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The Electroweak Fit
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Electroweak Precision Observable (EWPO)

measured at LEP/SLD



Physics at the Z-Pole

e*e- colliders /s =91 GeV . 27kmo .2 mile long
LEP-1 at CERN SLC at SLAC
e 1989-1992 e 1989-1998
e circular e linear o
e ALEPH, DELPHI, e e~ beam polarisation
L3, OPAL e SLD ’
e 20 million Z’s e 550,000 Z’s

A fantastic legacy! )
=
£, ALEPH
Mz = 91187.5 £ 2.1 MeV © 30
‘ from Z line shape - DELPHI
[z= 24952 + 2.3 MeV L3
sin20er = 0.23153 £ 0.00016 oM LR and FB asymmetries 't OPAL
(tension “leptons” vs “quarks”) i /
as = 0.1190 + 0.0025 from multi-jets ! aZﬁEﬁ%%?ﬁ“%iiﬁ;i‘&“’/
y factor
from peak cross -section
Nv= 29840 * 0.0082  and ratio of partial widths 101
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Maximum Violation of Parity

left-handed doublets right-handed singlets
(3 families) 1
lp=—=(14+~")¢
LeptOnS LEL — 1(1 . ,75) Vy R 2( ) Y, = —2
2 L )y —_1 1 5
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Weak Neutral Currents

axial current  ay = (Ly — Ry)/2 = T})’
vector current  Up = (Ly + Ryf)/2 = T})’ —2Q)¢ sin? Oy

Vector and axial-vector couplings to the Z boson sin? @y = 0.2312
Fermion v = TJ'?’ —2Q sin? Oy af = TJ'? Ly Ry zfc + (1,?«
Ve, Vpy Vs 1/2 1/2 1/2 0 1/2
e, [, T — 1/2 + 2 sin? Oy ~ —0.038 —1/2 ~ —0.269 ~ +0.231 ~ 0.251
u, e, t 1/2 — 4/3 sin® Oy ~ +0.192 1/2 ~ +0.346 ~ —0.154 ~ 0.287
d, s, b — 1/2 + 2/3 sin” O ~ —0.346 —1/2 ~ —(.423 ~ +0.077 ~ (0.370
-0.032 —————————————
Leptons

Effective couplings

vy = \/E(Tj? —2Q)y sin” Qxeafff) 10.0351
Gar =P T]? s |
10.038-
sin? 658 = (1= g,,/g.,)
=gt

-0.041

-0.503 -0.502 -0.501 -0.5
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Left-Right Asymmetries

Asymmetry in left- and right-handed couplings

Ly — R
Ay =t = gvi/9Aaf

Ly + Ry 1+ (gvs/gar)’

Depends on vector to axial-vector ratios

e small for leptons

e large for down-type quarks
e sensitive to sinZ0w

Left-right asymmetries can be measured at
the Z pole with longitudinally polarised

beams (i.e., at SLD)
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Forward-Backward Asymmetries
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: A4 ) > FB Asymmetry
: o —
Orp — Op
10 3 e'e —» hadrons € > 44‘ AFB — o _|_ o
— i / et F B
g i
§ 10° 3
g do 3
3 *
. e Z |~ — x1+4+cos?l+ =Appcosb
5 102 4SGs 0, d cos 8
: PETRA . ',‘ .
1 kekg TRISTAN SLC 0 f 3
10 o PEP! =7 =T at the Z pole: AFB = ZAe .Af
| | 1 | | | | I
0 20 40 60 80 100 120 140 160 180 200 220
centre-of-mass energy (GeV) LEP (with S 12
] = :
: unpolarised ~ 10
= - SPEAR PEP PETRA TRISTANLEP '1 L
< 1 Fomarcr oL3 7 / % beams) D
075 L #MAC DJADE ATOPAZ 7 e measurements 8 0.8 |
r vVENUS B
C & "
05 oPLUTO for leptonsand == 06
¥ =~ -
025 | 7Y heavy quarks © -
0 el ¢ T 04
g 11 Aﬁ%v\, o I
025 F N !
F 0.2
0.5 — ete  — M-I-,u— :
075 | /s dependance due 00 o o e o
I I A A A S S B T to interference -1 05 0 05 1
0 20 40 60 80 100 120 140 160 180 200 Setiar e 7 and cosO _
Vs (GeV) the photon exchange H




The Electroweak Fit
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Mw : Parametric Errors

I [ | I

ATLAS ® my
= Stat. Uncertainty
— Full Uncertainty
Experimental LEP Comb. o
Tevatron Comb. 98038716 MeV
My = 80.385 £ 0.015 GeV LEP+Tevatron S
ATLAS 2017 ©-50370+19 MeV
Electroweak Fit o-£0356+8 MeV
80320 80340 8|Of|360 80380 80400 80420
Electroweak Fit m,, [MeV]
Mw = 80.3584 GeV + 8.0 MeV . .
Main parametric
+ (0Mw )tn 4.0 MeV ® errors:
+ (O Mw)top (0 Miop/0.76 GeV) x 5.5 MeV O e top mass
+ (6 Mw)u (6 Mt /0.24 GeV) x 0.1 MeV - * theory
+ (6 M) (6Mz/2.1 MeV) x 2.5 MeV o f( boson mass
+ (OMw)a (§a/107%) x 1.8 MeV : ¢ s
+ (6 Mw ). (6as /3%x1073) x 2.0 MeV o * Higgs mass



sin20¢¢s : Parametric Errors

0.23099 £ 0.00053

Arg0:t ®
Ae(P:) . 0.23159 * 0.00041
Experimental
Ar(SLD) -e— | 0.23098 + 0.00026
sin? 6% = 0.23153 £ 0.00016 Argob | o 0.23221 £ 0.00029
Argdic 0.23220 + 0.00081
Qgghad P 0.2324 + 0.0012
Electroweak Fit o 0.23153 + 0.00016
sin? 05 = 0.231488 + 7.0x107°
. 9 roff = Main parametric
(5 sin” 0 )th 4.7x10 ‘ errors:
+ (6sin” 09 )1op (6 Miop/0.76 GeV) x 2.9x107° @ * theory
* X
+ (6sin® 0% )n (6My/0.24 GeV) x 0.1x107° S T e
+ (0sin? 0577 (6Mz/2.1 MeV) x 1.5x107° »  ° Zmass
e _ * (s
+ (6 sin? 651, (60/107%) x 3.5x107° @ . Higes mass
+ (6 sin? 637) . (60 /3x1073) x 1.0x107°
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The Electroweak Fit at LHC
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m,y = 80.370 £ 0.019 GeV
B m=17284+0.70 GeV _
my, = 125.09 + 0.24 GeV

w= 68/95% CL of m, and m;, —
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= 68/95% CL of Electroweak

Fit w/o m,,, and m,
(Eur. Phys. J. C 74 (2014) 3046)

1 | I | 1 1 1 I 1
180 185

m, [GeV]

the most complete
consistency test of the
electroweak sector of the
Standard Model

Main ingredients:

» effective weak mixing angle
mass of the W boson

width of the W boson

mass of the top quark

(mass of the Higgs boson)
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CMS Run-1
2017

EPJC 78 (2018) 701

From Ars (£€) in 6 rapidity bins

e data: Run-1 at 8 TeV

e best sensitivity in bin

at larger rapidity (2.0 < | Yee| < 2.4)
event reweighing method to cancel
acceptance effects

main uncertainty from PDF, but reduced

by constraints from data
combined uncertainty: +0.00053

CMS HL-LHC
14 TeV

CMS-PAS-FTR-17-001

14 TeV = smaller asymmetries at low
rapidity due to wider rapidity plateau
extension of tracker acceptance
w additional rapidity bin :

2.4 < |Yee| <2.8

m 0.25
LL

0.2

0.15

0.1

0.05

Effective Weak Mixing Angle at HL-LHC

LEP + SLD —o— 0.23153 + 0.00016

LEP + SLD: A‘;’;’ —O0— 0.23221 + 0.00029

SLD: A, —O— 0.23098 + 0.00026

CDF ee+up 9.4 fb™ S e 0.23221 + 0.00046

DO ee 9.7 fb” — 0.23147 + 0.00047

ATLAS ee+up 4.8 fb o 0.23080 + 0.00120

LHCb up 3 o o 0.23142 + 0.00106

CMS pp 18.8 b —o—— 0.23125 + 0.00060

CMS ee 19.6 fb” o 0.23056 + 0.00086

CMS ee+up e 0.23101 + 0.00053

| 1 | |
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L 1 oL+ ]
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- —e— 14 TeV, 3000 b, n| < 2.4 =
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s AR AR AU NN N O R |1 1 1 -
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-007/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-17-001/index.html

Effective Weak Mixing Angle at HL-LHC

PDF constraints from the data

CMS Phase-2 Simulation Preliminary 14 TeV

T
20<|Y,,| <24 [245|Y,, | <

0AS|Y_M_|<0.B 0,8£|Yun|-:1.2 L2~'_:|Yw|<1.5 1.6<_:|an<2,0

0.2

AFB

n
=
IlllIlIIIFl

IlIlIIII

5 3sin®_, = +0.0004, £0.0008, £0.0012 i

— NNPDF3.0 uncertainty =
0005 TR TSRS NIRRT IR RN (NPT NN PP —

—0.0085 F—=rrrererrmrrmmmna e b e —
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M, (GeV)

10

CMS Phase-2 Simulation Preliminary

CMS HL-LHC
14 TeV

I

B ml < 2.4 il < 2.8 °- ]
- —e— Statistical —6— Statistical ‘e_
| —e— NNPDF3.0 nominal —6— NNPDF3.0 nominal _
—e— NNPDF3.0 constrained —6— NNPDF3.0 constrained
| L ! T R T | L
10 102 10° L -1
int (07)

« extend di-lepton acceptance from |Y| <2.4to |Y| < 2.8
w improvement 30% statistical and 20% PDF uncertainty

o statistical uncertainty negligible beyond L = 300 fb-1

« with 3000 fb-1 and constraining PDF from the data, envision
reaching present LEP/SLD uncertainty (+0.00020)

CMS-PAS-FTR-17-001

A +0.00020 error in sin20eff is equiv. to +10 MeV error in My (indirect)

102

10
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-17-001/index.html

Vector and Axial Couplings at LHeC

unpolarised ep cross section

1 l\\l I-IIIII>|< | I IIIIIII- I I IIIIIII I 1 T TTHE
= N — FCC e*p NC
o 10 .
O TET S NC — FCC e*p CC
%_ B CC- ---LHeC e*p NC
=10 BT Z ...LHeC e*p CC
% 10_2 :\:3\\
s 1073
10
107>
10 %EF —HERA e*p NC
107 HERA ep CC
_8 » H1 data
10 | 1 IIIIIII | | IIIIIII 1 1 11 III
10° 10* 1(%5 ,
Q° [GeVT]

e NC cross sections at high Q2 receive important Z
boson and y/Z interference contributions

» together with CC cross sections, they are sensitive
to electroweak parameters

« also interesting Higgs and BSM physics

—1 —1 s 2 -
Qo = O sin® Oy ~ 30

Oy (W)

N

sin

0.25

running of sinZBw(p)
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68% CL

[ JLHeC
[ ] FCC-ep
¥ H1 (H1-prelim-16-041

H1 & ZEUS data (PR D93 (2016) 092002)
---- LEP & SLD (Phys.Rept. 427 (2006) 257).
DO (PR D84 (2011) 012007), Ay® = 4.72
+* Standard model

0.2

QO
c
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Events / 2 GeV

Events/GeV

EWK Bosons at LHC

350
300
250
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50

I IlIIII,

I IIIIII|

[
>
=
>
10)]

Ldt=46fo

—

—e— Data 2011 (ys =7 TeV)

- Multi-jet background

|:| Z+jets and non-multi-jet backgrounds

40 60 80 100 120 140 160 180 200
m®® [GeV]

x10°
mEENE AN RS UM LA RN AR R =
- ATLAS Preliminary
3 ILdt — 461" E
- \'s=7TeV (2011) -
3 W= utv E
é * Data é
: — Fit ]
— [ JEWK+top —
C .~ | Multi-jet 3

10 20 30 40 50

60 70 80 90 100
ET*° [GeV]

Z boson

e Dilepton invariant mass

M? = 2pr(€1)pr(£s) (cosh Ania — cos Agia)

W boson

e Lepton transverse momentum
e Missing transverse energy

miss

pr(v) = Et

e Transverse mass
M3 = 2p1(O)pr(v) (1 — cos Ag(C, v))

angle between lepton and
missing momentum
in transverse plane

Aop(l,v)

15



Principle of W Mass Measurement at LHC

24>('|0s

DO full MC

qr(W)=0

—

Events/0.5 GeV

gt (W) The transverse mass is

detector e less sensitive to the gr(W) spectrum
effetcs e much more sensitive to the hadronic recoil

But, due to pile-up, lepton pr is the most
promising at the LHC

DO full MC

Events/0.5 GeV

Experimental challenges
e control the lepton energy scale at < 0.1%
e pile up conditions

M,,=79.4 GeV

M, =80.4 GeV Theoretical challenges

e modelling of the gr(W)

e modelling of the templates obtained from
simulation with corrections in gr, v and A;

e knowledge of the PDFs

Events/0.5 GeV

Templates




W Mass Measurement at LHC

ATLAS: first measurement of

the W mass

One of the most challenging
measurements at the LHC

arXiv:1701.07240

pr?
Crosschecks M7
in many
categories
mr-prt

o + 1 +H 1+

H 1+ =

9 —r771T T 1T " r """ "r° """ " °rr"
s 'O FATLAS ——Data
10 q —— Fit result
N . \s=7TeV,4.61b B W— ev + EW
§2) 10 [ Multijets
= 0° @ tt + single top
>
D 0° Error budget
4
133 e total = 18.5 MeV
102 e stat. = 6.8 MeV
10 « PDF = 9.2 MeV
iT 1.05E J- e R R S — _5 ° —
E 1;_.. O SO * .......... ¥ ‘;“90 ............ e o o S r 2’ % Hti- QCD 8-3 Mev
S 0955 |- | H++ -------------- o e 3
0 20 40 60 80 100 120
m; [GeV]
p|1- W+% |+v 1 I 1 1 I I I.l I 1 I 1 I 1 I 1 1 1 I. IrT]IW I(Plariiall Clohlbl.)
pL, W—Tv ATLAS - 2 Stat. Uncertainty
+ ] — Full Uncertaint
ol WSy | {5=7TeV, 4.1-4.6 fb! = . (Full Comby
e R B e e e w .
my, W= Iy ; Stat. Uncertainty
my, W—Tv PY Full Uncertainty
my, W= v | R
P, Wis ety | —
m,Woev | e
P, W > utv ®
m,Wooptv | TToio- - _
mT_p[r, W+_> |+V —_—_.—
mT_plT Wy 0
mT-p!r! Wi_) FV 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 l 1 I 1 l 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 l 1

80280 80300 80320 80340 80360 80380 80400 80420 80440 80460

m,, [MeV]
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W Mass Measurement at HL/EH-LHC

. . .« e — 20— T
e Low-PU special runs to exploit missing > : g
> 18— ATLAS Simulation Preliminary <u> = 2—
transverse momentum > 168 —=— Stat ® PDF =
C - _
. . = - --o-- Stat. -
 Sizeable improvement from acceptance 5 - PDF (CT10) E
extended to |n| < 4 due to barrel/ 5 e '\\ E
: : = 10F =
endcap anti-correlations = - o —a— . -
8:— T B S E O EEREE L EEPPOEER e
) il Ol ]
HL-LHC Low-PU special runs (<p> = 2) o SR e N
1% acceptance  # of events O0mw (MeV) e E
2_ —
6 u .
200pb—1 |n|<24 2 x10 16 ol ol Lol bl Lo L 1o
In| < 4 12 200 300 400 500 600 700 800 900 100
p In| < 4 9 Luminosity [pb™]
1fb : : _
with ultimate PDFs 5 Above 200 fb-1 uncertainties are
dominated by PDFs
S‘ 30 C T T T T 15 20 ¢ | [ | |
) - ATLAS Simulation Preliminary .Stat. ®PDF 12 18 - ATLAS Simulation Preliminary E
Improvements on Eg o5 [ V5=14 &27 TeV, 200 pb”, <pi>= 2 Bt 4= Cpls=14TeV, q>=2 Ml Stat. © PDF 200 pb™
L | a _ [ | Y . —
the knOWledge of 5 C g‘%fgo;nD?T &py [ . g :j - My from my & pr, nf <4 E| Stat. ® PDF 10" 3
g g L ] - PDF 7
PDFs (including for O ' ' 1 LE E
heavy flavours) are 15F 3 10F =
essential : 1 sf =
10 N ] 6 [ _:
5 - 4F E
- . 2 =
0 l<2.4 ml<4 1 Il<2.4 ml<d i Inl<d 0~ CT10 CT14 MMHT2014 HL-LHC LHeC 18

Vs = 14 TeV 27 TeV 14827 TeV



DY and Heavy Flavour

flavour decomposition of W cross sections flavour decomposition of Z° cross sections
100 B ) ) ) ) LI | I ) ) ) ) ) ) LI | I i T T T i 100 B T T T T LI | I ) T T T T T LI I
d du
= —
T wop 1 N F
@]

g -

© g

© L

2 IS

[ 2

(]

O\ 1 - ] =

0.1 0.1
Vs (TeV) Vs (TeV)

e the contribution of sea quarks is much more important at the LHC
e the use of the Z control sample for the W mass is not trivial at the LHC



Parton Density Functions

PDFs at the HL-LHC (Q =10 GeV )
e PDFs contribute to systematic uncertainties TS POFALRGIS T

1.15

in many flagship analyses at LHC (including “
Higgs coupling measurements)

1.1

e LHC participates to PDFs
improvements for HL-LHC through tt,
DY, W+charm, inclusive jet and photon
differential production cross-sections

L1 1111 1 L1 11111l 1 111 L 1 I
107° 107 1073 1072

107"

X
Projected forward W+charm data
—35000 . . : :
2 = Lumi error = 1.5 % Gluino pair production @ HL-LHC Vs=14 TeV
30000F-
£ 2 e | | —
T 250001 N | B PDF4LHC15
© 20000F- e 18
S — [ =5+ HL-LHC (scen A)
E 16_ SIS
150005 PDF4LHC15 _— o [ % +HL-LHC (scen C)
10000  ==== PDF4LHC15+ HL-LHC v —_— £ 14F
5000F- M HL-LHC pseudo-data (shifted) S— 3
9 14;_ ........................... 8 1.2
§ 135 [R
1.2E Q -
= T 08—
i A Tt
= 0.6
0.9E -
0.8E- 0.4
g‘;é_ O %: 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
B 1000 1500 2000 2500 3000 3500 4000
2 25 3 35 4 45 My ( GeV )
n
arXiv:1810.03639 improvements by factor of 2-5 possible
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Improved Precision with LHeC

Valence quark Strange quark

PDFs at LHeC e P e
- CC and NC g o2 g - g o2 =N
» unprecedented precision in ¥ . e HE
extended kinematic region S °§§ S E-o.l
w CC DIS with charm tagging ~ ®-f & F o -
« strange quark PDFs B Z; e 5'0-01 -
Electroweak precision measurements at the LHC are limited
by PDF uncertainties
Mw at ATLAS (2017) sin20err at CMS (2018)
e total = 18.5 MeV e total =53 x10-3
e stat. = 6.8 MeV e stat. =36 x10-> LHeC greatly empowers
e PDF = 9.2 MeV e PDF =31 x10-5 LHC/HL-LHC results
e QCD = 8.3 MeV e theory =16 x 10-> e NP exclusion limits
e X-section measurements
With full HL-LHC With full HL-LHC+LHeC « high precision QCD
e 5-9 MeV on Mw e <2 MeV on Mw measurements
e 15 x 107> on SinZ0eff e 4 x 1073 on sin2Beff « per-mil as measurement

ATL-PHYS-PUB-2018-026
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The Top Quark

The top quark
* is the SU(2)L partner of the bottom quark
* is the heaviest known fundamental particle

myy = ytv/ﬂ ~ 173 GeV

* is the only fermion with “natural” coupling to
the Higgs field
~ 200
~ 1 &
= Yt = @ 190
£
* plays a special role in electroweak physics, g 180
flavour physics and Higgs physics 170
* decays almost exclusively to bW 160
* decays before it has time to hadronise
150
2 My
Lt — W) ~ > Vo™ —5- 140
16 ms;

~ 1.5 GeV (> Aqcp)

-

Mass in GeV/c?
1 GeV/c?=1.8 - 1027 kg

charm

up
¢ 0.005 ‘« 15
° 0.01 o 0.15
down  gtrange 5.0
\_ bottom /

40 times heavier than the b quark!

top quark first discovered “virtually”

Illll[lll|NTNI‘IIIIIIIII‘[Nll

I I T T

T T I T I T

il

T | T

f

Measurements

§ Tevatron

¢ Tevatron + LHC

| | | 1 ] 1 |

T T I | I I T T

+ } '3 2K 2

Results of the EW fit

= Gfitter, incl. M,,

/\;//

e
11\|1111\H|1

LEPEWWG

llllll|llll

(searches or meas.)

typical top decay time: 5x10-25s

1995

2000

typical hadronisation time: 2x10-24 s

2005

2010 2015
Year
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Top Pair Production

a very rich physics programme b
Vy
g ® mass
* mass difference

e |ifetime, width .
e polarisation * W helicity

t A0 4

9

h — q
t W

* spin correlations

g * charge asymmetry
—/

* production cross section b

* production kinematics

® resonances, hew particles * new decays

e BR(tWb)/BR(tWq)



Single Top Production

/

9
q_ . / t-channel EW production of a top quark
W
LHC 64 (42+22) Pb\\ > t measured %103 CMS, \s =8 TeV, L = 19.7 b, muon, 2-jet 1-tag
TeV 2.3 pb b > T T
8 - ¢ Data -
o U B t-channel -
g % B [Jtt, tw, s-channel -
B *GEJ 0.8 B W/Z+jets, dibosons—
> B []QCD multijet i
LHC 16 pb - 0.6 [7]Syst. uncertainty |
g t g TeV 0.3 pb t ' - i
b 0.4 -
tW ! 0.2 | -
8 4 : . ;
g W 150 200 250 300 350 400
b B m,, (GeV)
b
—/ SEEN
q t
LHC 4.5 (3.2+1.4) pb W " | allows direct measurements of Vi
TeV 1.00 pb s-channe
q 0 also, with high statistics. at HL-LHC, top
mass measurement with different
not seen yet modelling systematics
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Top Mass Measurement at LHC

ATLAS+CMS Preliminary

LHClopWG

....... World comb. (Mar 2014) [2]

stat

L | |
T

total stat

My SUMmary,¥s = 7-13 TeV  May 2019

(L DL S S B AL B R B B L R B
1800 ATLAS e data, l+jets

total uncertainty m,,, * total (stat+ syst) Vs Ref.
LHC comb. (Sep 2013) LHctopwa 173.29+ 0.95 (0.35+ 0.88) 7 TeV [1]
World comb. (Mar 2014) 173.34+ 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, I+jets 172.33+ 1.27 (0.75+ 1.02) 7 TeV [3]
ATLAS, dilepton 173.79+ 1.41 (0.54% 1.30) 7 TeV [3]
ATLAS, all jets 1751+ 1.8 (1.4£1.2) 7 TeV [4]
ATLAS, single top 1722+ 2.1 (0.7£ 2.0) 8 TeV [5]
ATLAS, dilepton 172.99+ 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets 173.72+1.15 (0.55+ 1.01) 8 TeV [7]
ATLAS, l+jets 172.08+ 0.91 (0.39+ 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) 172.69+ 0.48 (0.25+ 0.41) 7+8 TeV [§]
CMS, l+jets 173.49+ 1.06 (0.43+ 0.97) 7 TeV [9]
CMS, dilepton 172.50+ 1.52 (0.43+ 1.46) 7 TeV [10]
CMS, all jets 173.49+ 1.41 (0.69+ 1.23) 7 TeV [11]
CMS, l+jets 172.35+ 0.51 (0.16+ 0.48) 8 TeV [12]
CMS, dilepton 172.82+ 1.23 (0.19+ 1.22) 8 TeV [12]
CMS, all jets 172.32+ 0.64 (0.25+ 0.59) 8 TeV [12]
CMS, single top 172.95+ 1.22 (0.77+ 0.95) 8 TeV [13]
CMS comb. (Sep 2015) 172.44+ 0.48 (0.131 0.47) 7+8 TeV [12]
CMS, l+jets 172.25+ 0.63 (0.08+ 0.62) 13 TeV [14]
CMS, dilepton 172.33+ 0.70 (0.14+ 0.69) 13 TeV [15]
CMS, all jets 172.34+0.73 (0.20+ 0.70) 13 TeV [16]
et T i
e i
121PF0 8 (tey 0728
[ | L1 1 1 | [I | L1 | [ 1 1
165 170 180 85

Migp [GeV]

> I I L B LI LN B B
R 500__ e Data ATLAS 4 7
e 1% background \s=8TeV,20.2fb" 1
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Which Top Mass for the Electroweak Fit?

The definition of the mass of the top Which final state particles to assign to the original top quark?

quark is ill-defined - h
e the mass measured from bW decay coP % ;
products is assumed to be close from \

extra radiation and
color reconnection

pole Mpole
e problem: mpole for a coloured particle \%
cannot be determined with accuracy \
better than Aqcp (= 0.2 GeV)
e the top quark decays before
hadronising but still the b quark has q t

determination of mtop from the
reconstruction of any kinematical

Hadronization effects “pollute” the
property of top decay products.

")

M.L. Mangano
to hadronise
e Importance of measuring the mass theoretically a good approach is to
using alternate techniques extract the mass from measurements

e mass and end point of b# spectrum of the cross section

e decay length (boost) of B hadrons
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Cross-section [pb]

Pole Mass Measurements

Initially, using

e an inclusive x-section measurement
e NLO calculations of tt x-section as a

function of pole m¢
e fit together with as(mt)

1 I 1 1 I | I 1 T I I T I l 1 1 1 I 1 T 1 I 1 1 1 l 1 | ]
350, ——— MSTW 2008 NNLO

CT10 NNLO
* ------ CT10 NNLO uncertainty
SRS NNPDF2.3 NNLO
300 N x \ — - NNPDF2.3 NNLO uncertainty
- 8TeVv S O \s=7TeV, 4.61fb
\ \ \ -1 } vsm '

\o \s=8TeV, 2031
250 ~x .

e — MSTW 2008 NNLO uncertainty |

+2.6 GeV

2001 77ev™ g
M AT
150 — )

Lo v v b by o | | | | |

|

164 166 168 170 172 174 176 178 180 182

pole
il t

More recently, using

[GeV]

exp. 8TeV

theo. 8 TeV
exp. /TeV

theo.7 TeV

e normalised multi-differential cross-sections

EPJC 77 (2017) 804

| | T
ole
ATLAS o m
= Stat. Uncertainty
— Full Uncertainty
DO inclusive oftt) PS 172.8+ 3.3 GeV
ATLAS inclusive o(tt) @ 1729+ 2.6 GeV
|
CMS inclusive o(tt) —leo— 173.8+ 1.8 GeV

173.7 £ 2.2 GeV

ATLAS differential o(tt+1j) ®

173.2+ 1.6 GeV

ATLAS leptonic (8 dist.) —@®—
| . . 1.6 GeV
170 175 180
mP" [GeV]
cmMs = 35.9 fb™' (13 TeV)
[N M),y )] |
—e— m°* with total unc. di-lepton
— data unc.
—— PDF unc.
—— punc.
— o, £0.001 unc.
ABMP16 = 2
HERAPDF20 - +0.7 GeV!
CT14 |
il CMS-TOP-18-004
World average [PDG2018] —o—
1 1 1 | I 1 | 1 | I | | 1 1 I | 1 1 1
165 170 175 27

mP°"® [GeV]


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-02/

t

Total uncertainty on m [GeV]

Top Mass Measurements at HL-LHC

W

o
4}

\S)

—_
9

—

o
%)

o

example

More statistics t = bW — J/y X¢v

m- Semi-exclusive channels

 mitigate JES select tt events with 2
additional soft muons

BR = 0.04%

e better calibrations
o different systematics

- - ATLAS HL-LHC
e CMS : 3000 fb-

: Preliminary Projection ]

i miimiim IV, arXiv:1608.03560

' -=== g (tf), JHEPOS (2016) 029

: . sec. vix, PRD 93(2016)2006

E aeea- single t, PAS-TOP-15-001 Mpole from o( tt)

I+jets, PRD 93(2016)2004

!Illllllllllllll

secondary vertex

J/y

/

single top

IR

Run I 0.3/ab, 14 TeV  3/ab, 14 TeV :
r+jets

CMS-PAS-FTR-16-006

Events / 0.4 GeV

Normalized events / 10 GeV

Ratio

x10°

:I TT I TTT I T 1T l TTT I T I TTT l TTT I TTT W T l 1T
800 ATLAS Simulation Preliminary _

- Vs=14 TeV, 3000 fb Tt .
700 | lepton+= 4 jets 8 Single top -

o Wajets ]
600 | I Z+jets 3

C I NP & Fake Lep.
500 | Uncertainty =
U Iy ;
300 [+ 3
200 H ) 3

0 2 4 6 8 10 12 14 16 18 20
m(uw) [GeV]
0.18_""|‘lll|lllllllv
- ATLAS Simulation Preliminary
016" ys=14 TeV, 3000 fo!
0.14
0.12
0.1
0.08—
0.06F
0.04F
0.02F

LI B B

..... n1t==1 7?() (5(3\/ —
— m=172.5GeV 1
e mt=1 76 GeV

Eury-

Pria

Il L 1 1 'l 1 1 1 1 L 1 1 1 1 L 1 l 1 1 1 1
0 50 100 150 200 250
m(l ww) [GeV]

6mtop = i500 MeV
(stat=+140, syst=+480)

ATL-PHYS-PUB-2018-042
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-16-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-042/

Top Mass Measurements Error Budget

== Total Stat+iJES

CMS preliminary projection —b-JEs =—UECR — Std. meth. == Endpoints

- Othere 4CMS preliminary projection " L,
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Top Differential x-Sections at HL-LHC

3ab'(14 TeV), 35.8 fb™' (13 TeV)

; CMS Phase-2

o}

2 02 — Combined —— Theoretical
£ . _E Simulation — Jet energy b tagging
g 0.18 £ Preliminary — Otherexp.  — Stat.

Phase-2: solid, Phys. Rev. D 97, 112003: dashed

PR kit it AT AU ST BN SRR PP | P
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o 10 E-CMS Pphase-2 : -
% E Smulation - elyjets * Simulation
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CMS-PAS-FTR-18-015

2016

HL-LHC

e real benefit from extended
tracker coverage

e PU mitigation : unfolding purity

similar to Run-I|

O(5%) relative
uncertainties

1 -2 III

" CMS Phase-2
- Simulation

- Preliminary
1.1-

dxg/xg

significant impact on s

high-x gluon PDF I

. 9:_ xg(x) 2 = 30000 GeV? NLO

- LI NNPDF3.1
r 2 NNPDF3.1 + ff

Ll

0.8

3ab’ (14 TeV)

107 10°° 1072 107"

also, sensitivity on quark PDFs thanks
to high rapidity analysis at LHCb with
300 fb-1 (HL-LHC)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-015/

Electroweak Fit at HL-LHC

; I I I I I I I I I | I I I I I I : !I I I I I I I I /I,
B o o 1 i1 m, world comb. + 16 0]
8 — 68% and 95% CL contours o m, = 173,30 GeV ]
— 80.5 — [l fitw/o M, and m, measurements | i} -- =076 GeV P —]
Eg - fit w/o M,,, m and M, measurements (i —0=076® 0.50 . GOV d
_ [ direct M, and m, measurements | i ]
80.45 [— i —]
80.4 |- . )
— My, world comb. + 1o 2
80.35 [— m,, =80.385 + 0.015 GeV —
80.3 — P J 5’. —
B Pl 4 ) i - _
B g o N - Y A -
_ 660?' g \‘If’f\b‘ QQCT%J 6?".’:’ : e ]
80.25 - ST NN < | fitter|suls ]
_‘ I” | | 1 1 1 1 1 ,4)’ | | | L”II 1 I E Il,l | | | 1 1 | I | I—

140 150 160 170 180 190
m, [GeV]

Uncertainties 2018

e Sin20efr (WA)  0.00016
e Wmass (WA) 15 MeV
« W width (WA) 42 MeV

« top mass (WA) 760 MeV
« (Higgs mass (WA) 240 MeV)



Electroweak Fit at HL-LHC

M,, [GeV]

I I I I I I I | I I I I I : !I I I I I I I I I I ,|,
B o o 1 i m, world comb. + 1o 0]
— 68% and 95% CL contours o m, = 173,30 GeV L
80.5 — [ fit w/o M, and m, measurements | i} -- =076 GeV —]
- fit w/o M,,, m and M, measurements (i —0=076® 0.50 . GOV d
_ [ direct M, and m, measurements i L ]
80.45 — r —_— —]
80.4 |- - e >

......................................................... /’vl’
— My, world comb. + 1o - —
80.35 [— m,, =80.385 + 0.015 GeV | =
80.3 [— —
N | ] _
80.25 — M"H k=1 Huer|suls 7
e L] i I R T SR R T R

140 170 180 190

m, [GeV]

HL-LHC Uncertainties

o SiN20eft 0.00015
« W mass / MeV
« W width 30 MeV
e top mass 400 MeV
e (Higgs mass 50 MeV)



Electroweak Fit at HL-LHC

-
-

L I I I 1 I I I I I | | | |
> -
8 — 68% and 95% CL contours
= 80.5 — [ fitw/o M,, and m, measurement
Eg - fitwo M, m and M, measur
_ [ direct M, and m, measurepients
80.45 —
80.4 [
— M, world comb. + 1 ! ! ! |
80.35 [— m,, =80.385 + 0.015 GeV 170
80.3 ! —
- _—
— 6{)06, o . g = e
80.25 [— -7 fitter]sufs 1
e El oo oy ]
140 150 160 190
m, [GeV]

with present central values and HL-LHC uncertainties:
m 30 tension between direct and indirect Mw and m

t [GeV]

HL-LHC Uncertainties
e Higgs mass 50 MeV

e W mass / MeV
e W width 30 MeV
e top mass 400 MeV
o SiN20cft 0.00015
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Physics with 3x1011 Z Bosons

CEPC

Relative Error

Precision Electroweak Measurements at the CEPC

| = Current accuracy

m CEPC: baseline and improve

Jump by
factor 5 to 20
in relative precision
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EWPO at FCC-ee

TeraZ (5 X 10*2 Z) OkuWW (10° WW)
From data collected in a lineshape energy scan: From data collected around and above the WW
* 7 mass (key for jump in precision for ewk fits) threshold:
e Z width (jump in sensitivity to ewk rad corr) * W mass (key for jump in precision for ewk fits)
* R, = hadronic/leptonic width (a.(m2,), lepton * W width (first precise direct meas)
couplings) * RW=T, /T (a.(m?))
* peak cross section (invisible width, N ) * T, T, I (precise universality test )
* Ag(pup) (sin?6.4, 0gep(m;?), lepton couplings) * Triple and Quartic Gauge couplings (jump in
* Tau polarization (sin?6_., lepton couplings, precision, especially for charged couplings)
Ooep(M;?))
* Ry, Re Agg(bb), Ag(cc) (quark couplings)




Physics with 5x1012 Z Bosons

FCC-ee i
observable present value from main Source of
stat Syst Systematlcs
Mz (MeV) 91187.5+2.1 0.005 = 0.1 y .
Ine Shape beam energy
FCC-ee [z (MeV) 2495.2 +2.3 0.008 + 0.1 calibration
SiN20esf (x10°) 23153 + 16 0.3 +0.2-0.5 Agh0
ArgP,0 (x104) 992 +16 0.002 + 1-3 b-quark asymmetry b-jet charge
Re (x103) 20767 + 25 0.06 + 0.2-1 hadrons to leptons
lepton acceptance
as (x104) 1990 + 25 0.1+0.4-1.6 R,
1/a (x103) 128952 + 14 4 + <1 ArgH Off-peak
Ghado (pb) 41541 + 37 0.1+4 . luminosity
peak cross-sections
Ny (x104) 29840 + 82 0.05+10 measurement

m- continuous /s calibration by RDP

« AE/E ~ 0(1079) From asymmetries and
« 100 (500) keV at Z-pole (WW) partial width measurements,
w energy spread (~60 MeV) at 1% improvement by 1 to 2 orders of magnitude on Z
from scattering angle of p pairs vector and axial-vector couplings
w W+Si luminometer to leptons (e, p and 1) and quarks (b and ¢)

« small angle Bhabha scattering
« absolute (relative) : 104 (5x10-5)
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g LB LI B B '; T LI B B LI B B | ! L] I:
5 3 Total 1
= I fa : | Ola
8'°F B 1— E
: : Yy exchange =
%)) g ] -
S / | Z exchange ]
O 108 / \ ...]=—Zy interf. -
10 =
10°
50 60 70 80 90 100 110 120 130 140
Vs (GeV)
c n LI} LI | | LI
X | '\\
\\
R — O 0 I = - S S N N v——
o 10 \\ ]/ ] I
-~ K y ]
= < i
®) \ /
G = = 3
b /
YA N
— oqep accuracy from A” at FCC-ee
10.5 0 B lm. LA .70l L I80. A .90. LA l1m5 LA .1 10. 4 I120. A l130I LA .140l L

QED Coupling Constant «(Mz2)

50

Vs (GeV)

one year of running at any given /s

150

1/a(Mz2) = 128.952 + 0.014 (— da/a = 1.1x10-4)

e uncertainty dominated by hadronic vacuum
polarisation (from low energy data)

e currently second largest source of parametric error
on sin20est (first=theory)

e can be measured from the slope of the
FB p asymmetry in the vicinity of the Z pole

A“(s)f:AO“ 1_|_3—M% 8mV2
B B 25  M2Gr(1 — 4sin® Og)?

FCC-ee 1/a(Mz2) at the 4x10-> level
from 40 fb-1at +3 GeV of Z pole

e param. error < 1.2x10-5 on sin20eff
e param. error < 0.6 MeV on Mw

Note: computation of
missing EW higher-order
P. Janot, JHEP 02 (2016) 053 corrections is needed 37



W Mass at ete— Colliders

ILC at threshold with polarisation

e use LR to enhance WW

« use RL to measure backgrounds

e use LL and RR to control polarisation

e 500 fb-1 (£80%,F30%) = dMw=2.1 MeV (stat+syst)

Arun at /s = 160 GeV not in the
current staged running scenario at the ILC

Above threshold
e 1000 times LEP-2 statistics
e« much better detectors

WW Cross-Section (pb)

40 - -
GENTLE 2.0 Example 6
.« [ With ILC 161 points in vs.
"~ | beamstrahlung* 78% (-+), 4 (+,%)
17% (+-)
* 1" Each set of curves 2.5%(--),
has m,, = 80.29, 2 5%(++)
5 80.39,80.49 GeV. %
20 With |P| = 90% for e
and |P| = 60% for e*.
'* | Need 10 ppm error
. Kll] \\/s to tm\‘gﬂ 2 LER_— EO,())]
eVonm : i-
| | ,/"/:
| / > (#,+
" — ()
150 152.5 155 157.5 160 162.5 165 167.5 170
Center-of-mass Energy (GeV)

—
N

G(WW) (pb)
T

FCC-ee at threshold, unpolarised

Center-of-mass energy (unc. 0.3 MeV) I
e known by resonant depolarisation 6/

FCCee W-pair threshold
— m,,=80.385 GeV I',,=2.085 GeV
[7] m,=79.385-81.835 GeV, T,=2.085 GeV
[]m,=80.385GeV, I',=1.085-3.085 GeV,

Luminosity (unc. <2x10-4) I
« from Bhabha events T
Carefully chosen energy points 2__
i =
955|‘||16|0 ||1(|55||_|’170
Vs (GeV)

AMw = 0.7 MeV
Alw = 1.5 MeV
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Top Mass at Pair Threshold

Which definition for the top quark mass?
* HL-LHC — MC mass with uncertainty <200 MeV

e can the pole mass be determined at better than O(Aqcp)?

cross section [pb]
i - -
(o)) oo — N H

o
»

0.2

—TOPPIK NNLO
— CLIC 350 LS+ISR

]TTI]III]F]]]]I]

tt threshold - 1S mass 174 GeV

LS & ISR byoadening

I T T T T l

— |LC 350 LS+ISR
— FCCee 350 LS+ISR

lllllllllll

ISR tail

BS tail

based on CLIC/ILC Top Study

EPJ C73, 2540 (2013)

llll

1 l 1 1 I 1 1 1 1 l 1
i
\s [GeV]
November 2017
!E 1 C | | 1 I I | T .
a ~ ftthreshold - QQbar Threshold NNNLO ]
c 0.9 = ISR + FCCee Luminosity Spectrum =
© 0.8 = —default - m{” 171.5 GeV, I', 1.37 GeV =
8 E m, variations + 0.2 GeV R
@ 0.7 = — 1, variations + 0.15 GeV E
P FCC-ee;
0 0.6
o P =
S C -
©05 E
04— =
0.3 — —
E = simulated data points
02— o 20 fb" / point =
E preliminary 4
01— based on EPJ C73, 2530 (2013) _}
0 C | | 1 L 1 |

350 |
/s [GeV]

345

Threshold mass

* safe definition

e can be translated
to pole mass with
uncertainty <100 MeV

Cross section at
threshold affected by
properties of the top

quark (mass, width, ytop)
and QCD (&)

Energy scan

optimal choice of points
typically 20 fb~! per point
stat: [5-20 MeV on Mop
theory (NNNLO): 40 MeV

10

330

% T T T T T [T T
=102 —ILC350GeV B
Q [ —cLcssoGev

= - —FCCee 350 GeV

% 1 0-3 normalized over full energy range

© 3 =
&=

TR B | RTINS T

340 345 350 355
\'s'[GeV]

Different luminosity spectra
at different machines

335

=155 o e ey '—_Y %
& - ::Sslg-);sgg\; . B _{gcontour I | 058
g 1.5 r,=137Gev —2 o contour ] 6
I 2D template fit Jg o
81 45 440409
E z E o
b 038
s . 3
1.35 3 =
: 0.2 =
1.3} . ‘o\:.
L " oy
1.25 g preliminary' . - ILC 0.1 E
I based on CLN g ©
1.2 [ EPJC73,2530 (& a8
iR . o e , 8 0 o
171.3 171.4 171.5 171.6 h |70 474 Q
fitted m, [GeV]
also:

* [top at <100 MeV
* indirect yiwop at 10%

360
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Electroweak Fit after FCC-ee ZIWW/HZ/tt

7 HL-LHC

FCC-e
(diregt) °

m,, (GeV)

present
EWK fit

~7“FCC-ee
(Z pole)

=~ FCC-ee (Z pole)
= FCC-ee (Direct)
---- LHC (Future)

LHC (Now)

Z pole (now)EPS + m |

— Standard Model

; B I I I 1 I I I I I | | | | | I E : |:| I
8 — 68% and 95% CL contours . " M
— 80.5 — [ fitw/o M,, and m, measurements : :
EB B fitw/o M,,, m and M, measurements i)
_ [ direct M, and m, measurements / “SM
80.45 [— e
80.4 [
— M, world comb. + 1 .
80.35 [— m,, =80.385 + 0.015 GeV —
80.3 [ —
: 6_)00?"" '); - L:
80.25 I i fitter|sw); 7
R 381 I R AT W TR S T N T
140 150 160 170 180 190
m, [GeV]

FCC-ee CDR (2018)

174

176

assumes that
relevant theoretical
uncertainties are
reduced to not
dominate the set of
parametric errors

See later: SMEFT

w probes energy scales
in the A>20 TeV range for
certain NP operators
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Fermion Pair Production

Electroweak fermion pair production At tree level in SM

sin28w ~ 0.234
et f 8 form factors lepton b quark top quark
(6 CP-conserving) FavY = -1/3
Fivy  FiaY FoT/F 2 1-4sin20w  1-(4/3)sin28w  1-(8/3)sinZ0w
NS Five  Fial WA +0.064 +0.688 +0.376
LR couplings Fav/Z  FaaV/2 g ~0.266 -0.422 +0.344
e- gL% gr% f
gr? +0.234 +0.078 -0.156
Of special interest:
Chiral structure of third generation of quarks
FiA is 0 in SM as a result of - top quark: mass close to the EWSB scale
QED gauge invariance « top Yukawa close to one

m could be (partially) composite?
Tensor couplings

e 0in SM
e sensitive to bound state effects
e FoywW/Z are related to anomalous

magnetic dipole moment
e F2aY/Z are CP violating

The top quark is a candidate to be a messenger
in many new physics models, including
composites and/or large extra dimensions

m b quark: weak isospin partner
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b-Quark EWK Couplings

Observables sensitive to chiral
structure: o and Ars

Cross section

'E CT T I T T 7T I 1T 17 I T 1T T T I T 1 T I T ™
b_ - -
°E o) ;
E m ILC 250 GeV E
= o LEP 1
10° -_—ce' -
E e e 3
C ans e'Re[ .
N | | 7
10° | I 5
g ! 3
o i I "o, I i
10° ., —
E | .., L R 3
E | RL ».-,.'"'. E
L v d b v b g Frteere

50 100 150 200 250
s [GeV]

Forward-backward asymmetry

EOS __l T I T T |I | T LI I LI T I T T I T |__
< b I Q-
0.6~ LR | =]
C | .
0.4 — | | ]
C I . ¢ ]
C I «1" ]
0.2 | .
C | | i
O_H | -
B | I .
% I -
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B a3 K4 4 Others ]
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n “ 9 IS ee; ’
_0.6— < nee €€ _
C | 3 | ]
- KR | ]
-08= 1 v ¢ v v v by b by

50 100 150 200 250
s [GeV]

S. Bilokin at al, arxiv:1709.04289

Differential cross sections as a function of cos6p
S (1+ cos20p) + A cosbp

TT17T TIT I TrT [ | K5 RE I TT11 ] LR ] Ti7T I TT 7 T ] B B ‘

i F

12000 [ i....%Generated o
L D Reconstructed 2 4
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i ¢t background _,:
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cosb,

Excellent b- and c-tagging
w Size of the beam spot
e reduced tube radius
m particle identification (TPC)

b-charge determination

e On event-by-event basis

e sum of charges at secondary
and tertiary vertices

TrIlI‘TITTY TTTTYIIIIII[ 11]- ]Ill

oo | 1LC-250
= e 4 | 250 b~
1400€ ----- ; :t"::c':gbr:z:%w""d (ILD full sim)
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200~
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Tackling the LEP Anomaly

Long-standing LEP anomaly
e a 2.50 tension between
Ars? and ArgP
e corresponds to a deviation of

30% of the grZ coupling

 hint of heavy quark

compositeness? 3

-0.8

WMo
WA -

Illlllll

ILC-

250

_:|||||||||||||||||
-]).2 -0.15 -0.1 -005 O

ILC-250 with beam polarisation provides access to

vector and axial couplings

e OgrRZ/QRZ ~ 2% (10% at LEP)

 discard or confirm the anomaly with >50
confidence

 sign ambiguity in the anomaly can be resolved

also:
m constraints on tensor couplings

m sensitivity to BSM scenarios

(e.g., Randall-Sundrum)
F. Richard, LCWS 2017

005 01 015 0.2

Z
399

-0.15 -01 =005 0 0.05 0.1 015 0.2
5979

10

— Relative accuracy %

LEP1
ILC 250 GeV

x5 better
than LEP

F1Vem F1VZ F1VA glZ gRZ

R. Pdschl, Tohoku 2018 43



Top-Quark EWK Couplings

———— : :
Focus on most sensitive channel: 5000 F ...
. . - T YRYL
r semileptonic (44%) - —e e}
4000 = —Reconstructed with cut on %2
e+e- — tt = ¢vqagbb (¢ =€, ) - SM Background
3000 F ---Generator - Whizard
ILC 500 fb-1@500 GeV 2000 F

 precise reconstruction in both polarisations
e b-charge needed to solve ambiguities in LR
e 2% precision on Ars

« improved precision with 2 ab-1

1000

Tl B TP OO JITAR AN guRLg b AR A VORI TP T KR et Iyt o

-1 -0.5 0 0.5 1
ILC TDR cos(8, )

J. Rouene, PhD thesis

B LHC Run'3 . LHC
- 300 fb-1 . ILC

FCC-ee

FCC-ee 2.4 ab'@365 GeV

« compensates lack of polarisation with statistics
(one million tt events)

 final state polarisation extracted statistically
from 2D energy/angular distribution of the
lepton (polarisation transferred through the V-A
decay of t =WDb)

—
Q

Uncertainty

107

10°®
P. Janot, JHEP 04 (2015) 182 ar 52
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Top Quark: Sensitivity to NP

e*e- machines (ILC, CLIC, FCC-ee)
m More than one order more
precise than the LHC

arxiv:1505.
ee also: arxiv:1608:
arxiv:1503.013

LHC precision

RS with Z-Z’
+

Mixing \
e |

1

097 /97

20% -+

Light top partners Alternative 2

@
R Statistical error:
ILC Precision Js ~ 500 GeV/
g L =500 fb™

1
-330% -20%

Light top partners Alternative

5D Emergent
&

Limitation at energies just above threshold:
 vanishing axial-vector couplings
e large QCD uncertainties

ILC optimal energy: /s ~ 500 GeV

1
10%

-20% ¥ R3S

® (o

sght top partners

1 _ Z | 2
10% \59 R/ IR

with Custodial SU™N

e Top

FCC-ee Precision

Vs = 365 GeV
L =1.5ab™"
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Top Flavour Changing Neutral Currents

FCNC is a process where the top
does not decay through CC (t —b
with exchange of a W) but through
NC (t = ¢, u, with exchange of g,
Y, Z or H)

 highly-suppressed in the SM

e can be enhanced by new physics

SM
t—=>cg|5x 10" 108-10% 107 - 10
t=>cZlIx10" W10 104 107- 10%
t > cy|sx 10
t =2 cH{3x10°

107-107 107-10°®
10°-103 107 - 107

95%CL upper limits <@ ATLAS <~$ CMS
Each b o [1] JHEP 02 (2017) 079 [2] ATLAS-CONF-2018-049
all other processes are zero [3] JHEP 06 (2018) 102 [4] JHEP 04 (2016) 035

[5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
Theory predictions [7] CMS-PAS-TOP-17-017 [8] JHEP 07 (2018) 176
from arXiv:1311.2028 [9] JHEP 07 (2017) 003

2HDM(FV) 2HDM(FC) [ IMSSM
CJRPV ERS wesn HL-LHC

= FCC-ee wess FCC-hh

t—=Zc

t—=Zu

|
g =

10° 10> 10* _10° 102 10
Branching fraction

w FCC-hh: best reach due to the huge statistics
available (102 top quarks!)

m Exploiting boosted topologies allows to
compensate large pileup (> 500)



Tops + (multi) Bosons, (multi) Tops

w ttW and ttZ production observed at LHC Run-II
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' 08— i
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~ 0.5 . . K , . _
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it B Rore Phys. Rev. D 95 (2017) 053004/ [ SR3I-6j3b | [ ]
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-18-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-11/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-047/

Tops + (multi) Bosons at FCC-hh

HL-LHC (— HE-LHC) — FCC-hh
w huge increase in statistics

=Yy T v - . - —— 4 — — —
g " ttV, ttH production at pp colliders at NLO in QCD 2 L = fiVV, titt production at pp colliders at NLO in QCD =
'_61 02 centralp =, =p, , MSTW2008 NLO PDFs (68% ci) O [ centralu =y =u_,MSTW2008 NLO PDFs (68% ci)
2l = P,(1)>20GeV = 103 b p_(v) > 20 GeV
6 6 'V E
10 E_ _E 102 = =
- s - . .
1 =z 10 W iizz Wiwz =z
35 > miwwen iy 3
1% ?f B iy MWy 2
10 1 Et
—=

214 = 14
T2 2

$™ = g 1.2
e 1 = w 1

K-factors
o N
(hl \ 1
K-factors
'y [$)] N
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F. Maltoni et al.
arxiv:1507.05640
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https://arxiv.org/abs/1507.05640

Summary of SM x-Sections at LHC

Standard Model Production Cross Section Measurements

r—

0
8 10%

S 10°
10°
10*
10°

102

10!

Status: March 2019

inelastic

o jets ATLAS Preliminary
o Theory
“O}= Run 2 \/§=5,13 TeV
LHC pp Vs=5 TeV
- v \ Data 0.025fb
W, Zandy
= LHC pp Vs =13 TeV
tt, t
- 4 Bl Data 32-798b
v WW, WZ, 7Z
-O- -0~
n;>0
v == t-cha H
ni21 n ﬂ
=0= [ = | total
=2 We Y 0= 1 0 i
- o e GOV, €TH, tty
ﬂ ° o ° o
o> Hoobb WWY, Zjj, VVjj
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o . IO
a @ o e - |
n; 26 VBF
_— -
n=7 H-yy n
o
H-ZZ -4
= w0
wz
e
PP Jets Dijets W y4 Y tt t WW WZ ZZ H tiW tiZ ttH tty WWZ Zij VVijj
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Unitarity and the Higgs Boson

Difference between massive and massless boson = longitudinal polarisation

Very relativistic massive bosons are dominated by their longitudinal polarisation
Wr, Wi, Wi Wi Wi, Wi,
>‘< + I + X + o
WL WL WL WL WL WL
Longitudinal scattering amplitudes grow as CM energy increases

... and eventually violate unitarity

In the SM, the Higgs boson “unitarises” the (unitarity means “sum
. : : . of probabilities of all
longitudinal scattering amplitudes processes equals one”)
Wi, Wi, Wr W Wi,
H .
----- + H |
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Unitarity and the Higgs Boson

(Eem/Mu)2

10° ————ry ————
Wi +Wp — WL + W7y, ]
Gauge otk i . The Higgs boson
é ] Higgs -
: 3 : contribution cancels
0 [ e NG W exactly the E2
+ g | i ’
T I S dependanf:e of th.e
L S/ TH . v S + cross section at high
+ : 1 N energy
10" 3 """""""""""""""""""""""""""" E
i | 5 +...
-+ 0 e el L e
o 02 10° 10%

Similarly the process W/W, — tt

Wi ¢ Wi, 4 Unitarity is preserved if and
only if all Higgs couplings are
;( + __I__I__ exactly those predicted by
e the SM
Wi L Wi, t

...Is “unitarised” by Higgs boson exchange

cf. N. Arkani-Hamed :“Inevitability of Physical Laws: Why the Higgs Boson Has to Exist” o1



Elucidating the EWSB Sector

w probe longitudinal gauge boson
scattering in regime where the EW
symmetry is restored (/s » 246 GeV)

Crucial closure test of the SM

 either the Higgs regularises the theory fully
e or New Physics must show up a the TeV scale

q q
Dibosons & Vector Boson Fusion (VBF) W
w anomalous Triple Gauge Couplings (aTGC) VBS
Tribosons & Vector Boson Scattering (VBS) T+
m anomalous Quartic Gauge Couplings (aQGC) q J
q q q q

Wt /r/dt\ Wt
.+ EWK production

of the Z boson 9 q q q
already seen at
LHC Run-lI
T ®
Z ~pup
M =95 GeV
pr = 68 GeV
<&
Common features: P o %
« two hard high-rapidity jets e di-jet angular distance
 large di-jet invariant mass (set by the mass L] e 2aTe _
. AR2 = [(A@2+An?
scale of the scattered vector bosons) - (A n?)
4 2 0 2 +

N | 52



Events / bin

VBS Expectations at HL/HE-LHC

3000 fb (14 TeV)

4500 -CMS Prolectlon
4000 !
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0
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VBS x-sections at HL-LHC

e > 5-0 observations for W*W+, WZ, WV, ZZ
e precision in the 6-10% range

o differential x-sections for ZZ

CMS Phase-2 Simulation Preliminary

X (14 TeV

e w/ Run 2 syst. uncert., g9ZZ 10%
4 w/YR18 syst. uncert., ggZZ 10%
m w/ stat. uncert. only

Significance (o)
N
%))

N .
1llllll

CMS-PAS-FTR-18-014

Separation of the LL component (~5%)

3000 fb' (14 TeV)
T | T

N T T i T . | T T T | ]
1%~ CMS Projection: : ]
L C o iEwwz, i
800 — 1 1 bat —
o ! Dother EWWZ |
600 = AR; €25, 5] E AR, €[5, 6] E o
400 — ' -
' AR, >6
B m“‘:
0 L | | | r—f‘“l
0.5.,.0'0 ,5 24 22, 0s. 0’0 ,5 25 22, 0s. o’o is 5.252.0
m; [TeV]

CMS-PAS-FTR-18-038

(14 TeV)
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= [ CMS Phase-2 Simulation |
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— T WZjj — 3lvj i
4 01 3
| C : :
= o0.08l AR; €[2.5, 5] —l-— ‘
~~ N : —— :
= 0.08F ; E
0.04 5 —_ =
0.02F- —— ARjel5,6]  AR;26
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VBS 2,7, — 4

0_1

11 l L1 1 1 l L1 1 l
4000 5000 6000
Luminosity [fb]

e expect > 30 for W.W. fraction
by combining ATLAS and CMS at
HL-LHC

e 50 for Z.Z. fraction at HE-LHC
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-038/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-014/

VBS Expectactions at FCC-hh

Extraction of the same-sign W W signal requires

removal of large QCD backgrounds (VV+jets) and 16
separation of large EW background from 14
transverse-boson scattering s\éu
m two forward jets with large rapidity g o

separation 5
w large dilepton mass ;%: ’
£ 6

w | | component from azimuthal correlations

between leptons

VBS process set strong constraints on the

design for FCC-hh detectors

A precise measurement (3-4%
precision) necessitates
leptons down to |n| = 4 and
jets down to |[n| =6
in conditions of 1000 pile-up events!

s constraints on Kw

for various cuts on mee
q q

e

[
1 large mww

”/4:\’\\"’ W+

q q

VBS W W same sign

— | <25 |n|<4.5 Pr>30GeV
|| <4.0 || <6.0 Pr>30GeV
|n| <4.0 |n;|<6.0 PL>50GeV

relative cross section uncertainty

FCC-hh
|00 TeV

5 10 15 20 25 30
Integrated Luminosity ab—!

FCC-hh Simulation (Delphes)
T T T 1 3
B — mlolo > 1000 Gev =5
| D m|4|+ > 500 GeV a
I E— mlolo > 50 Gev ]

o/ Ogm

VBS - Wi W;

/

W+

+2% on Kw

/

0.9 0.95 1 1.05 1.1
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Number of jets: 10 b
, jet
Number of tagged jets: 4
Dt'ft'f: 0.806
Ttrijet2: 0.069
HY: 760 GeV
H2: 639 GeV

b jet

muon

A 4-top
candidate

event
in CMS

b jet

CMS Experiment at LHC, CERN

Data recorded: Mon May 30 00:35:55 2016 CEST
Run/Event: 274199 / 548714092

Lumi section: 285
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https://cms.cern/news/lhc-powerlifting-%E2%80%93-searching-simultaneous-production-four-times-most-massive-elementary

