~ Probing the SM:
Top quags and beyond

~ Topiguarks as window to New Physics
-Higgs associated production
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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=T1=1.4 GeV =no hadronization
— large contributions to EWK corrections ~Ggm,,,?

— 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
New Physics searches .

* Precision measurements may provide 0~
insight into physics beyond SM
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Role of top quark physics

T T T T T T T T T T T T T T T T T T T

T

¥ Tevatron combined* 1.96 TeV (L< 8.8 fb') CMS Preliminary
A CMSep' 7TeV(L=51b")

A CMS l+jets 7 TeV (L=2.3f5")
W CMSep' 8TeV(L=19.7fb") -
O CMS l+jets* 8 TeV (L=28fY :

* LHC combined ep* & TeV (L = 5.3-20.3 f5")
® CMSep12TeV(L=42pb")

O CMS l+jets* 13 TeV (L=42pb")

10°

* Top quark physics after the Higgs

Inclusive tt cross section [pb]

. reliminary 1000k _:
discovery 10 ﬁ ;
: : : - 800 ]

— Heavy particle, preferential coupling? - ]
600F -

— Special role in EWSB mechanism? = ANLONLL (D e

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
m,,, = 172.5 GeV, PDF & o _ uncertainties according to PDF4LHC
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— Does it play a role in non-SM physics?

— Are the couplings affected? 24 ® 8 10 12\;5[?\/1]4
— Main background for many NP searches o - _ wasano
ratios cl>f LHC parton Iuminosities:13T'eV/8TeV ;Ii'
f
I /
* Monitoring of production mechanism ¢ | ~ % /
TTrae 7 i

* Is there any sign of NP in top
production/decay?

luminosity ratio
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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~ .

Permutations / 5 GeV

6000 ! |

=k mass

Inclusive tt cross section [pb]
)

10E L
E 2000[-

— Are the couplings affected? Mo SEEEREERmem g s M
s [TeV] 055 200 300 400
— Main background for many NP searches s 1878 (TeY “"‘q
-+ properties single top
* Monitoring of production mechanism “ | ... \ ¢
. , e
* Is there any sign of NP in top g ;

065 07 075 08

production/decay? "
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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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Top cross section at 7/8 vs 13 TeV

Fermilab SSC
CERN l LHCl
v

!
* LHC collisions started at 7/8 TeV = 104
« LHC design is at 14 TeV " S
» Top cross section drops faster than background T me o B 1’
processes at lower sqrt{s} = ~ eiooaVs "3
* Top cross section drops by factor of ~5: *§_ 1ubl ) :g
— Cacciari,Frixione, Mangano, Nason, Ridolfi: arXiv: é E”f‘>o.'2€f:/8_ «%
0804.2800 *g_ S N q;
— Czakon, Mitov: arXiv:1112.5675 B 1nbl T 3
—top o(7TeV) = 174 pb L ey £
—top o(8TeV) = 248 pb L i
_top o(13TeV)= 816 pb 1pbE o= tTev—
« Background is more “flat” T
| |

0.001 0.01 0.1 1.0 10 100
v TeV
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Regions hard to explore

tt, production, t,— b f % /1 ¢ % /t> Wb X, />t ¥}

;‘ 450 T | L | T 1T 1 | T 1T 1 | I
8 - ATLAS 1s-8TeV, 200" >
= - ot tOL/t1L combined 3
% 400 mm ity t2L, SC 3
& - EEmToWLTIIFE  WW E t
as0l- “Hi->Wby, t1L, toL
- e .{1% c 7(? tc 0 3 i
L tc, t1L 170 180 190 200 210
300 m; [GeV]
— = Observed limits ==== Expected limits All limits at 95% CL .
250— —
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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 sections

7 TeV 8 TeV

ATLAS+CMS Preliminary LHCtOpWG o, summary, fs=7TeV Sep 2015 ATLAS+CMS Preliminary LHCIOpWG o,; summary, Vs=8TeV Sep 2015
,,,,,,, NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
my,, = 172.5 GeV —_————— NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
I scale uncertainty total stat m,,, =172.5 GeV total stat
scale ® POF @ c, uncertainty i scale uncertainty .
$ - =(stat) =(syst) (I + =(l
o x(stat) =(syst) =(lumi) scale @ PDF @ a uncertainty o, =(stat) =(syst) =(lumi)
ATLAS, l+jets 179:4=9=7pb Lot
ATLAS, dilepton (%) 173267 “Ipb (=071 ATLAS, lepton+jets ——#%— 260+1°2+8pb
" -23
ATLAS, all jets () 1 167+ 18278=6pb  L.=t0m PAD 91 (2015) 112013, L,_,=20.31b"
-8 0.7.1 ¢ : .
:::Is comoines e CMS prel, lepton+jets | o o 4 228+9°% 210 pb
+f+iets () £3212=7p0  Loosnil CMS-PAS TOP-12-006, L,,=2.8fb"
CMS, dilepton (%) 170+ 4= 16=8pb Loetit
CMS, x4 () 149:2422629pb  Loti® CMS, lepton+t, _ b——So—— 257+3:24:7pb
cMS, all jets (7) 136+20:40=8pb  L.ii® PLB 739 (2014) 23, Li=1961"
CMS combined 166+ 2= 11=8pb Lo=08-1.110 ATLAS, dilepton en | 2424 +17+55+75pb
LHC combined (Sep 2012) 173+ 2= 8:6pb Le=07-9.1 10 EPJ C74 (2014) 3108, L,=203fb"
ATLAS, l4jets, b—Xuv 165+ 2= 17+3pb Led7t CMS, dilepton (ee, uu, eu) o — 2390+ 2.1+ 11.3+6.2pb
ATLAS, dilepton ey, b-tag 182.8=31=4236pb L a6t JHEP 02 (2014) 024, L,,=5.31b"
" ias ~97 e .
ATLAS, dilepton ey, Nw',-ET 181.2:28 ,;=33pb L.=46® LHC combined eu (sep 201 4) | 2415 +1.4 + 57 + 6.2 pb
ATLAS, 1, _+ets 1194218 =_45 po Le=t7® ATLAS-CONF-2014-053, CMS-PAS TOP-14-016,
ATLAS, all jets ' i 16812 52=7pb L=t 710 L,.=53-203 1"
4=5.3-20.
ATLAS, 1, + 183:9=23=3pb L =461 . 5
CMS, I+jets 158+ 2= 10=4pb L.=2.2-231b CMS prel., dilepton ey [ 2456 +1.3 :5:5 +6.5pb
s CMS-PAS TOP-13-004, L,,=19.7fb"
CMS, dilepton eu 1745=:21°,7=38pb L. «s0®m
CMS, ¢, +l 143+ 14=22=3pb L«221b CMS, all jets } T |
CMS, t, +jets 152+ 12 32:3pb L .asw CMS TOP-14-018, L =184 fo" 2756 +6.1+37.8+ 7.2 pb
CMS, all jets e 139+ 10+ 26=3pb L.«35 b
Effect of LHC beam energy uncertainty: 3.3 pb Effect of LHC beam energy uncertainty: 4.2 pb
(*) Superseded by results shown below the line (not included in the figure) (notincluded in the figure)
III|IIII|IIII|I I|IIII|IIII|IIIIIII IIlIIIIIIllIlIllIIIlIIIIlIIII
50 100 150 200 250 300 350 100 150 200 250 300 350 400

0 [pb] o, [Pb]
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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

o
+4% Czakon, Fiedler, Mitov 1303.6254 [hep-ph]
ATLAS+CMS Preliminary o‘;summary,G=BTeV TOPLHCWG Sep 2014 350 NNLd (s cales) _‘ J
....... NNLO+NNLL (Tops-+ 20), PDFALHC — p—— NLO (scales) vz
Mhop = 1725 13€ — — — fotal uncertain 300 LO (scales) ===
M cleuety o () a{eye0 ol CM&, 779& —— . NNLO
250 ATLAS+CMS, 7TeV »—m— s’ ,
ATLAS, 7TeV r—t— s
s e | ez 2 WS, 8TV s ‘—NLO
CMS j +29 § 200 ; .55 '\LO
prel., e/u+jets  p—io— 228+972+10pb ) B RN N RDDK
CMS-PAS TOP-12-006, L,,=2.8 fo" e RPN
150 | aIRY L
CMS, elust, ‘ —— 257+3+24+7pb WU N
arXiv:1407.6643, L,,=19.6 fb’ 0 N\
100 \\ sa>>=ndep. ug g variation
ATLAS, dilepton eu 242.4+17+55+75pb NN PP — tt+X; my,,=173.3 GeV
arkiv:1406.5375, L,=20.3 f6” 50 MSTW2008(68¢.l.) L&' NLO; NNLO |
CMS, dilepton (ee,uy, en)  j—a 239.0+ 2.1+ 11.3+ 6.2 pb 6.5 7 7.5 8 8.5
JHEP 02 (2014) 024, L =53 fo’ Vls [Te w
LHC combined ey (Sep 2014) 2415+1.4+57+6.2pb
CMS-PAS TOP-14-016,
ATLAS CONF-2014-054, Collider |otot [pb]|scales [pb] | pdf [pb]
L,=5.3-20.3 fb =
Tevatron | 7164|5000 090 | “010a(110)| 4350
IIII|IIII|IIII III|IIII|IIII LHC7TV 1720 +4.4(2.6%) +4.7(2.7%) — = 0
100 150 200 250 300 350 400 e . _5.8(3.4%) | —4.8(2.8%)
[ U
LHC8 Tev | 2458 | *oi00) | “eaiin
. .4(3.4 4(2.6%
=meas. challenging the theory  [Lnc 14 Tev| o536 | 722 7C40 [Fi620.70)
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Differential cross sections

EPJC 73(2013) 2339, CMS-TOP-12-027
 Measure differential cross section

CMS Preliminary, 12.1 fo'at {s = 8 TeV

= ey +detsCombined  ® Data

— Test perturbative QCD S 1ot mMoono 1
. , . S| E ---- POWHEG
— Test BSM scenarios (Z’ decays, etc) with narrow resonance  °\© ronE

O 102E

— Improve ttbar modeling and reduce uncertainties

 Correct for detector effects and acceptances

* CMS sees softer top p; in data, agreement with ;
ATLAS at h|gh pT 10° 400600 800 1000 1200 1400 1600

10k

f [GeV]

— Due to momentum reshuffling, P. Nason, indico.cern.ch/event/ s OMS Preiminary, 12. fwatTg:S;X
301787 T o oot <o
— FSR shower changes mass of final state partons. Light parton £ o mMoEND
shower can build sizeable mass, and t/tbar do not radiate }3!;‘% 7 o heprox NNLO
(reduced momenta to conserve energy) : T

« NNLO might be able to solve issue
3F E

» Short term solution: consider difference as
. 1 =
uncertainty O 8530520 a0 3 e

pl [GeV]
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Cross section: multi-dimensional fit

CMS-TOP-13-004

« Look into finer details s F o

» Keep selection as inclusive as possible i Egvyw

« Re-calibrate in-situ (g, ...) : E:‘gﬂwz

 Categorize: high-purity vs background ':*g: Y MC systestat
dominated

« Constrain systematics (JES, ISR/FSR, §\§1?>«w// AN
modeling, etc) -0 b jet multziglicity

2 b-tagged jets  19.7 b (8 TeV)

,g 400050add.jets | o 4orn g 1 add. jet 2 add. jet >3 add. jet CcMS
) = -
3000 ) E
> u
w C
1:
E oao-s“l M N P \.I\ E \\\ﬁ\.\.\\\
2 8 124— _ 40 60 80 100 120 140 50 100 150 200 250 40 60 80 100 120 140 160 180 200
S P, [GeV] p, [GeV] P, [GeV]
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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

100
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How does a top quark decay?

Vi

b

 almost always t—=Wb (i.e. V,~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+ 22 jets + MET
— no b-tagging in preselection
« Advantages: :
— less background » Clean signature
« Measure: * Goals:
R = BR(t —s Wb) — measure g(b) and R
= CMS, Vs=8TeV, [ Ldt=19.7 fb"
BR(t — Wq) , f
‘g 40000 ey events
o AN ® Data
35000 AN [
30000 [:] Single top quark
25000 = - Lz
20000 £~ B w
é 2 B . muttijets, other
q 15000 =
10000 - ®
5000
vl _._I
vV q -
0 1 2 3 4 25

Jet multiplicity
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Signal or background?

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

Data-driven determination of background £ 016 Mo Simulation, s =8 TeV
» Reconstruct lepton-jet invariant mass g 0_145_ [ ] correct pairs
— Correct assignment \g‘ﬂ" [E] misassigned pairs
0.1
........... 0'08; o
— Wrong assignment g 0,065_ :
\\M:— l
0.025—
0 00

Lepton-jet invariant mass [GeV]

 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

400

Lepton-jet pairs / GeV

300
400

200

Lepton-jet pairs / GeV

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]

Michele Gallinaro - "The top quark: a tool for discoveries" - April 4, 2016 20



Heavy flavor content

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

 Fully data-driven 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
w e Data | .
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

0123401234012340123401234012340123401234012314
b-tagged jet multiplicity

Obs./Exp.

R 1 B T PP T

N 1N N T N N N N N N
0123401234012340123401234012340123401234012234

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_ I LI I LI ] L I T T 1 I T 1 T | | | L 4_‘
s £ 30000F = —e—m / H
I ot - .y G
05l (T} 25000¢ /i ]  Variation of the likelihood used to
S 20000} measure R from data
[\ 15000¢ 1 < Fit different categories
20 i
[\ | ]
1 5__ \ R R 4 / N
~L 0\ b-tagged jet multiplicity /- i
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 1 102 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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Top quark mass: why do we care?

; o N m, world comb. = 1o ! {l/’l’:
» Top quark mass is a fundamental S 505 |-t tewiomy amammessuroments | | - nome” 3
N fitw/o M,,, m and M, measurements | | —°= °75@°5° G"" d
pa rameter Of the SM H = 80.45 C M direct M:an:!m,measurements - B
80.4 7
U /( /\:
80.35 |ty - 20385 - 0.015 Gev .
dmy,xlog m, - -
80.3 [ -
* Top is the only fermion with the mass of the e R, N W | -
80.25 — & % A S GI ]
order of EWSB scale D Wl Tere
. . . . 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 (?) 5:
« The fate of the Universe might depend on
Amy,,~1 GeV
120 122 124 126 128 130 132
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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

Jet3: CMS,L=5fb"at Vs =7 TeV

et3: . %5 180 T T T T T T T T

Merged Jet pt 47.8 GeVic, Top jet S g
A b-tag discriminant 4.2/ 1. © 160 3

m2ATA= 83.0 + 0.7 GeV/c?
mi® = 82.5+0.3 GeV/c®

— ‘ ot
N, Wlet 120 Dat
: = ¢ Data
; 7 \ § 100 g
ot ' 1 80 EW+dets
N CJNon-W MJ|
. — Data fit
== MC fit

Type I +2

20 40 60 80 100 120 140 160 180 200
m(W-jet) (GeV/c?)

100 200 400 500 600
m(W-+b) (GeV/c?)
CMS, L 5fb Vs= 7TeV Type1+1
T

‘ ————p
Mass jet ~ Mtop " i o (CMS.LoSfolatNs=7Tev
/ § 120 —
/ &
P Jet 2: Jet Pruning o 100 3
e pt 484.3 GeVl/c, = C « Data
mass = 68.8 GeV/c2 » 80p T
Jet 2 + 3 : Mass = 167 & anF D Wsldets
] 60 r CINon-WMJ 7
Jet 1 : Top Tagging see also CDF note 10234 aof :
pt 589.1 GeV/c, F
3 subjets, re 20|
mass = 186.7 GeV/c2, _) X _) tt C
IminMass = 87.2 GeV/c2 p

At high energy, particles produced beyond threshold
« All-hadronic topology

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

* Look at jet substructure

®  Observed

Non-top multijet

BN i simulation
V 3 Stat @ sys. bkgd uncert.
- Z(1TeV/c2)cr—10pb E
------- Z'(1.5 TeV/c’) 6=0.18 pb |
------------- Z'(2 TeV/c?) o = 0.06 pb
------- Z'(3 TeV/c?) o = 0.03 pb

2

Events / 100 GeV/c?

-
o

;E lﬂ';'+.1}4ﬂ. ;_"T(N;ata-md)m}e& é:s gé
« Measure mass (no neutrinos) i LTS
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. ttbar+jet cross section

« Study ttbar with associated jet

7

production 0 10
-
— Dilepton events (24 jets, at least 2 b-jets) o 10° -
— Order jets by b-tag discriminator value L 105;
— Ratio of number of events obtained from data by 10*E
fitting the b-tagging discriminator distributions 10°
— Cross section measured in the visible (full) phase 102
space (p;>20,40 GeV) 0
‘ s/ gy = 0022+ 0.003 (stat) +0.005 (syst)| 1
> 15|
» Measured value higher but compatible go-gé | | | |
(1.60) with NLO calculation a ° .2 .3 =

Number of b-tagged jets
* Dominant systematics (ttbar modeling
and JES) cancel in the ratio

— Remaining uncertainties from b-(mis)tag rate
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ttbar+heavy flavour

» Study rate of ttbb: O'(tfbl_?)/a(tzjj)

* Anomalous tt+jets could signal BSM
final states

e First direct measurement of typical bkg
to top-Higgs coupling
— Irreducible non-resonant bkg from ttbb

* Improved theoretical understanding of
ttH(bb) crucial to ttH and NP searches
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ttbar+Higgs

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

« direct measurement of Higgs couplings

Ns=7TeV -

i H(NNLO g
— *N,VLL — E
- Qe /VLOEW) 3 %
N Pp - qu(NNLOQ Dy _E
e”rwflj&("’%o ~2 S -
& .
< OOOWOOWO@ |
= f%ooco} “ —=
: : . 102
Cross section for ttH at the LHC: S
B | 1 1 1 1 1 1
0.13 pb (8 TeV) 100 200 300 400 500 1000
0.61 pb (14 TeV) M, [GeV]
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ttbar+Higgs (cont.)

arXiv:1408.1682

« Search for associated SM Higgs production: ttH
— Both “dilepton” and “I+jets” channels

 Study bb, tt, gg, WW, ZZ final states , CMS Vs =8TeV, 19.3-19.7 b
- Simultaneous fit for S and B fractions “ 1 ..., HHH-bbyy, WW,2Z
— different categories: jet and b-jet multiplicity o . My=1256GeV

cMS fs=7TeV,5.0-5.1 ib"; (s =8 TeV, 19.3-19.7 fb’ i | IERREER. -
v |- = 1~ 0 :
bb [~ . OI_
AT ] L
41— | |
3 = - =T [ Bestfit
Same-Sign 2| [~ N — 2 “\ el —68% CL
i Teeeen ---95% CL
Combination B + : | l 1 | I 1 1 1 I 1 1 l L I l 1 l I 1 IOISIMI I-lillggsl
B R B e e e e T 1 2 3 4 5 6
Best fit o/og,, at m,, = 125.6 GeV Ky
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ttH, H—Dbb

JHEP 09(2014)087, EPJC 75(2015)251

19.5 fb' (8 TeV)

' ! g ons Sﬂ-LData =g12§
« Study ttH(—bb) final state " Doewe il
» Select SL and DL events [ LP ]E(HPJE, e

. 103
* Categorize Nigi,Nigp:Npags 7 Fao 10

 Assign events a b-tag likelihood
* low- and high-purity categories

_Slgnal ttH 04 05 06 07 08 0.9 }_1
] 19.5 " (8 TeV)
— Background: tt+bb CMS
 ttH and tH allows direct access to Str -
Yukawa coupling
DL ]
Combined |~ I
T T

Best fitp =o/c_ at m, =125 GeV
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itV (V=y,Z,W)

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

] T T T 1?'5'51(”8\/ 2 T T T T —= f|b4 or
. . T CMS -+ Observ E T CMS - Observed ]
« Measurements will give access 2 e 18 B aw E
- 16 E tw - O iz i
to EW couplings of the top Micte Wwz =]
14 [ Misidentified lepton | V) o O Misrnea§tfred charge —
CMS preliminary L=19.7 fb™ at (s=8 TeV 12 o B eceniea eoen
] ;(z/'ND;=1=;g15.E)$2/;14' b '. 'Datla ] 10 . B 30 % BG uncentainty
A Nl ERSawenwel trileptons
- I fake -1 20
2 2000 m e
..9 n A
'8 — 4 10 S
u— 2
- -
g | 0 0 T + )+ ot - - - - -
£ 1000 tt — Total (i (e  (eeln  (ee)e Total pp* e e%e* puw e oo
2 Y — . | 19..';lb'(BT9V)
. Fe) P ' L
Combine 2- 3- and 4-5, [ é #20msn
. © 500 — 8% contour
lepton final states : , — 5 cor
[ — — 1-D best fit
3 = ttV xsec 3.70 from  4oof- . —d- A
7] . N A R iZ theo ]
£ sl bkg-only hypothesis | mwmemy ]
0 2 4 6 8 10 - .
Charged hadron isolation / GeV 200
Oy, = 24 £0.2 (stat) + 0.6 (syst.) pb 100 -
~—— % B - E
Consistent with theoretical predictions o900 200 a0 40 500 800
Gy [fE]
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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

 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

EPJC 74 (2014) 3109, TOP-13-004

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

- t7] (650/50) x1000

Entries / 25 GeV

f—t3) — bWX) |“heavy’
I— by — bW |light

100 150 200 250 300 350

ET [GeV]
« Small predicted xsection L Bttt g L T
— for 175GeV: 40pb@8TeV § pamas  omay g [ RoMs o
o St i ion- 1177070 e mowl e Tl U Zast — E
op pair production: Xl Xl b omT e T w6 gb e
o e C

==== Expected limits All limits at 95% CL '
S &y > T

—similar to ttbar lepton+jet and dilepton ch. w2 ST N 3
—Additional MET from neutralinos NE

* increase in ttbar cross section ]

n
[3)
Eaan
I

95% gL limit on si
_ O N

|
o
[3)]

£ %, m(i:)=1 GeVv

800 q 50 160 170 180 190 200
m; [GeV] m. (GeV)
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Multi-top production

JHEP 11(2014)154, JHEP 01(2014)163

* Production of 4 tops is an attractive scenario i

in a number of new physics models g 1

« The SM cross section is ~1fb t
i

i

» Use lepton+jets final state

 Combination of kinematical variables and 9290000000 >
multivariate techniques

« Data are consistent with bkg expectations
» Set upper limit cross section 32fb @95%CL

CMS Vs =8TeV, L =195 fb™
T ' | ' T ' T ;

High-pT leptons

¢ Data
[ ] Rare SM processes
I Charge misID
I Non-prompt e/u

/27| Total bkg uncertainty

Events / 25 GeV
S

« Search for same-sign dileptons

:v"Illlllll|IIIIIllIllIIlIlIlllllllllllIll

» Several models considered 80

« Consider multiple search regions defined by
MET, hadronic energy, number of (b-) jets, 20 i Az
and p; of the leptons in the events % 50 100 150 200 250

ET™ (GeV)
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Dark Matter+ Higgs

arXiv:1510.06218, arXiv:1506.01081

» Search for DM + h(—bb) ¢ 9 X
* Model-independent search ’ .
« Signature: h(—bb/yy)+MET hy Z, t |

. - . y - g /\—/ q

« Simplified model with Z’ or g
pseudo-scalar Higgs A(—yx) DM particle (x): can be scalar or fermion
- Signal events at large MET Pseudo-scalar Higgs A
e — S—— S < T T

E 10° = ATLAS Resolved SR e Data > [ ATLAS i

3 E élg(hﬁ:)g;ﬂets S, 104 = s =8 TeV, 20.3 b E

s [ DW(—N)Z(~l)+jets IS - 29 7HD,H .

c = @@t + single top = - Scalar DM — .

o S @ Diboson — B — h—bb observed -

TR = @ Multijet GBJ S h—bb expected -
e - - Z'(1.4 TeV)-2HDM x 10 3 .3 [ t1o uncertainty
= 2(1 TeV)-2HDM x 10 = 10°F 1420 uncertainty =
E | PR e < . perturbative limit3
C mm L BEY o e (_-1) C e %T:l?é trL_mc). ]
B 5 — —inv .
E O e o L f f = LUX .
S Yo} %4 h—yy observed
u - : ® 107 E =
d E—

s

w

| | |

8 2 M/ ------------------------ g 1 10 107 10°

600 900 1000 m, [GeV]

mISS [G eV]

M. Gallinaro - "Probing the SM: top quarks and beyond" - Apr. 4, 2016 36



Cross sections at the LHC

o LHC <Vs=14Tev L=10**cm2s™ rate evlve1a7r
barn g7 T T T T 1TT] T T 3 z10

] J4q 18
& inelastic LV input 3GHz =10

G S A58 N I 020 N W 0 . B W “Well known” processes, don't
B T S Mz 10 need to keep all of them ...

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

15

11

<410

L i AL i - é _E 10
g S & % kHz : 10

=t max-LV3-output % =10

Lk L N s s s o o B R

Y qa+ag+9g

np=2, p=m-

éHz —é10

pb b9

New Physics!!
: This is where to look

_ IémHz —éﬂ:l

o=

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

i P ]
50 100 200 500 1000 2000 5000
particle mass (GeV)
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Minimum bias

1

WH

H (ggF)

H (VBF)

tt

ttH

stop pair (0.7 TeV)
stop pair (0.9 Tev)
gluino pair (1.5 TeV)
gluino pair (2.5 TeV)
Z'SSM (3 TeVv)

Q" (4 Tev)

QBH (6 TeV)

Prospects at 13 TeV

' . Cross section ratios: 14 (13) TeV / 8 TeV
1 -i: E 100 . . W.l'..'*vn
:‘ 2.1 ' ratios of LHC parton luminosities: 13 TeV /8 TeV ("
J2.1 : /
™ | " 99 /
: ‘2.6 : .% £qG /
’ ' qag d
w26 i . z |
S KX EHE e 7
] ' ' E
—il :
: 11 (for13Tev /8 Tev: 8.4)
: Wb 16 (for 13 TeV / 8 TeV: 12) 1 ,  MSTWa20oomO
. - 100 1000
: - J 72 (for 13 TeV / 8 TeV: 46) M, (GeV)
J 5700 (13 / 8: 2700)
v o 13
. — )87
1] ' L] |
E l E J 12000
5 10 100 1000 10000 100000
H vy P. Spagnolo @LHCP15
10 o' 2fb" Ifb! equivalent to Runl reach
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CMS Experiment at the LHC, CERN
Data recorded: 2015-Aug-22 02:13:48.861952 GMT
Run / Event / LS: 254833 / 1268846022 / 846

\"y 72
{ //// "’f’
NIVZ

'ths—lons‘at 1 e/

M=2.9 TeV




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 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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Cross section in the R measurement

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

CMS, s=8TeV, [Ldt=19.7 fb"

° Measure R R _ BR(t — Wb) |V |2 g 40000 el events
. . = =~ b w \ ® Data
- Dilepton final state BR(t > Wgq) S (e
30000 l_] Single top quark
25000 - Lz
" - I- vV
0 (tt) — 238 :t 1 (Stat.) :l: 15 (SYSt.) pb‘ i6% o0 S -W. multijets, other tt
15000
. CMS, Vs =8TeV, [ L dt=19.7 fb" e
512000 ee events : up events : 2jets ep events . _.—I_._
IJJ10000 S Daia . , ..r 0 1 2 3 4 =5
[ [ ! A Jet multiplicity
8000 [] Single top quark | |
[]Z- Il (data) : !
6000 Bw ! I 3jets .
IV, mutlers, other -y i « Measure R by comparing
| number of ttbar events with 0,
1 and 2 b-tags
01234012340123401234012340 123401234ob_:a;g:d‘}etomlmzp"aci;
e IVin| > 0.975 at 95% CL
% 1 Noeend N AN NN RN S sk \
8 ol a5 i it e i il

012340123401234012340123401234012340123401234
b-ta gedjetmultlp ity
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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
3] 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
© el — 7
- Measure m,,, and JSF Phe o %00 20 @0 400
P - . i [GeV]
-~ l m,
CMS Lepton+1ets 19.7fb"' (8 TeV)
> 25000¢ - mmSinglet A 4
g L m 3‘3233‘ B Wajets ]
wn 20000 - [t unmatched 5 (zf g?nultl]et ‘ /
;  * Data () Diboson 1/
S 15000: er P ion _'
§ oo fttsa W | |
'210000:— mass g I
3 s000F 1\
: i\
Q N
% 1.54| A Y \ 103%
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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Case study: the dilepton channel

« Combinatorics
— ldentify top quark decay products
— Ambiguity e S
— ISR/FSR introduces further complexity for selection 5
(~70% of the events have both b-jets reconstructed and selected)

A

ol

» Missing transverse energy
— Constrains the contribution from undetected particles

—O‘I

— In the dilepton channel: 2 neutrinos = E'T'.'iss = pr + fji}

- Jet energy scale
— my,, reconstruction requires measuring the parton energy
— parton—jet affected by resolution and absolute energy scale Different

ﬁ“.c?
hypothesis ‘\.\Jef/MET
* Pile-up setmer
effect

— Jet energy scale, MET measurement, extra jets/leptons

— Npieup™ 6 (21) for most of data collected in 2011 (2012)
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Top mass: Event selection

EPJC C72 (2012) 2202

Process Pre-selection KINDb =1 b-tag > 2 b-tags
. -- | 1 1
Select events Di-bosons 73+ 14 55 = 10 18 +4 4x1
Single top 247 + 92 182 = 68 88 = 33 76 =29
. ] | 1 1
Reconstruct mass Wets 22 £10 16 £ 8 8+ 6 -
Z/vy — €L 1091 += 97 756 =71 238 + 29 47 =11
other tt 32+ 4 28 =3 11+2 14 =2
tt dileptons 5057 + 463 4209 = 385 | 1379 £ 127 2623 = 240
total expected 6522 4482 5246 £ 398 | 1742 4= 134 2765 =+ 242
data 6358 5047 1692 2620
N SO I U RS S P I &'*400:*"|""|""|""|""|""|""_5¢aa'th"“|"'_ e 300 A A A A At
S 700f— - _ _ £ di — 2 F . 5 _ . o ] e FT ' ' ' ' T data T
3 - CMS prelul"nlnary,\E 7 Tev,j L=2.2fb - ::t::::)itons E E 350 :_CMS preliminary,\s=7 Tev,j L=221b" ; tt dllep_tons = 3 E CMS preliminary, V=7 TeV,J- L=22fb" W dileptons E
& 6oof—Events with en Zly +jets— I & | Bventswithuu AN 2 2505 Events with ee “othertt |
2 F Il W+jets 3 3 200 B W+jets = <k Zly Hets— I 7
§ 500{— I Single top  — t F B Single top £ 2001— = g:leltesto —
oo E Di-bosons @ 250 Di-bosons 2T ing’e tobp
400— ] C _ i1} N Di-bosons 1
; ; 20 E 150 -
s e E 150F- E - ee 1
200[— M — 100 MM E 100(— -
oo E 50 - 0l =
o 200 300 400 500 600 700 800 900 1000 3 200 300 400 500 600 700 800 900 1;00 . .
my,, [GeVic?] Moy, [GeVic?] 100 200 300 400 700 800 900 1000
op Mg [GeV/c?]
2 2‘T'T' """""""" '§ 0000 00 A0 . L LA 0 A W00 N LA - ———
8 1'51 - P *]4d, > z 1'52 & . b1 1 T % 1.§ *
© s - L S S 4 Peee e et T L 2 sivegatbi il L
O""I""I'"'1""l""m‘"[“"1""1“"1“" 4 I I I I LI el M B P D 0.5 . @”I b
0 100 200 300 400 500 600 700 800 900 1000 % ~"100 200 300 400 500 600 700 800 900 1000 I I T T I UL, S T T I
my,, [GeV/c] M, [GeV/cY] 0 100 200 300 400 500 600 700 800 900 1000

m., [GeV/c?]
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Top mass: Signal and background

» Signal component in the mass » Background component in the
spectrum modelled: simulation mass spectrum modelled with data
« Fit: Landau+Gaussian +simulation
« Categories: =1 and 22 b-tags * Fit: Landau
5’&-’ 4500;_'""""”'””Il'l”lll”l_]llll”—; g:()_()ogé_I | | IlI]Il”IIIH]IH]IH]IHI”I—E
3 signal ; 2ol 1 background -
3500;_ mtop=172.5 GeV/02 _g L% o,oosé— —;
3000 = — = -
= = 0.005|— =
E >2 b-tags - 0004 E
15005— _§ 0-0032_ —i
1000%_ _% 0.0022— _z
500§_ _E 0.0019 ;
90:) I |12|0I I I14|f0I I I16|0I I I1£|30l I I2(|)0I I I22|0I I I24|10I I '26|0I I l2E|30I I I3:00 900 | I12|0I | -1);0- I I1(|30' | I15|30' | I2(|)0I | I22|0' | I2”|'0I | IZéOI | I25]30' I I%_OO

Reconstructed Mass [GeV/c?] Reconstructed Mass [GeV/c?]
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Top mass: Reconstructed mass

‘(9 il g [ L} 1 1 T 1 I 1 I 1 i
S 120 CMS preliminary, fs=7 TeV.fL =237 o S 10 -
> ) > [ ]
. w -data ==signal -~ bacxground w [ ]
Y T k 120~ = 2 b-lags (ee+uu)=
op quark mass is o 1 btog (0ot : = 2bta0s (ool
- 454 4 - wp— M- o
: My, =1708,5 1 100 N, ,=1008.9777 -
re CO n S ru C e I n 80 N, . =53347%F . 5 o 50 J
=na 364 21 I a N:m:'.c;':r,n:'v=84'3 28
H H N:u:lu;rcu'c=261 ~5.’;|: : aop -
different categories e : ;
. 40 X + ]
« Signal and background wof :
shapes N ;
T 0L L L L T T iy W W
00 120 140 160 180 200 220 240 260 280 300 Q0 120 140 160 180 200 220 240 260 280 300
Reconstructed Mass [GeV/c?) Reconstructed Mass [GeV/c?]
2] S I I I T T 1 T LIRS Sl Rl R R RS RARE RS LS LS R
= E= . 1
g - E 0>J 180 —
TR 1 b-tag (ew) b W F + =2Db-ags (ew)
i m,m=174.6'3:'§ I 160 ﬁ\w=1 73.f1 2 e —
i N, =777.050 | 140 Nagrai=1461 '5&:5&.9—:
aof- N sreee=111.97 5 E Neackgrounc=60.625
] B . 120 =
60 ! 100 -
A aof- =
cof- :
: :
20 L .
[ 20f
?00 120 140 160 180 200 220 240 260 280 300 -000 ;;‘6.;;6‘;%‘;;‘566};5‘2;021;’.3“2503-00
Reconstructed Mass [GeV/c?] Reconstructed Mass [GeV/c’]
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Top mass: Correct for the bias

T ™ L | T Y T ™ L B T

 Check and correct for the bias 185{— CMS simulation .

In the measurement 80

175

170

Fitted m, [GeV/c’]

165

lllllllllllllllllllllllllll

160

"._IIITTI'TTTT‘[1T1IIIIIIIlll

Bias
N
-
|

Ogb . . . . . ‘
160 165 170 175 180 185
Generated m, [GeV/c?]
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Do not forget the systematics

Source Am; (GeV)
Jet energy scale by
- Jet energy scale (JES) is the largest unc. b-jet energy scale g
— JES is varied up and down and difference in m is Jet energy resolution +0.14
accounted for as systema’fics | Lepton energy scale +0.14
— Flavor (b) spe.clflc uncertainty added in quadrature Unclustered E',l,_ﬁss 10.12
 Other systematics: b-tagging efficiency +0.05
— Difference with respect to reference sample used for _
signal Mistag rate +0.08
— MC: compare Alpgen and Powheg with Madgraph Fit calibration +0.40
— Vary factorization/matching scale, ISR/FSR Background normalization +0.05
Matching scale +0.19
Renormalisation and factorisation scale +0.55
Pileup +0.11
PDFs +0.09
Underlying event +0.26
Colour reconnection +0.13
Monte Carlo generator +0.04
Total +1.48
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Top mass: Final fit

EPJC C72 (2012) 2202

CMS 2011, 5.0fb"at ys =7 TeV

S 450 -
) ~ —— Data Aé > 2 b-tag 1 b-tag]
(D - | (ee+up) . (eu )"'
o 400 - — ti signal 3 4 o) '
~— - + < cambin
; 350F Total background o [ !
— — 3
N : s
Q® 300 %
L - 21
250 -
[ 1= ~\ .
— 1 b-tag™s . ! ," > o
200 - feeﬂﬁ‘%,'\\ » (epl?gs
= %489 770 171 172 173 174 175
150 Top quark mass [GeV]
100
50
: L I L1 1 l L1 1 l L1 1l l Ll 1 l L1l l /- l Ll 1l l | - l L1l

?OO 120 140 160 180 200 220 240 260 280 300
Reconstructed Mass [GeV]

m¢=172.5 0.4 (stat.) == 1.5 (syst.) GeV
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CMS mass combination

19.7 b (8 TeV) + 5.1 fb™ (7 TeV)

CMS Preliminary

I I I I I I |

CMS 2010, dilepton ® 175.5 + 4.6 + 4.6 GeV
JHEP 07 (2011) 049, 36 pb'1 (value = stat + syst)
CMS 2010, lepton+jets ® 173.1 + 2.1 + 2.6 GeV
PAS TOP-10-009, 36 pb™ (value = stat = syst)
CMS 2011, dilepton . 1725 + 04 = 1.4 GeV
EPJC 72 (2012) 2202, 5.0 fb™' (value = stat + syst)
CMS 2011, lepton+jets . 173.5 + 0.4 + 1.0 GeV
JHEP 12 (2012) 105, 5.0 fb™' (value = stat = syst)
CMS 2011, all-hadronic . 1735 + 0.7 = 1.2 GeV
EPJ C74 (2014) 2758, 3.5 fb™ (value = stat + syst)
CMS 2012, lepton+jets - 172.0 + 0.1 + 0.7 GeV
PAS TOP-14-001, 19.7 fb™ (value = stat = syst)
CMS 2012, all-hadronic . 1721 + 0.3 + 0.8 GeV
PAS TOP-14-002, 18.2 fb™ (value =+ stat = syst)
CMS 2012, dilepton I 1725 + 0.2 + 1.4 GeV
PAS TOP-14-010, 19.7 fb™ (value = stat + syst)
CMS combination ’ 172.38 + 0.10 = 0.65 GeV
September 2014 _[ooal......_.. (value xstat +syst)
Tevatron combination . 174.34 + 0.37 = 0.52 GeV
July 2014 arXiv:1407.2682 (value = stat + syst)
World combination March 2014~ —@— 173.34 = 0.27 = 0.71 GeV
ATLAS, CDF, CMS, DO (value = stat + syst)
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m, [GeV]

CMS-TOP-14-015

dilepton CMS combination, Sep. 2014
® 172.38£0.10+0.65 GeV
(valuetstat.tsyst.)
180_ 2010 2011 2012
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— lepton+jets CERN Courier, Nov. 2014
% Il jets
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|l I % b
/ s
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170 ’
alljets
I I I I
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‘mt = 172.38 £ 0.10 (stat.) & 0.65 (syst.) GeV
+0.38%

51




