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Chapter 1

Physics Background and Precision
Physics at the FCC-ee

1.1 FCC-ee as a precision machine

The Future Circular Collider programme is designed as an integrated precision-plus-energy-frontier
strategy. The electron—positron stage, FCC-ee, would operate at several centre-of-mass energies
chosen to maximise sensitivity to different sectors of the Standard Model: the Z pole, the WW
threshold, the ZH Higgs stage, the tt threshold and a high-energy 365 GeV stage. The hadron
stage, FCC-hh, then uses the same infrastructure to extend direct reach and high-energy precision.
The relevant point for this talk is that rare top searches at FCC-ee are not disconnected from the
rest of the programme: they exploit the same clean event reconstruction, vertexing, flavour tagging
and global interpretation logic that define the Higgs and electroweak programmes [1, 3, 2].

A precision observable is an experimentally measurable quantity whose Standard-Model
prediction and experimental uncertainty can be controlled well enough that small deviations
become meaningful. Examples include mz, Iz, sin? Hﬁﬁ«, o(ZH), my, m; and rare branching
fractions such as Br(t — ¢7).

In an effective-field-theory picture, the sensitivity of a precision observable to heavy new physics
can be estimated schematically as

00 v?
— ~C—, 1.1
OSM A2 ( )
for observables controlled by electroweak symmetry breaking, or as
60 E?
— ~Ci—, 1.2
OSM A2 ( )

for high-energy amplitudes whose deviations grow with the scattering energy E. Here Cj is a
dimensionless Wilson coefficient, v ~ 246 GeV is the Higgs vacuum expectation value and A is the
characteristic new-physics scale. A per-mille measurement therefore probes multi-TeV scales for
order-one Wilson coefficients. This simple estimate is only a guide; real interpretations require
correlations, theory uncertainties, detector effects and EFT validity checks.

Key message

The first scientific message of the talk is that precision measurements and rare processes
are complementary discovery tools. Precision Higgs, electroweak and top measurements test
correlated deviations, while top-FCNC searches test interactions that are essentially absent
in the SM.
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Table 1.1: Assumed running scenarios for representative future-collider options. The entries
summarise the initial state, geometry, beam polarisation assumptions, centre-of-mass energies and
integrated luminosities used for comparison studies.

Collider Initial state Geometry, # IPs Beam polarisation NG Lint

91.2 GeV 48 ab™!
LEP3 ete” Circular, 2 IPs Unpolarised 160 GeV 5.6 ab~ !
230 GeV  2.304 ab™!

91.2 GeV 205 ab™ !
161 GeV  19.2 ab~*

FCC-ee ete Circular, 4 IPs Unpolarised 1
240 GeV  10.8 ab
365 GeV  3.12ab” "
91.2 GeV  0.1ab™"
250 GeV  3ab~!
80%, +30%
LCF ete Linear, 1 IP (F80% 2 350 GeV 0.2 ab™!
550 GeV 4 (8) ab™!
(F80%, £20%) 1000 GeV 8 (0) ab™!
FCC-hh®™  pp Circular, 4 TP Unpolarised 84 TeV 30 ab~!
MuCol3™)  ptpu~ Circular, 2 IP Unpolarised 3 TeV lLab™!
MuCol10®)  ptp~ Circular, 2 IP Unpolarised 10 TeV 10 ab™*
LHeC®) e p Hybrid, 1 IP Unpolarised 1.2 TeV 1ab™?

Notes: IP denotes interaction point. The starred entries are included as broader future-collider comparison
scenarios. The FCC-ee luminosities correspond to the four-IP baseline comparison assumptions shown in
the source table. For the linear-collider option, the two luminosities shown in parentheses denote alternative
running assumptions at the corresponding energy.

1.2 Why Z, WW, Higgs and top measurements are correlated

The FCC-ee programme is best understood as a network of measurements. The Z pole fixes
electroweak vertices and pseudo-observables. The WW threshold tests the charged-current gauge
sector and the W mass. The Higgs stage measures o(ZH) inclusively and exclusive Higgs decay
rates. The top threshold and 365 GeV stage constrain my, I'; and top electroweak couplings. In
the Standard Model Effective Field Theory (SMEFT), the same gauge-invariant operators can
contribute to several of these sectors simultaneously:

v, C(s

LSMEFT = (1.3)

A single-operator interpretation of one Higgs rate is usually too naive, because electroweak data
may constrain the same direction. Conversely, Higgs rates can help interpret electroweak and top
deviations. This is the reason for Slide 13: Higgs precision needs the Z and WW programmes.
1.3 Electroweak pseudo-observables and Z ff couplings

At the Z pole, the collider scans the resonance line shape and measures partial widths and asymme-
tries. The most important pseudo-observables include

mz, Tz, obaa, Re, Ry, Re, A% sin?6%, N,. (1.4)
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The hadronic pole cross section is

Ohad = 3 T (1.5)
The ratios r r r
had bb cc
Rp—-ted gt R o 1.6
V7, 7 Thad “ Thaa (16)

remove some common systematics and isolate flavour-dependent electroweak couplings. The effective
number of light neutrinos can be expressed schematically as

1—‘inv

NV = FgM’

(1.7)

where I'y,y is the invisible Z width after subtracting the visible partial widths. Deviations in N,
may arise from new invisible particles or modified neutrino couplings, but precision interpretation
requires careful control of the full Z-width fit.

1.3.1 Chiral couplings

The Z boson couples differently to left- and right-handed fermions. Define the chirality projectors

_ 1= p,_ 1%

P 5 R 5 fo="Prf, fr=Prf. (1.8)
A useful convention is
Lztp = Zuf" (97.Pc + glyPr) f. (1.9)
cw
with
gl =T —Qsin?0l;, gl = —Qysin?0/. (1.10)

Right-handed SM fermions are singlets under SU(2)r, so T35 = 0 for their weak isospin. Left-handed
fermions sit in SU(2)r, doublets and have T3 = +1/2. The vector and axial combinations are
conventionally related by

9 =95+ 9k G =91 9k (1.11)
up to global normalisation conventions. Partial widths and asymmetries probe different combinations:

N2 _ (N2
Ty o< (g0) + (gh)%, Afzm’
R

(1.12)
(g

A% — 34 4 1.13

FB — e f- (- )

This is why rates, line-shape information and asymmetries together separate left- and right-handed
shifts.

1.4 WW threshold, gauge structure and aTGCs

Near the WW threshold the cross section ete™ — WTW ™ is very sensitive to my and I'yy. Above
threshold, differential angular distributions are sensitive to the non-Abelian electroweak gauge
structure. A common anomalous triple-gauge-coupling parameterisation is

Lwwy = —igwwv {g}/ (W;Z,W’“V” - W;,,W*“V”) + Ry W IW, VY (1.14)
A
T oEWEWTIE V=, (1.15)
W

At tree level in the SM,

6



Precision Physics at the FCC-ee Hamzeh Khanpour

One needs to consider the dg1 7, 0k, and Az as the key deviations. Here dg; 7z modifies the overall
WW Z structure, 6k, acts like an anomalous magnetic-dipole contribution to WW+, and Az is a
momentum-dependent higher-derivative interaction. In SMEFT, these parameters are correlated
with Higgs-gauge interactions such as HZZ and HWW.

1.5 Higgs recoil method and absolute coupling extraction

At /s ~ 240 GeV, the process
ete” = ZH (1.17)

operates near the Higgsstrahlung cross-section maximum. If the Z boson is reconstructed, for
example through Z — u*u~ or Z — eTe™, the recoil mass is

ml%ecoil = (]767L + De— — pZ)2 (118)

= s+m% — 2v/sEyz, (1.19)

where E7 is the reconstructed Z-boson energy. The key point is that this observable does not require
reconstructing the Higgs decay. Therefore invisible, exotic or untagged Higgs decays still contribute
to the inclusive ZH peak. The inclusive cross section scales as

o(ZH) ox QJQLIZZ = HZZ(Q%\%Z)Q- (1.20)

This gives the absolute Higgs normalisation that is missing at hadron colliders.
Exclusive Higgs decays then measure products of production and decay factors:

2 2
o(ZH)Br(H — X) x QHZ?%, (1.21)
H
while WW-fusion gives
2 2
o(voH) Br(H — X) QHWVFVM. (1.22)
H

Combining recoil, exclusive decays and vector-boson fusion gives direct access to absolute couplings
and the total width I'g.

1.5.1 Exclusive Higgs decay channels

Mode Coupling information Physics role

H —bb bottom Yukawa ky, Dominant Higgs decay; central for abso-
lute coupling fits and flavour-tagging per-
formance.

H —cc charm Yukawa k. Direct second-generation quark coupling;

requires charm tagging and control of
b/c/qg separation.

H — gg effective Hgg modifier Loop-induced in the SM; sensitive to top
Kg loops, QCD and possible coloured BSM

states.

H -t~ tau Yukawa k. Tests third-generation lepton mass gener-
ation and tau reconstruction.

H—-WW* HWW coupling ky Important width handle; one W is off shell
for a 125 GeV Higgs.

H—Z7Z* HZZ coupling kyz Clean gauge-coupling channel and width

handle.
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H — vy effective Hvv modifier Rare loop-induced mode; FCC-hh statis-
Koy tics strongly improve precision.

H — Z~ effective HZ~ modifier Rare loop-induced mode with strong BSM
KZ~ sensitivity.

H— ptu muon Yukawa k, Second-generation lepton Yukawa; bene-

fits strongly from FCC-hh.

1.6 Higgs coupling modifiers and the k-3 framework

In the coupling-modifier framework,

Ki= (1.23)
9

for tree-level couplings, while loop-induced processes are assigned effective modifiers such as kg, K
and rz,. A production-times-decay rate can be written as

(0-Br)(i — H — f) :Jif‘;. (1.24)

In the k framework,
PSM 2
(0-Br)(i = H — f) = (o?6}) o (1.25)
D vy

so that the signal strength is

f (o - Br) H%%%
1

= = . 1.26
T o Brsw Ry (1.26)

The total-width modifier is approximated by
wir =D w; B, (1.27)

J

with the sum over all relevant SM decay modes. If invisible or untagged modes are allowed, the k-3

framework often uses )

=2 Ku ~2 1SM
K = , 'y =krky1% 1.28
a 1 — Biny — Bund i ( )
The condition ky < 1is sometimes imposed in hadron-collider fits to stabilise the width interpretation.
At FCC-ee, inclusive ZH recoil strongly reduces this degeneracy by directly measuring o(ZH).

The k framework is useful for explaining Higgs-rate measurements, but it is not a gauge-

invariant EFT. SMEFT is required when one wants to connect Higgs, electroweak, diboson
and top observables consistently.

1.7 SMEFT interpretation of Higgs, EW and top data

The SMEFT operators most relevant include bosonic operators and current operators. Examples are

Onwp = H c"HW, B", (1.29)
Oup = ‘HTDMH : (1.30)
oY) — (uti'D , H)(#y0), (1.31)
0) = (H'i'D 9 H)(To""0), (1.32)
One = (HTiﬁuH)(é’y“e). (1.33)
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These can shift Zee couplings, affect HZZ and HZee contact interactions and correlate with
diboson and Higgs production. Bosonic operators such as Oy, Opgp and Oy affect gauge-boson
kinetic/momentum structures and anomalous triple-gauge couplings. This is the origin of the chords
in the circos plot: the plot visualises correlations among fitted effective couplings, not independent
measurements (See Fig. 1.1).

1.8 Global Higgs—electroweak interpretation

It is also useful to make explicit why the Higgs programme at FCC-ee cannot be interpreted as an
isolated set of Higgs rate measurements. The same electroweak gauge structure that determines
Z-pole observables and WTW ™~ production also controls the ete™ — ZH, ete™ — vH, and
diboson amplitudes. Therefore, precision Higgs measurements, electroweak pseudo-observables and
triple-gauge-coupling measurements must be combined in a common fit.

In an effective-field-theory language, this statement follows from gauge invariance. The Standard
Model Effective Field Theory (SMEFT) expands the low-energy Lagrangian as

i o) o s
LSMEFT :LSM+Z /{2 0, +Z /{4 O,7 4+, (1.34)

where CZ»(d) are Wilson coefficients and A is the characteristic scale of the heavy new dynamics.
A single dimension-six operator can shift several apparently different interactions at once. For
example, operators modifying the Zee coupling also affect the extraction of the HZZ coupling in
ete™ — ZH, and bosonic operators that affect HZZ or HWW interactions can also contribute to
anomalous triple-gauge couplings in ete™ — WTW ™.

Global Higgs—electroweak interpretation. A global interpretation is a fit in which
Higgs rates, electroweak pseudo-observables, diboson observables and, where relevant, top
observables are fitted simultaneously. The purpose is to account for correlations induced by
gauge invariance, common systematic/theory inputs and shared SMEFT operators. In such a
fit, the extracted quantity is not just an isolated “Higgs coupling”, but a correlated set of
effective couplings or Wilson coefficients.

1.8.1 Correlation structure of the FCC-ee Higgs and electroweak fit

Figure 1.1 illustrates the correlation structure among the fitted effective couplings in a global FCC-ee
Higgs/electroweak analysis. The plot is a circos-style correlation diagram. The labels around the
circle denote effective couplings or coupling shifts. The bars outside the circle indicate the projected
sensitivity to each coupling, while the chords inside the circle indicate correlations between fitted
quantities. A thick chord represents a stronger correlation. The figure should be read in three layers.

First, the outer labels denote effective couplings. These include Higgs couplings, electroweak
fermion couplings and anomalous gauge couplings. A typical notation is

8957, Ogtbw. o9, 89,

for effective Higgs interactions with electroweak gauge bosons, together with fermionic Z f f couplings

such as
Z Z
6ngJ€7 69]Z%87 59[,“7 59}2#7 dggba 59]%b7

and anomalous triple-gauge couplings such as

591,Z7 (5’{’77 AZ.
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The precise label convention depends on the basis used in the global fit, but the physics message is
basis independent: Higgs, electroweak and diboson couplings are correlated.

Second, the bars show the expected precision with different collider inputs. The grey reference
bars correspond to the HL-LHC baseline, while the FCC-ee-enhanced bars show the improvement
from adding precision FCC-ee measurements. The comparison highlights the role of the Z-pole
programme: without very precise Zf f information, the Higgs-coupling fit remains partly limited by
uncertainties in electroweak vertices.

Third, the chords show correlations. A chord between two couplings means that the fit cannot
determine them independently: a shift in one can be partly compensated by a shift in another. The
important message is not the existence of one particular chord, but the global pattern. FCC-ee
Z-pole and W W -threshold data remove or reduce several degeneracies that would otherwise weaken
Higgs-coupling extraction.

Key message

The Higgs programme needs the Z and WW programmes because the same gauge-invariant
SMEFT operators modify Zff, HZZ, HWW, HZee, WW Z and WW+~ interactions. Pre-
cision Z-pole and diboson measurements therefore turn FCC-ee Higgs measurements into a
well-constrained global electroweak fit, rather than a set of isolated rate measurements.

1.8.2 Left- and right-handed electroweak couplings

A central class of quantities appearing in Fig. 1.1 is the set of left- and right-handed Z f f couplings.
These are important because the Z boson couples differently to left- and right-handed fermions.

The chirality projectors are
L= 1+

Pr = 5 Pr = 5 - (1.35)
The interaction of the Z boson with a fermion f can be written as
g —
Laps =2 f+" (91 P + 9hPr) f. (1.36)
‘w

where g is the weak SU(2)1 coupling and ¢y = cosfyy. In a common normalisation,
g£ = T:.f - Qy sin? Hgﬁ, gf; = —Qy sin? H(J:H. (1.37)

Here T;{ is the weak isospin of the left-handed fermion and Q) is its electric charge. Right-handed
Standard-Model fermions are SU(2)y, singlets, so they have T35 = 0; left-handed fermions belong to
SU(2) doublets and have T5 = +1/2.

It is also common to use vector and axial-vector couplings,

=9l +oh  gh=9l -9k (1.38)
up to convention-dependent overall normalisations. The partial width and the asymmetry parameter
probe different combinations:

Ty o (91)” + (gh)%, (1.39)
whereas
_ (1)~ (@) (1.40)
(91)% + (9)°
At the Z pole, the forward—backward asymmetry is approximately

3
Oa
A%l = TAAs. (1.41)

Thus, line-shape measurements constrain the sum of squared chiral couplings, while asymmetries

constrain their relative difference. Combining rates, asymmetries and, where available, polarisation

information gives separate sensitivity to g{ and g{%.
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The notation for effective couplings is convention dependent. In a global fit, symbols such as

6gIZ1£% denote deviations from the Standard-Model values in a specified normalisation. One
should not compare numerical values of dg between papers unless the coupling convention
and input-parameter scheme are the same.

1.8.3 Gauge-invariant origin of the correlations

The common origin of the correlations in the circos plot can be understood from representative
dimension-six SMEFT operators. For example,

Opwp = H'oc"H W}, B", (1.42)
Oup = ]HTDuH : (1.43)
ol = (HTiﬁuH) (4e), (1.44)
o) = (HiDH) (lo*y4), (1.45)
One = (H'D 1) (ere). (1.46)

The operators OEZ, (91(12 and Op. shift the Z-boson couplings to leptons after electroweak symmetry

breaking. Since the initial state in eTe™ — ZH is an electron—positron pair, such shifts also affect
the interpretation of Higgsstrahlung. Bosonic operators such as

Ouw, Owsg, Ow (1.47)

modify gauge-boson kinetic structures, momentum-dependent HV'V couplings and anomalous
triple-gauge couplings. Therefore, Z-pole, WW, Higgs and diboson measurements are not separate
theoretical problems: they are different projections of the same gauge-invariant EF'T parameter
space.

11
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Figure 1.1: Correlation structure in a global FCC-ee Higgs/electroweak fit. The outer bars show
the projected sensitivity to effective couplings, while the inner chords show correlations among
fitted quantities. The comparison between fits with current electroweak inputs and fits including
the FCC-ee Z-pole programme demonstrates why the Z and WW stages are essential for a robust
Higgs interpretation. Source: FCC Feasibility Study Report Vol. 1 [1]; adapted from the SMEFT
global-fit studies discussed therein.

12
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1.8.4 Coupling modifiers and the k-3 framework

The coupling-modifier or k-framework provides a simple way to express projected Higgs precision.
For a coupling g¢;, one defines

Ki= (1.48)
9i

or, for loop-induced modes, an effective modifier multiplying the Standard Model amplitude or rate.
A production-times-decay rate can be written as

(a-BR)(i%H%f)zaiIE‘;;. (1.49)

In the s-framework this becomes

. FSM/{2
(0-BR)(i — H — f) = (a7™43) réMmgj; . (1.50)

The corresponding signal strength is

M= o BR)su(i = H — f) w2 '
If only Standard-Model decay modes are allowed, the total-width modifier is approximately
kf = k3 BRSM. (1.52)

J

In the k-3 framework used in the comparison plots, invisible and undetected or untagged Higgs
decays are also allowed. One then defines

2
—2 Ku

= Iy = /% TSM, 1.53
H 1- Binv - Bund7 " FHH ( )

Here Biyy is the invisible Higgs branching fraction and Byng, sometimes also written By, denotes
an undetected or untagged branching fraction.

The k-3 framework. The k-3 setup is a coupling-modifier fit in which Higgs coupling
modifiers, an invisible branching fraction and an undetected /untagged branching fraction
are fitted simultaneously. In the version shown here, the condition ki <1 for V =W, 7 is
imposed to stabilise the fit. This condition is motivated by a broad class of models in which
Higgs coupling to massive vector bosons is not enhanced above the Standard Model value,
but it should still be understood as an assumption.

J

The following three figures show projected uncertainties in this framework. They separate the
fitted quantities into fermion modifiers, vector and BSM modifiers, and loop-induced modifiers.
Figure 1.2 collects the fermionic Higgs coupling modifiers:

Kp : bottom Yukawa modifier, probed mainly by H — bb, (1.54)
ke : charm Yukawa modifier, probed by H — cc, (1.55)
k, : tau Yukawa modifier, probed by H — 7777, (1.56)
K, : muon Yukawa modifier, probed by H — pu*pu~, (1.57)
Kkt : top Yukawa modifier, entering mainly through top-associated production, and loops. (1.58)

The vertical axis is the projected relative uncertainty in percent. The different colours correspond
to different future-collider scenarios or combinations. The main qualitative point is that FCC-ee

13
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Fermion Modifiers, kappa-3, ky <1

I 1HeC* FCC-ee* B muCl10* »
77 mmm LCF*  WEE FOC-cothh* Th. unc. 5 MEFIT

I LEP3* Bl uC3*

Uncertainty [%]

Ke Rt Kb Ky Kr

Figure 1.2: Projected uncertainties for fermion Higgs coupling modifiers in the x-3 framework with
a common HL-LHC baseline and the condition xy < 1. The fitted fermion modifiers are k., k¢, Kp,
kyu and k.. Source: Ref. [5].

provides strong sub-percent or percent-level access to several Yukawa couplings through clean
exclusive Higgs decays, while FCC-hh or other high-energy stages are important for x; and very
rare modes.

Figure 1.3 focuses on the vector-boson and non-standard branching-fraction part of the fit:

kw : modifier of the HWW coupling, (1.59)
kz : modifier of the HZZ coupling, (1.60)
Biyy : invisible Higgs branching fraction, (1.61)
Bund : undetected or untagged Higgs branching fraction. (1.62)

The most important FCC-ee ingredient here is the inclusive recoil measurement of o(ZH ), which
gives direct access to the absolute HZZ normalisation. Combined with W W -fusion information,

ete” — vvH,
it provides a handle on I'y and separates Kz, Kk and the total width. This is the reason why
FCC-ee can perform a more model-independent Higgs coupling extraction than hadron-collider rate
fits alone.
Figure 1.4 shows the loop-induced or effective Higgs modifiers:

kg : effective Hgg modifier, (1.63)
ki~ : effective H~yy modifier, (1.64)
Kz~ : effective HZ~ modifier. (1.65)

14
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Vector Modifiers, + BSM, kappa-3, ky <1

1 Il LHeC* FCC-ee* B muCl10* 5 M EFiT

N LCF* Il FCC-eet+hh* Th. unc.

s LEP3* Bl nuC3*
6 HL-LHC

7]
(O8]

[

HL-LHC
HL-LHC HL-LHC

Uncertainty

—_
1

Rw Rz Brinv Brund

Figure 1.3: Projected uncertainties for vector-boson Higgs modifiers and additional BSM branching
fractions in the k-3 framework. The fitted quantities include kw, Kz, Biny and By,q. Source:
Ref. [5].

These are not simple tree-level Yukawa or gauge couplings. In the Standard Model they arise first
through loops. For example, H — gg is dominated by heavy-quark loops, while H — v receives
important contributions from both W-boson and top-quark loops. As a result, these channels are
sensitive not only to Standard-Model coupling modifications but also to possible new heavy coloured
or electrically charged particles running in the loop. FCC-ee provides a clean normalisation and
excellent flavour separation, while FCC-hh can strongly improve rare loop-induced modes through
large Higgs statistics.

The k-framework gives a useful experimental language for Higgs precision, while the SMEFT
gives the gauge-invariant language needed to connect Higgs, electroweak, diboson and top
observables. For the present talk, the important point is that the rare-top FCNC analysis is
embedded in this broader precision programme: the same collider environment that gives
absolute Higgs normalisation also enables clean top and rare-process measurements.

This completes the Higgs—electroweak bridge. We can now move to the top programme. The logic
is analogous: top-threshold and above-threshold measurements are not isolated top measurements,
but part of the same global precision programme. They constrain my, Iy, ttZ couplings, the top
Yukawa interaction and SMEFT directions that are correlated with the Higgs and electroweak
sectors.
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Loop Modifiers, kappa-3, ky < 1

10

Uncertainty [%]

0_

Il [LHeC* FCC-ee* B nuCi1o*
N LCF* Il FCC-ee+hh* Th. unc.
I LEP3* Il uC3*
HL-LHC
HL-LHC
K}g /i»y

S MEFiIT

HL-LHC

KZ’y

Figure 1.4: Projected uncertainties for loop-induced Higgs modifiers in the k-3 framework. The
fitted quantities are kg4, K, and kz,. Source: Ref. [5].

Table 1.3: Summary of the main coupling symbols introduced before the top-precision section.

Symbol Meaning Main FCC-ee handle

1 gf’% Shift in left/right Zff coupling Z-pole line shape and asymmetries
5%, Effective shift in HZZ interaction Inclusive ZH recoil measurement
Sgttw Effective shift in HWW interaction WW-fusion, H - WW*

§ gf;{/ Effective H~~y shift H — ~~, loop sensitivity

(5g§{7 Effective H Z~ shift H — Z~, loop sensitivity

891,72 Anomalous WW Z coupling shift ete”™ — WTW™ angular data
Ok Anomalous WW~ dipole-like shift W+W ™~ production

Az Momentum-dependent WW Z coupling Diboson angular distributions

Kz HZZ coupling modifier Z H recoil standard candle

Kw HWW coupling modifier WW-fusion and H - WW*

Kby Key Ky Ky
Rt

Kg, Kys KZy
Binv

Buna or Bunt

Yukawa coupling modifiers

Top Yukawa modifier

Loop-induced Higgs modifiers

Invisible Higgs branching fraction

Undetected /untagged Higgs branching fraction

Exclusive Higgs decays with flavour/PID
Top/Higgs loops and FCC-hh input
Rare Higgs decays and global fits

Recoil missing-rate analysis

Inclusive recoil plus global fit
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1.9 Top-quark precision at FCC-ee

The top threshold programme measures the final state
ete™ = WTbW b, (1.66)

with resonant and non-resonant contributions. The threshold line shape can be written schematically
as

owews = owswb(V's; M, Tty s, yi)- (1.67)
The horizontal position of the line shape is sensitive to the top mass, the width controls the sharpness,
a affects the QCD potential, and the top Yukawa coupling produces smaller but relevant effects

through Higgs exchange. A threshold mass such as the potential-subtracted mass m} > is used to
avoid the pole-mass ambiguity.
Above threshold, the process
efe” =" 2% > tt (1.68)
probes the top electroweak vertex. A compact notation is
g —
Luz = 53— 00" (9 — g 2, (1.69)
cw

Angular distributions and forward-backward asymmetries are essential to separate chiral structures.

1.10 FCNC in the Standard Model and beyond

Flavour-changing neutral currents (FCNCs) such as t — ¢v, t — ¢Z, t — qH and t — qg are
absent at tree level in the SM. They appear only through loops and are strongly suppressed by the
Glashow-Iliopoulos-Maiani mechanism. The expected branching ratios are tiny, often around 10712
or below depending on the channel. Therefore any observable rate far above the SM expectation
would strongly indicate BSM dynamics [7].

The talk focuses on tqy and tqZ because these interactions induce clean single-top production
in ete™ collisions:

ete” — /7" = tq, tq, q=u,c. (1.70)
The produced top decays through the SM mode
t — Wb, (1.71)

which leads to semileptonic and fully hadronic signatures.

1.11 Effective Lagrangian for top-FCNC interactions

The anomalous-coupling framework used in the slides follows the common Aguilar-Saavedra normal-
isation [8]. The interaction is

X gs _ 1 _
Ei‘qCNC = Z TT;QAGUMV(CéPL + CﬁPR)tGZV - ﬁq(ngtPL + nﬁPR)tH (1.72)
q=u,c
_ —29;:; (X GPL+ XEPp)tZ, + 405‘/‘/‘;% gt (kb Py + kB PR)tZ,,  (1.73)
€ (L R
+ oy qo ()\thL + )\thR)tAuu + h.c. (1.74)

Here ¢ = u,¢, gs is the strong coupling, gy the weak SU(2)r coupling, e the electromagnetic
coupling, cyr = cos Oy, A* are colour generators and o#” = i[y*,~¥]/2. The field strengths are Gl
Zuy and A,,. The coefficients (, n, X, x and X parameterise, respectively, tqg, tqH, vector tqZ,

dipole tqZ and dipole tgv interactions.
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The benchmark assumption A* = A® or k! = k! is a practical signal-generation choice. It

is not a model-independent statement. Different BSM models can generate strongly chiral
patterns.

1.12 Translation between anomalous couplings and branching ra-
tios

The branching ratio is defined as

Br(t = gX) = I(t = ¢X) NF(t—>qX)

_ ~ , 1.75
TV Ly (X)W (175)

where the approximation holds for small FCNC widths. In the convention of Eq. (1.74), neglecting
the light-quark mass, the photon-dipole partial width is commonly written as

«
Tt = q7) = Jme (NG + AGP) - (1.76)

For the Z dipole, with rz = m%/m?,

Pt s qZ)= 0Ty 2(2 L12 4 kB2 1.77
(t= 02)e = gz T (1 =722+ 1) (Ingl + i) (1.77)
For the symmetric benchmark A\¥ = A® = X\ and % = &t = &,
am
Br(t — q7) = ~——aur At (1.78)
205
3
(6% m
Br(t — qZ)x ~ b (1= 12)2(2 4 rz)|Kg (1.79)

163, ¢, m2ToM
The numerical translation must use the same coupling normalisation as the UFO model used for
event generation.

1.13 Signal processes at 240 and 365 GeV

The signal process is
ete” — tq +1q, (1.80)

mediated by the anomalous tqy and tqZ couplings. At 240 GeV, the stage is optimised for Higgs
studies but also provides clean single-top kinematics. At 365 GeV, there is more phase space and
harder objects, but also genuine top backgrounds. The benchmark luminosities used in the slides
are 5ab~! at 240 GeV and 1.5ab™ ! at 365 GeV.

1.14 Semileptonic and fully hadronic final states

The semileptonic topology is

ete” = tq = Wbq — (vbq, (1.81)

with one isolated electron or muon, missing momentum from the neutrino, one b-tagged jet and one
energetic light jet. It is clean but has a smaller branching fraction. The fully hadronic topology is

ete™ = tqg = Wbq — qq'bq, (1.82)
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with four exclusive jets. It has a larger branching fraction but suffers from larger diboson backgrounds
and combinatorics. A typical assignment variable is

L 2
. L (mej; 2”“) , (1.83)

(mj; — mw)?
V2 = M

where the jet combination minimising x? is chosen as the top candidate.

1.15 Backgrounds, jet clustering and flavour tagging

The dominant backgrounds are WW, ZZ, ZH, e initiated processes, and at 365 GeV also tt and
single-top-like final states. The analysis adopts the ee-kp Durham algorithm in exclusive two-jet or
four-jet modes. E-scheme recombination means four-momenta are added directly. The slides quote
a flavour-tagging working point €, = 80% and €. = 10%. In the FCNC selection, b tagging identifies
the top decay, while light-jet rejection and charm/light separation control backgrounds.

Discriminating variables include reconstructed masses My, and M, the b-jet momentum
Dy, the light-jet momentum piigh¢, missing momentum, angular separations and event activity. If
Hr is used, define it in the analysis note as the scalar sum of visible transverse momenta or the
corresponding FCC-ee event-activity proxy:

HT = ZpTvi' (184)
[

The usual hadron-collider angular distance is

AR = /(An)? + (A¢)?, (1.85)

although in eTe™ analyses ordinary opening angles are often equally transparent.

1.16 Statistical analysis and CL, extraction

A generic binned likelihood for the combined analysis is

E(u, 0) = H Pois (ncb | ,U,Scb(a) + bcb(é))) H?Tk(gk), (186)
c,b k

where ¢ labels channels, b labels histogram bins, n., are observed or Asimov counts, sq and bg, are
signal and background templates, p is the signal-strength parameter, and 6 are nuisance parameters.
The CL; ratio is conventionally

CL, = st (1.87)

with the exclusion set at C'Ls = 0.05 for a 95% CL upper limit. In projected studies the observed
dataset is often an Asimov dataset, so the quoted limit is an expected sensitivity.

1.17 Interpretation of projected limits

The final tables quote limits on Br(t — ¢y) and Br(t — ¢Z) rather than directly on A and . This
is useful for comparing with LHC results and with other future-collider projections. The lepton
channel gives the best sensitivity in the present benchmark because the final state is cleaner and
the backgrounds are more controllable. The hadronic channel still contributes because its branching
fraction is larger and it probes a complementary topology. The results should be described as
study-level projections, subject to the stated luminosities, detector assumptions, signal model and
systematic-treatment assumptions.
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Appendix A

Coupling and notation dictionary

Symbol Meaning

NG Centre-of-mass energy of the ete™ collision.

my, 'z 7Z-boson mass and total width.

mw, 'y W-boson mass and total width.

sin? Hﬁﬁ Effective weak mixing angle measured in leptonic asymmetries.

Ry Ratio Fbg/rhad.

N, Effective number of light neutrino species inferred from invisible Z
width.

Ag’é Pole forward—backward asymmetry for fermion f.

Py, Pr Chiral projectors (1 F ~5)/2.

g{, gj; Left- and right-handed Z couplings to fermion f.

g{;, gf; Vector and axial-vector Z couplings.

091,7 Deviation in the WW Z triple-gauge coupling.

Ok Deviation in the W W~ magnetic-dipole-like coupling.

Az Higher-derivative anomalous WW Z coupling.

Kz, KW Higgs coupling modifiers for HZZ and HWW.

Kb, Ke, Kt Higgs Yukawa modifiers for bottom, charm and top.

Kgs Ky K2~y Effective loop-induced Higgs modifiers.

Biny Invisible Higgs branching ratio.

Byng or Bung Undetected /untagged Higgs branching ratio.

Iy Total Higgs width.

myS Potential-subtracted top mass used for threshold fits.

Cqt Chromomagnetic tqg FCNC coefficient.

Mgt Scalar t¢H FCNC coefficient.

Xgt Vector tqZ FCNC coefficient.

Kt Dipole tqZ FCNC coefficient.

Agt Dipole tqy FCNC coefficient.

€p, €c b-tagging efficiency and charm-tagging/mistag working-point number
as used in the analysis.

CL;g Modified frequentist confidence-level ratio used for expected upper
limits.
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Appendix B

Electroweak formula sheet

127 T.T T I
0 el had had bb
Ohnd = —o , Ry = , Ry = =—*, B.1
had T mZ T% T Ty " Thad (B-1)
(91)% = (gh)? 0 _ 3 iy
= ’J% lit AFé = ZAeAf’ Ny = Psn‘g' (B.2)
v

(91)? + (95>’
A full FCC electroweak fit also includes QED radiator functions, beam-energy calibration,

luminosity theory and correlations among pseudo-observables.

22



Appendix C

Higgs recoil and coupling-extraction
formula sheet

m?ecoﬂ =s+ mQZ —2v/sEy, (C.1)
o(ZH) x k%, (C.2)
/432 HZ
o(ZH)Br(H — X) I{ X (C.3)
H
I{2 162
o(vvH)Br(H — X) oc —¥ X (C.4)
H
/€2H2
uf ==L, (C.5)
K
2 ”%{
Ry = : C.6
H 1- Binv - Bund ( )
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Appendix D

SMEFT operator map

Operator Main effect

OuwnB Shifts electroweak mixing and correlates EWPOs with
Higgs-gauge couplings.

Owuwp Affects custodial-sensitive electroweak observables and
Higgs-gauge interactions.

Og%, Ogg Shift lepton electroweak currents, including Zee and
Wev.

One Shifts right-handed electron coupling to the Z.

Ouw, Oup Modify Higgs-gauge and diboson interactions.

Ow Produces momentum-dependent triple-gauge-coupling

Top dipoles and currents

deviations.
Affect top EW couplings and loop-induced Higgs/top
correlations.
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Appendix E

Top-FCNC branching-ratio formula
sheet

For the convention used in the slides,

(8]
D(t = q7) = Sm(NGP + NEP), (E.1)
a m? 2 L2 R|2
Dt —=q92)k = 5555 5 (1 =12)°(2+712)(|kg|” + [rgl™), (E.2)

- 2 2
32siycy my

Br(t — ¢X) ~T(t — ¢X)/T5M, rz =m%/m?. (E.3)

These expressions must not be combined with a differently normalised FCNC Lagrangian. If

another UFO model is used, the conversion between coupling limits and branching ratios
must be rederived or checked against the model documentation.

25



Appendix F

Analysis checklist

1. Generate FCNC signal with one anomalous coupling switched on at a time.

2. Simulate detector response in the official FCC chain or a documented Delphes/IDEA approxima-
tion.

Reconstruct exclusive two-jet and four-jet topologies with the selected ee-Durham algorithm.
Apply lepton, jet, angular and flavour-tagging selections.
Build signal and background templates for discriminating variables.

Construct channel-wise likelihoods and combine channels/energies.

N oo W

Translate signal-strength limits into branching-ratio limits using the same Lagrangian normalisa-
tion.

8. Repeat with systematic uncertainties and possibly multivariate discriminants for a final public
analysis.
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Appendix G

Extended formula compendium

This appendix collects compact formulae that are useful during Q&A. They are intentionally
redundant with the main text, because they provide a quick technical lookup while presenting.

G.1 Kinematics and event reconstruction

s = (pe+ +pe_)27
p&iss - p5+ +pg— - ZP%
7

Hp = ZPT@',

7
cos ) = ]ii']_),j,
il

G.2 Electroweak couplings

o (my; —my)?

2
O

Qe - _17
g{ :T;_Qfsgﬂ"v
g =gl + g,
3
ry = N9
627
_ 29\];9,];
Af* 2 AVE
(9)* + (921)

Ry =T

/Thad,

Iy = er +Finva

f

)

()2 + (%] (1 + 5p),

27

Ebeam = \/§/2>

_ .0
Emiss - pmissv

mlgjj = (pp +pjy +Pj2)2,

ARi; = \/(ni = mp)? + (61 — 65)%,

2

2 2
Xtot = XW T Xt

1

TS = —=

3 2’
g{% = _Qfsgffa
9,{1 = g{ - g{%a

3
A%:Z&Aﬁ
Rc — FC/Fhada
Diny = N, T5M,

T5: =+

(G.11)

(G.12)
(G.13)
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G.3 Higgs rates

OZH = HZO'%%, I'sx = /%(F%
o;Br
Bry = I'x /T, IS h
X x/Tu wy = (0B o
K}2f€2
:“zf: ;2f7 “%I:ZR?BrJS'M’
J
2
=2 K
K s FH K F
"= — Biny — Bund a
2z : Ky
0(ZH)Bry « T, o(ZH)Bryz- x Ty
KZ2 H2
o(vwH)Brx VIL/ X m2 o =5 +m% — 2/s5E.
H
G.4 SMEFT expansion and fit structure
L L “o
SMEFT = SM+ZF it
(2
C.
A= Ay + Z A
CCJ quad

U—USM+ZAZ 1nt+z 1, ,

*(€) = (Oexp — O (C)) TV (Oexp ~ Ow(0)),
5‘520t = 552tat + 5syst + 5 + 512Jaram

G.5 Top FCNC partial widths and yields

Ng = 0gLeg, Np =opLep,

ZA:\/Q[(S+B)1n<1+§>—S} Zg,y5 = S/VB,

«
Dt q) = SmalAnl? + Arf?)
3

« m
F(t—>qZ) 3272 t (1—TZ) (2+TZ)(|K}L|2+|K/R’2),
Sty iy M,
Br(t — ¢X) ~T(t — ¢X)/T?M, rz =m%/m?,
L(,0) = [ ] Pois(nep|pses(0) + bes(0)) [ [ 7x (),
c,b k
_ o Al F) crL, = I=tt
L(f1,0) 1 —ps

(G.14)
(G.15)

(G.16)

(G.17)
(G.18)

(G.19)

(G.25)
(G.26)
(G.27)

(G.28)

(G.29)
(G.30)

(G.31)
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Appendix H

Glossary

Term Explanation

FCC Future Circular Collider.

FCC-ee Electron—positron stage of the FCC integrated programme.
FCC-hh Proton—proton stage of the FCC integrated programme.
HL-LHC High-Luminosity Large Hadron Collider.

Tera-Z FCC-ee Z-pole programme with about 102 Z bosons.
EWPO Electroweak precision observable.

SMEFT Standard Model Effective Field Theory.

EFT Effective Field Theory.

BSM Beyond the Standard Model.

FCNC Flavour-changing neutral current.

GIM Glashow—Iliopoulos—Maiani suppression mechanism.
Higgsstrahlung Associated production ete™ — ZH.

Recoil mass

VBF

WW threshold
aTGC

IDEA
EDM4HEP
FCCSW
FCCAnalyses
UFO

CL;

Asimov dataset

Mass inferred from the system recoiling against the reconstructed Z
boson.

Vector-boson fusion.

Energy region near ete™ — WTW ™ threshold.

Anomalous triple-gauge coupling.

Innovative Detector for Electron-positron Accelerators.

Event Data Model for High-Energy Physics.

FCC software framework.

FCC analysis framework for processing EDM4HEP samples.

Universal FeynRules Output model format.

Modified frequentist method for exclusion limits.

Representative dataset equal to the expectation, used for expected
sensitivities.
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