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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))
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Top quark decays

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

-l

" «‘:-,. / & 46%
e W

ttjets 15%

e i o
f'@ B\ ) \’)(\\}c ’.20/[\%10 n+ets 15%
. LR\ er® c+iets 15% _
¥ @ o "dileptons” "lepton+jets”
* Dilepton (ee, uu, en): 18
— BR~5%, 2 leptons+2 b-jets+2 neutrinos Vs
Displaced tracks
» Lepton (e or n) + jets
— BR~30%, one lepton+4jets (2 from b)+1 n Pecay el Plsccondary vertx
» All hadronic P"mammék/\ T

— BR~44%, 6 jets (2 from b), N0 NEULNNOS  pomusse | O-I€1S @lWays present
b-jet reconstruction plays important role
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Discovery of top quark (1994)

 Strategy
—dilepton: +2 jets e + 4 jet event g fltnetino  Jet#3  jet #1
— single lepton: b-tagging 407523.‘53,ifn3b2r,1992 MET '
1) soft e/u: semi-leptonic b-decay TWO jets tagged by SVX

2) secondary vertex fit top mass is 170 +- 10 GeV

e,
' 5 g
e f

e*, Missing Ey, jet #4 from top
jets 1,2,3 from top ( 2&3 from W)

«+—\5 cé timeters —»
Tevatron

beam pipe

( note scales )

B ) ’ lfl{. i ‘
NN ;. ’\f A g ‘ \
X o . “ 3 >
B - g : < 3meters — » \

. Tracking View Primary

4 Vertex Secondary
New: CDF vertex detector (SVX) ‘(‘E’.ﬁ;’é‘s
(40 um impact parameter resolution) R —
powerful discriminant against background
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Discovery of top quark (cont.)

VOLUME 73, NUMBER 2 PHYSICAL REVIEW LETTERS 11 JuLy 1994

Evidence for Top Quark Production in pp Collisions at Vs = 1.8 TeV

We summarize a search for the top quark with the Collider Detector at Fermilab (CDF) in a sample
of pp collisions at /s =1.8 TeV with an integrated luminosity of 19.3 pb~'. We find|12 events|con-
sistent with either two W bosons, or a W boson and at least one b jet. The probability that the measured
yield is consistent with the background is 0.26%. Though the statistics are too limited to establish firmly

the existence of the top quark, a natural interpretation of the excess is that it is due to ¢f production.
Under this assumption, constrained fits to individual events yield a top quark mass of
GeV/c?. The 17 production cross section is measured to beJ3.9 X%} pb

3 .
¥ T T Al ] 36—

7 events

v Data after SVX/SLT tagging
£==) Background SVX + SLT ] L
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Top quarks and BSM

CMS Preliminary, 19.7 fb ', |s =8 TeV, l+jets
T

% 12000 [l weorrect W zels -]
- . . 1000027 v ! =:'::$:°P ]
* Monitoring of production T} G ST

S 8000 B

S 6000/ ; |

mechanism
* Interpretation of m,,: top, W,

- Jmass

1.5

Inclusive tt cross section [pb]

Higgs masses L]
» Are properties consistent with o g e
our understanding of EWSB? Jo.spr&%rﬁt\ies single top
e Is there any sign of NP in top - b t
production/decay? ATEE g ;

PRI SRR — dededd, - -
065 07 _ 075 08
FO
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Cross sections

arXiv:1112.5675

e [
l ( \ LI [ / — ) /( ATLAS+CMS Preliminary LHCtOPWG G, ; summary, Vs =8TeV May 2016
9 —»—t 9 Y P . T Y, © I R NNLO+NNLL PRL 110 (2013) 252004
; 0(13 TeV) = 832 pb + 5% <723 Go, 1) <O 112000 bt ———
1 _ scale ® PDF @ oy uncertainty Ot (stat) & (syst) £ (lumi)
g L <«—1t 9 t
Rl 3/8 — 3 . 28 ATLAS, lepton+jets o 260+ 1°2+8pb
. . . PRD 91 (2015) 112013, L, =203 b
NNLO+NNLL predictions (arXiv:1112.5675) CMS, lepton+jets | 228,538+ 13.7 £6.0 pb
—_ arXiv:1602.09024, L, =19.6 b
a ! ITevaltronlcomlblneld 1 slaa TIeV (ll. < aI 8 ft; ) l e CMS, lepton+t, o 2574£3+24+7pb
.9,- — Z CMS ey 5.02 TeV (L = 26 pb”) CMS Pre|iminary June 2016 PLB 739 (2014) 23, L, =19.6f"
- m CMSeu7TeV(L=5f 1) ATLAS, dilepton ep | 2424+17+55+7.50pb
(@] 3| _ O CMSl+jets7TeVv (L=231b") } , P 2424175527 p
= 10°F v CMSalets 7 Tev (L=3. 54 1b) = EPJCT4 @014)3109, Ly =203
8 e 8%2 ey zta 1;3e¥ (\17 (—L19 179&% f)b ) laq i'l\élfo fglzi?:?g\zgeeL MU, ?ftb) o : 239.0+£2.1+11.3+6.2pb
~ A +jets 8 Te = - . Ly =53 :
o 0 CMSalljets 8 TeV (L=18.41b") 99 C(I)CI 7] 1 - ‘
%) 4 CMSeu13TeV (L=43pb", 50 ns) ~90% - LHC combined ey (Sep 2014) | 4 ¢ 2415 £1.4 +5.7 £6.2pb
(7)) - & CMSew13TeV(L=221b", 25 ns) ; ; ; r . . ATLAS-CONF-2014-053, CMS-PAS TOP-14-016,
o * CMS l+jets 13 TeV (L=42pb ') I 5::;;;’;{;9 :’zef:: energy \ Lint =5.3-20.3 b :
o ~ % CMSalljets 13 TeV (L=253 b7 - uncertainty: 1: 1 7 CMS, dilepton ey 2449+ 14 "%+ 6.4 pb
"= ggéﬂ)q 1 000 (not included in the Figure) ] arXv:1603.02303, L, = 197 " I—H o 55~ p
G>J 102 = /o = CMS, all jets oy |
X7 — 800F 4 4 EPJ C76 (2016) 128, L, =184 275661+ 378+ 7.2pb
=) — 3 ] :
s) L ] : NNPDF3.0 JHEP 04 (2015) 040
£ B 600 _. NNPDF3.0 . MMHT14] MMHT14 EPJC75 (2015) 5
-gg/ q = NNLO+NNLL (pp) :.?T14| . I:IABNPZ" 17 Effect of LHC beam : : ;’;;‘1 2PRD 93 (2016) 033006
. " rtainty: 4.2 pb PRD 89 (2015) 054028
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13  ys[TeV] _| (not includod I the fiaure) : [ (M) =0.113]
- NNPDF3.0, m, _ = 172.5 GeV, a,(M,) = 0.118 = 0.001 [a_(M,)=0.113] 3 N T N N T
> "1 | 6' L é TR R 1|0 R — 1|2 T — 14 100 150 200 250 300 350 400

o, [pb]
Vs [TeV]
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Study characteristics

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

llllllllllllllllllllllllllll
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|||||||||||||||||||||
lllllllllllllllllllllllllllllllllllllllllll
'''''''''''''''''''''''''''''''''''''''''
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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

;‘ 600 ! L I | | L I T T I L I T T I L | | I [ i
8 - ATLAS Preliminary 1s=13 TeV -
= T it e Wb, toL 13.2 fb' [CONF-2016-077] -
ECEXP 500l— — fﬁ tx, 1L 13.2 o' [CONF-2016-050] —
- BEEto Wby t2oL 13.3 fo' [CONF-2016-076] -
| i MJ 3.2 1b"[1604.07773] i
L |s=8TeV, 20 fb" Run 1[1506.08616] —
400— —]
— = QObserved Iimits -=-== Expected limits All Iimits at 95% CL N
300 & —
™ i
200 L

SJ s- ] "
100 IR
0 I I | | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | L 11 1 | AN I/|‘ ] I_

300 400 500 600 700 800 900

m; [GeV]
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Cross section measurement

Number of
Number of background events
observed events (from data, calculated

g /’ from theory)

0

O,; =
E tr * Ldt
/ \ Luminosity
Acceptance (determined by amount of data,
(experimental: detector, efficiencies) accelerator, triggers, etc)
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Cross sections (cont.)

CMS-TOP-14-016

+4%

Sep 2014

ATLAS+CMS Preliminary o,; summary, Vs=8TeV TOPLHCWG

....... NNLO+NNLL (Top++2.0), PDF4LHC —_—
my,, =172.5 GeV

[ scale uncertainty
scale ® PDF @ ag uncertainty

stat. uncertainty
= = = ftotal uncertainty
o - =(stat) (syst) =(lumi)

ATLAS prel., e/u+jets —

- 241+ 2+31+9pb
ATLAS-CONF-2012-149, L,,=5.8 fo”

ot [PD]

CMS prel., e/u+jets —i—e—
CMS-PAS TOP-12-006, L_,=2.8 fo'

228972+ 10pb
CMS, e/u+'t”

—— 257 +3+24+7pb
arXiv:1407.6643, L,,=19.6 fo”'

ATLAS, dilepton eu 2424+ 17+ 55+75pb
arXiv:1406.5375, L,,=20.3 fo”'

CMS, dilepton (ee, uu, ew) —e

239.0+ 2.1+ 11.3+ 6.2 pb
JHEP 02 (2014) 024, L,,=5.3 fo"

LHC combined eu (Sep 2014)
CMS-PAS TOP-14-016,

2415+14+57+6.2pb

ATLAS-CONF-2014-054,
L,,=5.3-20.3fb"
Effect of LHC beam energy uncertainty: 4.2 pb
(not included in the figure)
IIII|IIII|IIII [ I N I T O S I |
100 150 200 250 300 350 400
o, [pb]

=meas. challenging the theory

Czakon, Fiedler, Mitov 1303.6254 [hep-ph]

390 NNLO (scales) e '
NL8 (scales) vz )
300 LO (scales) ==isn >
CMS, 7TeV smmemms . — NNLO
ATLAS+CMS, 7TeV »—m—
250 ATLAS, 7TeV ra— g — NLO
CMS, 8TeV =—— 4
200 “~—L0
150

100 SSSndep. e g variation

PP tt+X; Myyy=173.3 GeV
50 MSTW2008(68¢.1.) LO; NLO: NNLO |
6.5 7 7.5 8 8.5
Vs [TeV]
Collider |otot [pb]|scales [pb] | pdf [pb]
+0.110(1.5%) | +0.169(2.4%)
Tevatron | 7.164 |70 008%) | —0.122(1.7%) +3-59
LHC 7 TeV | 172.0 | T44(2.6%) [ +47(27%) | = 0
. —5.8(3.4("://03 —é.gg.sgc;
+6.2(2.5% +6.2(2.5%
LHC 8 TeV | 245.8 _8.4(3.4%) | —6.4(2.6%)
22.7(2.4%) | +16.2(1.7%)
LHC 14 TeV| 953.6 | “35'9(3.6%) | —17.8(1.9%)
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Differential cross sections

EPJC 73(2013) 2339, CMS-TOP-12-027, TOP-15-013, TOP-16-011, arXiv:1610.04191

CMS Prellmlnary 2.2 fb (13 TeV)

. . . L AR R R
* Measure differential cross section 3 | Diepron + owa _
— Test perturbative QCD gg m.,_tﬁm
— Improve ttbar modeling and reduce uncertainties ™ ol
— Test BSM scenarios (Z' decays, etc) with narrow resonance ol il
» Correct for detector effects and acceptances SEEETRU T ?" .
. . . 1.5:— Stat. @ Syst. ]

» Softer top p; (CMS), agreement in ATLAS at high p;  #§ |

— Due to momentum reshuffling, P.Nason, cern.ch/event/301787 000 E0 @0 40 500

— FSR shower changes mass of final state partons. light partons __CMS Proliminary 2.2fb'1(1§TT«Ef/3)eV]

R I e e A SR I e pe
EDlIepton

can build sizeable mass, and t/tbar do not radiate »

— short term solution: consider difference as uncertainty
 Impact on ttH/SUSY/etc searches, tails of ttbar events

 Measure ttbar invariant mass
— Rate/shape reproduced within uncertainties 0}

¢ Data [ W+jets
Ml tisignal [l Z+jets
[ttother [ Jtl+zW
[ Singlet [ ] Diboson
Uncertainty

Top-quark pairs / 50 GeV
2
=

C

NData
NM

200 600 800 1000 1200 1400 1600
m, [GeV]
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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
... NNLO e e
— high-purity vs background dominated My = 1725 GoV; (M) =0.118:0.001
z:g il i (stat) = (syst) = (lumi)
. . . ® PDF & a, uncenainty o = x = (lumi
— Constrain systematics (JES, ISR/FSR, modeling, etc) v gient :
PL e o0z T T T 748258253236 pb
« Combined fit of M, to signal and backgrounds Ltsot’ o
. . CMS, dilepton eu * |_H 793+ 8+38+21pb
* Precise cross section measurement oS 1 ToP 1605
@ s
100000000 ) CMS, l+jets j——+6+—— 836=27 =84 =100pb
2 CMS Preliminary 2.3 pb (13 TeV) & ome B i o it
w [ wmuttivoson Cw CJov m =42P0 -, S0 NS
10000000 [« [ Mmutiets (cata) [ =
= CMS, I+jets * [ 835+ 2+23+22pb
CMS-PAS TOP-16-006 0
1000000 L,=23%" 25ns (38 A))
CMS, all-jets ~
’ 1t
100000 el g 834 = 25+ 118 = 23 pb
L, =253f" i
10000 NNPDF3.0 JHEP 04 (2015) 040
| | MMHT14 EPJC75 (2015) 5
1000 Frelminary H CT14 PRD 93 (2016) 033006
Effect of LHC beam :
energy uncertainty: 12 pb ABM12 PRD 89 (2015) 054028
{not included in the figure) ) [“s(M,) =0.1 13]
100
o 1D o ol P Py P by
g 400 600 800 1000 1200
08= .0t 1,1t 2j,01 21t 2j,2t 3j,0t 3j,1t 3j,2t 4,0t 2,1t 4,21 oy [pb]

Event category
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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 @ —
\%
 Syst unc: tauld, fakes t J ™~ 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;@;’;s
. . . :: N / 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}

P | i e Wl BGa |
150 200 250 300 350 400 450
Moy (G
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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

M. Gallinaro - "Probing the SM at the LHC" - ESHEP2016 - Dec. 3-8, 2016 16



Cross section in the R measurement

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

BR(t — Wb)
BR(t — Wq)

* Measure R:
* Dilepton final state

R =

= |Vipl|?

t
o (tf) = 238 + 1 (stat.) £ 15 (syst.) pb|+6%

[IVip| > 0.975 at 95% CL|

= = -
CMS’ E=8Tev’ .[Ldt=19'7fb-1 < 3|CrMs|,|v|§| |8||1.|ev|’|.[|lTxdt| T 1?.?qu| T L —
£ 12000 F= , | o (o I P 1
g o ee events | U events : 2jets eu events o) - £ 30000F 3
w — e Data I I ' a 2 25000k —o—I_._
10000 = Ol | | = 2.5 w i
_ . | | - 20000f
s000 - [ Single top quark | I \ 15000
- []Z- i (data) : | 2~\ E
— - 0000F*
sooo - EWV ! ! 3jets . 10000 :
- EAw, multiets, other f | | [\ S000F . E
4000 |2 1ets  2Jets ! 15__ \ 0 1 R
- I i BV b-tagged jet multiplicity /-
. i 4 jet B
2000 3jets 3jets - \\ = combined /
— 4 jets 4 jets 1 \ ““““ ee //
012340123401234012340123401234012340123401234
b-tagged jet multiplicity IR - 1 01 :I: O 03 (Stat + S’ySt.)I
0.5
R — /
g 1 \ &‘\WW§ 0— | L1 L l \‘#..L_l
0.8 S T N\ TN \\\ ............. romrmnrnnrnnnanaraanaaeranraa s 0 94 0 96 0 98 1 02 1 04 1 06 1 08
N T T T I A A

012340123401234012340123401234012340123401234
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Top quark mass: why do we care?

s T T T e ]
« Top quark mass is a fundamental S oo F N iwiom, amam mesuremerts | | nome® 3
- fit w/o M, m and M, measurements | | — =076 ©050, ;GeV d
parameter of the SM ” 580'45 . drect iy andm, masuroments : E
N I e —
80.35 |ty - 20385 - 0.015 Gev ’—:
dmy,xlog m,, - -
80.3 |- -
* Top is the only fermion with the mass of the E .
order of EWSB scale 0BT W
. . . . 140 190
 Discovered Higgs boson fits well with m, [GeV]
precise determinations of m, and my,,
— Highly fine-tuned situation N
—~1GeV is all it takes to tip the scales :
« Run2 will allow for discrimination between |
SM and MSSM scenario (?) £
« The fate of the Universe might depend on
Amy,,~1 GeV
M. Gallinaro - "Probing the SM at the LHC" - ESHEP2016 - Dec. 3-8, 2016 " 18



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

 accurate (~0.3%)

measurement

CMS Preliminary

May 2016

volume 74 -number 4 - april - 2014

C

@ Recognized by European Physical Society

Particles and Fields

CMS, Vs =7 TeV

CMS 2010, dilepton
JHEP 07 (2011) 049, L=36 pb™"

ton+jets
, L=5.0 b

CMS combination
woL=501"

Tevatron combination

6 +0.75 GeV
Phys. Rev. D 86 (2012) 092003, up to L=5.8 fo! 7)

m, [GeV]

@ Springer

. Gallinaro -

(*) Superseded by results
shown below the line

1 I 1 1 1

{5) Eur.Phys.J.C74 (2014) 2758

|

b hadron lifetime

@ 173.50 = 1.50 = 2.91 GeV
TOP-12-030 (2013) 2 °

Kinematic endpoints

173.90 = 0.90 *1-70 GeV
EPJC 73 (2013) 2494 210

———

b-jet energy peak
TOP-15-002 (2015)

- —— 172.29 = 1.17 = 2.66 GeV

Lepton+J/¥

s 173.50 = 3.00 = 0.90 GeV
TOP-15-014 (2016)

Lepton+SecVix

173.68 = 0.20 *158 .o Gev
arXiv:1603.06536 (2016)

o

Dilepton kinematics

171.70 = 1.10 +268 GeV
TOP-16-002 (2016) -3.00 %€

———

Single top enriched

172.60 = 0.77 097 GeV
TOP-15-001 (2016) -0.83

O

CMS tt+j shape, 8 TeV

LY 169.90 = 1.10 *438 - Gev
TOP-13-006 (2016) .

o(tt) 7+8 TeV

—@— 17380 *1.70 GeV
arXiv:1603,02303 (2016) -1.80
CMS 748 TeV (2015) P 172.44 = 0.13 = 0.47 GeV
arXiv:1509.04044
World combination )
ATLAS, CDF, CMS, DO - 173.34 = 0.27 = 0.71 GeV

arXiv:1403.4427 (2014)

1 l 1 | 1 | I 1 | 1 1 | 1 1 | 1

160 180 190

m, [GeV]

ATLAS+CMS Preliminary LHCIOPpWG m,, summary,is = 7-8 TeV Sep 2015
e World Comb. Mar 2014, [7)

stat bt

total uncertainty total stat

Myp = 173.34 £ 076 (0.36 + 0.67) GeV iy ol (statt syst) s Ref
ATLAS, l+jets (*) 0—4———~H1 172.31+1.55 (0.75+ 1.35) 7 TeV (1)
ATLAS, dilepton (*) r—i—ol-l—l 173.09+ 1.63 (0.64% 1.50) 7 TeV [2)
CMS, l+jets +—+—i 173.49+1.06 (0.43+0.97) 7 TeV (3)
CMS, dilepton ] 172.50+ 1.52 (0.43% 1.46) 7 TeV [4)
CMS, all jets —tr—i— 173.491+1.41 (0.69+1.23) 7 TeV [5)
LHC comb. (Sep 2013) , { 173.29+ 0.95 (0.35+0.88) 7 TeV [6)
World comb. (Mar 2014) H*H 173.34+0.76 (0.36+ 0.67) 1.96-7 TeV|
ATLAS, l+jets — 4 172.33+1.27 (0.75+ 1.02) 7 TeV (8]
ATLAS, dilepton —f——t— 173.79+ 1.41 (0.54+ 1.30) 7Tev (8) |
ATLAS, all jets + 175.1£1.8 (1.4+1.2) 7 TeV [9)
ATLAS, single top I + $ { 172.2+2.1 (0.7 2.0) 8 TeV [10]
ATLAS comb.(,'f]‘.":f’;:. ey 172.99+ 0.91 (0.48+ 0.78) ' TeV (8]
CMS, l+jets HeH 172.35+0.51 (0.16+0.48) 8 TeV [11)
CMS, dilepton —t { 172.82+1.23 (0.19£1.22) 8 TeV [11)
CMS, all jets e 172.3210.64 (0.25+0.59) 8 TeV [11)
CMS comb. (Sep 2015) ] 172.44+ 0.48 (0.13+0.47) 48 TeV [11]

[7) arXiv:1403 4427

[11] CMS PAS TOP-14-02

| 11
165 170 175

I N N RN N N N
180 185

My [GeV]
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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
-0 (M>1TeV at 13 TeV) =8 x o(M>1 at 8 TeV)

* New physics may manifest in final states with boosted top quarks
—Challenge: Reconstruction of boosted top quarks (p;~2M/R)

=Unique opportunity to probe boosted production at 13 TeV

partially merged,
boosted W

un-merged

for AR~1.0

< 200 GeV Y 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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Top quark pair resonance

CMS-B2G-15-002

e/u+jets, 1 ttag 2.6 (13 TeV)

g [ T | .

* No resonance expected in SM Q. 0 8 0 Koy i g
i N 60 2oV o1 )

« Why is top so heavy? o : -1e0)

— new physics?
— is third generation ‘special’?
« Search for massive neutral bosons
decaying via a ttbar quark pair

* Experimental check

gy 1T

C_1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 i
0 1000 2000 3000 4000

Data/Bkg

M. [GeV]
1t
— search for bump in the inv. mass spectrum :
— progressive Ios§ in reconstruction ability "’w a oS Prolimiary 266 (13 TeV)
due to jet merging ;’j@ 3 AN N — Expected (95% CL)
] . . 4 / L"f,_ Song 5 02— —— Observed (95% CL)
— reconstruct M, in different categories (e/ ; “ o - g 20 widh (NLO)
W, n'jetS’ n b-tagS) :‘7’5‘ g— 1o;r [ =20 Expected
. . W X r
— |+jet events: full event reconstruction g 1E
c
.210-'r
E
210
Q E
- L1
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ttbar+Higgs

» ttbar produced in association with H
—ttbar is a “clean” tag

« direct measurement of Higgs couplings
107

\s= 8 TeV

LHC HIGGS XS WG 2012

(pp — H+X) [pb]
o

/

107 E
Cross section for ttH at the LHC: 2_
0.13 pb (8 TeV) N 80 100 200 300 400 1000
0.61 pb (14 TeV) M, [GeV]
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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 ' mibb @HLF ~ @Single t

[]tibj_ [t others @DYJets
» Improved theoretical understanding of miee BV rDem
ttH(bb) crucial to ttH and NP searches

‘ Oy / T = 0.022 + 0.003 (stat) = 0.005 (syst)‘

* In Run1 measured value higher but %1.14;
compatible (1.60) with NLO calculation i 1
o 06— 7 7z 3 =

Number of b-tagged jets
M. Gallinaro - "Probing the SM at the LHC" - ESHEP2016 - Dec. 3-8, 2016 25



JHEP09(2014)087

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

— H—bb,WW,ZZ with multilepton final states Run1 best fit:
u=2.80%1.00
CMS (s=7TeV,5051 1" {s=8TeV, 19.3-19.7 b’

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

3l

Same-Sign 2!

Combination

10
95% CL limit on o/og,, at m, = 125.6 GeV
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ttH (cont.)

HIG-15-018, HIG-16-004, HIG-16-038

* Direct study of top Yukawa coupling

» Explore all accessible Higgs decay modes
— H—bb,WW,ZZ with multilepton final states Run2 preliminary:

 Key search in Run2: approaching sensitivity u=0.15+0.95

11.4-129 " (13 TeV)

my, = 125 GeV 2.3-2.7 " (13 TeV)
= 20F CMS Prelimi
= reliminary —
= - .
= 5 °MS  Moriond 2016 H — bb
o - Preliminary
é 16
= - ttH production limits .
g 14~  _e— Observed . Dilepton -
S - Expected -
2 [ +10 Expected
O 10| [_] =20 Expected
\O L .
N N Lepton+jets -
(o)) C
6 = Expected 10
4: ------ ngpected +20
L Combined - """ ttH (M=1) In]eCted
2 —&— Observed
ol- 1 1 | Ll l 1 1 1 1 1 L1l I 1 1
Combined H—leptons H—bb H—yy 1 10

HIG-15-008 HIG-16-004 HIG-15-005 95% CL limiton u = o/oSM atm, =125 GeV
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ttH, H—bb

JHEP 09(2014)087, EPJC 75(2015)251, HIG-16-038

12.9 b (13 TeV)

[2]
5 CMS Preliminary ¢ data —15xtH -
o _ Mesr Wt
. w lepton+jets [ [ Wtt+2b ]
5 jets, 24 b-tags . 1
» Study ttH(—Dbb) final state sof Sorioss " Miss  Hue:

 Select SL and DL events
» Categorize Nigi,Nep:Nptags
* Assign events a b-tag likelihood

1
[ '
[ '
- ' ]
pre-fit expectation Cet+v W V+jets 7
B diboson 4 L P H P
| ] I
7 [

>
}:[, Fu IjO

i i i & 11.4-12.9fb" (13 TeV)
* low- and high-purity categories g CMS Profiminary
- S'gnal ttH . MEM dis¢.>rimi.nant. u tot. stat. syst.
— Background: tt+bb Diepton| a1+ 0.04 1% 1% 121
» ttH and tH allows direct access to ;
Yukawa coupling Loplonios| 043 712 7, 43

. ? +0.80 +0.45 +0.66
Combined H"‘Hg -0.19 981 044 -068

1 l 1 1 1 I 1 l 1 l 1 1 1 I 1 1 1 l 1
-2 0 2 4 6

Best fit u = o/c_ atm, =125 GeV
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itV (V=y,Z,W)

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

19.5 " (8 TeV] 19.5 flt)" (8 TeV)

8 | | | | ] 2 I | T T N
. . c CMS -+ Observ 1 £ CMS - Observe i
» Measurements will give access 2™ e 18 S ]
EW li f th ° B s - e :
to Coup Ings O t e top Ezr:,if:ﬁ:ua,k / [H irreducible i
14 [ Misidentified lepton _: 40 bz (] M?srnea§Lfred charge —
CMS preliminary L=19.7 fb™ at (s=8 TeV 12 o B eceniea eoen
| rrd ;(2 I'ND;=1=7I.('5215.'0$ 2/;14' b '. 'Datla S N 10 . B 30 %4 BG uncertainty
s Nl ERSawenwel trileptons
= Il fake - 20
2 2000 7 S e N D |
..9 n A
'8 — 4 10 S
“— 2
- i
g | 0 0 TR + )+ +at - - - - -
£ 1000 tt - Total  (uu (e  (ee)n  (ee)e Total wu* e’ e'e’ uw e ee
2 Y — . | 19..']lb'(BT9V)
. rel P ' n T
Combine 2- 3- and 4-5. [ 7 eoobm
. © 500 — 8% contour
lepton final states : , — 5% cor
[ — — 1-D best fit
3 = ttV xsec 3.70 from <o~ . —d- A
7] . n 7 2 {iZ theo i
£ sl bkg-only hypothesis |} mwmomy ]
0 2 4 6 8 10 .
Charged hadron isolation / GeV 200
Oy, = 24 +£0.2 (stat) 0.6 (syst.) pb 100 -
~—— % o - i
Consistent with theoretical predictions o900 200 a0 40 500 800
Gy [0
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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” pred|Cted Cross SeCt|On . 600t|‘p dlt’ tITllvflf‘xI/ItTI ?I/:T‘V\/Iblxlxltit‘xl | ‘Sltz:\tlfsl:IICIHllEle(lﬂle Y |1I9.I7Ifb;1(I3|T<IaV)
o} B ATLAS Preliminan \s=13 TeV a - cMs — Observed +1o,, E
—_ for 175Gev 40pb@8TeV %X_ [ =it )fo/ %bey 10L13.21b:‘[CONF-2016-077] h g 4 - Expected =
_ _ " ~() ~0| £ mis L 123 ' N 2010070 ERCEY S W Expected +to,, ¢
. [ Eise® 216" [1604.0777 ™ | F Expected +20,,,
» Stop pair production: |1 X1 X1 [ Ee e B i
400— - =
—similar to ttbar lepton+jet and dilepton ch. | = et = Somme mmszimmes 3 2 o
—Additional MET from neutralinos oo ; 1E 2o
. . T s —
« change in ttbar cross section wof- s 48
. N S
oo 3% ost E
] ~F t—»tx m(i“) 1GeV ;
:/ "v:;‘ T IR ! | L | L L
O o500 a0 50606500 600 b0 Qs feo o w0 1020

i [GeV] m.[GeV]
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Multi-top production

JHEP 11(2014)154, JHEP 01(2014)163, arXiv:1605.03171, TOP-16-016

* Production of 4 tops is an attractive scenario s

in @ number of new physics models 9 7 :
* The SM cross section is 9fb (~1fb@8TeV) gg 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 119fb @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

M. Gallinaro - "Probing the SM at the LHC" - ESHEP2016 - Dec. 3-8, 2016 32



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**cm2s™ rate evlve1ar
barn g — T T T ——3 =10 "7

] J4q 18
& inelastic LV1 input 3GHz =10

15

1

Y

“Well known” processes, don't
need to keep all of them ...

mb L . J10
B = I E

1

w

- b {MHz <10

_ - nax-EV2-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

i max-LV3-output > 310

¥ qa+ag+9g

np=2, p=m-

éHz —é10

pb b9

New Physics!!
: This is where to look

; IémHz —éﬂ:l

o=

HepyZZ 41N \ HEANN :
e duHz 4 10
® Zgy—3 s¢alar LQ\ Z el SH 3

i P ]
50 100 200 500 1000 2000 5000
particle mass (GeV)
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Min. bias A&,

Single t (sch.)
Single t (t-ch.)
tw

tt

ggH

VBF

VH

~ ttH
it (0.7 TeV)
1t (0.9 TeV)
qq (1.0 TeV)
g (1.5 TeV)

gg (2.5 TeV)
Z'sqy (2.0 TeV)

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

Increased reach at 13 TeV

(o), >

13 TeV

Y
Moo S S S S S

- Predicted cross-section ratios

o-L)

8 TeV

13 TeV with 2.2 fb-1
potentially more sensitive
than 8 TeV (19.8 fb-1)

1 10

10° 10° 10*

G /G

13 TeV' 78 TeV
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What next?

LHC Pagel Fill: 5045 E: 6499 GeV t(SB): 22:33:49 27-06-16 16:12:56

PROTON PHYSICS: STABLE BEAMS

Energy: 6499 GeV I(B1): 1.56e+14 1(B2): 1.60e+14

Inst. Lumi [(ub.s)A-1] IP1: 4516.43 IP2:  1.75 IPS: 4410.75 IP8: 321.21

>

|28 BILLION YEARS AGO, NISEP——Sgy | W= oo
A Fow SECONDS BERRE THE il " 57 All set,
CREATION OF OURUNIVERSE . Lets fireupthis |

Large Hadron Particle
lider and scee )
£ 22\ What happens! /.

FBCT Intensity and Beam Energy pdated: 16 Instantaneous Luminosity. Updated: 16:12:56
2E14

]

7000
-

@
~ 6000
h

S 5000+
P

06:00 08:00 10:00 12:00 14:00 16:00

— ATLAS — AUCE — CMS — LHCb

T T T T T ™0
06:00 08:00 10:00 12:00 14:00 16:00

BIS status and SMP flags
Comments (27-Jun-2016 15:14:06) Link Status of Beam Permits

Global Beam Permit
Setup Beam

Physics with 2076b R it
Roman Pots in eam Presence
Moveable Devices Allowed In

Stable Beams
AFS: 25ns_2076b_2064_1717_1767_96bpi_23inj PM Status B1 I=D8PM Status B2

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC

=)
o

= 2010, 7 TeV, 45.0 pb !
= 2011, 7 TeV, 6.1 fb !

m— 2012, 8 TeV, 23.3 b !
m— 2015, 13 TeV, 4.2 fb !

G e, A | « LHC is breaking “luminosity” records
|20 — high operation efficiency

120 —surpassed L, =1x1034 cm=s""

Iso — More than 40/fb delivered in 2016

[*
o

150

B
o

w
o

N
o

=
o

Total Integrated Luminosity (fb !)

MXSO

o 1 1
< X R Py Q Ak N C
o W M) '
AP W AW AW 0T (68T 0 w0 (o
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 Excellent consistency but SM is incomplete
* Top quark physics as a probe to BSM

» Excellent performance of the LHC
— After LS1, increased energy to 13 TeV

« Searches provide no hints for BSM physics yet
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