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General top quark features
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~_Why heavy (quarks) at multi-purpose colliders

‘ T —————
1
l

‘Spec:al” reasons N

top & b are the most
massive known quarks

largest (unmeasured)

coupling y:to Higgs boson

New W mass by
ATLAS

mw = 80370 = 7
(stat) = 11 (exp
syst) + 14 (mod
sys) MeV=
80370 + 19 MeV
7 TeV pp-
collision data

Tevatron indirect
W mass

mw = 80351 =+ 15
(stat) = 10 (syst) =
80351 + 18 MeV
using 1.9 TeV p-
antip collision
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http://dx.doi.org/10.1140/epjc/s10052-014-3046-5
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-18/
http://tevewwg.fnal.gov/wz/sw2eff/

top quark production
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The SM Lagrangian (2019) - . 0o

The Standard Model

H=Higgs patrticle k/

bw T gV W Lt = mfﬁ,ﬁa + UfH'{:L'lCR N2 +he. m=
1 ( V2g? ) 12 mass term interaction term |

M = — —
W; 292" 8G, me = Ypv/v2

b /
v = » V~246Ggev TP
(\/iGle/Q f

Wiy obs —~4 GEV é WMy ~1 723 GeV

top: largest (unmeasured) coupling y:to Higgs boson

replacing values gives Yy = V2 Wiy, /V~ V2 173/246~0.99 Is y+~17 Is it SM Higgs?
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The SM Lagrangian (2019) reminder(l)

The Standard Model: RF theory tnvartant under SU(2) x U(L) X SU(3) observed

-

o 7 7 7 )
| i G A G field '
| e U + bh.c. auge fields are in

i R ﬁ*’ (P/ 7 kinetic terms and

|
t+ ta?,)[z_\ \/(¢) a8 [P‘, a‘f %?4 fs . co n. derivative D u

Spontaneous symmetry breaking: the Lagrangian shows the possibility that at a given energy scale,
the symmetry of the observed physical states is different from the symmetry of the Lagrangian
interactions, by realising one of multiple asymmetric configurations (minimum potential energy state)

el

spin-1 W&Z bosons spin-0 spin1/2 fermions (u,c,d;s,b,..)
emerge as massive Qza\sz) H=Higgs * negative ch/ra//ty (/"_L ) state couple to W,
by coupling to_ H CQO up%ng &—— boson ~—, Z by'covar/ant derivative _
photon remains emerges e obtain mass from assuming gauge
massless . L /0 invariant coupling terms (Yukawa
i ¢ :\/§<v +H> coupling) to ¢ : FLc/) fR y (v+H) foR
L,z ~ 922 (VHH)2WT, w i Ly =-YiQL, ¢dp, — V4 QL e¢*uf; +hc.
t9.*/8c0sO, Z, ZH
1 S5\ 2 Diagonalise Y and replace gb from SSB
L g
Mw—292U <8Gu> My cos by = My L{ m{'ﬁ,'ﬁa + 5-{5{—"{(..1[12 /\/;2 +h.c
mass term fermion-Hlggs
L interaction term_
1

2 /" wa e Hf\//\/;z q
0= (\/§Gu)1/2 —y v~24eGeY T )
/
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Top production @ LHC: differential growth

(Campbell et al, Rept.Prog.Phys.70:892007)

o= X [ dnidefion fen oy = Y [ (S
— 0 1 2 Ji\+L1 VAR 1] — . § Yy
, r

» Different x-range

dLij Y411 1 —
5= . - 12

and center of o
E ratios of LHC parton luminosities: J
!pggfpgfaqggdgnce el i paron Umiostes
| | ‘
parton o wp % :
luminosities— S b z
} gg_’x dominated é 1 .:'-‘_::':::';‘.::’:’::’_"’_" ————————
rOCeSSEeS grow 2 F=——ssmmm—eeeoo.
Enore than%q W.J. Stirling,
[ private communication
— X ones MSTW200BNLO |
o) S R >
» larger gains at 0 M. (GeV)

high multi-TeV
masses ~up to

O(100) —

Magano, Rojo,
JHEP{1208),2012:10

e Cross sections in “tails” increase
more rapidly than inclusive value

francesco.spano@cern.ch

Top Physics @ LHC: selected highlights

<0
X

-2
10 |

10

: b
I gg — bb
]ﬁ gg—tt
qq— bb
L qq— tt
(Campbell et al,

~ Rept.Prog.Phys. 70:892007)

]
W

10
VS(TeV)

Rth.nnpdf — 14TeV to 8 TeV xsec ratios

(

Cross Section | R™®mPdE | Sopn(%) | 00, (%) | Jscales (%)
tt/7 2.12 + 1.3 —-08-08 | -04-1.1

@ tt 3.90 Y\ £ 1.1 —05-07 | -04-1.1
tt(My > 1 TeV) 8.18 + 2.5 —-13-11| -1.6 - 2.1
CtE(My > 2TeV) | 249 ) +£63 | —00-03 | -3.0-1.1
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http://arxiv.org/abs/hep-ph/0611148
http://link.springer.com/article/10.1007/JHEP08(2012)010
http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
http://arxiv.org/abs/hep-ph/0611148

Top quark predictions@ LHC- the NNLO revolution : single top

u “ Production and decay @ NNLO, decay in narrow width approx
(W) . @Js=8TeV Phys. Rev. D 94, 071501 (2016
W
@ y Ve inclusive [pb] LO NLO NNLO
, @ . t quark 143.77%.1701138.072:97%1134.31 0%
Vinq = three corrections to light quark line, heavy quark t quark 85.8" 1oer | 81.873 0% | 79.3F56ek
line and decay including corrections from two loop,
one loop+1 real emission, two real emission 2jets, 1b-jet antikt R=0.5

0.08}
0.06}
0.04}

- - 0.02}
Differential |
distributions also

do/dpt, [pb/GeV]

0.00!
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prp [GeV]

Ot >40 GeV, [niet|<5 (2.4 for b-jet)
OTIep > 30 GeV | niep| <2.4

fiducial [pb] LO NLO NNLO
+7.6% +4.1% +1.2%
t ) total 4.077 500 12.9575 56, | 2.70" 25,
duat corr. in pro. -0.79 -0.24
corr. in dec. -0.33 -0.13
. total 24517 8% 11,783 9% 11,621 2%
t quark .
corr. in pro. -0.46 -0.15
corr. in dec. -0.21 -0.08

stable values
reduced uncertainties

LPNHE Seminar, Sorbonne Université, 24th June 2019


mailto:fracesco.spano@cern.ch?subject=
https://arxiv.org/abs/1606.08463

Standard reasons:Extreme test of SM: dow/dpT “saga”- dilepton
Js=13TeV JHEP 02 (2019) 149

e Particle flow — individual particles using all CMS subdet— Require 5 \

l+

» 2 opposite sign £ (e,u), z2 jets, =z1 b-tag W
» m(£+2°) > 20 GeV and =Mz (715 GeV window), large pt™ss (>40 GeV) - : .
» Bkg: data-driven Z+jets, simulated tW,W/Z jets, other tt L g
Vv
* Reconstruct tt system with kinematic reco 90% efficient on tt
‘choose (2,jet)  Smear 4- assume pr™iss=2 v + ;?%iﬁr:ufg V' weight for solution =
-assignment n}oeme:lta.} impose 6 constraints _} that me is prob M jet) <180 GeV
to tt with '} _o ap on (2¢, jets, 2 v) : total llest in top and in anti-top
largest # of 1€t Wit MW X2, Migp X2 smaflest
| _g expected PT.MwXz, Miop (resolve ambiguity) :
'.’I?'lets resolution K
\ 4
two separate v 3-momenta for given assignment = weighted average of 100 smeared repetitions
\ 4

keep (£,jet) assignment with maximum 2 weights

* Bkg-subtract & Unfold to parton and particle level = dow/dX =

francesco.spano@cern.ch  Top Physics @ LHC: selected highlights LPNHE Seminar, Sorbonne Université, 24th June 2019 10
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Status of Search for observation of 4 top quarks

ar.

00000) A
A <
@ A

00000 ———— 00000 —— Sub-Leading:
2\/;4 202
Leading: O(xs#) O(as?yt?), O(as?a?)

o NLO(tttt) = 11.97 fb at NLO QCD + NLO QED 13 TeV

Significance ATLAS 36 fb-1 CMS 36 fb-1 CMS 139 fb-1
obs. (exp.) [o]

SS/ML 3.00.8) 1 1.6(1.00 3 2.6 (2.7 6
1L/0S 1.0(0.6) 2. 0.0(0.4) 4 -
Combination 2.8(1.0) 2. 1.4(01.1) 4 -

(table and diagrams by Nedaa Alexandra Asbah)
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https://arxiv.org/abs/1807.11883
https://arxiv.org/abs/1811.02305
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-009/index.html
https://cds.cern.ch/record/2666712
https://cds.cern.ch/record/2668710
https://cds.cern.ch/record/2666712
https://arxiv.org/abs/1811.02305

Standard reasons:Extreme test of SM: dow/dpT “saga”- dilepton

Js=13TeV JHEP 02.(2019) 149
* Particle flow — individual particles using all CMS subdet— Require 5 \

» 2 opposite sign £ (e,u), z2 jets, =z1 b-tag g

» m(2+2°) > 20 GeV and #Mz (715 GeV window), large pt™iss (>40 GeV) - - .
» Bkg: data-driven Z+jets, simulated tW,W/Z jets, other tt l g
* Reconstruct tt system with kinematic reco 90% efficient on tt
choose (¢,jet)  SMear 4- assume prMiss= 2 v + solve for both v weight for solution =

| 3- h i :
-assignment Lr}oen;izta.} impose 6 constraints _} ch;O’::tS;;C = prob M(¢,jet) <180 GeV :
to tt with '} on (2¢, jets, 2 v) : total in top and in anti-top

| jets with smallest
5 Ia':geSt # of expected pT, MwX2, Miop X2 (resolve ambiguity) _
'-,I?'lets resolution -
\ 4
two separate v 3-momenta for given assignment = weighted average of 100 smeared repetitions
\ 4

keep (£,jet) assignment with maximum 2 weights

* Bkg-subtract & Unfold to parton and particle level = dow/dX =
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Extreme test of SM: double and triple diffxsec - dilepton+jets

CMS-TOP-18-004, submitted to Eur. Phys J. C A
b v
¢ 13 TeV Dilepton selection as JHEP 02 (2019) 149 w*
e Extra jets: central, high pr jets with AR(e-jet,lep)=AR(e-jet,b-jet) > 0.4 S —
W- t t
- Bkg: data-driven Z+jets, simulated tW,W/Z jets, other tt P .
v —
- Reconstruct tt system with dilepton kinematic reco JS 13TeV
standard for 2d distributions loose: for 3d distributions
® assume pr™ss = 2 v + psMss=p(L+L),E(£+L),
* Mitvs {Ptiop |ytop| |yt| An(t,t), Ag(t.t),pr} m(2 v)>0, m(WW)z 2 Mw
* [|ytopl, PTtop] e keep (£,jet) assignment with maximum pr jets
* [Mtt,Vitt, Nextrajets] 2 bins (0,1) and 3 bins (0,1,2)
CMS 35.9 fb" (13 TeV _
> r r ' CMS 35.9 fb™ (13 TeV)
3100000~ | ¢ Pata s30000- " Hepaa
2 Mt signal P 1 [l tt signal
e | Ett other = [TJtt other
P Bioni S 20000 I N
;é; 50000 L JSyst. unc. B i ‘ o
o - R Syst. unc.
o 10000 -
o 1.2:— g
:: (ng ¢

500 1000 1soq .
M(tt) [GeV] y(tt)
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*Unfolding: infer an unknown distribution f(y) for a variable y from the '
measured distribution g(s) by using knowledge and/or assumptions on the U nfOld I ng

probability distribution that links the observation to the “true” value.
/Ksy ®+M)

“true” mass of tt S measured 4
system [1] q ¥ ,, mass of tt system [2]
= - 7 ATLAS R
\ e fom T v FS
3 " [l Vi s = =2 b ".:"‘ 514ooi 2 Divason *
z ., [[> e - N oEER EPJ Web of conference
s P e : vol 55 (2013) 03002
N L T % it g ]
01456600 8%? [Gleo\o/o] 1201400 U sccoriac MY OO St 07. 200" 400 600 800 1000 120;;{:231
S Ingredients
Vi = / g(s)ds * response matrix R: prob true
it BT =1 = Z R; i + Bi in biniis reco in bin j
7 * number of observed events n
= / F(y)dy * reconstruction efficiency
Eln)=v=Ru+p  -estimaeofexpectedbkgf | the Max LKL solutlon
e —
En]=v=Ru+p E—Hv

OlogL(pi)/Opwi =0V 1

Small changes in input (can) lead to large changes in the ML estimate.

*Reqgularize = Reduce impact of high frequency while keeping info of high
significance, stable components — reduction in variance w.r.t. ML estimator
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Example dow/dpriopijet) 1+jets @ particle level (PL)- /s =8 TeV

Phys. Rev. D 93, 032009 (2016) Reco selected out
oee R similar (simpler)
Pass Reco, ass Reco, Fail Reco Fail Reco,
[ Pass PL j[ Fail PL I Pass PL :[ Fail PL ] formulas for
parton level

to correct to

dog . 1 -
1 ] _ 1 _ A1/
d (p T,ptcl) B Apl Vs fi Z M reco'ptclf” +jets (N reco Nreco,bgnd)
PT,ptel p T,ptc]™ ptcl!reco \ \
/ events that pass reco & part
events that pass particle & reco events that pass reco
events that pass particle Unfold at level of l
l [Pass Reco, j . .
Fail Reco Pass PL =i ldlele;
restore[ Sy ] take Fail PL away
> e e & 1200 e 100 T T,
S 0‘9; ATLASSumulatnon @ 1100 F :QT::AVS Slmulatlo g ATLASSlmulat|on .
% 0.8% 1s = 8 TeV, Detector — Particle 3_" 1000 |- POWHEG + PYTHIA g 1: 1s = 8 TeV. Detector — Particle Trn
0.7} 8 ol 2 resolution
0‘6; ] g‘ é 0'9; T — * :
0.5} | 3 et
04f- - —— < 0.8 \
i — ... Jjet resolution
02} ailing -
0.1 lepton isolation oel effect
200400~ B0t 60000 500"~ 000 10661160 7% 300 00 00500 505" 700300308 To00 100t 200 300 400 500 600 700 800 900 1000 1100 1200
Particle top-jet candidate p, [GeV] Particle top-jet candidate p_ [GeV] Reconstructed top-jet candidate p, [GeV]
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Special reasons: measure o - dilepton @ s =13 eV

Phys. Lett. B761 (2016) 136

Ty Ty | | B | LI a2

ATLAS ® Data 2015

example from ATLAS § 20 _ E
T je00f- \s=13TeV,3.2fb" o iLFowheasPY 3
- = r 16000 - Em Z+jets &
» Select opposite sign - -
ey, minimal use of jet/ w ) S— — Powhe *&,‘QHW
E7™s info S o 3 ok
- Bkg: mostly single top (W) W- t t b0 & . =
data-driven fake leptons Z 7~ Y 4000 3
+jetS v 2000 =
K g ' . —

© ' [ Stat. Uncert.
ST
- Simultaneously fit for o:: and ¢, efficiency to B — T —y
select, reconstruct and recognize b-jet in 1-b-tag tt purity ~89% ~96% "o

and 2-b-tag samples—minimize jet & b-tag syst
bk - Dominated by “External”
from Ny = ﬁatffgké?ebﬁ _Qﬁbfb) + N1 7 Systematic effects:
simulation bk Luminosity (1.5%),Beam
No = Eatteeg Cbeb + N; J (2.3%) energy

- tt Modelling uncertair}ty \
, : : reduced from parton ( ~3%
Extrapolate to particle (called fid) & parton level to particle ( ~2%)
o7 = 818 £ 8 (stat) £ 27 (syst) £ 19 (lumi) + 12 (beam) pb Soii/os ~4.4 %

o1 =11.32+0.10 (stat) & 0.29 (syst) % 0.26 (lumi)
NNLO+NNL prediction : 832 +40-46 pb

ooii/oi ~3.9

francesco.spano@cern.ch  Top Physics @ LHC: selected highlights LPNHE Seminar, Sorbonne Université, 24th June 2019 16



mailto:fracesco.spano@cern.ch?subject=
http://www.sciencedirect.com/science/article/pii/S0370269316304397

CMS-TOP-18-004, submitted to Eur. Phys J. C

Table 1: The x? values (taking into account data uncertainties and ignoring theoretical uncer-
tainties) and dof of the measured cross sections with respect to the predictions of various MC

generators.
Cross section x>
dof

variables ‘POW+PYT" ‘POW+HER" ‘MG5+PYT’
y(t), pr(t) ] 15 57 18 35
(M(tt), y(t) ] 15 26 18 36
M(tt), y(tt) ] 15 28 17 23
M(tt), Ay(t,1) ] 11 66 68 124
M(tt), Ap(t,1) ] 15 14 18 10
(M(tt), pr(tt) ] 15 21 22 29
(M(tt), pr(t) ] 15 77 34 68
(N, M(tE), y(t)) ] 23 34 31 34
(N *", M(th), y(tE) ] 35 50 66 63
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-004/index.html
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CMS-TOP-18-004,

submitted to Eur.
Phys J. C
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— Total [~6.0%] © CT14 [~2.1%] @ w2 [~3. 1%] A g +.005 [~3. 5°/] v m'f’°'e + 1 GeV [~2.4%)]

X ET P orori o ; 55 EEEEEE
> 15 ¢ . i i 5 L N
L — . . . 1 . . . 1 . . . . 1 . 1 . . . —
k= L : S S R
g 10: : ¢ + ¢+ ¢ o s - T =
= L : — - I
I IR I e yre e PSPPSR B [ =
C TRl iniT e i T e DA N oty 03
D) O — 10 gl g0 g Vuo Vio v:o Vi " Vlo o g : 10 vi0 vio V. vuo Vion Vi97 Vi T
L : : T A Z : T i~ Vig_ VIO Vi v, —]

— : .OA'D: o) OA' VODV Vlo. 0 : O Ioq : o V.OV v: ¥

. . ] e = I : : 1 : 1 : DA —]

_5§_E'A AV ElAvEl oo ;A;_Al_l Al a Ad:' DAV; DAV. DAV oA A A AI ' : : d:li:

= L T T : s — : —=
-10=—: ¢ ¢ ! a ! ! -
gLic] Sub T U A T : : e
2 4 6 8 10 12 14 16 18 20 22 24

Bin [N01+

—+]
N
[—

M(tE), y(t

—Total [~7.0%] © CT14 [~2.2%] B w*2 _[~3.9%] 4 ag = .005 [~4 oo/] v mF’°'e + 1 GeV [~2.4%]

X E
> 15 =
c =R H
s 105 —
S 5Es - =
c O Gh =
® 0 =
5B . 2 -

— ' ' ' Da_:
-10E= : : : : =
—15§ i E E E E E —i

5 4 6 81012141618202224262830323436

Bin [N, ™, M(t),y(t)]
Figure 13: The theoretical uncertainties for [Z\i]%t1+ M(tt), y(tt) ] (upper) and [Z\l]%t1 2t M(th),

y(tt) ] lower) cross sections, arising from PDF, ag(mz), and mfde variations, as well as the total
theoretical uncertainties, with their bin-averaged values shown in brackets. The bins are the
same as in Figs. 10 and 11.
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-004/index.html

1 Extreme test of SM: Double differential cross section @13 TeV
egions!

Y * Pros: Add

d?ow/dXdY novel
‘\ * information
< <" -~ NxM from

. < bins lation
N+M bins bins

global inconsistency in pr in bins of Njet @ particle level vs NLO+PS

35.8 fb' (13 TeV)

_ 35.8 fb (13 TeV) o C CMS  elu+ets 2 additional jets
2 ; CMS elujets 0 additional jets [0) 3 particle level e Data
(GDJ 1072 ke particle level e Data (-2-/\ 10 S Sys @ stat
T F e Sys @ stat Phys. Rev. D | E e Stat
£ - tat ) 5| o K vl POWHEG P8
3 o= 10° & + POWHEG P8 97, 112003 5 P *..,... i SH\éV:FI,EA CS
e E v ¥ SHERPA CS 2018 JE 10 = - - - POWHEG Mot
e a4l - - - POWHEG H++ 5 = g ..« MG5 P8 [FXFX]
o 107 E L ... MG5 P8 [FxFx] - ¥
- L. B iy e
105 L % no additional 100 ;‘
- - - aqadaitiona
of Jets 64/29<)?/DOF<285/29 | e N
0°F s N " I jets i g
_ o R R p<0.01 . =~ P e e
slg 88 |4 e R
I-ED 1.5 +.+ ...................... + ............... Jroeveiies = . . ? { ""-""I ------- )l( -----
- - - SELY NP PR SR P
1;:&._.:%._2‘}_ low P value 1?1”{ : %1.%%.% i
L foralMC .+t . '

0O 100 200 300 400 500 600 700 800 900 1000 O 100 200 300 400 500 600 700 800 900 1000

pT(ﬁ) [GeV] descri ptions pT(tf) [GeV]
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1 | Extreme test of SM:Double differential cross section @13 TeV

@ particle Ievel Phys. Rev. D 97, 112003 (2018)
check mi consistency as Lorentz boost increases (larger prop)
_ 35.8 fb! (13 TeV) R | 35.8 fo (13 TeV)
T Fows e o<pt) <205 S oM i msp<sce
8 - particle level e Data O] N Sys @ stat
° S| gys @ stat ﬁ- i ik Stat
&A 10 o e Ptat . —~ 'i""t'f" t POWHEG P8
= F i SOWHEGCS = 10° B T ¥ SHERPA CS
a” - Sy ' pg\EVZPEAéH o| S - - cahk - - = POWHEG H++
Ll L nie + Bl  F ﬁl ... MG5 P8 [FxFx]
Bl = 107 & 2f ..-. MG5 P8 [FxFx] = -
= - S i ﬂ%
% - TR “I yy © T — f '.'!.'.".".'.".’{".'.".".'
i OW™ PrT,0 10° = .
105 ,OP 2 13 79
; .................. o ®iaiaininialainininia ;%.-;l: hlgh pT,Op
_ ;H'.Jf. """ S EE—
== 1IHH mEia
0.8; ) T I‘Tm *
06 .
------------------------------- 400 600 800 1000 1200 1400 1600 1800 2000

400 600 800 1000 1200 1400 1600 1800 2000

M(tf) [GeV] M(tt) [GeV]

* “Inconsistency” reduced to “tension”
by including theory uncertainties

PW+PY8 732 <0.01 474 0.039

SHERPA 66.5 <0.01 57.2 <0.01
* same @ parton PW+H++ 152 <0.01
MG5+PY 48.9 0.028
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2\ Measuring SM variables: gluon PDF

@8 TeV

NLO Measurements Eur. Phys. J. C 77 (2017) 804
%%og&tions - HERA DIS
2 =
+ x Fit + LHC measurements
. +ApplGRID)  to| . extract
NNPDF /CT14
CEIED yith free \:\?ith & w/o/:TLAS gluon PDF
gluon PDF 1/6+ dow/dX with X= parameters
parameters or dou/dX wi
[n°l,ye+, B+ EX

E TG Aas T f & L pome ATlAS

¢ m HERA 14 ] ] z | = HERA S

S 1.4  HERA I+l 3 D 44 HERAI+I i

St & | ==NNPDF30

2 [ Ratio to HERA only fit g | TNNPOrRaOplied

<'1.05 . 8

/

095 7*/Nor= 1219/1042
- PNyoi= 1247/1067
Pl ! Lol

., Ratio to HERA
- only fit

1072 107!

Adding tt info to HERA reduces
uncertainty by 10 to 25%
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Including tt info in NNPDF/CT14

lowers gluon pdf at high x
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Looking at the future: top quark mass from dow/dXdY

“
‘—
-

Light quarks,
1

Measure dow/dXdY in l+jets

v

| .
neutrino

lepton

Mtop,1, Miop,2, Mtop,3 ...

o~

>
. m
N+M bins top
* Pros:Add novel information . pinimise X20f
from lation bins +use d20u/ dpr.top VS

most precise predictions NNLO miop-
e Cons(?):..requires more events, depe_nd_ent
larger sensitivity to modelling? prediction
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Extreme test of SM:double differential cross sections
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Extreme test of SM: Double differential cross sections

Phys. Rev. D 97, 112003 (2018)

Absolute @ particle level

Kine vs jet multiplicities and final state objects

Distribution x%/dof p-value x>/dof p-value x?/dof p-value
POWHEG+P8 with unc. SHERPA with unc. POWHEG+PS8
* FxFxhasupto 2 Additional jets 152/6 0.958 273/6 <001  10.1/6 0.121
partons @NLO: itis  Additional jets vs. pr(t,) 35.1/44 0.830 64.6/44 0.023  71.6/44 <0.01
more consistent Additional jets vs. M(tt) 27.5/36 0.845 68.9/36 <0.01] 38.8/36 0.345
with 2d diffxsec Additional jets vs. pr(tt) B4.6/29 <0.01 181/29 <0.01| [175/29 <0.0
even without theory ‘pT((jet))’ 70.2/47 0.016 374/47 _<001] 133/47 <00
- 7 (jet 120/70 <0.01 174/70 <001| |171/70 <0.0
uncertainties AR;, 60.9/66 0.655 215/66 _<0.01 | [168/66 <0.0
| AR; 64.0/62 0.405 229/62 <0.01| [121/62 <0.0
® D1t IS ONly | SHERPA POWHEG+H++  MG5_.aMC@NLO+P8 FxFx

observable with Additional jets 63.0/6 <0.01 341/6 <0.01] 11.1/6 0.086
global inconsistency  additional jets vs. pr(t,) 88.5/44 <0.01 230/44 <0.01| 534744 0.156
Additional jets vs. M(tf) |112/36 <0.01 300/36 <0.01| 55.1/36 0.022

Additional jets vs. pr(tt) |285/29 <0.01 223/29 <0.01| [22/29 <0.01

pr(jet) 768/47 <0.01 624/47 <001| [111/47 <0.01

1 (et) | 214/70 <0.01 259/70 <0.01| [133/70 <0.01

AR;, 334/66 <0.01 959/66 <0.01| 67.0/66 0441

AR; 316/62 <0.01 483/62 <0.01| 78.9/62 0.073

theo uncertainties available only for POWHEG+PY & SHERPA
Additional jets = jet multiplicities up to 5 additional jets with pt> 30 GeV
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Extreme test of SM: Double differential cross sections

Phys. Rev. D 97, 112003 (2018) Normalised @ particle level

Kine vs jet multiplicities and final state objects

Distribution x%/dof p-value x%/dof p-value x?/dof p-value
POWHEG+P8 with unc. SHERPA with unc. POWHEG+DP8

Additional jets 220/5 0.820 26.4/5 <0.01 12.5/5 0.029

e FxFx has up to 2 Additional jets vs. pr(ty) 28.6/43 0.955 35.8/43 0773  69.7/43 <0.01
partons @NLO: it is Additional jets vs. M(tt) 24.5/35 0.908 46.1/35 0.100 38.9/35 0.298
. Additional jets vs. pr(tt) [73.3/28 <0.01 122/28 <0.01 164728 <0.01

m_ore con_8|stent pr(jet) 75.3/46 <0.01 184746 <0.01 134/46 <0.01
with 2‘?' diffxsec 17 (et) | T4T/69  <0.01 T67/69 <001 | |160/69 <0.01
even without theory AR, 69.9/65 0.317 157765 <001 | (173/65 <0.01
uncertainties ARy 82.2/61 0.036 ~163/61 <001| [126/61 <0.01

SHERPA POWHEG+H++ MG5_aMC@NLO+P8 FxFx

® DTit IS iny Additional jets 62.4/5 <0.01 354/5 <0.01 931/5 0.097
observable with Additional jets vs. pr(tn) [79.8/43 <0.01 194/43 <0.01| 51.4/43 0.178
- - Additional jets vs. M(tf) [86.3/35 <0.01 287/35 <0.01| 48.2/35 0.068

lobal inconsistenc ] :

J y Additional jets vs. pr(tf) | 282/28 <0.01 232/28 <0.01| [112/28 <0.01
pr(jet) 692/46 <0.01 623/46 <0.01| |[112/46 <0.01

7 (jet)| 213/69 <0.01 255/69 <0.01| |[121/69 <0.01

AR, 301/65 <0.01 976/65 <0.01| 65.2/65 0.469

AR, 325/61 <0.01 506/61 <0.01| 74.7/61 0.112

theo uncertainties available only for POWHEG+PY & SHERPA

Additional jets = jet multiplicities up to 5 additional jets with pt> 30 GeV
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Extreme test of SM: Double differential cross section @13 TeV

Absolute
@ parton
level

- POWHEG +PY8
Inconsistency is
reabsorbed if
theory
uncertainties are
included

francesco.spano@cern.ch

Phys. Rev. D 97, 112003 (2018)

Distribution ~ __x?/dof p-value _ x*/dof p-value x%/dof p-value
( POWHEG+PS with ung. POWHEG+PS8 NNLO QCD+NLO EW

P (thigh) 164/12 0173 [274/12 <0.01]

D1 (tow) 224/12 0.033 [42.7/12 <0.01 |

pr(th) 16.4/12 0.175 24.0/12 0.020 5.13/12 0.953
y(t)] 1.28/11 1.000 141/11  1.000 227/11 0.997
or(ty) 222/12 0.035 38.3/12 <0.01 9.56/12 0.654
y(t)] 2.04/11 0.998 242/11 0.996 8.14/11 0.700
M(tt) 7.67/10 0.661 11.6/10 0.314 24.7/10 <0.01
pr(t0) 538/8 0.717 46.5/8 <001

(D), 3.98/10 0.948 5.66/10 0.843 9.26/10 0.507
()| vs. pr(ty) 23.6/44 0.995 41.6/44 0.577

pPT (th) vs. M (tf)

38.9/32 0.188

59.3/32 <0.01 |

POWHEG+H++ MG5_aMC@NLO+P8 FxFx —
PT(’fhigh) 6.60/12 0.883 16.3/12 0.180
pr(tiow) 28.5/12 <0.01 15.3/12 0.225
pr(th) 5.09/12 0.955 11.0/12 0.530
ly(th)] 2.39/11 0.997 2.21/11 0.998
pr(ty) 6.55/12 0.886 17.4/12 0.136 o~
1y (ty)] 2.54/11 0.995 3.99/11 0.970 theOr.y uncertainties
M(t) 416/10 0.940 12.1/10 0.275 available only for
pr(tt) 55.0/8 <0.01 26.8/8 <0.01 POWH EG+ PYS
ly(tt)] 11.9/10 0.292 8.92/10 0.540
ly(ty)| vs. pr(tn) 57.9/44 0.077 40.2/44 0.634
Mt ve Ly (i) 40 8/35 (229 5 7/35 <001
pr(ty) vs. M(tt) 193.0/32 <0.01 166/32 <0.01 |
|
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Extreme test of SM: Double differential cross section @13 TeV
Phys. Rev. D 97. 112003 (2018)

Distribution B x>/dof _p-value - x%/dof p-value x%/dof p-value
(_ POWHEG+P8 with unc) POWHEG+DP8 NNLO QCD+NLO EW
: P17 (thigh) 184/11 0.073 244/11 0.011
Normalised 1) 16.6/11  0.120 40.0/11 <001
@ parton pr(ty) 16.1/11 0.138 229/11 0.018 499/11 0.932
y(th)] 1.25/10 1.000 1.33/10 0.999 2.23/10 0.994
level pr(ty) 23.6/11 0.014 33.0/11  <0.01 8.67/11 0.652
y(t)] 2.03/10 0.996 2.29/10 0.994 8.18/10 0.611
M(tf) 7.78/9 0.556 11.3/9 0.259 74479 <0.01
pr () 552/7 0.597 40.9/7 <0.01
ly(tF))] 3.89/9 0.919 5.36/9 0.802 9.29/9 0.411
- POWHEG +PY8 y(t)| vs. pr(ty) 22.7/43 0995 38.8/43 0.654
Inconsistency is M(tt) vs. ly(tt)|  20.2/34 0.970 33.2/34 0.507
reabsorbed if | pr(ty) vs. M(tt) 34.4/31 0.309 574/31 <0.01
theory POWHEG+H++ MG5_aMC@NLO+P8 FxFx —
uncertainties are PT(thigh) 4.10/11 0.967 13.2/11 0.283
included P (tiow) 17.4/11 0.096 11.9/11 0.370
pr(ty) 3.61/11 0.980 9.95/11 0.535
v (th)] 1.63/10 0.998 1.11/10 1.000
pr(ty) 8.36/11 0.680 16.4/11 0.128 .
y(ty)] 1.57/10 0.999 2.48/10 0.991 theory uncertainties
M(tf) 3.57/9 0.937 7.61/9 0.574 available only for
_ pT(_E) 434/7 <0.01 20577 <0.01 POWHEG+PYS8
consistent ly(tt)] 5.94/9 0.746 4.65/9 0.864
) y(tn)| vs. pr(tn) 32.6/43 0.877 27.8/43 0.965
with absolute _ mvi) vs [yt 272/34 0788 40.2/34 0.214
‘ pr(ty) vs. M(tt)  B7.9/31 <0.01 77.9/31 <0.01 |
|
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Extreme test of SM: Double differential cross section @13 TeV

Distribution C x?%/dof p-value‘) x%/dof p-value x?/dof p-value

Absolute POWHEG+P8 with unc. SHERPA with unc. POWHEG+P8
) p1(th) 15.9/12 0.197 721/12 0844  [295/12 <001
@ partlcle ly(th) | 1.96/11 0.999 1.48/11 1.000 223/11 0.997
level pr(ty) 27.0/12 <0.01 223/12 0034 [802/12 <0.01
y(t)] 455/11 0.951 507/11 0928  499/11 0.932
M(tt) 5.83/10 0.829 2.40/10 0992  9.07/10 0.525
. POWHEG +PY8 pr(t) 1.96/8 0.761 28.9/8 <0.01| | 412/8 <001
: ) ) ly(t0)| 5.93/10 0.821 6.63/10 0760  8.61/10 0.570
inconsistency Is y(t)| vs. pr(ty) 35.7/44 0.810 206/44 0953  64.1/44 0.025
reabsorbed if M(tt) vs. |y(tt)|  25.9/35 0.867 242/35 0914  56.2/35 0.013
theory pr(ty) vs. M(tf)  47.4/32 0.039 57.2/32  <0.01] |732/32 <0.01

Pncertamtles are SHERPA POWHEG+H++  MGb_aMC@NLO+P8 FxFx

included pr(th) 13.5/12  0.335 321/12 <001| 17.4/12 0.137
y(ty)| 2.32/11 0.997 489/11 0936  3.16/11 0.988
* FxFxis the most  , (¢ 39.4/12  <0.01 21.8/12 0040 [47.7/12 <0.01
consistent already  |y(t,)] 554/11 0.902 104/11 0969  7.22/11 0.781
without theory M(tt) 2.86/10 0.985 528/10 <0.01] 5.45/10 0.859
uncertainties pr(tt) 68.7/8 <0.01 46.8/8 <0.01 21.3/8 <0.01
y ()] 12.1/10 0.276 18.6/10 0.046  8.13/10 0.616
. y(ty)| vs. prty) 48.3/44 0.305 116/44 <0.01| 44.9/44 0.434
consistent M(t) vs. |y(ff)| 41.5/35 0.208 219/35 <0.01| 55.7/35 0.014
with absolute  pr(t) vs. M(tt) [665/32  <0.0] 152/32 <0.01| 48.9/32 0.028
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Extreme test of SM: Double differential cross section @13 TeV

Normallsed Distribution x2/dof p-value x*/dof p-value x?/dof p-value
@ particle (POWHEG+P8 with und. SHERPA with unc. POWHEG+PS8
pr(th) 14.9/11 0.186 6.99/11 0.800 29.4/11 <0.01
level ()| 1.77/10  0.998 1.25/10 1.000  1.90/10 0.997
pr(ts) 25.3/11 <0.01 28.0/11 <0.01 74.0/11 <0.01
ly(ty)] 4.50/10 0.922 4.88/10 0.899 5.00/10 0.891
. POWHEG +PY8 M(t0) 5.69/9 0.770 217/9 0.989 9.33/9 0.407
inconsistency is  Pr(t) 536/7 0.616 125/7 0086  [348/7 <001
reabsorbed if y(t)] 5.79/9 0.761 6.68/9 0.671 8.48/9 0.486

27.6/43 0.967 32.7/43 0.872 53.8/43 0.126

theory |y(th)| VS. pT(th)

uncertainties are

M(tt) vs. [y(t0)]

26.5/34 0.817

22.7/34 0.931

54.0/34 0.016

) pr(ty) vs. M(t)  42.5/31 0.082 392/31 0149 [64.8/31 <0.01

included
SHERPA POWHEG+H++ MGHh_aMC@NLO+P8 FxFx

e ExFx is the most Pt 13.9/11 0.238 341711 <001l 152/11 0.173

consistent already V() 1.60/10 0.999 381/10 0955  2.73/10 0.987

o o Yo i) 373/11 <0.01 75.0/11 <001 [405/11 <0.01

without theory y(t)] 528/10 0.872 392/10 0951  554/10 0.853

uncertainties M(t) 2.99/9 0.965 51.7/9 <001  4.98/9 0.836

pr(th) 594/7 <0.01 13.8/7 <0.01 17.9/7 0.013

y(t0)] 113/9 0.253 182/9 0.033 837/9 0.498

y(ty)| vs. pr(ty) 47.7/43 0.287 108/43 <0.01| 409/43 0561

consistent M(tD) vs. [y(fF)]  37.6/34 0.308 234/34 <0.01| 555/34 0.011

pr(ty) vs. M(tF)  163.2/31  <0.01 126/31 <0.01| 43.0/31 0.074

with absolute
theory uncertainties available only for POWHEG+PY8 & SHERPA
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REMINDER

Parton distributions functions and top quark : the connection (lI)
In c.m. frame of pp system, the parton momentum components are written

NG 3

plf — _(xlaanaxl) pg — %(xg,(),(), —$2> .

2

Using conservation of momentum &  _
parsons in the leading order picture for ff —
tt, the rapidity of the top quark pair is

N 1 E( )+pz(tf) 1. x
v = 3w —pm) ~ 2
§ = x1x9s = M(tt)
7 M (tt
X1 M\%t) eV T2 = \55 ) e

- maximum probed x at 13
TeV is ~0.25 given the bins
of the rapidity and tt mass
distributions ranges
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(@assume massless partons)

t
a/9 7 <« 0/9
t
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The Top pr saga,
including the new chapter @13 TeV

francesco.spano@cern.ch  Top Physics @ LHC: selected highlights LPNHE Seminar, Sorbonne Université, 24th June 2019 31



mailto:fracesco.spano@cern.ch?subject=

What we measured at \/s=7,8 TeV: X in don/dX
@% Overview of current results at LHC %

» [ncreasing variety of differential cross section results

Chs, |

* More measurements in fiducial PS, exploiting particle-level object definition and pseudo-top

* Pioneering results in boosted regime, first absolute differential cross sections appearing

15-30% | j
20-40% PPt
3-6% | Ytop ﬂ Niep PTlep 4-6%
10-20% (single top) | PTtop, I
i ' 5 ' o v -
4'6% nb-jet p'l;b-jet, lnd/v,dua/ w+ | p'l;lep-lep 4-6%
tolo Miep-iep
W- t t
15.4095 |PrietNiet| @ i
| Qjet(veto) q' tt SyS tem 'y
| sensitive to resonant&
higher order - non resonant new phys
tt

corrections (radiation)

yi: (rapidity) 5-10%

Pt

3-6%
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parton level
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ATLAS vs CMS vs NNLO Theory :1/0w dow/dpttop @ /s = 8 TeV

i

[GeV'

parton level

t
T

e ATLAS & CMS
measurements are
generally
consistent with
each other

e CMS shows slight
slope

1/o0do /dp

e UUsing latest predictions
with dynamic
factorisation &
renormalization scale

Qualitative
statement,

no statistical test
performed yet

Data or theory

0.008

o
o
S
~

0.006

0.005

0.004

0.003

0.002

0.001

ATLAS+CMS Preliminary LHCIOpWG Vs = 8 TeV, Nov 2016

m ATLAS,L=203fb"
KE B EPJC 76 (2016) 538

e CMS,L=19.71"
EPJC 75 (2015) 542

g - NNLO (CT14 PDF)

u_=u_=my/2, m =173.3 GeV
R F top
arXiv:1606.03350
----- NLO (CT14 PDF)
w,=u_= m./2, Moo= 173.3 GeV
arXiv:1606.03350

‘I+

n CMS st[at. @ syst. unc.
i ATLAS Stat. @ 8YSE UG oo —

p [GeV]
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The Top pr saga: NLO+PS @13 TeV

PTtop

Parton level vs NLO+PS

15 l 2.0-2.3 by’ {13Tev=}J
- | L L I | L L L] I | I L L I I 1T 11 I | I I ) | " N : L : 1
9 CMS ]
Z 1.4F preliminary Parton level E
z -1 3 & dilepton (CMS-PAS-TOP-16-011) _:
_FE . f lepton + jets (arXiv:1610.04191, sub. to PRD) E
S 1.2 -

1.1 -

0.9F

0.8F

0.7 z— E

0.6F i eu.mm -0.0003 x p_ 3

0.5 :I 1 1 1 I 1 1 1 1 I 1 1 1 1 I ] 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I I:

0 100 200 300 400 500 600 700

Top P [GeV]

¢+jets and dilepton “resolved”

softer, but compatible with standard model within uncertainties

measurement and theory.
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1'__| [T T | T 1T T 1 | T 1T T 1 T 1T T T T 1T T 1 | T 1T T 1 | T T T T ]
% -~ _ATLAS e Data -
@ 107'Et {s=13TeV.36.1 fb" PWG+Py8 =
= - Partonlevel v PWG+H7 -
o - ptT,1 > 500 GeV, ptT,z > 350 GeV " MG5_aMC@NLO+Py8
© — Sherpa 2.2.1 —
\'..": 10—2 - Stat. Unc. —
_g i-l_._LFI Stat. ® Syst. Unc. =
o= = : §
>~ 10_3 _ b @ _
10*=  Ngof=6 o
- 3.7<x%<4.3 -
o5 0.61<p<0.72 _
:I | | | I I | | | I I | | | I I | | | | | | 1 1 | | | —
S| 1.5E EEEEE e ST
= © r . eI UISSY ) J0U000000000000000000000000 J0000000000000000000060000 &y
-_g 0 T T B e =
o 0o 0 Y
& :

p: [GeV]

All Had : no slope and consistent
larger stat uncertainties
no theory uncertainty
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The Top pr saga: dilepton NLO+PS @13 TeV

CMS Preliminary ~ 35.9 fb™ (13 TeV)

CMS-PAS-TOP-17-014

|1I__| F T 1T 1T 1 | 1T 1T 1 | 1T 1T 1 | 1T 1T 1 | T T 1 | T T CMS Prellmlnary 359 fb_'] (13 TeV)
> -2 L D|Iepton parton _ — FT T T rrr [t T T
8 10 - ——— ] %) 10 b Dilepton: parton _:
.. T —_— (D E ————— — ]
- Ndot=5 ] e T Ndoi = 6
3g o ——
-O -3 R e s ] -
10 b Q. 1 = = —_— =
e Data R e Data T =TT
104 e 0 :
- --- Powheg v2+Herwig++ ] - ]
- - - - MG5_aMC@NLO+Pythia8 [FxFx] TTTTTEETTTT [ MGf_aMC@NL|O+Pythia8 [|FXFX] l'""‘"EE'l""'“j
e e e e e by e e e e by i
R e S L - Stat. @ Syst.
[ Stat. @ Syst. | i L ot | F
E’ ] 1.2 __ Stat ________‘------—----__- é % ' B e j_-'_-'='-"-'-"-"-'='-"-':
8 © . O IE ()] 1 ____J—'_'_"_':':':'_'
ca k. FIITTT .
— 1 .
300 400 500
pl [GeV]
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Ndof =5 0 6 HglelfagF-lIE=le
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Extreme test of SM: the top pr “saga” @137eVv
Particle level vs NLO+PS

1/0w dow/dX JHEP 11 (2017) 191

%I 1 é_ SRR ol lDati':l - —§

©) — _ PWG+PY6 h,, =m, 7 H 17 79
I e PWG+PYS hro=2m, radHi 0 +]ets resolved
© = oS TT aamamman G = =
2 —  Fiducial phase-space mgigg Ejz:z=Tt5r?nc:Lo -]

S 102  emeees PWG+H7 hy,,=1.5m, -

~_ S e PR T TP T Y PWG+H++ hy,  =m, 3

" | ®™,  ==es aMC@NLO+H++ .

° 193 m aMC@NLO+PY8 _

. 10 = Stat. unc. = NdOf = 1 4

RS — Stat.+Syst. unc. 7

~ 4 .

107 = 21.5<y%<24.4
1o L . 0.03<p<0.09

5 14E K\A/\

3|8 1215: Different

g° . F radiation except for

| 14E POWHEG+HERWIG
ols 1.2 i

9% 2E Different ——  ¥2=15.4 p=0.35 (-)
ol e hadronization

1.4F .

Sy 1o Different
=B generator
o8 & hadronization

» Tension with most NLO+PS predictions: slope w.r.t measurement
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Extreme test of SM: the top pT “saga” @13TeV
Particle level vs NLO+PS
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» Tension with most NLO+PS predictions: slope w.r.t measurement.

 Less tension than in “resolved”, larger statistical uncertainties
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Extreme test of SM: the top pT “saga” @13TeV
Particle level vs NLO+PS
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- Measurements agree with predictions
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The Top pr saga: dilepton NLO+PS @13 TeV
CMS-PAS-TOP-17-014

CMS Preliminary  35.9 fb' (13 TeV) CMS Preliminary  35.9 fb™ (13 TeV)
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Extreme test of SM: the top pr “saga” @137eVv
Particle level vs NLO+PS
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» Tension with most NLO+PS predictions: slope w.r.t measurement
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Extreme test of SM: the top pT “saga” @13TeV
Particle level vs NLO+PS
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» Tension with most NLO+PS predictions: slope w.r.t measurement.

 Less tension than in “resolved”, larger statistical uncertainties
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Extreme test of SM: the top pT “saga” @13TeV
Particle level vs NLO+PS
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- Measurements agree with predictions
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The Top pr saga: dilepton NLO+PS @13 TeV
CMS-PAS-TOP-17-014

CMS Preliminary  35.9 fb' (13 TeV) CMS Preliminary  35.9 fb™ (13 TeV)
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O, Hindrichs

CMS-TOP-16-013, 2.5fb— 1 13 TeV
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Summary differential cross sections

@ Measurements at 7, 8, and 13 TeV in various tt decay channels.

@ pr(t) observed softer, but compatible with standard model within uncertainties in

measurement and theory.

@ Persistent in boosted regime pr(t) > 400 GeV.
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top pair associated production
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Motivation
— e ———— R

e The top quark couples to other SM fields through its gauge and Yukawa interactions
e t—=Wb coupling measured already at the Tevatron
High statistics top physics at the LHC: tt + bosons (y, Z and H) becomes accessible!

Ol T 1T T T T4 Firstevidence on the coupling of the top quark to these particles from production rate
008 - Top pair production 3 |mj4rtant Standard Model test: new physics modifies the structure of the EW couplings
002 I ] single top, top decay
el ] (Wtb vertex)
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see inclusive top cross section
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(Lecture 5)

+ » 4 coupling, how to measure it!
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tt+photon: latest ATLAS Eur. Phys. J. C 79 (2019) 382
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L e i X} e .
- . T -:
- 1 D 2f } =
- . O 5 ]
L ] © - -

: 1 ]
- ( * - - ]
L . . C = ]
C ] ) | | A
- — S 125F / + 7
L e ] = 1f i . i f :

.................. © - / ]
B _‘ D 075 J | ;
T N N AT T N ST NN AN NN A NN N A N N R D_ T B T R B
0.4 0.6 0.8 1 1.2 1.4 1.6 0 100 200 300 400 50(
_ . e Z) [GeV
ttW cross section [pb] ~Horins Ficinncine PT4) | ]
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tt+\W
ATLAS (36/f0)

Table 8: List of relative uncertainties in the measured cross sections of the 77Z and ttW processes from the fit,
grouped in categories. All uncertainties are symmetrized. The sum in quadrature may not be equal to the total due to
correlations between uncertainties introduced by the fit.

Phys. Rev. D 99 (2019) 072009

Uncertainty 057 05w
Luminosity 2.9% 4.5%
Simulated sample statistics 2.0% | 5.3%
Data-driven background statistics 2.5% | 6.3%
JES/JER 1.9% 4.1%
Flavor tagging 4.2% | 3.7%
Other object-related 3.7%  2.5%
Data-driven background normalization 3.2%  3.9%

Modeling of backgrounds from simulation |5.3% | 2.6%

Background cross sections 2.3% | 4.9%
Fake leptons and charge misID 1.8% 3. 7%
ttZ modeling 4.9% | 0.7%
ttW modeling 0.3% | 8.5%
Total systematic 10%  16%
Statistical 8.4%  15%
Total 13%  22%
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Top Properties : Spin correlations
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Standard reasons: Top quark (t) properties

top quark decays before its spin flips — Spin information is passed to decay products

undiluted by hadronization—angles of tt decay products are correlated

:+ W helicity in Wtb L e s top qgarg_ E

. . L : vertex? SM says : E unpolarised in pp— :

® /s top polarised in single : ~ . A : A0 :
top procuction? SM Says 1 Fo0.7 FL~03Fa~0; i tt production? SM :
YES ;SRS YES

b v

- are t and anti-t
angular distribution
different ? SM says
yes @NLO W_\~

----------------------------------
. LS
¢ .

- Are tt spins

correlated inpp :
— tt production? :
— ~T® b ~ SMsays YES = ¢
° IS CP Vlolatlon .................................
visible in b-decay q’
from t? SM says « Wib vertex ? SM says V-A: i.e. spin density matrix as
yes at <107 foreseen in combination of tt production and decay?

All angular properties are found to be consistent with SM
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= see Liss,Maltoni,Quadt,
The spin of the top quark DG Reviewy. 2016

b

t 1/mq < 1Ty < 1/A < MmN

W+ Production time < Lifetime < Hadronization time < Spin decorrelation time

e - chiral coupling in SM
individual Witb vertex enhances

top quark  specifically polarized - Angular distribution of top
W-boson and b-quark quark decay products
follows the predictions of the
. « in ga/ag tt interaction at top quark spin (differently from b
Spin for Coﬁge?g PP quaprlg in WhiChpB m(eson dec%/ays

isotropically)

top quark . i-
P9 top and anti-top quarks are Top quark polarization and

pairs ~un%olarised (as the initial (and consequently its spin) is
| J an _q) directly observable by such
single - the spins of t and t are angular distributions
top correlated

- Observation of the top quark spin is strongly linked to its production and
decay process
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The spin of the top quark in pp — tt
B Lemmer, arXiv 1410.1791 J A Saavedra @ [op2014

- Top is narrow resonance:I'/m: <<1 —the qa/gg tt production amplitude

Is factorizable in decay and production in the leading pole approx
M x ZAA x By

) ’ Q\E f@
(i T ) (3.5 ) Pilaafas 8 > (70 (REDF = 2y pb/bAJ

a,b: top /anti-top quark spins, f: decay products (0) = tr[pO]

Pab,ab Hermitian production spin density matrix — if spiniop =1/2 ,Pauli matrices are a basis

- 1 o _= = ~= .=
pab,c_zb = ZMOO (5ab5ag—|—Pz Uébéag—l—Pz 5ab0'25—|—0m Uébaél_))

= < > t0,0 qual’k ,OO/&I’/Z&ZZ‘/OI? S, top quark S,O/h
C— = <4S S:) top-anti-top spin correlation

Agb 1S the decay spin density matrix; if integrated over all decay product phase space, but one
A (5)ab ™~ 5ab + aié;j ’ Eab
Including production and integrated decay den3|ty matrix in [ME|? gives

do
d262d63 ~ 1+ oziPez- + oszej + ozz-ozjez-Cej
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The spin of the top quark in pp collisions
B Lemmer, arXiv 1410.1791 J A Saavedra @ [op2014

- Going from generalized quantities to observable quantities requires the
choice of the spin quantization axis : define spin axis as z direction an
use associated polar coordinates

in tt production

1 d? 1

_d ; ; 5 — Z (1 + o; B1 cos 6; —|—ajBQ COS(gj —I—Oéi()éjCCOSHZ' COS@j)

0 @ COS b COS b top quark  anti-top quark top-anti-top
polarisation  polarisation spin correlation

- Degree of top quark polarization
* single top : strong polarization

+ tt production: B coefficents vanish at LO (pair invariance) : tt almost
unpolarized

- Degree of top quark pair spin correlations: depends on choice of spin
quantization axis
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The Witb vertex in tt prod & decay:
elx'\l :!T n‘ﬁae‘ NST full spin density matrix HOLLOWAY
P y G s o Rl
JHEP12(2015)026
5 t & anti-t polarisation tt spin corr
IMatrixEl(tt)12> » E %o = 1(1 + B% cos 8% + B® cos#® — C(a,b) cos 6% cos62)
< odcosf4dcosf® 4 * + N N ’ + N

a,b={k,n,r} +=top decay -=anti-top decay

cosOab,: 6 angles:
2 lepton directions
In top/anti-top parent
rest frame w.r.t »r: Ltokandn
3 spin quantization
axes (aorb)

» k: top quark direction in tt rest frame 15 spin density
* » n: L to k & laboratory beam direction matrix elements

 approximate CP symmetry
of SM —

» C (i,j) is symmetric

» top and anti top quarks
have same polarisation
coefficients

» QCD invariant under P—
only P even and CP even
coefficients are allowed

dilepton events
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/
Spin correlation: beyond the Standard Model

 Measured spin correlation can alter due to
e Different decays

 Different production
e Spin correlation: test full chain from production to decay

T XO
+ é
Ii'é Vr X
f b
g - 5
W~ I~ L XO
. X
. : e Production: stop pairs,
D.ecays.’charged KK gravitons, Z,
Higgs, b’,... e Higgs...
\Miriam Watson

Spin density matrix elements are consistent with SM predictions
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Spin correlation with Agp  /s=13TeV

)
¢ Dilepton selection: ATLAS: 2 OS £ (eu only), = 1 w .\
b-jet, gt
* lepton has highest spin analysing power Bl

t

b Use angle

\ >/
- @
A%

® Derive Ag difference in azimuthal angle between
leptons In lab frame
® NO event reco, use lepton reco and resol

¢ Reconstruct tt final state :
e constrains by mw and Miop ,
e test different n assumptions for 2v: select assumption
highest weight based on Er™s$ expected resolution

e Subtract bkg and unfold
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Spin correlation with Ag

¢ Dilepton selection: ATLAS: 2 OS £ (eu only), = 1
b-jet,
e lepton has highest spin analysing power

e Derive Ag difference in azimuthal angle between
leptons in lab frame
® N0 event reco, use lepton reek and resol

- o Data i ATLAS
— —— Powheg Pythia8 tt i
- aMC@NLO Pythiag i~ Vs =13 TeV, 36.1 fb”
L e Powheg Herwig7 tt : .
— mmm Single top Inclusive selection
— mmm Fake lepton ... —
Othertop ...
Diboson .
mm Drell-Yan (zv) 0000000 g
B Stat. error
Stat. @ syst. error

det level

O 01 02 03 04 05 06 0.7 08 09 1

Detector-level A¢(I*,)/x [rad/x]

—= 0.5F

o) 3 | e Unfolded Data ----NLO, SM
© 5 - — POWHEGV2 + PYTHIAS - - NLO, uncorrelated -
~| - -- MG5_aMC@NLO + PYTHIA8 [FxFx]  ----—---
0.4+ T
B S L=

_—_— '_='..:='.'_'. —
B EEEEE. —TEEES

0.3— ===-=ala=-=-" —
== unfolded
0'2 B 1 ! 1 ! 1 | 1 1 | 1 ]
{05l mStat  Stat&syst R |
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— g e
1000

CMS Preliminary
—

—:r;:—:,—;—,—,:—:,-,—,:—,—,;:t::t b

Use angle

‘L;:uﬁé) /

35.9 b (13 TeV)
[ ' [ T ]

0 rc) 6 n73

J'IZ/'2

21/3  5n/6

T

AG |
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AlLAS comparisons (l)

MCFM with NLO Iin decay

0.98f __ Powheg+Pythia8 .
i PP8 scale up/down 1
0.96F —— NLO QCD+EW (u__=m,) —

Y
o
(o]

Ratio to Powheg+Pythia8
s 3
r
ol
w
_|
()
<
w
(0)]
o
|

—

o

>
\

A
i
+

--------

[ - e T DS AN, SR

¢ Data R

+EW sca'l:e up/down
0.94¢ "~ MCFM

ool i NNLO scaleupidown, |\ |\, ...,
0 010203040506070809 1

Parton level A¢(I*,I)/n [rad/x]

1.05
1.00
0.95

francesco.spano@cern.ch Heavy Quark Physics with LHC multipurpose det. -

reweight top pr to
match NNLO

— [ Stat. ] Total

Parton-level Ad(* /Tt [rad/n]

Add NNLO predlctlon

0.9

0.8

0 0102 03 0405 06 0708 09

Lect.9

- ¢ Data

| —— Powheg+Pythia8
A — NLO QCD+EW (u__=m,)

- -.-... MCFM

[ — NNLO)

s=13TeV, 36.1 fb’

Incluswe
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ATLAS comparisons (ll)

Z
r
O
+

NNLO inclusive

—\VWK corr

g 1 08 _I T T | T TTT | T TTT | T TTT | T TTT | T TTT | T T | T T | T T | T I_
= _ Inclusive ATLAS :
i\ 1-06__ 1__ % 1-08_||||||||||||||||||| |||||||||||III|IIII TTTT IIII_
+ - \'s=13TeV, 36.1 fb g < L Inclusive ATLAS 3
% 1.04 = ] 2 1061 -
= VL | i £ | ls=13TeV, 36.1 1"
% = i o 1.04- + -
) 1.02— | — s - —._J:F !
Y - — ] o 1.02+ \ , =
E b A ------- : R il i‘— :
§ 1:.'=ﬂ.'.-i.-l....£ FrETETETE ‘ § 1? IIIIII I.'-I;-t ___________ jeip=ry :
. ¢ Data - ¢ Data
. . 0.98r __ powheg+Pythia8 -
0.98 B POWheg+Pythla8 PP8 scale up/down
i PP8 scale up/down 0.96[ — NLO QCD+EW (1__=m)
0.96} —— NLO QCD+EW (M _mt) - NLO QCD+EW scale up/down N
[ NLO QCD+EW scale up/down 094 T NeT -
- EM N I NNLO scale up/down S
0-94 NNLO 0 9 |||||||||||||||||||||| 11 | L1l | L1l | L1l | L1l | L1l
. N 0O 010203040506 070809 1
_ NNLO scale up/down | | | |
O 9 IS N N T N N N N Y Lol 1 1 L 111 L 111 L 111 L1111 + 7
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7 [1/tradim)]

do
dAo(I™,

1
S

1.5:I TTT | TTTT | TTTT | IIIIIIII | TTTT | TTTT | TTTT | TTTT | TTT I:
1.4 ATLAS m,; < 450 GeV =
13 Vs=13TeV, 36.11b" E
100 fgy=1.12+0.14 =
1.15.T*T.”____| —:
a == E
0.9t — =
- t .
0.8 =
- —— Powheg (SM spin) 1
0.7p —— Powheg (No spln)
0. 6:— ¢ Data
- - Fit result ]
0 5 IIIIIIIIIIII | L 111 | L 111 | L 111 | L 111 | L 111 | L 111 | 111 I_
0 010203040506070809 1
Parton level A¢(I",I)/n [rad/n]

Spin correlatio

e spin correlation sensitivity to Ag Is en

N
<]
N
o
N
B
o]
—~~
P
[+)
~
—
N

0.6 T T T T |

0.5
0.4
- correlated

0.3

0.2

Liepton kvenats

" with Ag

nanced at low mg

L

L uncorrelated

01 i | | | |

true mz < 400 GeV

gg + qq
1 1 1

Vs = 14 TeV |

1

A

2

Mahlon and Parke
Phys. Rev. D 81, 074024

¢ Reconstruct tt final state : with constrains by mw and
motion , test different eta assumptions for nus,select
highest weight based on ETmiss expected resolution

e Subtract bkg and unfold
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Top quark mass
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W mass from ATLAS arXiv:1701.07240

L I B L B L B I i i
ALEPH
ATLAS ° ATLAS ° m,
DELPHI o == Stat. Uncertainty
— Full Uncertainty
L3 @
OPAL ° LEP Comb. @-80376:33 MeV
CDF == Tevatron Comb. ® 80387x16 MeV
_D? ___________________________________________________ LEP+Tevatron @-80385:15 MeV
ATLAS W* —&—
® Measurement ATLAS @-50370=19 MeV
ATLAS W @ Stat. Uncertainty
ATLAS W* —— Full Uncertainty — Electroweak Fit ® 80356+8 MeV
1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | | | |
80250 80300 80350 80400 80450 80500 80320 80340 80360 80380 80400 80420
my, [MeV] my, [MeV]
;‘ B T T T | T T T T | T T T | T T T T | T T T T | T ]
() - ATLAS — m,, =80.370 = 0.019 GeV 4
O, 80.5 Bl m=17284+070GeV
EE e m, = 125.09 + 0.24 GeV
80.45 :— s 68/95% CL of m,, and m, —
80.4 ]
80.35[- y Mw and Miop
80.3 68/95% CL of Electroweak] are frOm ATLAS
B Fit w/o m,, and m, ] measurements
- (Eur. Phys. J. C 74 (2014) 3046)
B | | | | | | | | | | | | | | | | | | | | | | | | B
80.25 165 170 175 180 185
m, [GeV]
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opecial reasons:Measure the top quark mass
most recent ATLAS from all data @ vs=8 TeV Eur. Phys. J. C79 (2019) 290

. . % 0.035;— %T;Léq_l.?e\?imulation " my, = 1675 Gev
- Select £+>=4jets events (subtract W+jets, fakes, g oo e
dibosons &sigle top top), require 2 b-jets * Miop'°%° ‘
o . g sensitive to I
* Likelihood-based kinematic fit (mw & mtop constr) Mitop, JSF, *F
bJSF o.oosi
* Kine variables— Boosted assign jets/ , &
Decision Tree—discriminant leptons 1o it Eoe e .
to select correct jet/lepton P im0
assignment. decay product e
3 mgjﬁi: """" ATLAS Simiain
S 01 Arias smusion a-aTev z R M £
E -+ Test samples . % . .
ac) 0.08_— —_— Training samples - é 0.03
& | —+ — Correctly matched 7] 5
E 0.06— ﬁ\(?;r?sglj f.gf;atched — 0.02
g E PG Ndf) = 0.74 E o mwreco ol
2 oo E sensitive = .
002 - to JSF S ool
o: L |: 0 60” 7767 7870 7 796 = 710707 ”110
g S S mi [GeV]
o o SRR T 3 ool e T i
06 *0'2 % 02'2: [ JbJsF=1.04 E
- likelihood-fit 3 mop sensitive * R=) prbets/ 2o
variables to data - 2 PTjets_in W 00§ 3
sensitive to 0005 E

. . . . bJSF e —

* Miop + 2 scale factors: jet and b-jet-to-light-jet es———

energy — reduce dominant jet & b-jet uncertainties L
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Special reasons:Measure the top quark mass
Eur. Phys. J. C79 (2019) 290

e Optimize fit w.rt. BDT: 19% improvement
8 F e Data | | ilzeets 9
S 7000 —¢ m,_ =172.5 GeV WW/WZ/ZZ E
*2 GOOOi I Single top I NP/fake leptons .
o E W-ets @ ertainty ]
" 5000 AtLAS : =
4000;\(5:8Tev,20.2fb" é S g T T
30001 3 S 06;ATLAS E
2000/ = %; F ]
E 1 = 0.4 -]
1000} = w@, - ]
ok ° 15 0% E
Q 12 . ;
% 1 < O? ]
[0 . i _
8 o8 -0.21- i .
r'BDT _04; E 7:
) — Total Totalexp. Stat. -0.6[~ ep=+1 =
S | .. Total syst. Signal model. - C ep= -1 .
2 =08 . o (T
-% -08 -06 -04 -02 0 02 04 06 0.8
g ! | A mig*"(8TeV) [GeV]
-]
0.5— -
- ATLAS .
(s=8 TeV, 20.2 b :
0 Standard I -0.10 I -0.05 I 0.00 I 0.05
r'BDT
e Combine with dilepton and all jets result

6mtop /mtop ""0.280/0
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Top Physics @ LHC: selected highlights

Inputs to the combination ATLAS
my, * stat. = syst. (total)
Mgy " (8 TeV) Hoo 172.99 + 0.41+ 0.74 (0.85 = 0.05)
M (8 TeV)  rrem 172.08 = 0.39 = 0.82 (0.91 = 0.06)
M (7TeV) et 172.33 = 0.75 + 1.04 (1.28 = 0.08)
mige"° (8 TeV) o 173.72 = 0.55 = 1.02 (1.16 = 0.11)
migs"° (7 TeV) | H—e—H175.06 = 1.35 + 1.21 (1.82 = 0.13)
Mige” " (7 TeV) Ftot— 17379 + 0.54 = 1.31 (1.42 = 0.07)
————— Combination _
stat. uncertainty —— stat. uncertainty
total uncertainty —— total uncertainty
| 1 1 1 1 | 1 1 E l 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
165 170 175 180 185
mtop [GeV]

172.69 £+ 0.25 (stat) & 0.41 (syst) GeV

> T I T T T T I T T T T I T T T T I T T T T I T T T T I. T T T T T T T
8 - ATLAS e data, l+jets ]
C e SR i —
. reco Z 1200 {s=8 TeV, 20.2 fb Best f!t background —
n |top 2 - —— Best fit .
e © 1000~ Uncertainty ]
sensitive to @ f ]
800[— —
Mtop , JSF, B -
bJSF oo E
4001 -
200j =
0_I--I-'l'1"|"|"l"+'""I"I"I"L"-O--l--l--l--l-l-d = I | R N | J_ | W | J | iy iy
130 140 150 160 170 180 190 200
Mg’ [GeV]
> _l T I T T T T I T T T T I T T T T T T T .l T T T T ]
© 1800 ATLAS e data, l+jets =
9  (s=8 TeV,20.2fb" = [% Best fit background 3
£ 16001 —— Bestfit E
© 1400 [ Uncertainty 3
L C .
1200 3
1000F- e
° mwreco 800} E
i+ 600 —
sensitive : E
400 —]
to JSF 200 .
O 1 A I. L l--l--I---L--I---l--I---I---L--I---I---I---I---L-~|---|---I--J--J--J A A A
60 70 80 90 100 110
M [GeV]
8 CATLAS e datalsets ]
. - ATLA . ’ E
S 1800 {s=8 TeV, 202" BE% Best fit background 7
-g 1600 — Bestfit —
:>J) 14005_ I: Uncertainty _E
12001 =
* R =) prp-jets/ ;
. . 800F =
PTjets_inw E
400F- =
200 —
005" 15 2 25 3
Rl'b(ZCO
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Table 3 Systematic
uncertainties in mgp. The
measured values of mp are
given together with the
statistical and systematic
uncertainties in GeV for the
standard and the BDT event
selections. For comparison, the
result in the ¢ — lepton + jets
channel at \/s = 7 TeV from
Ref. [9] 1s also listed. For each

systematic uncertainty listed, the

first value corresponds to the
uncertainty in mqp, and the
second to the statistical
precision in this uncertainty. An
integer value of zero means that
the corresponding uncertainty is
negligible and therefore not
evaluated. Statistical
uncertainties quoted as 0.00 are
smaller than 0.005. The

statistical uncertainty in the total

systematic uncertainty is
calculated from uncertainty
propagation. The last line refers
to the sum in quadrature of the
statistical and systematic
uncertainties

Event selection Js =1TeV Js =8TeV

Standard Standard BDT
Myop result [GeV] 172.33 171.90 172.08
Statistics 0.75 0.38 0.39

— Stat. comp. (mep) 0.23 0.12 0.11

— Stat. comp. (JSF) . 0.11 ()

— Stat. comp. (bJSF) 0.34
Method 0.11 £0.10 0.04 £0.11 0.13 £0.11
Signal Monte Carlo generator 0.22 £0.21 0.50 £ 0.17 0.16 = 0.17
Hadronization 0.18 £ 0.12 0.05 £ 0.10 0.15 £ 0.10
Initial- and final-state QCD radiation 0.32 £+ 0.06 0.28 +£0.11 0.08 +£0.11
Underlying event 0.15 £ 0.07 0.08 £ 0.15 0.08 £ 0.15
Colour reconnection 0.11 £ 0.07 0.37 £ 0.15 0.19 £ 0.15
Parton distribution function 0.25 £ 0.00 0.08 £ 0.00 0.09 £ 0.00
Background normalization 0.10 £ 0.00 0.04 £ 0.00 0.08 = 0.00
W +jets shape 0.29 £+ 0.00 0.05 £ 0.00 0.11 £ 0.00
Fake leptons shape 0.05 £ 0.00 0 0
Jet energy scale 0.63 + 0.02
Relative b-to-light-jet energy scale 0.06 £ 0.03 0.05 £ 0.01 0.03 £0.01
Jet energy resolution 0.22 £0.11 0.23 £ 0.03 0.20 = 0.04
Jet reconstruction efficiency 0.12 £ 0.00 0.04 + 0.01 0.02 + 0.01
Jet vertex fraction 0.01 £ 0.00 0.13 £ 0.01 0.09 £+ 0.01
b-tagging 0.37 £ 0.00
Leptons 0.04 £ 0.00 0.16 = 0.01 0.16 = 0.01
Missing transverse momentum 0.15 £ 0.04 0.08 £+ 0.01 0.05 £ 0.01
Pile-up 0.02 £ 0.01 0.14 £ 0.01 0.15 £ 0.01
Total systematic uncertainty 1.04 £0.08 1.07 £0.10 0.82 £0.06
Total 1.28 £ 0.08 1.13 £0.10 0.91 £ 0.06
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IVieasuring S variables: top mass
Eur. Phys. J. C 77 (2017) 804

dow/dX are sensitive to miop Extract miop by minimising
& irassmamion I P (mrep) = (X = P(miop))TCH(X — P(muop)
’gé 0'2:_---0 ref. fit Powheg+PY6 m =172.5 GeV -
& [ CaltfitPowheg+PY6 m=165GeV 1 » X=measured dow/dX, P= predictions:NLO
- 0.1 [ expected stat. error - ]
& I +PS or fixed order NLO (pole scheme)
Y : :
s [ » C= covariance matrix
'0'1:_ —165 § 1855 ATLAS _ [MGFM NLO fixed-order, M:mt/lz ]
[ Mtop = | : s 1gof- Vs=8Tev,202" [ -
0.2 __mtop =172.5 Gev ........................... T ...................... __ QE“ g ] 19 % g
“80™ 700 180600 280 oo o { il 1 R
Lepton p_ [GeV] 170}{“ % 114 }H ' -
] = ) ¢ CT14 ]
@ particle level 165 - . NNPDF30 —
| total uncertainty v HERAPDF 2.0
160 — 1 statistical uncertainty _ ° ABM11 7
— world-?verage dlrectlreconstructlor? | Nl\llPDF nojet —

Lepton p_ Dilepton pi“ Dilepton m™  Dilepton pi+p: Dilepton E°+E" Comb. (8 dist)

- Final mole; combined (8 dist.) NNPDF fit
» Add dmole : PDF (0.3 GeV), dynamic vs static scale (1.1 GeV), das ~negligible

mP =1732+09+08+1.2GeV  dmymi~0.5%

stat exp theo
Comparable to dmiy/m:~ 0.28% from standard method(NLO+PS template @reco level)
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Top Yukawa coupling
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Top Yukawa from dN/dMzu d(yt -Vanti-t) CVS -PAS-TOP-17-004

%z 0.5i i —‘Yt=‘o

'=Z,H,Goldstone 2 04l Preliminar — V=1

% S — Yi=2
« @ threshold tt-production, Higgs . =" _sz“assuncen
boson mediator in Htt loop at as?a 6@”5@%’ I gop o 1
— dow/dX depends on Y 66666 B e
5\ A N N W NS W T

oAbl

400600 800 1000 1200 1400 1600 i io[% oo
e Require 1 £ (e,mu), =3 jets, =2 b-tag(s), MtV < 140 GeV, if Nists =3 PTlead b-jet >50 GeV
e Bkg: data driven multi jets (from control region) , simulated single top , W/Z+jets,

- Reconstruct tt system by likelihood discriminant: extend to 3-jets!

e D-jets with largest b-tag weight = b-quarks (2 possibilities)

=4 jets - =3 jets,
e Derive v momentum: point on ellipse in 3- Prob(missing jet is from W) :93%
mom v space from (mw,Miop ) iNntersection o find Do for bei :
with minimum Dy,min ,distance of (x,y) / INA Dv,min Tor b-jet assignment
projection from pr™ss e Discard assignment with no Dy min
* m(b,£)>miop— discard assignment e Define discriminant
e Define discriminant ... ... . PPN I S
“In(Ay) = in( (2, 115) )= (Py{Dumin)) —In(A3) = - ln(Pmth)g—gln(Pv(Dv min )
prob to reconstruct §m and mipi §COMect Dymin i Prob to reconstruct -mf?t‘f.\.’y-!...).: ; correct Dymin
84% (69%)correct in 4-(5-)jets ¥ & 80% correct in 3-jet:

choose jet assignment with maximum discriminant »
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Top Yukawa from dN/dMu d(vt -Vanti-t) CMS -PAS-TOP-17-004

Inclusion of 3-jets events: higher yield at sensitive low Mu, reduce migration in Njet
—smaller JES/Had uncertainties

Build binned likelihood for dN/dMud(y: -yanti-t) as function of EW correction
strength, R=Nu(Yt )/Nt(POWHEG), a bin-dependent quadratic function of Y: for 3,4,5
lets and all events

. . Gaussian for
L= JI  Low=]]Pois(ngmls"™(6) x R™(Y:) +b"™(6)) x p(6]6)~ nuisance par —
bin €(M.e,|Ay.al) bin i syst uncertainties
- Scan likelihood to find minimum and L 35.8 16 (13 TeV)
upper limit: Y: <1.67 @ 95% CL c | CMS e/u+|ets all jets combined
f] sl Preliminary - Expected
» ' B — Observed
. _ 35.8 b (13 TeV) .
E 30000—_ |(__Z’2rl‘\alllirsmnary e/u+jets, = 3 jets ¢ Data [@tt = single top V+jets [PQCD E p———
- 3:_
B 3 jets 4 jets =5 jets -
[ 006 0612 12 006 0612  >1.2 0-06 0612  >1.2 23_~
20000 — E
o 1: 68% CL
10000 09 2I — 2.|5| 3
Y

Table 3: The expected and observed 95% CL limits on Y;

3 Channel Expected 95% CL  Observed 95% CL
S H 3jets Y < 217 Y; < 2.59
a A A 4 jets Y; < 1.88 Y < 1.77
,,,,, 5jets Yt < 2.03 Yt < 2.23
Combined Y < 1.62 Y: < 1.67
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Searches for BSM with top

francesco.spano@cern.ch  Top Physics @ LHC: selected highlights LPNHE Seminar, Sorbonne Université, 24th June 2019 76



mailto:fracesco.spano@cern.ch?subject=

Example: Search for ttH, H—=bb @ /s = 13Tev

Given model for probability distributions for signal, bkg, systematic
uncertainties (det®theory) build likelihood-based variable f(u) to

* In the bkg only hypothesis (u=0), derive the probability to observe a
more discrepant f-value than the observed one — test bkg hypothesis

- in the sig+bkg hypothesis, derive [0,upper limit] interval that covers
the “true” M value 95% of the times— test signal hypothesis

¢ Estimate signal strength from maximum likelihood fit
upper limit

sig+bkg assumption
bkg only assumption

Dilepton |
(two-u combined fit)

Single Lepton |
(two-u combined fit)

Combined [—

ATLAS Preliminary \s =13 TeV, 36.1 fb™
L L L T

m, = 125 GeV

----- Expected = 1o
----- Expected =20 |
—— Observed

----- Expectfad (u=1)

O...

M
1 2 3 4 5
95% CL limit on o/ og,,(ttH)

signal strength
dassume
ATLAS Preliminary Vs =13 TeV, 36.1 fb™
mH: rrprrrrprrrrp T T T T T e T T
ot m, = 125 GeV
1 25 GeV stat.
tot (stat syst)
Dilepton -0.24 *1:02 (+0.54 4087
(two-u combined fity| " ® -105 (052 091)
Single Lepton 0.95 *0:65 (+031 4057
(two-u combined fit) e 062 (031 054)
+0.64 , +0.29 +0.57
Combined —o— 084 55 (o2 054
e v by b v b v b v v b v b v by

-1 0 1 2 3 4 5 6

Best fit u = o"/oyg,)

1.4 sigma significance w.r.t bkg only, excludes pun > 2 at 95%CL
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Confidence Interval

What is a “Confidence Interval?
- you see them all the time:

Want to say there is a 68% chance
that the true value of (mw, mt) is in
this interval ,

- but that’s P(theory|data)!

Correct frequentist statement is that

the interval covers the true value
68% of the time

- remember, the contour is a function of
the data, which is random. So it moves
around from experiment to experiment

CENTER FOR “
COSMOLOGY AND ==
PARTICLE PHYSICS '

I I I I

1{ —LEP1 and SLD
80.5 - LEP2 and Tevatron (prel.)
68% GCL

200

175
m, [GeV]

-Bayesian “credible interval” does

mean probability parameter is
in interval. The procedure is
very intuitive:

x|0)m (6
PO V)= [ nels) = | o Half)n(6)
v v Jdof(z]0)m(0)
Kyle Cranmer (NYU) HCP Summer School, Sept. 2013 100
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Discovery in pictures ) S e

Discovery: test b-only (null: s=0 vs. alt: s>0)
- note, one-sided alternative. larger N is “more discrepant”

obs b-only p-value

b-only s+b

~ P | aka “CLb
p I
7)) / I
Z / |
— / |
o V4 I
/ I
/ I
/ I
/ '
/ I
/ I
/ I
e ~—_ |
/’, T~

| } } S }
Nevents = more discrepant —»
Kyle Cranmer (NYU) HCP Summer School, Sept. 2013 102
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Upper limits in pictures

CENTER FOR W
COSMOLOGY AND Ee=]
PARTICLE PHYSICS '

. 13 o) . IRl = Aveespmmencven s pras , e s
What is meant by "95% upper limit” ? = rsiimiy
2 - Observed CLs :
. f_.’ _ ---- Expected det =1.0-121b
See the picture below? E P  m:io s =7 TeV
- t20
» ile. Increase s, until the probabillity to have :
data “more discrepant” is < 5% -
200 300 400 500 600
m, [GeV]
obs
b-only ok Sgs+b excluded
A aka “Cls+b 27N
+ / |
v | s !
z
o :
|
|
|
|
|
|
I So
‘-—:’,/ _ . ~-___-~-—__ _
€<— more discrepant == N events
Kyle Cranmer (NYU) HCP Summer School, Sept. 2013 103
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CENTER FOR
COSMOLOGY AND —
PARTICLE PHYSICS

The sensitivity problem )

The physicist's worry about limits in general is that if there is a strong
downward fluctuation, one might exclude arbitrarily small values of s

» with a procedure that produces proper frequentist 95% confidence
intervals, one should expect to exclude the true value of s 5% of the time,
no matter how small s is!

» This is not a problem with the procedure, but an undesirable consequence of the Type | / Type
|l error-rate setup

i b—0n|y 595+b
Q I
+ I
v |
_ I

I
z |
= I

I

I

| /l

|/

A
N events
Kyle Cranmer (NYU) HCP Summer School, Sept. 2013 104
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CLs yom. @
To address the sensitivity problem, CLs was introduced http://inspirehep.net/record/599622
» common (misused) nomenclature: CLs = CLs+b/CLp
» idea: only exclude if CLs<5% (if CLp is small, CLs gets bigger)
CLs is known to be “conservative” (over-cover): expected limit covers with 97.5%
- Note: CLs is NOT a probability

e Wwhen Cls:p is small, a small CLy
CLy” implies that the two distributions are
. ] close because CLy is calculated
i -on Sgc T -
_ i v over the same range as Cls,p : it
n i measures the superposition of the
2 ! two. Small CL,— large
| i mgs =
z ! superposition —small sensitivity
o I
|
|
|
|
|
|
1
N events
Kyle Cranmer (NYU) HCP Summer School, Sept. 2013 10<
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— p,LL
1 —py

C'Ls(1)

the 95% CL for mu is determined when prob to have
nigher vaule of test stat for the sign+bkg hypo is 5% of
the prob to have higher test stat for the bkg option: so it
means that the bkg only hypothesis can be rare I.e. its talil
IS small, but the sig+bkg is much rarer as its tail is only

5% of the bkg only tail.
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CENTER FOR

Thumbnail of the statistical procedure gg;';';f;&gcs«-r

Follow LHC-HCG Combination Procedures

=

£ PE ATLAS Pennay [Lai- 104017 (=7 TV -
-‘é - 5110 _
= — + 20
CL, to test ; - Evpected
1= 7a R o L LR EEELE RS P
signal E
hypothesis ]
CL, Limits _|
pototest W e
background  _E 1% T o
hypothesis ~ wg¢ % { - Exp. Comb. 49 -
— Obs. Comb.
| - v 50
9t / % 2;_ o _;
| 2 1sf E
—~ T likelihood ratio without profiling g - -
36 ~ F ]
<, ~ . 2 sk o
= N L to estimate s -
o~ . OF | v WY =
" signal strength _0_53 w (VAT
2 — Observed -
X -1: (C) Cl+10 _;
T B e S TR o T200 800 400 500
L Htest L m,, [GeV]
Kyle Cranmer (NYU) ATLAS Open Reading, Jan. 23, 2012 106
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CMS top tagging

* top tagged jet: anti-kt (R=0.8) jet with
» Ta2 < 0.65

4 105<mjet,SoftDrop<21 0 GeV
“»soft drop with =0, zcut =0.1
“*R0=0.8

francesco.spano@cern.ch Heavy Quark Physics with LHC multipurpose det. - Lect.11  Dottorato in Fisica - UniRoma La Sapienza - AA 2016-2017 g5
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Recognising “highly boosted “ top quarks
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Math Appendix : Mass, Pt and DR

As we know that for any 4- E =mg coshy , pz, py, p» = mysinhy
momentum
where m2, =m* +ps + pj . and
1 ) P E P _ z
The invariant mass M of the two-particle system y=3 ( Efi) =1ﬂ( JTP > = tanh ™" (%) -
M? =m?® +m3 + 2[Ep(1)E7(2) cosh Ay — pr(1) - ppr(2)] ,
1 > +2Er(1)Er(2) y —pr(1) - pr(2)] where Br(i) = \/lpr @ + m? |
This can be re-written as where
DPhi =Phi(2)-Phi(1)is the
M2 = m+2 + m12 +2[ Ex(1) Ex(2) cosh(Dy) - pt(1) pt(2) cos(DPhi) angle between the two

momenta in the
transverse plane

Now if 1) the masses of the particles are small w.r.t. their momenta and 2) the splitting is quasi collinear
.e. cosDPhi ~1 - (DPhi)?/2 and cosh(Dy)~1+Dy?/2 , so Ex(l)~ p(i)

http://en.wikipedia.org/wiki/Hyperbolic_function

M= ~ 2[ pr(1) pr(2) (1+Dy?/2 - 1+ (DPhi)*/2)]= pr(1) pr(2) (Dy*/2 + (DPhi)9)= pr(1) pr(2)(DR(1,2))*

m? ~ z(1 — 2)p; AR?, ,
z
dij — ZZPEARZQJ ~ 2

(1= 2)

Labelling ¢ and j such that p;; < p; and defining z = Dt / D+

(pr = pu + pij),


http://en.wikipedia.org/wiki/Hyperbolic_function

-How to tag a boosted
nadronic top quark?

Look into the
jet substructure

(see Jose Juknevich, TOP2013)

essential clues

Basic

Use jet mass and product of pr* anqular separation of two hardest
jet constituents from jet algorithm

Declustering Pattern/Matrix El./Jet shapes

Discard soft coherent radiation
(“grooming’”) to reveal boosted
objects:redefine jets

Recognize enerqy pattern in unchanged jet

Soft-Drop mass, YSpliiter, ATLAS
TopTagger, Mass-Drop, CMS Top Tagger,
HEPTopTagger, Trimming, Pruning...

TopTemplate Tagger, Shower
deconstruction, N_subjettiness ratio...
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How to tag a boosted hadronic top quark? (Il): Examples
Declustering: redefine jet
Soft-drop Mass  J1ePos(2014)146

- Revert jet making steps — at each
iter. break jet J in 2 subjets j1 and j2

) : B
. if min(pri, pr2) o (ARm)

pr1 + P12 Ry
tune S Zcut

soft

stop: J is the final jet.
Otherwise keep & decluster higher pr subjet

Recursively removes soft (small-pt ), wide angle (large wide -angle
AR) radiation from initial state, pile up, rest of event

Mass of final jet clgr to top mass, light quark/gluon jet peak lower

CMS-PAS-15-JME-15-002 19.7 b (8 TeV) x10° e 127 10 (B TeV)
220FE CMS ‘ :

160F CMS :
140 F Preliminary -4-Data 3
120 Jocorysss
100 Ober

80 QCD Herwig

Events
N
(o
o
Events

FRTRIRTIRTRINTTR INTIRTRIIRTR TR INTTR INTH FT Y Ny

4

05F ., ik -:
050 100 150 200 250 300 350 400
Mgp (z_=0.1,=0.0) (GeV)

0 50 100 150 200 250 300 350 400
Mgp (zcm=0.1 B=0.0) (GeV)
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How to tag a boosted hadronic top quark’? (ll):

- increasing pr-

Jae

Example for N= 3

constituent

~top jet

subjet

constituent

~light quark/
gluon jet

subjet

large sum of pr AR

francesco.spano@cern.ch  Top Physics @ LHC: selected highlights

Examples

Radiation:
N-Subjettiness ratio

JHEPO3 (2011) 015

- Make jet with N subjets (kr algo)
+ AR(const,subjet)-weighted sum of constituents

pt— alignment of constituents to subjets hypo

n ARN.;‘-} . o = Zl"l'.A~B()

Vet radius

1 .
TN = % Zprk min {ARy ., ARs ., - - -
k

describes how well the jet contains N (zn—0) or
fewer (zn—1) subjets

‘ Use 732 =73/72

) 'I_'op-jet :3 SUbjetS_; » The lower, the more
* light quark/gluon- jet < 3 top-like (3-prong)

CMSPAS-15:IME-15:002 1370y .- AILAS JETM-2016-005
. T T ] - —e— Data 2015 ATLAS Prelimi
3 0 12—CM3 ] it /=13 Tev.g.gig‘

- Simulation Preliminary 1 % E e :::’h)m) Trimmed Anti-k, Re1.0

0.1 150 <M < 240 GeV b - @ Single Top Top Selection, m_, > 100 GeV
TPCA1S. MAtp. N —Top, 200 00Gev,35% | | = I e i Py > 30 0V -
[ qu>=20,25ns  —Top.300p <AT0Gev,45% | | S Other
0.08}- ~--QCD, 200<p, <300 GV, 10% | )52 g:g: oyt unced
- ---QCD, 300<p, <470 GeV, 10% -

-

tadt

0.04}

0.02}

0 02 04 06 08 1 01 02 03 04 05 06 07 08 09

Large-R Jet rf4
Ungroomed t,/1,
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How to tag a boosted hadronic top quark? (ll): Performance

MS-PAS-15-JME-15-002

efficiency to tag
top jet €s Vs
efficiency to

mistake a light

quark/gluon jet e
(or rejection against
light-gluon jet)

(Receiver Operating Characteristic curve)

sensitivity to energy
from superposed
collisions (pile-up)

efficiency to select
the top final state vs
kg

francesco.spano@cern.ch
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CMS
Simulation Preliminary 13 TeV
m 1 0_1 - | | | | | | | | | | | | | | | | I { | | | B
w - 300 < p. < 470 GeV,Inl<2.4 / ]
- flat p. and 1 Y, .
. A R(top,parton) < 0.8 i
better

- 7, erformance
1072k Z ° E
- 7Y — HTTV2-m, P LART e |

3 — HTTV2-m,f_, AR, T _ /v, o, b
1 O — — log(x) —
- log(x), b N
B vey/e —— Mgy (z=0.2, p=1) + 7, /v, op 7
B 7 —— mgp (2=0.2, p=1) + 1:3’/1:2 ]
| / of Mgp. (z=0.2, p=1) + log(x) _

/ — Mgp (2=0.2, B=1), < ./172, sp. + D

~ | " ----- mgp (2=0.2, p=1), 13: SD./TZ, sp» 109(x)
/ e s mgp (2=0.2, p=1), T, SD./TZ, sps 109(x), b

1 0—4 / ’ | ;I | | | | | | | | | | | | | | | | |

0 0.2 0.4 0.6 0.8 1

s

Combination of different tagging schemes improves performance
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Search for excess in “boosted” tt production vs Ms

> single lepton trigger

> exactly 1 high pt (>50 GeV)
central lepton (e,u) with 2d
isolation vs fake leptons: AR(lep,
j)>0.4 or prre(lep,j)> 20 GeV

> ~90% to 94% efficient

j = AR-closest-to-lep anti-kt (R=0.4) je

> very high ETmiss (pTIep + ETmiss)
>120 (150) GeV in e(p) channel

> > 2 small-R anti-kt (R=0.4) jet with
leading pt > 250 (150 GeV) in e(y)
chan, prt > 30GeV for all jets

> only zero or 1 large-R top
tagged jet: anti-kt (R=0.8) with

T32 < 0.69 and

110<mjet,SoftDrop<210 GeV ( 50%
es, 3% €g) (orth. to fully had)

> b-tag on anti-kr (R=0.4) (65% eff)

|+jets qqlvbb

Events/bin

ingredients for
leptonic W

%

(figure by A Ovcharova (UCSB))

o
t £ T
=y
;

Data/bkg

ingredients for
hadronic & leptonic top

6 selection regions

2 flavours x| events
tt purity(%)

1 top taag O t-tag &1 b-tag O t-tag &0 b-tag
10447
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lepton+jets 2.6 fb" (13 TeV)
[T T T | T T T T T T T T T | T T T
150 CMS
" AK8jets with p_>500 GeV, byl <2.4, 110 GeV <M_ <210 GeV
® Data

100 I Vatched to top quark
I Unmatched to top quark

|- Z'3TeV (o=1 pb) +
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—ffective field theory In a nutshell
We are all Wilsonians now ! (JPreskill, Caltech)
» Current absence of “light “ new states in SM — possible new
physics at higher scales/masses than observed

- Effective Field Theory: ultraviolet divergences = manifestation of new
phys. Renormalisation= Lagrangian is “new phys scale”-dependent
—absorb effects of fluctuations/momenta between observed and high
new phys. scale in few parameters

(F Maltoni, LHCTopWG open meeting Nov 2016)

. dSM measurements “searches for deviations predictions of SM in
im=4 .

dimensionless Wilson coefficients
(6) _ p(4) Z Ci o~
LSM—LSM_I_ FOZ—I_...
7
e Parametric new degrees of freedom in terms of old

the BSM ambitions of the LHC Higgs/Top/SM physics programmes can be
recast in a simple and nowerful wav 1n terms of one statement:

DETERMINATION OF THE COUPLINGS OF THE SM L UP TO DIM=6
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Initial attempt: Top Fitter TopFitter Coll, JHEP04(2016)015
Fit ~40 measurements from LHC & Tevatron ( five 1-
dim differential xsec for tt and single top too ) to Buck{ey et al.
predictions to derive 12 couplings TopFitterColl,
arxiv:1612.02294

Predictions as polynomials
fb({CZ}) — ag + Zﬁzbcz + Z%b’jCiCj + ..

i<j

experimental value

/ \,
~ E)pii(f5(C) — )

X2(C> _ ZZ (fz(C) E )O-iO-J
O i, / \

correlation

standard dev

Including covariances where
provided by experiments
otherwise pij =0i;

fit each operator one at the time
fit globally and marginalise over all
other parameters

All

Phys.Lett.B 763 (2016) 9

_ l ' individual —e—
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operators are consistent with zero at 95% CL
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it - Buckley et al. TopFitterColl,
Initial attempt:Top Fitter ana.1s12.00208 .

Fractional improvement on 95%

Present bound on coefficients are weak : resulting Scale CL confidence interval
close to high energy range of dow/dX where EFT breaks down | Resolved selection
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