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Introduction

After the Higgs boson discovery, Standard Model (SM) measurements have two main goals:
- validate SM in new energy regime and improve precision of known SM parameters
- test SM for new physics (NP) contributions

Electro-weak, Higgs and top quark physics have a great potential in both of these goals:

- unique signatures

- several rare processes predicted by SM, where the loop contributions (e.g. from NP particles)
can give sizable effects, become sensitive tools to probe the NP models

- enough data for precision measurements of rare processes!

- theoretical predictions for most of the processes can be calculated with high precision

Very rich programme - several physics results = global interpretations

Here, focus on LHC measurements to study top quark couplings and
present a recent global fit to top quark electro-weak couplings.

All results are available in: /= )
hitps:/twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults Events @ LHC Run 2 (140 o)
https:/twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults TOP W bosons 27000 10°

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHC TopWGSummaryPlots Z bosons 8000 106
Top quarks 130 106

Thanks to LHC & the detectana! \HiGgs bOSONs — 810°
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

Cross sections measured for several SM processes

CMS Preliminary

i 7 TeV CMS measurement (L < 5.0 fo™)
S A i 8 TeV CMS measurement (L <19.6 fb'™
R B i 13 TeV CMS measurement (L < 137 fb™)
5n Jeﬂ Pl - Theory prediction
Z 4 Z CMS 95%CL limits at 7, 8 and 13 TeV
Zn Jet(s)

June 2021
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All results at: http://cern.ch/go/pNj7
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The special relevance of the top quark

mass (GeV)

mme Higgs give
mass to the top quark?

e ® -
Pt T

vevuvteurudcsb t
Volume of sphere proportional to particle mass f

most massive of the elementary particles
even more than the Higgs boson
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The top quark: a special case in the Standard Model

from both theoretical and experimental sides

most massive fundamental particle known to date .
Myp (~172 GeV) > My, (~125 GeV) r,

short lifetime - unique properties
decays (into a > W+b) before forming bound states
the only “bare” quark
properties studied through its decay products

single top "§
- topdecay -

“feels” all forces (couples to all bosons)

large coupling to Higgs boson
strength (top Yukawa) ~1

Crucial to measure its properties with high precision.
Inspiring us to look Beyond the Standard Model.
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Top quark discovery in 1995

The Standard Model of particle physics ' ;eptons | Theorised/explained
osons

Years from concept to discovery Quarks | Discovered

1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12
Electron | |
Photon | |

o

1
— | i? events DS

Electron neutrino | |
Muon neutrino | |

Down

H
Strange . |
Up H

Charm | |

Tau |

Bottom | |

Gluon | |

W boson i |

Z boson | |

Top | |
Tau neutrino i |

HIGGS BOSON |

Source: The Economist

1995: Top quark discovery
at Tevatron (Fermilab)
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Top quark production at the Large Hadron Collider

Pair production: top+antitop
(via strong interaction)

g e g @

> 100 million pairs

il ple (~15 pairs/s)

Associated production
g . @i; q

H/Z/y w

AT

O

faf
g — b

Single production: top or antitop
(via electro-weak interaction)

/

q q

5,~10-200 pb

> 30 million
(~ 5 events/s)

e
b t ‘
(< 5 events/ 200 s)

Y\

leZgj )

o

tﬁq W

Cix, tx < 1 pb

Cross sections given at 13 TeV
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Reaching very rare processes as data increase

Top Quark Production Cross Section Measurements Status: May 2021 Cross sections
— increase with energy
ATLAS Preliminary

- Theory

10° g Run 1,2 vs =5,7,8,13 TeV E

C LHC pp Vs =5 TeV ]
BBl Data 025710
-!-—m- . -5
LHC pp Vs =7 TeV
102 £ - 4 1 event every second
s | -n-l' BBl Data 45-46" ] y

LHC pp Vs =8 TeV

- B
'-' BB Data 202-203fb?

. —-— LHC pp Vs = 13 TeV
Top pairs BEl  Data 32139

Cross section (pb)

1 1 eventevery 100 s

—
|
|

Single top (4]

] : o 1 [so far, experimental
Associated production : csellia e T e

Standard Model

ttW  ttZ ttH  tty

fid. (+jets

Increasing number of differential measurements, reaching very high precision, also EFT interpretations
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Top quark couplings

Top quark couples to other SM fields through its gauge and Yukawa interactions
t2>Wb coupling and tt strong production studied already at the Tevatron
High statistics at the LHC: ft+bosons (7, Z, W and H) became available

» {t+yZ/W processes observed with Run1 data

» tt+H and t+Z processes observed with Run 2 data

W helicity and several
single top ingle top quark measurements

- topdecay

Differential cross-sections, W
spin correlations,

charge asymmetry, etc. Top Yukawa coupling

top i X FLIINI-Hhow to measure it?
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Top quark couplings

Flavour changing charged current ... and neutral current
# Witb b

. : # 1gq
W W " i t

5
Flavour conserving neutral current * tZq

. t + x ¢
> et ,%'7.,< oy ‘~—{ L_-,_{:
+ & ¥ . ¥
> tZt :,
i
2 - R : 4
> tyt i g= ’z

> tHt £, > tHq i
H = ! ,.-"'

Dec. 2021 Maria Moreno Llacer - Top quark couplings (6th COMHEP) 9



Top coupling to W bosons (Witb vertex)

Flavour changing charged current ... and neutral current

. :
t_ - n’/ ¥
Y | e t e —'—Q:{ ’37-< |
p ® t
W w i
i_

Flavour conserving neutral current "' tZq

T
> tZt > 1yq

. L
> tyt oy ¥

by ;

t

> tHt > tha .
H = ! ,.-"'
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Top quark production in electro-weak interactions

coupling to W bosons

The Witb vertex has a V-A structure, described by [ = —iEfy“VL PLth_ + h.c.

V2

From single top quark production cross sections,
V| can be extracted:

~ ATLAS+CMS Preliminary t-channel 5
LHCtOpWG B ATLAS PRD90(2014)112006, EPJC 77 (2017)531, JHEP 04(2017) 086

® CMS JHEP12(2012)035, JHEP 06(2014) 090, PLB80O (2019) 135042

Single top-quark production ¢ ATLAS+CMS uieros (019,088
November 2020 tw

B ATLAS PLB716(2012)142, JHEP 01(2016) 064, JHEP 01(2018) 063
@® CMS PRL110(2013)022003, PRL 112 (2014) 231802, JHEP 10(2018) 117

% t-channel ¢ ATLAS+CMS JHepos(2019)088
-m i i s-channel

B ATLAS PLB756(2016)228
® CMS JHEP09(2016)027
¢ ATLAS+CMS .HePos(2019)088

L - - - NNLO PLB 736(2014) 58 1
tw scale uncertainty
- ﬂ - == NLO+NNLL PRD83 (2011)091503, N

= - PRD 82 (2010) 054018, PRD 81(2010) 054028
¢ tW: tf contribution removed
T scale ® PDF @ o, uncertainty

|

—
(@)
N
T
Ll

T
|

Inclusive cross-section [pb]

[e101 ‘jeis

1 0 [
—— NLO NPPS205(2010) 10, CPC191(2015) 74
® M= K= Migp
S_chan nel CT10nlo, MSTW2008nlo, NNPDF2.3nlo
tW: p: veto for tf removal=60GeV and u_=65 GeV
- scale uncertainty

IIIIII

scale @ PDF @ o, uncertainty

13
Vs [TeV]

Combinations of ATLAS and CMS
results using full Run 1 published

JHEP05(2019)088

. (7TeV) 8.4%
(8 TeV) 6.7%

. (7TeV) 25%
(8 TeV) 16%

— (8 TeV) 30%

Exp. unc. larger than
theory prediction unc. (4-8%)

s-ch. challenging, still not
observed at LHC (only evidence)
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Top quark production in electro-weak interactions

Polarised single top or antitop quarks

High polarisation (|P,|~0.9) expected along one 1st measurement of full polarization

direction. Such is reflected in angular for both top and antitop quarks
distributions of its decay products.

PX' 1 .5_ T T T T | T T 11 I T 11 I T 1T 11 | 1T T 1 | T |

- ATLAS Preliminary ]

- Vs=13 TeV, 139 b i

- Exactly what we measured! 1 -
[ AR N
Spectator 0.5 \\: .
Quark - \ top quark 1 o
o
“_ X q 9
0 + & LL
N 1 =
i top antiquark i 8
-0.5— -1
B <
L ]
| +best Fit ] I<T:

—1— [ 68% CL stat. only —

_ | 68% CL stat.+syst. ]

— ¥ —

—1 5_ TR R N N R NN BT A ST N BT BT A BT R A B AT AR

1.5 —1 -0.5 0 0.5 1 1.5

What is observed are ‘left’ quarks
and ‘right’ antiquarks
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Top coupling to gluons

Flavour changing charged current ... and neutral current
# Witb b

; : # 1gq
W W " i t

5
Flavour conserving neutral current * tZq

- T + x ¢
> et ,%'7.,< e ‘~—{ L_-,_{:
1._—r'. . g . ¥
74 TN :’
i
¢ t
2 T 1
> tyt - p q;

> tHt i, > tHg .
H = ! ,.-"'

Dec. 2021 Maria Moreno Llacer - Top quark couplings (6th COMHEP) 13



Top quark production in strong interactions

coupling to gluons

: T 1 I |l I I I I T T I T I 1 I 1 I T I T I T :
— - . . S F T T T 3
o | I ATLAS+CMS Preliminary | & | Amas Peimnay - e ;
2 — 900k ] 4 3 10 Vs=13TeV, 139 fb” PwGeve :xa::" ‘"I"'°’“" =
c i LHCIOPDWG September2021| 3  E Boosted ks e )
(@) [ 1 ‘ EQ_,_ — Fiducial phase-space St une SataSvet unc .
5 10°E 2 ] 4 = E - T
(o)) - [ ] J v - a
n 700 . 4 ® 10k . —
n - : ] - = Events withup to °
S 13 {s[Tev] 1wk 2000 GeV !!! N
e 10k 4 §
; - = 10°E =
3 | mmm= NNLO+NNLL (pp) 7 §, "t é

i 3 % < 1 B R DT Tttty byttt Lttty bty

S T =—— NNLO+NNLL (pp) O
< 10 - 500 7000 1500 2000

E PR A TN S TN N TN SN TN AN TN SO TN NN SR SO SN N S T E ATLAS_CON F-2021-031 p:_)p""" [GeV]

2 6 8 10 12 14

Vs [TeV]

- Very precise ft cross sections measurements
2.4% experimental unc.
boosted: XS overestimated by several predictions NLO+PS
- Differential measurements: increasing number of variables in all ch.; also 3D
- Results agree with theoretical calculations (NNLO precision)
- The main limitation now is in theoretical modelling

Dec. 2021 Maria Moreno Llacer - Top quark couplings (6th COMHEP) 14



Charge asymmetry in top quark pair production

Sensitive to very small effects ATLAS-CONF-2019-026

At the LHC, due to the proton structure, > We measured: A;=(0.0060+0.0015)

the top guarks are produced mqre Evidence of such small effect!!
energetic (less central) than antitop quarks

-> rapidity difference &

! I ! I =
=== NNLOQCD +NLOEW ATLAS Preliminary3

> asymmetry (~6 per mil effect) 0.061 -
0.05C 8 Powheg+Pythiag Vs =13 TeV, 139 fb" 3

LHC : LHC Y 0.04 E_ + Data (stat./total) 2 —i

1 7A\ / A\ 0.03F- =
kN —4 -2 0.02F ‘ =

y y 0.01E ; -

“ﬁ

events = —
- k - -
—E:npﬁt%%aauark =0 T
-0.02F =
" - | | | | -

0.03 <500 [500,750] [750,100QF [1000,1500] > 1500
m; [GeV]

»y effect enhanced for

energetic top quarks!

Limited by data statistics
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Production of four top quarks at once

One of the most spectacular mechanisms
o quite energetic Vs = 4my,, ~ 700 GeV
o very challenging: 12 final state objects

hhhh (31.1 %)

————>——— ¢ Ihhh (42.2 %)

70000000 ——<+—— ¢ e C sensitive to new physics
THOO0000———— ¢ i (495 @ = R e A By e
i i IIhh SS (7.2 %) o EATLAS ¢ Data =
H t Ilhh OS (14.3 %) i 10° | {s=13TeV, 139 fb " signal (u=1.0) _:
_____ < §1L/2LOS+2LSS/3L -Signa| (u =20) 3 o
t . . - ; fit -
A Exploit events with 21I. _ Post-Fit [_] Background 18
BOOO000 ——<——¢ Lo =S 777, Bkg. Unc. ERS
> 20T T T T T ] 3: 18
8 | amas -+ Data m tit . . 10° = N
S '80F s-13Tev, 139007 [JW miz - For most sensitive ch., = %
~ - CRtwW WtH [JQ mis-id A : . . - 1 &
2 1e0f o mvat conv. mHFe 1 (tWHjets is the main bkg. L 1%
5140; -LOWIT] BHF u - = 3 ©
- mOthers [ttt . _ B -
120 7z Uncertainty - NF—1 6 nx 03 10 =
100 - Good post-fit ) PR S S SRS £/ 4
= . = 4= - signal (u=1.0) + Bkg. _T_—_
1 modelling S 8 —signal (1 -20)+Bkg. /4] 3
] S o ! —
E . 12_5 ) 15 1 ) ,-----(-) 05
. ' / log_ (S/B)
g 0 . .2.0+0.8
W . = s S : : o
ER _{_ = Significance: 4.7c (expected: 2.6c) ttt
zo.

T 250“' ['Ge'g?o - Very close to observation of 4-tops production
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Top coupling to y/Z/H bosons

Flavour changing charged current ... and neutral current
> Witb r tgq

B t gt 5 ¢ ) + ; E :_
mh<: : .
> tZt :*' > oyg
} ¢ Q\\)(\Q/‘ At ;l"
-

> tyt T e
I-"'.' _ \ N\ \666
L 4 60 @) \e,
RS
> tHt ) 0@«\%‘\@0‘ tHq
e \C %
’ I O
80‘\ N o) Q\'Z} > 54-—/
oY &b’ o
N @ H
\00 e(\
o
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tt+X and t+X production cross sections

ﬁ_l'l(':%éllt\)%lG-CMS Preliminary Vs = 13 TeV, May 2021 *Preliminary
oy, = 0.59 ¢ 5(scale) £ 0.01(PDF) pb : o, =0.86" (0 (scale)+0.02(PDF) pb = Sy X 20 = 0.038" ) °)(tot.)pbx 20 | : Gy, = 0771 0.14(tot.) pb
Eur. Phys. J. C 80 (2020) 428 E Eur. Phys. J. C 80 (2020) 428 é JHEP 10 (2018) 158 g Madgraph5 + aMC@NLO
NLO(QCD+EW)+NNLL :  NLO(QCD+EW)+NNLL : NLOQCD : NLOQCD
Ormeas. + (Stat.) % (syst.) i T ; :
0 -1
0.87£0.13+0.14 pb o/ - [ } = : 1 ATLAS, L =36.11b
AW Ac~22% : Phys. Rlev. D 99 (2019) 072009
0.77 *01F T pb  — R — CMS, L =359fb

JHEP 08 (2018) 011

i 0.99+ 0.05+ 0.08 pb . ——a—t—  ATLASL =139
ttZ Ac~8% arXiv:2103.12603
0.95+ 0.05+ 0.06 pb : i CMS, L =77.51b"
JHEP 03 (2020) 056
5 4
'['[’Y+'[W’Y ooz P : JHEP 09 (26"50) 049
Ac~6% _ L
tty 0.80+ 0.01+ 0.05 pb io— CMS, L =137 b, Vis2
: CMS-PAS-TOP-18-010*
| | | I | | | I | | | I | | | I | | | I | | | | | | | I |
0 0.2 0.4 0.6 1 1.2 1.4

0.8
G, [PD]
- ttW measured consistently higher than SM in both experiments

- tZ process also observed (Ac~15%) and evidence of ty (Ac~30%)
- tH (sensitive to sign of top Yukawa coupling): only upper limits (c<8+*cgy)
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Even differential ttyand ttZ cross sections

Interaction with photon: tty rates with Z boson: ttZ rates
’ o \ ‘/
= E T | | L 8""|""|""|""
aJ - — — —
G - ATLAS Unfolded dat 1 2 | ATLAS O eaNLO + Prtia ]
S qgL's=13TeV, 139" ¢ Trededaae _ f_?i | Vs=18TeV, 1391~ T L aNo « Hewig?
= = Absolute cross-section + Theory NLO E =, L 3l + 4l combination e Sherpa NLO inclusive
b < C ep 14 N 6L === Sherpa NLO multi-leg |
B|al ™ .Stat. 4 ©lo i “== NLO + NNLL JHEP 08 (2019) 039 |
'C 1 - e .
= Stat @ Syst. E |
— e _
- .- 7] 4
10 e = I
n Y I - 2v—L
102 = T - *
10-3_ ! | e e 2.8 —
_g 1.2 | | T I I g, o 15K
o 0|
5 1 O 1.0 e
o N 05 | |
n- 0 8 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I L L L 1 ' 0 100 200 300 400
50 100 150 200 250 300 Parton-level p# [GeV]
p.(v) [GeV]
Inclusive tty and ttZ cross sections Note: tZ differential measurements became
measured with 8% precision. available this summer but not included in our fit.
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ttH spectroscopy

ttH > bW bW H > bb + (jjji/lvij/iviv) + (bb/WW*/t1/Z2Z*/yy)

- Large number of final states which are typically very complex in
- Different channels, different backgrounds and systematic uncertainties 70K events

- With the increased statistics, changes in leading channels LHC Run
ttH(bb) ttH multi-leptons ttH(yy) ttH(ZZ*—4])
Low S/B (need MVASs) Clear peak (bump hunt)

High Higgs Branching Ratios Low Higgs Branching Ratios

* tt+H (H=>bb) vs. tt+jets (g=>bb)

_l".__/#b
b

v/aq

/g
b/e/l
b/ec/l
t d
t

" {w;m tt+H (H—WW?* T, ZZ*) vs. tt+W/Z
wiz/lT

t
t

Y - “‘\\\
Sy tt+H (H—vyy) vs. tt+y(y) XE
i t
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Direct probe of top-Higgs coupling: ttH production

P 7 g T
tt H T ob = 0.9- ATLAS £
l l “‘\“A T % 0.8?— -};.a. Theory (NLO QCD + NLO EW) _f
“‘\ T T  |s|ThTh, T, T 2_075_ $ Combined data E
bW bW “‘* % . ; Stat. only ;
P L WEWEs| ey, 002) 0.6F E
blv,bjj | | blv,bjj| % 0.50 E
Z7* Ll 40,2000, 202; 0.4 E
0.3- 3
0.2 :
D) ——— " E

(g | | | L | |

ATLAS Preliminary

= = Vs=13TeV,245-1391b" 7z .a73 . _
(®)] - m, =125.09 GeV A ttH (multilepton) ==
GC) o e SM Higgs boson v
| - E = = )
»f 1 fHm) —==—
o) 107 = ‘!f!b 3
= F S H@)
(@ I I - S e S e R
- 10 Eou 3 :
8 - M,(my,) used for quarks Combined —o—
1074 =
- : : - ’ J ’ et - I 1 | | 1 I 1 1 1 1 |
10 1 10 102 o
: 0 1 2
Particle mass (GeV)
T /ol
it ttH

D

Vs [TeV]

Standard Model:
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Direct probe of top-Higgs coupling: ttH production

tt H|ovb
I For H->vyy, 6641~25% and also:
l l “ |7 L v - measurement of 5 STXS bins
bW Wi/ L m— - CP analysis: mixing angle |a|< 43° @ 95% CL
1 *_-> 2 y .
i — St a pure CP-odd coupling excluded >3c
blv,bjj | blv,bjj| -
ZZ -’ 467 2621/, 2£2j /8 2 | | T 1 T 1 | I T I T T T T T T T T T | T T T T | T T T T | T T T T I_
= | —T + Best fit XSM ]
B A5 . og =
For H>bb, also “ - % T e, -
measurement of 5 STXS bins - - ]
0.5 =
A"I'LAS‘ \Bl=1 3 Tév, 135 fb™, r’r‘1H=125‘ GeV 0 - ]
SM compatibility: 45% - ]
—Total —Stat. Tot. ( Stat. Syst) ~-0.5F -
b, B [0,120) [GeV] 0.86 *3g0 ("o ‘oar) _13_ et N e _f
b, e [120,200) [GeV] -0.18 *15; (“ogs “07s) 1 55 ATLAS ]
ttH T — 1.9 = 1 =
b, Bl [200,300) [GeV] 105 Yoo (Yo os3) e V5=13TeV, 1397 -
; + +0. +0. _ | 1 1 1 1 | | 1 | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |—
gy 2 300450) GeV] e 019 %97 (05 047) 235 1 05 0 05 1 15 2
b, e [450.) [GeV] e H -0.10 *147 (*090 Hioe) K,COS(0t)
nelusive | 035 Yoa (ow o) Also searches for tH, upper limits in XS:
2 0 2 4 6 8 10 12 ’
u=o"og, otH<6osm
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Imagine ttH (or tH) is measured to be different from SM...

Who is the responsible ?

g9

EPJC (2017) 77: 887

BSM SM
Ono - 1OnLo

— ZH
— WH
— ttH
— ogF
— VBF

— tHj

L - 1 1
10 5 5 0 K3

0.09
008 | o p— : : : .
L 0oy " { The power of differential measurements:
L oos| 13 TeV LHC o ] ] ] _
2 004} Variations in Higgs-self coupling (A;) will
= 003} . .
T o002} affect the shape of kinematic,
ggé ' . | . _ e.g. low p(H) region would be highly
5.0 E Differential { affected while it is not deformed in the tail...
— 40 F _
S 30} ] .
s Lol x\ New Physics effects?
1.0 F E
00 ' ' ' ' NEXT 1§ differential measurements
0 100 200 300 400 500 STop .
pr(H) [GeV]
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Flavour changing neutral currents

Flavour changing charged current |... and neutral current

5
Flavour conserving neutral current |® tZq

. t & x ¢
> et ,%'7.,< oy ‘~—{ L_-,_{:
+ & ¥ . ¥
> tZt :,
i
z : J'_y—/&. L
> tyt i g= ’z

» tHt E..’—/ > tHq
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Flavour changing neutral currents

c ATLAS+CMS Preliminary 95%CL upper limits €<—@ ATLAS <—@ CMS
LHCtopWG [1] JHEP 05 (2019) 123 [2] CMS-PAS-TOP-20-007
(3] PLB 800 (2019) 135082 (LHonly) ') (10 %o
September 2021 [i] JE:;E gs (Zglg) ?ie [6] JHEP 02 (2017) 028
N 7] (2018) [8] CMS-PAS-TOP-17-017
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions - SM ~ 2HDM(FV) []2HDM(FC)
from arXiv:1311.2028 .MSSM [TJRPV EIRS
’ L
t—>Hc 2
1]
BR(t>qH)< 10 t>Hu N
[3]
t—>yc ”
—Q (3]
t—>yu - o ”
t=gce N
7 0 [6]
S —e [5]
t—>gu 7
) <—@ (61
< O [7]
t—>Zc —@ [8]
OO0\ \’X}X} /7
:\&\\vx‘x 7 0 71
t->Zu N\
Y [ T IR RN (RO MO O DR st s SRS Mars . O BT O o
16 13 ~10 7 4 1
10 10 10 10 10 10

Branching ratio
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EFT constraints

Process Oc Ow Ow 0% 0% 0, On Ow Om Oy |0c O % FEEY
tG tB tW °Q oQ pt te bW wtb 4f G G a
t—=>bW bl v N L L L3 L3 1L2 8 ]
pp = tj N L L L2 L? 1L r
pp — tW L L L L2 L2 \ °r e
pp - tt— M| L 4-— ------ + theory ]
m _) tt—j IIIIJ llllllllllllllllll 2Ir4N L : — ~ - theory :
pp — tty Lo L L : 2I-4N | L 2 MescL -
pp = tZ L L L L L L 2[-4N | L i 95%CL
pp = ttW L L  1L-2L -y PR YRETY
pp — tyj N L L L L2 L2 1L Ca/ A* [TV
. = M 2 2 —_—_—
pp > tZj :N L L L L L : L L 1L e A o o
pp —) t{tf lT‘ ------------------------------------------- L] :QI;_KL.E L O 0]53_ ﬁi:i%ﬁgblg?vitg‘”mns | g:;ﬁ: region_f
A o E . I 68.4% region E
pp — ttH L L 2L4L | L Li Ut ;
N SpamEEEEEEEgEFEEEEEEREEEEEEEE EEEESEEEEEEEER n .25 —
pp — tHj N L L ) VA VL VL § N o ;
0.00F 4
E 1.0 -0.25; 4
s [ATLAS M99.7% CL osob E
e F p 95.5% CL > ]
0.3: /L dt =202 b= s;ﬁ:i% cL _0.75% 7;
0.61v5~8ToV = ) [
B i Q B Ct
iy V. 2> C¢Q,3 5':["1“9' 2 [ CMS Preliminary ~ —— S3%&F 18 g} -
- - E. 20 =
0.2l gRQCtW Vr=0 T c.“_.20: :gystﬁt 6§
O | ATLASPreliminary * Destiitvalue | < 10l 4
0.0 CG==> = 13Tev, 139 M7 e o O
05 'S ev, 95%CL | o - 12
—0.2:— E * SM predictionz = 0 ES 10
| S S B I B o- R ] 2 -
4T 04 02 0.0 0.2 0.4 i = 10k
Re(g.) i y 3 C
-0.5( S 8 - C
Lo T S =20
i @ i
T ; TN B PP EPIFIIP IR PRI (PP I 0
105 0 05 1 15 2 |0@ =il 5 4 8 10 18 0 .
Cuy =  Weakvector coupling (L) Cch/ A° [TeV™]
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Measurements used in our fit to top quark EW couplings

arXiv: 2107.13917

Process Observable NG | C Experiment
pp — ttH +tHq o 13 TeV 140 fb! ATLAS
pp — tZ do /dp% (7 bins) 13 TeV 140 fb~! ATLAS
pp — tty do/dpy (11 bins) | 13 TeV 140 fb~! ATLAS
pp — tZq o 13 TeV 77.4 fb~! CMS
pp — tyq o 13 TeV 36 fh! CMS
pp — tHW o 13 TeV 36 fb~! CMS
pp — tb (s-ch) o 8 TeV 20 fb~! LHC
pp — tW o 8 TeV 20 fb~! LHC
pp — tq (t-ch) o 8 TeV 20 fb~! LHC
t— Wb Fy, Fi, 8 TeV 20 fb! LHC
pp — tb (s-ch) o 1.96 TeV 9.7 fb~! Tevatron
e~et — bb Ry . All)“-bB_LR ~ 91 GeV | 202.1 pb~' | LEP/SLD

Dec. 2021 Maria Moreno Llacer - Top quark couplings (6th COMHEP)

27



Sensitivity of each observable

* LH/RH couplings of t/b quarks to Z: 0, 0,9, Of:’()? arXiv: 2107.13917
* EW dipole operators: 0,7, O, Opw
* Top Yukawa: Oy,

* Charged current interaction: 0y, dark shades: differential ttZ and tty meas.

light shades (full length): inclusive ”
Individual Uncertainty per Observable (95% prob.) J ( gth)

FIT =
[HEPI

102

| th 1.96TeV
| th 8TeV
| tvq

| tW

| ttW

| tZq

| W
| ttH+tH

Sensitivity coming from:

Crw~> W helicity and tty
| Cpr > ttZ

_ — o 03

E Coo & Cin > LE_P/SLD

i Ciy =2 tty and ttZ

ol Cpep = tZ and W helicity

| tyg

|tb 1L.96TeV
| th 8TeV

| tvq

[
o
[

| All
| ttH+tH
All
| ttH+tH
ttZ
| tb 8TeV
| th 1.96TeV

Iti%IthH

95% Interval (TeV~?)
| tZ

| th_1.96TeV
| tb 8TeV

t.

| tty

Significant improvement from
ttZ and tty differential
measurements ©

10x (et e” —sbb)
| All _
| e e~ —bb

10*All

10°}

Cow Cout C ;Q Co Ciz Con Cow

Operator Coefficients
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Complementarity between observables

* LH/RH couplings of t/b quarks to Z: 0, 0,9, Of:’()? arXiv: 2107.13917

* EW dipole operators: 0,7, O, Opw
* Top Yukawa: Oy,
* Charged current interaction: 0y,

o tyg m ttZ inc mEE tZg m ttyinc
BN tZ diff WM t>Wb  pmm tfydiff S Global

| TS

Sensitivity coming from:
Crw~> W helicity and tty
C,, = tty and ttZ

Significant improvement from
ttZ and tty differential
measurements ©

Ciz/N? (TeV—?)

0 2
CiwwIN? (TeV~2)
95% prob. bounds
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Results of the global fit

arXiv: 2107.13917
v A significant improvement compared to other previous fits

v Constraints of linear (only A~% terms) global fit are similar to those of the quadratic (A~2+A~*) fit
- Overall comparable results
- Main difference between the two sets of results seen for C,,

v/ Bounds compatible with SM within 2¢

v 95% prob. bounds: +0.35 - 8 TeV 2

Globgl Fit LHC-IkLEP+Tev’atron

! a I - | Baseline A™* m  Baseline A2 v 4F A2 -\ (IZorr. A2 .’ Robust Limitl
: —:—#—:— : :
e TG = — .
Cor | HEPJT; e | Check the robustness of the fit:
| | | | | | 1) Extension of our basis: with 7
Ciz} 5 4-fermion qgqQQ operators and C,g
§ o 2) Correlations between different
w | observables (ansatzs for non-
2 o | published correlations have been
E Q| | .
© | estimated)
© |
o — |
Coa | 3) Missing higher-orders in ag in
, : EFT parametrisations
Cot/101 7
G /10 -> Robust limits: envelope
v e obtained from results of new fits
with these effects
-4 -3 -2 -1 0 1 2 3 )

Values (TeV—2)
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present

»
»

future
HL-LHC

Diodes Consolidati
splice consolidation

8 TeV cryolimit LIU Installation
7 TeV button collimators interaction
R2E project reglons Civil Eng. P1-P5
ATLAS - CMS
experiment upgrade phase 1
beam pipes . .
nominal Lumi 2 x nominal Lumi ALICE - LHCb
75% nominal Lumi upgrade

— -

Challenges ahead:
Experimental systematic uncertainties
even more difficult in future runs
More “global” approaches
Theory uncertainties

13- 14 Tev AR

HL-LHC
installation

2022 2023 2024 2025 2026 2027 Illlllw

14 TeV

energy
on

inner triplet
radlatlon limit

ATLAS - CMS

) 2 x nominal Lumi HL upgrade

integrated
luminosity REHIE{ R
Opportunities:

Vast top quark sample:
3B tt pairs, 1.5M ttH, 30k 4-tops

Dec. 2021
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THANKS FOR YOUR ATTENTION
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Top coupling to W bosons: W helicity fractions

Test V-A structure via angular observables = W helicity fractions JHEP 08 (2020) 051

W bosons from top quark decays - 3 possible polarizations: longitudinal, left and right handed

1 do 3 3 3
2 * %k 2 k 2
————— = — (1—cos?0") Fo+ = (1 —cosb*)” Fp + = (1 +cos§*)” Fg
o d cos 6* 4 — 8 — 8 —
down-type ""‘O . 7 ""O . 3 ~O
fermion
b
—— ATLAS+CMS fs=8TeV p—t——
LHCtopWG total stat
/—I rrryrrrrprrrrprrr e T _ I::;’();o(!;‘)"”-‘%gg'a) FR FL
37000;_:92:: analyser ;g:;‘kgﬁr:mm —e—=——  Data(FF Fy
= 6000 ("L dt=2021", §=8TeV * Daa 1
g ATLAS 2012 l+jets, L =202’
5 5000 etets (= 2 b-tags) jpiets (= 2 b-tags) EPJC 77 (2017) 264

CMS 2012 ejets, L =19.8 fo° L
PLB 762 (2016) 512

CMS 2012 p+jets, L _=19.8 fo!
PLB 762 (2016) 512

CMS 2012 single top, L_ = 19.7 fb’ B
JHEP 01 (2015) 053

ATLAS+CMS, Vs = 8 TeV
LHCtopWG

1 1 1 | 1 1 I | 1 1 1 | 1 1 1
0 0.2 0.4 0.6 0.8

W boson polarization fractions

A more general extension of the SM Lagrangian for tWb vertex: Ve = Vs @ @2

wYq A2 - wq A2
io™ Va = teus
Ly ===t (Vi Py +VRPR)“IW: T P (eLPy +gRPR)urW: + h.c! R = 3%t7a
‘\/5 T 1\ ‘\/5 éw(/ o ﬁcth_z
U2
SM = V|_=th~1 VR=QL=9R= gL = \/icbWF-
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ttH (H->bb): large branching fraction but huge background

o = Ol g 1l 2|
t t H ::-') bb ’Hiﬁé.g(bb] N\ 'Hi?gf(bfz) \ - ' Hilg/és(bb) N\

“‘\ 4 ) S lep Y A8 lepton
l l “‘\‘ T +7'_ > ThTh, ThT, YT \ ’ \ v 4
bW | bW ““'l L V 4 L P ] lepton Y
+ + “‘ WTW*|» by, fv2j @ -,
blv,bjj || blv,bjj | i

27" o] 40,2000, 2025

* Fermion-only production and decay @ Significance

* Higgs boson reconstruction possible, (%) ATLAS (139 fb-'; 211): 1.00 (expected 2.70)
but challenging due to large combinatorics = ~mg (77.4 fb-): 3.90 (expected 3.50)
* Biggest challenge: tt+bb background with ' o '

H * lised to total Bkg.
large theorv uncertainty «¢ ° e ormalised to total Bkg. e S
g ry y LN §10000-_ ATLAS ¢ Data [tH ] ATLAS  |s=13TeV, 139 fo’, m =125 GeV
w | Vs=13TeV,139fb" --tiH* Wtt + >1b i SM compatlblllty 45%
+ Single lepton WtH [t +>1c B '
. . Loy : e 1 _ _
* Event categorization based on o000 pei Dloter 7 Unceriny ol o oo S
# jets and b-tags : L e L ]
C de of MVA 1w plel120200)[Gev]| e 0.18 193 (0% 070
° 4 T :
ascade O S 1w, B [200300) [GeV] 9 1.05 “0gs (“0es ‘053)
» Systematically limited 1 ep00ds0 (Ge] res 019 *074 (1088 <045y
] uy Bels0=)[GeV] | m—e—n 010 5 (50 150)
| nchsive L 035 e (o o)
B st E 2 0 2 4 6 8 10 12
P L ta il 2 Z 7, po=o™ol
- = E 3 ttH
Also measurement of 5 STXS bins s°= = -
-0 100 200 300 400 500 600 .
Higgs boson candidate [ [GeV] arX|V:21 1 1 0671 2
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ttH (H 2WW?*,tr,ZZ*): suppressing ttW and non-prompt

kG 4| 2I1SS
H [ <2
R — \ DN
l l \‘:“‘ T+T >| ThTh, ThT, TT) L p'
bW | bW LY
P O an7ane S YY) EE R —
be/, bj] bﬁll, bj] :V N Common categories
* . =
Z77 |s| 48,2020,202; S |06 +2ti 12 4200 20 427
« Distinct multi-lepton signatures (up to 10 explored! 16 +17 2005 +1T0 3y 4y
 Higgs reconstruction is difficult .« m
) 2¢ss +0t! 3¢ + 079} 4¢ + 07
” 70CMS 137 fb™' (13 TeV >
= [ (@I SS + 0r,, ttH node)u(ttH, tH)=(1 ]
o ) isid. leptons [[[]Flips Ne u‘\
w 60: []Conversion []Rare Wzz - . . . . . . /
o Et  me » Powerful multivariate discriminant: most sensitive ch.
© S o N - object-level to reduce non-prompt leptons
40— — . . . .
& - \ . - event-level to discriminate ttH from main bkgs.
- 30— B TP g :
S - ] » Uncertainties: statistical ~ systematics
AN _
s . Significance
——-_ — Im -l L]
Q A R T ATLAS (80 fb-'; 6 ch): 1.80 (expected 3.10)
o5 + E CMS (137 fb-1; 10 ch): 4.70 (expected 5.20) - 5611~25%
o osif + AT AT
5E oo T HTTHREE CMS also studied tH signal:
Y e N ' New ATLAS H->tt analysis (137 fb-1)
8 o5 0 15 20 25 s My = 5.7 £2.7(stat) £ 3.0(syst) includes 01+2 btaining 16 sianif
Binnumber 1 4 significance (0.3c expected) 0 HCOS ViT4Th, ODIAINING 1o significance
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ttH (H>yy, ZZ*>4l): very clean bumps

7Y 1
T 2p+0l m - 2y+1l el
t t H E: ” bb \ lepton  Higgs | ‘
\:“ “
l l “““ 7_+ T - > Th@-h , ,?hrl’, 7T|T’| ‘ . ‘ ‘ [:m
bW | bW 5 . - b - . e
! . CWEWHE | vy, 0025 '
b£V7 bj.? bEV, bj] :V ” T —
277" |s 40,2020, 2025

« Small rate X
* Very clean final state with high S/B @
* Clear Higgs peak

. Statistically limited  Significance (139 fb~):
Ty = >50

ZZ*(41) = expected 1.20
For H=>vyy, 6641~25% and also:

PN ananans ————— - measurement of 5 STXS bins
D . o7
2 35 2 Sinal s Background - CP analysis: mixing angle |a|< 43° @ 95% CL
@ = = Total background - .
£ . Contimaum background a pure CP-odd coupling excluded >30
§25 g 2:I""1I""l""l""l""l""l""I:
5 20 + = 1.5:_ —2<; -+ Best fit XM 3
£ A ]
3 :5 _‘_ + 2 -y F N
OF (5= 13Tev, 139 fo" + -4 sk o EE
5 E In(1 + S/B) Weighted Sum 0%_ ;
00 20 130 140 150 '[;5 'v]ao N: Also searches for tH,
m e V.o - . . .
" I upper limits in XS:
- aTas . op<6oay
PRL 125 (2020) 061802 R
245 1 05 0 05 1 15 2
K,cos(o)
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EFT interpretations

OPERATORS AND PHYSICS IMPLICATIONS

SMEFT 1 1
o /
Lagrangian L = Lygu+ 1 L5+ A2 £6 A ——Ls + + 13 ——L7 + A £8 +.
SL#0 8 B#0 SL#0
Operators O, i(6D,0)(ir7"br) +he. O i(GLo* tg) 6B +he.  Ogy i(¢’2u no) (@' 'a)  Oh,  (GLyear)(aLv"ar)
O  (0'¢)dLtrd +hec. O i(qLo™ X" tr) 6Gy, +he. O i(6!Dyo) (L qr) O (T ar)(@""T"qr)
Couplings ¢ t t t t t ¢ t ¢
S H z
& ]%/\/w W t// ﬁﬂﬂ t/&"’" t/('w’) : ><l/ t >< ¢
processes
L 3
| ) |
XV, K\;’\i/ VR AVEERVAVEVZ 2 quarks + bosons
q t «a q t q qa b l w oTTTT E‘ 0TTTT ?' oTTTo— Operator Definition Lead processes affected
o ) 4 ij T
W " boeeeneans H w 7 M V/ AAAAAN 7 AMAAAAN T < iolz(l'%) q;u ]‘P (¢'9) tfH/ tE'Iq o )
T e\t b % L o b % ; N ¢ . . l Oquf (p* E} }‘(p)(q 'q;)  ttH, ttly, ttll, tHq, tl{q
TETTT—>— TEOTO—>—  TTEOO+—>— VOO0 +—>— o:;g/) (¢t 1D ‘P)(q e q]) ttH, ttlv, ttll, tHq, tliq
P zed 2 O,%) (ot D u®)(Wiytuy)  ttH, ttly, ttll, tliq
rametriz = i tH, 111
:eZic:ifanse N(E =5y + 251 il + 252 + ZS L i Sk to%l) (¢"iDy)(Wiy"d;)  ttH, tllq, tHq
P A2 0 i A2 i A4 3k A2 A2 1o (qot'tla)) gW1, tEH, tilv, t1l, tHq, tiq
io;’{,z, (qo*vT'd;) gW!,  tEH, tlI, tHq, tllq
1oll)  (qe*u)§B,, tEH, tilv, till, tHq, tliq

10l (qe*TAu) ¢G4, tEH, tElv, tEll, tHq, tllg

2 quarks + 2 leptons

Operator Definition Lead processes affected
O (g (ger'q,)  tily, e, tlig

O&;’kl) (78 (g tlq,) ttlv, tll, tllq

oW () (meyre,) il

ol (Ente)@ara,) g
U (e (@etu,) il

10}2’4}3) (?iej) € (qeuy) ttll, tllq

10%2’5) ([i‘ﬂwej) € (quWUg) ttlv, ttll, tliq
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Model-independent interpretations: effective field theories

» The LHC is entering a “precision era” and approaching the limits of the ‘energy frontier’

» Most experimental results consistent with SM expectations

: _ , A Sketch from Ken Mimasu
* No clear evidence for new physics from direct searches
« Complementary approach: SMEFT
EFT
SM
. . -
The effects of new physics at a scale A can be described by an E > ELne

effective Lagrangian in which new physics effects are parametrised.

Operat ion: 1 _
perator expansion ﬁeffzgstrﬁZ,CiOiJrﬁ(A 4 w< <

These operators can induce corrections to SM couplings (e.g. anomalous couplings of the top
quark to the gauge or Higgs bosons) - effective vertices: ttW, ttZ, ttH, tty, ttg ...

> need to identify which operators contribute to each process
> need to parametrized predictions for each observable in terms of those operators

1 1 1
O — OsMm + EZC"O"_I_ (FZC"O") (EZC]OJ) —|—O(1/I\4)

Dependence derived with
MadGraph5_aMC@NLO, plus SM 'X D6 e o SM xD8

-~
SMEFT@NLO and TEFT_EW D6xD6
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SMEFT operators

Basis: complete, non-redundant set of operators
Dimension 6: 59 (76 real) - 2499 operators
- Depends on CP/flavour assumptions Two-fermion op.: QQ + V,G,p
- New parameters to be measured at the LHC & beyond

affecting top quark interactions:

v

Four-fermion op: QQQQ

QQqq
QQll
Process O O Ow 05 0L Oup Oy Oy Oy 1\01/, h
t—>bW —=>bl"vr N L L L? L? V
pp — tj N L L L2 L2
pp — tW L L L L2 L2
pp — tt_. L [OtG - ttg vertex ]
pp — tty
— i L L L _ _ .
z o tt-} L L L [L L L] [OtW,OtB - ttZ and tiy vertlcesJ
— W L 4 L -
2P — 7] N (L L) L 2 12 (O Ou Osar - tiZ vente
pp — tZj N &L  LJ [L L L] L2 L2
pp — titt L _ _
- Dim-6 two-fermion operators
pp — ttH L L relevant for top quark physics
pp — tHj N L L L 12 L2

Sketch from Fabio Maltoni
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Measurements used in our fit to top quark EW couplings

arXiv: 2107.13917

Process Observable NG | C Experiment
pp — ttH +tHgq o 13 TeV 140 fb~! ATLAS
pp — ttZ do /dp% (7 bins) 13 TeV 140 fb~! ATLAS
pp — tty do/dpy (11 bins) | 13 TeV 140 fb~! ATLAS
pp — tZq o 13 TeV 77.4 fb~! CMS

pp — tyq o 13 TeV 36 fb~! CMS

pp — ttW o 13 TeV 36 fb~! CMS

pp — tb (s-ch) o 8 TeV 20 fbh! LHC

pp — tW o 8 TeV 20 fb~! LHC

pp — tq (t-ch) o 8 TeV 20 fb~! LHC

t — Wb Fy, Fi 8 TeV 20 fb~! LHC

pp — tb (s-ch) o 1.96 TeV 9.7 fb~! Tevatron
e~ et — bb Ry , ARpr ~ 91 GeV | 202.1 pb~' | LEP/SLD

Legacy measurements from LEP/SLD and Tevatron
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Measurements used in our fit to top quark EW couplings

arXiv: 2107.13917

Process Observable NG | C Experiment
pp — ttH +tHgq o 13 TeV 140 fb~! ATLAS
pp — ttZ do /dp% (7 bins) 13 TeV 140 fb! ATLAS
pp — tty do/dpy (11 bins) | 13 TeV 140 fb~! ATLAS
pp — tZq o 13 TeV 77.4 fb~! CMS
pp — tyq o 13 TeV 36 fb~! CMS
pp — tHW o 13 TeV 36 fb~! CMS
pp — tb (s-ch) o 8 TeV 20 fh~! LHC
pp — tW o 8 TeV 20 fb~! LHC
pp — tq (t-ch) o 8 TeV 20 fb~! LHC

t — Wb Fo, F. 8 TeV 20 fb! LHC
pp — tb (s-ch) o 1.96 TeV 9.7 fb~! Tevatron
et =5 bb Ry, A%, . | ~91GeV | 2021 pb~' | LEP/SLD

Single top quark production cross sections and W boson helicity fractions
(sensitive to tWhb vertex) from LHC Run-1 combination (ATLAS+CMS)

Dec. 2021 Maria Moreno Llacer - Top quark couplings (6th COMHEP) 41



Measurements used in our fit to top quark EW couplings

arXiv: 2107.13917

Process Observable NG | C Experiment
pp — ttH +tHgq o 13 TeV 140 b~ ATLAS
pp — ttZ do /dp% (7 bins) 13 TeV 140 fb~! ATLAS
pp — tty do/dpy (11 bins) | 13 TeV 140 fb~! ATLAS
pp — tZq o 13 TeV 77.4 fb~! CMS
pp — tyq o 13 TeV 36 fb! CMS
pp — HW o 13 TeV 36 fb~! CMS
pp — tb (s-ch) o 8 TeV 20 fbh! LHC
pp — tW o 8 TeV 20 fb~! LHC
pp — tq (t-ch) o 8 TeV 20 fb~! LHC
t— Wb Fo, F, 8 TeV 20 fh! LHC
pp — tb (s-ch) o 1.96 TeV 9.7 fb~! Tevatron
e~ et — bb Ry , ARprr ~ 91 GeV | 202.1 pb~' | LEP/SLD

tt+X and t+X production cross sections measured by ATLAS or CMS at 13 TeV.
Since no combinations are currently available, one single measurement has been used.
Comprehensive combinations will be carried by LHC collaborations for Run-2 legacy measurements.
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Prospects for future colliders

HL-LHC S2 (3000 fb) arXiv: 2107.13917

- stat. & exp. syst. — 1L
- theory normalization+-medeling — %

ILC 250 (2000 fb-)

opp & AFB at 2 pol. p,-. P, = 408,503 dark shades: individual constraints
light shades (full bar): constraints from global fit

ILC 500 (4000 fb-1) IFI]‘E\ Bl LHC Run 2 + Tevatron + LEP @M +HL-LHCS2  mmm +ILC250 mmm +ILC500
Gpp & AFBy, = going
. . on
optimal observables for tt HEPJiT Work Of N
et t
,y*/ZO* .
L
e” t (%
JHEP10(2018)168 S 100
T ' flaj
Individual one-sigma limits - —i
. on CF and Cf _— r({#ﬁ P
10~ E_ N I _— grom g __,__; o
r o~ N — p ’f___,—f""
e 107
[ O T Em AT
.\_________,_.--"'-._j-_-_-.‘-l_-'-k 5{.\‘[\“&1{)\ _.__.___>-<""'--_.-_
102 F oM np“-““?j\___)_,). £=1ab™' I
SN s P(et,e”)=(—30%,+80%) ]
ete” — ti— lepton plus jets ] I

1 1 1 1 | 1l
500 1000 3000 102!
V5 [GeV] Ceo

Ciw Cot Coo Ciz Cotb Cob Coz

Operator Coefficients

(3)
Coo
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Top quark mass: a very important parameter of the SM

) a'R’R(1°) Tl L | 1 -
..... ME S : : DG 2020 - Qlobal EW flt.S
500| =~~~ (’;”i:veé:‘r’:t(w) . (Fig.10.4) 7 - important consistency test of the SM
300 direct M,, o - good agreement between measured and indirect
o 2 T Eel g 0 i predictions (p-value: 0.48, before FNAL g-2)
3
g 100_ ISO LI R R [ B B R | — T T [ T T 7T | T - T
s i 10’ » fm*’ ] o
sl - Instability .- - :__:,f--fjj".i e 107 ®
- 178 & —— . ’ 1™
30b 10“'— o
' SM* phése dlagram in terms 19
20 1077 &
g 176 f “of nggs and top pole masses 107 &
10 Cl A =1 .| = - a u)‘ T
160 165 170 175 180 = ) -
™ o XN L w‘*’
m, [GeV] 2 1741 / \ - .,,.; >
Recent measurements: ﬁ [ : 3 ﬁ:_ L. o ]
dmy~ 0.11%, dmy~ 0.3% g 2o ]
g 172+ 7 1~ -
- > :
Higgs
potential FLe . ’ 1
70 .- as(Mz) = 0.11840.0007
t.Qf'; Stability 4
168 & PR I SR T S B PN T T S S N T SR T [ S S
120 122 124 126 128 130 132
Higgs pole mass M}, in GeV
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