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! In short:"

! All 3 options can do a lot in terms of improving our understanding of the electroweak sector:"

! Properties of the Electroweak gauge bosons (EWPO)"

! Mass and couplings of the Higgs boson"

! The point of this talk:"

! To get an overall idea of what one could get after combining the di#erent collider options É"

! É emphasizing complementarities between them (to convince you that they are all important)"

! DISCLAIMER:  All results in this talk are VERY preliminary"

The Future Circular Collider

Jorge de Blas 
INFN - University of Padova
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Amsterdam , April 11, 2018

Introduction

FCC-ee: Experimental PRECISION

FCC-eh: a good mix of both

FCC-hh: ENERGY



! Theoretical framework: The dimension-6 SMEFT 

! Electroweak precision observables at the FCC 

! Higgs observables at the FCC 

! The Global Þt to EW and Higgs observables 
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Low Energy observables:

Parity Violation : QW (133
55 Cs, 205

81 Tl) , Q W (e)(M¿ller)

! scatt . : gV,A ( ! µ e) , g2
L,R ( ! µ N )

CKM unitarity :
!

i |Vui |2

LEP 2 data:

" (e+ e! ! #+ #! , had) , A ! + ! !

F B , d" e+ e! " e+ e!

d cos #

Higgs signal strengths:

H ! $$ , ZZ, W + W ! , bøb, %+ %!

LHC Drell-Yan
" (pp ! #+ #! )

3 E! ective Lagrangian description of New Physics:
Equations

L E! =
! "

d=4
1

" d ! 4 L d = L SM + 1
" L 5 + 1

" 2 L 6 + á á á (2)

L d =
!

i &d
i O d

i (3)

"
O d

i

#
= d (4)

E " " (5)

4 New Particles
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1 Equations

Ci / ! 2 (1)

L d =
!

i C d
i O i (2)

[O i ] = d (3)

µ =
!

i w i r i (4)

i = ggF, V BF, ZH, W H, tth (5)

r i = [! ! BR] i
[! SM ! BR SM ]i

(6)

w i = " i [! ! BR] i!
j " j [! SM ! BR SM ]j

(7)

L Higgs = L hV V + L hf f + L hV f f + L hT f f (8)

L hV V = h
"

g(1)
hZZ Z µ # Z µ # + g(2)

hZZ Z # ! µ Z µ # + g(3)
hZZ Z µ Z µ !

+ ghAA A µ # A µ # + g(1)
hZA Z µ # A µ # + g(2)

hZA Z # ! µ A µ # !

+ g(1)
hW W W +

µ # W " µ # +
"

g(2)
hW W W +

# D µ W " µ # + ( g(2)
hW W )#W "

# D µ W + µ #
#

+ g(3)
hW W W +

µ W " µ +

+ ghGG Tr [ Gµ # Gµ # ])
(9)

L hf f = h
!

f ghf f f L f R + h .c.. (10)

L hV f f = hZ µ

" !
f g( L )

hZf f f L " µ f L +
!

f g( R )
hZf f f R " µ f R +

#
+

h
$
g( L )

hW ud

"
W +

µ u L " µ dL + h .c.
#

+ g( R )
hW ud

"
W +

µ u R " µ dR + h .c.
#

+ g( L )
hW e #

"
W +

µ eL " µ #L + h .c.
#%

(11)

$ i = $ SM
i +

!
X ai

hX ghX + O (g2
hX ) (12)

" i = " SM
i +

!
X ai

hX ghX + O (g2
hX ) (13)

%Z = 1 + &h + 1
2 CHD

v 2

! 2 ! 1
2 &G F (14)
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! : Cut-o" of the EFT
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EFT analyses with FCC precision
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aINFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.

EFT: E! ects suppressed by ! q
!

"d! 4

q = v, E < !

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

M Z [GeV] 10 ! 4 (10 ! 6 )
" Z [GeV] 10 ! 4 (4 ! 10! 5 )
! 0

had [nb] 5 ! 10! 3 (10 ! 4 )
R e 0.006 (3 ! 10! 4 )
R µ 0.001 (5 ! 10! 4 )
R ! 0.002 (10 ! 4 )
R b 0.00006 (3 ! 10! 4 )
R c 0.00026 (15 ! 10! 4 )

Table 1: Expected sensitivities toZ -lineshape parameters and normalized partial decay widths.
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E"ects  
suppressed by

Truncate at d=6: 59 types of operators (2499 counting ßavor) 
W. BuchmŸller, D. Wyler, Nucl. Phys. B268 (1986) 621
C. Arzt, M.B. Einhorn, J. Wudka, Nucl. Phys. B433 (1995) 41 

B.Grzadkowski, M.Iskrynski, M.Misiak, J.Rosiek, JHEP 1010 (2010) 085

First complete basis, aka Warsaw  basis
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1 EFT

E! ects of EFT interactions suppressed by

! q
!

"d�4

q = v, E < !

M 2
Z

(1TeV) 2 ! 0.8% M 4
Z

(1TeV) 4 ! 0.007%
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The dimension-6 SMEFT

! The dimension 6 SMEFT: 

! LO new physics e"ects ÒstartÓ at dimension 6  

! With current precision, and assuming ! ~TeV, sensitivity to d>6 is small

Power counting: EFT expansion in canonical dimension of operators
Particles and symmetries of the low-energy theory:  SM
Assumes new physics is heavy + decoupling



O! W B = !   " a! B µ" W a
µ"

vhB µ! W 3
µ!

v2B µ! W 3
µ !

h ! ZZ, !!

ModiÞes neutral gauge "
boson self-energies

EWPT

Higgs phys.

EWSB

(dim 4)

(dim 5)
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The dimension-6 SMEFT

! Advantages of EFTs: 

! Completely model-independent description of new physics                                                                   
(Consistent with assumptions of SM at low energies) 

! Well-deÞned perturbative expansion (can compute at N nLO) 

! Well-deÞned way of connecting with explicit UV completions via matching/integrating out 
heavy degrees of freedom 

! Describes correlations of new physics e"ects in di"erent types of observables, e.g. 



! Fit to new physics e#ects parameterized by the dimension 6 SMEFT:"

! Bayesian Þt using"

! FCC sensitivity:  from posterior info (NP parameter errors/limits)"

! Assumptions:"

! Likelihood:  SM predictions as central values for future ÒexperimentalÓ measurements. Errors given 
by projected experimental uncertainties. (For comparison, results using current data are also shown 
assuming SM central values, with current uncertainties.)"

! SM theory uncertainties:  SM intrinsic and parametric uncertainties reduced according to future 
projections. Included in the analysis when available."

! New physics e"ects: Working at the linear-level in the EFT e#ects (interference with SM amplitudes)"

Jorge de Blas 
INFN - University of Padova

FCC Week 2018 
Amsterdam , April 11, 2018

FCC sensitivity to New Physics 

General strategy for calculation of future sentivities

Þt

1
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1 More

O = OSM + ! ONP
1

! 2

2 Labels

! ge
L /g e,SM

L

! ge
R /g e,SM

R

! gµ
L /g µ, SM

L

! gµ
R /g µ, SM

R

! g!
L /g ! ,SM

L

! g!
R /g ! ,SM

R

! gu
L /g u, SM

L

! gu
R /g u, SM

R

! gc
L /g c,SM

L

! gc
R /g c,SM

R

! gt
L /g t, SM

L
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! Electroweak precision measurements at FCC-ee 

Precision measurements at the Z pole

Z-lineshape parameters and normalized partial decay widths

Latest Results from FCC-ee CDR

Jorge de Blas 
INFN - University of Padova

FCC Week 2018 
Amsterdam , April 11, 2018

Electroweak precision observables at FCC ee

Thanks to Roberto Tenchini and Alain Blondel for info about the FCC-ee EW measurements

February 16, 2018
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1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

M Z [GeV] 10 ! 4 (10 ! 6 )
! Z [GeV] 10 ! 4 (4 ! 10! 5 )
! 0

had [nb] 5 ! 10! 3 (10 ! 4 )
R e 0.006 (3 ! 10! 4 )
R µ 0.001 (5 ! 10! 4 )
R ! 0.002 (10 ! 4 )
R b 0.00006 (3 ! 10! 4 )
R c 0.00026 (15 ! 10! 4 )

Table 1: Expected sensitivities toZ -lineshape parameters and normalized partial decay widths.

Observable Expected uncertainty (Relative uncertainty)

A e 10! 4 (7 ! 10! 4 )
A µ 1.5 ! 10! 4 (10 ! 3 )
A ! 3 ! 10! 4 (2 ! 10! 3 )
A b 30 ! 10! 4 (32 ! 10! 4 )
A c 80 ! 10! 4 (12 ! 10! 3 )

sin 2 " e
E ! (P! ) 6 .6 ! 10! 6 (3 ! 10! 5 )

sin 2 " "
E ! (A µ

F B ) 5 ! 10! 6 (2 ! 10! 5 )

Table 2: Expected sensitivities ofZ -pole left-right asymmetry parameters.
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Z-pole left-right asymmetry parameters

See R. TenchiniÕs talk for details
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sin 2 " "
E ! (A µ

F B ) 5 ! 10! 6 (2 ! 10! 5 )

Table 2: Expected sensitivities ofZ -pole left-right asymmetry parameters.

Observable Expected uncertainty (Relative uncertainty)

M W [GeV] 6 .5 ! 10! 4 (8 ! 10! 6 )
! W [GeV] 1 .59 ! 10! 3 (8 ! 10! 4 )

R inv 0.002 (3 ! 10! 4 )

Table 3: Expected sensitivities on EWPO measured at theWW threshold.

9 Expected precision for EWPO at FCC-eh

10 Expected precision for Top couplings at FCC-ee

11 Expected precision for aTGC at FCC-ee

8



Precision measurements at the WW threshold

Observable Expected uncertainty (Relative uncertainty)

M W [GeV] 6 .5 ! 10! 4 (8 ! 10! 6 )
! W [GeV] 1 .59 ! 10! 3 (8 ! 10! 4 )

R inv 0.002 (3 ! 10! 4 )

Table 3: Expected sensitivities on EWPO measured at theWW threshold.

Observable Expected uncertainty (Relative uncertainty)

m t [GeV] 50 ! 10! 3 (3 ! 10! 4 )
M H [GeV] 7 ! 10! 3 (6 ! 10! 5 )

Table 4: Expected uncertainties on the top and Higgs masses at FCC-ee.
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Latest Results from FCC-ee CDR

ÒFirst Look at the Physics Case of TLEPÓ 
JHEP 1401 (2014) 164
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Electroweak precision observables at FCC ee

! Electroweak precision measurements at FCC-ee 

See P. AzurriÕs talk for details
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Electroweak precision observables at FCC ee

! EWPO sensitive to modiÞcations of NC couplings 
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1 Couplings in EFT

1.1 EW couplings
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Flavor non-universal contributions

Flavor-universal contributions

Indirect e"ect associated to modiÞcations in # decay (G F)

2 Couplings in EFT

2.1 Operators
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! EWPO sensitive to modiÞcations of CC couplings (Ignoring CKM e"ects) 

! W mass: 

Flavor non-universal contributions

Flavor-universal contributions
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Operators

No more operators but constraints 
1 more direction 

EWPO: Z-pole + W properties 

Constrain 8 independent 
combinations (in the FU case)



! Electroweak precision measurements at FCC-ee of SM inputs 

Precision measurements of Top and Higgs masses

Observable Expected uncertainty (Relative uncertainty)

M W [GeV] 6 .5 ! 10! 4 (8 ! 10! 6 )
! W [GeV] 1 .59 ! 10! 3 (8 ! 10! 4 )

R inv 0.002 (3 ! 10! 4 )

Table 3: Expected sensitivities on EWPO measured at theWW threshold.

Observable Expected uncertainty (Relative uncertainty)

m t [GeV] 50 ! 10! 3 (3 ! 10! 4 )
M H [GeV] 7 ! 10! 3 (6 ! 10! 5 )

Table 4: Expected uncertainties on the top and Higgs masses at FCC-ee.
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Precision measurements of the EM constant from             bove and below the Z pole
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Correction to bottom asymetries

A b = 0 .93465 '$ 0.93478 (56)
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!
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EWPO at HC:
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" C# W B

v 2

" 2 (63)
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With a 1-year running period at 87.9/94.3 GeV (85 ab-1):

! S (M Z ) |2014 = 0 .1185 ± 0.0005 (15)

! S (M Z ) |PDG
Lattice = 0 .1187 ± 0.0012 (16)

! S (M Z ) |FLAG
Lattice = 0 .1182 ± 0.0012 (17)

Values of! S second update 2016:

! S (M Z ) = 0 .1180 ± 0.0010 (18)

! S (M Z ) |2016 = 0 .1179 ± 0.0012 (19)

! S (M Z ) |PDG
Lattice = 0 .1188 ± 0.0011 (20)

! S (M Z ) |FLAG
Lattice = 0 .1182 ± 0.0012 (21)

Values ofmt :

m t = 173 .34 ± 0.27 (stat .) ± 0.71 (sys.) GeV (22)

m t = 173 .34 ± 0.76 GeV (23)

Values ofMW :

M ATLAS
W = 80 .370 ± 0.019 GeV (24)

Future values inputs: strong coupling

"! S (M 2
Z ) ! 0.0002 (25)

Em constant: BES
" ( ! ! (5)

had (M 2
Z )) ! 0.00005 (26)

Em constant FCC
"! ! 1

em (M 2
Z ) " 0.003% (27)

A µµ
F B (28)

" ( ! ! (5)
had (M 2

Z )) ! 0.00003 (29)

Correction to bottom assymetries

A b = 0 .93465 #$ 0.93478 (30)

A 0,b
FB = 0 .103383 #$ 0.103397 (31)
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See note in P. JanotÕs talk for details
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! Electroweak precision measurements at FCC-ee 

Precision measurements of Top couplings at 365 GeV

Thanks to Patrick Janot for for info about the FCC-ee Ztt  measurements

Jorge de Blas 
INFN - University of Padova

FCC Week 2018 
Amsterdam , April 11, 2018

Electroweak precision observables at FCC ee

Assuming new physics only in Ztt couplings

Observable Expected uncertainty (Relative uncertainty)

m t [GeV] 50 ! 10! 3 (3 ! 10! 4 )
M H [GeV] 7 ! 10! 3 (6 ! 10! 5 )

Table 4: Expected uncertainties on the top and Higgs masses at FCC-ee.

Observable Expected uncertainty (Relative uncertainty)

gu
V 0.0022 (1 .1%)

gu
A 0.0031 (0 .6%)

gd
V 0.0049 (1 .4%)

gd
A 0.0049 (0 .97%)

Table 5: Expected sensitivities to V and A light quark couplings.

FCC-ee 365 GeV

Correlation
Coupling Uncertainty Matrix

! gt
V /g t SM

V 0.009 1 0.25
! gt

A /g t SM
A 0.021 1

Table 6: Expected uncertainties on the Top couplings at FCC-ee.

FCC-ee 365 GeV

Correlation
Coupling Uncertainty Matrix

! gt
L /g t SM

L 0.008 1 " 0.96
! gt

R /g t SM
R 0.016 1

Table 7: Expected uncertainties on the Top couplings at FCC-ee.

FCC-ee 365 GeV

Correlation
Coupling Uncertainty Matrix

! gt
V /g t SM

V 0.009 1 0.25
! gt

A /g t SM
A 0.021 1

! gt
L /g t SM

L 0.008 1 " 0.96
! gt

R /g t SM
R 0.016 1

Table 8: Expected uncertainties on the Top couplings at FCC-ee.

6

F !
1V

F Z
1V

F !
2V

F Z
2V

F Z
1A

U
nc

er
ta

in
ty

-310

-210

-110

 LHC

 ILC

 FCC-ee

FIG. 4. (ModiÞed from Ref. [3]). Statistical uncertainties on CP-conserving top-quark form factors

expected at the ILC (blue) and the LHC (red). The Þgure was modiÞed to include the projections

from the FCC-ee. The results for the LHC assume an integrated luminosity of 300 fb! 1 and a centre-

of-mass energy of 14 TeV. The results for the ILC assume an integrated luminosity of 500 fb! 1 at
!
s = 500 GeV, and beam polarizations ofP = ± 0.8, P" = " 0.3. The ILC projections are obtained

from the measurements of the total top-quark pair production cross section, together with the

top-quark forward-backward asymmetry. The FCC-ee projections are obtained at
!
s = 365 GeV,

with unpolarized beams and with an integrated luminosity of 2.4 ab! 1, from the sole lepton angular

and energy distributions.

factor uncertainties were determined for any value of the assumed cross-section theoretical

error. The result is displayed in Fig. 5 for a theoretical error between 0.01% and 100%.

The uncertainties on the Þrst four form factors stay below a few per mil if the total cross

section can be predicted with a precision of 2% or better. The uncertainty onF Z
1A remains

essentially una! ected as long as the theoretical precision on the cross section is below 10%.

13

Discussion

The above results are obtained under the assumption that the gauge-invariance-violating

form factor (F �
1A ) and the CP-violating form factors (F �,Z

2A ) vanish, to allow for a one-to-

one and straightforward comparison with Ref. [3]. From an experimental point-of-view,

however, there is no a-priori reason why these form factors could not be extracted from

the measurements of the lepton angular and energy distributions. The present study is

therefore extended, with 2.4 ab�1 at
p

s = 365GeV, to the following two configurations by

relaxing the constraints on F �
1A , F �

2A and F Z
2A : either the four form factors F X

1V,A are varied

simultaneously while the four F X
2V,A are fixed to their standard model values, or vice-versa.

In the first configuration, it turns out that relaxing the constraint on F �
1A does not sizeably

change the precision on the other three F X
1V,A form factors, as shown in Table I. A per-cent

accuracy is also obtained on F �
1A .

TABLE I. Precision on the four F X
1V,A expected with 2.4 ab�1 at

p
s = 365 GeV at the FCC-ee,

if F �
1A is Þxed to its standard model value (Þrst row) or if this constraint is relaxed (second raw).

The precisions expected with 500 fb�1 at
p

s = 500 GeV are indicated in the third row.

Precision on F �
1V F Z

1V F �
1A F Z

1A

Only three F X
1V,A 1.2 10�3 2.9 10�3 0.0 10�2 2.2 10�2

All four F X
1V,A 1.2 10�3 3.0 10�3 1.3 10�2 2.4 10�2

p
s = 500 GeV 5.5 10�3 1.5 10�2 1.0 10�2 2.2 10�2

The situation with the F X
2V,A form factors in the second configuration is even clearer.

Indeed, the distributions related to F �
2A and F Z

2A form factors are CP odd, while those

related to F �
2V and F Z

2V are CP even. With vanishing correlation coe! cients, the two pairs

of form factors can therefore be determined independently from each other. The precisions

on F �
2V and F Z

2V , expected with 2.4 fb�1 at
p

s = 365GeV at the FCC-ee, are thus unchanged

with respect to Fig. 4 when the constraint on F �
2A and F Z

2A is relaxed, and amount to 8.1 10�4

and 2.3 10�3 respectively. With 500 fb�1 at
p

s = 500GeV, the precisions would be 2.5 10�3

and 8.3 10�3 respectively, as also shown in Fig. 3.

The accuracy of the CP-violating form factors with the sole lepton angle and energy

distributions is moderately constraining (1.4 10�1 on F �
2A and 8.2 10�1 on F Z

2A ) because of

the important correlation between the two distributions f �
D and f Z

D , well visible in Fig. 1. A

15

2 Anomalous triple gauge bosons

L TGC = ie
!"

W +
µ ! W !

µ ! W !
µ ! W +

µ

#
A ! + (1 + �" )A µ ! W +

µ W !
!

$

+ ig cos ✓W

!
(1 + �g1,Z )

"
W +

µ ! W !
µ ! W !

µ ! W +
µ

#
Z ! + (1 + �Z ) Z µ ! W +

µ W !
!

$

+ ie # !

m 2
W

W +
µ ! W !

!$ A $µ + ig cos ✓W
# Z

m 2
W

W +
µ ! W !

!$ Z $µ ,

�" = e
4s2

W

%
4sW cW

e C%W B ! cW CD %B ! sW CD %W
&

v 2

! 2

�g1,Z = ! sW
e m 2

Z CD %W
v 2

! 2

�Z = �g1,Z ! g! 2

g2 �"

�" = �Z = ! 3
2

e
sW

C3W
v 2

! 2

3 ! framework

2
X = &( X " h )

&( X " h ) SM
2

Y = " ( h " Y )
" ( h " Y ) SM

(1)

i "= 1 (2)

4 EW Top couplings

! ttX
µ = ! ie

'
�µ

%
F X

1V + �5F X
1A

&
+ &µ "

2m t
(pt + pøt )

!
%
iF X

2V + �5F X
2A

&(
(3)

2P. Janot, JHEP 1504 (2015) 182
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! Electroweak precision measurements at FCC-eh 

Precision measurements of couplings to light quark families

Thanks to Daniel Britzger for info about the FCC-eh EW  measurements
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INFN - University of Padova
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Electroweak precision observables at FCC eh

Assuming new physics only in Zqq  couplings
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Observable Expected uncertainty (Relative uncertainty)

m t [GeV] 50 ! 10! 3 (3 ! 10! 4 )
M H [GeV] 7 ! 10! 3 (6 ! 10! 5 )

Table 4: Expected uncertainties on the top and Higgs masses at FCC-ee.

Observable Uncertainty (Relative uncertainty)

gu
V 0.0022 (1 .1%)

gu
A 0.0031 (0 .6%)

gd
V 0.0049 (1 .4%)

gd
A 0.0049 (0 .97%)

Table 5: Expected sensitivities to V and A light quark couplings.

FCC-ee 365 GeV

Correlation
Coupling Uncertainty Matrix

! gt
V /g t SM

V 0.009 1 0.25
! gt

A /g t SM
A 0.021 1

Table 6: Expected uncertainties on the Top couplings at FCC-ee.

FCC-ee 365 GeV

Correlation
Coupling Uncertainty Matrix

! gt
L /g t SM

L 0.008 1 " 0.96
! gt

R /g t SM
R 0.016 1

Table 7: Expected uncertainties on the Top couplings at FCC-ee.

FCC-ee 365 GeV

Correlation
Coupling Uncertainty Matrix

! gt
V /g t SM

V 0.009 1 0.25
! gt

A /g t SM
A 0.021 1

! gt
L /g t SM

L 0.008 1 " 0.96
! gt

R /g t SM
R 0.016 1

Table 8: Expected uncertainties on the Top couplings at FCC-ee.
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! Global Þt to electroweak precision measurements at FCC-ee + FCC-eh 

No Fermion ßavour universality assumed

Jorge de Blas 
INFN - University of Padova

FCC Week 2018 
Amsterdam , April 11, 2018

Electroweak precision observables at FCC ee/eh
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! Global Þt to electroweak precision measurements at FCC-ee + FCC-eh 
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Electroweak precision observables at FCC ee/eh

No Fermion ßavour universality assumed Independent info about all 3 SM fermion families
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Electroweak precision observables at FCC ee/eh

FCC-ee/eh

FCC-ee/eh (1 op. at a time)

95% Prob. Limits

Independent info about all 3 SM fermion families

Preliminary
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Higgs precision observables at FCC ee

! Uncertainties rescaled to 2 IP wrt. ÒFirst Look at the Physics Case of TLEPÓ  JHEP 1401 (2014) 164  

Associated ZH production W boson fusion (WBF) production

6 Expected precision for Higgs cross sections and decays
at FCC-ee

Observable Expected uncertainty

! HZ 0.57%

! HZ Br( H ! bøb) 0 .28%
! HZ Br( H ! cøc) 1 .7%
! HZ Br( H ! gg) 1 .4%
! HZ Br( H ! W ± W !" ) 1 .3%
! HZ Br( H ! " + " # ) 1 .0%
! HZ Br( H ! ZZ " ) 4 .4%
! HZ Br( H ! ## ) 4 .2%
! HZ Br( H ! µ + µ # ) 18 .4%

Table 5: Expected sensitivities in associated production with aZ : e+ e! ! ZH . Scaled to 2
IP.

Observable Expected uncertainty

! (240GeV)
W BF Br( H ! bøb) 3 .1%

! (350GeV)
W BF Br( H ! bøb) 0 .79%

Table 6: Expected sensitivities in WBF production with aZ : e+ e! ! H ! ø! . Scaled to 2 IP.

Observable Expected uncertainty?

! Br( H ! Z #) " 10%?

Table 7: FCC-ee sensitivity toH ! Z" ?

5

6 Expected precision for Higgs cross sections and decays
at FCC-ee

Observable Expected uncertainty

! HZ 0.57%

! HZ Br( H ! bøb) 0 .28%
! HZ Br( H ! cøc) 1 .7%
! HZ Br( H ! gg) 2 .0%
! HZ Br( H ! W ± W !" ) 1 .3%
! HZ Br( H ! " + " # ) 1 .0%
! HZ Br( H ! ZZ " ) 4 .4%
! HZ Br( H ! ## ) 4 .2%
! HZ Br( H ! µ + µ # ) 18 .4%

Table 5: Expected sensitivities in associated production with aZ : e+ e! ! ZH . Scaled to 2
IP.

Observable Expected uncertainty
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W BF Br( H ! bøb) 3 .1%

! (350GeV)
W BF Br( H ! bøb) 0 .79%

Table 6: Expected sensitivities in WBF production with aZ : e+ e! ! H ! ø! . Scaled to 2 IP.
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5

See M. KluteÕs talk for details



Jorge de Blas 
INFN - University of Padova

FCC Week 2018 
Amsterdam , April 11, 2018

Higgs precision observables at FCC eh

! FCC-eh (60 GeV e - 50 TeV p):  Precisions for 2 ab -1 of data 

CC DIS: W boson fusion (WBF) NC DIS: Z boson fusion (ZBF)

Observable Expected uncertainty

! W BF Br( H ! bøb) 0 .27%
! ZBF Br( H ! bøb) 0 .83%

! W BF Br( H ! cøc) 2 .36%
! ZBF Br( H ! cøc) 7 .08%

! W BF Br( H ! gg) 1 .78%
! ZBF Br( H ! gg) 5 .62%

! W BF Br( H ! W ± W !" ) 2 .45%
! ZBF Br( H ! W ± W !" ) 4 .29%

! W BF Br( H ! " + " # ) 1 .65%
! ZBF Br( H ! " + " # ) 5 .25%

! W BF Br( H ! ZZ " ) 3 .94%
! ZBF Br( H ! ZZ " ) 11 .8%
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6Thanks to Max and Uta Klein for info about the FCC-eh Higgs measurements
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Higgs precision observables at FCC ee and eh

! Fit to modiÞed Higgs couplings ( assuming no extra invisible decays )  

Cross Theory uncertainty
Section (Intrinsic+Param.)

! (e+ e! ! ZH ) . 0.4%
! (e+ e! ! " ønuH ) " 1%

Table 14: Projected intrinsic and parametric uncertainties for the partial and total Higgs-boson
decay width predictions.

FCC-ee
Coupling Relative precision

#b 0.58%
#t #
# ! 0.78%
#c 1.05%
#µ 9.6%
#Z 0.16%
#W 0.41%
#g 1.23%
#" 2.18%

#Z " #

Table 15: Expected sensitivities to SM-like couplings (FCC-ee).

FCC-eh
Coupling Relative precision

#b 0.74%
#t #
# ! 1.10%
#c 1.35%
#µ #
#Z 0.43%
#W 0.26%
#g 1.17%
#" 2.35%

#Z " #

Table 16: Expected sensitivities to SM-like couplings (FCC-ee).

FCC-ee/FCC-eh
Coupling Relative precision

#b 1.1%
#t 1.1%
#! 1.1%
#c 1.1%
#µ 1.1%
#Z 1.1%
#W 1.1%
#g 1.1%
#" 1.1%

#Z " 1.1%

Table 17: Expected sensitivities to SM-like couplings (FCC-ee/eh). FILL?
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See M. KluteÕs talk for MI Þt
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Higgs precision observables at FCC ee and eh

! Fit to modiÞed Higgs couplings (assuming no extra invisible decays)  
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Higgs precision observables at FCC ee and eh

! Fit to modiÞed Higgs couplings (assuming no extra invisible decays)  
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Higgs precision observables at FCC ee and eh

! Fit to modiÞed Higgs couplings (assuming no extra invisible decays)  

Cross Theory uncertainty
Section (Intrinsic+Param.)

! (e+ e! ! ZH ) ! 0.4%
! (e+ e! ! " ønuH ) " 1%

Table 18: Projected intrinsic and parametric uncertainties for the partial and total Higgs-boson
decay width predictions.

FCC-ee
Coupling Relative precision

#b 0.58%
#t #
# ! 0.78%
#c 1.05%
#µ 9.6%
#Z 0.16%
#W 0.41%
#g 1.23%
#" 2.18%

#Z " #

Table 19: Expected sensitivities to SM-like couplings (FCC-ee).

HLLHC (ATLAS)
Coupling Relative precision

#b 10.4%
#t 7.6%
#! 0.78%
#c #
#µ 7.4%
#Z 3.7%
#W 4.2%
#g 5.2%
#" 4.3%

#Z " 15%

Table 20: Expected sensitivities to SM-like couplings (HLLHC ATLAS).

HLLHC + FCC-ee
Coupling Relative precision

#b 0.55%
#t 5.19%
#! 0.76%
#c 1.03%
#µ 5.20%
#Z 0.16%
#W 0.40%
#g 1.03%
#" 1.41%

#Z " 14.2%

Table 21: Expected sensitivities to SM-like couplings (FCC-ee + HLLHC [ATLAS]).

13

FCC-eh
Coupling Relative precision

! b 0.74%
! t !
! ! 1.10%
! c 1.35%
! µ !
! Z 0.43%
! W 0.26%
! g 1.17%
! " 2.35%

! Z " !

Table 22: Expected sensitivities to SM-like couplings (FCC-ee).

HLLHC + FCC-eh
Coupling Relative precision

! b 0.69%
! t 5.27%
! ! 1.06%
! c 1.33%
! µ 6.25%
! Z 0.41%
! W 0.25%
! g 1.02%
! " 1.44%

! Z " 14.26%

Table 23: Expected sensitivities to SM-like couplings (FCC-eh + HLLHC).

FCC-ee/FCC-eh
Coupling Relative precision

! b 1.1%
! t 1.1%
! ! 1.1%
! c 1.1%
! µ 1.1%
! Z 1.1%
! W 1.1%
! g 1.1%
! " 1.1%

! Z " 1.1%

Table 24: Expected sensitivities to SM-like couplings (FCC-ee/eh). FILL?

14
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Using HLLHC Results (Only 1 Experiment) to Þll the gaps
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Higgs complementarities

! Rare Higgs decays statistically limited at FCC-ee/eh 

! Can be measured at FCC-hh with 1% stat. precision (in %#/# ) 

! Systematics can be further cancelled by measuring ratios of BR (&&/4l, ##/4l, Z&/4l,  &&/## ) 

! Robust determination by this method requires both FCC-hh and FCC-ee/eh 15

 BR(H!"" )/BR(H! 4" )

1 % precision (including systematics) within reach
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M. Selvaggi, Talk at 2nd FCC Physics Workshop

Provided BR(H!4l)  know to <<1%  

(pp!H!4l  measurable at FCC-hh to ~1%) 

Measurable at FCC-ee/eh with  
required precision

1% accuracy (stat + sys)  
within reach

Thanks to Michele Selvaggi for info  about the FCC-hh Higgs measurements
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Higgs complementarities

! Top Yukawa coupling not directly accessible at FCC-ee. Could be measured in single tH at FCC-eh 

! Can be measured at FCC-hh from "(ttH)/"(ttZ)  boosted 

M.L. Mangano et al., arXiv: 1507.08169 [hep-ph]

Measuring the Top Yukawa Coupling at 100 TeV 11
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Figure 5: Reconstructedmbb of the Higgs andZ candidates intøtH and tøtZ production with the default
BDRS tagger (left) and after using optimalR and the N -subjettiness cut ! 2/ ! 1 < 0.4 (right). In the
right panel we include the Þtted Crystal Ball functions. The event numbers are scaled toL = 20 ab! 1.

the expected value of! Rbb from a Þt to Monte Carlo simulations,

! R(calc)
bb =

250 GeV
pT,Þlt

. (4)

This supports the choice ofR = 1 .2 for the C/A jet clustering for the Higgs Tagger requiring transverse
momenta of pT > 200 GeV. Unfortunately, for tøtH production the relation between the expected and
the measured values of! Rbb does not signiÞcantly improve the analysis. However, the mass di" erence
between the Higgs and theZ boson leads to a shifted peak in the! Rbb ! ! R(calc)

bb distribution for
tøtZ . This shift allows for an additional reduction of tøtZ if desired. In the Þnal result shown in the
left panel of Fig. 6 we include a triple b-tag, the N -subjettiness variable ! 2/ ! 1, and a modiÞed fat
jet radius for the Higgs candidate. Since the background regionmbb " [160, 300] GeV is smooth and
untouched by any signal, we can use it to subtract the QCD continuum from the combinedtøtH and
tøtZ signal. If the soft regimembb " [0, 60] GeV can be useful in the same way needs to be checked by
a full experimental analysis.

For the signal region mbb " [104, 136] GeV we arrive at a signal-to-background ratio around
S/B # 1/ 3 and a Gaussian signiÞcanceS/

$
B = 120, assuming an integrated luminosity of

L = 20 ab! 1. The error on the number of nominally NS = 44700 signal events is given by two
terms. First, we assume that we can determineNS from the total number of events NS + NB using
a perfect determination of NB from the side bands. Second, the side bandmbb " [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/

$
Nside introduces a statistical

uncertainty ! NB , altogether leading to

! NS =
! " #

NS + NB

$2
+ ( ! NB )2

%1/ 2

=

&
" #

NS + NB

$2
+

'
NB$
Nside

( 2
) 1/ 2

= 0 .013NS . (5)

For the Yukawa coupling this translates into a relative error of around 1%. The Þrst term alone would
give ! NS = 0 .010NS.

In the right panel of Fig. 6 we show a combined Þt to theZ and Higgs peaks assuming a
perfect background subtraction. A combined analysis of both peaks (with known masses) serves as a
check of the jet substructure techniques [23, 6] and as a means to reduce systematic and theoretical
uncertainties, as discussed in Section2. Given separate simulations for the Higgs andZ peaks, we

Measuring the Top Yukawa Coupling at 100 TeV 9
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Figure 3: Reconstructed mbb for the leading-J substructures in the fat Higgs jet. We require two
b-tags inside the fat Higgs jet (left) and an additional continuum b-tag (right). The event numbers are
scaled toL = 20 ab! 1.

At the generator level we requirepT,j,b, ! > 10 GeV and! Rjj,bb,j ! > 0.1. The tøt+jets background
is generated as one hard jet withpT,j > 100 GeV at the hard matrix element level. We do not
consider merged samples since we found that the inßuence oftøt +2 j to our analysis is negligible. After
generator cuts we start with a signal cross section of 4.2 pb. AssociatedtøtZ production yields 1.2 pb.
The continuum tøtbøb background counts 121 pb and is at this stage dominated bytøt +jets with 2750 pb.

Delphes3 provides isolated leptons as well as parton-levelb-quarks needed for the tagging
procedure later-on. Leptons have to pass a minimumpT, ! > 10 GeV. For their isolation we demand
a transverse momentum ratio (isolation variable) of I < 0.1 within ! R < 0.3. Finally, we use the
energy ßow objects for hadrons to cluster via the Cambridge/Aachen (C/A) jet algorithm [51]. The
jet clustering and the analysis are done withFastJet3 [52], a modiÞed BDRS Higgs tagger [23, 6]
and the HEPTopTagger2 [22]. For all b-tags we require a parton-levelb-quark within ! R < 0.3.

First, we require one isolated lepton with|y! | < 2.5 andpT, ! > 15 GeV. For the top tag [53, 54, 55],
we cluster the event into fat C/A jets with R = 1 .8 and pT,j > 200 GeV. Provided we Þnd at least
two fat jets we apply the HEPTopTagger2 with the kinematic requirement |y( t )

j | < 4. The recent
signiÞcant update of theHEPTopTagger2 relies on two additional pieces of information to achieve
a signiÞcant improvement [22]. One of them isN -subjettiness [56], which adds some sensitivity to the
color structure of the event. The other is the optimalR mode, which based on a constant fat jet mass
reduces the size of the fat jet [57] to the point where the fat jet stops containing all hard top decay
subjets. This minimal size can also be computed based on the transverse momentum of the fat jet.
Since the signal and all considered backgrounds include a hadronic top quark, changing the top tagging
parameters results only in an overall scaling factor. In this analysis we do not cut on the di" erence
between the expected and the found optimal radius because the initial fat jet size is already chosen to
Þt the expected transverse momenta. To have a handle on the QCD multi-jet background, we place a
mild cut on the Þltered N -subjettiness ratio ! 3/ ! 2 < 0.8 which can be tightened at the cost of signal
e# ciency if desired. After identifying the boosted top we remove the associated hadronic activity and
apply a modiÞed BDRS Higgs tagger to fat C/A jet(s) with R = 1 .2, |y(H )

j | < 2.5, and pT,j > 200 GeV.
Our decomposition of the fat jet into hard substructure includes a cuto" of msub > 40 GeV for the
relevant substructure and a mass drop threshold of 0.9. The hard substructures are then paired in all
possible ways and ordered by their modiÞed Jade distance,

J = pT,1pT,2(! R12)4 . (3)

The leading pairing we Þlter [23] including the three hardest substructures, to allow for hard gluon
radiation. For consistency we require a reconstructed transverse momentum above 200 GeV. Within

e.g. Fit and extract N H/NZ to 1% accuracy 
<z %stat+th  yt/y t ~ 1%

More on this later
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Higgs complementarities: Global Þt to Higgs couplings at FCC

! All single Higgs couplings can be determined below the 1% 

FCC-ee/FCC-eh  
Precise determinations for the leading couplings 

HZZ Crucial for normalization of FCC-hh results

FCC-hh  
Completes the picture with precise 
determinations of Top and coupling 

associated to rare decays

NOT MODEL-INDEPENDENT: 
Results assume that, if there is New physics, it can only 

be in the Higgs couplings

FCC
Coupling Relative precision

! b 0.37%
! t 0.51%
! ! 0.56%
! c 0.78%
! µ 0.42%
! Z 0.14%
! W 0.17%
! g 0.72%
! " 0.39%

! Z " 0.52%

Table 25: Expected sensitivities to SM-like couplings (FCC).

HLLHC + FCC
Coupling Relative precision

! b 0.38%
! t 0.51%
! ! 0.58%
! c 0.79%
! µ 0.42%
! Z 0.14%
! W 0.17%
! g 0.74%
! " 0.40%

! Z " 0.52%

Table 26: Expected sensitivities to SM-like couplings (FCC+HLLHC (ATLAS)).
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Higgs precision observables at the FCC

! Operators considered in this analysis: Higgs couplings 

Vector couplings

L CC = ! e!
2s

!
1 + ! U gCC

"
W +

µ

#$
! ij +

!
! D UL

"
ij

%
" i

L #µ ej
L +

!
! D VR

"
ij u i

R #µ dj
R +

$
! ij +

!
! D VL

"
ij

%
u i

L #µ dj
L

&
+ h .c.

(6)

Ignoring CKM e! ects
Vij " ! ij

! D UL = C (3)
! l

v 2

! 2 ,

! D VL = C (3)
! q

v 2

! 2 , ! D VR = 1
2 C! ud

v 2

! 2 .
(7)

! U gCC =
#

sc
s2 ! c2 C! W B ! c2

2( c2 ! s2 )

$
! G F + C ! D

2

%&
v 2

! 2 . (8)

1.2 Higgs couplings

L hV V = ghgg GA
µ " GAµ " h + g(1)
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Field redeÞnition: trade by this 2 
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Operators

Only enters in Higgs self-interactions



! W pair production at FCC-ee 
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Diboson observables at FCC ee

From J. GuÕs Talk at FCC-ee Physics Meeting, March 19 2018

FCC-ee 161/240/350/365 GeV

Uncertainty Correlation
aTGC (stat) Matrix

! g1Z 8.1 ! 10! 4 1 " 0.28 " 0.87
!" ! 5.2 ! 10! 4 1 " 0.12
#Z 7.9 ! 10! 4 1

Table 9: Expected uncertainties on the aTGC at FCC-ee.

7

Using full angular information of the WÕs and decays

Statistical Analysis only

Assumes aTGC dominance

The TGC dominance assumption

e!

e+

Z/ !

W!

W+

 

e!

e+

!

W!

W+

! Assumption: New physics contributes to e+ e! ! WW only through the
TGC vertex.

! Reality: In principle there can be many other contributions!

! Other contributions are constrained by Z-pole measurements.
! With the Z-pole run, the TGC dominance assumption should be valid at

FCC-ee.
! Ultimately, a full EFT analysis is desired... (Z -pole + WW + Higgs)

Jiayin Gu IHEP

Triple Gauge Couplings (at FCC-ee)

(Full EFT study in progress)

See P. AzurriÕs talk and J. GuÕs poster for details
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! Operators entering in anomalous Triple gauge couplings 

3 Anomalous triple gauge bosons
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2 aTGC related to Higgs couplings

2 Couplings in EFT

2.1 Operators
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Only one more operator  
(enters only in aNGC)
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Higgs precision observables at the FCC

! EFT Þt to Higgs precision observables at the FCC-ee and FCC-eh: 

Results show only for operators non-entering in EWPO (stay unchanged)

! �� ! ! �� " ! �� # ! $ �� " ! $ �� " ! � � � � " �� ! %��
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Higgs precision observables at the FCC

! EFT Þt to Higgs precision observables at the FCC-ee and FCC-eh: 

At this point, it compares relatively well with the kappa analysis for the SM-like couplings

! ! ���� ! ! ���� ! !"" ! !## ! !$$ ! !%% ! !&& ! ! ����
'(( ! !%��

'(( ! !))
'(( ! !!!

!"#

!"$

#

$

#!

$!

#!!

��
!

!!
"#

$

FCC-eh
Coupling Relative precision

! b 0.74%
! t !
! ! 1.10%
! c 1.35%
! µ !
! Z 0.43%
! W 0.26%
! g 1.17%
! " 2.35%

! Z " !

Table 22: Expected sensitivities to SM-like couplings (FCC-ee).

HLLHC + FCC-eh
Coupling Relative precision

! b 0.69%
! t 5.27%
! ! 1.06%
! c 1.33%
! µ 6.25%
! Z 0.41%
! W 0.25%
! g 1.02%
! " 1.44%

! Z " 14.26%

Table 23: Expected sensitivities to SM-like couplings (FCC-eh + HLLHC).

HLLH+FCC-ee/FCC-eh
Coupling Relative precision

! b 0.39%
! t 5.16%
! ! 0.59%
! c 0.79%
! µ 5.17%
! Z 0.14%
! W 0.17%
! g 0.74%
! " 1.19%

! Z " 14.3%

Table 24: Expected sensitivities to SM-like couplings (FCC-ee/eh). FILL?

15

FCC-ee / eh1$ uncertainties

Preliminary
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Going back to Higgs complementaritiesÉ

! Top Yukawa coupling not directly accessible at FCC-ee. Could be measured in single tH at FCC-eh 

! Can be measured at FCC-hh from "(ttH)/"(ttZ)  boosted 

! Robust determination by this method requires both FCC-hh and FCC-ee 

M.L. Mangano et al., arXiv: 1507.08169 [hep-ph]

Measuring the Top Yukawa Coupling at 100 TeV 11
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Figure 5: Reconstructedmbb of the Higgs andZ candidates intøtH and tøtZ production with the default
BDRS tagger (left) and after using optimalR and the N -subjettiness cut ! 2/ ! 1 < 0.4 (right). In the
right panel we include the Þtted Crystal Ball functions. The event numbers are scaled toL = 20 ab! 1.

the expected value of! Rbb from a Þt to Monte Carlo simulations,

! R(calc)
bb =

250 GeV
pT,Þlt

. (4)

This supports the choice ofR = 1 .2 for the C/A jet clustering for the Higgs Tagger requiring transverse
momenta of pT > 200 GeV. Unfortunately, for tøtH production the relation between the expected and
the measured values of! Rbb does not signiÞcantly improve the analysis. However, the mass di" erence
between the Higgs and theZ boson leads to a shifted peak in the! Rbb ! ! R(calc)

bb distribution for
tøtZ . This shift allows for an additional reduction of tøtZ if desired. In the Þnal result shown in the
left panel of Fig. 6 we include a triple b-tag, the N -subjettiness variable ! 2/ ! 1, and a modiÞed fat
jet radius for the Higgs candidate. Since the background regionmbb " [160, 300] GeV is smooth and
untouched by any signal, we can use it to subtract the QCD continuum from the combinedtøtH and
tøtZ signal. If the soft regimembb " [0, 60] GeV can be useful in the same way needs to be checked by
a full experimental analysis.

For the signal region mbb " [104, 136] GeV we arrive at a signal-to-background ratio around
S/B # 1/ 3 and a Gaussian signiÞcanceS/

$
B = 120, assuming an integrated luminosity of

L = 20 ab! 1. The error on the number of nominally NS = 44700 signal events is given by two
terms. First, we assume that we can determineNS from the total number of events NS + NB using
a perfect determination of NB from the side bands. Second, the side bandmbb " [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/

$
Nside introduces a statistical

uncertainty ! NB , altogether leading to

! NS =
! " #

NS + NB

$2
+ ( ! NB )2

%1/ 2

=

&
" #

NS + NB

$2
+

'
NB$
Nside

( 2
) 1/ 2

= 0 .013NS . (5)

For the Yukawa coupling this translates into a relative error of around 1%. The Þrst term alone would
give ! NS = 0 .010NS.

In the right panel of Fig. 6 we show a combined Þt to theZ and Higgs peaks assuming a
perfect background subtraction. A combined analysis of both peaks (with known masses) serves as a
check of the jet substructure techniques [23, 6] and as a means to reduce systematic and theoretical
uncertainties, as discussed in Section2. Given separate simulations for the Higgs andZ peaks, we

Measuring the Top Yukawa Coupling at 100 TeV 9
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Figure 3: Reconstructed mbb for the leading-J substructures in the fat Higgs jet. We require two
b-tags inside the fat Higgs jet (left) and an additional continuum b-tag (right). The event numbers are
scaled toL = 20 ab! 1.

At the generator level we requirepT,j,b, ! > 10 GeV and! Rjj,bb,j ! > 0.1. The tøt+jets background
is generated as one hard jet withpT,j > 100 GeV at the hard matrix element level. We do not
consider merged samples since we found that the inßuence oftøt +2 j to our analysis is negligible. After
generator cuts we start with a signal cross section of 4.2 pb. AssociatedtøtZ production yields 1.2 pb.
The continuum tøtbøb background counts 121 pb and is at this stage dominated bytøt +jets with 2750 pb.

Delphes3 provides isolated leptons as well as parton-levelb-quarks needed for the tagging
procedure later-on. Leptons have to pass a minimumpT, ! > 10 GeV. For their isolation we demand
a transverse momentum ratio (isolation variable) of I < 0.1 within ! R < 0.3. Finally, we use the
energy ßow objects for hadrons to cluster via the Cambridge/Aachen (C/A) jet algorithm [51]. The
jet clustering and the analysis are done withFastJet3 [52], a modiÞed BDRS Higgs tagger [23, 6]
and the HEPTopTagger2 [22]. For all b-tags we require a parton-levelb-quark within ! R < 0.3.

First, we require one isolated lepton with|y! | < 2.5 andpT, ! > 15 GeV. For the top tag [53, 54, 55],
we cluster the event into fat C/A jets with R = 1 .8 and pT,j > 200 GeV. Provided we Þnd at least
two fat jets we apply the HEPTopTagger2 with the kinematic requirement |y( t )

j | < 4. The recent
signiÞcant update of theHEPTopTagger2 relies on two additional pieces of information to achieve
a signiÞcant improvement [22]. One of them isN -subjettiness [56], which adds some sensitivity to the
color structure of the event. The other is the optimalR mode, which based on a constant fat jet mass
reduces the size of the fat jet [57] to the point where the fat jet stops containing all hard top decay
subjets. This minimal size can also be computed based on the transverse momentum of the fat jet.
Since the signal and all considered backgrounds include a hadronic top quark, changing the top tagging
parameters results only in an overall scaling factor. In this analysis we do not cut on the di" erence
between the expected and the found optimal radius because the initial fat jet size is already chosen to
Þt the expected transverse momenta. To have a handle on the QCD multi-jet background, we place a
mild cut on the Þltered N -subjettiness ratio ! 3/ ! 2 < 0.8 which can be tightened at the cost of signal
e# ciency if desired. After identifying the boosted top we remove the associated hadronic activity and
apply a modiÞed BDRS Higgs tagger to fat C/A jet(s) with R = 1 .2, |y(H )

j | < 2.5, and pT,j > 200 GeV.
Our decomposition of the fat jet into hard substructure includes a cuto" of msub > 40 GeV for the
relevant substructure and a mass drop threshold of 0.9. The hard substructures are then paired in all
possible ways and ordered by their modiÞed Jade distance,

J = pT,1pT,2(! R12)4 . (3)

The leading pairing we Þlter [23] including the three hardest substructures, to allow for hard gluon
radiation. For consistency we require a reconstructed transverse momentum above 200 GeV. Within

e.g. Fit and extract N H/NZ to 1% accuracy 
<z %stat+th  yt/y t ~ 1%

Assumes no NP in Ztt and BR(H!bb)  know to 1% 

Both measurable at FCC-ee with required 
precision
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the expected value of! Rbb from a Þt to Monte Carlo simulations,

! R(calc)
bb =

250 GeV
pT,Þlt

. (4)

This supports the choice ofR = 1 .2 for the C/A jet clustering for the Higgs Tagger requiring transverse
momenta of pT > 200 GeV. Unfortunately, for tøtH production the relation between the expected and
the measured values of! Rbb does not signiÞcantly improve the analysis. However, the mass di" erence
between the Higgs and theZ boson leads to a shifted peak in the! Rbb ! ! R(calc)

bb distribution for
tøtZ . This shift allows for an additional reduction of tøtZ if desired. In the Þnal result shown in the
left panel of Fig. 6 we include a triple b-tag, the N -subjettiness variable ! 2/ ! 1, and a modiÞed fat
jet radius for the Higgs candidate. Since the background regionmbb " [160, 300] GeV is smooth and
untouched by any signal, we can use it to subtract the QCD continuum from the combinedtøtH and
tøtZ signal. If the soft regimembb " [0, 60] GeV can be useful in the same way needs to be checked by
a full experimental analysis.

For the signal region mbb " [104, 136] GeV we arrive at a signal-to-background ratio around
S/B # 1/ 3 and a Gaussian signiÞcanceS/

$
B = 120, assuming an integrated luminosity of

L = 20 ab! 1. The error on the number of nominally NS = 44700 signal events is given by two
terms. First, we assume that we can determineNS from the total number of events NS + NB using
a perfect determination of NB from the side bands. Second, the side bandmbb " [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/

$
Nside introduces a statistical

uncertainty ! NB , altogether leading to

! NS =
! " #

NS + NB

$2
+ ( ! NB )2

%1/ 2

=

&
" #

NS + NB

$2
+

'
NB$
Nside

( 2
) 1/ 2

= 0 .013NS . (5)

For the Yukawa coupling this translates into a relative error of around 1%. The Þrst term alone would
give ! NS = 0 .010NS.

In the right panel of Fig. 6 we show a combined Þt to theZ and Higgs peaks assuming a
perfect background subtraction. A combined analysis of both peaks (with known masses) serves as a
check of the jet substructure techniques [23, 6] and as a means to reduce systematic and theoretical
uncertainties, as discussed in Section2. Given separate simulations for the Higgs andZ peaks, we
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Figure 3: Reconstructed mbb for the leading-J substructures in the fat Higgs jet. We require two
b-tags inside the fat Higgs jet (left) and an additional continuum b-tag (right). The event numbers are
scaled toL = 20 ab! 1.

At the generator level we requirepT,j,b, ! > 10 GeV and! Rjj,bb,j ! > 0.1. The tøt+jets background
is generated as one hard jet withpT,j > 100 GeV at the hard matrix element level. We do not
consider merged samples since we found that the inßuence oftøt +2 j to our analysis is negligible. After
generator cuts we start with a signal cross section of 4.2 pb. AssociatedtøtZ production yields 1.2 pb.
The continuum tøtbøb background counts 121 pb and is at this stage dominated bytøt +jets with 2750 pb.

Delphes3 provides isolated leptons as well as parton-levelb-quarks needed for the tagging
procedure later-on. Leptons have to pass a minimumpT, ! > 10 GeV. For their isolation we demand
a transverse momentum ratio (isolation variable) of I < 0.1 within ! R < 0.3. Finally, we use the
energy ßow objects for hadrons to cluster via the Cambridge/Aachen (C/A) jet algorithm [51]. The
jet clustering and the analysis are done withFastJet3 [52], a modiÞed BDRS Higgs tagger [23, 6]
and the HEPTopTagger2 [22]. For all b-tags we require a parton-levelb-quark within ! R < 0.3.

First, we require one isolated lepton with|y! | < 2.5 andpT, ! > 15 GeV. For the top tag [53, 54, 55],
we cluster the event into fat C/A jets with R = 1 .8 and pT,j > 200 GeV. Provided we Þnd at least
two fat jets we apply the HEPTopTagger2 with the kinematic requirement |y( t )

j | < 4. The recent
signiÞcant update of theHEPTopTagger2 relies on two additional pieces of information to achieve
a signiÞcant improvement [22]. One of them isN -subjettiness [56], which adds some sensitivity to the
color structure of the event. The other is the optimalR mode, which based on a constant fat jet mass
reduces the size of the fat jet [57] to the point where the fat jet stops containing all hard top decay
subjets. This minimal size can also be computed based on the transverse momentum of the fat jet.
Since the signal and all considered backgrounds include a hadronic top quark, changing the top tagging
parameters results only in an overall scaling factor. In this analysis we do not cut on the di" erence
between the expected and the found optimal radius because the initial fat jet size is already chosen to
Þt the expected transverse momenta. To have a handle on the QCD multi-jet background, we place a
mild cut on the Þltered N -subjettiness ratio ! 3/ ! 2 < 0.8 which can be tightened at the cost of signal
e# ciency if desired. After identifying the boosted top we remove the associated hadronic activity and
apply a modiÞed BDRS Higgs tagger to fat C/A jet(s) with R = 1 .2, |y(H )

j | < 2.5, and pT,j > 200 GeV.
Our decomposition of the fat jet into hard substructure includes a cuto" of msub > 40 GeV for the
relevant substructure and a mass drop threshold of 0.9. The hard substructures are then paired in all
possible ways and ordered by their modiÞed Jade distance,

J = pT,1pT,2(! R12)4 . (3)

The leading pairing we Þlter [23] including the three hardest substructures, to allow for hard gluon
radiation. For consistency we require a reconstructed transverse momentum above 200 GeV. Within
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Precision on the self-coupling

!" #(stat) $   3.5 %
!" #(stat + syst) $  6 %

 

nominal background yields: varying (0.5x-2x) background yields:

!" #(stat) $   3 - 5 %
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FIG. 1: Cartoon of the region in the plane (g! , ! /g ! ), deÞned by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e! ective Þeld theory
description is possible in the gray area (! < gmin ), while exploration of the light blue region
(gmin < ! <

!
g! gmin ) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the Þrst line
contains the øtthh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e! ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di! erential distributions and shown to be small in our

case due to the limited sensitivity on the highmhh region.

The Feynman diagrams that contribute to thegg " hh process are shown in Fig. 2. Each
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derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized
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analyzing their impact on angular di! erential distributions and shown to be small in our
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! Putting all togetherÉ Fit to all 22 (EW) + 13 (Higgs+WW) operators 

Dominated by FCC-ee - Complementary info from FCC-eh for light quarks
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FCC (1 op. at a time)

95% Prob. Limits
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! Putting all togetherÉ Fit to all 22 (EW) + 13 (Higgs+WW) operators 

Receives important contributions from all FCC options

FCC

FCC (1 op. at a time)

95% Prob. Limits Preliminary
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Independent information for the couplings to all 
fermion families 

Lepton sector: precision down to ~10 -4 

Quark sector: sub-percent level in most cases

! Putting all togetherÉ Fit to all 22 (EW) + 13 (Higgs+WW) operators 

FCC Z"

FCC Higgs 1$ uncertainties

1$ uncertainties

FCC-eh

FCC-eh

FCC-ee

FCC-ee

FCC-ee

FCC-ee/eh/hh

Single Higgs couplings could be known to ~1% or better 

Higgs Self-coupling could be known to less than 10%

Preliminary

Preliminary



! A global Þt in a model-independent theoretical framework is required to accurately 
assess the sensitivity to new physics in the di"erent EW and Higgs observables 

! The FCC can test (indirectly) new physics interaction scales at the level of several 
tenths to TeV and increase the precision of properties of the SM particles by, roughly, 
one order of magnitude 

! All three FCC options complement each other very well: 

! FCC-ee allows not only very precise measurements of the Higgs and EWPO but also provides the 
normalization for more precise measurements at the FCC-eh and FCC-hh 

! FCC-eh complements FCC-ee providing information about light quark EW couplings. Similar 
precision in the Higgs sector  

! FCC-hh Þlls gaps in precision Higgs measurements for rare decays, top and the Higgs self-
coupling 
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Low Energy observables:

Parity Violation : QW (133
55 Cs, 205

81 Tl) , Q W (e)(M¿ller)

! scatt . : gV,A ( ! µ e) , g2
L,R ( ! µ N )

CKM unitarity :
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EFT: E! ects suppressed by ! q
!

"d! 4

q = v, E < !

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

M Z [GeV] 10 ! 4 (10 ! 6 )
" Z [GeV] 10 ! 4 (4 ! 10! 5 )
! 0

had [nb] 5 ! 10! 3 (10 ! 4 )
R e 0.006 (3 ! 10! 4 )
R µ 0.001 (5 ! 10! 4 )
R ! 0.002 (10 ! 4 )
R b 0.00006 (3 ! 10! 4 )
R c 0.00026 (15 ! 10! 4 )

Table 1: Expected sensitivities toZ -lineshape parameters and normalized partial decay widths.
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E"ects  
suppressed by

! The dimension 6 SMEFT: 

Most of the e"ects discussed so far 

For E>>v these e"ects can provide precise constraints on EFT interactions 
even if experimental precision is lower

Large Energies <z FCC-hh  

Look for E-enhanced e"ects in di"erential distributions

See A. WulzerÕs talk this morning
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! The dimension 6 SMEFT: 

Most of the e"ects discussed so far 

For E>>v these e"ects can provide precise constraints on EFT interactions 
even if experimental precision is lower

Large Energies <z FCC-hh  

Look for E-enhanced e"ects in di"erential distributions

See A. WulzerÕs talk this morning

To be included in updated global Þts

Example:  Individual 95% prob bound on             ~ ±3 x 10-3 TeV-2
C(3)

! q

! 2

Contributes to WZ production via High-E  primary a(3)
q = 4

C(3)
! q

! 2

Study of p TV distrib. at FCC-hh 20 ab -1  (%sys=5%) !

See A. WulzerÕs talk this morning

Energy helps to improve precision constraints on new physics
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