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Introduction

Particle Physics Today
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“Only a selection of the available mass limits on new states or phenomena is shown.
Small-radius (large-radius) jets are denoted by the letter j (J)

We found the Higgs (almost) everything looks SM like... ... no sign of NP in Direct searches

e But we have good reasons to believe there must be new physics

Neutrino masses Hierarchy problem

Dark Matter/Dark Energy EW vacuum is metastable
Matter/Anti-Matter asymmetry
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Introduction

If there is New Physics

® Most of the data seems to be well reproduced by the SM predictions
(within experimental and theoretical accuracy)

Its effects in measured observables must be small wrt current precision

e | HC direct searches: No sign of New Physics...

No preference for any particular BSM model

New Physics mass scale seems to be well above the electroweak scale
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Introduction

If there is New Physics

® Most of the data seems to be well reproduced by the SM predictions
(within experimental and theoretical accuracy)

Its effects in measured observables must be small wrt current precision

Future experiments like FCC-ee will take care of providing extremely high-precision

e | HC direct searches: No sign of New Physics...

No preference for any particular BSM model

New Physics mass scale seems to be well above the electroweak scale

Effective Field Theories provide optimal framework for
model-independent studies in problems with very different mass scales

Optimal framework for model-independent studies
of indirect sensitivity to New Physics at FCC-ee
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The dimension 6 SMEFT
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The dimension 6 SMEFT

e The Standard Model Effective Field Theory (SMEFT):

Particles and Symmetries of the “Low-Energy” Theory:

Three general tions
of matter (fermions)

Poincare symmetry

SM gauge invariance
SUB):xSUR2)L x U(Dy

Gauge bosons

Assumed to belong
to an SU(2). doublet

Leptons

Leg = 220_4 Ac}—4£d = Lsm + %£5 -+ $£6 -+ ..
Li=),ClO; 0] = - (2)47%
Effects A
suppressedby q = v, E < A

A Cut-off of the EFT

Jorge de Blas
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The dimension 6 SMEFT

e The dimension 6 SMEFT:

> (
Effects A
A: Cut-off of the EFT suppressedby q = v, E <A

q)d—4

LO new physics effects “start” at dimension 6

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

small M2
(1TeV)?2

M7
(1TeV)4

~ 0.8% ~ 0.007%

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

W. Buchmiiiller, 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, ].Rosiek, JHEP 1010 (2010) 085

First complete basis, aka Warsaw basis
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The dimension 6 SMEFT

e SMEFT operators directly testable at FCC-ee (non-exhaustive list):

O,0 = T T
o et i ow=wenwe
S| O = (o1) Wawer | S| Ouo = (¢6) (en)
1| St | L] ou= (@) (zibun)
Opws = (pTo.0) WS, B* Oup = (¢'¢) (qLddr)
Oyp = |¢'iD,¢|’ N —

Not directly testable with
EWPO nor V'V prod.

Also enter in EWPO & 'V prod. )

'ng = €apc WY WEPWEH

C Enters only in V'V prod. )

Ou = (Iyul) (1y*1)
0P = (¢'iD) (I oal)
Ogp = |¢1iD,¢|”
Opwr = (¢pToad)W? B
—

[Strongly constrained by EWPO] [ Modify SM inputs: ]

OL) = (¢'iD,d) (Fr* f)

0%) = (¢'iD¢) (Fr ouf)

h—Vff

Indirect

(induce modified Vff couplings) Enter in all EW processes
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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)

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

EWSB 2 B“'/Wﬁ’,/ Modifies neutral gauge g\pT

boson self-energies
/ (dim 4)

vhB“VWEV h— ZZ, ~y Higgs phys.
(dim 5)

Oswp = ¢T0a¢BWW§u
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The dimension 6 SMEFT

e Advantages of EFTs:

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

Full UV/EFT dictionary known at tree level:

48 different types of fields (different quantum numbers) contribute at dim. 6

19 scalar fields
13 vector-like fermion fields: 6 leptons + 7 quarks
16 vector boson fields

J.B., J.C. Criado, M. Pérez-Victoria and J. Santiago, arXiv:1711.10391 [hep-ph]

General results also known at loop level (Universal 1-loop effective action)

Henning, Lu, Murayama, arXiv:1411.1837 [hep-ph]
Drozd, Ellis, Quevillon, You, arXiv:1511.03003 [hep-ph]
Ellis, Quevillon, You, Zhang, arXiv:1604.02445, 1706.07765 [hep-ph]

Tools available or in development for automatized matching

= Straightforward to connect EFT results with particular models
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EFT fits at FCC-ee
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Fitting framework

General strategy for calculation of future sensitivities

® 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.

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 + 60np 42

11th FCC-ee workshop: Theory and Experiments Jorge de Blas
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SM input

Fit inputs: Theory and Experiment

Electroweak precision measurements at FCC-ee

FCC-Héé stat.

Observable present value * error FCC-ece syst. Comment and dominant exp. error
my (keV) 91186700%+2200 5 100 Z line shape scan; beam energy calibration
'z (keV) 2495200£2300 8 100 Z line shape scan; beam energy calibration
R¥ (x109) 20767£25 0.06 0.2-1.0 ratio hadrons / leptons, lepton acceptance
a; (my) (X104 1196£30 0.1 0.4-1.6 from Rf above
Ry, (X109) 216290£660 0.3 <60 ratio bb/hadrons, stat. extrapol. from SLD
o4 (X10%) (nb) 41541137 0.1 4 peak hadronic cross section, luminosity meas.
N, (X103) 2991+7 0.005 1 Z peak cross sections, luminosity measurement
sin?08 (x106) 231480£160 3 2-5 from ALY at Z peak, beam energy calibration
1/aqep(mz) (X109) 128952+14 4 Small from A%y off peak
Ag'g (X104 992+16 0.02 1-3 b-quark asymmetry at Z pole, from jet charge
AEEI’T (X104 1498+49 0.15 <2 T polarisation, charge asymmetry, T decay physics
my (MeV) 80350%15 0.6 0.3 WW threshold scan; beam energy calibration
'y MeV) 2085142 1.5 0.3 WW threshold scan; beam energy calibration
ag (my) (X104 1170£420 3 Small from R}”
N, (X103) 2920£50 0.8 Small ratio invisible to leptonic in radiative Z returns
mp MeV) 172740500 20 Small tt threshold scan; QCD errors dominate
I'op MeV) 1410190 40 Small tt threshold scan; QCD errors dominate
Aeop/ Aiop 1.240.3 0.08 Small tt threshold scan; QCD errors dominate
ttZ couplings +30% 0.5-1.5% Small from Ecpy = 365 GeV run

11th FCC-ee workshop: Theory and Experiments

CERN, Jan 9, 2019
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Fit inputs: Theory and Experiment

e DiBoson (WW) precision measurements at FCC-ee

Decay mode relative precision | B(W — ev) | B(W — uv) | B(W — mv) | B(IW — ¢q)
LEP2 1.5% 1.4% 1.8% 0.4%
FCC-ee 3-1074 3-1074 4.104 1-10*

Relevant to constrain CC couplings + NC for each neutrino flavour

11th FCC-ee workshop: Theory and Experiments

CERN, Jan 9, 2019
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Fit inputs: Theory and Experiment

Intrinsic theory uncertainties: EWPO

FCC-ee-Z EWPO error estimations
o'z [MeV] | 6R; [1074] | 6R, [107°] | dsin 0, [107°]
FCC-ee 0.1 10 2+6 6
TH1-new 0.4 60 10 45
TH2 0.15 15 5 15
TH3 < 0.07 <7 <3 <7

Standard Model Theory for the FCC-ee: The Tera-Z, arXiv:1809.01830 [hep-ph]

* THI: Current intrinsic uncertainty
* TH2: Extrapolation assuming EWV 3-loop corrections are known
* TH3:Same as TH2 assuming dominant 4-loop corrections are known

Modeled via nuisance parameters modifying the SM predictions

Jorge de Blas
INFN - University of Padova

11th FCC-ee workshop: Theory and Experiments
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http://arxiv.org/abs/arXiv:1809.01830

The Global EW fit at FCC-ee

e Gilobal fit to electroweak precision measurements at FCC-ee

Impact of theory uncertainties

o 95% Prob. Limits L1 current |
- FCC-ee
o  ®m m 5 M nNoThune.

! | Theory uncertainties have a
o . significant impact in the sensitivity
& to New Physics
2 B FH B B I N (not easy to see in this global fit)

2,, ,,,,,,,,,,,,,, |
1 -
oy oy O¢e o' o} Ogu O¢d O
Current FCCee
Exp. SM | Exp. SM (par.) SM (th.)
My [MeV] | £15 +8 | +1  40.6/+1 +1
6T, [MeV] | +£2.3 +0.73 | +0.1 +0.1 +0.2
0A4,[x107°] | £210 493 | £2.1 +8/+14 +11.8
SR?[x1075] | £66  £3 | 46 +0.3 + 5

Jorge de Blas
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The Global EW fit at FCC-ee

O
Impact of theory uncertainties
EW fit (Today)
[ FCC-ee
---------------------------------------------------------------------------------------------------- FCC-ee (No intr. unc)|

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

B FCC-ee (No par. unc)
B FCC-ee (No th. unc)

O(l) 0(3) O(l) O(l) 0(3) O(J)

Pl

Pl Pe Pq Pq Pu

Fit 1 operator at a time

11th FCC-ee workshop: Theory and Experiments

llll|llll|llll|llll|llll|llll|llll|llll

Global fit to electroweak precision measurements at FCC-ee

80 0.001
" | ]FCC-ee(no_Th_unc)
70 - i iFCC-ee
60 0.0005_—
>0 R i P,
40 %ﬁ I x:x.,j}
S B
30 I '
-0.0005
20 -
10 §HEP[T Zee
_0.001|||||||||||||||||||
0 -0.001 -0.0005 0 SM0.0005 0.001
592/9ﬁ
Eff. couplings in the SMEFT
Lnc=—2(14 6Ygnc) NELQJW”KQKR-¥5DQKR>f2Jr+5QgNC}¢

6Pgs =—1 (C +C) 5, 8Py =—100 %,

5UQNC

5Q9Nc

¢e A2
1 C¢D v

—Q ( —=Cown + cz 32 [AGF + C‘%D]) ,‘;—Z

Jorge de Blas

CERN, Jan 9, 2019

INFN - University of Padova



The Global EW fit at FCC-ee

e Gilobal fit to electroweak precision measurements at FCC-ee

0.004 D FCC 68%, 95% prob 0.004 [ I FCC 68%, 95% prob 000 [FIFCC.68%, 95% prob
[ LGuent e o Cument - cument
S 0.002 S 0.002 |- = 0.002
J N i i 5 Cf“n: -
) - > - 2 i
~ or @ ~ 0L @ NG ok
Q.)m o 3.03( B Fm |
[ - R I ~ i
< - © I 23 [
-0.002i- T -0.002 - -0.002 -
~0.004 |- ) B i
I zee 0004 ] . - Zup ~0.004 i s e m
PR A TN T T TN T T TN TN TN AN O T T M ol o L ‘;‘ ol |“‘ B = |“.‘|\ o I";""I L
-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
dg¢ /gy SM
L K 7SM T T,
L d91./91 097, /91

No Lepton flavour universality assumed

We can also lift the assumption of guark universality and constraint the couplings to
all quark families independently using FCC-ee + FCC-eh
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The Global EW fit at FCC

e Electroweak precision measurements at FCC-eh

Precision measurements of couplings to light quark families

>'c : l:l LHleCl T T = T v 3 o G | : >3 06: T T T T T T T T T T I T T :
0.4 :] FCC-ep -] 0 5:_ N _:
- [ H1 (H1-prelim-16-041 . NE .
" [Z&7) H1 & ZEUS data (PR D93 (2016) 092002) y - .
0.2/~ ---- LEP & SLD (Phys.Rept. 427 (2006) 257). = 041 =
" o DO (PR D84 (2011) 012007), Ay? = 4.72 ' : .
. % Standard model = 0.3 =]
o - - ]
y 0.2 -
0.2 £ : :
4 0.1:“ [] LHeC E
] r [ FCC-ep 3
-0.4 ~ O @@ H1 (H1-prelim-16-041 -
y " [Z&7) H1 & ZEUS data (PR D93 (2016) 092002) ]
. -0.1F ---- LEP & SLD (Phys.Rept. 427 (2006) 257). -
0.6 = - DO (PR D84 (2011) 012007), Ay? = 4.72 :
- 68%! C.L. I | l i -0.2 * Standard model B
_0-6 _0.4 _0.2 O 0.2 - 1 1 0.|2 1 1 1 0'14 1 1 1 O'I6 1 | =3
Ay a,
Observable Uncertainty (Relative uncertainty)
g 0.0022 (1.1%)
g4 0.0031 (0.6%) Assuming new physics only in Zgg
gy 0.0049 (1.4%) couplings
a% 0.0049 (0.97%)
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The Global EW fit at FCC

e Gilobal fit to electroweak precision measurements at FCC

©
Q - [T]Fce 68%. 95% prob - [ Fcc 68%. 95% prob - [ Fcc 68%. 95% prob
£ 01 01 L jCurent 01
: L L L
7] - i
- i, | 2 =
®© & S ar [
< 0 S 0r o0
> 3K - ~ ~ L
wfd o ol +
[ S r m m
© © <
E 0.1} ~04 0.1}
d>J I | Zuu gHEPI® Zce i Ztt
Il Il Il L L L L L L L I L L _I 1 | 1 1 1 1 | 1 1 1 1 | 1 1 _l Il ] Il Il Il Il | Il Il Il Il ] Il Il
E 0.1 0 0.1 0.1 0 0.1 0.1 0 0.1
= u,SM c,SM ¢ ) £,SM
< dgy/ar. 497 /9% d91,/9;
0.4 0.4 0.4
68%, 95% prob
g 68%. 95% prob - [ IFcc 68%. 95% prob - @rce 0, 9970 B
> I . _iCurrent -~
O 0.2 021 02} S
L S i i I l"-.
c Sz | A I z
=) i % A i < & AR B
of = o S o S o
= ﬁ§ I & i <K
= 0oL 02+ -0.2 | ;
Q 0.2 -
o I Zdd B Zss - malfit | ZtIJb
2 04—l T Ty e o ooz
-0.02 0 0.02 -0. . -0. .
d,SM s,SM b b,SM
5g% /g d93/9; 091./9r
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The Global EW fit at FCC

e Global fit to electroweak precision measurements at FCC
m FCCeeleh m Current

100, s

10

oglgl %]

0.100

0.010| -

0.001
9" 9”9 o 9s of 9t 9’ 98 9' 9k 9° 9% 9o 9t g gf 9 95 g° P

No Fermion flavour universality assumed
Independent info about all 3 SM fermion families
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Fit inputs: Theory and Experiment

e Higgs precision measurements at FCC-ee

\/g (GeV) 240 365 Absolute measurement of HZZ couplings (ozH)
Luminosity (ab™ 1) 5 1.5 S 253?.19?_....,....,....,....,....,....,....,....,...._
d(cBR)/0BR (%) HZ wWH HZ WwWH S L L ZH 5 ab™ ]
H— ar_ly i0.5\ +0.9 g, 20 :ZZ N
H — bb +0.3  +3.1 5\_10.9 2 LIWW
H — cc +2.2 +6.5 +10 1SF B
H— gg +1.9 +3.5 +4.5 -
H— WTW™ +1.2 +2.6 +3.0
H— 77 +4.4 +12  +10 7
H— Tt +0.9 +1.8 +8 T PO B et i o D B TR
H — vy 190 118  +99 50 60 70 80 90 100110 120 130 140 150
B ' Mieeoi (GEV)
H—utu +19 +40 recor
H — invis. < 0.3 <06 Allows model-independent

measurement of Higgs width
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Fit inputs: Theory and Experiment

Theory uncertainties: Higgs observables

Decay Intrinsic | Param. m, Param. a, Para. Mg
H — bb ~ 0.2% 0.6% < 0.1% -
H — cc ~ 0.2% ~ 1% < 0.1% —

H— v | <01% — — —
H— ptp | <01% — — —

H — gg ~ 1% 0.5% -

H — ~~ < 1% — — —
H — Z~ ~ 1% — —

H—WW | <0.4% — — ~ 0.1%
H—~ ZZ < 0.3% — — ~ 0.1%
L'iot ~ 0.3% ~ 0.4% < 0.1% < 0.1%

" From ete~ — HZ production

FCC-ee CDR

11th FCC-ee workshop: Theory and Experiments Jorge de Blas
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Fit inputs: Theory and Experiment

e DiBoson (WW) precision measurements at FCC-ee

Decay mode relative precision | B(W — ev) | B(W — uv) | B(W — 7v) | B(IW — ¢q)
LEP2 1.5% 1.4% 1.8% 0.4%
FCC-ee 3-10~* 31074 4.10~4 1-10~4

Relevant to constrain CC couplings + NC for each neutrino flavour

FCC-ee et e~ — WV semileptonic channel all angles
240 GeV only 365 GeV only

uncertainty | correlation matrix uncertainty | correlation matrix

591,2 5/437 Az 591,2 5/467 Az
0g1.z || 11.2 x 1074 1 0.08 -0.90 || 13.9 x 1074 1 -0.57 -0.80
0K~ 8.6 x 1074 1 042 || 8.3x107* 1 0.10

Az || 123 x 107 1 11.9 x 1074 1

240/350/365 GeV 161/240/350/365 GeV

uncertainty | correlation matrix uncertainty | correlation matrix

01z Oky Az 01z Oky Az
0g1.z || 81 x107* 1 -0.28 -0.87 || 8.1 x 1071 1 -0.28 -0.87
0K~ 5.2 x 1074 1 0.12 || 5.2x 107 1 -0.12

by 7.9 x 1074 1 7.9 x 1074 1

Assumes aTGC dominance

al GC odg;z and Jk, receive contributions from same interactions entering in

hVV couplings = Relevant for Global Higgs fit

11th FCC-ee workshop: Theory and Experiments

Jorge de Blas

CERN, Jan 9, 2019

INFN - University of Padova



The Global Higgs fit at FCC

e Fit to Higgs precision measurements at FCC-ee

Impact of theory uncertainties

40 40
— LHC Run 2 ]
- B FCC-ce .
SO [ FCC-ee (No intr. unc)| 35
- Bl FCC-ee (No par.unc)| Decay Intrinsic | Param. m, Param. o, Para. My
BOF—IB e I FCC-ee (No th.unc) | —]3p —
= F = H — bb ~0.2% |  0.6% < 0.1% -
O o250 Hos H — ce ~02% | ~1% < 0.1% -
E, - n H— 77~ | <0.1% — - —
SN — _ _
g 20__ __20 H — [,L+[,L < 0.1% — — —
— - - H — gg ~ 1% 0.5% -
= 15F 15 H — vy < 1% - - -
2 F ] H - Z~ ~ 1% - _
10 —10 H—->WW | <04% — — ~ 0.1%
- ] H - ZZ < 0.3%" — — ~ 0.1%
5 -5 Lot ~ 0.3% ~ 0.4% < 0.1% < 0.1%
- - " From ete~ — HZ production

ol HOG ((3OIOOOOO

Fit 1 operator at a time
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The Global Higgs fit at FCC

e Fit to Higgs precision measurements at FCC-ee

7 m FCCee |
oo o [En
i 68% prob. uncertainties : i
° |
L 1
2 l
10; fffffffffffffffffffffffffffff -i:T ffffffffffffffffffffffffffffffffffffffffffff :r fffffffffffffffffffffffff
I XL 4= H P~
—_ g 2 ! §
N <9 | »
S 3 8 | =
g 1 1 .1 T g g o
2 i ?
9 £ |
: : :
0.10+---B-----B-----8B - >-----8-—-}f¢------ $ ————————— T —
- ° ) i
2 3 |
5 Q !
2 2 |
0.01 1 1 1 1 1 p 1 = 1 = 1 p | 1 1
OHu  YHrr  GHee  GHt  GHbb  gqwy 9, 9z, Gheg 991z 0K, Az
Sensitivity to NP in effective couplings in the SMEFT framework
r _ __my 1 1 2
553 = —Fgﬁ’ii e.g. Ghir = — " (1 + [(Cqu — 4Cop) = 5. Cro — §AGF} %)
_>
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The Global Higgs fit at FCC

e Fit to Higgs precision measurements at HLLHC + FCC-ee

® HLLHC+LEP2 = + FCCee

O hores uncertanties 1 HEP[T

o0 Ey o

otof M M §F M1 H U 0 N S R R

og/g[ %]

\ \
-
—
-
—

O9.a16c[x100]

OHu  GHrr  GHee  GHe  GHeb gLy O, Oh%,  Oheg 991z Ok, Az

0.01

Sensitivity to NP in effective couplings in the SMEFT framework

1 v 1 v2
gy = —?g@g e.g. Gnis = ——,F (1 + [(Cqu — 4Cop) = 5. Cro — §AGF} p)
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The Global Higgs fit at FCC

FCCee sensitivity to Higgs trilinear coupling
- M. McCull h, PRD90 (2014 .1, 015001
e Can be tested at FCC-ee via NLO effects o ;i v o sree 1500 4019 178

NP in the effective Higgs trilinear coupling in the SMEFT framework
Lps= gnnnh®

ghhh = —]\2/1—17 (1 + [3(C¢D — 3Cop) — 2]\1;_,—2’%C¢ — %AGF} X—Z)

From a global fit to the FCCee Higgs + Diboson data:

OGnhh/Ghny ~ 40% (0gnnn/gnn, = 25% 4 1Ps)

Indirect FCC-ee sensitivity to Higgs trilinear better than direct at HLLHC
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The Global Higgs fit at FCC

FCCee sensitivity to Higgs trilinear coupling

® HLLHC+LEP2 = + FCCee

o0 HEP[}

o g T

rnn
o0 f A} | fffff - —n--H :
0.01 - , , , - . . . |

9Hyy  Y9Hrr  YGHce  GHtt  GHbb gﬁf\fv gﬁf/fy gﬁgy

oglgl %]
O9a1cc[x100]

Sensitivity to NP in effective couplings in the SMEFT framework

Indirect FCC-ee sensitivity to Higgs trilinear better than direct at HLLHC
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The Global Higgs fit at FCC

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

CC DIS: W boson fusion NC DIS: Z boson fusion
Observable Expected uncertainty Observable Expected uncertainty
owpr Br(H — bb) 0.27% ozpr Br(H — bb) 0.83%

OW BF BI‘(H — CE) 2.36% OZBF BI‘(H — Cé) 7.08%
owsr Br(H — gg) 1.78% ozer Br(H — gg) 5.62%
OWBF BI‘(H — WiW:F*) 2.45% OZBF BI‘(H — WiW:F*) 4.29%
O'WBFBI‘(H—>T+T_) 1.65% O'ZBFBI'(H—>T+T_) 5.25%
O'WBFBI‘(H — ZZ*) 3.94% O'ZBFBI'(H — ZZ*) 11.8%
OWBF BI‘(H — ’7’7) 4.7% OZBF BI‘(H — ’7’7) 14.1%
* m HLLHC+LEP2 = +FCCee = +FCCeh |
fo0p S R A HE P} B
- 68% prob. uncertainties : ]
|
i
L || T | | Bt S -
i S
X : >
= | 3
| || ||| || B e 1k
RIS || S || . B IH-HE - -
: i
0.01 1 1 1 1 1 1 1 1

GHuw  GHrr  GHee  GHe  GHbb gy OGN,  Ohz,  Oheg 9HHH Ob1z Ok, Az
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The Global Higgs fit at FCC

e Rare Higgs decays statistically limited at FCC-ee/eh
e Can be measured at FCC-hh with 1% stat. precision (in dp/p)

e Systematics can be further cancelled by measuring ratios of BR
(vv/4l, pp/4l, Zy/4l, yy/pp)

FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
;\-O\ i_llII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII| ;\-0\ _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|_
\:1 B (s =100 TeV — stat. + syst. + lumi 7 3 - (s =100 TeV — stat. + syst. + lumi | 1 OA) accuracy (Stat + SyS)
= i | =30 ab — stat. + syst. = | —30 ab” — stat. + syst. i o
© 10 - 4 — stat. only ] © - 4 — stat. only Wlthln reaCh
- . 10— —

Provided BR(H—4l) know to <<1%

. (rp—H—41 at FCC-hh ~1%)

H — lly Measurable at FCC-ee/eh with
=e/u . required precision
oS R S  E e  a 5000150200256 300" 350 406450500
H' - [GeV] pl:,min [GeV]
e Robust determination by this method requires both FCC-hh and

FCC-ee/eh

Jorge de Blas

11th FCC-ee workshop: Theory and Experiments
INFN - University of Padova
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The Global Higgs fit at FCC

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

e Can be measured at FCC-hh from o(1tH)/6(1tZ) (boosted)

x10° %103
0F N T - dN [1
70:_ dm_ [—GeV} 3 b-tags - dm [GeV} optimalR + t,/t,<0.4 ]
: 8 e.g. Fit and extract Nn/Nz
60;— - to1% accuracy = Ostat+th yt/yt ~1%
S0F [ JtH
5 I A NP i d
40F [ tE+jets ssumes no In Zit an

30E []tibb BR(H—bb) known <<1%

20¢ Both measurable at FCC-ee

10 with required precision

| L | I | Lo | | i W | l O | | |
0 50 100 150 200 250
Mg [GeV]

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

e Robust determination by this method requires both FCC-hh and
FCC-ee
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The Global Higgs fit at FCC

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

e Canbe measured at FCC-hh from o(1tH)/o(11Z) (bogsted)

7
[ Toy fit neglecting FCCee \
x10° { )
T [ o [ with_FCC 4'
e - with_ ee 1
7op s 151 . . o FCCee lict Nu/Nz
60L | Assuming ~10% accuracy ool L. vive ~ 1%
: on Ztt top couplings > | f
50:— Cg'q A
40F 3 ol din Z#t and
: ) i/n <<1%
0F Precise measurement ~1% S |
20 of LH Ztt coupling needed o2k
10 -
0C I Ztt-Hit
0 04l
K -0.4  -02 0 0.2 0.4
\
\ 5 SM
e Robust determination by this method requires both FCC-hh and

FCC-ee
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The Global Higgs fit at FCC

e Higgs self-interaction:

e Direct HH production at FCC-hh:

£ 16~ —
“ - ° © —— all bkg x 0.5 B 5’40\ — S(Cd)D - ZCqu) - 2_M2C¢ - §AGF A2
"0 L=30ab’ — allbkg x 2 ! h
12— .
0P HH— bbyy g But other NP parameters modify HH
- . production and decays
gl ]
. § g ~T1-""h g _-h g _-h
- 7 ty - - g
. § g —L-—-h g ~h g ~h
PSR . PRI 40 S 294
- } g Lol 9 _-h
T 19, %@ VIR Z};%@ .
r----|----------------|---- ------------ ---I ------- |--------|-----: g N h g ~N < h
0 1 1 1 1 1 1 1 11 | 1 111 1 111 1 111 1 11

9 095 1 1.05 1.1 1.15 1.2 A. Azatov et al. PRD92 (2015) no.3, 035001
k, =A_ /A

obs " "SM

They can be measured at FCC-ee/eh/hh
- ~ 0 = =
oK,~5% with ~1% precision
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The Global Higgs fit at FCC

e Higgs self-interaction:

e Direct HH production at FCC-hh:

=

/

/

16

2AInL

14

12

|III|III|I
e = —=—=—%

10

o
III|III|III|I

— — —_ .

N\
Toy fit neglecting FCCee measurements \
and using simple HH inclusive observable A
0.4 - I witti~FCCee GF A2
Precise determination - {__iwa FCCee |
of operators modifying o i S |
Hrt interactions needed >3 020
n .o [ |
&) ) |
< of -
s | >0
S . o
vy 0.2 ':
_ ) ]
- T |
-0.4 - HHH-Hit |
i | | | | | | | | | | | | | | | /' .3, 035001
0.1 0 0.1
SM
~ e o - ~ 59htt/ghtt - 'ﬂ//f h
<. =0/ ~  WITth ~1% precision ]
6r;~5% °P
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The Global Higgs fit at FCC

Assuming perfect EW measurements

® HLLHC+LEP2 = +FCCee ® +FCCeh = +FCChh

1000 T T g T E2rit|

L | | e | | o E

()
X (=)
2 S
5 )
‘8’ 1 ML & B BB B B ®ms BER %  BERD R R n c,(_:
| i g

0.10 N nensmmue e 11 :

0.01 '

OHuw  GHrr  GHee  GHe  GHbb  Gfwy Oy Oiy, OGfwg 9HHH 091z Ok, Az

Sensitivity to NP in effective couplings in the SMEFT framework
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The Global EW/Higgs fit at FCC

e FCC-hh gives access to high-energy frontier in precision constraints

suppressed by _4 50, < A
Most of the effects discussed so far /

For E>>y 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

Example: Boosted ZH: Sensitive to 1 EFT direction 35 Cutoff ® Zh (EFT)

i B Zh (SM) |

30 ]

Z _ h h h h : = Zbb
9p = 9Zu; — 0.76 9zd;, — 0.45 9Zur T 0.14 97dgr 25} 0 Z+jets

2 45!
hZqq <« Zqq |
S. Banerjee et al., arXiv: 1807.01796 [hep-ph] 10f

550 1050

Mz, (GeV
(We also include in the fit pp = WZ from R. Franceschini et al., JHEP 1802 (2018) 111) (G0
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The Global EW/Higgs fit at FCC

m FCC (Global fit) ®m FCC-eel/eh (EW only)
100 [GIE&ne) E

101

oglgl %]

0.100|

0.010}

0.001—= ~
9" g 9" o 98 of 9f 9 95 o' 9k 9 95 of ot of gf 9 9% of 9P

Sensitivity to NP in effective couplings in the SMEFT framework

Differential pp observables help to improve 1st fam. quark couplings
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The Global EW/Higgs fit at FCC

m FCC (Exact EWPO) m FCC

68% prob. uncertainties

o R HE Pl

100 R EEREEEEREEEEEEEEES -
B i S‘
X ! E
1 = P =
0.10 —
0.01 =

GHuw  GHrr  GHee  GHt  GHbb  Ghvy Oy Oz,  OGheg 991z 0K, Az

Sensitivity to NP in effective couplings in the SMEFT framework

Finite precision of FCC-ee Ztt only slightly reduces sensitivity to Hit
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Summary

Current data (LEP/LHC) sensitive to NP in EW (Higgs) =<1% (~10%)

FCC can largely improve our knowledge of the EW/Higgs sectors. As

with current data, no single machine can do all the work...
FGG-eh _..-> FCC-hh

FCC-ee

Z-pole: EW precision | -. .+ EWPO: first quark families 34 Higgs: Rare decays
Ny Higgs: General ) )
WW threshold: EW . 5 o .o\ _Higgs: Top coupling

R !
Higgs: General t.:;;. . :'.3.-., ‘
: '.:..::. ................ 0°.. :'.o:.ooO'.‘.s.
Ztt: EW Top couplings | *- " e “e .'..°°
o . . ..... [ ] ? .. ..

vVvee A
oo

Apart from a strong EW/Higgs program, FCC-ee is also fundamental
to maximize the physics output of the FCC-eh/hh

Jorge de Blas

11th FCC-ee workshop: Theory and Experiments
CERN, Jan 9, 2019 INFN - University of Padova
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EWPO in the SMEFT

e EWPO sensitive to modifications of NC couplings

Lne=—25(140Ygne) 2L, %’7’”{(9%5@7’ + (5Dg},p)z‘j>PL‘|‘ (g}é&j + (8”95 "j)PR_HSQgNC&j} ¥

Flavor non-universal contributions

Z '02 e 1 'v
5Dg — ; (C(%) :F C(?)) - 5Dg C(e) v
’02 1 'v
5ng[ —_——; (C'(f;) F C'(f?;)> ~5, 5DgR 1(7( ) >

Flavor-universal contributions

N | =

0Ygne = — [AGF + a%} 2_22
%nc = —Q (#%Cown + 225 |Ac, + %22|) 5

Indirect effect associated to modifications in Y

Ag, = (Cﬁ’)m + (Cg)>11 — (Cu)1221

11th FCC-ee workshop: Theory and Experiments

10 Operators in Warsaw basis

OL) = (¢'iD, ) (Fr* 1)
05} = (¢'iD2¢) (Fy oaf)

O4p = |¢ptiD, 9|’

Oswp = (¢T0a¢)W,f},BW

Ou = (Iyul) (")

Jorge de Blas

CERN, Jan 9, 2019

INFN - University of Padova



EWPO in the SMEFT

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

Loo = _\/%s (1 4+ 5UQCC) le- [(5 4+ (6DUL) ) VL'YNBL + (5DVR) uR'y“'d + (5123' + (5DVL) ) uL’)’“dﬂ} + h.c.

Flavor non-universal contributions Operators

D — 3 v
0-Uy =C41 &z Does not interfere with SM

Ve =C . 8PV =F s O ™1D,8) @y )

Flavor-universal contributions

C 02
Ygcc = [32 —=Cewp — m (AGF + ‘;D)} AZ

® J mass: No more operators but
constraints 1 more direction

C2 C S 32 (%
M‘%V — Mécz (1 T 2_g2 ( ZD + 2?C’quB + C_ZAGF> A2

EWPO: Z-pole + W properties

Constrain 8 independent
combinations (in the FU case)
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Higgs couplings in the SMEFT

e Operators contributing to Higgs couplings:

Vector couplings

Lavy=GngsGL, G R + gy WHWih + (g5 w WH W b + buc.) + gityw W W+
+g 7., 72wh + g2 Z,8,Z"h + ¢ 2, Z"h
+gi(zlz)AleFWh T Qz(zzz)AZuauFWh + ghaa kL F*"h

Several New Operators Already present in the EWPO
(pT0) GI’:‘VGA pv Opn = (¢Tep) O (pT0) Opwi = (P\gad) Wy, B
(¢'¢) B, B* 4 Oup = |$tiD,.d]
(¢T¢) We Wb Modifies Higgs kinetic term:

pv

Opes = iD"$'D"$ By,
OD¢W — iD“¢TGaDV¢ Wgy

Field redefinition: trade by this 2
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Higgs couplings in the SMEFT

e Operators contributing to Higgs couplings:
Fermionic couplings

Lpyr= ghee éLeRh T ghuu u’LuRh T ghdd d d h + h.c.

Operators

et @el) |, o7y
up — LPUR

Oup = (¢'9) (Gqrodr)

Lps= gnhnrh®

g = =52 (1+ [3(Con = 1Cop) =2 v s8cr | i 0y = (¢19)°
5=

Only enters in
Higgs self-interactions

Plus ALL operators entering in EWPO modify EW Higgs production or decay
= Need Global EW+Higgs fit
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alTGC in the SMEFT

e Operators entering in anomalous Triple gauge couplings

Lrac e [(WEWr = WL W) A+ (1+ 0k,) A WiW,
4+ 1g cos Ow [(1 + 0g1.,7) (W:I‘/W_ - W, W+> Z,+ (14 0Kz) Z,. W:WV_]

+ ie,r;‘;VYVle/W,;)Apu—l—igcosﬂ Az W+W Zpus

2 aTGC related to Higgs couplings
Help to constrain anomalous Higgs boson coupling to vector bosons

0K, =—2vcCy, (ghAA thZ + st;CWthA(CW S%V))

v S 1
091,z =33, —s2,) (nghzz + 453, (ghaa — thZ + igi(;,Z)Z) + 2CV‘;ng(LZ)A(C%V - S%V))

‘ - av bp cp

Only one more operator

Current EWPO+Higgs signal strengths+aTGC fit sensitive to
19 combinations of EFT operators

11th FCC-ee workshop: Theory and Experiments Jorge de Blas
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The Global EW and Higgs fit

Status of the Global Electroweak and Higgs fit: Constraints on the SMEFT

100,

- - .
: i 68% prob. uncertainties i :
o ‘e s bl b :
R H B TR0 11l
o.1| ++++++++ R EEHE 5Ll 1t
i I. ] II ] ] ] : ] ] ] ] ] ] ] ] ] : ] ] :

V] u u

Sensitivity to NP in effective couplings in the SMEFT framework

oglgl %]
O9arccl[x100]
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