Electroweak and QCD measurements at e+e- colliders
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Proposals for a future ete- collider

4 years @ \/s = 90 GeV: 6 trillion Z bosons

2 years @ \/E = 160 GeV: 240 million W bosons
3years @ \/E = 240 GeV: 1.5 million Higgs bosons
5 years @ \/E = 365 GeV: 2 million top quarks

2 years @ /s = 90 GeV: 1.4 trillion Z bosons
1 year @ \/E = 160 GeV: 80 million W bosons
[ years @ \/E = 240 GeV: 2 million Higgs bosons

11 years @ \/E = 250 GeV: 0.4 million Higgs bosons
2 years @ \/E = 350 GeV: 1.3 million top quarks

9 years @ \/E = 500 GeV: 0.2 million Higgs bosons
with longitudinal polarization

also CLIC, HALHF, C3



ECFA physics studies for a future e+e- collider

WG1 physics performance
|dentified ‘focus topics’ for study (arXiv:2401.07564)

Organization

e Coordinators: Jorge de Blas (Univ. Granada), Patrick Koppenburg (Nikhef), Jenny List (DESY), Fabio Maltoni (UC Louvain / Bologna)

Focus Groups

WGT1 is organised in five focus groups.
Global interpretations (WG1-GLOB):

e Conveners: Jorge de Blas (Granada), Sven Heinemeyer (IFCA/IFT), Alexander Grohsjean (DESY), Junping Tian (Tokyo), Marcel Vos (Valencia)
e Dedicated wiki page

Precision (WG1-PREC):

e Conveners: Ayres Freitas (Pittsburgh), Paolo Azzurri (Pisa), Adrian Irles (Valencia), Andreas Meyer (DESY)
o Dedicated wiki page

Higgs/Top/EW (WGT-HTE): HTE subgroup held series of meetings
e Conveners: Chris Hays (Oxford), Karsten Kdneke (Freiburg), Fabio Maltoni (Louvain)

e Dedicated wiki page focussing on each \/E

Flavour (WG1-FLAV):

e Conveners: David Marzocca (Trieste), Stephane Monteil (Clermont Ferrand), Pablo Goldenzweig (KIT)
e Dedicated wiki page

Searches (WG1-SRCH):

e Conveners: Roberto Franceschini (Rome lll), Rebeca Gonzalez Suarez (Uppsala), Filip Zarnecki (Warsaw)
e Dedicated wiki page




Electroweak and QCD measurements

Observable Present value = error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error

my (keV/ c?) 91,186,700 + 2200 5 100 From Z line shape scan Beam
energy calibration

I'z (keV) 2,495,200 4+ 2300 8 100 From Z line shape scan beam
energy calibration

R% (x10%) 20,767 £+ 25 0.06 0.2-1 Ratio of hadrons to leptons
acceptance for leptons

o (mz) (x10%) 1196 + 30 0.1 0.4-1.6 From RZ above

Ry (x109) 216,290 + 660 0.3 < 60 Ratio of bb to hadrons stat.
extrapol. from SLD

al?ad (x103) (nb) 41,541 £+ 37 0.1 4 Peak hadronic cross-section
luminosity measurement

N, (x10?) 2991 £7 0.005 1 Z peak cross sections Luminosity
measurement

sinze&’;f (x10) 231,480 £ 160 3 2-5 From Aﬁ{; at Z peak Beam energy
calibration

1/agep (mz) (x10%) 128,952 + 14 4 Small From AL} off peak

Agig (x10%) 992 + 16 0.02 1-3 b-quark asymmetry at Z pole from
jet charge

Ag‘];“ (x10%) 1498 + 49 0.15 <2 1 Polarisation and charge
asymmetry t decay physics

mw (MeV/c?) 80,350 £ 15 0.5 0.3 From WW threshold scan Beam
energy calibration

'y MeV) 2085 £42 1.2 0.3 From WW threshold scan beam
energy calibration

o (my) (x10%) 1170 4 420 3 Small From R)Y

N, (x103%) 2920 £ 50 0.8 Small Ratio of invis. to leptonic in
radiative Z returns

Myop (MeV/c?) 172,740 £ 500 17 Small From tt threshold scan QCD errors
dominate

[iop (MeV) 1410 + 190 45 Small From tt threshold scan QCD errors
dominate

Aop/ )\tsolgl 1.24+0.3 0.1 Small From tt threshold scan QCD errors
dominate

ttZ couplings +30% 0.5-1.5% Small From Ecy = 365 GeV run

FCC



Electroweak measurements

Precision EW measurements probe multi-TeV physics
Effective field theory used to check consistency and sensitivity across measurements

W boson mass measurement " ’\/\/\/\/\/\.‘\/\/\/\/\/\/! y
(Wmass focus topic) ” V.

Two-fermion asymmetries and cross-sections
(TwoF focus topic) ‘

Differential WW measurements
(WW(diff focus topic)

Other Z & neutrino interactions




W boson mass measurement

Hadron-collider measurements
reconstruct single W bosons

LEP combination
Phys. Rep. 532 (2013) 119

DO
PRL 108 (2012) 151804
OO o oo asas
LHCb
JHEP 01 (2022) 036
ATLAS
arxiv:2403.15085, s
CMS

CMS preliminary
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e+e- colliders can perform a threshold scan mw (MeV)
30 | y T I1 7f02f2?-q§ 5 12 CCee W-pair thresho
L E P ' % L i mw=\2l0385tgevh ifjw=2.085 GeV /
| PRELIMINARY S 10| [ mums0a86 Gov, ryet.0ass0ns Gy
5
20 - - 8-
. bt v 6; / AlSO:
i y By 1 MeV uncertainty
A L on the width
10 1 . AM,,
, YFSWW/RacoonWW ol
1 & _...no ZWW vertex (Gentle)
B _...only v, exchange (Gentle) —/,/ _
& 106 o L . [Azzurri 21]
0 T T . ) 4 55 160 165 170
160 180 5 200 's (GeV)

LEP: 340 MeV statistical uncertainty

—_—

FCC: 0.3 MeV statistical uncertainty



W boson mass measurement

achieving sub-MeV systematic precision is challenging

do \~ ' /Aoy A 1fb (A 2-107*
= — Backeround and Theor ory < (Aory/ oy < 2 - )
Amy, (B) (dmw) ( - GBAUTH) ackground a COTY Aop/e<1fb (Acy/ og < 4-1073)
-1
Am,, (€)= 0 e (EJ,%) Acceptance and Luminosity (A_‘g@ %) <2.10%
dmy, e L e 1L
|
Am,, (E) = do_ (d_G)AE -~ lAE Collision energy AE, < 0.3 MeV (AE,/E, < 4-107%)
dmy,, dE 2
FCC beam energy group led by
Guy Wilkinson (Oxford)
ILC: 2.4 MeV statistical uncertainty Uncertainty source | AMy [MeV] | AMy (syst.) [MeV]
Background 3.20 2.30
Polarization 3.73 1.27
ILC polarised collisions : enhance (x4) t-channel EfﬁC'}enC_y 3.86 1.18
WW production or suppress it to control background A%;nlnosmy g:gg 8:22
Statistical 2.43
Systematic 3.10
A 4 MeV shift in Mw could be Total Error 3.94

caused by new physics at 30 TeV . + theory



W boson mass measurement

ete--collider measurements can also used reconstructed W-boson pairs

(v/s = 160 and 240 GeV)

Ecwv iS again a main ingredient: sets jet energy scale
other main ingredients are the jets (and lepton) angles
secondary ingredients are the jet velocities (S=p/E)

combined

evqq
Krvaq
Tvqq
P[e[e[

87 MeV — 0.9 MeV
82 MeV — 0.8 MeV
121 MeV — 1.2 MeV 320 MeV — 3.2 MeV
120 MeV — 1.2 MeV
90 MeV — 0.9 MeV

70 MeV — 0.7 MeV
43 MeV — 0.4 MeV

Improvements in jet simulation will come from Z pole measurements

Amw (MeV/c?)

ATy (MeV)

FCC
| Statuncertainty | Amy | A

200 MeV — 2 MeV
200 MeV — 2 MeV

Source

evqq | prqd | Tvqq | fvqg

evqq | prqd | Tvqq | fvag

e+ momentum 3 8 - 4 ) 4 - 4
e+ momentum resoln 7 4 - 4 65 55 - 50
Jet energy scale/linearity | 5 5 9 6 4 4 16 6
Jet energy resoln 4 2 8 4 20 18 36 22
Jet angle 5 5 4 5 2 2 3 2
Jet anole rosala S - S s < Z R 7
T Jet boost 17 | 17 | 20 | 17 | 3 3 3 | 3
_Fragmentation 10 10 15 11 22 23 37 25
Radiative corrections S = = S ) Z 2 2
LEP energy 9 9 10 9 7 7 10 8
Calibration (erqq only) 10 - - 4 20 - - 9
Ref MC Statistics 3 3 5 2 7 7 10 5
Bkgnd contamination 3 1 6 2 ) 4 19 7

Amwy (MeV/c?) ATw (MeV
Source standard | PCUT | CONE | standard | PCUT | CONE
Jet energy scale/linearity 2 2 3 2 12 4
Jet energy resoln 0 1 0 7 9 10
Jet angle 6 6 6 1 3 3
Jet angle resoln 1 3 2 15 18 9
Jet boost 14 15 11 ) 5 4
Fragmentation 10 20 20 20 40 40
Radiative Corrections 2 2 2 5 7 7
LEP energy 9 10 10 7 7 7
Ref MC Statistics 2 3 3 5 7 7
Bkgnd contamination R at 5 20 31 32
Colour reconnection 79 28 36 104 24 45
Bose-Einstein ettects 0 Z 3 20 10 10




W boson mass measurement

Graham Wilson,

New ideas for observables could improve precision arXiv:2203.07622

80 x10°

Endpoints in the lepton (or jet) energy a e e

Ef=Ecm(1 £ B) where B is the W velocity

WW —I'I v v (I=e,n) {s=250 GeV

70

1/c do/dM, (arbitrary units)

60— —
3 - -]
E 100 21()| T | T T T T I T T T T l T T T T | T T T : 50 :_ _:
E gF WW,withatleastone W —I" v (I=e,u) {s=250 GeV - ]
> — _ . n _
o | — 40 I |
£ 4 m = - Whizard 2.71 (ISR + BS) (-80, 30) .
2 — i - — ]
S 70 — ] 30— My, =79.419 GeV ]
g% 60 - = 20 f— M,, = 80.419 GeV —f
2 soF- Whizard 2.71 (ISR + BS) (-80, 30) = - M, =81.419 GeV .
§ 40 E_ M,, = 79.419 GeV _E 10 E_ Shape comparison only _E ILC
: : | | 1 | 1 | | 1 | 1 I | 1 | 1 | | 1 | | | 1 | 1 | | 1 I—
30 M,, = 80.419 GeV E 70 80 90 100 110 120
o - M,, = 81.419 GeV . PseudoMass (+) (GeV)
10 g_ Shape comparison only _g
N | L L e = expected statistical Amy, =4.4 MeV with 2/ab@250 GeV
0.7 0.75 0.8 0.85 0.9 : : :
X experimental syst from lepton energy calibration
lepton

Focus topic team also considering single-W production at \/E =91 GeV
1 million W bosons expected

Graham Wilson, Josh Bendavid, Juergen Reuter, Keisho Hidaka,

Martin Beneke, Raimund Strohmer, Simon Platzer, Stefan Dittmaier
9



Forward backward asymmetries

FCC Observable Present value = error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error
sin?6&t (x100) 231,480 £ 160 3 2-5 From Apj at Z peak Beam energy
V4 p0|e calibration
Agi;) (x10%) 992 £ 16 0.02 1-3 b-quark asymmetry at Z pole from
jet charge
APOLT (x10%) 1498 + 49 0.15 <2 T Polarisation and charge

asymmetry T decay physics

aggressive targets: systematic uncertainties are key

Arsb systematics studies ongoing Ve know that statistical uncertainty will not be an issue
* LEP combination has ~equal stat and syst contributions
« We expect ~10° times more statistics at FCC-ee = ~300 times smaller stat. uncertainty

Systematic uncertainties expected to be dominant

» Modelling b-fragmentation
* Affecting B-hadron kinematics

* Final-state QCD radiation effects
* Affecting jet shapes, distribution of charge, B-hadron kinematics...

 b-tagging efficiency:
 Uncertainty on mis-tag rate affecting background prediction
* p; and n dependency of b-tagging eff. for signal

10 Giovanni Guerrieri, FCC workshop Krakow



Forward backward asymmetries

ILC studying sensitivity to new physics off the Z-pole

x10
0.35 TII]Ilfl"']Yllll']l"l]Y‘YI‘TT]IVII'I'_'
+ ILC250, e et — cC ILD
03 H20, P:(-0.8,+0.3) ]
~E — Whizard 2.8.5 LO
E ¢+ Full sim. reconstruction
- H20, P:(+0.8,-0.3)
025  ’Whizard 2.8.5 LO
¢ Full sim. reconstruction
02F
0.15
0.1F
0.05
lllllllllllllll l l l

0 LAl A - LAl ol
-1 -08-06-04-02 0 02 04 06 08 1

> At least 4 observables for AFB at ILC250 per energy

point

® 2 quarks and 2 polarisations (eLpR, eRplL)

6

cos 6

Studies ongoing in tau-tau final states

0.25 lI‘]T‘T]T"]l!ll"f]l]flIIIIIII]YII]YIL
ILC250, e e — bb ILD ]
H20, P:(-0.8,+0.3) i
— Whizard 2.8.5 LO R
0.2 + Full sim. reconstruction
H20, P:(+0.8,-0.3)

0.15

0.1

0.05 |

0 P 4 Il
-1 -08-06-04-02 0 02

6

— Whizard 2.8.5 LO
¢ Full sim. reconstruction

g | l . DOY EE P | I g N8

fire T T T ST

p Per mil level statistical uncertainties reachable for
the nominal ILC250-500 program

e Smaller exp syst. Uncertainties

®* Fragmentation, angular correlations » minimized
thanks to double tagging techniques and Data
Driven measurement of efficiencies a la LEP and
SLC

5-sigma sensitivity to Z’ mass of 7 TeV

Increases to 10 TeV with running at 500 GeV

Adrian Irles et al, 2403.09144

Daniel Jeans, TwoF meeting



Forward backward asymmetries

Expansion to light flavours possible with particle id in the ParticleNet jet tagger

0.015 0.014 gewgixq 0.055 0.036 0.031 0.025 0.009 0.009 0.018 0.043
J"

C 10.016 0.015 0.056 geMEil 0.032 0.037 0.009 0.026 0.017 0.010 0.043
s 40.003 0.002 0.020 0.018 geRsZxR 0.102 0.030 0.080 0.063 0.045 0.092

0.003 0.003 0.018 0.020 0.102 gessr‘»A 0.084 0.028 0.045 0.062 0.094

True
%]
1

0.002 0.003 0.020 0.011 0.044 0.131 0.055 0.080 0.174 0.111

C
1

u —40.003 0.003 0.011 0.019 0.132 0.043 0.062 .0.178 0.081 0.111

: + - - - _
FIG. 1. Event display of an e"e™ — vvH — vigg (Vs = d 40.003 0.003 0.012 0.019 0.112 0.092 0.082 0.207 0.079 0.112
240 GeV) event simulated and reconstructed with the CEPC
baseline detector [17]. Different particles are depicted with = 10.003 0.003 0.020 0.012 0.092 0112 I 0.076 0.075 0.113
colored curves and straight lines: red for ei, cyan for ,ulL, blue d 19 ' ' ' ' ' : ' ' '
for 7T, for photons, and magenta for neutral hadrons.
G 40.015 0.014 0.024 0.024 0.052 0.052 0.043 0.041 0.034 0.034 JeKXewi
H Liang, M Ruan et al, 2310.03440 bbb ¢ ¢ s s u v d d G

Predicted

TwoF team to report at ECFA Paris workshop
12 E Bagnaschi, A Irles, D Jeans, A Vicini



Differential WW measurements

Snowmass study with HEPfit used optimal observables to estimate aTGC sensitivity

Higgs@FC WG
June 30, 2019

J De Blas,

E Vryonidou (Manchester)
et al, 2206.08326

AﬁaTGC —

B HL+HELHC

691 4 6Ky

Az

13

iedtky AW W, +ig cos Oy [6g1,z (W LW =W, W)z
/2
+(6g17 — 99—25/@7) ZHW W,
ML (o A oo L0 Recent studies consider effects of
in 6, W W, WWHW P71 10 :
o, GO W, PAG + cos bulV ’) 10 detector resolution and background
HL+ILCzs0 HL+CLIC3g0 HL+FCCee240 0.04F L
. HL+ILC509 HL+CLIC1500 HL+FCCege365 L i
SMEFT.n fit M HL+CLIC3000 B HL+FCCeelenhn CL 68%
/——~~\ B
,,,,,,,,,,,,,,,,, o > Sample-D;
,,,,,,,,,,,,,, 0.02- > :
\ .
,,,,,,,,,,,,,, A
\\
| | T 77::j10-2 N i \\
S o o o 0.00- AN
B DR | ‘Q f N
,,,,,,,,,,,,,, )
rrrrrrrrrrrrrr o L
'S
i L . f10_3 .g’ —002* ,,,,,,,,,
1 Jiayin Gu Sally-DA
i i -=- 00
Wwdiff meeting | 77 e
—004 Ll ! ! | ! ! | s s | | ‘ ]
-0.04 -0.02 0.00 0.02 0.04
i 5 - ' :::10_4 /\Z
Neural network applied to detector-level
sample gives similar performance to

optimal observable



Differential WW measurements

ILC studies demonstrated the importance of single-W production

d e~ TGC Ecms|GeV] | ete™ — uvqq | eTe” — evqq | comb.
ﬁ< 104 250 45.8 15.8 13.9
_ Ag |10~
— - U
€ 7 w 500 8.46 4.14 3.52
N . 9250 54.9 19 16.5
e 1Y Ak [1074]
W+ 500 8.85 463 3.65
+ + + 250 68.6 22.5 21.6
€ e e : : :
AN [1071]
500 15.6 6.14 5.77

: 5 Recent studies consider detector acceptance
Ag! 5 and combined fits of 2f and 4f final states to
: : reduce the associated systematic

: , : simultaneous fit
Ak : ; ; of all three
' : : couplings

----------- Studies ongoing on impact of tracking efficiency
AN, : :

A N B I
-0.05 0 0.05
TGC Limits @ 68% CL

Focus topic team: P Azzi, T Barklow, J De Blas, A Denner,

Jenny List, WWDIff meeting 14 A Grohsjean, W Kilian, J List, F Siegert



Electron couplings using transverse spin asymmetry

Recent study proposes transversely polarised beams to constrain dipole interactions

Unpolarized beams: dominant sensitivity to new physics decreases as 1/A*

Due to helicity flip in interference term

Transversely polarized beams: sensitive to interference with SM (1/A?)

Spin dependent amplitude square:
M|* = Pay o (8)Pazay (8)Masa, (Cb)M;’la’z (¢)

S = (bl, ba, /\) = (bT cos ¢g, bt sin (]50,/\)

1(1 bpe o
(1+a-s)=—< + A bre >

N | =

p= 2 \breivo 11—\

Term linear in bt interferes with NP

Re[I'¢]x10?

Im[I]x 10

Im[I'%]x10°

15

& Opposite Spin

Re[I'¢]x10?

Re[l'%]x10°

Im[I]x 10

Im[I%]x10°

7|

IV

Our Study 0.0002 | 0.005
LHC Drell-Yan 0.0765 0.197
Z Partial Width | 0.0582 | 0.093
(g—2)e 1072 107°

X-K Wen, B Yan, Z Yu,
C-P Yuan, 2307.05236



Neutrino anomalous magnetic moment

Z-pole run could improve v. magnetic moment constraints by two orders of magnitude

g\/ = Up Z ki[ViO'qui]Fuv

/A iI=e,V.,T

Bohr magneton

ugoamy (¥ |ki|*)

ElZ vy =

BR(Z — vvy) =2.3x 10° k*
Improving bounds on MDM of neutrino-tau

ky < 6.8x10710 Gigaz ') k < 6.6x107°
- naive estimations :
kr < 3.9x10

T R e

Tera Z ﬁ k < 2.1><10_9

Emidio Gabrielli, HTE meeting 16



Neutrino four-fermion interactions

Single-photon final state also sensitive to four-fermion interactions involving neutrinos
Energy-dependent interaction

LNc-NST = —QﬂGpﬁig[%WpPLVﬁ] [frpPcf]
Lco-Nst = —2\@GF€£J;C[%’Y’)PL%] Lf"voPc f]

0.005

0.10} —0.005

-0.005 0 0.005

0.05
0.00f
-0.05}
T o oo 18357075 7010 005 000 005 010
€ €oo

Y Zhang, J Liao,
17 2105.11215



QCD measurements

QCD measurements crucial to achieving precision physics goals
e.g. fragmentation & jet shapes

Heavy flavour production and fragmentation identified as a focus topic (BCfrag and Gsplit)

@ anticipated (perturbative) theory precision: < 1% (personal take!)

o at least O(a?) corrections for QCD event shapes

o at least O(a3) corrections for QCD final states with up to four jets
(I think we'll see the first of such calculations in the next 2-3 years)

e systematic inclusion of O(agw) in a multiplicative scheme

and a lot of mixed O(asagw) corrections
e NNLL parton shower matched to NNLO QCD

soft physics effects may dominate theory uncertainties:
no first-principles theory —> must measure!

Frank Krauss (IPPP),
ECFA workshop

DESY
18



Heavy flavour production and fragmentation

@ disagreement in b-quark fragmentation measurements

(look at results from ALEPH, OPAL, SLD —— need to chose one!)

b quark fragmentation function f(x¥¢ak) b-quark fragmentation function f(x¥) b quark fragmentation function f(x§¢2k)
;b FrooT ‘ TTTT ‘ T ‘ T ‘ TTTT ‘ T ‘ T rTTT LI \: :? :\ 1T ‘ T ‘ T ‘ rTTT ‘ T ‘ TTTT ‘ T ‘ T 1T \: g 3‘5 i\ T ‘ TTTT ‘ T TT ‘ TTTT ‘ T TT ‘ TTTT ‘ T TT ‘ TTTT ‘ T \:
< F T L —— D ' . T Ok ]
3000 1 300 ‘ 1 3 3 E
Z 1 — Z L _| z F E
= E 3 = TE =+— Analysis E = 251 —
- N —+— Data ] B Analys%s . 2 i j
i = —— Antalysis ] r __:___ izz}yziz i E —F, Analysis 3
. —+— Analysis r A ly . El 1.5 [ " Analysis —
0 E —+— Analysis 5 To-1 nalysis ] E T Analysis ]
£ Analysis H = 3 1= Analysis -
L —t+— Analysis T E E E —+— Analysis E
H —+ - Analysis E ] 05— _ —+ - Analysis =
1072 | ‘ L ‘ L ‘ L ‘ L] \_H-\ \_ \M%IY$§ ‘ I ‘ I | \: 0 # | ‘ | ‘ |11 \T T\_\ APP]WY§]'WS‘ | ‘ |1
1‘4 ;\ [N ‘ T ‘ T ‘ T ‘ T u \\ T ‘ T ‘ 7T \7; 1.4 \E 1‘4 ;\ T ‘ T T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T _,é
g HE . g i L gy et I
S 11 8 11 B 5 1 | l 4
S o.éig““q_: S 05 1 % S O'éil T $ 4
> 08 E > 08 E 3 > 08E I= S= = 5
07 E- 07 E- - = 0.7 B | IE
8? ;\ Ll ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1 7:'77; ; 8:? ;\ L1 ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ I ‘ L1l ‘ L1l ‘_\\_\E 8? El ' ‘ L1 ‘ L1l ‘ L] ‘ L1l ‘ L] ‘ L1l ‘ L] ‘ L1 \72
01 02 03 04 05 o6 07 08 09 1 01 02 03 04 05 o6 07 08 09 1 02 03 04 05 o6 07 08 09 1
4 3031106003
~ . . . . | | | | [
@ g — QQ splitting tricky in parton showers @ measurement strategy: - B sous A
e "“Mercedes star”’ with two i .
id'd heavy quark jets 2 °0 + O 1sue |
. . . . "
— third jet is gluon jet § : —
e jet-shape measurements: Sl o cuos
. . . (1N ] - .
sub-jettiness & friends o | 4.* " 1
- - - - = m |
e hadron yields inside jet 8 g o f 1
. . . 1
o leading hadron identity/x, I P |
Frank Krauss (IPPP), : : I P
ECEA <sh o di-baryon/di-strange
worksho 1 EmSEATS - _
P correlations inside jet 0 ' S ;
A p p o f,(1270)

DESY
19



Heavy flavour production and fragmentation

List of important observables produced by Torbjorn Sjostrand and the focus topic team

and pp.

Table 3: Target physics observables at ¢ e

Observable

Pp

Event shapes and angular distributions

Inclusive B /D production cross section

Flavour composition as far back in decay chains as
can be traced (even equal D*" and D™ rates gives
unequal D" and D ones)

Particle-antiparticle production asymmetries

Momentum spectra

Energy flow around B/ D hadrons, excluding the
hadron itself, as a test that dead cone effects are cor-
rectly described

B /D hadron momentum fraction of total E or
pr in a jet, with x . as a test of the
fragmentation function combined with almost col-
linear radiation, suitably for some slices of pr (and
in addition with a veto that no other B/D should
be inside the jet cone. so as to suppress the gluon
splitting contribution)

had /, jet
s l}_ll_u ",‘“,T

B /D hadron multiplicity, as a measure of how
often several pairs are produced

Separation inside B /D pairs, where large sep-
aration suggests back-to-back primary production,
while small separation suggests gluon splitting

Hardness difference within (reasonably hard)
pairs, A = (pp™ — p7 )/ (P + pr "), where

for gluon splitting = + (1 —x)? translates to 1 + A2

primary production is well known from
theory, so any "excess" is from gluon split-
ting

we do not expect sizeable momentum
dependence, but interesting to contrast
mesons and baryons for smaller ones

none expected., except tiny from CP-
violation in oscillations

dn/drg with z g = 2Ey .4/ E.w ' basic dis-
tribution for tuning of "fragmentation func-
tion"

dE /df where @ is the distance from B/D
on the sphere

draw a jet cone in # around B/D and
measure &

separation in 0

separately for small or large ¢

combines primary production, gluon splitting, and MPI
(multiparton interactions) contributions, each with signific-
ant theoretical uncertainties

significant pr dependence observed and to be studied fur-
ther, also high- vs. low-multiplicity events, rapidity, ....
which is important for development/tuning of colour recon-
nection models

asymmetries expected and observed from p flavour content,
increasing at larger rapidities: relates to how string (and
cluster?) fragmentation connects central rapidities to beam
remnants

dn/dpr and dn/dy give basic production kinematics, but
the many production channels give less easy interpretation

dpr/dR where R is the distance in (1, ¢) or (y, ¢) space,
only applied for B/ D above some pr threshold

draw a jet cone in I? around B /D and measure &

separation both in ¢ and in R, since for primary produc-
tion ¢ = 7 is hallmark with 7)/y separation less interesting,
while gluon splitting means 17 is small while ¢ and y /1 in-
dividually are less interesting

separately for large or small ¢

Eli Ben Haim, Loukas Gouskos, Simon Platzer, Andrzej Siodmok, Maria Ubiali (Cambridge)

20




cross section [pb]

Top-quark measurements

Top quark measurements can enter new realm of precision (T Tthresh focus topic)

-
N

-
N

340

350

\'s [GeV]

21

Yukawa +10%

aS + 0.0002 (from 2Z)
Width + 50 MeV
mt +30 MeV

vV5=343.9 GeV (peak)
N3LO validity region

Observable Present value + error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error
Myop (MeV/c?) 172,740 £+ 500 17 Small From tt threshold scan QCD errors
dominate
[iop (MeV) 1410 £ 190 45 Small From tt threshold scan QCD errors
dominate
Mop/ )Ltsol}f[ 1.2+£0.3 0.1 Small From tt threshold scan QCD errors
dominate
ttZ couplings +30% 0.5-1.5% Small From Ecy = 365 GeV run
————— & QQbar_Threshold N3LO
__tt threshold - m® 171.5 GeV . ; =
- —QQbar_Threshold NNNLO —FCC-ee 350 LS only 1.04 :
— —ISR only —FCC-ee 350 LS+ISR " :
— 91 km ring circumference - :
= = =) . gikius
L | =5 1.02 A : :
[ o C M vy o T
. i c :
L i o :
n % Yy - 5 é
" v 5 i 1.00 A
- — v} :
— = Q -
L . = .
= i o i :
I ] = 0.98 :
n implementation of corrections ol 0.96 -
based on EPJ C73, 2530 (2013) — :
I | 1 1 | I | | 1 | I ] T T l: T T T T T

VS — M [GeV]

-
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Top-quark measurements

Ongoing FCC effort to update experimental fit

Study detector-level distributions, use MVA to suppress backgrounds

lep_p 345 GeV jetl p 345 GeV

- == WbWb a m= WbWb
| . — ‘ - Ww
0.04 -

0.03 A

0.02 A

Normalised distribution

0.01 A

0.00 -
20 40 60 80 100 120 140 160 180 0 25 50 75 100 125 150 175

lep_p jetlp

A simultaneous fit of m,, total width, and y, seems possible based on a
threshold scan of [-4,+1] GeV around the threshold

30 (50) MeV shift in mass (width) induce a 4% shift in the xsec
10% shift in Yukawa produce a ~1% effect just above threshold
Limited impact from aS assuming expected precision at Z pole

Some residual sensitivity to y, above threshold -> we will investigate the
possibility of one additional scan point well above threshold (continuum)

Presented studies do not include impact from [ISR and beam energy
resolution, which can be significant -> will be included at next update
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FCCAnalyses: FCC-ee Simulation (Delphes)
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BDT _score

Ankita Mehta & Matteo Defranchis,
WG1 conveners meeting

Z Bahariyoon, M Beneke, F Cornet,
G Durieux, A Hoang, A Jafari,
J Kieseler, V Miralles (Manchester),
M Moreno, L Pintucci, J Reuter,
R Schweinworst, F Simon, F Zarnecki



Global EFT constraints

Eugenia Clelada, Alejo Rossia,
Marion Thomas, Eleni Vryonidou “z 3 @ () L) v

C C
(Manchester), R S MEFIT
Luca Mantani (Cambridge),
Tommaso Giani, Jaco ter Hoeve, —— HL-LHC LHC + HL-LHC 4 FCC-ee 2404.12809

Juan Rojo
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Summary

The proposed e*e- colliders can provide a step-change in precision
More than an order of magnitude in many cases

Broad range of physics topics within electroweak and QCD physics
LEP programme produced more than 1700 papers with no Higgs or top measurements
Truncated ECFA studies are only the tip of the iceberg

Active FCC and ILC physics working groups FCCeePhysicsPerformance

Welcome to the FCC-ee Physics
Performance Documentation

Table of Contents

1. Organisation

2. Towards the definition of detector requirements
3. List of Active Case studies (evolving)

4. General information for FCC-ee analyses

5. LOls submitted to Snowmass

6. Software

Organisation
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M IChael PeSk|n1 Aldan RObson (GlaSgOW), Junplng Tan’ o Patrizia Azzi (INFN Padova) - Patrizia.Azzi@cern.ch
H o Emmanuel Perez (C ) - Emmanuel.Perez@cern.c
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Exotic Z decays

Emlle Gabl“lelll Sensitivity on BSM physics at the Z-pole: Giga-Z and Tera-Z factories

University of Trieste, Italy
NICPB, Tallinn, Estonia signatures: Z — FE+7v

72—

= 3 R (i) v

dark photon field strength

© Landau-Yang theorem forbids Z 4 2 photons -> amplitude vanishes

Z - E+yy Z - yyy Z — E+ete
» Gigaz %10-12
m TeraZ 510—11
w HL-LHC: 10_10
10-9 10 &
10-8 10-8
—7 -7
E 10 10
K 10—6 10-6
10—5 10-5
10-4 10-4
10-3 10-3
10-2 10-2
10—1 10—1
AN, TR vk
Z,q"
5. k5 5, k5

4 avoided due to distinguishability of photon and dark-photon interaction (blob)
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Top quark FCNCs at the LHC and e™e™ colliders

Gauthier Durieux

(CERN)
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top physics
opportunities at a new e*e” collider

Marcel Vos, — CP violation in the top sector

IFIC, CSIC/UV, Valencia, Spain

CP-odd (imaginary parts of) operators at the LHC

https.//atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-10/ Ciw Cirw
p N N u i ) - d 68% CL 95% CL | 68% CL  95% CL
All terms | [-0.3,0.8] [-0.9,1.4] | [=0.5,-0.1] [-0.8,0.2]
§ w- g w- Order 1/A* | [-0.3,0.8] [-0.9,1.4] | [-0.5,-0.1] [-0.8,0.2]
5 . 5 P . 3 ; Order 1/A% | [-0.3,0.8] [-0.8,1.5] | [<0.6,—0.1] [-0.8,0.2]

CP violating analysis: construct dedicated CP-odd triple-product observables
O = (ag xa}) - P+,
N

I S = o D1 A X ~ ~ ~ B ~
O =1+ (—2‘,/7; - D(ax -p+)71a% - ax + 5, ~ax - P+a3 - P+

Where p+ and p- are the momenta of the incoming leptons, g+ and g- those of the
leptons fromt - Wb - Ivb decay, and gX that of the hadronic top quark

f - . o) 1 %4 —\ . -
Ly X (k% q,q) = ie {'Yu (Fiv (k) + 95 Fra (k%) — 5= (g + @)" (iFsy (k%) + 75F§f4(k2))} e
[—] - my E— ==

collider collision /s Lint ReF), Re FZ, Im F), Im F£,
(TeV] [ab™!)

Prospects derived in this study:

CLIC initial ete” 0.38 0.5 0.015 0.019 0.013 0.026

ILC initial ete” 0.5 0.5 0.005 0.007 0.006 0.010

ILC nominal ete” 0.5 4 0.002 0.003 0.002 0.004

CLIC (parton-level) ete” 3 3 0.003 0.003 0.005 0.009

Previous studies for lepton colliders:

TESLA (Aguilar et al. m) ete” 0.5 0.3 0.007 0.008 0.008 0.010

Prospects for hadron colliders:

HL-LHC (Baur et al. [R1I82]) Pp 14 3 0.12 0.25 0.12 0.25

HL-LHC (Réntsch & Schulze [5]) pp 14 3 - 0.16 . .

FCChh (Mangano et al. [84]) pp 100 3 - 0.04 . .

LHeC (Bouzas et al. [85]) ep - 0.1 0.1 - - -

Bernreuther & Chen, in arXiv:1710.06737 27



