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SM confirmed by the data

Standard model of elementary particles
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Excellent agreement with all experimental results
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Top quarks as window to BSM physics

Top quark affects stability of Higgs mass Contributions grow with A:
W/Z m2 = m02 4 gZAZ

- h
_,Q_,_ _,_gi:}- g Cancellation?

Solutions:
* Naturalness: There is no problem

» Weakly-coupled model at TeV scale
—New particles to cancel SM divergences
—Top partners: new scalar/vectors coupled to top, exotic top decays

 Strongly-coupled model at TeV scale
—ttbar resonances, bound states, 4-top production, etc.

* New space-time structure

— Introduce extra space dimensions to lower Planck scale cutoff to ~1TeV
— KK excitations
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The top quark

* The heaviest known elementary particle g QUARK MASSES
» Large coupling to the Higgs: ~1 =
. ifeti =0.4x1024 sec

Short lifetime T 200

— for my,,=175 GeV=T=1.4 GeV =no hadronization
— large contributions to EWK corrections ~Ggm,2

— very short lifetime = bound states are not formed 150
= opportunity to study a free quark

175

100
« Large samples of top quarks available

« Top quarks are main background for many 50
New Physics searches e oss 18
* Precision measurements may provide 0 3;0_3 c “m CE
insight into physics beyond SM > 2 2 5
© £ 5

7))

M. Gallinaro - "Probing the SM: Top quark properties and beyond" - March 27, 2017 4



Role of top quark physics
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* Top quark physics after the Higgs

discovery

— Heavy particle, preferential coupling?
— Special role in EWSB mechanism?
— Does it play a role in non-SM physics?

102

10
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- v Tevatron comblned 1. 96 TeV (L 8 8 fb b)
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ATLAS+CMS Preliminary  Aug 2016 |

O ATLAS l+jets* 13 TeV (L=85 pb)
A CMS l+jets* 13 TeV (L=2.3fb")

== NNLO+NNLL (pp)
= NNLO+NNLL (pp)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

’ 1I3 .\(E[JFeV].

NNPDF3.0, m, =1725GeV u(M) 0.118 = 0.001
1 1 1 I 1 1 1

N
H

— Are the couplings affected? 6 8 10 12rrr V1]4
— Main background for many NP searches oo - s
'ra'tios cl>f LHC parton luminosities: 13 TleV /8 TeV ;I; 1
_ /
* Monitoring of production mechanism ¢ | ~-%; /
: : > oL e s |
* Is there any sign of NP in top g " A
production/decay? 5
100 G(;‘1\;))00
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Role of top quark physics

* Top quark physics after the Higgs

CMS Preliminary, 19.7 fb ', |s =8 TeV, l+jets

L] . ‘

d I S Cove ry E x: ; 96 TeV (L=8.8 fb) ATLAS+ CMS P eI iminary Sep O 12000— = 1 correct R E :;:j,:; -]
b L 1t wrong N ]

o¢ TOPLHOWG 10000 [ ummacros o]

— Heavy particle, preferential coupling?
— Special role in EWSB mechanism?
— Does it play a role in non-SM physics?

8000~ .
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Inclusive tt cross section [pb]
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« Monitoring of production mechanism o t
S + 10 stat. unc. b
. . —— Syst. unc.
* Is there any sign of NP in top o _
065 07 o o b

production/decay? "

M. Gallinaro - "Probing the SM: Top quark properties and beyond" - March 27, 2017 6



Study characteristics

"core" tt region, e.qg.,
en + MET + 2 b-tags
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event selection region

> Drawing by C. Campagnari
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Regions hard to explore

tf, production, t,> b f %, /> ¢ X, /> Wb, /t—> 1%,  Status: ICHEP 2016
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Top quark decays

Top quarks (mostly) produced in pairs @ Top Pair Branching Fractions

-l
-

A\ \ : all 46%

ttjets 15%

n+ets 15%

oA NN e c+jets 15%
ga -9 "dileptons" "lepton+jets”

* Dilepton (ee, uu, ew): 18

— BR~5%, 2 leptons+2 b-jets+2 neutrinos ek

. Displaced tracks

» Lepton (e or n) + jets

— BR~30%, one lepton+4jets (2 from b)+1 n Peea ey Pccondaryvertx
» All hadronic P"maryvma/\ T

— BR~44%, 6 jets (2 from b), N0 NEULNiNOS  pomusse | O-I€1S @lWays present
b-jet reconstruction plays important role
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Cross section: multi-dimensional fit

CMS-TOP-16-006

» Lepton+jet final state
» Keep selection as inclusive as possible

» Categorize events according to (b-)jet multiplicity cMS Protiminary o summary, B=18TeV  uy20re
. . . NNLO+NNLL PRL 110 (2013) 252004
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M. Gallinaro - "Probing the SM: Top quark properties and beyond" - March 27, 2017 10



Probing the Wtb vertex

PRD 85 (2012) 112007, PLB 739 (2014) 23

Dileptons with taus

* cross section measurement including ts I, q
* Includes only 3 generation quarks/leptons @ —
Vv
« Syst unc: tauld, fakes t )™ 4
_\
Channel Signature BR
Dilepton(e/u) | ee,uu,eu + 2b-jets 4/81 b
Single lepton | e,u + jets + 2b-jets 24/81
All-hadronic | jets + 2b-jets 36/81 > 1200
8 L CMS —— data .
Tau dilepton et, ut +2 b-jets 4/81 S 1000[- Eg;@;’f‘s
. . . : R DY+diboson
Tautjets T + jets + 2b-jets 12/81 2 gool. B e d ]
(IC) L 77 total uncertainty -
o ]
L

600}

* If top quark plays special role in EWK symmetry
breaking, couplings to W may change

« Charged Higgs may alter coupling to W
« Search for final states with taus: charged Higgs

400}

200}

100 150 200 250 300 B350 400
Miop [GeV]
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How does a top quark decay?

Vi

b

« almost always t—=Wb (i.e. Vi ~1)
+ lifetime is short, and it decays before hadronizing

e the W is real:
— can decay W—lIv (I=e,u,t), BR~1/9 per lepton
— can decay W—qq, BR~2/3
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Measure R in dilepton channel

N.Cim. B125(2010)983, PLB 736(2014)33

* Probe heavy flavor content of ttbar events . Selection:
» Use ttbar dilepton final state — 2leptons+ =2 jets + MET
— small background — no b-tagging in preselection
« Measure: * Goals:
— measure ¢(b) and R
R = BR(t — Wb)
= , V5= ] =19.7 fb"
BR(ZL%WQ) ) CMS, (s=8TeV, [Ldt=19.7fb
‘g‘ 40000 ey events
. MIAN ® Data
35000 NN mf;
30000 [:] Single top quark
3 Lz
25000 g -
20000 :— - w
é q ; B . muttijets, other
15000 1~
10000 - ®
5000
'V a’ _.—I o
0 1 2 3 4 25

Jet multiplicity
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Signal or background?

N.Cim. B125(2010)983, PLB 736(2014)33

CMS simulation, Vs = 8 TeV

D correct pairs

D misassigned pairs

Data-driven determination of background

» Reconstruct lepton-jet invariant mass
— Correct assignment

o
—_
D

ton-jet pairs
o
=
I

p -
o ¢
—
N
L L L L

0.08:— l____vmf-mf,vz153 GeV
- |

0.06|- |
9 \ ; |
200 400

Lepton-jet invariant mass [GeV]

— Wrong assignment

 Use tail to model background in signal region
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Signal vs. background

N.Cim. B125(2010)983, PLB 736(2014)33

Scale shape to match spectrum observed with M;>180 GeV

CMS, {s=8TeV, [ Ldt=19.7 fb”"

eu + 2-jet events

800— ® Data

[oorrect pairs after background
[:| misassigned pairs Su btra Cthﬂ

Lepton-jet pairs / GeV

w

<

o
1

400

Lepton-jet pairs / GeV
8

100

200

L | n [l 1 | N
0 200 400 600 800 1000
Lepton-jet invariant mass [GeV]

0 200 400 600 800 1000
Lepton-jet invariant mass [GeV]
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Heavy flavor content

N.Cim. B125(2010)983, PLB 736(2014)33

* Measurement
— b-tagging multiplicity parametrized as function of R ¢, ¢, top contribution
— Number of reconstructed t—=Wq is estimated from lepton-jet invariant mass
« R=1.01£0.03 (stat.® syst.)
— Lower boundary with confidence interval @95%CL after requiring R<1 = R>0.955 @95%CL

CMS, Vs=8TeV, [Ldt=19.7 fb”

12000

12
§ ee events : uu events : 2jets ey events
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10000 Ola : |
tt I I
8000 []Single top quark | I
[]Z- 1l (data) : :
6000 8w ! ! 3jets
Bl W, muttijets, other ff | :
: 2 jets
a000 21918 : !
2000 4 jets
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b-tagged jet multiplicity

Obs./Exp.
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N 1N N T N N N N N N
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b-tagged jet multiplicity
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Measure R

N.Cim. B125(2010)983, PLB 736(2014)33

CMS, \s=8TeV, [Ldt=19.7 fb™

‘< 3_ LI I LI ] L I T T 1 I T 1 T | | LI 14_‘
s £ 30000F = —e—m /,-"'“
I o | - L .
05l (T} 25000¢ /i ]  Variation of the likelihood used to
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2—\-.__. 10000 —
- \ 5000} -
15l "o e s /[ ]
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E \\ ~—— combined // E
L G N -
i \, i
0_1 l L1 1 l L1 1 l\""l/-—l_-l 1 1 1 l L1 1 l L1 1 l—
094 096 098 1 1.02 1.04 1.06 1.08

R=B(t— Wb)/B(t— Wq)
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Summary of R results

CMS Preliminary August 2014

CMS tW, 7 TeV, 4.9 b, PRL110 (2013) 02203

. 0. Y H & 1
1.010 * 37%0 (exp) * 2020 (th)
CMStW, 8 TeV, 12.2 fb", PRL 112 (2014) 231802 L °
1.030 + 0.120(exp) + 0.040(th)
CMS t-ch., 7 TeV, 1.17/1.56 fb", JHEP12 (2012) 035 |

—e—

1.029 + 0.046(exp) + 0.017(th) :
CMS t-ch., 8 TeV, 19.7 b, JHEP06 (2014) 090 " o -

0.979 + 0.045(exp) + 0.016(th)

CMS t-ch., 7 and 8 TeV combined, JHEP06 (2014) 090 | Most accurate
0.998 + 0.038(exp) + 0.016(th) e _ measurement

CMS tTR,, 8 TeV, 19.7 b", PLB 736 (2014) 33 o /

1.007 + 0.016(stat+syst)

0.5 0.6 0.7 0.8 0.9 1 11 12

v |
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Why top quark properties?

I T T T T I T T T T l T T T I T T T T I T

0 - b an % CL contours ""‘”°"‘:;’;’“3'4"Ge‘;°
» Top quark mass is a fundamental % 805 —G.Z.ﬂfffm i moasuromants | |- oS
L fit w/o Mw, m, and M, measurements || —°= 076 ®050,, G°V

parameter of the SM

W direct M,, and m, measurements

b LN s

R N P

80.35 | 1y - 80365 - 0.015 Gev =

omy,log my, - -

80.3 |- =

* Precise measurement needed for checking — ,F ¢ 2 57 e
consistency of the S R I
m, [GeV]

* Top is the only fermion with the mass of the order of EWSB scale

* Discovered Higgs boson fits well with precise determinations of m,, and m,,
 Other properties (EWK coupling, production asymmetries, etc.) are predicted by SM
* Precise measurements could reveal breakdown of SM
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Precise mass measurement

arXiv:1509.04044

CMS  Lepton+jets, 19.7 fb (8 TeV)

- Select lepton+jet final state 3 12000 Mlwcorea  ZEMIST ]
— Best channel to measure my, 10 10000F tummatcred S 6 et
i 1 £ 8000 er P__ selection ]
— well defined final state (1 lepton, 1v, 2b W) s ff{ttepd ;._’gp
g L
* Select ttbar events: hadronic decays (my,,, myy) g 4000} mass -
» Kinematic fit: constrain W mass, top-antitop masses ,‘L)m;
S
— In-situ JES calibration _ o7 2 T e
© aele_. . PP B
- Measure m,,, and JSF Phe o %00 20 @0 400
o - * it [GeV]
L ~ & -
CMS Lepton+1ets 19.7fb"' (8 TeV)
%250001 I 1§ correct mmSinglet ] v
- [ttwrong =¥:§? ] /
1 20000 [Clttunmatched [—QCD multijet ]
~  * Data () Diboson 1/
g 15000 : After qu' selection _' '
§1oooof— fitted W | ] :
E | mass |
L 5000F 1\
: i\
Q N
% 1-51 \ +0.3%
E; 05 e L B | PR BT
S °% 50 70 150 200 250 300 my = 172.44 + 0.13 (stat+]SF) & 0.47 (syst) GeV

reco [GeV]
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Top quark mass results

CMS Preliminary May 2016
b hadron lifetime i
» accurate (~0.3%) measurement iR A
| ] 0
Kinematic endpoints o 173.90 = 0.90 *170 , - GeV

EPJC 73 (2013) 2494

b-jet energy peak @ 17229 = 1.17 = 2.66 GeV
TOP-15-002 (2015)

Lepton+J/¥ N N
TOP-15-014 (2016) s 173.50 = 3.00 = 0.90 GeV
volume 74 -number 4 - april - 2014 Lepton+SecVix . +1.58
— arXiv:1603.06536 (2016) ® H7e502 0.0 -0.97GeV
ATLAS+CMS Preliminary LHC top WG m,, summary, s = 7-8 TeV Aug 2016
....... World Comb. Mar 2014, (7] ?ggﬁg‘t‘gogl(gg:g)a“cs ————— 171.70 = 1.10 +268 .3.09 GeV
stat
total uncerainty total stat Single top enriched +0.97
R ized by E Physical Societ; _ e @ 172.60 = 0.77 .0.93 GeV
@ s Y EHOREINEREEIR0CEY, My = 173.34 = 0.76 (0.36 = 0.67) (EcV m,, = total (stat + syst) is Ref TOP-15-001 (2016)
. . ATLAS, l+jets (%) et 172.31= 1.55 (0.75 = 1.35) 7 TeV 1] CMS tt+] shape, 8 TeV +4.38
H LY 169.90 = 1.10 .3.49 GeV
Particles and Fields ATLAS, dilepton (%) — 173.09 = 1.63 (0.64 = 1.50) 7TeV [2] TOP-13-006 (2016)
CMS, l+jets e 173.49 + 1.06 (0.43 = 0.97) 7TeV [3] o(tt) 7+8 TeV " 17380 170 o GeV
CMS, dilepton e 172.50 = 1.52 (0.43 = 1.46) 7TeV [4] i .
CMS, all jets —t—t 173.49 = 1.41 (0.69 = 1.23) 7TeV [5] CMS 7+8 TeV (2015) ° 172.44 = 0.13 = 0.47 GeV
LHC comb. (Sep 2013) - 173.29 = 0.95 (0.35 = 0.88) 7TeV (6] BnCv:1009.04088
CMS, \s=7TeV World colmb. (Mar 2014) —— 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV X‘ﬁ;‘g_ %%T.bciaasl.igg o~ 173.34 = 0.27 = 0.71 GeV
CMS 2010, dilepton TR ATLAS, I+jets L =— 172.33 £ 1.27 (0.75 = 1.02) 7TeV [8] arXiv:1403.4427 (2014)
CEBNEDE ATLAS, dilepton i 173.79 = 1.41 (0.54 = 1.30) 7 TeV [8] o by oo N o
bl 17250+ 04¢ ATLAS, all jets st 17512 1.8 (1.4 £ 1.2) 7 TeV [9] 160 170 180 190
s 2011, oo 170402027 100 0oy ATLAS, single top —t—— 1722+ 2.1 (0.7 = 2.0) 8TeV [10] m, [GeV]
e e ATLAS, dilepton e 172.99 = 0.85 (0.41= 0.74) 8TeV [11)
e ek ATLAS, all jets —_——— 173.80 = 1.15 (0.55 = 1.01) 8 TeV [12]
CMS combination 17354 ATLAS comb. J.';L'fs 2018 e 172.84 = 0.70 (0.34 = 0.61) 7+8 TeV [11]
uptoL=5.0fb" (valuo + s , dil.
CMS, l+jets e 172.35 + 0.51 (0.16 = 0.48) 8TeV [13]
Tevatron combination 173.18 £ 0.56 + 0.75 GeV
Prys. e 086 2012) 092005, up 1 L=5 81" CMS, dilepton i 172.82 = 1.23 (0.19 = 1.22) 8TeV [13]
175 CMS, all jets gl 172.32 = 0.64 (0.25 = 0.59) 8TeV [13]
m, (GeV] CMS, single top ——i 172.60 = 1.22 (0.77 = 0.95) 8TeV [14]
CMS comb. (Sep 2015) H 172.44 = 0.48 (0.13 = 0.47) 7+8 TeV [13]
1 (1) arXiv- 1008 0
[12] ATLAS-C
(") Superseded by results 72004
shown below the line
| | | ! | 1 1 1 1

&) Springer T
S 185

L o
175 180
m,,, [GeV]

| I 1 | I |
165 170
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W boson polarization

arXiv:1612.02577, PRD 93(2016)052007

« W bosons can be produced with left-handed, right-handed, or
longitudinal polarization

» Top decay vertex in the SM is characterized by V-A structure
— Fractions of polarization states are well predicted

« Can probe by measuring the angular distributions of the W
boson decay products %

* New physics could alter the polarization

9*

\

19.8 b’ (8TeV)
00 CMS

1
09 — Standard Model ' .
o8 —— Longitudinal : W single top
—— Left-handed < 3000 .DY+{9|s
0.7 = B ultijet
%M 3
Z 2000
%’30.5 &
© -
0.4
o3} F, ~0.7; F,~0.3N\Ex~0
0.2
0.1 o 120
o 12k
0768 06 04 02 0 02 04 06 08 1 S 08B L1y L Lo ey
’ ’ R ’ ’ ’ ' g -1 -08 -06 -04 -02 0 02 04 06 08 1

coso Leptonic cos(0*)
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Spin correlation

PRD 93(2016)052007

 Important tool for precise studies

* Top quark produced are not polarized
— ...but spins between quark and anti-quark are
correlated
* Top quark decays before spins
decorrelate

— It decays before hadronization (t~10%°s) =
spin information transmitted to decay products

— No need to reconstruct full ttbar system

» Spin correlation depends on production
mode

* [t may differ from SM expectations
— Decays to charged Higgs and b quark (t—H*b)
— Other BSM scenarios

1/c do/dlA(bm_I

Data/Simulation

05

0.45

0.4

0.35

0.3

0.25

1.05 |-

0.95 F

19.5fb™ (8 TeV)
e

P L
—— NLO SM

NLO

no spin corr.

)
= .
w

IIIEIII!TIIIIIIIIIIIIlllTllllll

agreement with SM

e Data
--MC@NLO

LlllllllllllllllllLlillllilllll

A lll

o, |
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How else is Top produced?

PRD102(2009)182003, PRD81(2010)054028

 Single top quark production

q t-ch g 4 s-ch t Wit-ch

9

b t q
o(13TeV) = 217 pb 10 pb 72 pb

5

P t Resonance Production?
X Top Color-Assisted Technicolor
OR
D t 2727277
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Probing top quark production

 Differential measurements
— Testing QCD, measuring properties, searching for new physics, ...
— Function of kinematics, global variables, associated production

* Increased sensitivity: top quark pairs produced at rest
- o (M>1 TeV at 13 TeV) =8 x o(M,>1 at 8 TeV)

= Unique opportunity to probe boosted production at 13 TeV

partially merged,
boosted W

un-merged fully merged

for AR~1.0

< 200 GeV 200 - 350 GeV
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Boosted topology

JHEP 1209(2012)029, TOP-16-013

Jet3:

; ' 2 53 fb (13 TeV)

M d t pt47.8GeV/c, Top]et “ Froo TT 1 TTT L TTT L TTT
er%e Je b-tag discriminant 4.2 1. o % 160 cms ' .Data -
: \_ (O] [ Preliminary [JSignal 3
[ S w let 7o) 140:_ I:IQCD ]
, ~ r N NFitUnc.
: —7 \ P 120: \ i :
T Type 1+2 S 100 .
> ; ]
I 7

“/ ‘
D ™
o O

[
) |
nN b
o O

Mass jet ~ Mtop

> 7’ Jet 2: Jet Pruning T 05 I :
B pt 484.3 GeVl/c, 3 ocs) s .
mass = 68.8 GeV/c2 e NN
Jet 2 + 3 : Mass = 167 s 0 20 40 60 80 100120140160180200
W8l Top Tagging see also CDF note 10234 Lead. jet lead. subjet mass (GeV)
g'sﬁilseewc' — > e 2.53 1 (13 TeV)
= 186.7 GeV/c2, —_ N 2501 cMs : g «Data
’2ianﬁass=87.2eGe(\:/Ic2 |£Z) X tt—l 8 [ Preliminary [Signal
N : [JQCD
: : g 200 Fit Unc.
At high energy, particles produced beyond threshold g
> -
b i

« All-hadronic topology
— Top p; boosted, jets are collimated
— Decay products and FSR collected in a “fat” jet

 Look at jet substructure == ,
100 150 200 250 300

* Measure mass (no neutrinos) i
Leading jet mass (GeV)
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Boosted topology

* In many models there is high potential to discover new physics in the top sector
in search for heavy resonances

pp — X — tt

» Simple approach to merge neighboring jets

Proi'on

hlgh pT hlgh pT

Jets \ ‘4— ‘ ->‘/ Jets

Proi'on

Merged Jet
Mass jet ~ M
A

top

* At LHC energy, EWK scale particles produced beyond threshold
« Jets are highly collimated
» Decay products and FSR collected in a fat jet
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Jet/Event selection

 Locate hadronic energy deposit in
detector by choosing initial jet finding
algorithm r

* Impose jet selection cuts on fat jet \
— Recombine jet constituents with new algorithm (I) ° N
— Filtering: recombine n sub-jets min d(i,j) o
— Trimming: recombine sub-jets with min p;

®
« Minimum distance between jets is R o ° @

|
0/
/

@
0
—

\ |@

[
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Boosted topology: Top

» Highly boosted top: three
hadronic decays of the top are
merged in one top jet

s
irs (T —— L W jet
< ‘

« Moderately boosted top: three Rk
hadronic decays of the top are ol
merged in one W jet plus and ™~ ' Type |+2

one b jet candidates
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Top quark pair resonance

CMS-B2G-15-002, B2G-15-003

2.6 o' (13 TeV)
1 b-tag, IAyl < 1.0
—— Data

L B e m

L cms

 No resonance expected in SM Profimbery o
* Why is top so heavy? rertnon
— new physics?
— is third generation ‘special’?
 Search for massive neutral bosons 00 200 o6 o500
decaying via a ttbar quark pair il -
1000 2000 3000 _ 4000 5000 6000

tt Invariant Mass (GeV)

* Experimental check

. . -1
— search for bump in the inv. mass 2.6 fb" (13 TeV)

e T Orserved
£ CMS Observed :
SpeCtrum w0l - Preliminary Expected
. . . - E I +10Exp.
— progressive loss in reconstruction ability 3 220 Exp.

——— 7' 10% Width (NLO) ]

due to jet merging

— reconstruct M, .. in different categories
(e/u, n-jets, n b-tags)

— |+jet events: full event reconstruction

—_
TTIT TTIT

e
o
TIT T

95% CL Limit on o, x B(Z'—tf) [pb]

- -y
AL B

=)
T

102 -

13007500 200023003000 3500 4000
M, [GeV]
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ttbar+Higgs

« {tbar produced in association with H
—ttbar is a “clean” tag

« direct measurement of Higgs couplings

l]]IIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIII I]

M(H)_ 125 Gev—;

oL,
+

T T TTTTIT

o

o

}
T
A

1l 111 1
LHC HIGGS XS WG 2016

|0 gop s NOED
—

o(pp — H+X) [p
o
T II
11 ll

|

—
I L
\B
©
Y
X
2
z
(e}
2
O
+
z
o
E:

il AFS)

TTTTTT

111101l

T

Cross section for ttH at the LHC: 107 -
0.13 pb (8 TeV) ' :
0.61 pb (14 TeV) / ’

107 | Lovvaleiii eyl E
ttH ~1% of total Higgs cross section 6 7 8 910 1112 13 14 15
s [TeV]
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ttbar+heavy flavour

arXiv:1411.5621, TOP-16-010

- Study rate of ttbb: | o(t£bb) / o (tt]j)
« Anomalous tt+jets could signal BSM
final states
* First direct measurement of typical bkg
to top-Higgs coupling . |
— Irreducible non-resonant bkg from ttbb * Wiibb WHLF  WSinglet

E]t!b]_ [t others [iDYJets
» Improved theoretical understanding of miee BV rDem
ttH(bb) crucial to ttH and NP searches

| 5/ 75 = 0.022 & 0.003 (stat) = 0.005 (syst)|

* In Run1 measured value higher but %1.14;
compatible (1.60) with NLO calculation e e 1
e
@)
Number of b-tagged Jets
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JHEP09(2014)087

* Direct study of top Yukawa coupling
» Explore all accessible Higgs decay modes

— H—bb,WW,ZZ with multilepton final states

3l
Same-Sign 2!

Combination

M. Gallinaro - "Probing the SM: Top quark properties and beyond" - March 27, 2017

CMS

fs=7TeV, 5051 1" {s=8TeV, 19.3-19.7 fib’

858 Expected = 10
--- Expected+ 20
--- Expected (sig. inj.)
-&- Observed

10
95% CL limit on o/og,, at m, = 125.6 GeV

Run1 best fit;
u=2.80+1.00
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ttH: multi-leptons, trt

* Multi-leptons: SS, 3L and 4L
e ttH with H—tt

=>categories per charge, flavor
b

Events

Data/pred.

180
160
140
120
100

N o
o O
IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

N b
o O

OO - 4 4
O)@ON-&O)@ )

CMS Preliminary 35.9 fb (13 TeV)

= \\\\\\\\ e —

_— @ stat. unc. [ total unc. —

I Il
ll Ill

I | | | | | | (=
I*I*, post-fit (SM predlctlon)
+Data @WZ SJNon-prompt
WttH [JRares [ Charge mis-m.
EtwW EW*W® @ Total unc.
Otz [JConv.

2L SS

llllllllllllllllllllllllllllllll

[ — \\ AR A

|

}

ee €e ey eu ep ew MU PU pu uu

* bl bl+ bt- bt+ bl bl+ bt- bt+
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ttH: multi-leptons, trt

* Multi-leptons: SS, 3L and 4L
e ttH with H—tt
=>categories per charge, flavor

b ttH production
LHC Runt S — 0.7
Vg JHEP 08 (2016) 045 o 2.3 -0.6
¢ CMS Run2|
HIG-16-022, 129" | _ '
+ +1.2
{ HIG-16-041.3594V;J|' - it 00 -0.0
d e — -0.2 +0.8
HIG-16-038, 129 ™' | _
q multileptons e 1.5:05
q HIG-17-004,359 10" |
T, + X o 0.7'0¢
q MG17.003.350m " Lo 1 o oo o e b
: 4 0 1 2 3 4 5
b Signal strength relative to SM prediction
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ttV production (V=y,W,Z)

 Large datasets give access to rare tt+W and tt+Z processes
* ttZ: direct probe ot top-Z coupling (new physics?)
« ttW: important background to NP searches

« Use multi-lepton final states
— 2 same-sign charge leptons, 3 or 4 lepton final states
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ttV production (V=y,W,Z)

CMS-TOP-13-011, EPJC 74(2014)3060, TOP-14-008, TOP-16-017

* Measurements will give access
to EW couplings of the top

2000

—
o
o
o

Number of photons

Fit residual

CMS prellmlnary L-19 7 fb at (_-8 TeV

T T
2INDF 2502/14 .

=1761= 12 >, Data
NN' = 42868 :1659 Stat. uncert. MC _|
s [ real
I fake =

tty ]

4 6 8 10
Charged hadron isolation / GeV

£
%1500
L

500

Combine 2- 3- and 4- = Z 2200
lepton final states
= ttV xsec in
agreement with SM

CMSPrellmlnary

12916 (13 TeV)

B L

I

Total

Oy, = 24 +£0.2 (stat) 0.6 (syst.) pb

Consistent with theoretical predictions
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rare
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.nw
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—+— data ~ uncertainties
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Flavor Changing Neutral Currents

* Expect small signal from SM
e ...but signal may be large in BSM models

Final states:

Wb tHq |
v% W
u,c b 6 :'».
P
L 0+ Sf“n .,l'<
W .
g v
& IR w
Couplings: $ N Z
t_’ug t_’UH t—’ug, t—’cg N > W: .
t—cg t—cH t—uzZ, t—cZ t—tZ
Ogg—>t X B(t = Wb) <3.4pb B(t = Hc) <0.40% B(t = Zu) < 0.022% SM o(tZq) = 1 057 fb
~ Ogg—t % B(t — Wb) <29pb B(t = Hu) <0.55% B(t = Zc) < 0.049%
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Scalar top quark

« SUSY is one plausible extension of the SM )2(1)
* due to the heavy top quark, mass splitting between t, ~
and t , can be large, such that the lighter stop t , can X1
be even lighter than the top quark W—ZZ
 Decays dictated by mass spectrum of other SUSY o similar \ £
particles signature as in 7
ttbar ¢
* Light stop:
mg, S ™y

T— byt — bWZ?

* Heavy stop:

t—>t —>bW

t—)tx
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Top and SUSY

EPJC 74 (2014) 3109, arXiv:1603.02303, SUS-16-002

Preselection —®— Data
[ 11 top
s
[] W+jets
I rare

- t7] (650/50) x1000

 If SUSY exists and is responsible for solution
of hierarchy problem, naturalness arguments
suggest that SUSY partners of top quark
(stop) may have mass close to m,, to cancel
top quark loop contributions to Higgs mass

Entries / 25 GeV

I3 — bWX) |“heavy’
I— by — bW |light

100 150 200 250 300 350
E™ [GeV]

° Sma” predicted CrOSS SeCtion - Gootllp dlt! I.TTf.f\xllutru ?CI/TT‘V\/IbeI/ltit‘xI | wsut?tl:s;I.C.HF.F,fT.G Y — .1.9'.7|fb;1(.8.T?V)
—_ for 175Gev 40pb@8TeV éﬁx‘ E ﬁl_ﬂi;rejr:viziry 1|0L1:;.-2r1\t§:‘{CONF-2016-077} ] g 4—CMS T ::::::: o —f
_ _ —~0~0] & T miws L 123 ' N 2010070 ERCEY S W Expected +to,, ¢
- [ =ise® MJ 3.21b7[1604.07773 < F Expected +20,,,
¢ Stop palr prOdUCtlon' Xl Xl 400:_ f\‘s=8Te‘V,20fb" Run1[1506[08616] ! N % 35_ ? .
—similar to ttbar lepton+jet and dilepton ch. | = omeims = St mmmzimes 3 2 o
—Additional MET from neutralinos oot ; o 1E o
. . i A SR
 change in ttbar cross section wf- e 487
1002_/ _ g 1 ]
, 0'5__ t—»tx m(x;) = 1GeV E
A W VT DR BT TR Vs VT qéo' - '1£|so' B 1;0 ' 18|0 ' 190 ' 2oo

200 300 400 500 600 700 800 900

m [GeV] m.[GeV]
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Top cross section: dileptons

* Indirect searches

* SUSY models could produce %2
final states very similar (with »
.y Xi
additional MET)
* For ex. in dilepton channel - .
” 45 19.7 b (8 TeV)
i, production, t> b 177 /T ¢ 10/ {> Wb T/ T t 7 ” i LR B D B B -
; 4504"4."_ILA|S| LA L L I L I LB T T ] P ” 4: CMS _— Observedﬂom .
() C (o A4 2 —
o, woF. =00t t‘(;SL/iIe(:grigi:;d (E. ” - Expected :
EOIXF - =%: :A%b%ﬂ/bff’if :/fll\-lilsc e 3.5 - Expected =10, _:
as0F _.I‘ﬁ ij I1 L, toL g i ; Expected t208xp ]
;%:;ﬁi:’ é,m 055780190 200" 370 3 -
m; [GeV] .
s00 Observed limits  --=- Expected limits All Iimi?§_~§.t>95°/o cL 5 7]

250

IIIIIlllllllllllllllllllllll

r.[lllIIII|IIIIIIIII|IIII|

2
200
- 1.5
N e R

95% CL limit on signal strength
N

g
<)

(S 1 =
o
—
(2]
o
—
~
o
—
@
o
—
(e}
o
N
o
o

il L1 | I | | | 1 ' L1 1 1 | L I 1 1 1 1 | 1 L 1 1 I 1 1 | 1 I 1 1 1 1 I—
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m;, [GeV] m.[GeV]
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Multi-top production

arXiv:1605.03171, TOP-16-016, 1702.06164

* Production of 4 tops is an attractive scenario s

in @ number of new physics models 9 7 :

* The SM cross section is 9Gfb@13TeV q t
i

» Use lepton+jets final state 4
« Combination of kinematical variables and e 1

multivariate techniques CMS 231" (13 TeV)
- Data are consistent with bkg expectations g0 msme
« Set upper limit cross section 69fb @95%CL B g0/ %g%"‘”m"“e"‘
« Search for same-sign dileptons 20l =i -
- Several models considered o s
» Consider multiple search regions defined by : I ]

MET, hadronic energy, number of (b-) jets, -1 L, E

and p; of the leptons in the events
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Searches for new particles

ATLAS Exotics Searches* - 95% CL Exclusion 1 Tev ATLAS Preliminary

Status: August 2016 [Ldt=(3.2-203) b V5=8,13TeV
Model ty Jetst ET™ [rdtm] Limit Reference
T T —TTTTTT T — T T T —T
ADD Gk +g/q - >1j Yes 3.2 6.58 TeV n=2 1604.07773
ADD non-resonant {{ 2e,p - - 20.3 n=3HLZ 1407.2410
@  ADDQBH - (q 1eu 1j - 20.3 n=6 1311.2006
'% ADD QBH - 2j - 15.7 8.7 TeV n==6 ATLAS-CONF-2016-069
C  ADDBH high 3, pr >lepu >2j - 3.2 8.2 TeV n=6, Mp = 3TeV, rot BH 1606.02265
g ADD BH multijet - >3j - 36 9.55TeV. n=6,Mp=3TeV,rot BH 1512.02586
3 RS1 Gyi — €€ 2e,p - - 20.3 k/Mp; =0.1 1405.4123
o RS1 Gkx — vy 2y - - 32 Gyk mass k/Mpr = 0.1 1606.03833
g Bulk RS Gkx — WW — qqlv Teu 1J Yes 13.2 Gkk mass 1.24 eV k/Mp =1.0 ATLAS-CONF-2016-062
W' BuKRS Gki — HH — bbbb - 4b - 13.3 | Gkk mass 360-860 GeV k/Mp = 1.0 ATLAS-CONF-2016-049
Bulk RS gkk — tt 1e,u >1b,>1J/2] Yes 20.3 BR =0.925 1505.07018
2UED/RPP leu 22b,24j Yes 3.2 KK mass Tier (1,1), BR(AGD — tt) = 1 ATLAS-CONF-2016-013
SSM Z’ — ( 2epn - - 13.3 | 2’ mass 4.05 TeV ATLAS-CONF-2016-045
@ SSMZ >t 27 - - 19.5 1502.07177
8 Leptophobic Z’ — bb - 2b - 32 5 TeV 1603.08791
_8 SSM W’ — (v Tepu - Yes 13.3 W’ mass 4.74 TeV ATLAS-CONF-2016-061
o HVTW' 5 WZ - qqrvmodelA  Oe,p 1J Yes  13.2 | W’ mass 2.4 TeV gv=1 ATLAS-CONF-2016-082
®  HVT W' — WZ — qqqq model B - 2J - 155 | W’ mass 3.0 TeV gv= ATLAS-CONF-2016-055
) HVT V' - WH/ZH model B multi-channel 3.2 2.31 TeV gv=3 1607.05621
O LRsMwj -t feu 2b01] Yes 203 14104103
LRSM Wy, — tb Oe,u >1b1J - 20.3 1408.0886
_ Clqqgqq - 2j - 157 | A 19.9TeV n=-1 ATLAS-CONF-2016-069
O  Clllqq 2e,pu - - 3.2 A 25.2TeV nu=-1 1607.03669
Cl uutt 2(SS)/28ep21b,21j Yes 203 |Crrl =1 1504.04605
s Axial-vector mediator (Dirac DM) 0 e, u >1j Yes 3.2 ma 1.0Tevl 84=0.25, g,=1.0, m(x) < 250 GeV 1604.07773
Q Axial-vector mediator (Dirac DM) O e, u, 1y 1j Yes 3.2 ma 710 GeV 84=0.25, g, =1.0, m(x) < 150 GeV 1604.01306
ZZyy EFT (Dirac DM) Oe,pu 1J,<1j  Yes 32 M. 550 GeV m(y) < 150 GeV ATLAS-CONF-2015-080
o Scalar LQ 1%t gen 2e >2j - 3.2 LQ mass 1.1 T4 p=1 1605.06035
o] Scalar LQ 2" gen 2u >2j - 32 LQ mass 1.05 Te p=1 1605.06035
Scalar LQ 3 gen Tep 21b>3] Yes 203 [IOfassed0GavI p=0 1508.04735
VLQTT - Ht+ X 1epu >2Db,>3j Yes 20.3 T in (T,B) doublet 1505.04306
g VIQYY o WhiX le,p 21b>3) Yes 203 Y in (B,Y) doublet 1505.04306
% < VLQBB - Hb+ X lepu >=2b,>3j Yes 20.3 isospin singlet 1505.04306
© S viaBB-Zb+X 2/>3e,u  >2/>1b - 20.3 Bin (B,Y) doublet 1409.5500
L& viaqQQ - Wawg 1epu >4j Yes 203 1509.04261
VLQ Ts/3Ts/3 — WeWe 2(SS)/>3eu21b,21] Yes 3.2 Ts/3 mass 990 GeV| ATLAS-CONF-2016-032
Excited quark g* — qy 1y 1j - 3.2 q° mass 4.4 TeV only u* and d*, A = m(q") 1512.05910
T @ Excitedquark g° > qg - 2j - 15.7 | q* mass 5.6 TeV only u* and d*, A = m(q") ATLAS-CONF-2016-069
2 S Excited quark b* — bg - 1b,1j - 8.8 | b*mass ATLAS-CONF-2016-060
9 § Excited quark b* — Wt lor2eu 1b,2-0j Yes 20.3 fo=fi=fr=1 1510.02664
W S Excited lepton * 3epu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* Seut - - 20.3 A=1.6TeV 1411.2921
LSTCar —» Wy Teu 1y - Yes 20.3 1407.8150
LRSM Majorana v 2epu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
L Higgs triplet H** — ee 2e(SS) - - 13.9 H** mass 570 GeV DY production, BR(H* — ee)=1 ATLAS-CONF-2016-051
g Higgs triplet H** — (1 Beput - - 20.3 DY production, BR(H}* — (7)=1 1411.2921
‘0“ Monotop (non-res prod) Tepu 1b Yes 20.3 Anon-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059

Vs =13 TeV _
- 10 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
‘+Small-radius (large-radius) jets are denoted by the letter j (J).
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Cross sections at the LHC

o LHC Vs=14TeV L=10%cm?s™ rate ev/year

barn g T TIT] T T3 q10 7
L ] ] J4n 16
: & inelastic LV input 3GHz =10

mb _ bEA.. ; —;10 14 We” known processes, don t

1

w

need to keep all of them ...

- b {MHz <10

_ - nax-£V2-input % —;10 12
: max LV1 output > ]
pb i A S Y S

11

<410

L i AL i - é _E 10
g S & % kHz : 10

. A Woly J ]
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F HEE ‘ Z‘)I*I [ H ; H ] ]
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New Physics!!
: This is where to look
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Increased reach at 13 TeV

Min. bias A&,

 Predicted cross-section ratios

Single t (sch.)
Single t (t-ch.)
tw
tt - N
ggH ii(G'L) >(o'L)
VBF

VH 13 TeV with 2.2 fb-!

= 07 Tt{}" Q potentially more sensitive
jf&oig TZV; 1 than 8 TeV (19.8 fb-)
99 (1.0 TeV)
99 (1.5 TeV) N
a9 (2.5 TeV) N
Z'so (2.0 TeV)

G* (3.0 TeV)
HSCP g (2.0 TeV) N\
W —tb (2.0 TeV) R
X5/3§5/3 (1.0 TeV)
Xg2Xss (1.5 TeV)

13 TeV 8 TeV

1 10 10 10° 10*
O 13 Tev! Og Tev
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Summary

* Top quarks are valuable probes of SM

 Excellent consistency but SM is incomplete
— Extensions foresee existence of additional bosons
— Searches for BSM bosons ongoing

* Dominant background for New Physics searches
* Due to large mass, top quarks may couple to heavy objects
 Deviations from SM may indicate New Physics

* More data will enhance the sensitivity
—Higgs, multi-top, boosted objects, SUSY, Dark matter, etc.
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