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Introduction

The Future Circular Collider

! In short:"

FCC-ee: Experimental PRECISION FCC-hh: ENERGY

FCC-eh: a good mix of both

! All 3 options can do a lot in terms of improving our understanding of the electroweak sector:"
! Properties of the Electroweak gauge bosons (EWPQO)"

! 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 E"

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

| DISCLAIMER: All results in this talk are VERY preliminary"
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Outline

! Theoretical framework: The dimension-6 SMEFT
! Electroweak precision observables at the FCC
! Higgs observables at the FCC

! The Global bt to EW and Higgs observables
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The dimension-6 SMEFT

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



The dimension-6 SMEFT

| 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

Ley = 44 sasLa=Lsu + #Ls+ HLe+ 444
A
! _ g d! 4
E"ects "
| : Cut-0" of the EFT suppressedby 4 = V,E <

LO new physics e"ects OstartO at dimension 6

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

M 2 M 2
ez | 0.8% gt ! 0.007%

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

W. BuchmYller, 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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The dimension-6 SMEFT

! Advantages of EFTSs:

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

Well-dePned perturbative expansion (can compute at N nLO)

Well-dePned 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.q.

EWSB \,2g 1! WS! Modibes neutral gauge " /o1

boson self-energies
/ (dim 4)

VhB¥ W5 ht1 zz, 1 Higgs phys.
(dim 5)

Orws = ! "a! BY W
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FCC sensitivity to New Physics

General strategy for calculation of future sentivities

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

Bayesian bt using" bt

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

! Assumptions:”

Likelihood: SM predictions as central values for future OexperimentalO 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)”

O = Ogy + !ONP!LZ
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Electroweak precision measurements at the FCC
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Electroweak precision observables at FCC ee

| Electroweak precision measurements at FCC-ee

Precision measurements at the Z pole

See R. TenchiniOs talk for details

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

Mz [GeV] 10 ' 4 (10" 9) A o 10° 4 (7! 10" %)

|, [GeV] 10 ' 4 (41 10'5) Ay 1.5 10'4 (10 )

1 P4 [nb] 51 10° 3 (10' 4) A, 31 10' 4 (2! 10' 3)

:Qe 0.006 (3 ! 10! 4) Ab 30! 10! 4 (32 ! 10! 4) y

R 0.001 (5! 10 ®) Ac 80! 10'4 (121 10' 3) S

R 0.002 (10" 4) — . . S

R, 0.00006 (3 1 10" 4) Sin "E| (PI) 6.6! 10' © (3 | 10' ° 8_

. . . 2 0" ) A o N e o : N Lo W AN ON\ -

R. 0.00026 (15! 10' %) i = B ) =1 B A S CIL I A *‘g
©

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

| Electroweak precision measurements at FCC-ee

Precision measurements atthe WW threshold
See P. AzurriOs talk for details

Observable Expected uncertainty (Relative uncertainty)

My [GeV] 6.5! 10'4 (8! 10' ©)
lw [GeV] 1 .59! 10'3 (8! 10' 4)
Riny _0.002 (3! 10' %)

: OFirst Look at the Physics Case of TLEPO .
. JHEP 1401 (2014) 164 :

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

! EWPO sensitive to modibcations of NC couplings

_ e! |U B H ﬁ “\P/U| I |D | h /U! | |D ' = |Q I Ilj
Lne = o 1+ 0ne Zy o "R gty +(0PPa0)i Pot ogrliy +(1P0r)i Pr ! One
Fl/avor non- unlveé;sal contributions 10 Operators
| 0 |
e 1 (1) " (3) 2 _ 1 (1) 2 (1) 1 - 1 £
'DgL = | 50/(3..' C..l&!"—z, !Dgg—. §C..6!"—2 :( IDM )(f#“’f)
u 0 u
1] 2 2 3 11 11
°gl =14 cfyr cfy 5 1Pg =1 el 5 “—( fiDar )(F#h$,.f)
Flavor-universal contributions | |
C 2 1 : " 2
gNC:|%|6F+ LA Oup = ! 'Du!
% '& _ T " a u|
| Q = ¢ + 8%t C-op 2 Oswe =(" $a" )W/, B
. gNC - Q c2l g2 "WDB c2l g2 GE 2 | 2
Indirect e"ect aééociatéd to m‘o'diIDca‘tions In # decay (G F)
70 70 T T
= y
! G- — C(3) 22_|_ C(3) 11! (C||)]_22]_ O|| (I#HI)(I# I)
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Electroweak precision observables at FCC ee

! EWPO sensitive to modibcations of CC couplings (Ignoring CKM e"ects)

| " #$ | v 0p | | ! L | $ | n %_ _ &
Lec = ! &5 1+ 'Wgec W 1y + 1PUL o "#Me + 1PVR up#fdp + 1y + 1PV o up#RdL +hc
Flavor non-universal contributions
Q) 2 Operators
Does not interfere with SM
D —_— (3) 2 D — 1 2 — " —
1PV =C %, ! vye{— ONH )(Ur#HdR)
Flavor-universal contributions
H , d - Yo& ,
I = —=C | e | + = Vo
Jee s21 c2 1 W8 2(c?! s%) GF 2 2 No more operators but constraints
1 more direction
| W mass: .
- _ _ EWPO: Z-pole + W properties
d , tbC , Y0 , Y0 P REoD
2 — 2 2 c ' D 28 S” | Ve o
M W M7co 1 c2! g2 7 T3 Crws + c2* Gr 12 Constrain 8 independent

combinations (in the FU case)
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Electroweak precision observables at FCC ee

! Electroweak precision measurements at FCC-ee of SM Inputs

Precision measurements of Top and Higgs masses

Observable Expected uncertainty (Relative uncertainty)

m. [GeV] 50 ! 10' 3, (3! 10' %)
My [GeV] L7 11003 (6! 10' %)
" OFirst Look at the Physics Case of TLEPO " " Only ~10 MeV experimental

. JHEP 1401 (2014) 164 : S S ;

Precision measurements of the EM constant from A Eﬁ; bove and below the Z pole

| 2
| QED (M 7 ) 1"
n 1 ?
QED (M 7)
With a 1-year running period at 87.9/94.3 GeV (85tab

3# 10' °

See note in P. JanotOs talk for details

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

| Global bt to electroweak precision measurements at FCC-ee

#S 95% Prob. Limits ~ mm .
ll$ 777777777777777777777777777777777777777777777777777777777777777777777777
Ry
3t N . R Rl
BTN N B E N B N
Interaction scale i
associated to
each operator | : : : : :
) | ¢ 1 | & | Ly

Fermion [3avour universality assumed
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Electroweak precision observables at FCC ee

! Global bt to electroweak precision measurements at FCC-ee

B 0.4
0.004 - FCC 68%, 95% prob - FCC 68%, 95% prob } - ECC 68%, 95% prob
- ¢ iCurrent 0.1 : :Current " i current
I i 2 |
= 0.002 — . S B = 0 B
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U I S5 X B soling
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1 0.002 -~ - -
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Fermion [3avour universality assumed
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Electroweak precision observables at FCC ee

! Global bt to electroweak precision measurements at FCC-ee: Impact of theory uncertainties

FCC Week 2018

Fermion [3avour universality assumed

0.001
I FCC-ee(no_Th_unc)
- | {FCC-ee
0.0005 [~
> C e
ox b
(S 0 L @ L
v - S
@) i ,\ et ".
1'0.0005 —
RHEP[T Zee
! 0001 | L1 | | | | | | | L1 | | | | | | |
1'0.001 '0.0005 0 0.0005 0.001
e,SM
lor/g |
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Electroweak precision observables at FCC ee

! Global bt to electroweak precision measurements at FCC-ee

i FCC 68%, 95% prob . é‘a%, 95% prob & ... 68%, 95% prob
0.004 - =~ 0.004 — =—~ FCC 0.004 FC(;;
- jCurrent - i__iCurrent - Current
= 00021 = 0.002 - = 0.002 -
g » y 7 3
el Z i l M= ¥
c) — -
~ O @ 9 O+ @ 9 0
Y e - =& - L& i
> - © ' o> I
10002~ T 10002 - 10.002 -
1 0.004 — _ B -
N HEPHT Zee 10.004 =Yl L Zpy ' 0.004 [Ty |- R Ak
L N B T T “" | \'“ N R T N “‘ i N IR |“‘“’r\ I R R R ~—|-n‘| NI B
10.004 10.002 0 0.002 0.004 10.004 10.002 0 0.002 0.004 10.004 10.002 0 0.002 0.004
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y L vl u, SM ! I . SM
L g /9 [ 19, /9 |

No Lepton [3avour universality assumed
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Electroweak precision observables at FCC ee

! Global bt to electroweak precision measurements at FCC-ee
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_____
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Partial Quark 3avour universality assumed (1st 2 families with equal couplings)
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Electroweak precision observables at FCC ee

| Electroweak precision measurements at FCC-ee

Precision measurements of Top couplings at 365 GeV

Y0 & " 0 &A
X =1ie 4, F +sFS i (p +pe) iR, 4+ sF,
B\
-% B LHC FCC-ee 365 GeV
§ i B c
510" B Fccee Correlation
- Coupling  Uncertainty Matrix
- t t SM
el | g\t, /g YSM 0.009 1 0.25
: 1A /0 A 0.021 1
: t t SM 11
1 ! gtL /g % i 0.008 1 0.96
HO7E . 10RO & 0.016 1
Precision on . . . .
Assuming new physics only in __Ztt couplings
Only three F3\, 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

! Global bt to electroweak precision measurements at FCC-ee

0.4 0.4

S 68%, 95% prob " Wl Fcc 68%, 95% prob ! . Ecc . '68%, 95% prob - @ Fcc 68%, 95% prob
01l i curent 01l Cicument % % " icument -
- Sy - 02— 4 0.2 |
= - . - B \ B
o [ 2 BE o> S S F
SO L\ T O 2 0F o O \
(@) S S B @) N -Oc% i Q\D: i
— i — i = i > i
i i 10.2 — 10.2 —
10.11- 10.11- I S S I
gHEPE Zuu dHEPE Ztt N HEPL Zdd - Zbb
B | | | | | | | | | | | | | | B | | | | | | | | | | | | | | | 04 ! | | | ‘|\ L | | |‘\ | | | | | | | | | | |
10.1 0) 0.1 10.1 0) 0.1 10.02 0) 0.02 10.02 0) 0.02
U f~ U, SM | At /y b SM d 7~ d,SM | b/ P:SM
1gU/g ! g /g ¢ 1gt/g 19079 ¢

Partial Quark 3avour universality assumed (1st 2 families with equal couplings)
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Electroweak precision observables at FCC eh

! Electroweak precision measurements at FCC-eh

Precision measurements of couplings to light quark families

© : IEI LHleCl I I 1 | 1 I I I I I | | 1 l : >3 0.6 : 1 1 ] | ] 1 ‘I 1 1 | I 1 || :
0.4~ C_JFCC-ep - 0 5:_ fE e 3
- [0 H1 (H1-prelim-16-041 - E 3
" &7 H1 & ZEUS data (PR D93 (2016) 092002) ] = g ) ) )
0.2 ---- LEP & SLD (Phys.Rept. 427 (2006) 257). 0.4F E Observable Uncertainty (Relative uncertainty)
" .. DO (PR D84 (2011) 012007), Ay? = 4.72 i SR ATERRE R SR T :
. % Standard model 1 0.3 "3 u
E 3| 0/
T oy i & : : gl 0.0022 (1.1%)
E i 0.2F - u 0
_ 5 : gy 0.0031 (0 .6%)
3 i 0.15‘ LHeC —:
; B — el : gd 0.0049 (1 .4%)
il OF [ H1 (H1-prelim-16-041 ~ d 0
] " [Z&7) H1 & ZEUS data (PR D93 (2016) 092002) g 9A 0.0049 (O 97 /O)
i ~0.1 ---- LEP & SLD (Phys.Rept. 427 (2006) 257). -
5 - DO (PR D84 (2011) 012007), Ax® = 4.72 .
: -0.2 * Standard model -
: 1 1 l 1 1 1 I | 1 | l | | :

O
(V)

6. 0% - 02 0 0.2 0.4 0.6

QO
Q
QO

=

Assuming new physics only in __Zgg couplings _

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

! Global bt to electroweak precision measurements at FCC-ee + FCC-eh

I FCC 68%, 95% prob ECC 68%, 95% prob I - ECC 68%, 95% prob
0.1+ 0.1 iCurrent _ 0.1+
= s FIS s
- B 7)) B v i N o
- O 0 o 0 s 1 =X 0
o U B —
< i 2 i R 2
:)cn): UD: I“ “" .: .'I 4—!0:
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10.1— -0.1 10.1—
R i Zuu B Zce jHeERE Ztt
l l | l l | l _| I | I I | I I I I | I B l | | | | |
10.1 0.1 -0.1 0 0.1 10.1 0) 0.1
u, SM C c,SM t t, SM

No Fermion [3avour universality assumed
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Electroweak precision observables at FCC ee/eh

! Global bt to electroweak precision measurements at FCC-ee + FCC-eh

0.4
0.4 68%, 95% prob ] 68%, 95% prob 68%, 95% prob
i - FCC FCC B
i |  Current .,
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! ! - SN
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2 o o 0F o Or \ 50
© I oie I o I
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No Fermion [3avour universality assumed
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Electroweak precision observables at FCC ee/eh

! Global bt to electroweak precision measurements at FCC-ee + FCC-eh

my s
: . Current (partial QFU) 1$ uncertainties |
B FCC-eeleh
o Prelimnary

LI "#SP

14!

I"1#]

Mg

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

! Global bt to electroweak precision measurements at FCC-ee + FCC-eh

I
I ! mnmn I !#ll I I ! mn I !#ll I

! l - % YA VA . & L T

No Fermion 3avour 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

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

Associated ZH production W boson fusion (WBF) production
Observable Expected uncertainty Observable Expected uncertainty
| Hz 0.57% | 2CEV) Br(H | bB) 3.1%
vz Br(H | bB) 0.28% L wae ) Br(H ! bB) 0.79%
- BI’( H | Cﬂ) 1.7%
vz Br(H ! gQ) 2.0%
lyz Br(H! W*w"™ ) 1.3%
lyz Br(H 1 "*"#) 1.0%
lyz Br(H! ZZ") 4 .4%
vz Br( H | ##) 4 .2%
lyz Br(H ! p* p#) 18 .4%

See M. KluteOs talk for details
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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 Observable Expected uncertainty
| WBE Br( H | Cﬂ) 2.36% | SBE Br( H ! Cﬂ) 7 .08%
lwee Br(H! W*IW" ) 2.45% l o6 Br(H! W*IW" ) 4.29%
lwee Br(H ! "*"#) 1.65% | ;g Br(H ! " T"#) 5.25%
lwee Br(H ! ZZ ") 3.94% l o6 Br(H ! ZZ ) 11.8%
' wee Br( H ! ##) 4.7% l s Br( H ! ##) 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

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

FCC-ee
Coupling Relative precision

#p 0.58%

#i #

#, 0.78%

ca 1.05%

# 9.6%

i 0.16%

H\w 0.41%

#q 1.23%

# 2.18%

H o #

See M. KluteOs talk for Ml bt 1 gni /g ﬁiM

FCC Week 2018

FCC-eh
Coupling Relative precision
#h 0.74%
#y #
# 1.10%
# . 1.35%
# #
#7 0.43%
Hw 0.26%
#q 1.17%
o 2.35%
Hoo #

Jorge de Blas
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Higgs precision observables at FCC ee and eh

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

FCC-eh
Coupling Relative precision

FCC-ee

Coupling Relative precision
Hh 0.58%
#y #
# 0.78%
# . 1.05%
# _9.6%

#y ( 0.16%) ————————H

H# C021%) ———————

SN
—

e 1T53%
i 2.18%
i )

D gni /g
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Higgs precision observables at FCC ee and eh

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

FCC-ee

Coupling Relative precision
Hh 0.58%

#, @

# 0.78%
#c 1.05%
:
#7 0.16%

Hw 0.41%
#q 1.23%

. 2.18%
Hy

FCC Week 2018

D gni /g

FCC-eh
Coupling Relative precision
#h 0.74%

i

# 1.70%
# . 1.35%
#

#7 0.43%
Hw 0.26%
#q 1.17%
o 2.35%
W

See U. KleinOs talk for tH at FCC-eh
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Higgs precision observables at FCC ee and eh

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

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

HLLHC + FCC-ee

HLLHC + FCC-eh

Coupling  Relative precision Coupling  Relative precision
H 10.4% #h 0.55% " 0.69%
Hi 7.6% i 5.19% |, 5 27%
#) 9.43% # 0.76% | 1.06%
#e H e 1.03% | ¢ 1.33%
# 7.4% 71 5.20% L 6.25%
Hz 3.7% t#z 0.16% | 0.41%
Hw 4.2% Hw 0.40% | W 0.25%
#q 5.2% #q 1.03% | g 1.02%
H 4.3% Ho 1.41% . 1 44%
Hzv 15% tHz 14.2% Iy 14 26%
i OnilgR

FCC Week 2018
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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, &&/## )

/s = 100 TeV, L = 30.0 ab™ RECO: Delphes-3.4.2

~ | ' ]
> 10 b — stat + syst (2) B
’Gc;)\ S stat + syst (1) S
3 - —— stat. only :

| ]
L
Y - =
I 0 |
2l
17z}

| |

200 400
p? (min) [GeV]

YBR(H 4") (%)

# BR(H™

[
-

107" &

/s = 100 TeV, L = 30.0 ab™ RECO: Delphes-3.4.2
I I I I [ I I | I I
— stat + syst (2)

stat + syst (1)
— stat. only ; 1% accuracy (stat + sys)

: within reach
3 3 Provided BR(H!'4l) know to <<1%

i | (pp!H4l  measurable at FCC-hh to ~1%)

| 200 | | | 400 | |
pH (min) [GeV] Measurable at FCC-ee/eh with
T

required precision

M. Selvaggi, Talk at 2nd FCC Physics Workshop

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

FCC Week 2018

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

110° 110°
80:_ dN 1 - dN 1
60 :
50— R ttH 6~ ttH

- ttz I _
40 J’_—LLL ti+jets A e.g. Fit and extract N n/Nzto 1% accuracy
30— 33& ttbb : - <Z Yetar+th Yi/Yt ~ 1%
20— -

- 2~
10— !
05 i === D B I Nar More on this later

100150200 230, 60 80 100 120 140
Miec [GEV] M. [GeV]

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

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

HLLHC + FCC
FCC-ee/FCC-eh i Iati . .
Precise determinations for the leading couplings C0up Ing Relative pPrecision
l 0.38%
HZZ Crucial for normalization of FCC-hh results
I 0.51%
I 0.58%
FCC-hh
| 0
Completes the picture with precise * C 0.79%
determinations of Top and coupling : U 0.42%
assoclated to rare decays | . 0.14%
LW 0.1/%
NOT MODEL-INDEPENDENT: I g 0.74%
Results assume that, if there is New physics, it can only | . 0.40%
be in the Higgs couplings ' '
L 5 0.52%
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Higgs precision observables at the FCC

! Operators considered in this analysis: Higgs couplings
Vector couplings
%

L vy = ghggGﬁ..GAu"h + gr(&/)vw WH"WH,,h + gr(ﬁ/)vvv W+"$“Wu..h +h c + gr(w:\B/{/W WJW! i h
+ Ongz ZuZ¥ D + O, Z2$,ZW h + g2, Z,ZVh

T gr(112)A ZH" FH h+ gﬁZZ)A Z$|_1F“ h + Ohaa FH" FH h

Already present in the EWPQO analysis

Several New Operators

X # A A | — ) ]| 11 #I ) ]| ]| #
O#G — mon GulG M O#I — _
11 # .
O#B — " 1" B IJ_l B ul T
' H ModibPes Higgs kinetic term.
Osyw = " " WS‘I W am! Enters in all Higgs observables
Opsg = ID*" D'" B n <__’_// Field redebnition: trade by this 2
_ . . operators (do not enter in EWPO)
OD#W = |IDH $aD' WS!

Jorge de Blas
INFN - University of Padova
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Higgs precision observables at the FCC

! Operators considered in this analysis: Higgs couplings

Fermionic couplings

L it = Onee @ €N+ Onyy B UR + gpyq H dgh +h.c

% # & Y Operators
ghff — I — 1+ (CII I lCI D)I - _V lI G % O — ] II# I_u e H
\Y P 4 : om 2 F I et , #:DL | R Y0
Ou# — " " q—Lu—uR
1 #
Higgs self-coupling Ogs = " " (T dg)
L hs= Ohnn h°
" 2 $ # L 2% ) i
Ohhn = ! & 1+ 3(Cii ! iCip)! 2& Ll g, ¥ O, = " "

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

! W pair production at FCC-ee

See P. AzurriOs talk and J. GuOs poster for details . . . N
P Using full angular information of the WOs and decays

FCC-ee 161/240/350/365 GeV Statistical Analysis only
Uncertainty Correlation Assumes aTGC dominance
aTGC (stat) Matrix
g2z 81! 104 1 " 0.28 " 0.87 e "
" 521 10° 4 1 " 0.12 [
#> 7.91 10 4 1 c "

(Full EFT study In progress)

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

| Operators entering in anomalous Triple gauge couplings

L tgc = ie: WJ,\{VL'l | W;!V\'/IJ#A! + (1 + "##)A#! WJW!! N X
+ igcos$y (1+ "giz) WIW! ! WL WF Zy +(1+ "#z) Zy WIW,
+ e W WL Ay + g cosSw W5 W Zey,
2 aTGC related to Higgs couplings
"Hy =1 2V, | Onaa ! Ohpz *+ ss—Onza (C5 ! SSV)#

H
2 ~(2) 2 (1) 1 ~(2) 2 (1) 2 2
01z = 2(0\2,\,\!/ 52y Cw Onzz +4 sy (Ohwa ! Onzz t 70hzz )t CSTWthA (Cw ! sw)

Il# Z — 1 gl,z ! II# #

% = Y% = | 3 Ow = ilapc W2 WP W.eH

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

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

B
ol T mTeeren |

sl

"% #
&
I ‘\\

I"#

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

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

3!

! '!((

HLLH+FCC-ee/FCC-eh
Relative precision

Coupling
b 0.39%
- 5.16%
I 0.59%
| 0.79%
5.17%

C
U
7 0.14%
I w 0.17%
g

0.74%
L 1.19%
L 2 14.3%

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

| 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

110° 110°
805 dN [ 1 } 3 b-tags - dN [ L } optimalR +"_/".<0.4
70 dm,.. LGeV. 8__ dmye. LGeV. P 2/ 1
|
50 - tfH 6 ttH
- ttz I _
40— J’_—Lll ti+jets : e.g. Fit and extract N n/Nzto 1% accuracy
30~ 33& ttbb T - <Z Yetat+th Yt/yt ~ 1%
20° e
na I Assumes no NP in Ztt and BR(H!bb) know to 1%
E. M M =l - _ _
b 100 150 200 250 060 " "80 100 120 140 Both measurable at FCC-ee with required
Mhee 56V Mhec [GEV] 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 complementaritiesE

! 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

- = - —_ — —
—_— - — — — ___ __ == ==

— — — —
D N

Toy bt neglecting FCCee measurements \
\
0.4 “
| - [ with_FCCee |
. C |
Assuming ~10% accuracy L wo_FCCee |
on Ztt top couplings = |
| o i | eg Fitandextract N n/Nzto 1% accuracy
| ~~ 0+ ',':',‘
‘ . > f o <Z Yetat+th Yt/yt ~ 1%
l Precise measurement ~1% —. : |
*‘( of LH Zit coupling needed 1021 § Assumes no NP in Ztt and BR(H!'bb) know to 1%
! ] Ztt-Htt t . :
| I | Both measurable at FCC-ee with required
10.4 10.2 0 0.2 0.4 | recision
\ | Ovee /g SM / P
Ohtt /9 htt //

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

! Higgs self-interaction:

Can be tested at FCC-ee via NLO e"ects: Limited (~50%) precision S. Di Vita et al., JHEP 1802 (2018) 178
Direct HH production at FCC-hh: Assumes all uncertainty goes into  $
pp!HHIbb  ## 1 : $
2 Stat. only / #y= 3(Coy ! 3Cp) ! 255Ce 1 2le. 5

0 S/IS=1% /

d S/S =& ttHAMtH = 1%

But other NP parameters modify HH production
and decays

g «—r---h g OO0 _-h 9 TEOT _-h
T P e
g L - - -h g Tooo " “~h g Tooo “~h
00'9""055""1 "'1c|)5""1|1 g%@ ///h ) ///h
- ——— - g "~ h g "~ h

1" 4(stat)$ 3.5% |
" y4(stat + syst) 6 %|

==

w
IIIIIIIII|IIII|IIII|IIII|II

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 bt for robust estimates
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Going back to Higgs complementaritiesE

! Higgs self-interaction:

Can be tested at FCC-ee via NLO e"ects: Limited (~50%) precision S. Di Vita et al., JHEP 1802 (2018) 178
" - - — ’ - ""f\\ _ _ 0
Toy bt neglecting FCCee measurements \ Assumes all uncertainty goes Into 3
S | # , $
0.4 I Witfi-FCCee L, = 3(C., ! 7Cip)! 25C 1 21 g 5
- ...iwg_FCCee | h -
] VN (‘
l = £ 2T er NP parameters modify HH production
| Precise determination o | and decays
- of operators modifying s T L h . h . h
| Htt interactions needed o | , t > - < t ,>/
M 02 - - h 9 Too0 "~ h g OO "~ h
| :
l 10.4 - . _-h g _-h
| ;}%@—h— < ?@%@:
\_ y, "~ h g s h
SN—— ip " #—(tt §‘ I A. Azatov et al. PRD92 (2015) no.3, 035001
B They can be measured at FCC-ee/eh/hh with ~1%
M. Selvaggi, Talk at 2nd FCC Physics Workshop precision ! Global FCC bt for robust estimates
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Going back to Higgs complementaritiesE

! Higgs self-interaction:

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

—_— _ — — ___ __ — e ——_—
—

\ Assumes all uncertainty goes into ~ $

|

\‘ 1 $

Toy bt neglecting FCCee measurements

| _ 1 2 1
’. — B(C"! I ZC"D) I 2|\\/|/—|$C" ' EI Gg |V_2
|
Indirect dependence on er NP parameters modify HH production
FCC-ee Zit via 5 and aecays
Htt/Ztt FCC-hh measurement |~ " : m> Loh 0 m> _-h
| PN ty
RN g Too0 "~ h
..... HHH-Ztt g _-h
AR g
B
" y(stat ol 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 bt for robust estimates
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The Global Electroweak and Higgs bt
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The Global Electroweak and Higgs bt

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

FCC Week 2018

ez

: " ||!||# #

II#

W FCC 95% Prob. Limits
.~ | FCC (1 op. at a time)

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

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

#l

************************************** 05% Prob. Limits
3|

# |-

Yy
¥

1"

# !$" !$" | 1 I% 1 % ||..( ll".( II#!) | |$

Recelves important contributions from all FCC options
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The Global Electroweak and Higgs bt

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

a |
s

I"#

L1 "4#$

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

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

FCC Week 2018

Amsterdam , April 11, 2018

#11}

14!

I"1#1

g L

#)

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 Z"

Preliminary

Jorge de Blas
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Conclusions

| A global Pt 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 Plls gaps In precision Higgs measurements for rare decays, top and the Higgs self-
coupling
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Conclusions

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

FCC-ee FCC-eh ...-+» ECC-hh

Z-pole: EW precision NC .o : 1 .

v ¥ ee

EW bosons properties Higgs properties
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Conclusions

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

FCC-ee FCC-eh ...-+» ECC-hh

Z-pole: EW precision NC .o : 1 .

v Higgs: General measurements ':,-'. o o .
WW threshold: EW precisionCC |- - .¥ 2o | Higgs: Top coupling
' e Higgs: Self-coupling
e -

v ¥ ee

EW bosons properties Higgs properties
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Conclusions

! The dimension 6 SMEFT:

Ler = 4o 7osla= Lew + #Ls+ Hle+ 4aa
. s
Lq=  .CYO [o.:d—.lﬂﬂ"4
E"ects
g=_V,E<

| - Cut-0" of the EFT Siresidby/'
Most of the e"ects discussed so far /

For E>>vthese e"ects can provide precise constraints on EFT interactions
even If experimental precision Is lower

Large Energies <z FCC-hh
| ook for E-enhanced e'"ects in di'erential distributions

See A. WulzerOs talk this morning
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Conclusions

! The dimension 6 SMEFT:

Ler = d=4 d1|4|—d: Lsm + %L5+ i2|—6"'élélél
|
! ! | 4
Ls= . CYO Oi]=d — 4 ¢
I - _ _ 4 E"ects e
// c® ~
f Example: Individual 95% prob bound on J ~ +3 x 10-3 TeV-2 \
\ |
)‘ C(B) \
i
orE=mvinese ! oo ributes to WZ production via High-E  primary aﬁf) =4 I 2 I +12" 10 3TeV'
i\
| stri (3) | " 10 3Tay! 2 \
Look 1 Study of p Tv distrib. at FCC-hh 20 ab -1 (%ys=5%) ! aq l +6 10 “TeV i
|

|

\\ S AuerOsIsmornlng B e - * _ ) //

Energy helps to improve precision constraints on new physics

To be included in updated global Pts
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Thank you
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