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Decay ™% Wb

FlectroWeak Higgs Yukawa coupling Top quark
— Massive “bare quark”

all know particles Single top production couples strongly with

all known forces
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Historical overview of

the top quark
Quarks
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sv= 2sinfycosbly, °

Once the b-quark was found in 1977,
iOreeorhe beyidehtwhataunodherl 977,
it Ecomes eNisleattrRtranotbarst!

3rd generation quark must exist!
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Historical overview
of the top quark
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Top quark is “old” enough to legally drink

m 2015 was the 20th anniversary of the discovery |
= CDF: PRL74 2626-2631 (1995)
= DO: PRL74 2632-2637 (1995) e

Top Mass (GeV)
X
o

m It completes the SM 3 family structure ',
= top is the weak-isospin partner of the b-quark 40 _
m spin=% & charge = + %|e| ol b :

m Top quark is the heaviest known fundamental particle =
m m=173.34 *0.76 GeV [World comb.(2014), arXiv:1403.4427]
m m=172.99 £ 0.91 GeV [ATLAS Combination (March 2015)]
m m=172.44 * 0.48 GeV [CMS Combination (Sept. 2015)]

m Top decays (almost exclusively) through t 2 bW, BR(t 2> bW) ~100%
= BR(t > sW) < 0.18%, BR(t > dW) < 0.02%

10/22/18 - 10/26/18 6



Top quark is providing a great opportunity to study both the
Pertubative & Soft QCD regime

", %4 partonic content is energy dependent,
continuously changing and, a priori,
roton - UNKNOWN

Outgoing Partons

Initial State Radiation Hard QCD

Compared to the electromagnetic
force, which is infinite in range and
obeys to the inverse square law, the
strong force has a very short
range. The restriction of the strong
force to subatomic distances is
related to two features called

a(Q%)

April 2016
v T decays (N°LO)
s DIS jets (NLO) strong
0 Heavy Quarkonia (NLO) A
031 o e'¢ jets & shapes (res. NNLO)
® e.w. precision fits (N3LO)
v pp —> jets (NLO)
v pp —> tt (NNLO)
02}
o~
gy, SR weak
0.1 3 ey o 0 LR
= QCD o4(M;) =0.1181 £ 0.0011
1 10 100 1000
Q [GeV]
<€ - >
confinement asymptotic freedom
-> soft QCD -> perturbative QCD
<
~10""m distance  ~10"*m
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Other reasons to
study the top

Top-quark is the most massive known
constituent of matter
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Eg L Fit w/o M, m and M, measurements il — o =046 ®050,,, eV _
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Largest Yukawa coupling to the Higgs
providing more information on whether

the Higgs Boson is truly a SM-like



More reasons to study w T
the top quark in detail t 4

Mass of top-quarkis so large that strong coupling is

small that as already mentioned allows us to use b
perturbation theory , but more important is the fact

that:

- Decays weakly
* t—-Wb~BR(99%)
* I'top~1.32 GeV

than “time to decorrelate spins”
1/mt < 1Tt < 1/A <  myN?

Production time < Lifetime < Hadronization time < Spin decorrelation time

> “lives” less than “time to make hadrons” less

Typical hadronization scale

No top-antitop meson is observed , spin
information is preserved in decay products

10/22/18 - 10/26/18



The LHC is a "Top

At the LHC:
17,
* 1 ttbar event per sec FaCtO ry
* top quarks are mainly produce in ttbar pairs =>Strong Interactions
* At a lower rate: single top quark =>Weak Interactions

@LHC ~ 90% of total rate

‘
: g t 9 wuooor—— ¢ : q t ! g o r t
i | w b w
l - o I - b t
19 f oot 3 t
-1 ---------------- g b g t 7’ h
N— — N— - N 7

|
O [pb]~ ttbar t-channel tW s-channel
Tevatron (1.96TeV) 7.08 2.08 0.22 1.046
91 LHC @ 7 TeV 177.31 63.89 15.74 4.29
:g) LHC @ 8 TeV 252.89 84.69 22.2 5.24
LHC @ 13 TeV 831.76 216.99 71.2 10.32

mt: 172.5 Gev O- top # O-Anti-top O-top # O-H_nti-top

10
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Additional
InNformation on
ttbar cross
section

(Vs m) D

1,7=4,4,9
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To produce tt

~massless partons
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da; da; f (w0, 12) fj (5, %) 694 (

P =4m?/s
2 2 2
p&mtaxiamjaaS(u )5”’ )
LHC(14) | LHC(7) | Tev(1.9)
g9 ~90% ~85% ~10%
qq ~10% ~15% ~90%
. H1 and ZEUS HERA I+I1 10 paramel ter PDF Fit
E Q' =10 GeV’
—— HERAPDFLS (prel.)
- exp. uncert.
Cl maodel uncert.

)
2my _ 0.19 @ Tevatron |/s=1.8 TeV
0.18 @ Tevatron /s=1.96 TeV"
(0.048, 0.043, 0.026) @ LHC with Js=(7, 8,13) TeV
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ttbar: Basic

Top - AntiTop
topology

op pair decay channels

§

= g 9

:'c? F % all-hadronic

£ 813

T

\ tautjets

muon-+ets
electron+ets

"W wd cs
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(not inc. 1) BR background
dilepton ~5% low
lepton + jets ~30% moderate
all hadronic ~44% high
— Lepton+jet ( 30%):
Top pair branching fractions (¢ = e* )
All jets 44% b
A/
P Sel .
?' 'j
T 2% — Dilepton (~ 5%)
. (t=e*n)

e+jets 15%




ATLAS+CMS Preliminary
LHCtop WG o, summary, (s = 13 TeV May 2018

NNLO+NNLL PRL 110 (2013) 252004
My, =172.5GeV, (xs(Mz) =0.118+0.001
scale uncertainty

scale ® PDF ® a, uncertainty Oyp * (stat) + (syst) £ (lumi)

total stat

ATLAS, dilepton ep I—H 818 +8+27+19pb
PLB761(2016) 136, L =321b"

ATLAS, dilepton ee/up* | o 1 | 749+ 57 £ 79+ 74 pb
ATLAS-CONF-2015-049, L =85 pb”

ATLAS, l+jets * | 817+13+103+88pb
ATLAS-CONF-2015-049, L =85 pb"

int

CMS, dilepton ep 746+ 58 + 53+ 36 pb
PRL 116 (2016) 052002, L =43pb™, 50 ns

CMS, dilepton ep I—H—| 815+ 9+38+ 19 pb
EPJC77 (2017)172, L =2.2 b, 25 ns

CMS, I+jets ) 41 888+ 2 2 +20pb
JHEP 09 (2017) 051, Lint =22fb

CMS, alljets * —te—| 834+25+118+23 pb
CMS-PAS TOP-16-013, Lw‘nt =253f"

NNPDF3.0 JHEP 04 (2015) 040
MMHT14 erJc 75 (2015) 5

* Preliminary
CT14 PRD 93 (2016) 033006

ABM12 PRD 89 (2015) 054028
[eg(m,) = 0.113]

200 400 600 800 1000 1200 1400
Gy [PD

ttbar Cross Section
Measurements
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ttbar Differential Cross Section
Measurements

14



TOop mass
measurements

We still need to

improve M, :

the recent shift on the
world average of the
top mass resulted in a

lowering of 3 GeV on
the predicted Higgs

IMass

10/22/18 - 10/26/18
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Future top mass

Low top pr High top pr . g .
measurements Resolved: decay products are measured individually
Boosted: top-quark decay is contained in a large
could come from W boost Sted-top-q y &
he b d — radius jet
the booste - lJet substructure techniques (top-tagging)
- )
topology with W'’s b —
o un-merged () boosted W fully merged ‘b
. : : t o t
decaying * Fully hadronic decays: 6 jets, 2 bjets v .,;’ D rq%
. . . <200 Ge 200 - 350 GeV/ > 350 GeV -
hadronically * QCD background shape from 0-bjet region il
* Fit measured top mass distribution to get the normalization of bkgs (QCD)
-1 2531b (13TeV} 2.53fb"{13TeV)
2.53 b (13 TeV) > 900F . — o ) o —— R
= o50F'ems T T JData | A ECMS ; eData | > - Detector level 1
D — CMS : : o Data _ ) E b , . ] () Preliminary (@)
O] - Preliminary E [JSignal (O 800f Préliminary []Signal - ) ) e Data (resolved) Z
b - i 5QcD 0 200k : = 1QCD S 107 =3 0O Data (boosted) ERT
; 200:_ Fit Unc. ; g @Fit Unc. &}_ E T:’S‘Vggi"-o E -'U
z i ] c 600? I d E % - "TL_G__ - - - Madgraph - a
o 150 Boosted 1 £ 500f resolve S 107 4 4
ur. = | TR 5 g 5 10
- 400¢ _ - K2 —0— e 1T
100 : g - C N e & 1)
D 300: go i m oo g
: 104 @ N o
50 N 200E = 3§ O
: C 1
100, K —
Illllllllllllllllllll - - T T T T T T T T T T T T T 10_5_' L —p— Ly | P R N S L P
3 05 etaee .. ' et rteeoeesaeset e teete rs - 0 200 400 600 _ 800 1000 _ 1200
-0 | s o Leading top p_ (GeV)
= 100 150 200 250 ;JO 5 200 300 400 * Probe p;~1.2 TeV

3
Leading jet mass (GeV Reconstructed top mass (GeV)

Main systematics, btag, JES, theoretical

10/22/18 - 10/26/18 16



So far, all angular properties measured at the LHC are found to be

consistent with SM

_- W helicity in Wtb . - s tOpl q_uarg_ :

. . C : tex? SM says : : unpolarisea in pp— :

* /s top polarised in single : Vef_ N Nt : D :

top production? SM says 3. F070.7 L ~0.3 Fr~0: . tt production? SM

YES It At Ao :
b v

--------------------------------
. .,

- are t and anti-t
angular distribution v Are ti

different ? SM says - : e ] ccgerrelst%gsl’n pp_

yes @NLO “t production?

-, SM says YES ¢

“a -t
-----------------------------

* is CP violation
visible in b-decay q’
from tt? SM says « Wtb vertex ? SM says V-A: i.e. spin density matrix as
yes at <102 foreseen in combination of tt production and decay?



W polarization in Top Decays
measurements
The longitudinal polarization state of
the W is directly connected with the
breaking of electroweak symmetry

cos@™ in W © ™ e
frame, angle |
dir. of g-type \
product (feptc
quarks) and r
directoiqn of b-
from t decay

1 do 3 v (u) | 1 05

2

2 (1 an2 px 3 2 3 ) )
o dcos6* 4 (.1 cos™ ) FO"'g(l_COSQ*) FL+§(1—I—COSQ*) Fr

SM (@NNLO, % rel unc.) ~0.687 ~0.311 ~0.0017

10/22/18 - 10/26/18 18




Single-Top Quarks

Picture from upcoming paper (A. Giammanco & R. Schwienhorst),
Theory curves: N. Kidonakis (t, fW, s, @ NLO+NNLL) & J. Andrea (tZ@NLO)

G [pb]
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Smgle top quark productlon
Inclusive cross sections
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IIIIIH“T AR

E ATLAS Pre el iminary
tZ %0 5=13TeV, 36.1 io" qu 3
= W W
q’ Y a0 Z+jets -
q Diboson
o V+HAWZ
30 Uncertainty

E s t- & s-channel e W- i 3
— E(Rllzl g:nglo arXiv:0908.2171 [hep-ex] N XVTﬁls\sSo,cE,aﬁgdﬁS, 142 (2017 b ¢ o THL_L.L I {._f
B CDF &D0. PRL 115, 152003 (2015) CMS, PRL 110, 022003 (2 =
= &%SH%%D1200§%2g06§2014) o ATLAS, JHEP 01, 064 (2010, Z 3 2::::::::::_::::.::::_:::::_::::._:%::__::::.:::{_::::_::_:: |
= o MRSTED % 9304 20?7) = CMS, PRL 112, 231802 (2014) - - S s s
. MS. JHEP 06. 090 (2 o ATLAS, arXiv:1612.07231 [hep-ex] Qoo e

- TLA:g JHE 04 08 20? ) o CMS, TOP_17_018 (prel) — 0 01 02 03 04 05 06 07 08 09 0“1
- . CMhS, F’LI|3 772,752 (2017) Z-associated —= —_—
— anne = CMS, JHEP 07, 003 (2017) = .
S /L TG R oG |
- *  CMS, JHEP 09 ?20|16) 27 | . CMS, TOP-16-020 (prel) ] = Many new results!

2 3 4 5 6 7 8 9 10 11 12 13 \{§[1T4eV] =» SM pred|ct|0ns </

10/22/1. .. .. -




Single top s Vi, at 1-2% level will

be possible with the full 13 TeV
data compared to 4% at 8 TeV

10/22/18 - 10/26/18

* Assuming the theoretical error will go down

Gmeas

ATLASHCMS Preliminary ¢ v | = ||-™ from single top quark production May 2018
LHCtO,DWG theo
Oipeor NLO+NNLL MSTW2008nnlo
PRD 83 }201 1; 091503, PRD 82 (2010) 054018,
PRD 81 (2010) 054028 ]
Ao, :scale ® PDF total theo

theo*

Myep = 172.5 GeV

[fLy Vil £ (Meas) * (theo)

tchannel:
ATLAS 7 TeV' L] 1.02 £ 0.06 + 0.02
PRD 90 (2014) 112006 (4.591b™") H
ATLAS 8 TeV ” - 1.028 + 0.042 + 0.024
EPJC 77 (2017) 531 (20.2fb™") B
CMS 7 TeV 1.020 +0.046 + 0.017
JHEP 12 (2012) 035 (1.17-1.56fb™") HeH
CMS 8 TeV (PN 0.979 +0.045 +0.016
JHEP 06 (2014) 090 (19.7 fb™") 3
CMS combination 748 TeV HeH 0.998 + 0.038 + 0.016
JHEP 06 (2014) 090
CMS 13 TeV?® o+ 1.05+0.07 £ 0.02
PLB 772 (2017) 752 (2.3f67") H
ATLAS 13 TeV? — | 1.07 £0.09 £ 0.02
JHEP 04 (2017) 086 (3.2b™") H
we 0.15
ATLAS 7 TeV 1 : = : 1.087 ;15 +0.03
PLB 716 (2012) 142 (2.05~") o
CMS 7 TeV ——t—io | 1,017016 +008
PRL 110 (2013) 022003 (4.9b™") ! ' ' ' ' -0.13 -0.04
ATLAS 8 TeV ™ —t 1.01£0.10£0.03
JHEP 01 (2016) 064 (20.3b™")
CMS 8 TeV' —+to——| 1.03£0.12+0.04
PRL 112 (2014) 231802 (12.2fb™")
LHC combination 8 TeV iHctopwa —+H—— 1.02 + 0,08 + 0.04
ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019
ATLAS 13 TeV® ) } - | 1.14+£0.24+0.04
EPJC 78 (2018) 186 (3.2fb™")
s-channel:
ATLAS 8 TeV' o . | 0.93 7070 +0.04
PLB 756 (2016) 228 (20.3fo™") -0
! including top-quark mass uncertainty
Gypoy: NLO PDF4LHC1 1
NPPS205 (2010) 10, CPC191 (2015) 74
including beam energy uncertainty
l l l | l l l | l l l | l l l l l l | l l | l l l | l l l |

1.4 1.6 1.8




S e a I"C h e S fO r F | a V O I"- ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <@ CMS
. [1] arXiv:1707.01404 subm. to JHEP [2] JHEP 02 (2017) 079
C h a n g I n g = N e u t ra I LHCtOpWG [3] CMS-PAS-TOP-17-003 [4] JHEP 04 (2016) 035
. September 2017 [5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
C urren tS N to p N [7] EPJC 76 (2016) 12 [8] JHEP 07 (2017) 003
. ey Tacrypesions =M 20MEY [
decays... Decay into fromarkiv1511.2028  [Jmssm [ ]mpv
! " 70 o e Y
real Z's & nggS boson t—Hc 7/ o
kinematically possible . _ —e O
t—=Hu —@ O
P in Di
enguin Diagram ) t—yc “
w+ .
t—=yu —=e ”
—@ (5]
t—gc o Q
N —e 51
t=>gu N —@ [6]
c.u N —0 7]
t—=Zc N —9 (8]
t—7 | i e !
New Physics? u N T N\ 7 ~—® 0

107'° 10713 10710 1077 107 107"
V/e/LH Branching ratio
21




Reducing the
allowed window
with all channels
combined

FCNC in top decays

10/22/18 - 10/26/18

ATLAS+CMS Preliminary

May 20

LHCtopWG
BR(t—) HC) Each limit assumes that all other processes are zero BR(t—) 'YC)
R HER
T 10k LEP % __
& g2k TEVATRON \ i
10°F 3
107°F =
10°F 3
’ : ::W
107 3
1074 ATLAS -
10 CcMS :
S 102 ;: .
o)) C
JURTR 5
= i
o PR R T T
107 10-2 0‘3 104 10‘5 5 10-4 1o3 1o2 1o-1
BR(t— Hc) BR(t— yc)

BR(t— Z0)

F};R(t—> gc)

18
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Jet based measurements



8 TeV

S 10— i Rl
. Qo — CMS OpenL 56pb1
|nC|US|Ve Jet ._09,10‘4— Filled: L, = 19.7 fb°
Cross Section ©

ae‘e'ae-ae\% ------ CT10 NLO ® NP ® EWK
—— CT10 NLO ® NP
Measurement SR R

d’c 1 N 102

- lyl <0.5 ( x 10°)
- 05<lyl<1.0( x 10°)

dprdy €L AprAy 10" |- 4= 1.0<lyl <15 ( x 10%) -
- 15<lyl<2.0( x 10°) LN
104 &= =—2.0<lyl<2.5( x 10?) #
+25<|y|<30(><10‘)
. . . 107 -e-32-=:lyl-=:47(><10) |
Predictions are In 21 30 40 100 200 300 1000 2000
..Ietp [GeV]
very gOOd Jet pr range measured: [21 , 2500] GeV
agreement with Double differential inclusive jet cross

et abes sections compared to NLO predictions

24



Examples of

extraction of the CMS jet measurements allow extraction of value of as:
' | +0.0029 +0.0053 +0.0014
strong coupling as(Mz) = 0.11647 555 (PDF) “jo00s (scale) “yoo1s (exp.)
04

. : CMS data from jet measurements add points to the running of as up to 2 TeV

from inclusive
CcMS
Jet CFOSS g 024/~ CMS Incl.Jet, fs = 8TeV, (M) =0.1164"22%
. = —e— CMS Incl.Jet, s = 8TeV
Section 0.22 e cush,. kaTieV

CMS Incl.Jet , Vs =7TeV
— % CMSti, s =7TeV
CMS 3-Jet Mass , s = 7TeV

Measurement 0.2

0.18— DO Incl.Jet
~ D0 Angular Correlation
0.16— H
— —a— ZEUS
014 -~ = = World Avg «y(M) =0.1185 = 0.0006
0.12[—
0.1—
0.08—
: 'l ] i1 1 I 'l ] 1 L 1 L1 1 J ] 1 1 1 1 11 1 |. 1
5678 10 20 30 40 100 200 300 1000 2000
Q (GeV)

— s measurement dominated by theory uncertainties!
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Electroweak Vacuum Stability

178

Why are we
obsessed i
with Top

Meta-stability

mass and os? £

Absolute stability

0.112 0.114 0.116 0.118 0.120 0.122

10/22/18 - 10/26/18
as(mz)




arXiv:1805.04691

Similarly for
ATLAS using
decorrelations
In dijet events

» (Calculate running with renormalisation group equation
» | o below world average ot ¢ = 0.1181 4 .0011
» Highest measured ag(()) value to date

0.2

0.15

0.1

dQG—di‘jet (ﬂédijet <A¢'1nax)
dHrdy=*
d?20 gijet (inclusive)
dHrdy

Rﬂé(HT: y*: A@Il’lax) -

ATLAS R,,
ATLAS ATLAS TEEC

CMS M,
CMS inclusive jets
CMS R,,

DO R,q

.
A
O
*
A
u
O D@ inclusive jets
¢
o
A
v
69

7%1"'%

ALEPH event shapes
JADE event shapes
ZEUS inclusive jets
H1 incl. jets + dijets

0.0063
E (ls(mz) =0.1127 t0.0027

2 3
10 10 10
Q [GeV]

PDF uncertainties cancel out




More on Multi-jet @
correlations

2m/3, 3 jets /2, 4 jets
For more than one jet in the event, one can measure the azimuthal
correlation between the two leading jets J
{ :-%7" %i‘*\\"g- ‘_. -‘\ ):Jl"hs-t\:; —
/"*\; IR 5
At LO in pQCD the two final-state partons are produced N I

back-to-back in transverse plane.
AQgjjer = T

The production of a third jet leads to a decorrelation in

azimuthal angle.
M/3 < AQgjjer < T
» Azimuthal angles between jets
are sensitive to ISR, FSR

» Testing ground for pQCD, MC
tunes

If more than three jets are produced, the azimuthal —
angle between the two leading jets can approach zero.

0< A"pdijet «Km
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http://hilumilhc.web.cern.ch/about/hl-lhc-project

LHC / HL-LHC

LHC
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Preparing the ground for the

scattering of longitidinal W's
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m Precision test of both QCD fl

and EWK SSRass
= Strong coupling to Higgs SR
Top Spin W N\
m Sensitive to Physics Beyond Top NV
the SM Charge
Production . b
cross-section /
m Can be used to measure : \a / {
. ' Production / { Anomalous
important parameters like kinematics ( | ey
o, m,etc. Resonance CP violation
production Ve dh N f
m Mayor background to e A / N Y
important searches LLL
. Rare/non SM
m Interesting playground to decays X
develop new analysis Branching ratios
techniques |V

Conclusions
Top properties makes it a great probe ...

and jets too
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D OITIC
controversies to
be solve...
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The result does not support the hypothesis of a high
strange quark contribution in the proton quark sea
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Parton Shower

Hadronisation . (initial and final
modelling e state radiation)

A hard pp-collision at the
LHC can be interpreted as a
hard scattering between
partons, accompanied by
the underlying event (UE)

consisting of the 4 Beam remnants,

components illustrated in Multiple parton

this drawing... not just what primordial kT interactions

Is labeled as UE .
(Underlying Event)

Many processes are » Double Parton Scattering (DPS), Diffractive processes, From Frank Siegert

included in the Semi-hard multiparton interactions
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Initial
measurements
from

Minimum bias,
DY, etc.

In event
generators

a lot of
parameters
need to be
adjusted
(tuned) to
describe data
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Measuring
UE
properties at

HRIHF zzmt

Comparison
s with a
range of
generators,
tunes and
settings

10/22/18 - 10/26/18
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