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Top quark: SM measurements and selected BSM results
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Introduction

Particle Produced in 139 fb~' at Vs = 13 TeV
Higgs boson 7.7 million
Top quark 575 million Run2 will s§t the standards
Z boson 2.8 billion (- £¢, 290 million) for some time. Need

. - to exploit it optimally
W boson 12 billion (- #v, 3.7 billion) \
Bottom quark ~40 trillion V¥ reduced by acceptarice

Dedicated improvements
and calibrations of low-
momentum leptons,

Wid d | ' '
ilaespread use o hadronic taus, low & high

Coherent data and MC machine learning momentum betaaain
sample for all of Run-2 techniques for particle boosted had d9 bg' t
: oosted hadronic objec
reconstruction & '
identification e s b eat i
CMS Preliminary 41.9 1" (13 TeV, 2017) _Jl.:l.t‘.l‘d' Wen L’—,I'IL’—,L_]J caloration
w? of b-jet tagging efficiency

@ 1.4 DeepletM
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n + > 1.2F bjet Caibration with T Events =
U F DL1g,= 70% Single Cut OF ]
+ Examples: “DeepJet” b-tagging, j : i: 3 i,’:{FE — g 115 E
. N '—1 ‘0 C R EMPFlow Jeta ]
neural networks for the ttH(H->bb) andilysis /g,— — £ 4 £ e Measured Soale Factor (totslunc) E
r . el . ) ——— [1m} - E wessesen  Smooihed Scale Factor (lotal unc | .
f c Lk ' o e E
[Charged (16 features) x25|-{ 1x1 conv. 64/32/32/8}— RNN 150 o % 14 e e chtnd s 'y 1.05¢ _ 1
— Fit E B o o
[Neutral (8 features) x25|—{ 1x1 conv. 32/16/4|—| RNN MFM?J:: x1,|_|lePb 1.2 —— Fit 4 (stal @ syst) 15 PR
[Secondary Vex (12 features) xd] { 1x1 conv. 64/32/32/8]— RNN 50| 100 nodes x5 | | _ 0.95F §
1= E
[Global variables (15 features)| 9 "["% b FobftFor | T I 0.9F
08 F
CMS DP-2018/058 AN 085 _
30 40 50 100 200 300 085 ... | | | | | =
Jet p IGB.U] = 1 11 1111 1111 111 1 1111 1111 111 1 11l ! i
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agreement at p.[Gev] T

S [ic{e 3 better performance M
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3 Introduction
=
»-g Particle Produced in 139 fb-! at Vs = 13 TeV
V)
§ Higgs boson 7.7 million
= o - for some time. Need
a Z boson 2.8 billion (= £¢, 290 million) o .
2 . - to exploit 1t optimally
3 W boson 12 billion (- £v, 3.7 billion)
H
7]
£ Bottom quark ~40 trillion (significantly reduced by acceptance)
e
% EI — Iv 'I!evatlron ::olene::i 1 QIG TeIV( I< I I1) L
o gen | e CMS dilepton, |+jet3502 TeV( (257259  ATLAS+CMS Preliminary Sept 2018
: S [T Db
= 3 [ eu 8 Te
o O 107 E 5 UG cmbined o s?eCfFL’ 53203 o) LHGtopWG 2
W . . D C m ATLASep 13 TeV (L=3.21") -
2/ Precision of o F v ameat-aby, ]
= theoretical 3 C . ﬂkﬁ%ufe/ R ey (=20 o) _
= ) = - 2 CMS|+§tJ§153TeVeL 22 fo) ) I i
E calculations .O - o CMSalljets* 13 Ay (L=2.53 fb) 900k 4 1 -
< = * Preliminar - E
= matters more O 4ol ’ - ity ||
o > 10 _ ++ m0 1
then ever @ - 800 + 1 3
O N : A 13
= X 700F ]
N m=—— NNLO+NNLL (pp) - _
e NNLO+NNLL (pp) L,
10 Gzakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[TeV] _|
- NNPDF3.0, m,_ = 172.5 GeV, &,,(M,) = 0.118 + 0,001 -
[ I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 N
SN 2 4 6 8 10 12 14 IS /1
Vs [TeV] /
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H ° °
S A bit of history
& Results
2 How do we measure it? Precision tests of
7 :
¢  What do we learn from the top quark mass? SM consistency
:
g Sen History of the Top Quark Mass yéurementﬁ
g p—
;; H C. Quigg, from G. Cfarelli at EPSHEP2019
% 200 —
% 55‘ £ ﬂ* i ‘{' b #0f o a0 =
£ = -
o 2 150 —
8 @ - A from the EW fits
§ Lo B 4 e'w colliders limit
\© -E 100 — A  hadron colliders lmit

5 B ® CODF Run 1

E- B ;‘ = D5 Run 1

= — &

50— m FAun 1 world average
| - ‘ L COF Run 2 besl measuremenl
. B 8 Run 2 best measurement
o [ | | T T S TR N T T |

1990 1995

S vTTTY o

2000 2005 2010
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= The top quark mass
Q
S Result inati
> CSUILS ATLAS combination, 2018 172.7 +- 0.25 +- 0.41 GeV
[
=)
5 cms wy 20 MS Run 1 legacy 172.4 +- 0.10 +- 0.50 GeV
E Dilepton ) o
g JHEP 07 (2011} 049, 38 po 17550 £ 460 + 450 Gel
Dilepton —i— 17250 £ 043 £ 143 GeV
c EPIC 72 (2012) 2202, 50 &' ’ ’
-
2 All-j
-|ets
% EPJC 74 {2014} 2758, 3.5 {7 b 17349 £ 089+ 121 Gel
3 ;
@ _'J-:Eﬁ:"ﬁ?z P el 1 7249 £ 043 £ 098 GeV L 1 1
% (2012} 105, ATLAS Pre||m|nary M, SUMMAry - November 2018, Lint =4.6fb" -20.3fb
ot Dilepton i 1T2EZ £0.19 £ 122 GeV
@ PRD %3 (2016) 072004, 19.7 1o ’ . Mg, * tot. (stat JSF+ bJSF £ syst)
) — all jets [ e 7o Cotonos ' & 1751 + 1.8 (14 +12)
= e !
All-jets - - .
PHEJI 93 (2016 072004, 18.2 11" i 17232 + 025 + 059 GeV single top* C:szsn'_g?b'f'f'zo“""“ & E 1722 + 2.1 (o7 +20 )
— l+jets f‘”‘ P:Y/SI'; C75 (2015) 330 —_— e = 1723 + 1.3 (02 +02+07 +1.0)
Leptonsjets 3 ; nt !
m PRD 93 (2016} 072004, 19.7 i i 17235 £ 016 £ 048 GV — dilepton f”’f’;‘fr-bj- C75 (2015) 330 e 1738 + 1.4 (os £13)
int T |
v CMS Run 1 legacy 17344 £ 043 £ AT Gal — dilepton s L7, B761 (2016350 i 1730 + 08 (o4 +07)
z PRID 93 (2016) 072004 il e ) all et SHEP 89 @017 1 e 1737 £12 (o6 £ 10
. J L, =202" [ S Te (o £10)
1
s Dilepton . 17255 4 02g H088 Gal — l4jets axivistootrr2 | 172.1 + 0.9 (o4 +08 )
F EPJC 79 (2019) 368, 359 b -0.72 Ly =2021 :
4
g Lepton+ets 17225 + 008 + 082 Gel 4 Eur. Phys. J. C74 (2014) 3109 : 25
— ERJC 78 (2018 851, 358 o o o(th) dilepton ™0 o ; 1729 + 23
N~ Alljets Differential of({f+1-jet) = 1° 019 21 e 1737 + 28
- . —— 17234 020 + 070 GeV _ '
EPIC 73 (2018} 31 3, 359 fo” Differential o(tf) dilepton (8 dist.) & .77 (2017 0% e g 1732 + 1.6
int 1
1
Lepton+jets, all-jets . . T
; - 17226 + 007 + 051 GeV
EPJC T2 {2019} 313, 359 i N 0 === ATLAS Comb. +1¢
1 .
) | ——— stat. uncertainty
TE_'-‘E! F'_'D" :::-rr!bmaltmn AT:.;;SGQC:I:?B October 2018 (arxiv:1810.01772) stat. ® JSF ® bJSF uncertainty
a6 B8 (2016) . W+ 055+ 0 : — total uncertainty
Warld combination - - | | : | Prellmlnaryl, —Input to comb.
COE. CMS. D6 = 17334 £ 027 + 071 GeW I
34427 (2014) 165 170 175 180

‘Gompact Muon Solenoid
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. The top quark mass
How do we measure it ?

* Direct measurement from top decay products.
MC mass m " as defined in Monte Carlo

%

— experimentally, highest sensitivity <500 MeV

— 1mproved understanding of non-perturbative
effects needed for increased precision

m,= 172.25 + 0.08 (stat+JSF) = 0.62 (syst) GeV
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CMS 35.9 fb! (13 TeV) Lo EMS 359! (13 TeV)
> N — s r=
$1800- Wltcomect [ [mumier - .| EPIC 79 (2019) 313" 7%
0 1600+ 3 Ei . 1ﬁl—j-;-L-.~,

E‘IM]G_— .ttwr-:mg + Data _ .|
= - - .
o 1200 : )
. . _; E {1,997 combinarion
All jet final -
. 0,996 |
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{.495 Lepant-jes
3 200 : ’ ’ )
: EREL ]
5 / : 2 1.0 im—
, ,:__.-/ . o . I"' L ] - asl ]
100 200 300 400 "ol \l./ /

120 el 1722 1723 1724 1745 1726 1727

m' [GeV] m, [GeV] MS

= ‘Gompact Muon Solenoid
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The top quark mass

. .
2 How do we measure it ?
2 Most precise yet from tt+1j at 8 TeV
% * Indirect measurements sensitive observables (cross- +NLO arXiv:1905.02302
g sections) + theory pole _ 1711 4 0.4(stat) & 0.9(syst) *27 (theo) GeV
o . = . .4(stat I syst ‘» (theo) Ge
§ — Use a well defined scheme( m, *'* , m(m,) ) - Y —03
— 5 5 o
% — approaching < 1 GeV precision m(mp) = 162.9 0.5 (stat) + 1.0 (syst) -} (theo) GeV
& * Combine different measurements to constrain .
7 . S T Data (lojots) ]
e uncertainties ° ..F ATLAS . Detaiopon) E
a N TeV t usi | = E (s-8Tev,202 b A Daalies) 7
o ew 13 eV measurement using only B = \s eV, 20.  {POWHEGPYTHIAS -
) the inclusive o(tt) and NNLO+NNLL © - . m=172.5 GeV -
[~ . . = Particle level -
g‘ theory achieved bFE' 25 [ Stat+syst uncertainty -
pole +2.0 = = --i-- % 3
m, = 173.1757 GeV — 2 T —
o t 2.1 g :? E
E =) IR LA L LA B BB BRI BLELAL AN BLELELE BLELELES RLELELE [ LEE_ I =
»: = 1100F ATLAS Preliminary — = # '#” =
P e * 1s=13TeV,36.1fb" osF S -
c - . “E =
£ g 1000F . U -
- 8 : : ﬂ 1 | 1 i | i 1 L
\ 0 - ATLAS-CONF-2019-041 ] @ 145 —
o 900[ = S 12F .----.+.---=:
g F . e TV leivei e 44 N
S RN - = o0sfE =
= 800 t ® o . S
E - n o ] 01 0.2 0.3 0.4 0.5 06 0.7 08 09 1
B . ] P,
g 700 = 170 GeV
= - s CT14 NNLO+NNLL } T My,
600—  Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 —
V- I. | W — I el I. i I.

sl L 5 L L ra gl M A B
164 166 168 170 172 174 176 178 180 182
ﬁ m>* [GeV]
A Slide 8
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The top quark mass
How do we measure it ?

* Indirect measurements sensitive observables (cross-
sections) + theory
— Use a well defined scheme( m, ' , m(m,) )

— approaching < 1 GeV precision
* Combine different measurements to constrain

Running mass from differential x-section CMS-PAS-TOP-19-007
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uncertainties CMS Ppreiiminary 35.9 b (13 TeV)
o) -
[of -
— C ——
o] e ¢  data unfolded to parton level
< -
-8|_CE; o501 T NLO predictions in MS scheme
_ CMS Preliminary 35.9 b (13 TeV) C — M, =1 =m(m)
= B 200— ABMP16_5_nlo PDF set
£ r ABMP16_5_nlo PDF set i ——
~ [ u_ =476.2GeV 1500 —— my(m) = 162 GeV
_ r 50— t
= 1.05: - —— my(m) =164 GeV
€ [ - —— m(m) =166 GeV
1 100—
0.95— 50— .
: —IIII|III|III|III|III|III|III|III|III|III
09— 200 400 600 800 1000 1200 1400 1600 1800 2000
o NLO extraction from differential Cg m. [G eV]
C Reference value (n = uref) tt
0.85— NLO extraction from inclusive Oy (same data)
C Evolved uncertainty, RGE at one loop (5 flavours)
_I 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1
08 400 600 800 1000
u[GeV]
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The top quark mass
How do we measure it ?

CNTS,

Measurement of m(jet) in top quark decays -

Jet mass in decays of boosted top quarks
+ Alternative approach to measuring m(t): jet mass of highly boosted top quarks (pr>400GeV)
» Reconstruction of large (R=1.2) jets, and 3 subjets / jet using the XCone algorithm
- one leptonic top decay is required, and jet with max. distance to lepton is chosen

359157 (13 TeV)
LI LI | T 1

AT AT T TATA AT RAMAATAS ATT GATTATTTA TS ATTT ““I’”nb dOI

:_-. FT T 1T 71 I LI LU I ?EIBIﬂI].IIE-II.SI-I:E.‘:lII! '_|:3' ﬂ'm“"l P I tT I tT I I
[k} 3500 r ] -— -
@ - CMS " ] & [ + Data ]
R 000 Prefiminary o ; Ts I gﬂﬁmﬂ, m = 1695 ge: ] Extracted value for
“ﬂ; 2500 F -m; E %E 003 T _E e oy - m(t) = 172.56 + 2.47 GeV
@ C Totalune. ] — ; .
5 2000 - - i —— ] L
|=:> I 1 ] Uncertainty similar to the
Unfold to 002 o B ones from threshold
particle I production!
level 0.01- ] -
R — ! TOP-19-005 NEW!
i |12i| I I14{|-I I I1ﬁl{|-l I I1]!{|-I I |3:|H}| I IQ'EI'{]-I I

M. [GeV]
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The top quark mass , fundamental parameter of SM

What do we learn from i1t 7 Top mass as a link from Lagrangian to

data (Tilman Plehn , summary TOP2018)

— new physics inspiration:

electroweak precision data
vacuum stability
hierarchy problem

impact from future LHC measurement?
— actually, field theory question

arXiv:1205.2893

|
3
£
=
:
c
:
=
@
V)
a
[7¢]
R
v]
72
S
&
[\
(=)
[t
=)

related to large-ng loop diagrams  frenormatons) tH coupling
127 —
Stable ./
126 [
=
@
E £
124
K Metastable
12 o
3.9t 0.92 0.93 0.94

yi(pu = 173.2 GeV) ]
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MO _ . pole
iy = Ty

_— A

pGCOD contributian:

Anna Lipniacka

Mon-perurhative contributinn:

_| Direct top mass measurements measure the Pole Mass.

Direct top mass measurements measure the Monte Carlo Mass.

_1 Direct top mass measurements measure the Monte Carlo Mass. but you

can pretend that it is the pole mass, just inflate the error a bit.
The top is the only SM particle with more than one mass.

You should use only leptons to avoid hadronization uncertainty.
You should use at least NLO calculations to measure the pole mass.
The top pole mass has renormalons, you should stay away from it.

The MC mass differs from the pole mass by
L] terms of order mas; _ terms of order Agep; U terms of order asl,.

The Pole Mass renormalon ambiguity is
L] == 1GeV; L] == 250 MeV; LI = 200 MeV; ] == 110 MeV.

A perl non—pert LI
—|_ ‘i'ﬂ? —|_ &'Iﬂ _|_ &']'ﬂ_.

/

Monie Carao shift:

= Perurbatlive comrectian = Effects of hadronization

Dapends on MC pari made!

* ENas on arion

s.hr_?wer setup g = May depend on partan
shcwer setup

Slide 12
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The top quark mass , fundamental parameter of SM

What do we learn from 1t 7 Top mass as a link from Lagrangian to data
(Tilman Plehn summary, TOP2018  Tick the correct statements:

jet modelirg, fimite width. ...

« Shoul be covered by MC
uncertainty or beiter negligible
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= The top quark and the Higgs boson
a=
2 ' e I UamasPreiminary C ]
g Top quark Yukawa coupling £ A A e
z S = m,, = 125.08 GeV a3
% g‘l: 10 1;— o SM Higgs boson v f _;
5 S -
% - Largestinthe SM:y, = V2 m/v = 1 e b E
2 - Sensitive to potential New Physics B ]
a 10 ;- ,u _Hr.- 1 _g
g‘ - I MNon-universal coupling -
104 so far in agreement with SM =
g 1.2 -
9 . . R S I { .......................... #.]
Q Linked to the hierarchy problem. - ]
1 : :
© Are there any scalar partners? e | | N

Particle mass [GeV]
Indirect measurement of y, details in

arxiv 1909.02845

] A+ . https://atlas.web.cern.ch/Atlas/GROUPS/PHY SIC
S/CombinedSummaryPlots/HIGGS/

7\.«; o 7\‘2"

scalar Jfermion
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= The top quark and the Higgs boson R
x
= @
= :l T U (b : . T .
= w C_ ATLAS Preliminar \J + Data I
8 9 20000 Vs =13 TeV, 139~ '}\‘0 — Fit ;
o] : 2 4{}{]005:\\ 0':‘)\""3‘ ----- Background ]
o - . ]
2  Indirect measurement g F > E
g 30000 6@,«?\ —
ﬁ H d -~ N——— . ] & E
= igqey= praduction o Higygs decay to photons an” o\ —]
2 + Lt &-6‘::,\5 .
% r — ~ 2% e 2
g —*—F..-;_:_\ = 4 6(9 . E H_’ffs my = 125.09 GeV .
7 gxg ¢ j g g Z 4 ' ' ! ! :
& B O 3
a‘ g Ay 1 o i t U C"\\O 2
% & N g
R v \e© $
— @ - ' : - :
) \)0\6 E 110 120 130 140 180 160
Q\o I m,, [GeV]
a ; Raw spectrum, no categories, nd
g S CMS Preliminary 77.4 b (13 TeV) weighting — beautiful Higgs boson signal
- Frrrrprrrrp T T T T T T T T T T T T T T T T T T T T
g~ 8 350005 H-yy All categories 3
A ~ 30000}~ S/(S+B) weighted E
S} T A $ Data ]
(= 2 250001 — S+Bfit 3
{3 % soooE N e B component
2 E (Ea R ]
%15000:— [ 1*2¢c -
CMS HIG_ 1 8_029 510000; —f
(1] C 1
& 5000 =
NS -
10005
500:
0
[ d' -500 ‘—.} ..................................... =
’ 100 110 120 130 140 150 160 170 _ 180
Slide 14 m, (GeV)
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The top quark and the Higgs boson

— -
g  Top Yukawa coupling
2 5
g Direct assessment tttt (4 tops)
g g t ) . t
=1 H /t NLO i
% RN Not yet observed : o, (SM) ~ 12 fb
t
g8 9 ; Sensitive to BSM effects. . t
e ’ -
= t
=  PAS-TOP-18-003
o, CMS Preliminary BDT (postfit) 137 fb~! (13 TeV)
% = - same sign dileptons + ( = 3 I)+(jets):
o 107 I Noppromptep. e (Y fit many signal and control regions
w2 '
E signal significance 2.6 (2.7) o obs(exp.)
= 10!
aQ
§ ~ Top Yukawa coupling: |y /ys",| < 1.7 @ 95%
O

10°
complementary to coupling extraction in ttH & tH

10°1

°

S 2 L

i ¢ ) - - -
%-5 . /‘/////*/////J//////‘////ﬁzﬂ/4”/,,Lan‘wnn'uuz‘ur.,’,,,,,,,,.f,,‘”,,,‘,n//*//////*///// /////,’1 (Indlrect from tt klnematlc:
N T T I I T I I i T W ly/yM < 1.6 @ 95%

mmmmmmmm

" CMS-TOP-17-004)

S
S
S
S
S
S
S
S
S
R
R
R
R
R
R
R
R
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The top quark and the Higgs boson
Top Yukawa coupling

Direct measurement

ttH production provides direct probe of y;

” o y.  Lots of final states,

. . small cross-section.
O ~0.507 pb

“alljets” 46%
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tHjets 15%

utjets 15%

ks hiE 0,
e+jets 15% )
"dileptons™ "lepton+jets”

% Slide 16
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= The top quark and the Higgs boson
g=] .
=  Top Yukawa coupling, ttH,
% First observation of SINGLE ttH channel < -—tT——T 77—
2  with490o (4.2 o exp) &5 20F- ¢+ Data ATLAS Prefiminary 3
2 E R Continuum Background s =13 TeV, 139 fb’ -
E o - ---- Total Background m,, = 125.00 GeV ]
% : 25:_ —— Signal + Background All categories _:
Ey Analyze full Run-2 dataset with updated w u In{1+5/B) weighted sum ]
2 photon-ID, energy and jet calibrations 5 ED:_ B
e o n ]
3 = 15F -
% © " ]
Note: g 10 —
a * Fvents weighted by purity w 7
g * Non-ttH Higgs boson processes 5 1]
""U from MC samples normalized to [
8 their expected SM cross sections :I e e e e ey oy b b g g
8 ﬁm‘es thf"exper:ted srxfr bmnf:hing 0 110 120 130 140 150 160
— ratio to di-photons with a Higgs [GEV]
e boson mass of 125 GeV Full Run-2 m'rT

- FOS8 ooy 015,y +0.15¢ o _

TttH

S
TitH

ag 1033 (Qi.p ) 4013 ¢ 0.22 -
.38 +457 (Stat.) +477 (exp.) £y5717 (theo.)
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The top quark and the Higgs boson

ttH, example multilepton analysis:

=
Q
=
K=
g
)
e
g3 e — Irreducible back ds, tt V and VV, estimated in MC and validated i
o g Wz rreducible backgrounds, tt V an , estimated 1n and validated 1n
§ Uy data . 7 4W
a "-w;zi.r.r tt ,tt ,tty
% 0ggaas —~_; are 1nteresting processes
5 by themselves and give direct
S validation access to the top electroweak
B couplin
% ttZ ttW pHng
[
70 T T T T T 50 T T T T T T
- ATLAS # Data WiH ATLAS # Data | i 3
% cof 5=13Tev, 361 ' Clifw [z E 45E 15 =13 Tev, 36.1 o' LD 11w Wiz
oo, C 3¢ tiZ CR Epiboson [ Nonprompt 4oF 37 {IW CR Enonprompt  [Tl0ther 3
W [ Prefit [[]Cther Unzerainty Prefit Ungeriainty 3
2 “F E ¥ E
0 : 30 _: 2508 + 1 Thad
] 401 ,.E 3
g I% E { L% a5 } _; 16 + 2Thag
8 soF 20 B 4
= 20 15 E 3¢ + 1Thag
E 10 —; 2585 + 1Ty
105— 5 _; 3¢
L0 + 1 . 0 ] 2¢SS
3l DOy R + ......... 8
I o E * — E oansE -
o 0.5 o 0.5
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4 5 [} 7 =8 2

Number of jets

3 4 5 6 7 =8
MNumber of jats

PHYS. REV. D 97, 072003 (2018)

Signal strength: U=0/0,
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ATLAS

= Tot.

ol R

oo

gg{:g,}
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-0.5 "5
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The top Yukawa coupling, combined fit.
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The top quark and the Higgs boson

www.ift.uib.no -

Analysis Integrated luminosity (fb~")

H — vy (including tt H, H — yv)

79.8

H— ZZ*—4{ (including ttH, H— ZZ"— 4{)
H— WW*"—evuy

H=7r arxiv 1909.02845

VH, H — bb

VBF, H — bb

H — pp

ttH, H — bb and ¢t H multilepton

79.8
36.1
36.1
79.8
24.5-30.6
79.8
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H — invisible
Off-shell H - ZZ" - 4fand H — ZZ* — 2{2v
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£
=
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c
:
=
@
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a
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R
v]
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&
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SM __ +0.11 . . .
yly> " =102"" 0 Allowing only SM particles in the loops

— Allowing one BSM contribution
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tW,Vs=7,8TeV

—h
<
w

—

3

2 q q - . .

S q b LHC best combined precision 7@8TeV:

g W w ATLAS+CMS X-section: ~ 7% (t-channel)

m L] [}

2 ' , 1‘ NLO+NLL predictions ~ 3 % (t-channel)

= t

% ATLAS+CMS

5 | fiv * Vi | =1 | Hotopwe

8 within ~ 4% If V! = c:,’:'hej' from single-top-quark production

2‘ Oeo.- NLO (t- and s-channel), NLO+NNLL (tw) -

o, 80,,,, : Scale ® PDF ® o, ® m, ® oy otal theo.

% CMS Preliminary e/u+jets, 36 b (13TeV) m, =172.5 GeV If V| = (meas.) = (theo.)
2k i, ATLAS+CMS LHClopWG e

% 10 “"".""""""" r-channt:l, \s=7,8TeV 102 +0.0¢ = 0.02

1”2 '

g i

O

Pred./Data 1/oxdo/dpr (1/GeV)

e Data ]
POWHEG4FS = b ] ATLAS+CMS LHCIopWG .
=== aMC@NLO4FS t 1 s-chann;.l, E:STe(:fp ) L.J ) 0.97 +0.15 = 0.02
aMC@NLOS5FS :
10—4__:::::::::I:::::::::I:::::::::__
10E. ATLAS+CMS LHClopwG 1.02 = 0.04 = 0.02
{T‘ R - --:- — $ : t-channel, tW, s-channel, ys =7, 8 TeV |
g'gi E 06 08 1 12 14
R P PO IfLy Vil
0 100 200 300 CMS ]
Parton-level top quark pr (GeV) (f,, form factor for BSM contributions) e |
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Probing the tWb coupling: single top
q q q b . .
LHC best combined precision 7@8TeV:
W ATLAS+CMS X-section: ~ 7% (t-channel)

7 / NLO+NLL predictions ~ 3 % (t-channel)

o
i
=

- ATLAS+CMS Preliminary ® ATLAS t-channel

PRDS0(2014) 112006, EPJCTT (2017) 531,

= LHCtOmG JHEP 04 (2017)086
— ® CMS t-channel

JHEP 12 (2012)035, JHEP 06 (2014)090,
PLB 772(2017)752

11 1 1

1

~ Single top-quark production

i November 2018 O ATLAStW

PLB 716 (2012)142, JHEP 01(2016) 064, -
JHEP 01201 8)063

O CMStw
PRL 110(2013)022003, PRL 112(2014)231802,
JHEP 10(2018)117

* LHC combination, tW
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

 _
R
lscffannel
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—

o

[p*]

T T
\

\

\

4  ATLAS s-channel
ATLAS-CONF-2011-118 85% CL.
PLB 756 (2016)228

¥ CMS s-channel
v tW JHEP 09 (2016)027 95%CL

, Y x  7+8 TeV combined i 85% CL
X .
n i E .

lIIJlll

Inclusive cross-section [pb]
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3
E
-
:
(=1
:
=
7
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a
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\CN
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=
[\®)
(=)
g
O

NNLO pus 738 2014) 58

scale uncerainty
1 0 s === NLO+NNLL pros3(2011)091503,
= - PRD B2 (2010) 054018, PRD 81(2010) 054028

W tf contribution remaved
scale ® PDF @ «, uncertainty

= #chiannel

lllllll

= - = NLO nPps205(2010)10, CPC191(2015) 74

W,

- CTi0nlo, MSTW200&nko, NNPDF2 3nlo

W n: veto for tf removal =60 GeV and j =65GeV f

1

— - scale uncertainty
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= Probing the tWb coupling: the top quark width
% hjetw Most precise indirect measurement, CMS measuring:
- R =B(t > Wb)/B(t - Wgq)
> |
g 4 CMS, Vs =8 TeV, | Ldt=19.7 fb"
- - TRTTT trt s I.I ' I| ' I.I L EH
@ (=2 y ' /i
% ,'I;lP X, P e, - E Illr"lr S
5 — A ! 2.5
: 3, .
& mass, width, 'g | ; ,f
. - / charge, lifetime ay - s "'r
% ¢ v§2 1.5 t:-tagggd}mraﬁultiplii'rry f

h]et\\ = - ;_I
ve) (N - combined
w2 — i ee /:
= S o /
- ; Fi f.r
E E.‘ - W . ] . -
Q 5 05 Phys Lett B 736 (2014) 33 -
= S
© I \lv, 4—/

{}94 {}Hﬁ {}96 1.02 1.04 1{18

H=B[t—:~ Wb)fB[t—:r Wa)

assuming SM : I'(t > Wb)=1329GeV — Ft =1.36 + 002(stat)igﬁ(syst) GeV

with f,=1 R gives: |Vip| = 1.007 £ 0.016 (stat.+syst.)
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The top quark width, direct

.

Q > L E L E L AL A B B B

"'u h ]ﬁ[WIf 8 35000:_ ATLAS Simulation Preliminary 1.32 GeV —0.20 GelV _:

"'g 2 E Is=13TeV, 139 0" —1.00GeV —180GeV

% %30000% o — 400 Gev —4.00Gev i
@ = -

3 T 25000 =

g 200005— —f

% . P Profile-likelihood 15000/ =

% i template fit to M, 10000[- E

2 000k Different widths 5

@ ATLAS-CONF-2019-038 E ]

vy _ E L S| .

= mass, width, o~ 19 E \ :

g‘ charge, lifetime ‘031-05 \ 7

2, = ;
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m,, [GeV]

w % T T ‘ T T T | T T ‘ T T T ‘ T T _‘ T T T ‘ T

w 0] 45000 ATLAS Preliminary -¢-Data [t

g b a {s =13 TeV, 139 fo” [l SingleTop  Other

- 540000 eH Ml Lep. fakes”” Uncertainty
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<
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\E
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vl ol
Measured 201 +0.53 |94 .32 1.90 +0.52

—0.50

.49 P 4 —0.48
Theory 1.306 \{ 15 l*ZZ < 1% 1.333 = 1%

top widt
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Probing the top EW coupling: ttZ

p1(Z) [GeV]

|
O -
S ttZ (ISR and FSR)
@ g ¢ arXiv:1907.11270v 1
e \‘\_ ar. . ] 2
5 oo 4 and 3 lepton channel, CMS |
g Q/WM/.,L , c(pp — ttZ) = 0.95 & 0.05 (stat) &= 0.06 (syst) pb Em‘-::-lﬁlllla{a.l e le;s{;:fa;elv_.
S s i ") SM prediction 0f 0.84+0.10pbat NLO | Hez Eiicmorss Bcseans
2 ’ : : v :
5 g t 2-:-:|— L3 i
& 5 b g . : 3
2 ‘ CMS 77.5fb1 (13 TeV) asastuntanet i I 0 vatyssa ]
\CN cMs 775" (13 TeV) < [T ”-HIL!{.“‘--‘---‘]{L]-}'E
% Anomalous -95% CL 4 SM 3 6l 4+ Data i CF LA N |
i —68% CL ¢ best f
PO S 10,5 {BTeV}BB;{-_.Gft t 8 | ~~ aMC@NLO | cien m":f::ﬁfﬂ
a = T s — *= NLO+ NNLL [ oma iz ik
QO N . . Wz Xy mz
g E = 1 E'I'- Rare T Emmmrl?:
» s . P
g 8 2 1w ==
[t i o e
© s O——H | e _ E—
w 131 g B2 b A
0 LI 3 3 BECHEEEd ¥ S S
sorf ” = st
@ T R B S R
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3

Probing the top EW coupling: ttZ
ttZ (ISR and FSR) 4 and 3 lepton channel, CMS

q t

f c(pp — ttZ) = 0.95 £ 0.05 (stat) & 0.06 (syst) pb
SM prediction of 0.84 £ 0.10 pb at NLO

>W<z Kz >m§ NNLL +0.02 [
g i g t q , CMS

610201d ‘INSH Pa199jos pue syustainseaw ysenb dog,

| T | T T T T T |
— Cyy /A2
Phys. Rev. D 99 (2019) 072009 —— CMS 77.5 " (95% CL) e
E T | T T T I T T T | LI | LI I T T T I LI I i CMS 35‘.9 fb-1 (950-"‘0 GL] P
S | [ ATLAS v Bostit ] —— ATLAS 36.1 fb ' (95% CL)
o - ; . SMEFRT (95% CL)

[ {s=13 TeV, 36.1 fb’ — I
s fe=13Te sEmReL TopFitter (95% CL) CEZ] /A2
2 14 e 96%CL ] t----- Indirect (68% CL)

g i ) — NLO prediction SM
- - i - 2
: Cyt /A
1_ p—
osf . - )
C ] C /A
B Treernenas i —_— 0Q
O.E—I clo b b b b b 1 [
04 06 08 1 12 1.4 18
W cross section [pb] L oL | | L
-20 -10 0 10

iz = 0.95 + 0.084y. % 0.1045 pb and o7y = 0.87 + 0.13, + 0.1444 pb ;
17 stat syst i sat s (SMEFT , SM Effective Theory)

A, scale of BSM physics
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Probing the top EW coupling: tty
ATLAS single lepton and dilepton channel

Eur. Phys. J. C79 (2019) 382
= — ] I 1 I 1
E u ATLAS & Unfddeddata

f5= 13 TeV,36.1 b MIGE_SMC + Fythise
iati = ] - . —— MGS T + Herwi o -
: Radiative top decv gﬁ-— 10 E Marrnaized coss-sacion MGS aMC +p.lu-.£-::_q_14 Ul o
ve ve ve = = Einge lepion MGS aMC + Pyihias (14 Dowril
—{§ W '*'= Sarea et :
t e t £ t ] B Sat )
b b 102

Fiducial x-section accuracy and the 10
theory error comparable

= Total

610201d ‘INSH Pa199os pue syustaInseaw ysenb dog,

ATLAS —— Statistical
Vs =13TeV, 36.1 fo! Theaory
: Total (sfat  sys)
_ i A.00 (+003 +008)
e+jets Bt 07 08 (-0.03 —0.08)
1
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ji+jets H'.H—' 01 500 (003 —0.08 ‘.E'
| 4
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ftp '!"-'-H M1 52 008 —0.08) é ]
- D08 (005 +00E &0 100 150 200 250 200
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i .14 (o.m u.mi pTI:T:I eVl
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. I #.08 (+002 +008)
Single-lepton Hll-ﬂ—| 105 508 (002 —0.08
]
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tt, top charge asymmetry, Ac

*SM :Ac results from the interference of HO

.
3
2 ——(000000}—— amplitudes in qq and qg initial states : t prefers
% ! | q direction. Small effect, enhanced @ high tt
3 mass ( my ) and longitudinal tt boost ( B )-
§ —<—+000000s—»— ATLAS full Run 2 analysis lepton-jet
% topology
2 MO 2O = NAI<O) 0060 +0.00110 +0.0010 A
£ C N(Alyl > 0) + N(Aly| < 0) ' = stat = M- Sys first evidence at LHC
;‘: 0.07
— _ — T o V.U/E | | [ | =
% Alyl = lyel = lydl < .06 8 NNLOQCD +NLOEW  ATLAS Preliminary-
2, 0.05E B Powheg+Pythias (s=13TeV, 139 fb™ 3
< ‘_ P . - -
= 0.014¢ === NNLOQCD +NLOEW  ATLAS Preliminary 0.04F $ Data (stattotal) | 3
g 0.012:—, Powheg+Pythia8 Vs=13 TeV, 139 fb™ _; 0.03 %_ i%% _§
- Data (stat./total) ] = =
E 0.01F ata (stat./tota - 0.02E =
\© B ] - 1 l -
0.008~ ~ 0.01 =
4L .
o_oog* o;_j ____ ———— ——3
0.004 - —0.012— —i
0.002[ 3 -0.02 E
0: ’ _0.03E | | | | =

<500  [500,750] [750,1000] [1000,1500] >1500 —
/3
m; [GeV], |
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tt, top charge asymmetry, Ac

=]
S BSM Limit
N - imits:
S 7 on coeff. dim-
w \ | 6 EFT L LI L I LI L
=} operators C-/A\2 - | | | | | -
g ——00000Q0—— | ATLAS Preliminary s=13Tev, 130t |
5 | differential A vs. NNLO QCD + NLOEW |
% ALt N(@lyl > 0) = N(Aly| < 0) - interval —a? —a%s At A% CL limits
- my + :
= © " N(@lyl >0) + N(Alyl < 0)
g - > 1500 GaV —— _
2 Run 1 results arxiv 1709.05327 B B
% 1 ] 1 I 1 l T 1 1 I 1 1 I ] 1 I 1 ] 1 i 1nm- Imn GG‘” '¢| i
g _ ATLAS+CMS Lepton+jets |s =8 TeV 1| 750- 1000 Gev —— ]
0.1 — - .
- [ & ATLASICMS 1 | so0-m0cev e ]
4 SRLEE SM (QCD NLO + EW NLO) - I ]
= | SM(QCD NNLO + EW NLO) | [ o-s0cey ' 1
o) N hight cololur-octet - B eshe B
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8 005 L eavy colour-octe C .
S O | i
© - LHCB combination —— —
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tt spin correlations

—— 000000 Y —— * QCD parity-invariant, top quarks are not polarized,
but spins are correlated. Possible BSM effects.

]

——4000000}—+—

Possible spin correlation sensitive variables (leptonic topologies):

ATLAS:  AQ.., AN, axiv1903.07570

CMS : angles in the scattering plane and perpendicular plane
arxiv 1907.03729

_Ill\ll\ll‘ll\llllllIIIIIIIIIIIII|IIII|IIIIIIII_ )
16H ATLAS Inclusive i CMS : .35'.gfb1 “.3 TaV}

L \s=13TeV, 36.1 fb' 15} ¢ Unfolded data —NLO, SM ]

C fgy=1.25+0.08

[1/(rad/n)]

=
§ [ —POWHEGV2 +« PYTHIAB -- NLO, uncomelated 7
-8 Eﬁ' L - - MG5_aMC@ENLO + PYTHIAR [FxFx]
T
=

[
i == -
n fli . 05
;-.--r'—.ﬁ." = ] L e ]
0-8_—_‘_,_l_ — Powheg (SM spin) [ ]

—
~
T

610201d ‘NS H Paro9fes pue syuatarnseawr yienb doj,

S " dao(l /n
P

i —— Powheg (No spin) ] V] ey e E!tat-ésyslst —
0.6/ ¢ Data ] > 1.1F ]
s ---- Fit result 3 % 1H
0.4_IIl\ll\ll‘ll\IlIIII|IIII|IIII|IIII|IIII|IIII|IIII_ ﬁﬂ : ------- '
0 010203040506 0.70809 1 08+ : .
+r -1 -0.5 0 0.5 1
Parton level A¢(I",I)/x [rad/x] coshcos8!

Slide 29



Technology

Anna Lipniacka

tt spin correlations

.
' CMS 35.9 fo' (13 TeV)
' [, ——f000000Y——
C, Y Y 77 £ 0.09 £ 0.01
C,—+Q0QQQ00 »—— 12+0.32+0.12
Con H=H 1.01+0.04 + 0.05+ 0.01
C,+C. 0.94 £ 0.17 £ 0.26 £ 0.01
D HeH 0.98 + 0.03 + 0.04 + 0.01
lab
Ay, 0.74 +0.07 £ 0.19 £ 0.07
L e 1.05 +0.03 + 0.08 + 0.11
]
fou £ (stat)+ (syst) + (theo)
1 | | | 1 1 | 1 1 1 1 | 1 1 1
0.5 1 1.5 2
SM spin correlation fraction fsm
@)
[\
(=
[—
\©
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BSM or NNN..LO ?

ATLAS, more spin correlation than in SM ?:

www.lft.uib.no -

fsm £ (stat.syst. theory)

Significance (excl. theory uncertainties)

1.249 +0.024 +0.061 £ 0.040 3.2(3.8)
% 1-[}8‘ _I 1 ) I L] | LI 1 | LI | LI T | LI | LI | LI i
= - Inclusive ATLAS ]
=, 1.06[- .
% F js=13TeV,36.1 1" ]
o 1.[}4+—+ ]
= e n
% - . -
S 102b | :
e P T ?
L It -
= it
c . & Data
0.98F ___ powheg+Pythia8
i PP8 scale up/down L ;
0.96} —— NLO QCD+EW (u_ _=m) =
i NLO QCD+EW scale up/down :
- === MCFM ]
0841 __ NNLO o
I NNLO scale I.Ip."d-Dwnl | | I ]

[ yols s lisaa by
9 01020304 0506070809 1

Parton

level Ao(I",I')/xt [rad/t]
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tt spin correlations

.
S -
‘2 ——000000—— / « BSM limits
S
% Y y
8
2 ——000000)—+—
c
-
. . T . T
S Anomalous Chromomagnetic stop quark in the “corridor
5 Dipole Moment
8, CMS 35.9 b (13 TeV)
m i I I 1 1 I I I I I I I I I I I I I I | ;‘ 140 _' L | LI I UL | LENLILIL I LI I LI | LI I |||||||| |
% = ) i o | ——— Observed limit (£10°°%) ATLAS -
EERE i — 120 [ = " L™ =36.11b", {s=13Tev —
a al 1'| ~ _ W " wiim Expected limit (£1c,) Limits at 95% C.L. .
2 I '11 ! £ 100 - Lot 7 -
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».U ~ ': - : 1 t __
8 6 IlII -:: ] 80 C ]
9 - s . - ]
= - P14 — Nominal - 60 —
o - | - L ]
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Is there a stop around the corner? Large Xt could
=~ make the stop the lightest squark.

In MSSM The Higgs boson mass is mass related mostly t¢
stop squark mass and mixing Xt

| A dm My 3m QX7 X
; o2t om? 2atviiM?: 12M
o (mg+m+D,  mX,
‘M: = o,
! ~Y ~Y ~ N
mX, — my+m +D, h -
L> "R 1 "2

X, =A, - ucotp

Large Xt favors a light stop state (stop 1). This “promotes” gluino decays via stop, and
“top”’- rich final states, mediated by stop— LSP+top

§ Slide 32
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\s=13TeV, 36.1-139fb "

July 2019
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Loy lyualy
00 500 600
New results from CMS :stop CMS-PAS- SUS
tops: CMS-PAS-SUS-19-009

Slide 33

= Observed limits
= = Expected limits

139.0 b
[ATLAS-CONF-2019-17]

36.1 1"

— oLt tif /t,— thz:’
[1709.04183]

Lt tzf /t,— WI:VZ? /t,— bf i?
[1711.11520]

B o ¥1 - ti? /?1—> Wbr)('"? /P’EI — bff' i?
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[1711.03301]

— -
[1903.07570]

B ool 'tv1—> ci?
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e monojet,¥1—> cx”?
[1711.03301]

—  Run1,fs=8TeV,20fb"
[1506.08616]

19-009, gluino with
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Summary and prospects

LHC Top quark physics 1s in precision era.

-Top quark mass experimental precision ~0.3% and
coupling precision reaches 4%.

-More to come soon from the full analysis of Run 2.
Will theory be up to the task?

-Advances beyond QCD (N)NLO crucial.
-EW NLO cannot be ignored.

610201d ‘NS H Paro9fes pue syuatarnseawr yienb doj,

-Needed to pin-point the energy scale of BSM
physics .. that still remains hidden

CMS,/
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The spin correlation susy interpretation

E= 15 TeV, 36.1 fp! — Powheg Pyriss
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The MSSM

Particles in Minimal SUSY

One fermionic /bosonic partner to the SM fermions/bosons

—_—With S coupling
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Slide 36f R-parity conserved, LSP is a Dark Matter candidate.
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slepton
squark
gluino
photino
wWino
ZiNno
higgsino
higgsino

=1 for Sparticles, R=1 for particle

Mass Figenstates
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SUSY and top relation? What is the reason for the Higgs
boson mgss?
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There are 5 Higgs bosons in the Minimal Supersymmetric SM, the lightest one is
lighter than ~130 GeV Its mass related mostly to stop squark mass (Ml, Mr)
and mixing Xt
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