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Introduction

The Future Circular Collider

® |n short:

FCC-ee: Experimental PRECISION FCC-hh: ENERGY

FCC-eh: a good mix of both

e All 3 options can do a lot in terms of improving our understanding of the electroweak sector:
® Properties of the Electroweak gauge bosons (EWPOQO)

® Mass and couplings of the Higgs boson

® The point of this talk:
® TJo get an overall idea of what one could get after combining the different collider options ...

e ... emphasizing complementarities between them (to convince you that they are all important)

e DISCLAIMER: All results in this talk are VERY preliminary
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Outline

e Theoretical framework: The dimension-6 SMEFT

e Electroweak precision observables at the FCC

e Higgs observables at the FCC

e The Global fit to EW and Higgs observables
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The dimension-6 SMEFT
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The dimension-6 SMEFT

e The dimension 6 SMEFT: Assumes new physics is heavy + decoupling
Particles and symmetries of the low-energy theory: SM

Power counting: EFT expansion in canonical dimension of operators

Leg = gy xaila=Lsm+ L5+ 75L6+ - -

Ly=Y,Cl0; 0] =d —— ()44
Effects
A Cut-off of the EFT suppressed by ¢ = v, E2 < A

LO new physics effects “start” at dimension 6

With current precision, and assuming A~TeV, sensitivity to 4>6 is small

M?2 M4
(1Te€/")2 ~ 0.87% (1Te€/_)4 ~ 0.007%

Truncate at d=6: 59 types of operators (2499 counting flavor)

W. Buchmiiller, 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, ai{é Warsaw basis
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The dimension-6 SMEFT

e Advantages of EFTs:

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

Well-defined perturbative expansion (can compute at N"LO)

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

Describes correlations of new physics effects in different types of observables, e.g.

EWSB 2 B“VW3V Modifies neutral gauge  \p

boson self-energies
/ (dim 4)

UhB“VW;fV h — ZZ7 Yy Higgs phys.
(dim 5)

quWB — ¢T o, pB"” WZV
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FCC sensitivity to New Physics

General strategy for calculation of future sentivities

e Fit to new physics effects parameterized by the dimension 6 SMEFT:

Bayesian fit using

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

® Assumptions:

Likelihood: SM predictions as central values for future “experimental” 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 effects: Working at the linear-level in the EFT effects (interference with SM amplitudes)

O = Osm + 50NP$
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Electroweak precision measurements at the FCC
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Electroweak precision observables at FCC ee

e Electroweak precision measurements at FCC-ee

Precision measurements at the Z pole

See R. Tenchini’s talk for details

Observable Expected uncertainty (Relative uncertainty) Observable Expected uncertainty (Relative uncertainty)

Mz [GeV] 10~ (1079) A, 104 (7 x 10%)

'z [GeV] 104 (4 X 1075) A, 1.5 x 10— (10—3)

Opaq [Mb] 5X1077 (10~) A, 3 x 104 (2 x 1073)

R, 0.006 (3 x 107%) Ap 30 x 104 (32 x 10™%) =

R, 0.001 (5 x 107?) A 80 x 10~ (12 x 107?) 9

R, 0.002 (10~%) > e — E

Rb 0.00006 (3 X 10—4) Sfl’l2 Hﬂ‘ (P‘r) 6.6 X 10 (3 X 10 ) %

R 0.00026 (15 x 10™4) B < o o 2o NN W RPAv: v S e s _ A'g
5

Z-lineshape parameters and normalized partial decay widths Z-pole left-right asymmetry parameters =

Latest Results from FCC-ee CDR

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

e Electroweak precision measurements at FCC-ee

Precision measurements at the WW threshold

See P. Azurri’s talk for details

Observable Expected uncertainty (Relative uncertainty)

My [GeV] 6.5 x 104 (8 X 107%)
'y [GeV] 1.59 x 103 (8 X 10™%)
R\ '0.002 (3 X 10™%)

. “First Look at the Physics Case of TLEP” :
. JHEP 1401 (2014) 164 -

Latest Results from FCC-ee CDR
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Electroweak precision observables at FCC ee

e EWPO sensitive to modifications of NC couplings

Lne = ——( + 0 gNC) ,u,z¢ W’Y“ngb&j -+ (5Dg;;p)z'j)PL+ (gﬁ&j + (5D911é ij)PR‘I—(SQQNCéz’j}wj
Flavor non-universal contributions 10 Operators
5og; ——1(CWFCP) 5, ePgs——1C0 0$) = (¢1iD,$)(Fv* f)
5Pgs =—1 (O FCE) L argh =100 v OF) = (¢'iD2¢) (Fr*ouf)
Flavor-universal contributions
ane = -} [Ac, + %2 5 Oun = 611D, 0]
2 .2 2 OqSWB — (¢T0'a¢)Wﬁ,,BW

C
6%nc = —Q (2% Cowsn + 5% | A, + %22|) 5
Indirect effect associated to modifications in y decay (Gg)

O, = (Iv,0) (11
er = (6),,+ (€9),, - @ = B )
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Electroweak precision observables at FCC ee

e EWPO sensitive to modifications of CC couplings (Ignoring CKM effects)

Loo = ——5 (1+0Ygcc) W |(8i5 + (0PUL),;) vivrel + (6P Vi), uiyidy + (855 + (0P Vi), ) uiy d), | + huc.
Flavor non-universal contributions

,02
5DUL :Cg;)p,

Operators

Does not interfere with SM

3) p2 V2 TE . —
3PV, =C) 5. 67V =€t O i ={'iD,9) (" d)

Flavor-universal contributions

sc c? C v*
5UQCC — {82_02 CquB 2(c2—3s2) (AGF ;)D)} A2

No more operators but constraints
1 more direction

o : :
W mass: EWPO: Z-pole + W properties

2 2 .2 c? Cy»D 25 s2 v
My, = Mzc (1 c2 — g2 ( > T % Cown c2 AGF) F) Constrain 8 independent
combinations (in the FU case)
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Electroweak precision observables at FCC ee

e Electroweak precision measurements at FCC-ee of SM inputs

Precision measurements of Top and Higgs masses

Observable Expected uncertainty (Relative uncertainty)

my [GeV] 50 x 1073, (3 x 10™4)
My [GeV] L 7TXx1073 (6 x 10~5)
" “First Look at the Physics Case of TLEP” - 3 6°n°|'y 210 MeV experimental |

. JHEP 1401 (2014) 164 : T, ;

Precision measurements of the EM constant from A5, bove and below the Z pole

604(5%3D(M )

~ 3 X 107°

See note in P. Janot’s talk for details
QED( Z)
With a |-year running period at 87.9/94.3 GeV (85 ab-!):

Latest Results from FCC-ee CDR
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Electroweak precision observables at FCC ee

e Global fit to electroweak precision measurements at FCC-ee

sop— 95% Prob. Limits I:I * c * cont
B u i
. FCC-ee
2o B - . 42 Freimna
=10 - - .
-, i
o |
<5 I B B = =-,.
Interaction scale Ze B B B B B B B B B IS
associated to
each operator 1

.1 .3 : .1 .3 :
Osbl) Ofbl) O¢e Osbc)l Osbc)l O¢u

Fermion flavour universality assumed
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Electroweak precision observables at FCC ee

e Global fit to electroweak precision measurements at FCC-ee

i 0.4
0.004 B FCC 68%, 95% prob i FCC 68%, 95% prob i - FCC 68%, 95% prob
| iCurrent 0.1~ | _iCurrent " 7 Gurrent
- e i 0.2
s 0.002 B > - S l
2l % i < '
s s ) s
~— 0O @ ~ O \ ~— =
L - ~1 i < & i
-) - )] -
) B ) i . B
~0.002 |- i . i
I T - _0.2-
_ -0.1+ B R
~0-004 | AT st Zee JHEPIT “ud NHEP Zdd
T R TR R T N T A R A T R M R R R N ' ' | ' ' ' ' | ' ' ' ' | ' ' _ | | | | | | | | | | |
_0.004 -0.002 O  0.002 0.004 0.1 0 0.1 04— oo 0 0.02
SM d,.SM
5 e €, w w.SM 5 d ’
91/9z 5g /g 91/9r

Fermion flavour universality assumed
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Electroweak precision observables at FCC ee

e Global fit to electroweak precision measurements at FCC-ee: Impact of theory uncertainties

AIC]?[TeV]

FCC Week 2018

Fermion flavour universality assumed

0.001
I FCC-ee(no_Th_unc)
- | {FCC-ee
0.0005 —
> e
m B ’ » =~ \\
&t [
X or ! @ i
v X - L
m i \\ et ".
23 I _
—-0.0005
I Zee
_OOO-I ' SR N N KN NN NN NN N KN N TR NN MR N M S
-0.001 -0.0005 0 0.0005 0.001
595 /97"
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Electroweak precision observables at FCC ee

e Global fit to electroweak precision measurements at FCC-ee

- FCC 68%, 95% prob B . 68%,95% prob : . 68%,95% prob
0.004 - 0.004 |- = FCC 0004 IFCC.
" i Current ) - % iCurrent - | Culrrent
= 00021 s 00021 s 0002
S ! % . 7, ?
o g i I 5 o -
-y - =2 - = "
~ = @ ~— = @ ~ =
S - 1K - e :
) : = i - I
=S i < I 2S I
-0.002 B -0.002 — -0.002 —
-0.004 AT, _0.004 - :
_\[Illiif.t | | | Zeel 0004 MR . - Zuw -0.004 - e A7
: S S —1— —— I S S T T N AT N I T |““’r\ T T R N R ~—|n| I R B B
-0.004 -0.002 0  0.002 0.004 -0.004 -0.002 0  0.002 0.004 ~0.004 -0.002 0  0.002 0.004
SM
697 /91 SM
L 1} »SM T T,
L 991,/ 9r, 59L /9L

No Lepton flavour universality assumed
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Electroweak precision observables at FCC ee

e Global fit to electroweak precision measurements at FCC-ee

0.4

" FCC 68%, 95% prob " : - “FCC . 68%, 95% prob - I Fce 68%, 95% prob
0.1 {__|Current 0.1 I dgrrent i iCurrent
' T i 0.2 | L 0.2 -
> - - s - i i
U%\ .'" “‘. N E 2
SR [ A ce [ 0 i i
;Y | e + i =S L 1 ;
S QO — | | o 0 - ~— O S0
Syt “m B <SR+ \Q: -
O
© oL © b S =
i i - L
i i -0.2 - -0.2
~0.1F _0.1F
JHEPIT Zuu JHEP[E Ztt B HEP[TT R Zdd §HEPE Zbb
B | | | | | | | | | | | | | | B ! | ! ! ! ! | ! ! ! ! | | | -04 | | | | I3 L | | | L 04 | | | | | | | | | | |
-0.1 0 0.1 -0.1 0 0.1 -0.02 0 0.02 -0.02 0 0.02
U,SM t taSM d d,SM b b,SM
091 /9r, 09;/9r1 097 /91 09;/91

Partial Quark flavour universality assumed (1st 2 families with equal couplings)
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Electroweak precision observables at FCC ee

e Electroweak precision measurements at FCC-ee

Precision measurements of Top couplings at 365 GeV

DX = —ie {7, (FX + v FX) + 522 (e + po)” (F5% + 15 F5Y) |
= H Lo FCC-ee 365 GeV
§ ] - IXe
510" W Fcc-ee Correlation
- Coupling Uncertainty Matrix
A dgt, /gt~ M 0.009 1 0.25
E 69 /g4 >M 0.021 1
— dgt /gt "M 0.008 1 —0.96
10°F dgt. /gL>M 0.016 1

V. SiZ
1y

Precision on

Assuming new physics only in Z#f couplings

Only three F' fg/ A

P. Janot, JHEP 1504 (2015) 182 Thanks to Patrick Janot for for info about the FCC-ee Ztt measurements
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Electroweak precision observables at FCC ee

e Global fit to electroweak precision measurements at FCC-ee

ECC 68%, 95% prob
0.1+ -::}Current )
> L L
A8 AR
SR | RN
E B I': ‘ ::
30— l':
Syt N
< | ViV
-0.1—
§HEPIT: Zuu
B | | | | | | | | | | |
-0.1 0 0.1
u ’U;,SM
5QL/QL
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t,SM
R

09%/g

-0.1

HEP[T
| | |

68%, 95% prob

Ztt
| ] ] ] ] |

-0.1

0 0.1

SM
69t /9;

d,SM

B - “FCC "6‘8%, 95% prob

:Z:jdymm ‘

§HEP[T Zdd
| | | | | | “\ | | | |‘\ | ‘\
-0.02 0 0.02

d d,SM
59L/9L

0.4

b,SM
59%/9R

|
O
\V

0.4

68%, 95% prob

RHEPI Zbb
] | ] ] ] | ] | ]
-0.02 0 0.02
b b,.SM
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Partial Quark flavour universality assumed (1st 2 families with equal couplings)
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Electroweak precision observables at FCC eh

e Electroweak precision measurements at FCC-eh

Precision measurements of couplings to light quark families

I I | I 1 | 1 I I ! I

0.6

—

0.2

0.4

0.6

> i l[:'] LHeC i E .
0.4 (] FCC-ep =1 pEEE =
- [0 H1 (H1-prelim-16-041 . i - |
" &7 H1 & ZEUS data (PR D93 (2016) 092002) 1 : 2 ] ] ]
0.2 ---- LEP & SLD (Phys.Rept. 427 (2006) 257). 0.4 E Observable Uncertainty (Relative uncertainty)
... DO (PR D84 (2011) 012007), Ay® = 4.72 ] E PSR S BALE LR B0 il R e -
. % Standard model - 0.3 = u
0_ ......... — E z gV 000022 (101%)
; ] 0.2 - u
Ny’ _ : 5 g% 0.0031 (0.6%)
T ol 0.15‘ LHeC E
: P e : gl 0.0049 (1.4%)
04 — O ¥ H1 (H1-prelim-16-041 = d
i " [Z&7) H1 & ZEUS data (PR D93 (2016) 092002) = ga 0.0049 (O°97%)
d ~0.1 ---- LEP & SLD (Phys.Rept. 427 (2006) 257). -
-0.6[ = = = DO (PR D84 (2011) 012007), Ay?® = 4.72 o
. 68%1 C.L. | | | i -0.2 * Standard model B
06 0 02 0.2 e s D e

QO
Q
QO

=

Assuming new physics only in Zgq couplings

Thanks to Daniel Britzger for info about the FCC-eh EW measurements
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Electroweak precision observables at FCC ee/eh

e Global fit to electroweak precision measurements at FCC-ee + FCC-eh

FCC 68%, 95% prob FCC 68%, 95% prob i - FCC 68%, 95% prob

0.1+ 0.1 iCurrent _‘ 0.1
f%n: 2 HIH = |
3 i ST 2 B Le [
SYs > 0 B “Sok
SE T = F 2N BN <X |
> S Vi <&
S S L |
-0.1— -0.1 -0.1—

:lmﬁt Zuu I mfit\ Zcc §HEPIT Ztt

| L | L L | | | | l l l | l i | | | | | I | I I | I i ] | ] | | | |
-0.1 0 0.1 -0.1 0 0.1 -0.1 0 0.1
u U,SM C,SM t t,SM
dg7/9z dg97/91 09;,/9r1

No Fermion flavour universality assumed
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Electroweak precision observables at FCC ee/eh

e Global fit to electroweak precision measurements at FCC-ee + FCC-eh

0.4
| B ~cc 68%, 95% prob - Bl e 68%, 95% prob 68%, 95% prob
- i i __iCurrent .
0.2 - 0.2 - 0.2 - TN
% : > . > -
< & 7 ! 7 -
o - o G < g N
~ O S 0 S 0 2 R
- m \ i \ B “‘ \“ -“ .“
-)) i Ub§ ,Q§ | ‘.“ -“‘
< : . i “w i D
~0.2 - 0.2~ 0.2
NHEP™ Zdd RHEP[T Zss R HEP[T Zbb
] | ] | ] | ]
_04 | | | | | | _04 I | I | | | ! _04
~0.02 0.02 -0.02 0 0.02 -0.02 0 0.02
d d,SM S S,SM b b,SM
5g% /gt 093/91 09;/9r

No Fermion flavour universality assumed
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Electroweak precision observables at FCC ee/eh

e Global fit to electroweak precision measurements at FCC-ee + FCC-eh

wob -
z . Current (partial QFU) 10 uncertainties :
B FCC-ee/eh
o Preliminary
S 1
°-§-1 i
S f
0.100
0.010
0001 e e M M T T u u c c t t d d b b
g 9k 9. 9r 9. 9r 9 9r 9L 9r 9. 9r 9f 9k 9L 9 9 9i
No Fermion flavour universality assumed Independent info about all 3 SM fermion families
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Electroweak precision observables at FCC ee/eh

e Global fit to electroweak precision measurements at FCC-ee + FCC-eh

S
D
=
G 101
<
5 _
1 1 3 1 3
o)) o\ Oge ol o) Ogpu O¢d Oy
No Fermion flavour universality assumed Independent info about all 3 SM fermion families
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Higgs precision measurements at the FCC
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Higgs precision observables at FCC ee

e Uncertainties rescaled to 2 IP wrt. “First Look at the Physics Case of TLEP” JHEP 1401 (2014) 164

Associated ZH production W boson fusion (WBF) production
Observable Expected uncertainty Observable Expected uncertainty
OHZ 0.57% U%,‘Z/%Sev) BI‘(H — bE) 3.1%
oz Br(H — bb) 0.28% ag’,%)gev) Br(H — bb) 0.79%
O 7 BI‘(H —> CE) 1.7%
oz Br(H — gg) 2.0%
ogzBr(H — WTWT*) 1.3%
opgzBr(H — 777177) 1.0%
ouzBr(H — ZZ*) 4.4%

OH7Z BI‘(H — ")”')’) 4.2%
opzBr(H — ptp™) 18.4%

See M. Klute’s talk for details
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Higgs precision observables at FCC eh

e 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 Observable Expected uncertainty
OW BF BI’(H — bE) 0.27% O7BF BI‘(H — bE) 0.83%
OW BF BI’(H — CE) 2.36% O7BF BI‘(H — C(_i) 7.08%
OW BF BI’(H — gg) 1.78% O7BF BI‘(H — gg) 5.62%
OW BF BI’(H — W::W:*) 2.45% O7BF BI‘(H — W“W::*) 4.29%
owprBr(H — 77717) 1.65% ozprBr(H — 7777) 5.25%
owpr Br(H — ZZ*) 3.94% ozpr Br(H — ZZ*) 11.8%
owBr Br(H — ~~) 4.7% ozpr Br(H — ~7) 14.1%

Thanks 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

e Fit to modified Higgs couplings (assuming no extra invisible decays)

FCC-ee
Coupling Relative precision
Kp 0.58%
K —
K 0.78%
K 1.05%
Ky, 9.6%
KRz 0.16%
RKw 0.41%
Kg 1.23%
Koy 2.18%
K Z~ —

See M. Klute’s talk for Ml fit

FCC Week 2018

FCC-eh
Coupling Relative precision
KRp 0.74%
K —
K 1.10%
K 1.35%
K —
Kz 0.43%
RW 0.26%
Kg 1.17%
K 2.35%
K Z~ —

Ri = ghl/gszM
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Higgs precision observables at FCC ee and eh

e Fit to modified Higgs couplings (assuming no extra invisible decays)

FCC-ee FCC-eh
Coupling Relative precision Coupling Relative precision

Kp 0.58%

K —

K 0.78%

K 1.05%

Ry _9.67%

Kz (0.16% -

o

Kg 1.23%

Koy 2.18%

K Z~ —
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Higgs precision observables at FCC ee and eh

e Fit to modified Higgs couplings (assuming no extra invisible decays)

FCC-ee FCC-eh

Coupling Relative precision Coupling Relative precision

Kb 0.58% Kb 0.74%

Kt @ Kt

K+ 0.78% KT 1.;;%
Ke 1.05% K 1.35%
K G!% K ( ;)
Kz 0.167% Rz 0. %

Kw 0.41% Ky 0.26%
Ko 1.23% Kg 1.17%

Koy 2.18% Koy 2.35%
K Z~ K Z~

Ki = Gh; /g}?ZM See U. Klein’s talk for tH at FCC-eh
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Higgs precision observables at FCC ee and eh

e Fit to modified Higgs couplings (assuming no extra invisible decays)

Using HLLHC Results (Only 1 Experiment) to fill the gaps

HLLHC 4+ FCC-ee

HLLHC 4 FCC-eh

Coupling Relative precision Coupling Relative precision
Kb 10.4% Kb 0.55% Kb 0.69%
K 7.6% K 5-]—9% K 5.27%
Koy 9.43% Kr 0.76% Koy 1.06%
K — Ke 1.03% K 1.33%
K. 7.4% Ky 5.207% Ky 6.25%
Kz 3.7% Kz 0.16% Kz 0.41%
KW 4.2% Kw 0.40% KW 0.25%
Kg 5.2% Kg 1.03% Kg 1.02%
Ky 4.3% K 1.41% Ky 1.44%
K Z~ 15% K Z~ 14.2% K Z~ 14.26%

Ri = ghl/gszM
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Higgs complementarities

e Rare Higgs decays statistically limited at FCC-ee/eh
Can be measured at FCC-hh with 1% stat. precision (in ép/p)
Systematics can be further cancelled by measuring ratios of BR (yy/4l, uu/4l, Zy/4l, yy/pp)

/s =100 TeV, L = 30.0 ab™ RECO: Delphes-3.4.2 /s =100 TeV, L = 30.0 ab" RECO: Delphes-3.4.2
I I | I I -H I I | I [ I | l

' |
— stat + syst (2)
stat + syst (1)

— stat. only 1% accuracy (stat + sys)

within reach
B E Provided BR(H—4I) know to <<1%

(rp— H—41 measurable at FCC-hh to ~1%)

' |
— stat + syst (2)
stat + syst (1)

— stat. only

[—
-
|

5 BR(H—YY)/BR(H—2p2e) (%)

| I T TTTTI \ I T T TTTI |
L LIt | IIIIIII| | IIIIIII|

5 BR(H— p)/BR(H—4p) (%)

[—
<
|
|

[

-
III|
I

[S—
<
|
|

400
pH (min) [GeV] Measurable at FCC-ee/eh with
required precision

200 400 200
p? (min) [GeV]

M. Selvaggi, Talk at 2nd FCC Physics Workshop

Robust determination by this method requires both FCC-hh and FCC-ee/eh
Thanks to Michele Selvaggi for info about the FCC-hh Higgs measurements
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Higgs complementarities

e 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 o(1tH)/6(1tZ) boosted

x10’ <103
O0F N T 1 - dN T 1
JoF dm,. [GeV} 3 b-tags n dm . [GeV} optimalR + t,/t1,<0.4
60 !
SOf— ::LLLL ttH 6_— ttH
- ttZ, i )
40 J’_—LLL T+ets : l‘ e.g. Fit and extract Nu/Nzto 1% accuracy
- Tk 4i—
300 33& o L & = Bstat+th Y/yt ~ 1%
20E :
- 2
10 I
O:| T T TR T T T S M O_ | oy | More on this Iater
0 100 150 200 250 60 80 100 120 140
m,.. [GeV] m,.. [GeV]

M.L. Mangano et al., arXiv: 1507.08169 [hep-ph]
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Higgs complementarities: Global fit to Higgs couplings at FCC

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

HLLHC + FCC
FCC-ee/FCC-eh

Precise determinations for the leading couplings Coupling Relative precision
KR 0.38%
HZZ Crucial for normalization of FCC-hh results
K 0.51%
K 0.58%
FCC-hh
Completes the picture with precise K 0'79%
determinations of Top and coupling Ky 0.42%
associated to rare decays K7 0.1 4%
KW 0. 17%
NOT MODEL-INDEPENDENT: Kg 0.74%
Results assume th_at. If th(—_)re IS New _physms. it can only Ky 0. 40%
be in the Higgs couplings
KZ~ 0.52%

R = ghz/gszM
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Higgs precision observables at the FCC

e Operators considered in this analysis: Higgs couplings

Vector couplings

Lnvy= ghggGﬁ,,GAWh + g,(zlv)vWWWWJVh + (g}(LZV)VWW+v8MWJVh + h.c.) + g,(g;)‘,WWIj'W—Mh
19 Z.,Z"h+ g2 2,8,2"h + g2, Z,Z"h
+0n2aZuw F"h + 6134 Z, 0, F" h + ghaaF, F*h

Several New Operators Already present in the EWPO analysis

Opc = (¢T) G4, ,GAH Osn = (¢'¢) O (¢70)
Oy = (¢') B, B
o8 = (¢'¢) By Modifies Hings kinetic term. /

Opw = (qu ¢) W;VW"’ Ky Enters in all Higgs observables

Opep = 1 D"t DY ¢ B, <__—_// Field redefinition: trade by this 2

. ; operators (do not enter in EWPO)
OquW — ’LD“Qb O'GDV¢ W:u
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Higgs precision observables at the FCC

e Operators considered in this analysis: Higgs couplings

Fermionic couplings

Lpys= giiie é};ezizh T ghuu uLuRh T ghdd d h + h.c.

Operators

ghff = n:;f (1 + [(Cqu _ iCqﬁD) \/52 1AGF} A22> Oeop = (¢T¢) (E¢~€R)

Oup = (¢70) (CI_L¢UR)
Higgs self-coupling Od¢ — (¢Tq§) (q_L¢dR)

Lys= gnnnh’

Ghhh = A;E (1 T :3(C¢D — iCqu) — 2 %AGF: X—z) Oy = (¢T¢)3

Only enters in Higgs self-interactions
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Diboson observables at FCC ee

e J¥ pair production at FCC-ee

See P. Azurri’s talk and J. Gu’s poster for details
cur H=b | Using full angular information of the W’s and decays

FCC-ee 161/240/350/365 GeV Statistical Analysis only
Uncertainty Correlation Assumes aTGC dominance
aTGC (stat) Matrix
0g1z 81x10~%* 1 —0.28 —0.87 : "
0Ky 5.2 x 10~4 1 —0.12 v
Az 7.9 x 10~4 1 o iy

(Full EFT study in progress)

From J. Gu’s Talk at FCC-ee Physics Meeting, March 19 2018
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Diboson observables at FCC ee

e Operators entering in anomalous Triple gauge couplings

Lroe = ie |(WEW, = WoWH) Ay + (1+ 0k,) A WiW,
+ z'g cos Ow {(1 + 691.7) (WJLW‘ - W, W+) Z,+ (14 6rz) Z,, W:WV_}
4 WA, +igcos @ oW Zpps
2 aTGC related to Higgs couplings
Ok =—20¢%, (Gnan — 9897 + goniew Inga (S — %))
091,z =50 a5 (nghZZ + 453, (gnan — 9597 + 30192) + E gl a(ch, — 53))

0kz = 091,z g 51{7
3 ¢ v2 — 3 aVviA/bpyyc
Ay = Az 2 Ow = ZeachM WV Wp

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

e EFT fit to Higgs precision observables at the FCC-ee and FCC-eh:

100

50

10

AIC)2[TeV]

0.5

0.1 .
Opc  Opw Oge  Opgw Opgw Oy y,04 y.05 y.0%3 y0¥ y,03 Oy Ow

Results show only for operators non-entering in EWPO (stay unchanged)
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Higgs precision observables at the FCC

e EFT fit to Higgs precision observables at the FCC-ee and FCC-eh:

100 HLLH+FCC-ee/FCC-eh
50 Coupling Relative precision
Kb 0.39%
K¢ 5.16%
10 K 0.59%
X 5 Ke 0.79%
2 Ko, 5.17%
KRz 0.14%
1 KW 0.17%
0.5 Kg 0.74%
* Kom 1.19%
KZ~ ]_4.3%
0.1

eff eff eff
Ihuy Ihrr Ghcc Ihtt Ihbb Ohzz Ihww Ihyy Ihzy Ihag Ghhh

At this point, it compares relatively well with the kappa analysis for the SM-like couplings
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Going back to Higgs complementarities...

e 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 o(1tH)/6(1tZ) boosted

x10’ %10°
O0F N T 1 - dN T 1
JoF dm,. [GeV} 3 b-tags n dm . [GeV} optimalR + t,/t1,<0.4
60~ :
SOf— ::LLLL ttH 6_— ttH
- ttZ i .
40 J’_—LLL T+ets : l‘ e.g. Fit and extract Nu/Nzto 1% accuracy
n Thin 4—
301 33& ttbb - 7 => Ostat+th Y/Yt ~ 1%
20/ —
" 2 Assumes no NP in Z#t and BR(H—bb) know to 1%
O:| | I S| | | A B | | | i | | [ P | | | | _ | | | | | | | | | | | i} i}
0 100 150 200 250 7760 80 100 120 140 Both measurable at FCC-ee with required
My, [GEV] My [GeV] : s
precision

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

Robust determination by this method requires both FCC-hh and FCC-ee
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Going back to Higgs complementarities...

e 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 o(1tH)/6(1tZ) boosted

e - — = S — — o Coee————
N

Toy fit neglecting FCCee measurements
x\
0.4 |
\ - [ with_FCCee |
. B |
Assuming ~10% accuracy L wo_FCCee |
on Ztt top couplings = L ‘
} > o | e.g. Fit and extract Nu/Nzto 1% accuracy
<3 O i [ o t/yr ~ 1%
| i o - | = Ostat+th Yt/ Vt (1
l Precise measurement ~1% « ! ‘
*‘( of LR Ztt coupling needed 02r | Assumes no NP in Zi#t and BR(H—bb) know to 1%
! ] Ztt-Hitt t
| o4l | Both measurable at FCC-ee with required
-0.4 -0.2 0 0.2 0.4 | precision
dGntt/ Ipyy /

Robust determination by this method requires both FCC-hh and FCC-ee
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Going back to Higgs complementarities...

e Higgs self-interaction:
Can be tested at FCC-ee via NLO effects: Limited (~50%) precision S. Di Vita et al., JHEP 1802 (2018) 178

Direct HH production at FCC-hh: Assumes all uncertainty goes into x;

Stat. only /
0 S/S=1% /

d S/S =& ttHAMtH = 1%

pp—HH—bbyy

5%)\ — [3(C¢D — iCqu) — 2]\2—2}%0(]5 — %AGF} X—Z

-2A NLL

But other NP parameters modify HH production
and decays

g < ---h g 0000 //h g “0000) //h
1R > <
g L ---h g TOOO LN g TOOO "~ h
Oo|9""o<1:)5""1 "'1(|)5""1|1 g%@ ///h g%@///h
' ' ' K, = A /gy, -~ < _ -
— g N, g )

| dKa(stat) = 3.5%
OKx(stat + syst) =~ 6 % |

IIIIIIIII'IIII'IIIIlIIIIlII

A. Azatov et al. PRD92 (2015) no.3, 035001

They can be measured at FCC-ee/eh/hh with ~1%
M. Selvaggi, Talk at 2nd FCC Physics Workshop precision = Global FCC fit for robust estimates
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Going back to Higgs complementarities...

e Higgs self-interaction:

Can be tested at FCC-ee via NLO effects: Limited (~50%) precision S. Di Vita et al., JHEP 1802 (2018) 178
o = ———————— - - —— I — ' T ”"~\ B} .
/ Toy fit neglecting FCCee measurements \ Assumes all uncertainty goes into «;
B \
0.4 EWIE-FCCee = {3(C¢D — 1C4p) — 2732Cp — %AGF} e
- i iwg_FCCee | h
;}g 2T her NP parameters modify HH production

} Precise determination > i | and decays
| of operators modifying s O L, . L . L
~ Hu interactions needed B i | ¢ > <7 ¢ > g
! 02 - g TOOO LN g TOOO )

\ -0.4 HHH-Hitt ) . h q o h
\ | | | | | | | | | | | | | | | } % - g %} 7 g

i - -
\ -0.1 0 0.1 / h o N

] Skn(stat «l A. Azatov et al. PRD92 (2015) no.3, 035001
| 0 B | _
i ' | They can be measured at FCC-ee/eh/hh with ~1%
M. Selvaggi, Talk at 2nd FCC Physics Workshop precision = Global FCC fit for robust estimates

%
Q
>
Ny
~
Q
>
Ky
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Going back to Higgs complementarities...

e Higgs self-interaction:

Can be tested at FCC-ee via NLO effects: Limited (~50%) precision S. Di Vita et al., JHEP 1802 (2018) 178
o = ———————— - - —— I — ' — ‘~\ B} .
/ Toy fit neglecting FCCee measurements \ Assumes all uncertainty goes into «;
\
| 1 v2 1 v2
h = 3(Con — 1Cup) — 252Cy — 2Ac,| 5
|
J
= - -
§c§ Indirect dependence on her NP parameters modify HH production
| 3 FCC-ee Z1t via 5 and decays
| !
E N L Htt/Ztt FCC-hh measurement | = g m> o h J m> o
s ’ 1A - - =< - ty
*‘( - e e b - 1 9 TooO SN g ToOO "~ h
‘u """""" ] |
{ .
T |
| - HHH-Zt i - h g - h
\\ I T / _h_ < s -
\ -0.2 0.1 tO t,SNi“ 0.2 R - S o .
o 91: e S J h g h
iv SKx(stat + syst) = 6 % ';1 A. Azatov et al. PRD92 (2015) no.3, 035001
— e They can be measured at FCC-ee/eh/hh with ~1%
M. Selvaggi, Talk at 2nd FCC Physics Workshop precision = Global FCC fit for robust estimates
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The Global Electroweak and Higgs fit
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The Global Electroweak and Higgs fit

e Putting all together... Fit to all 22 (EW) + 13 (Higgs+WW) operators

100

50

10

AIC)2[TeV]

1
ol oy Oge ol o) Ogpu O Oy

Dominated by FCC-ee - Complementary info from FCC-eh for light quarks
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The Global Electroweak and Higgs fit

e Putting all together... Fit to all 22 (EW) + 13 (Higgs+WW) operators

100

50

10}

AIC]2[TeV]

05|

0.1
Ogc Ogw Ose  Opgw Opgw  Ops  y,035 y:03% v:0i% viOip Y035  Oo Ow

Receives important contributions from all FCC options
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The Global Electroweak and Higgs

fit

e Putting all together...

100

100
10

Ghuy Ohrr Ghcc Ohtt Ghbb Ohzz ghww gir gey, gin Ghhh _
s |
g’ i
Single Higgs couplings could be known to ~1% or better 0.100
Higgs Self-coupling could be known to less than 10% 0.010
0.001k

FCC Week 2018

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

Independent information for the couplings to all
fermion families

Lepton sector: precision down to ~10-4
Quark sector: sub-percent level in most cases

FCC Zff 10 uncertainties
Preliminary FCC-ee
ffffffffffffffffffffffffffffffffffffffff FCC-ee  FCC-eh g -
g gk 9. 9k 9 9k 9 9r 9f 9% ot gk 9 9% 9 gk g° g

Jorge de Blas
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Conclusions

e A global fit in a model-independent theoretical framework is required to accurately
assess the sensitivity to new physics in the different EW and Higgs observables

e 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,
onhe order of magnitude

e 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 fills gaps in precision Higgs measurements for rare decays, top and the Higgs self-
coupling
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Conclusions

e All three FCC options complement each other very well and are useful to complete
the whole picture:

FCC-ee FCC-eh ...-+» FCC-hh

Z-pole: EW precision NC EWPO: first quark families 2" Higgs: Rare decays

..5. .. ..:.. :.:. | .
. 7o :.'-'°.. N
Higgs: General measurements |. - - - IR
e *e :.:

Ztt: EW Top couplings | = ..... SORPRRNY |
v v 9&

EW bosons properties Higgs properties
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Conclusions

e All three FCC options complement each other very well and are useful to complete
the whole picture:

FCC-ee FCC-eh ...-+» FCC-hh

Z-pole: EW precision NC EWPO: first quark families 2" Higgs: Rare decays
v Higgs: General measurements ':,-'. . . _
WW threshold: EW precisionCC |- - . ¥ 2oy Higgs: Top coupling

:
Higgs: General measurements |. . - -
« *3 :" ...............

09 ..... .:..
[ .. °
P
S

Zit- EW Top couplings ..... . ...:: ..... ‘,. ..,. ......... Tee, .. :: . e ....:,- .,; .

v NV 9e "4 v v
EW bosons properties Higgs properties
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Conclusions

e The dimension 6 SMEFT:
Ceg =Y gy zaala=Lsm~+ +Ls+ 15L6+ -

Effects

qgq=v,FE <A

A: Cut-off of the EFT Sﬁ"‘iby/v
Most of the effects discussed so far

For E>>v these effects can provide precise constraints on EFT interactions
even If experimental precision is lower

Large Energies = FCC-hh
Look for E-enhanced effects in differential distributions

See A. Wulzer’s talk this morning
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Conclusions

e The dimension 6 SMEFT:
Lrg = 2214 Ad1_4£d = LM - jlxﬁ5 | j;lzﬁﬁ + .-

_ d _ d—4
Lo=),CL0; O] =d —— (1)
S - _ _ Effects R —

// o3 ~

, Example: Individual 95% prob bound on /{qu ~ +3 x 10-3 TeV-2 \
\ |
| 0(3)
For E>>v these| Contributes to WZ production via High-E primary aég) = 4 [z;q ~ +12 x 107 3TeV 2
i\
| - (3) ~ + B3TeV—2 |
Look Study of prv distrib. at FCC-hh 20 ab-1 (0sys=5%) — @ q ~ +6 X 1072 TeV i

|

|
\ Energy helps to improve precision constraints on new physics J
~ See A. Wulzer’s talk this morning ) ///

— _ —

To be included in updated global fits

Jorge de Blas
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Thank you
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