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PHYSICS AT e+e- COLLIDERS

Vs Processes Physics Goals Observables
flavour JECUCE
91 GeV |ee’e” 2 ~Z ultra-precision EWV physics BSM Mz, T'z, Nv

A, ds

Special program

160 GeV * e'e” > W'W- ultra-precision W mass Mw, T'w
5160 GeV | e'e” > W'W~ precision W mass and couplings Mw, aTGC
e ete” = qq, 20 (Y) precision EW (incl. Z return) Ny
250 GeV . ote- = 7H uItra.-|:.>reC|S|.on Higgs mass M
precision Higgs couplings Kv, Kf, ['H
360 GeV * e'e” O tt ultra-precision top mass Miop
¢ e'e” O tt precision top couplings

>360 GeV e egte” o ZH

. ot~ = HUV precision Higgs couplings
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* e'e” — ttH Higgs coupling to top Vion
* e'e” = ZHH Higgs self-coupling AHHH
500+ GeYV |*e'e” 2> 2 —ff search for heavy Z’ bosons
* ete” 2 XX search for supersymmetry (SUSY)
e e'e” > AH,H*H™| search for new Higgs bosons 5



HIGGS PRODUCTION AT LEPTON COLLIDERS

» Dominant production processes for /s < 500 GeV
» Higgsstrahlung: e+e- = ZH: ¢ ~ 1/s, dominant up to = 450 GeV

» WW fusion: ete- = Hveve: 6 ~ l0g(s), dominant above 450 GeV. Large statistics at high energy

FCC-ee/CEPC H

fb)

&
-
-

S —e*e — HZ Higgs-strahlung
§250 —WW ->H |:

: Z

8200 .................................................................................

150 o ...........

Boson fusion

900 ] 220 240 260 280 300 320 340 __ 60 The centre-of-mass energy is chosen so as to maximize the number of ZH events.

At FCC-ee, the luminosity steeply increases as the centre-of-mass energy
\(§ (GeV) decreases, so that the centre-of-mass energy was fixed to 240 GeV, approximately
15 GeV below the value that maximizes the theoretical ZH cross section
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EFFECT OF POLARIZATION ON HIGGS PRODUCTION (ILC)

» Higgs-strahlung cross section - ILC
WY P(e, e*)=(-0.8, 0.3), M =125 GeV
multiplied by 400 h
» 1 — P-P+ - Ac x (P- — P#) — SM all fth
> Boson fusion cross section gs 20 :i:'w ion
multiplied by (1-P-) x (1+P+) - 7 ision
O
200
/)
/)
/)
210
O

-+ For CC the gains from
polarization are not worth the
induced luminosity loss \'s (GeV)
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HIGGS PRODUCTION AT HIGHER ENERGIES

» ttH production: ete- — ttH

> écc\:/essible Js= 500 GeV, maximum = 800
e

» Direct extraction of top Yukawa coupling
» /HH and HHveve production

» From /s=500 GeV (ZHH) and =800 GeV
(HHveve ), dual Higgs production

o(e'e” — HX) [fb]

» Sensitivity to Higgs self coupling

1072
0 1000 2000 3000

\s [GeV]
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INTERESTING HIGGS PHYSICS GOALS FOR e+e- COLLIDERS VS LHC

» Higgs kinematic parameters: m; and |
» Reduce parametric uncertainties in XS and BR
» Control the fate of the EW vacuum within the SM
» (Constrain new physics models
» Precise and model-independent access to Higgs couplings
» <1% level
» |dentification of correlation patterns among deviations
» Indirect tests of extended Higgs sector/composite nature
» Access to decay modes that are background dominated @LHC
» Bb/cc/gg
» EXxotic decay modes (portal of Dark Matter)
» (Constraints on Higgs flavour violating couplings
» Smoking gun of BSM physics
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HIGGS PHYSICS BACKGROUNDS

» Physics backgrounds are “small”: examples at \/s=240GeV
» “Blue” cross sections decrease like 1/s
» “Green” cross sections increase slowly with s

¢ f ¢ e'i' e + et + + et et

e + Z/v* Y
X/\Zj\v’*’< u L X " - T%MM v ’ W%w A
\ | T 3 v ~ 3 © - w W - ¢ 'Y
e T e %‘Y o € W e ~ 7 e v Le AAAA Z — .
- YY 7 4L -
ete- — qq, I+l- > 30 GeV ete- = WHW- ete- = Lete- ete- = Wev ete- 2> L/ ete- = LVV
60 pb 30 pb 16 pb 3.8 pb 1.4 pb 1.3 pb 32 fb

Add ete- — tt 0.6 pb
for /s > 345 GeV

2 Only one to two orders of magnitude smaller

* vs. || orders of magnitude in pp collisions
- Trigger is 100% efficient

200 fb
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| HIGGS EVENTS
» Example of a Higgs

boson event at a ee w ere-— HZ — ggu+u-
collider =

» Tagged with a Z boson
» \ery clean signature

\s = 240 GeV

-6'm -3m 0 3im 6 M
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MODEL-INDEPENDENT MEASUREMENT OF onz AND gHzz

» The Higgs boson in HZ events is tagged by the presence of the Z — e e, //t+//t_

» Select events with a lepton pair, same flavor, opposite sign with mass compatible with mz
> Apply total energy-momentum conservation to determine the “recoil mass”
M 2=S+M2—2\/E(p +p,-)
H Z I H
» Plot the recoil mass distribution — resolution proportional to momentum resolution
» No requirement on the Higgs decays: measure o4z x BR(Z— e+e—, py+u-)

» Provides an absolute measurement of gnzz and sets required detector performance

FCC-ee simulation

. . 3
. ILC simulation S 25?9'(')]””I""I""I""l'”'l”"I""I""I'”'-
QA A A L A o - .
Al [= i —e— Data - O] - ZH 5 ab"! .
) ) i ' ] — I
Al I-I>-I 400 — Signal+Background — B ool ZZ b
= N A Signal s [ [Jww :
% 300 - "+ Background — LLI 150 ]
= : : - :
@) i 3 e'+e - P + X @250 GeV i
. 200 - R X E 101 7
.E : & '."'...: I.l? .,.‘N |~ : n :
<L 100 %% iy i ‘:' ‘\\ L - 51 -
© | IS : e o
= 10 120 130 150 50 60 70 80 90 100 110 120 130 140 150
oX Recoil Mass (GeV/c?) Meecor (GEV) 10




MEASURING THE HIGGS DECAY BR

» Repeat the procedure for all possible final states
» For all exclusive decays, YY, of the Higgs boson: measure onz x BR(H — YY)

» |ncluding invisible decays: event containing only the lepton pair with correct (Mmiss, Mrecoil),
otherwise empty

» For all decays of the Z (hadrons, taus, neutrinos) to increase statistics [detector requirements]
» For the WW fusion mode (Hvv final state): measure oww—n x BR(H — YY)

. — 1 . .
ZH — /t/- + nothing, 0.5 ZH — qq bb, 0.25
Invisible _ _ § (a)
] - - - Data
> 2000 CMS Simulation H = |
3 2 -1 7 . Flff&Slllf
=~ 1800 = Signal LEP3, 500 fb™', {s=240 GeV )
b4 s All backgrounds
£ 1600 | ,, 1000 —
it 1400~ |— ww _ m,, =120 GeV
— ZVV

1200
1000
800
600
400
200

3

oprirryprrrprreyrrrprreprerprrerfrirryprtrrpred
REREERLNRRRN ERLE R R R A

60 70 ao 90 100 110 120130 14 “150 — T
Higgs mass (GeV) 100 120 140
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HIGGS WIDTH

» Model independent determination of the total Higgs decay width
down to 1.3% with runs at \/s=240 and /s=365 GeV

ee 2HZ & H = ZZ at /s =240 GeV

WW — H vv— bbvv at./s =365 GeV

. Guz% BR(H - ZZ) is proportional to gz / T " BR(H— WW)  BR(H — WW) x BR(H — bb)
» Infer the total width I, 12

- H o .

© V4 = [ sqrt(s) =350 GeV WW-Fusmn
~ S [mH= 120GeV . I Higgsstrahlung
A\l a T 2wl ‘it Interference
- S N Ll S T S 1 Background
oY e Z L e

o o : ale !
-8 e+ E I | “E“ Py |
C = | L :
© W =
ar /) *
O W
i &

E » Oyz iS proportional to g,,,2
=% < BR(H —» ZZ)=T(H — Z2Z) / I'y is proportional to missing mass (GeV)
© _ -
-
e
©
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o(ee” — ti(+X)) [fb]

THE TOP YUKAWA COUPLING

iz E

—
FTTTT] T 1Tl

—1 —| T | /AT T SR TR TR SN S SN S S
i 0 1000 2000 3000
/s [GeV]

(c)ete” —ttH

» The coupling between the top and Higgs is an extremely
Interesting quantity.

» The HL-LHC is expected to reach a precision of 3.4%.

> At the FCC-ee the Aiop is accessible only indirectly: at
threshold the virtual Higgs boson exchange that can give an ILC : 3% with 4 ab™ at 550 GeV
effect up to 10% on the cross section

> Combining with HL-LHC, obtain 3.1% (no model dep.) ILC :4% with 1 ab™at1TeV

» ¢Te~ — ttH production needs at least \/s>500 GeV CLIC : 3.8% with 1.5 ab*at 1.4 TeV
» Reaching the sub-% will be a job for FCC-hh!
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FIRST GENERATION COUPLING: ¢e"¢™ - H

—o—: — 8 a_, EE, Ke
B HIII rrrirm L | IIHHI 1 IIHIII FriIiTug |
= orn
3 Ms e <l
1.4 F =)
: = =
19 - With ISR ARAS %; - l §
F With o, ~ 4 MeV 2
£ 1 With o ~ 8 MeV HL-LHC - l S
E w
® 08 5
© = FCC-hh - I o
0.6 :— §
= S
0.4 = ZF%C.-‘leyer T .
0.2 ()
= FCC-ee
0 (——peee— | oy e 4 1P, 3yr -
125.08 125.085 125.09 125.095 125.1 H QG E C HAl | F N G E

> e+e- = H @ 125.xxx GeV requires:

>

Y Y Y VY'Y

Higgs mass to be known to <5 MeV from 240 GeV run (CEPC group almost there)

Huge luminosity

monochromatization (opposite sign dispersion using magnetic lattice) to reduce oecm

continuous monitoring and adjustment of ECM to MeV precision (transverse Polarisation)

an extremely sensitive event selection against backgrounds

a generous lab director to spend 3 years doing this and neutrino counting: can reach SM sensitivity in about 5 years
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TWO DIFFERENT TYPES OF FITS
The “kappa” fits

¢ Assume the Standard model structure (no new coupling, no new processes)
e The SM couplings are g, allowed to scale by a factor x,
+ Nine free parameters : kx,, K, K, Ky, K¢, Ky, K,; i1, BRexo
e Ormore:x , K,,Kz,K, -
e Orless: xy, =K, universalx;, I', . =T'¢),
+ Simple parameterization, transparent interpretation, free from theoretical bias
e But violates gauge invariance ...

The “EFT" fits

+ Expand Standard Model in gauge and Lorentz invariant dim. 6 operators (up to 2500!)
e Only valid for new physics scale much larger than m or +/s
+ Consistent theoretical description, but still involves theoretical assumptions
e New operators modify Higgs kinematics, add energy dependence
e Includes correlation with Electroweak Precision Observables
» FCC-eeruns at the Z pole, WW and tt thresholds play an important role

15



RESULTS OF KAPPAS: INCLUDING HL-LHC

K (%) Kz (%) | K (%) iy (%)
] E w0
B ]
] B
-I ]
free ky free xy
I i< I o<
] ]
00 04 08 12 1.6 20 0.0 04 08 1.2 1.6 2.0 0 4
Ks (70)
0 1 2 3 4 00256075 001530456075 0 4 8

modified version (x-scale) of the plot in the report for illustration purposes

Biiny (< %, 95% C.L) By (< %, 95% C.L.) Higes@FC WG Kappa-3, May 2019 Statistically limited @ee

- B FCC-ce+ECC-ch+FCC-hh CLIC35

B B FCC-eezq5+FCC-eepqg ILC500+1LC350+1LCo59

I 1 FCC-eenu ILC>50

- ok W CEPC B LHeC (Jxv| < D)

] B CLIC3000+CLICq500+CLIC3g0 i HE-LHC (‘Kvl <<1)
1 CLICy500+CLIC3gg HL-LHC (|xy| < 1)
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00 06 1.2 1.8 24 3.0 0 1 o) 3 4 All future colliders combined with HL-LHC 16
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SYNERGIES WITH HADRON COLLIDERS: HL-LHC OR FCC-hh

» The HL-LHC is a Higgs factory: will produce 10° Higgs but...

> Gl%}erved X Gprod(gHi)z(ng )2/ FH

» Oprod IS UNcertain and 'K is largely unknown
» Difficult/impossible to extract absolute couplings from the kappa fit
» Best to do physics with ratios of additional assumptions:
» [tot and gHec fixed to their SM values
» No exotic decays

» Lepton colliders absolute measurement of gnzz and '+ solve the model
dependence

» Rare decay modes allow absolute determination of gnuy, QHyy, gHzy IN
combination with lepton colliders

> A higher energy hadron collider will profit even more of a lepton
collider machine beforehand

17



ArXiv ebrint: 1905.03764 GLOBAL EFT FITS: HIGGS EFFECTIVE COUPLINGS

| | . ¢
102 | B35 W HL-LHC M HL+LHeC B HL+HELHC [© HL+ILCos HL+CLIC3s M HL+CEPC _1GECFA Higgs study group “19

Higgs “effective”  } [ meercne owerre W HLiLoun
couplings: k-
modifiers of EFT |,

couplings
1071
More precise

ff eff eff eff eff eff eff eff eff eff -
Ghzz Fhww 9Hyy 9Hzy YGHgg IHtt YHee IHbb Hr IHpu

There is Iife L TiTEiTEiTIiTIoTioTiiTi i iiiTiiiiiiiiioTiiiioiiocig Improvement wrt. HL-LHC ST [ EEEE ] 103

beyond HL-LHC

| |
eff eff eff eff eff eff
Hgg 9Htt YHee GHbb IHrr GHup

o

eff eff

eff eff
9hzz 9aww GHyy 9GHzy 9
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EFT FIT SENSITIVITY

ol B (HEPIT B HL+HELHC W HL+LHeC HL+ILC2s0 HL+CLIC3g0 HL+FCCege240
- HL+ILC 2 HL+CLIC  HL+FCC
iggs T Singl tor fit 500 1500 ee
1ol g;f.fgczxg ingle operator fi Global fit to Ly ;. B HL+ILC1o00 [ HL+CLIC3000 B HL+FCCee/ehmn 0.32

Al c; [TeV]

More precision on
the EFT operators
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HIGGS SELF-COUPLING WITH SINGLE HIGGS

» Higgs self-coupling, Az, is a fundamental parameter of the SM whose value should be

checked against prediction

> e+e- colliders with /s<500 GeV can profit of the significant effect on single Higgs production

Patrizia Azzi - Otranto 2022

M. McCullough

Measurements at
different /s also help to
lift degeneracy between FCC-ce 33 9
processes

Precision on kj

FCC-ee(dIP) 24 %

20
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» For /s = 500 GeV, direct access

to di-Higgs production (linear
colliders or muon collider)

HIGGS SELF-COUPLING WITH DI-HIGGS PRODUCTION

From 500 GeV

L 4 I L L A L 4 T L4 L 4 L 4 L I L4 L 4 L 4 L4 T L L4 L 4 L 4 T L 4 L 4 L L 4

— @@ & vvHH 1400 GeV (_/L
-=--- @€ 2 vvHH 3000 GeV

ee » ZHH 500 GeV
— g8 @ ZHH 1400 GeV

2 In both cases, three interfering diagrams

+ Higgs self coupling, As;, extracted from fit to
production cross section

« At 1400 GeV: relatively strong dependence

« At 500 GeV: weak(er) dependence

21



FCC SYNERGIES: TRIPLE HIGGS COUPLING

Projected precision of A3

measurements .
Higgs@FC WG November 2019

di-Higgs single-Higgs
AL-LHC o Rt FCC integrated

lllllllllllllllllllllllllll

HE-LHC HE-LHC

HE-LHC .;gm:%gzm program will measure
%g;fcc LE-FCC A3 tO the 50/0 Ievel
FCC-ee/eh/hh FCC-eh, ,fgc-ehm.

NN FCC-ee;

tde. H:! th=3siolc ~-— _
A | e T — T i 10TeV A3 ~3-5%
g e o D
- \ 500 500 o)
- 27% 389% (27% ~
E e Ot 30TeV As ~1%
®  CEPCl—mo———— | e 49% (29%) ___
| CEPC
................................ 49% (17%) ..
N GLIE. clic,_.
N 79%+11% 49% (35%) — —
<L cLC,,, CLIC,,
© 36% 49% (41%)
o CLIC
‘N 0 10 20 30 40 o0 50% (46%)
-% 68% CL bounds on Kq [0/ °] All future colliders combined with HL-LHC
all 22




SUMMARY OF HIGGS COUPLINGS AT MUON COLLIDER VS /S

¥

Vs (TeV) 3 6 10 14 30 Comparison
0.1%
WWH (Akw) 0.26% | 0.12% | 0.073% | 0.050% | 0.023% (68% C.L.) CLIC
0.13%
ZZH (Akz) 1.4% | 0.89% | 0.61% | 0.46% | 0.21% (95% C.L.) CEPC

5% , 1% LIC/
(68% C.L.) FEC-hh

HHH (Ars) | 25% | 10% | 56% | 39% | 20% | 68?‘%[1) ﬁg::';gh

WWHH (Akw,) | 5.3% | 1.3% | 0.62% | 0.41% | 0.20%

» Main production process
Is the WW fusion
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H—INVISIBLE @FCC-hh

P. Harris

» Higgs Invisible width can z | T -
be measured In large 1 oL e
missing-Et signatures T R :
> Derive the BR(H—invisible)  10°s ER
from a fit to the missingEr e e E
SpeC’[rum 10°E . 1o unc SN = H=ZZowww
> Constrain background with J 13
data driven method using 107 E — sap 2z ;
SM W/Z+jets T e T e e e

Luminosity (fb'11

p —

» H— 4v, with BR=1.1 x 107> —— .
can be seen after ~1ab- Sensitivity down to 2x10-4with

full statistics

24



Physics with Tera-Z
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PHYSICS AT e+e- COLLIDERS

Vs Processes Physics Goals Observables
flavour JESURCE
91 GeV | e'e”" L ultra-precision EW physics BSM Mz, Tz, Nv
a, as
Special program
» 160 GeV * e'e” > W'W- ultra-precision W mass Mw, T'w
5160 GeV | e'e” > W'W- precision W mass and couplings Mw, aTGC
e ete” = qq, 20 (Y) precision EW (incl. Z return) Ny
250 GeV . ote- = 7H uItra.-|:.>reC|S|.on Higgs mass M
precision Higgs couplings Kv, Kf, ['H
360 GeV * e'e” O tt ultra-precision top mass Miop
* e'e” O tt precision top couplings

>360 GeV e egte” o ZH

. ot~ = HUV precision Higgs couplings
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* e'e” — ttH Higgs coupling to top Vion
* e'e” = ZHH Higgs self-coupling AHHH
500+ GeYV |*e'e” 2> 2 —ff search for heavy Z’ bosons
* ete” 2 XX search for supersymmetry (SUSY)
e e'e” > AH,H*H™| search for new Higgs bosons 26
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TERA-Z/GIGA-Z EWK PRECISION PROGRAM

» From data collected in a lineshape energy scan around the Z pole:

» / mass: key for jump in precision for EWK fits

» /Z width: jump In sensitivity to EWK radiative correction

» Ri=hadronic/leptonic width: as(mz2), lepton couplings, precise universality test
» Peak cross section: invisible width, Ny

> Ars(MM): Sin20efr, Aqen(mMz2), lepton couplings,

» Tau polarization: sin26es#, lepton couplings, aqen(mz2)

> Rb, Re, Ars(bb), Ars(cc): quark couplings

» Difference between circular and linear collider iIs: statistics and
control of the beam energy vs polarization capabilities

27



NUMBER OF Z AND W EVENTS

» Number of Z bosons and
W+W- boson pairs at past . — Now —
and future ete- colliders. - =M ncreased  mmm /5= 2My

N I /s = Mz (non default) B 5 =240 GeV
10 " o /5 = 250 Gev B /5— 250 GeV
BN 5 — 380 GeV el

» The numbers are summed . g
over experiments (four for

LEP, two for FCC-ee and

108

# Bosons

energies .Js =2Mw .
* = exploits polarization

§ CEPC and one for the other -
o colliders).

E 10*
e > For LEP the number of W
E pairs shown includes all .
©

=

I

al
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SELECTED ELECTROWEAK QUANTITIES (FROM FCC-ee)
Orders of magnitudes of reduction of statistical uncertainties

Observable Present value & error FCC-ee Stat. FCC-ee Syst. Comment and dominant exp. error

my (keV) 91,186,700 = 2200 5 100 From Z line shape scan Beam energy calibration

['7z (keV) 2,495,200 £ 2300 8 100 From Z line shape scan Beam energy calibration

R% (x10%) 20,767 £ 25 0.06 0.2-1.0 Ratio of hadrons to leptons acceptance for leptons

o (my) (x10%) 1196 + 30 0.1 0.4-1.6 From R% above [43]

Ry (x109) 216,290 £+ 660 0.3 < 60 Ratio of bb to hadrons stat. extrapol. from SLD [44]
a g (X 10°) (nb) 41,541 4 37 0.1 4 Peak hadronic cross-section luminosity measurement

In this context would need from theory full 3-loop calculations for
the Z pole and propagator EWK corrections and probably 2-loop for

EWK corrections to the WW cross section. Matching these
experimental precisions motivates a significant theoretical effort.

I'w (MeV) 2085 + 42

as (my) (x10%) 1170 + 420
N, (x10%) 2920 + 50
myop (MeV) 172,740 + 500
Cop (MeV) 1410 + 190
Mop/ Ay 1.240.3

ttZ couplings + 30%

1.2

3

0.8

17

45

0.1
0.5-1.5%

0.3

Small
Small
Small
Small
Small
Small

From WW threshold scan Beam energy calibration
From R}ZV [45]

Ratio of invis. to leptonic in radiative Z returns
From tt threshold scan QCD errors dominate
From tt threshold scan QCD errors dominate

From tt threshold scan QCD errors dominate
From Ecyp = 365 GeV run

N
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EWK VARIABLES TO BE MEASURED: LC VS CC

Partial fermion width:

R. — Nf B (gJIe’)2 + (gjlcz)2 e Sensitive to sum of coupling constants
= — n e Available at linear and circular colliders
Nhaa > :21[(97)% + (9i%)?]

Left-right asymmetry:

* Direct sensitivity to Zee vertex
~ 1 — 4sin? Hﬁff . O_nly availaple at linear coll_i(_jers due to beam polarisation
' e Circular colliders need auxiliary measurement
o €.0. Pr ~ Ae

1 or—0or _ A — (911;)2 — (Q?)z
Pesrlor+or = (gF)? + (9)?

ArLp =

Forward-backward asymmetry:

3 » “Classical” observable to study P-violating effects in ee->ff
= -A.Ar for P, =0. « Available at circular and linear colliders
4 « Without beam polarisation interpretatio needs extra inputs t

Like at a Circular collider

Or — OB
OF +O0ORB

-
App =

Left-right-forward-backward asymmetry:

» Combination of asymmetries above
At _ (0r —0oB)L — (0F —0B)R §.A » Only available linear colliders due to beam polarisation
FB,LR (UF + UB)L + (UL + Ul)R A4 f » Direct and model independent measurement of A,

https://arxiv.org/pdf/1801.02840.pdf 30
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NEUTRAL COUPLINGS AND EWK ANGLE

At linear collider use A — 28,84, 28v,/8a,

polarisation to extract Ae To(gy)?+(ga)?  1+(gy/ga)?

> sin” @ off CaN be measured at circular colliders with 5x10-6 (at least) from:

» Muon forward-backward asymmetry at pole A””‘(mz) assuming muon-
electron universality

» uncertainty driven by knowledge of CM energy (point to point errors)
» Tau polarization without assuming lepton universality

Tau polarization measures Ae and A, can inputto A* = —A A to measure
> FB ™ 4

separately e, 4 and 7 coupling (with I, Fﬂ, [)

» \ery large tau statistics and improved knowledge of parameters (BF, decay
modeling).

» Asymmetries A%, Ar provide input to quark couplings (together with
[,I)

31
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Uncertainty

—h

—h
<

PRECISION MEASUREMENTS AT Z: A COMPARISON LC VS CC

AR

sino'

eff

. ILC/Gigaz 1079

. LEP/SLC

FCCee'TeraZ 10N 12

» |LC ten times better
than LEP/SLD and

competitive with FCC

» Polarisation
compensate for ~30
times luminosity

» No assumption on
lepton universality at

LC

» Excellent
measurement of
quark asymmetries

32
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OKU-W (108 WW) EWK PRECISION PROGRAM ¢ ¢~ - W™W~

» From data collected around and above the WW threshold:

» W mass: key for jump in precision of EWK fits
» W width: first precise direct measurement

» Rw=[had/lNep Needed for as(m?z)

» [e, [y, I'Tt: for precise universality test

» Triple and Quartic Gauge couplings: jump in precision, especially for
charged couplings

» Only Circular Colliders consider a run at the WW threshold

33



W MASS AND WIDTH AT THRESHOLD

.’-‘;1 2 FCCee W-pair threshold 7
= — m,,=80.385 GeV T,=2.085 GeV T30
S [] m,,=79.385-81.835 GeV, I',,=2.085GeV /" -1
E'IO— [] m,,=80.385 GeV, I',,=1.085-3.085 GeV ¢ ‘ dO- \/E ].
@) £/ {49 ({47 LL AMW,Stat —
_____________________ dMW \/Z \/EP

YFSWW3 1.18
——— [dm,, /o] O ( GeV )
———— [dm,, /do,,)\ouw/ep (GeVipb'?)

,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,

2.5
N T AT [0y 0] (G  GeV/pb'™)
/s (GeV) (dm,, /do,,,,] ( GeV/pb )

(GeVipb) (GeV/pb'?) (GeV)

Optimal energy : E =161.4 GeV

AMy =0.23 MeV !

0.5

e =0.75
o5 = 0.3 pb 11
LEP : AMyy =210 MeV £=12 b RN

L =10 pb_l %56 157 158 159 160 161 162 163 __ 164

.—lllllllllllllllllllllllII'Il

=
-
=
=
) —
»
=
=
=
v
-
-
=
-
p—
-
=
=
=
v
-
-
-
-
.
.
.
o~
=
o
.-
-
.
.
.
.
o
-
.
—

with E;=157.1 GeV E,=162.3 GeV {=0.4
Amw=0.62 AI-W=1.5 (MEV)
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W MASS DIRECT RECONSTRUCTION

» Precise M(W) from threshold run ~ Semi-leptonic channel

» M(W) direct reconstruction from decay 0.~ ~— 4C kinematc i [ tnner sore)| M. Beguin
products useful/needed at any /s>threshold fem oer 533

> Competitive as statistical uncertainty but = |
different challenges to be considered: : | H

» Event reconstruction, choice of jet algorithms e
» |epton momentum scale and resolution
> Kinematical f|tt|ng 9; 50 60 70 80 90 00— T10 120

M,, (leptonic mass) [GeV]

162.6 GeV
WW — qquv

0.02

E __________ VvV Rawmass | Fully hadronic channel

¥ 4C kinematic rescaling

f_ ............ .......... ¥V 4CKinematicFit | ............. L 5C kinematic fit h Mean  82.38
- ; V¥ 5C Kinematic Fit —— 4C kinematic fit Std Dev 9.568
S A %  Threshold method | 0.05|— — 4C rescaling

A My star [MeV]

. —— Raw Mass | ] Mean 74.65
1.4 S T T DTy - B Iy Std Dev 10
1.2 v ......... ............ ............. ............. ...... CLDDetectcr __________ ............. ............. 0.041 Mean  74.39

Std Dev 10.21

Mean 73.13
Std Dev 9.977

Elammeema¥Woms Y MeV oot

..................................................................................................................................................

N I I I I I I I I I T T T I T Ty Sy

0.02 :—
240 GeV

i = 2ab” @ 1626 GeV' 0.01— WW - qqqq
S S S a - : -

! | L1 1 l 111 I L1 l 111 | 111 l 111 111 l ENENE IR AN AN BT A | L1 1 | 1 e e e T | Ll Ll T
0 160 180 200 220 240 260 280 300 320 340 360 380 %O 50 60 70 80 90 100 110 120
E [GeV] M,, (smaller dijet mass) [GeV] 35
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EFFECTIVE FIELD THEORY INTERPRETATION (SMEFT)

SMEFT is a “bottom up” effective field theory that describes SM
interactions with new physics under certain assumptions

1) Assume that new physics is above some high energy scale

2) Assume that new physics Lorentz and gauge invariance

= Build every possible operator at each order in mass dimension from
the existing Standard Model fields

&F (’)gn) Higher (mass) dimension
LsmerT = LsMm + Z An—A4 operators suppressed by

Vi,n>5 \/ NP scale

36
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GLOBAL FIT TO EWK COUPLINGS

precision reach on EW couplings from full EFT global fit

1 M HL-LHC S2 + LEP/SLD B ILC 250GeV HAGEISVISIN | M CLIC 380GeV HACkEdeaill| 9"t shade: CEPC/FCC—ee without Z-pole b

- | ll CEPC Z/WW/240GeV l ILC 250GeV/350GeV Ml CLIC 380GeV/1.5TeV e :
10-1 L Il FCC-ee Z/WW/240GeV Ml IL.C 250GeV/350GeV/500GeV |l CLIC 380GeV/1.5TeV/3TEV |\l ion coliers are combined with HLLHC & LEPISLD 10~

= | ] FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(0.8,+0.3) P(e”,e")=(%0.8, 0) imposed U(2) in 1&2 gen quarks -
1072 — 1102
1073 1107
1 0-4 E_ § 1 0—4
107° 10-

et ce ev py py v 184 T 14% uu uu dd dd bb bb
ZE 097 R oJslvy ZL 09z R w 69z, ZR w 69z, ZR ZL 097 R 097, ZR

Figure 4: Global one-sigma reach on electroweak couplings for the same scenarios as in
figure 2. Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal
and green marks respectively indicate the prospects obtained with Higgs and WW threshold
measurements excluded. The numerical results are reported in table 2.

https://arxiv.org/pdf/1907.04311.pdf
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Future Colliders PhD Course 2022

1Zzia AzzZ

Patr

Impact of Z pole run

H ILC 250GeV G 4E@YHer\Y,

B ILC 250GeV/350GeV
B ILC 250GeV/350GeV/500GeV
P(e”,e*)=(70.8,+0.3)

B CLIC 380GeV 4R

B CLIC 380GeV/1.5TeV
B CLIC 380GeV/1.5TeV/3TeV
P(e”,e*)=(%0.8, 0)

light sr;ellde: CEPC/FCC-ee without Z-pole
L CEPC/FCC-ee without WW threshold

imposed U(2) in 1&2 gen quarks

+|/M HL-LHC S2 + LEP/SLD
- |l CEPC Z/WW/240GeV
- |l FCC-ee Z/WW/240GeV
_ [l FCC-ee Z/WW/240GeV/365GeV
o 107
S
S +
§ 10— %
) A
fo) -
T . Q
\ |
_4 (O
10 8
20F
10—
i =
1.5
!

1107

=107

AR O -

107"
Y perfect EW .

lepton colliders are combined with HL-LHC & LEP/SLD ||

21072

107°

20
10

15 EW param. also marginalized over / assumed perfectly constrained

- /Z-pole run has a big impact

SO91e
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Standard Model Dimension-6 operators

COMBINED FCC-ee SMEFT FIT

LSMEFT =

Electroweak + Higgs precison measurements

§ : @ Today’s limits on new physics scale A > 4-10TeV

Patrizia Azzi - Otranto 2022

10

[TTTTTTTTTTT] IIIIIIIIIIIIII [TTTTTT]

~scale of new ecoupled physics 80
- FCC-ee (EW)
------------------------------------------------------------------------------------------------- B FCC-ee (Higgs) —170
- FCC-ee (EW-+Higgs)
........................................................................................................................................... 60
........................................................................................................................................... 50

( ( (HO
O¢G O¢W O@ O¢WBO¢D Om owl)ow-?)O oql)o:) Om Om On¢ q¢ qu O O”
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THE INTENSITY FRONTIER - FLAVOR PHYSICS

|, Flavour EWPOs (Ry, ArgPe) : large

improvements wrt LEP
CKM matrix, CP violation in neutral B mesons

3. Flavour anomalies in, e.g., b — stT

e Enormous statistics 1012 bb, cc
* (lean environment, favourable kinematics (boost) )
* Small beam pipe radius (vertexing) |

Working point  Lumi. / IP [10°* cm~2.s7!] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab™! /year 2
Z second phase 200 52 ab™! /year 2 150 ab™!
Particle production (10°) B B~ BY Ay, c¢ 7177 ~15 times Belle’s stat
Belle 11 27.5 275 n/a n/a 65 45
FCC-ee 400 400 100 100 800 220 Boost at the Z!

Decay mode B’ — K*(892)eTe” B” — K*(892)r"t~ B,(B") »p'u”

Belle 11 ~ 2000 ~ 10 n/a (5) Yelds for flavor anomalies studies:
LHCb Run I 150 - ~ 15 (=) 0 %0 4+ _—
LHCb Upgrade ~ 5000 : Yo b sll yelds and B” — K “777 o
FCC-ee ~ 200000 ~ 1000 M) Full reconstruction possible
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THE INTENSITY FRONTIER - TAU PHYSICS

17.90 —

» Enormous statistics: 1.7 1011 tT events
» Clean environment, boost, vertexing

» Much improved measurement of tau mass, lifetime,
BR’s will be crucial for: 17.80

>» 1-based EWPOs (Rt, Arsro!, P-)

Today (2018)

17.85 —

B(t—evv) [%]

FCC-ee

17.75 —

> Lepton universality violation tests \
» PMNS matrix unitarity 17.70 -
_ _ _ o Lepton universality with
» (Constraints on Light-heavy neutrino mixing m. =1776.86 £ 0.12 MeV
17.65 —
289 2&0 291
T lifetime [fs]

Detector Requirements

* Momentum resolution for Mass measurement, LFV search
* Precise knowledge of vertex detector dimensions for lifetime measurement
o [racker and ECAL granularity and e/u/m separation: BR measurements, EVWPOs
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A WORD ON THE DETECTORS FOR CC (HERE FCC-ee)
SILICON TRACKER LIGHT DRIFT CHAMBER

oven concept
I

: 5 rt s -,
OWhN perrormanc

Ultra Light
Innovative
DR Calo Cost effective

21

DCH

-

LumiCal

» Two main design considered for now (FCC-ee, but CEPC is similar)

» Major point for B physics in a detector: the lightness of the tracker,
excellent vertexing and tagging capabilities, particle ID.

» Possibility to develop a detector optimized for B-physics needs
(especially if a CC could have four collision points)
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TERA-Z TAU STATISTICS AND CLFV DECAYS

N Iy f AH
Signal side 7 Signal side y .
sy =
™ T
c @ - @
v . e
W Tag side / .
T v‘ " ¥ Tag side
! v

* Benefits from the huge statistics and boosted topologies.
* Calorimetric performance as ILD.
* Main backgrounds are initial and final state radiative events.

Visible Z decays 3 x 1012

7 =TT .3 x [ON
| vs. 3 prongs 3.2 x 010
3 vs. 3 prong 2.8x 07
| vs. 5 prong 2.1 x 108
| vs. / prong < 6/,000
| vs 9 prong !

Decay Current bound FCC-ee sensitivity
T -> Py 44 x 108 2 x 109

T -> 3M 2 x 108 | O-10
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...BUT ALSO LFV Z DECAYS
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BSM PHYSICS: RARE PROCESSES FIP

» Intensity frontier offers the opportunity to directly observe new
feebly interacting particles below m(Z). They could be also DM
candidates.

» Sighatures explored: photons and long lifetimes (LLP’s).
» Axion-like particles
» Dark photons

> Heavy Neutral Leptons Detector Requirements

More “extravagant” ° Ser_“ _S|t|v¢y to far-detached vell”t|ces (Mmm % m)
signatures can be | Tracking: more layers, continuous tracking
stuc]c:{i_ed in]}hﬁ futlure 2. Calorimetry: granularity, tracking capability
profiting of the clean » larger decay lengths = extended detector volume

environment

* Full acceptance = Detector hermeticity
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BSM DIRECT SEARCHES - HEAVY NEUTRAL LEPTONS

» HNL more new studies Iin progress
» [est minimal type | seesaw hypotesis
» Together with AM also tests the compatibility with leptogenesis

NS 1072 : (b) V'
=d i
o | | B
! N U
Q_ -4
@ g ; l
10~ @ « W

S 1076 B £i4: 5 0,
~ = ~ ud, dd, -
®)
I= :
S 107 . 3 [cm]
o -9 ~
O 10 — CEPC,EWPO @ 2= I w0 + o P 2 6
[ 10—]0 — ECC-ee. displaced vertex ‘U‘ . (mN [GGV] )
N = = = = FCC-ve, Miggs BRs
N 107" —~ — FCC ee mono o
< : il — meeomen o] ~9m for mN=50GeV and |U[2=10-12
(U 10—12 1 1 1 111u_L 1 1 | o e G | 1 L1 1111 1 1
N 10~ 1 10 102
= my, (GeV)
al 46
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BSM DIRECT SEARCHES - ALPS

» Similar situation for Axion-like-particles: luminosity is key to the game

» Complementarity with high energy lepton collider
» Fertile ground for development of innovative detector ideas!

~ 10!
:'q>) ( \
o 107
v>-
s 107°

10 > = a3 y CLIC, ¢ ¢ —7a

FCC-ee,e" e > va
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THE « KAPPA » FRAMEWORK

e\Well known and widely used characterisation of Higgs coupling properties in terms of a
series of Higgs coupling strength modifier parameters K

o;-1

(6-BR)(i=H — f) = —-1
o L'H 21-SM

f__O0BR KK K,
Y= Gev BRsw K7 e Z FSM

eSimplest parametrisation which can probe the deviation from the SM induced by new
physics

 We fit for Kw, Kz, Kc, Kb, Kt , Kt , Ky and effective coupling modifiers Kq, Ky and Kzy
eHiggs couplings assumed to keep the same helicity structures as in the SM
eDirectly related to experimental measurements of the Higgs production and decay

e|t only compares the experimental measurements to their best SM predictions and does
not require any new BSM computations per se
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HIGGS SELF-COUPLING @MUON COLLIDER

Extrapolation to 10TeV muon Collider
Huge VBF Higgs: ~ 107 Higgses, 30’000 Higgs pairs [at 10 TeV]

10 TeV:
B s e _— o
F : VBF - H: 5A3— 3 /O
100y E ?
| VBF — HH °
_ 1 AL If reasonable detector
s g4t _ ; performances. First
~ ° : t detector benchmark.
g 0.100¢ . 1
N | . HZ
c | ttH | .
c T e s 20 25 30 30 Tev:
O OA3= 1%
. Vs [TeV]
I~
N
<
©
N
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HIGGS AT THE FCC-HH

* Huge Higgs production rates:

access (very) rare decay modes (eg. 2nd gen,), complementary to FCC-ee
push to 7%-level Higgs self-coupling measurement

. Large dynamic range for H production (in ptH, m(H+X), ...):
new opportunities for reduction of syst. uncertainties (TH and EXP)
different hierarchy of production processes
develop indirect sensitivity to BSM effects at large Q?, complementary to
that emerging from precision studies (e.g. decay BRs) at Q~mn

. ngh energy reach:

direct probes of BSM extensions of Higgs sector (e.g. SUSY)

Higgs decays of heavy resonances

Higgs probes of the nature of EVV phase transition (strong |st order?
crossover?)

o1
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SUMMARY OF DIRECT HIGGS MEASUREMENTS - COMPARISON

HL-LHC FCC-ee FCC-hh
5 / Th (%) SM 1.3 thd
OgHzz / gHzz (%) 1.5 0.17 thd
OgHww / grww (%) 1.7 0.43 tbd
SgHbb / GHop (%) | 3.7 0.61 tbd
SGHoe / OHee (%) ~70 1.21 tbd
OQHog / OHog (%)  2.5(gg->H) | 1.01 tbd
St / Qe (%) 1.9 0.74 tha
SGHu / GHun (%) 4.3 9.0 0.65 ()
SGhyy / Ohyy (%) 1.8 3.9 0.4 )
gt / Qrtt (%) 3.4 - 0.95 ()
SQhzy / Hzy (%) 9.8 - 0.91 )
SgHHH / Gt (%) 50 _ ~30 (indirect) 7

BRexo (95%CL) ' BRinw<2.5% | <1% BRinv < 0.025%

* From BR ratios wrt B(H—4l) @ FCC-ee
** From pp—ttH / pp—ttZ, using B(H—bb) and ttZ EW coupling @ FCC-ee

|18
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HIGGS COUPLINGS AT A 10TEV MUON COLLIDER

10 TeV @ 10ab~ ! ‘

> Ma|n prOd UCt|On Production Decay Rate [fb] | A-€[%] | Ac/o [%]

Process IS the WW bb 490 7.4 0.17

fusion cc 24 1.4 1

5] 72 37 0.19

Tt 53 6.5 0.54

WW*(jjtv) 53 21 0.30

*(4j 4. 4

W -fusion o) - . .

- 7 Z*(40) 0.1 6.6 12

= ZZ*(jjete) 9 | 8.9 2.3

‘; 7 Z*(45) 11 1.6 1.4

I Yy 1.9 33 1.3

S Z(ij)y 0.9 27 2.0

Cl) i 0.2 37 03¢

= bb 51 8.1 0.49

N Z-tusion TR

< WW*(45) 8.9 6.2 13

'CNU W -fusion tth bb 0.06 12 12
=
©
al
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MEASUREMENT OF Ar (LEFT-RIGHT ASYMMETRY) AT SLC

» “Just” a counting experiment at the Z pole with a longitudinally polarized e- beam

()'(—138)—()'(+1)e) EOL_GR - AP with P = N -N"
o(-P)+o(+P) o, +0, = ° " N'+N-

ALR =

» Many advantages
»A R =A: ~14% for a 100% polarized electron beam (Ps = 1)
»|.e., almost 10 times more sensitive to sin20yy than Agglertons = 34 A A, ~ 1.5%
» AR IS Independent of the final state
» Use all Z decays into hadrons, t+t-, u+tu-, e+e-
» AR IS Independent of the detector acceptance
» (Cancels in the ratio: just count the events with neg’ve and pos’ve Pq
» Most theoretical uncertainties cancel in the A g ratio

A LC achieve the same sin26y, precision of a CC with 100 times less statistics
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IMPACT OF EWPO ON HIGGS COUPLINGS

. [:Efit . HL+|L0500 . HL+CL|C380 . HL+CL|C3000 . HL+FCC€824O. HL+FCCee365
™=t Result including Giga-Z at linear colliders
. Higgs@FC WG
September 2019 Dark/Light: SMEFTpgy (Perfect EWPO) / SMEFTyp (Global fit)
- FCC-ee/CEPC mild oLk - e 102
difference b/c Z run i I O N
- Red-line: Giga-ZatLC [ ] f' 1 [
| i'”””'””””'””””'””””'””””'””””'””””'”””fﬁ]ﬁZ]ﬁff]fifﬁffif]ffﬁ]ff
X 1 ivateslosiiosliotbedbotbutbationl | Bon. 1073
§ i - .. 0N ... SR
~ (T | R | R |
o L ... BERB'R 8RR R R "R R ‘NBEBE'ER =« B ‘R’ ‘®BERBR'HVOoim | [ |
Q BN «u il

|
\
1 1 more precise
i
\

|
|
|
|
|
107" : N o B
|
|

I

|

i
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MEASUREMENT OF «.

» Determines strength of the strong interaction between quarks & gluons

» Single free parameter in QCD (in the m,—0 limit)
* Determined at a ref. scale (Q=m,), decreases as o ~In(Q2/A2) A~0.2 GeV

_ October 2015
aS(QZ): (1) lattice v Tdecays (N3LO) PDG'15
| a DIS jets (NLO)
| v (2) tau 0 Heavy Quarkonia (NLO)
03 | decays o e'e jets & shapes (res. NNLO)
| ® c¢.w. precision fits (NNLO)
N v pp—> jets (NLO)
Q v pp —> tt (NNLO)
B 02 i PDFS
§ | (4) e*e jets (shapes, rates)
O (5) Z decays
o | e, (6) pp—»ttbar
H 0.1 I ~ : Y AR vava .y
- = QCD oM =0.1181 = 0.0013
N gl - PR |
= 1 1 100 1000
o Q [GeV]
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a, FROM HADRONIC Z DECAYS

['(Z —1 e i il
» Computed at N3LO: Rz = r((z—> ;)) = REVNc(1+ Zlc (22)" +0(a2) + 8 + bup)

» Experim.: T, = 2.4952+0.0023 GeV (£0.1%), & =124, o), = 7 2eed, o - o8 y

mz F2 myz F2Z

» After nggs discovery, a,_ can be directly determined from full fit of SM:

rryrrrorproTTa [rrrrprorod [TTTrTTrorTTd
M G- 0.0 N 5 ! "’“‘ '4 I I I I I I I I ! ! I I I I ! I I I l I ! I

M| Eme |14 ><4_5 ] SM fit (€] fitter]s.°
. 5 : f : . | 0.2
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g | I

______ _._D SM fit minimal inputand R’, op.,and T, &
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Rl =  |-os [KMonlget al]

5
m 0.0 0 | I | l e P, S B ot W NN TR T N NN R S
o ) 0.112 0114 0116 0118 0.12 0.122 0.124 0.126
m . | oo

o r | o, (M) =0.1196 + 0.0030 (+2.5%)
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- [ TT]
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» Prospects: — Huge Z stats at FCC-ee will lead to: oo _< 0.3%
- Improved parametric (sin“6_,m ,m) and TH (N*LO, EW, mixed) uncert.
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o, FROM W HADRONIC DECAYS (NOT USED IN PDG YET)

|ID.d’E, M.Srebre, arxiv:1003.0bo01

» Width (BR) known at N°LO (NNLO) Small sensitivity to o_ (beyond Born)

V2
P\\ L _GFm?V Z |V,J| i Z ( ) - 6electloweak(03) T 5m1xed(aas)
quarks 1,j [EWK: -0.35%]

IVl A
W\Aéﬁﬁﬂ% '\N\/@,@ %378% «/}‘/\/\,@i MW\<§_OQ5%

[D.d'E, M.Srebre, arXiv:1603.06501]

» LHC prospects: » FCC-ee prospects:
Improved measurement of I, : Huge ee—»WW stats (10°, x10° LEP):
Sor ~10% oo < 0.2%
S
= CKM unitarity F:VdLHC (1405 + 14) MeV Bl dF:‘;'“ =0, 6741 (1+5x10°) —— CKM unitarity
0,15 L-HCI -t. | : P R — ; I’// 1 1 '-'—thzog_d_- - 1 \I\ 1 1 : 1 .
| ] I -Ptt e :
0,14 - estimate g ) (FECEC )
. ] . K ) i
0,13 1 | ’ FCC-ee estimate v
0,12n .
= 0,11_ ............................................................... e
c | o (my)=0.1188 £ 0.0005,
S 0,10— i -
S - i
0,09 - ; A
- l B
0,08 - ;
: !
0,07 - :
d i B
0,06 - g .
i
005 | : : : : . . . | : . : :
1360 1370 1380 1390 1400 W141o 1420 1430 1440 1450 067400 067404 067408 067412 067416 067420
r R
had

» Combined FCC-ee from W & Z decays: a_ (M ) = 0.1190 * 0.0002

oo_(exp) < 0.15%. Parametric (V.., m, ) & TH uncert. to be improved too.
s 1) W
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CURRENT TENSIONS IN FLAVOR PHYSICS (2021 UPDATE)

» Current tensions (3.1 o deviations) of LHCb data with SM

predictions (Moriond 2021) BaBar
> |n particular, lepton flavour universality is challenged in b E e Reee
— s P+¢— transitions Rk : i , Belle |
" 1.0 < ¢g?<6.0GeV-/c*
> Fpr example, the rates of BO (B+) = K*0 (K+) #+¢- are E LHCh 3 fb!
different for# =eand ¢ = 1.1< ¢*<6.0GeV?/c*
» Differences are also observed in the lepton angular LHCb 5 fb™
distributions 1.1< ¢*< 6.0 GeV/c*
» This effect, if real, could be enhanced for € =T, in —.— LHCbY b
* : 1.1 <¢g?<6.0GeV/c?
=~ B — K(*) T+T- o : L
S » With 1012 Z = bb, FCC-ee can solve this issue ' | R,
c; » Decay can be fully reconstructed
4% » Full angular analysis possible y ) y y g y
g Bt _ W KT Bt LQ K+
e B " B | b < S | | b S N - S |
" Ry =1I'(B— K )//i+/4 )/T(B — KMete) N
N 0 +
E v/Z l
K —_ k — _ 4 _
! Ry =TI'(B — DY)/T(B — DVIp) ‘ ¢
< D
Dc:_s [ = e, U 59




