle Physics as a Conspiracy Theory and the Possible Role of the
Higgs Boson in the Evolution of the Early Universe', F. Jegerlehner, 2106.00862



https://arxiv.org/abs/1707.08124
https://inspirehep.net/literature/1866834

F. Jegerlehner, in 1905.05078

Example: the W and Z mass from «(Mz), G, and sin® Qg cq:
(i) sin? ©Ow =1 — M3, /M2,
sin? 0pci(Mz) = (1 + cos? O Ap) sin? Oy |

sinZ Oy,

_ 3M?V2G,
- 16w 7
The iterative solution with input sin? 0 .q(Mz) = (1 — ve/ae)/4 = 0.23148
(EXP!) is sin® Ow = 0.22426.

(i) My° =80.379+£0.012 ; M7 =91.1876 + 0.0021 GeV,

— 1 — M2, /M2 = 0.22263.

Predicting then the masses we have

Ao yiyes MW
Mw=—5>—; Ao=,] . My =
Y = sin? Ow ’ 0 V2G, ’ 2= cosOw

where, including photon VP correction a™*(Mz) = 128.953 & 0.016. For the
W, Z mass we then get

Mip® = 81.1636 & 0.0346 ; My = 92.1484 + 0.0264 .

Ap M; =173 £ 0.4 GeV

Deviavions (errors added in quadrature): W : 230 ; Z: 360


https://arxiv.org/abs/1905.05078

E. Torrente-Lujan, 1209.0474v2

mzimy

Pt = 5
my

then (for ATLAS, CMS combined mpy = 125.6 + 0.4 + 0.5)

ple™) = 1.0022 £ 0.007 4 0.009

Separately,

PP = 1.0077 £0.007£0.009  (mnarLAs):
Pl = 0.9965+0.007 +£0.007  (mn.cars)


https://inspirehep.net/literature/1184358

Observable present FCC-ee |[FCC-ee Comment and|
value + error| Stat. Syst. leading exp. error|

my (keV) 91186700 + 2200 4 100 From Z line shape scan
Beam energy calibration

T, (keV) 2495200 £ 2300 1 75 From Z Iine shape scan|
Beam energy calibration

sin 0y (X 10°) 231480 + 160 2 2.4 from AL at Z peak|
Beam energy calibration

1/agep(mz) (x10%) 128052 + 14 3 small from ALY off peak
QED&EW errors dominate

Ry (x107) 20767 + 25 0.06 0.2-1 ratio of hadrons to leptons|
acceptance for leptons

w.(mz) (x107) 1196 + 30 0.1 |0.4-1.6 from R} above|
g (x10%) (ub) 41541 + 37 0.1 4 peak hadronic cross section|
luminosity measurement
N, (x10%) 2096 + 7 0.005 1 Z peak cross sections
Luminosity measurement
Ry (x lﬂ") 216290 + 660 0.3 < 60 ratio of bb to hadrons|
stat. extrapol. from SLD
Abp, 0 (x10%) 992 + 16 0.02 1-3  |b-quark asymmetry at Z pole
from jet charge|
AT (x107) 1498 + 49 0.15 <2 7 polarization asymmetry|
7 decay physics|

7 lifetime (fs) 290.3 £ 0.5 0.001 0.04 radial alignment
7 mass (MeV) 1776.86 £ 0.12 | 0.004 0.04 momentum scale|
7 leptonic (jv,v,) BR. (%) 17.38 £ 0.04 | 0.0001 | 0.003 ¢/ /hadron separation|
my (MeV) 80350 £ 15 0.25 0.3 From WW threshold scan|
Beam energy calibration
Tw (MeV) 2085 £ 42 1.2 0.3 From WW threshold scan|
Beam energy calibration|

o, () (< 10°) 1170 + 420 3 small from R}
N, (x10%) 2020 £ 50 0.8 small ratio of invis. to leptonic
in radiative 7 returns
oy (MeV/c?) 72740 £ 500 17 small From tt threshold scan
QCD errors dominate
Tiop (MeV/c) 1410 + 190 45 small From tt threshold scan|
QCD errors dominate
Atop/ Mooy 12£03 | 010 | small From tt threshold scan|
QCD errors dominate
ttZ couplings =+ 30% (0.5 — 1.5%| small From /s = 365GeV run




Higgs boson decays: theoretical status, M. Spira, pdf

Estimated theoretical uncertainties from missing higher orders and the
perturbative orders (QCD/elw.) of the results included in the analysis.

Partial Width QCD Electroweak Total on-shell Higgs
H — bb/ce ~02% ~0.5% ~0.5% N*LO / NLO
H— 1t /utu™ — ~ 0.5% ~05% — /NLO

H — gg ~ 3% ~ 1% ~ 3% N3LO / NLO
H — vy < 1% < 1% ~ 1% NLO / NLO
H — Zy < 1% ~ 5% ~ 5% LO / LO
H—-WW/ZZ - 4f <0.5% ~ 0.5% ~0.5% NLO/NLO



https://indico.cern.ch/event/766859/contributions/3252577/attachments/1775929/2887427/spira.pdf

Higgs boson decays: theoretical status

Projected intrinsic and parametric uncertainties for the partial and total
Higgs-boson decay width predictions. The last column: the target of
FCC-ee precisions.

decay intrinsic para. myq para. ag para. My | FCC-ee prec. on g% x x
H — bb ~ 0.2% 0.6% < 0.1% = ~ 0.8%
H — cc ~0.2% ~ 1% < 0.1% = ~ 1.4%
H—7tr™ | <01% = = = ~1.1%
H— putp~ <0.1% - - - ~ 12%
H — gg ~ 1% 0.5% (0.3%) = ~ 1.6%
H — vy < 1% = = = ~ 3.0%
H — Zv ~ 1% = = ~0.1%

H—->WW <0.3% = = ~0.1% ~ 0.4%
H— ZZ <0.3%" - - ~01% | ~0.3%
oot ~ 0.3% ~ 0.4% < 0.1% < 0.1% ~ 1%

T FromeTe™ - HZ production



Absolute coupling and width measurement

o Higgs tagged by a Z, Higgs mass from Z recoil

x10°
LA bAkia bt LAt Mk Riiad Madd aad |

25~ DZH |

5ab’

20f- Oz
[ww

Events/1 GeV

m}, =s+m§-2«/;(E++E_)‘

ete— HZ

.

.

*

.

50 60 70 80 90 100 110 120 130 140 150

Megeon (GEV)
Total rate x g,,,,> — measure g,,;; t00.2%

ZH — ZZZ final state « g,;,,%/ Ty — measure I'y; to a couple %
ZH — ZXX final state < gyy* 94722/ Ty —> measure g, to a few per-mil / per-cent
Empty recoil = invisible Higgs width; Funny recoil = exotic Higgs decays

o Note: The HL-LHC is a great Higgs factory (10° Higgs produced) but ...
¢ OO & Gyq (9)? (9ue)* I T

o Difficult to extract the couplings : 0,,o4 is uncertain and Ty, is largely unknown
= Must do physics with ratios or with additional assumptions.

Patrick Janot 103rd PECFA meeting

CERN, 16 Nov 2018 7



E.g. effective weak mixing angle

The weak mixing angle s%, = sin® Oy has three potential different
meanings or functions in the model-building:

(i) It describes the ratio of the two gauge couplings,

q'/9=cw/sw,

usually in the MS scheme.
(i) It describes the ratio of two gauge boson (on-shell) masses,
s%,v =ll= —M%/
Mz

(iii) It describes the ratio of the vector and axial-vector couplings of an
(on-shell) Z boson to fermions,

v
L =1 4Qy|s%.
ar

This definition is called the effective weak mixing angle, denoted as
sin? 0{1}83.



Z-resonance: QED and EW

1. Z-resonance and v, Z’, ... — Laurent series,

R = _ o
— 50)™ B = M2 +iMyT 5.
_SO+Z(5 50) , S0 7z tiMzlz

n=0

M:

S

2. We want to extract EW Z-vertex couplings and definitions like
sin? Hfff, but in reality, we deal with complicated process

ete™ — fTf~ +invisible (n v+ eTe pairs + - - -)

ae+e*_>f+f*+"'(s) = /dx }‘Zm\) Ue+e*_>f+f7(s’) 5z —s'/s)
—_—

— form factors, QED separation/deconvolution, non-factorizations,

To determine the structure function/flux function kernels and hard
scattering ansatz for data preparation or for unfolding is one of the
challenges of FCC-ee-Z physics.



QED unfolding

Altogether 17-10°% Z-boson decays at LEP

a Cross section : Z mass and width

E T T T T T T
)
= 40 [
2 ALEPH
o] DELPHI
L3
30 F OPAL .
i
AN )
20 - g B

¢ measurements (error bars ,r'l
increased by factor 10) /
/

10 F__ afromst /

1 L L w £ 1
86 88 90 92 94
E_, [GeV]



How to unfold - rough scheme

We have to describe
efe™ — (v,2) — fHf(v),

S-matrix Ansatz in the complex energy plane

Background

At Rz +R—+S+(573z)5’
S — Sz

y—Z inter ference

Sy = Mzz—iﬁzfz

> R,S,S’,... are individually gauge-invariant and UV-finite - unitarity
and analyticity of the S-matrix. IR-finite, when soft and collinear
real photon emission is added. [Willenbrock, Valencia, 1991] [Sirlin,1991] [Stuart,1991]

[Riemann, 1991, 1992] [H. Veltman,1994] [Passera, Sirlin, 1998] [Gambino, Grassi, 2000] [Awramik, Czakon, Freitas, 2006].



The term R, (s)/s is part of the the background

» The poles of A have complex residua Rz and R,.

» There is only ONE pole in mathematics, while in physics we observe
two of them: photon exchange at s = 0, Z exchange at sy = sz.
Mathematicaly, the appearance of the photon pole is result of
summing of part of background around Z pole, sg = sz

[T. Riemann, APPB 2015]

R, (s) ZZO:O Rn(s —s0)"
Do Bn(s = 50)"

s0 — (s0 — 9)

> 1 1
= D Bals=50)" — T—as

n=0 g 50

> 1 So— S Sop— S 2
— S Ru(s—so)" — [14+2 +<° ) oo |
0 S So S0

0




QED unfolding, S-matrix approach, slide by A.Freitas, AWLC2020, pdf

Consistent (gauge-invariant) theory setup:

Expansion of Afete™ — ptp~] about sg = M3 — iMzl 7 & Mf
. Y
e f

A[e+57—>ff7]=SL+S+(S—50)T+... o

R = g5(50)95(50) VAN

1 ) )
S= W,qi,g;f + 955" + 9598 + Spox o' <
: o
wl
e o f

g\f/(s) . effective V f f couplings

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

Current state of art: full one-loop for S, T"

— 0(0.01%) uncertainty within SM see, e.g., Bardin, Griinewald, Passarino '99
(improvements may be needed)

— Sensitivity to some NP beyond EWPO



https://agenda.linearcollider.org/event/8622/contributions/46418/attachments/36008/56009/awlc_freitas.pdf

QED unfolding, ISR, slide by A.Freitas, Snowmass 2020, pdf

Z lineshape 6/18
Deconvolution of initial-state QED radiation: LEP EWWG '05

o’[e+e’ — fﬂ = Rini(&, S/) ® Uhard(sr)

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

Oha

Soft photons (resummed) + collinear photons

R -—Z(O‘)n an h |nm( s )
<ini — = P Z nm mg
Universal (m=n) logs known to n = 6,

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

Exclusive description: MC tools — talk by Jadach



https://indico.fnal.gov/event/43963/contributions/191333/attachments/131719/163400/talk.pdf

QED unfolding, FSR, slide by A.Freitas, Snowmass 2020, pdf

Factorization of massive and QED/QCD FSR:

NeMz [ f ) £12 1 1of 1 f)2 1 ]
— [(RV\QV\ LA )71_}_%2,2 Y

M@ = - finite,  with ®=M<§

R{., RY,: Final-state QED/QCD radiation;
known to O(af), O(a?), O(aas) Kataev '92
Chetyrkin, Kiihn, Kwiatkowski '96
Baikov, Chetyrkin, Kiihn, Rittinger '12

e’ f
gé, gﬁ, ¥: Electroweak corrections M
e f

=]

A



https://indico.fnal.gov/event/43963/contributions/191333/attachments/131719/163400/talk.pdf

QED unfolding, IFI, slide by A.Freitas, Snowmass 2020, pdf

m Interference between ISR and FSR e f
suppressed by "z /M7 on Z resonance Ii:[
e f
m Still relevant for high precision an off-resonance

(s) CEEXE: BuesFlon, Backello, v, 0.2, ISR°FSA (a) CEEXE: BluesFion, BackelFot v <003 ISR'FSR
1=IFloff, ISR"FSR. a

KKsem: Green=IFlof, ISR'FSR

o
s -87.9060V o6 p——
ot h i
1 o A
™ ! Som i
N s
Bocn g g r
Bocs oy Foos, el
Hr— oze —
o
o
oc2
o
*17es og od ez 0 bz be 05 08 955 es e as e oz 64 os o Jadach, Yost'18
S cosit)

m Factorization from hard matrix element requires 4-variable convolution

m Soft-photon resummation can be included Jadach, Yost '18
Greco, Pancheri-Srivastava, Srivastava '75



https://indico.fnal.gov/event/43963/contributions/191333/attachments/131719/163400/talk.pdf

EWPOs - refers to |M|?; EWPPs - refers to M

Beyond Born level, one can write
Amicem (s)

MP (e = [7fF) = — 2 QeQr1a®7%,
MPD(e=et = f7fH) = 4w25€&ﬁ[ﬁﬁfva®’y — M yovs @ 7

— ML yo X Y5 + MEL varys ® v*7s).

In the pole scheme, where M is defined as the real part of the pole of
the S matrix, one has

(s) = GrM3 ) 1 s - s
Xz \/QSTl'aem 7 o 1+i]1\;7zz S—M%—i—i]\;[zf‘z B S*]\4%+U\42Fz(s)7
S
Fz(s) r



EWPOs - refers to |M|?; EWPPs - refers to M

Definitions are related:

Mgz ~ M L 17 Mz — 34 MeV
~ _ - = — e,
4 7 2 My, Z
_ 1 13
Ty~Tyz;—>= %2 =~ I'y—09MeV.
2 M3

» Known from LEP. One of examples why changing
frameworks/assumptions/simplifications of calculations matter (!).

» However, at FCC-ee 6I'; ~ 0.1 MeV. Non-facotrization effects must
be added properly beyond 1-loop.

» s it necessary for FCC-ee accuracy to implement MC with radiative
corrections calculated at the amplitudes level?

» At this precision it is important which parameters are taken as input
parameters in schemes.



EWPOs and Form Factors

fermionic,bosonic

VMZbE = Yulvp(s) + ap(s)ys) = -+ -+ : + : +---

planar,non—planar

Note approximate factorization of weak couplings

) 0 ., A Ag
[fo dcos — ffl dcos@} dc;se 2a.ve  2ajvy .

Arp = = ~ ——— —5 5 tcorrections

of .
A, = 2Re ay _ 1 — 4|Qy|sin® 04
1+ (%e"—f)2 1 — 4|Qy|sin® Olg + 8(Qysin® Og)?”
(.Lv/‘

sin? 923 = F (?}‘Eev—f)

ar



EWPOs, Z pole

Ohaa = ole’

r, = STz f]]
f

e~ — hadrons],_ 2,

I'[Z — hadrons]
= _— - g =
RK F[Z—)€+€_] ) €, U, T,
I[Z — qq]
R, = ——7—— =u,d b.
1 I'[Z — hadrons]’ S
The remaining EWPOs are cross section asymmetries, measured at the Z

pole, e.g., forward-backward asymmetry

op[0< 3] —os[0>75]

AL, =
e or[0<§]+or[0> 5]

where 6 is the scattering angle between the incoming e~ and the
outgoing f.



Rough scheme for extracting the Z f f vertex and EW corrections

et r

(e
Wq
<




General remarks on usefulness of EWPOs

. EWPOs encapsulate experimental data after extraction of well
known and controllable QED and QCD effects, in a
model-independent manner.

. They provide a convenient bridge between real data and the
predictions of the SM (or SM plus New Physics).

. Contrary to raw experimental data (like differential crosssections),
EWPOs are well suited for archiving and long term exploitation.

. In particular archived EWPOscan be exploited over long periods of
time for comparisons with steadily improving theoretical
calculationsof the SM predictions, and for validations of the New
Physics models beyond the SM.

. They are also useful for comparison and combination of results from
different experiments.



Input and renormalization schemes

» In general, there are many different approaches. Which measured
parameters to choose as an independent input parameters? E.g.
recently Piccinini et al, Durham talk

https://indico.cern.ch/event/801961/contributions/
3361495/attachments/1823019/2982558/piccinini . pdf

are proposing to take for LHC (a/G,, sin? Gng,MZ)
sin? Hgff fixed at measured leptonic sin® Ggff requiring v;/a; does not

get radiative corrections. Procedure independent of QED corrections
(both couplings get the same QED corrections and we have a ratio).


https://indico.cern.ch/event/801961/contributions/3361495/attachments/1823019/2982558/piccinini.pdf
https://indico.cern.ch/event/801961/contributions/3361495/attachments/1823019/2982558/piccinini.pdf

MB and SD methods are very much complementary!

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

108 accuracy achieved for any self-energy and vertex Feynman integral with one of the

methods - in Minkowskian region.




2-loops — 3-loops

my

my = Mt, mo = MW
The integrals contain up to three dimensionless parameters

Miﬁ M2, mif (Mz + ie)?
M MY I8



Towards 3-loop results (Report "1")

Z — bb
. 1 loop 2 loops 3 loops
Number of topologies 1 4™ 7 5@ 5 | 211 @) g4 - 50
Number of diagrams 15 2383—(AB) 1114 | 490387 — A B)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

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.



Applications

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

MB 0.0602664865576999 ¢ 2

SD - 90 Mio  0.06026648655 ¢ >

MB (—0.03151248903 +0.18933275142i) € |

SD - 90 Mio  (—0.0315124816 +0.189332716967) ¢

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

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




SM precision parameters determination: a(M%), F. Jegerlechner, pdf

1. a(M%) in precision physics (precision physics limitations)

Uncertainties of hadronic contributions to effective « are a problem for electroweak
precision physics: besides top Yukawa y; and Higgs self-coupling 4
, G, Mz most precise input parameters = precision predictions
50% non—pverturbative sin’ O, vp,ar, My, Tz, Ty, -

a(Mz),G,, Mz best effective input parameters for VB physics (Z,W) etc.

o~ 36 x 107
Zuow 86  x 10°
”
Mz o -5
k7 24 x 10
:((1\422; ~ 09+1.6 x 10™* (present: lost 10° in precision!)
"(Z;ZIZZ; ~ 53 x 107  (FCC - ee/ILC requirement)

LEP/SLD: sin? O = (1 — vj/a;)/4 = 0.23148+ 0.00017
0Aa(Mz) = 0.00020 = §sin® @cr = 0.00007 ; My /Mw ~ 4.3 x107°

affects most precision tests and new physics searches!!!

5M,

My 15x1074, S~ 13x1073, Gl ~23% 107

My
For pQCD contributions very crucial: precise QCD parameters o, m,., m,, m,= Lattice-QCD
F. Jegerlehner FCCee Workshop, CERN Geneva, January 2019 2



https://indico.cern.ch/event/766859/contributions/3252567/attachments/1775776/2887144/SMalphaFCCee19.pdf

SM precision parameters determination: a(]\/[%)

J Still an issue in HVP

J region 1.2 to 2 GeV data; test-ground exclusive vs inclusive R
measurements (more than 30 channels!) VEPP-2000 CMD-3, SND (NSK)
scan, BaBar, BES Ill radiative return! still contributes 50% of uncertainty

’ w202 T 2017
3.0 3.0
A KEOR
2.5
Fo o M

excl. vsincl. clash

& ave incl (BES-II, KEOR)
0.5 4 ave incl lexc. BES-II) 0.5 e

—— all data

1.40 1.60 1.80 2.00 2.20 2.40 2.60 1.40 1.60 1.80 2.00 2.20 2.40 2.60
E (GeV) E (GeV)

@ illustrating progress by BaBar and NSK exclusive channel data
vs new inclusive data by KEDR. Why point at 1.84 GeV so high?

F Jeaerlehner FCCee Workshoo. CERN Geneva. Januarv 2019



Three approaches should be further explored for better error estimate

Note: theory-driven standard analyses (R(s) integral) using pQCD above 1.8 GeV cannot be

improved by improved cross-section measurements above 2 GeV !!!

precisionina: present direct 1.7x107*
Adler 12%x107*
future Adler QCD 0.2% 54 x107°
Adler QCD 0.1% 3.9 x 107°
future  via Ay offZ 3x 107

@ Adler function method is competitive with Patrick Janot’s direct near Z pole
determination via forward backward asymmetry in ete™ — ptu

HE gAML 3a42 1
where AFB AFB,() + 4 UZ Z + g
vy — Zinterference term 7 « a(s) G,
Z alone Z«xG
y only G x a*(s)
v vector Z coupling also depends on a(s ~ M2) and sin” @ (s ~ M2)
a axial Z coupling sensitive to p-parameter (strong M, dependence)

J using v, « as measured at Z-peak

F. Jegerlehner FCCee Workshop, CERN Geneva, January 2019

25



eTe™ — pTu~ and o?(s)

G
1. the photon-exchange term, G, proportional to a?(s);

2. the Z-exchange term, Z, proportional to G% (where G is the
Fermi constant);

3. the Z-photon interference term, Z, proportional to a(s) x Gg
The muon forward-backward asymmetry, A%L, is maximally dependent
on the interference term

2
Aty = A+ 25

varies with aqgep(s) as follows:

AAf = (At — At )



eTe”™ — up~ and o?(s)

z N L N | | S I A S AR AR A
- \
\\
- R ..../ ................... / ............................
/. H 7.
S y AN i V4
4 \ : /.
A\ /.
\ | /
\\}‘\//
[ eeeenas Current o, accuracy
Gogp accuracy from A' at FCC-ee
50 60 70 80 90 100 110 120 130 140 150
Vs (GeV)

The best accuracy is obtained for one year of running either just below or
just above the Z pole, at 87.9 and 94.3 GeV, respectively.



W-mass, slide by A.Freitas, Snowmass 2020, pdf

m High-precision measurement of Myy o m035GeV T, 2085 GeV
from ete” — WHW at threshold

w a) Corrections near threshold enhanced by
1/BandIng

. / M, —i My —reas
Byl — 4 W Py /My

b) Non-resonant contributions are important " el e

m Full O(«) calculation of ete™ — 47
Denner, Dittmaier, Roth, Wieders '05

m EFT expansion in a ~ My /My ~ 32
Beneke, Falgari, Schwinn, Signer, Zanderighi '07
e NLO corrections with NNLO Coulomb correction
(o< 1/8"): SenMyy ~ 3 MeV
Actis, Beneke, Falgari, Schwinn '08
e Adding NNLO corrections to ee — WW and
W — ffand NNLO ISR: §¢, My < 0.6 MeV



https://indico.fnal.gov/event/43963/contributions/191333/attachments/131719/163400/talk.pdf

SM W-physics, FCC-ee-W, 11th FCC-ee workshop 2019, pdf

Full NLO calculation for ete~ — 4f (Denner, Dittmaier, Roth, Wieders 05)

More than 1000 1-loop diagrams, 5, 6-point loop integrals

= pioneering methods for six-point diagrams
now automated for LHC: RECOLA, OpenLoops, MadLoops

complex mass scheme for W decay width

fully differential calculation

not easy to incorporate higher-order effects

DPA not sufficient at threshold and for /s > 500 GeV
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C. Schwinn WW threshold theory FCC-ee workshop


https://indico.cern.ch/event/766859/contributions/3252579/attachments/1775788/2887165/wtalk_fccee.pdf

SM W-physics, FCC-ee-W

EFT expansion ina~ % ~ ,32 (Beneke/Falgari/CS/Signer/Zanderighi 07)
e systematically possible to include higher-order corrections

e limited to total cross section near threshold
Leading NNLO corrections

e 2nd Coulomb correction ~ a?/8% ~ a

(Fadin et al. 95)
e Coulomb-enhanced corrections ~ a?/8 ~ /2

(Actis et al. 08)

- ST

. Numer|ca| effect: Aoww ~ 5%o; [My] < 3MeV

a(e” et = ppuud)(fb)

V51GeV] || NLOgpr | NLOee [DDRW] || Annio(e?/5%) | Annio(a?/8)
161 117.5 118.77 0.44 (3.7%o) 0.15 (1.3%o)
170 307.8 4045 0.25 (0.6%0) | 1.6 (3.9%0)

C. Schwinn

WW threshold theory FCC-ee workshop



SM W-physics, FCC-ee-W

Future improvements of theory predictions?

Implementation of state-of-the art calculations in public tools?
o NLO-EW e-et — 4f now possible with standard tools
(RECOLA, OpenLoops, MadLoops + SHERPA, MadGraph, WHIZARD...)
but not (yet) optimized for ee* (ISR, Beamstrahlung)

e Two-loop Coulomb-enhanced corrections for differential
observables doable; (related: ¢t with Coulomb resummation in WHIZARD)
(no guarantee of formal accuracy for general distributions)

Full NNLO in EFT for total cross section

e Soft log 8 terms can be adapted from QCD results

e NNLO log(me./Myw) terms doable (c.f. Bhabha scattering)

e two-loop hard non-logarithmic corrections
(from amplitudes for e*e™ — W W™ at threshold: border of current capabilities)
resulting uncertainty from cross-section calculation

2 . . > -
Ac? = () o ~ (1-2)%o for estimate ¢ = (cV)?

Full NNLO for ete~ — 4f: completely new methods needed

C. Schwinn WW threshold theory FCC-ee w



SM W-physics, M. Skrzypek, FCC-ee-W: hybrid approach, 11th FCC-ee

workshop 2019, pdf

Conclusions and outlook ‘iﬁ
"y

» KoralW+YFSWWa3: LEP2 precision is 0.5%.
Factor of 20 + 50 improvement is needed for FCCee
» Lesson from LEP2: be pragmatic, split into Double- and
Single-Pole, pick only numerically dominant terms:
» O(a') for e~ et — 4f must be implemented in MC with explicit split
into Double Pole and Single Pole. Calculations exist
» O(a?)pp calculations for the Double-Pole production and decay
parts are needed! Feasible?
» O(a?)sp and O(a®) seem to be negligible
» More detailed analysis at the threshold may be instrumental
» EFT methods promising, but for now inclusive results only
» Non-factorizable soft interferences can be exponentiated within
YFS scheme. How much of the higher order corrs. would be
reproduced this way?

The overall precision tag ~ 2 x 10~ feasible (?)

YFSWW3dKoralW with new exponentiation
look like a2 aood <tartina noint


https://indico.cern.ch/event/766859/contributions/3252674/attachments/1775305/2970123/FCCeeKoralW_CERN2019_MS.pdf

QED unfolding, ISR, slide by A.Freitas, Snowmass 2020, pdf

® Mz, [z: From o(+/s) lineshape
— Main uncertainties: B-field calibration, QED
— 0Mz, 6Tz ~ 0.1 MeV could be achievable

e my: Current status 6m; ~ 0.4 GeV at LHC PDG '18

— Additional theory uncertainties? Butenschoen et al. '16
Ferrario Ravasio, Nason, Oleari '18

From ete™ — tf at /s ~ 350 GeV

today: future:
SmMS = [ Jexp [20 MeV]exp
@ [50 MeV]qcp @[30 MeV]qcp  (h.o. resummation)
@ [10 MeV]mass def.  ® [10 MeV]mass def.
@ [70 MeV]ag ®[15MeV]as  (Sas < 0.0002)
> 100 MeV

< 50 MeV



https://indico.fnal.gov/event/43963/contributions/191333/attachments/131719/163400/talk.pdf

SM FCC-ee-t, Andreas Maier, 11th FCC-ee workshop 2019, pdf

Conclusions

Top pair threshold scan allows precise mass determination

Am; < 100MeV

Theory-dominated error, ~ 3% QCD scale uncertainty
e Known corrections:
* N3LO QCD + Higgs
¢ N?LO electroweak + non-resonant
® LL initial state radiation
All corrections included in version 2 of QQbar_threshold
https://qgbarthreshold.hepforge.org/


https://indico.cern.ch/event/766859/contributions/3252662/attachments/1776890/2889174/amaier_FCC-ee_2019.pdf

SM FCC-ee-t, Daniel Samitz, shower cuts dependence, 11th FCC-ee workshop

2019, pdf

MC Top Quark Mass Parameter

Why is there a non-trivial issue in the interpretation of m}©?

® picture of “top quark particle” does not apply (non-zero color charge)

® my is a scheme-dependent parameter of a perturbative computation
— in which scheme do MC event generators calculate?

* relation of mM® to any field theory mass definition can be affected by different
contributions (let's consider pole mass just for convention)

MC ole t -pert MC
my!C = mf? - AR AT A

—

pQCD contribution: non-perturbative contribution: Monte Carlo shift:
e perturbative corrections ® effects of hadronization ® contribution arising from
model systematic MC uncertainties

e depends on MC
parton shower setup ® may depend on ® e.g. color reconnection, b-jet
parton shower setup modelling, finite width,...


https://indico.cern.ch/event/766859/contributions/3252664/attachments/1775490/2889185/FCCee-Samitz.pdf

