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Outline

o Introduction on top quark:
- production mechanisms
- detection channels

o Top quark measurements:
- strong production:
- inclusive measurements and interpretation
- differential measurements and properties
- electroweak single top production
- top quark mass

This talk contains measurements from Atlas, CMS, and LHCb from Run | and |l of
LHC

More results can be found here:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://Ihcb.web.cern.ch/Ihcb/Physics-Results/LHCb-Physics-Results

For more details follow alsothe talks in the Heavy Flavours session
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://lhcb.web.cern.ch/lhcb/Physics-Results/LHCb-Physics-Results.html
https://indico.desy.de/sessionDisplay.py?sessionId=4&confId=12482#20160413

top-quark production in the
standard model @LHC

Production mechanism...

o tt pairs via strong interaction:
- dominant at the LHC and Tevatron
- depends on as
- sensitive to pdf

o single-tops:
- weak charged current interactions
- t-, s-channel and W-associated
- tWb vertex in production
- Sensitive to Vtb

otop + X :
- top pair and single top + W, Z,y...

...Cross section...

LO « (0ag/Myqp )2

pp collisions @7/8/13 TeV:

~172/246/830 pb

LO « (a*Vib]|)?2

pp collisions @7/8/13 TeV:

~ 66/85/217 pb (t-ch.)
~ 15/22/72 pb (tW)
~ 4.4/5.5/11 pb (s-ch.)

- way to probe neutral current vertices involving

top quark
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top-quark decays

o Main mechanism is electroweak: no hadronisation

b(sld) —
W decay: BR:
W - Iv (any) 0.32

~__w W-qq (any) 0.68

Top Pair Branching Fractions

"alljets™ 44%

T+jets 15%

T+T “uo
TP 2{“
| e R + jets
q9, TR R
W, e 15%

- w €+jets 15%
dileptons Lepton + jets

—Liy" (1-y")V bW, q’, Vv

2+/2
o Electroweak tWb vertex:
- V-A: polarization of the products and defined W-helicity
- CKM matrix element [Vitb|~1 > T(t » b) >> T (t - s,d)
1/Miog 1/T: 1/N mMy/\?
< < <
production lifetime hadronization spin decorrelation

Alberto Orso Maria Iorio 4



top pair production:
inclusive cross section
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The top pair production:
a probe for strong interactions

99 qaq

g tgm—t q g

'..I"l
Q|
Hl

g B 7 90000

i g PhysRevLett.110.252004
o Strong production means: (tt)  (PhysRevLe )

- sensitive to as at the production vertex

4 832 +- 40 pb
- very sensitive to gluon pdf _
- testing ground for QCD modeling! (~90% gg / 10% qq)
252 +- 12 pb
o Clean signature in the decays: (~85% gg / 15% qq)
- can measure the tWbdecay vertex properites 178 +- 10 pb

(~85% gg | 15% qq)

- can use as probe for associated production

All with top mass = 172.5 GeV

Alberto Orso Maria Iorio


http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.110.252004

The 13 TeV journey of
top quark “re-discovery”

A bit of recent history:
o First observation at 13 TeV:

- di leptonic channels
almost background-free

ATLAS-CONF-2015-049 "\ L,,=85 pb
CMS, dilepton ep H—e—H | 746+ 58+ 53+ 36 pb
PRL 116 (2016) 052002 . L,,=43 pb™
B 400 600 800 1000 1200
S, [pb]
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The 13 TeV journey of
top quark “re-discovery”

A bit of recent history:
o First observation at 13 TeV:

- di leptonic channels
almost background-free

- semi-leptonic soon after:
more statistics and lower purity

ATLAS, l+jets [}
ATLAS-CONF-2015-049  L,,=85pb’"

Y | 817+13+103+88pb

CMS, I+jets ‘ I |
CMS-PAS TOP-15-005 L=42 pb”

| 836+27+84+100pb

-~ Effect of LHC beam energy uncertainty: 12 pb
(not included in the figure)

——————— 400 600 800 1000 1200

5, [pb]
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The 13 TeV journey of
top quark “re-discovery”

A bit of recent history:
o First observation at 13 TeV:

- di leptonic channels
almost background-free

- semi-leptonic soon after:
more statistics and lower purity
o From discovery to precision:

systematic regime already entered!

Note: plot still needs to be updated
with results shown in the next slides
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ATLAS+CMS Preliminary LHCtOpWG o summary, Ys=13TeV Mar 2016

....... NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
My, = 172.5 GeV

scale uncertainty
scale ® PDF ® ag uncertainty

total stat
O +(stat) X(syst) +(lumi)
ATLASdileptonen | | g03:7+27+45pb

ATLAS-CONF-2016-005  L,,=3.2 fb"!

400 600 800 1000 1200
5, [pb]




tt 13 TeV: dilepton channels

" - 2[.)2fb"<13TeV) o Simple cut and count analysis:
Ewooo E,M,Enary eH - ﬁata - ep pair: (p, > 20 GeV, |n| <2.5)

2 B Non W/Z - at least two jets: p.>30 GeV, |n|<2.5
o VV + itV

o e W

E 5000 m 2y - et o Main backgrounds:

z - tW single-top, Drell-Yan, Fakes

0z = 793 + 8 (stat) £ 38 (syst) £ 21 (lumi) pb

0
014
= « L N L B RS AL BN
g 1 * . g 20000~ ATLAS Preliminary ® Data 2015 =
O o6 ' : D 1go00f- \s =13 TeV, 3.2fb" = 1 owheg+PY 5
0 1 > 3 >4 16000 F— == Z+jets =
Number of jets E 1 Diboson =
14000 — mm Mis-ID lepton —
E — Powheg+PY 3
12000;—.—'$ ---- aMC@NLO+HW-++J
: : : : o000 = L B owheguPY radHi
o Fit to different b-jet bins: s000 ~ - Powheg+PY radLo_J
. . - rY -
- in situ measurement of b-tag 6000 g =
4000 —
bkg 2000 —
N1 = Lo €ep2ep(l — Cpep) + Nl . . -1
@  15F ' : : =
bk S
N> = Lo €euChep” + Ny o S —
0.5k . . .
0 1

o7 =803 £ 7 (stat) £ 27 (syst) £ 45 (lumi) £ 12 (beam) pb
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https://cds.cern.ch/record/2141738
http://cdsweb.cern.ch/record/2138951

13 TeV dileptons: uncertainties
Main uncertainties on ott [%]

NEW! 221" (13 TeV)
2 CMS e . Data
q>)1 0000 Preliminary [ tt
S VV + itV
5 1 tW* . 0.8 2.1
Pz
0.3 2.2
0
O 14
E b e -52 L e L e o e L e s e o o
T ———— . . § 2000 ATLAS Preliminary ® Dam20ts - 3
D o6 (IJ % 2- é >'4 w 18000;— \s =13 TeV, 3.2 fb™! E {,‘VtPOWhng'PY —i
Number of jets 16000 = 3 Disoson E
14000 ;_ mm Mis-ID lepton _;
12000i’$ : ZI(\)/IV(‘I)I’S?\I_'I—_%KHW++_:
. 10000:_ Powheg+HW-++ _f
o Room for improvement: 5000 E- ~" Pownegrpy radto
6000: ® —;
- improve calibrations/ “°°°:_ E
. oa 2000 -
efficiency measurements 0 . - -
< 1.5F T T i —]
a F
. . . . . 5 L] rr———————— |  mper pe
- if possible: measure in-situ the uncertainty = ¢ SN
0 1 2 >3

components together with the cross section

ATLAS CONF-2016-005
See also talks by N. Bartosik and H. Ahmed
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http://cdsweb.cern.ch/record/2138951
https://cds.cern.ch/record/2141738
https://indico.desy.de/contributionDisplay.py?contribId=86&confId=12482
https://indico.desy.de/contributionDisplay.py?contribId=53&confId=12482

tt cross section as input for pdf
calculation

o Ratio tt over drell-yan cross section: ATLAS CONF-2015-049

- reduces luminosity uncertainty - 'A'.,.LA'S'P're'"'m'in'a;y' IR I

13 TeV, 78 -85 pb™

- sensitive to gg ratio over qq and qg

7 data + total uncertainty
data + stat. uncertainty

|
A ABM12LHC k-
v CT10nnlo

T |
erjz = = ® MMHT14nnlo68CL
0.5 (UE—}EE + Erzﬁu##) (NNLO QCD |nner uncert PDF onIy)

! PRI B P
015 02 025 03 035 04 045 05

t_ot/ ’%)t
= 0,445 +0.027 (stat) + 0.028 (sys) = 0.445 + 0,039 K

NNPDF3.0

Note: tension with ABM12LHC is due to different gluon density of this set

Alberto Orso Maria Iorio 12


http://cdsweb.cern.ch/record/2052605

Back to 7/8 TeV,
and forward to high precision!

o Legacy measurement at 8 TeV arxXiv:1603.02303

" 1 b-tagged jet  19.7 b (8 TeV)
1 additional jet 2 additional jets >3 additional jets CMS

¢ Data
B
B twiiw
oy
CJw
[ QCD/WH+jets
Ctiv
I tt bkg. 1
MC syst+stat

10°

Events/GeV

N \.\\A AV NN A LAY AU RSN I SN %\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
N\ SN Y

D e NP N “\\\\\\\\*k\\\\\\-J\%T\\\T‘?\\\ DI

406060 100120140760 180" 40 6080 100120740 160180 40 60 80 100120140160180200
p, [GeV] p, [GeV] p, [GeV]

- profile likelihood fit over several regions

- final state distributions sensitive to modeling uncertainties limiting precision

- measurement in a visible phase space to disentangle acceptance effects
- uncertainties treated as nuisance parameters

24 .
N

pred.

o —
.a)_\l\.')

obs.

og = 173.64+2.1(stat)" ;] (syst) =3.8(lumi)pb  77ev
o = 2449+ 1.4(stat)" L3 (syst) £6.4(lumi)pb  8Tev
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http://arxiv.org/abs/1603.02303

Measurements interpretation:
top-quark pole mass

o Re-interpretation of cross section measurements:

- top mass m

- can be taken from the cross section parametrisation
(example from cms)

- uncertainties from cross section measurement:
luminosity, background yield, lepton reconstruction

arxiv:1603.02303 Eur .Phys.J.C74 (2014)3109 /

=)

—_— 2 350
@] -
o 2
= 3

o 2 300
n
N
2

2 250

200

150

170 171 172 173 174 175 176 177 178
m, [GeV]

fammestu wrov svawssw 20TI0

parameter in the MC :depends on the renormalisation scheme used

og(7TeV,m’c) =
exp | ~0.1718 (m'C/GeV —178.5)| +1709pb
(8 TeV, mMC) =
exp [—0.1603 (m€ /GeV — 185.4)] +237.0pb

-«

RRRNAY A%

T )

T | T T T | LI | 1T | LI I
MSTW 2008 NNLO ]
\‘ ATLAS —— — MSTW 2008 NNLO uncertainty _|

— CT10 NNLO

...... CT10 NNL O uncertainty
NNPDF2.3 NNLO

- NNPDF2.3 NNLO i._fncer!am!y

s=7TeV.461M vsm,

5=8TelV, 2031

W)

/

;/
‘IIL.HI.H.IH.

164 166 168 170 172 174 176 178 180 182
pole


http://link.springer.com/article/10.1140/epjc/s10052-014-3109-7
http://arxiv.org/abs/1603.02303

Measurements interpretation:
top-quark pole mass

o Re-interpretation of cross section measurements:

- top mass m,,, parameter in the MC :depends on the renormalisation scheme used
. C 0g(7TeV, mi\ﬁc) =
- can be taken from the cross section parametrisation
(example from cms) A exp [0.1718 (m/GeV — 178.5)} +1709pb
_ MCy _
- uncertainties from cross section measurement: af‘(STev’mt ) = ]
luminosity, background yield, lepton reconstruction exp [—0.1603 (m{“C/GeV—185.4)] +237.0pb
Eur.Phys.J.C74 (2014)3109 i
m; [ GeV ] PDF mfde( GeV) from o
NNPDF3.0  173.811% JSi=7TeV J5 = 8Tev
MMHT2014 174.1%;3
1 CT10 NNLO 171.4£2.6 174.1£2.6
CT14 174.3755 MSTW 68 % NNLO 171.2+2.4 174.0 £2.5
NNPDF2.3 StFFN 1713133 174.2+£2.4



http://link.springer.com/article/10.1140/epjc/s10052-014-3109-7
http://arxiv.org/abs/1603.02303

Measurements interpretation:
top-quark pole mass

o Re-interpretation of cross section measurements:

- top mass m,,, parameter in the MC :depends on the renormalisation scheme used
: C 0g(7TeV, mi\ﬁc) =
- can be taken from the cross section parametrisation
(example from cms) A exp [0.1718 (m/GeV — 178.5)} +1709pb
_ MCy _

- uncertainties from cross section measurement: af‘(STev’mt ) = ]
luminosity, background yield, lepton reconstruction exp [—0.1603 (m?ﬂC/GeV—185.4)] +237.0pb
Top-quark pole mass measurements March 2016

EF[:DGB(;E ()530-3)60151\’02 @ 169.10 *590 ¢ 1, Gev

MSTWO08 approx. NNLO

DO oftt), 1.96 TeV +6.20
PLB 703 (2011) 422 S 167.50 -4.70GeV
MSTWO08 approx. NNLO

DO oftt), 1.96 TeV 1330

DO Note 6453-CONF (2015) "~ @ 169.50 -3.40 GeV

MSTWO08nnlo

ATLAS o(tt), 7+8 TeV +2.50
EPJC 74 (2014) 3109 —e— 17290 -2.60 GV

ATLAS tt+j shape, 8 TeV +2.28
JHEP 10 (2015) 121 —&— 17370 2.11GeV

arXiv:1603.02303 (2016) —&— 175 -1.80 G€

World combination
ATLAS, CDF, CMS, DO il
arXiv:1403.4427, standard measurements

173.34 *076 _ _-GeV

I
180
m, [GeV]

| 1 1 I | 1 ‘ |
150 160 170



Inclusive tf cross section [pb]

—
]
e

10°

6 8

Top pair as function of sqrt(s)

A eyt \u:13TeLI-‘ L=78pb’
L ¥ eelun*1s=13TeV, L= asph‘
W l+jets® ys =13 TeV, L-squ,-,
| ey ys=BTeV, L=203 1"
- [ l+jets is=8TeV, L=20.316"
| @ eus=T7TeV, L=4Bib’
() lsjets® y3 = 7 TeV, L=0.7 1"

———
ATLAS Preliminary

* Preliminary

== NHLO+MMNLL (pp)
Caakon, Fledler, Mitov, PRL 110 (2013) 252004

m,. = 1725 GeV, POF & o, unceriainties sccording to POFALHC

14
1§ [TeV]

] i i [l | 1 1 i |

10 12

Measurements at all energies:
- Systematics dominated also at 13 TeV - going towards systematics constrain from data!

- Handle on gluon pdf and as

- Measurement top quark pole mass

Inclusive tt cross section [pb]

o
(A

=
T

10

¥ Tavatron combined* 1.96 Te¥ (L= 881"
A CMSep7TeV(L=51"

A CMS l4+jats 7 TeV (L=515")

W CMSep8TeV(L=127H/H"

O CME |+jats B TaV [L=106 16"

#* LHC combined ep* 8 TeV (L = 5.3-20.2 15"
® CMSep 127TeV(L=22f"

O CMS |+jsts* 12 TeV (L = 42 pb')
* Preliminary

s WNLOSNNLL (pp)
B NMLOSNNLL ()

CMS Preliminary

Apr 20

1000

800

600

13

Czakon, Fledler, Mitov, PRL 110 {2013) 252004
m,,=1725 GeV, PDF& o unce rtainties according to PDF4LHC

s i're\F]

16
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Top production at LHCb
in forward events

o Measurement of top quarks at LHCb Phys.Rev.Lett.115(2015)112001

- first observation with Run-l data in asymmetric p-p collisions

8 T T
- 75% ttbar / 25% single-top t-channel S * Daw
. _;%10000— .W
- selected events with 1 top»Wb-pvb = Nz
-1 muon: p; >25GeV ;2.0 <n <45 O Jets
-=1jet 50 < p, <100 GeV ;2.2 <n <4.2 000
- jet must be b-tagged | e
0.5 0!6 0!7 0.8 0!9 1
- use of the pre-tag region to reduce uncertainties PP G )
- cross-check region with c-jets
S
g T T T ﬁ 300
~ LHCb _“3
2 3001 U+c-tag g
% 8 200
g
O 200f
100
100
0.5 0.6 0.7 0.8 0!9 1
1 —— .
0.5 0.6 0.7 0.8 0.9 | pT(uVPTOM)
18

PT(H)/PT(I' u) Alberto Orso Maria Iorio


http://dx.doi.org/10.1103/PhysRevLett.115.112001

Charge Asymmetry

N(W+b)

Top production at LHCb

in

forward events

o Top content extraction:

- 2D maximum likelihood fit to charge asymmetry
and event yield

- consistent with SM prediction, significance
of 5.4 standard deviations

20 45 70

- Main uncertainties: b-tagging, theory

o(top)[7 TeV]| =239 £+ 53 (stat) & 33 (syst) £ 24(theory) fb

95 00
p. (1+b) [GeV]
200
LHCb e Data
" Wh+top
Bwb

100

o(top)[8 TeV]| =289 443 (stat) +40 (syst) +=29(theory) b

Phys.Rev.Lett.115(2015)112001

1 1
20 45 70

l’/

95 co
p(1+b) [GeV]
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http://dx.doi.org/10.1103/PhysRevLett.115.112001

top pair production:
differential measurements and
properties

Alberto Orso Maria Iorio
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tt + jets associated production
2310 (13T

o Study of Matrix element and PS jets:

@ = ; i ]a —¢— data
. . S[E | Beiminay PP = s
- # additional jets wrt the ones from top decay | % 7 a5 aMC@NLO P8 [FxFx]
i e MG5_aMC@NLO P8 [MLM]
w0 =t — - Fownea s
[ [ ] . . — —_—— ow| ++
- high jet mulitplicity tt events : background for - -~ MG5 aMC@NLO P8
. 30 — —— - MG5_aMC@NLO H++
new physics - —F
20
- Same selection as semileptonic or dileptonic 10 & =F==
analysis, selecting best ttbar hypothesis T v v
> 2
_ , , SIS 15 [ —
- High end of the jet spectrum dominated by =I" =me
parton showering 0 1 2 3 >4
additional jets
B T T T T T T T T T Prelimi 2.2f' (13 TeV
oI=* 4L ATLAS Preliminary o e MS Preliminary o A31eV) |
o - 13 TeV, 3.2 fb™ 3 -8 Z'Q - Dilepton P> 30 GeV, | < 2.4
—le add. jet p, =25 GeV S 4ok e Data ]
» T T —|©O E Powheg v2+Pythia8 3
1 O_-I = — C -.-.- Powheg v2+Herwig++
- R T— 3 1L -—- MG5_aMC@NLO+Pythia8 [FxFx] |
= A - S T MG5_aMC@NLO+Pythiag8 [MLM]
| eu-channel '___-__L"ﬁ - .
1 0_2 == H_ Powheg+Pythia6 — 107 =1
F — - Powheg+Herwig++ = co
L o= aMCAtNLO+I—!erwig++ - L ]
103l L D TYIES ATLAS CONF-2015-065 CMS TOP-16-011 + 3
E E [ | | | |
T P —— = 1.4 ‘St t. ‘ : T————'————I I —
s 13 =8 E i a2 [ Statesyst e £
Q 1= : - B|S 1 s ]
S Fromrmmt < |0 SR E
= OS? — 0.8 = —
0.6 | , , — 06 £ =
0 1 2 3 4 Alberto Orso Mz P 3 7 5 =6
Number of additional jets Niots


http://cdsweb.cern.ch/record/2114832
https://cds.cern.ch/record/2141097
https://cds.cern.ch/record/2141097

tt

_|_

jets associated production

CMS TOP-16-008 231" (13 TeV)

o £ CMS l+jets particle —*— data
ST E Preliminary o0 F 3 sys @ stat
50 — — ] stat.
© - : — mgs_amggm_o P8 [FxFx]
e i 5 a NLO P8 [MLM]
40 ; — - Powheg P8
C — — Powheg H++
C ---- MG5 _aMC@NLO P8
30 e L MG5_aMC@NLO H++
20
10
:u v b by |
Sle 2
_ _ _ 2|8 15 —_—
- High end of the jet spectrum dominated by < ] sl Eh
parton showering 0 1 2 5 >4
additional jets
B T L S L S B CMS Preliminary 2.2 (13 TeV)
22 1 ATLAS Preliminary @ T | | | |
© = 13 TeV, 3.2 fb” 3 -8 Z'Q F Dilepton P> 30 GeV, | < 2.4
o add. jet p, =25 GeV S 4ok e Data ]
B e T N —|O Powheg v2+Pythia8 3
1 O_'I — — - == Powheg v2+Herwig++
= il E 1L - - - MG5_aMC@NLO+Pythia8 [FxFx] _|
= 3 ey e MG5_aMC@NLO+Pythiag [MLM] 3
N = i
ep-channel - 1
1 0_2 - —— Powheg+Pythia6 — 10
F — - Powheg+Herwig++ 3 E N s
== aMCAINLO+Herwig++ - R
s Im DatgorEyines ATLAS CONF-2015-065 CMS TOP-16-011 +
107 = E i | | | | |
[ L | L L L L | L L L L | L ' L L | L L L L | L | - T T T A T T —
1.4 _I Stat. I I ' ' — 1.4 W Stat. '__'___'__':_________‘;:.:;.;.;;.:.:J =
% 1 2f_ — Stgt.+Syst 3 > 12 £ Stat. ® Syst. T =
S == = ][ S———— :
e A L i i e <= | Y ekttt =
€ 0.8F ~ 08 F 3
0.6 . . — 06 : . 3
0] 1 2 3 4 Alberto Orso Mz P 3 i 5 =6
Number of additional jets N

jets


http://cdsweb.cern.ch/record/2114832
https://cds.cern.ch/record/2141097
https://cds.cern.ch/record/2141097

tt differential cross sections:
top kinematic observables

o Kinematic properties:

- sensitive to higher QCD perturbative orders of the theory CMS TOP-16-008

CMS TOP-16-011

- potential hints of new physics in the spectra
- €.g. mass of the ttbar pair

- top transverse momentum : softer in data than in all NLO ME + PS combinations

107 CMS Preliminary 221" (13 TeV) 23 fbi (13 TeV) 23 fb-1 (13 TeV)
— R e e R e o o T — -
' E o ] ; icle —+— data : - CM I+jets parton —*— dala
% - Dilepton . Eata ‘ ] % 1 gﬂiﬁ?ﬁnarylﬂﬂs particle —*— 5y5 @ stat % ol grelirsninary +jets p: 1 sys @ stat
15} —— Powheg v2+Pythia8 4 0] [ slat. 0] E [ stat.
[Tt 102k -.-.- Powheg v2+Herwig++ 4 a — MG5_aMC@NLO P8 [FxFx] E —— MG5_aMC@NLO P8 [FxFX]
oo --- MG5_aMC@NLO+Pythiag [FxFx] | & T o 'é“(?ﬁﬁigmgg@NLo P8 [MLM] a = MG5_aMC@NLO P8 [MLM]
Ol o -.--- MG5_aMC@NLO+Pythiag [MLM] ] =10 E___,___ — - Powheg H++ T == - Eowneg ﬂS
—o gl £ - -~ MG5_aMC@NLO P8 R = .~ G5 AMC@NLO P

10 °2 .. MG5_aMC@NLO H+ 34 == T NIGE AMOGNLO Hes

_____________ - - © - E=sasc -
102 E - ——
104E E L 107 &
4B 102 ! ! I
2 > E -
: 1 oIg15E e
06 3 0.8 E , oy S
E A . . . Lo . c|O g ——
0 100 200 300 400 500 400 600 800 1000 1200 1400 1600 1800 2000 + 1E— —
! [GeV] ==
Py M(t) [GeV] 0 100 200 300 400 500

p, (f) [GeV]

Alberto Orso Maria Iorio 23


https://cds.cern.ch/record/2141097
https://cds.cern.ch/record/2141097

Measured vs NNLO cross section

o Run-I difference between measured top p, spectrum and prediction from simulation with
matrix element + parton showering

"L 0.008F Iscls AR l:t ' G{ T3 - Better agreement with the recent
- ATLAS+CMS Preliminary LHCIOpPW:! /s =8 TeV, Nov 2015  _] - . .
® = g P \ 1 differential NNLO QCD calculations.
O, 0.007F = ATLAS. L =203 fo™ —
s = .‘"“*‘: arXiv:1517.04716 ) /
o 0.006g~ b arie1155.64450° E LHC Top WG summary plots
o - | i —— NNLO (MSTW2008 PDF) -
© 0.005 | LIt | arXiv:1511.00549 i
o) - ! i approx. NNNLO (MSTw2008 PDF)
= - | PRD 90 (2014) 014006 =
0'004_';"**# | -:-. DiffTop approx. NNLO (CT10 PDF)
- | JHEP 01 (2015) 082 -
0.003F- S -
0.002— | —
0.001— e -
- ey -
_I I 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 II_
g 91 _2:— --------- ] ATLAS 81 @ SYSE UG oo E
B = '1 ............................................................... :
% <0.8 T
= O 50 100 150 200 250 300 350 400
p. [GeV]
E———

See also talk by B. Bilin
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TopLHCWGSummaryPlots
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Measured vs NNLO cross section

o Run-I difference between measured top p, spectrum and prediction from simulation with
matrix element + parton showering

- Better agreement with the recent
differential NNLO QCD calculations.
- Comparison also at 13 TeV:

NLO + PS NNLO
CMS Preliminary 22" (13 TeV) 1 CMS Preliminary 22" (13 TeV)
— 1 0-1 LI L L B R I L BRI L B — 10 E_ rrrT T T T T T T T T T 'E
> - Dilepton . Data ] = £ Dilepton * Data _ ]
8 Powheg v2+Pythia8 4 (D Powheg v2+Pythia8
-~ oL o Powh oiH ) | - 10_2 L m  Approx. NNLO JHEP 01 (2015) 082 _
— 10 E owneg ve+Herwig++ 3 — F A Approx. N*LO PRD 91 (2015) 031501 3
_8|HQ_ ;*J—-—_L___ - - - MG5_aMC@NLO+Pythia8 [FxFx] ] -8 _8- . v NLO+NNLL' arxiv:1601.07020
Ib-o T MG5_aMC@NLO+Pythia8 [MLM] ] —lb i +  NNLO 2016 prelim., arXiv:1511.00549
10°¢ g E 10° -
B _'.'_'.'_'.='_é'_'.'_'.'_ ] L B
-4 _ -4 = —
e 107¢ i E
P T T A R R T N N W N L T R A |: T ! - ! - ! I N ! l I—
1.4 [ mm Stat. : e FATITIIIEN B O W Stat. ]
- 1.2 = Stat. ® Syst. T e >l 1.5 — Stat. @ Syst. -
Sls E SALLLILILAL FEst st J o8 L il
§ g 1 B e ; Q2 8 C :
= 08 = = 1
_ e 0.6 :_ . ‘ X ) X _: - . ) ) ! L 1
0 100 200 300 400 500 0 100 200 300 400 500

t T'SC ' [Ge 5
Py (GeV] CMS TOP-16-011 P (GeV]



https://cds.cern.ch/record/2141097

Charge asymmetry in

top quark pairs
Pq P o
o Asymmetry in top-antitop quark production: L

- at the LHC: a difference in the rapidity spectra

- top quark is more forward than anti-top

N(Alyl> )N(A|y|<0)
N(Aly[>0)+N(Aly[<0)

Aly| = |yi| = |ys)
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Charge asymmetry in
top quark pairs

o Asymmetry in top-antitop quark production:

- at the LHC: a difference in the rapidity spectra

- top quark is more forward than anti-top

o Precision measurement, at 7/8 TeV:

- several channels exploited, including top boosted regime

arXiv:1507.03110

19.7 fb™ (8 TeV)
o 0A——— —
< - CMS  Data
- l+jets, full PS —— EAG (1.5 TeV)
i —— EAG (20TeV) |
0.05- —— QCD (NLO), K&R |
' —— QCD (NLO), B&S |
i
0_ —
~ . | 1 . | . . | .
005" 400 600 800
| m; (GeV)

&)
<

0.15f

0.12f

0.09¢

0.061

0.03¢

0.0

-0.03}

-0.06}

LHC top

anti-top
VA

Ac

| V(a0 apl<o)
© N(Aly[>0)+N(Alyl<0)
Alyl = lyel = lys
Eur.Phys.J.C76(2016)87
sM | | ATLAS | _ |< 03 3 data ATLAS 8TeV,|20.3 o'
—  Light color octet /5= 8TeV, 20.3 fbr" = NLO
; gzta:ycoloroctet 0.2 .
0.1- % I A
. SR
FE
0.1 n
0 250 500 750 1000 1
mg[GeVl o | L

See also talks by D. Poyraz and M. Kareem
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http://dx.doi.org/10.1016/j.physletb.2016.02.055
http://arxiv.org/abs/1507.03119
http://link.springer.com/article/10.1140/epjc/s10052-016-3910-6
https://indico.desy.de/contributionDisplay.py?contribId=89&confId=12482
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Charge asymmetry in
top quark pairs

o No significant deviation from expectation

LHC Top WG summary plots

. ATLAS+CMS Preliminary  LHCfOpWG \s=7TeV Sept 2015
- Rich array of measurements from Atlas and CMS
tt asymmetry Ac *(stat) +(syst)
ATLAS l+jets —=— 0.006 + 0.010 + 0.005
JHEP 1402 (2014) 107
CMS l+jets H—e—H 0.004 £ 0.010 = 0.011
- PLB 717 (2012) 129
Several BSM models can be excluded ATLASOMS ofts 1 0,005 4 0.007 4 0.006
reliminary
ATLAS dilepton H— 0.021+0.025 £ 0.017
O - 08 T T T | | T I | i I I I I | I I T I | I I -I I JHEP 05 (2?15) oe1
- ; heavy aX|quo|n Mg A "0-010£0.0170.008
A TLAS W' boson Theory (NLO+EW) 0.0123 + 0.0005
I~ : ] PRD 86, 034026 (2012)
L W’ g:'-' . lepton asymmetry
0.06 N \§6|ou r-sextet.scalar ] ATLAS dilepton H—=—H 0.024 £ 0.015 + 0.009
AN “ CMS dilepton H——H 0.009 + 0.010 + 0.006
JHEP 1404 (2014) 191
] Theory (NLO+EW) 0.0070 + 0.0003
PRD 86, 034026 (2012)
| | |
0.04 ] —0.1 0 0.1
- | AC
scalar isodoubllet
O q) ATLAS+CMS Preliminary LHCIOpWG \s=8TeV Sept 2015

tt asymmetry

________________________________ _ ATLAS l+jets H—a=H 0.009 + 0.004 £ 0.005
arXiv:1509.02358
CMS l+jets template H-eH 0.003 + 0.003 + 0.003
O e \ - arXiv:1508.03862
B CMS N CMS l+jets b—o— 0.001+ 0.007 + 0.004
| _ arXiv:1507.03119
| N Models from i Theory (NLO+EW) 0.0111+ 0.0004
PRD 86, 034026 (2012
-0.02} o () PRD 84, 115013; _|
- (o) O JHEP 11 09, 097 ATLAS l+jets boosted , | 0.04::3 + 0.0:19 +0.026

Eur.Phys.J.C76(2016)87

0.3

1 | 1
0.4 0.5

Alberto Orso Maria Io1

(M >0.75TeV && |A y|| < 2)
ATLIAS—CONFVZm 5-048
Theory (NLO+EW)

JHEP 1201 (2012) 063

0.0160 + 0.0004

-0.05

0.05



http://link.springer.com/article/10.1140/epjc/s10052-016-3910-6
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Spin correlation and top polarisation

o Top quarks in strong production: 195t (8 TeV)

- produced unpolarised & sl cms | — NLO+EW,SM «Data B
- angular correlations stem from gluon helicities 8 - ~-MC@NLO -
S - ]
S o055 —
o What we do measure: L - ]
- fraction of spin-correlated eventsfs, = Ny I i § T
NEy + Nifcor ; t ! i;
- Unfolding to angular distributions - measure 0.45 -
asymmetries - 1
Phys.Rev.Lett.114,142001(2015) 5 1.0sF § — ‘i’ ! i ! E
< E | =
S 16000 "o Data | T E T T $ e
2 14000F bata ATLAS - % o.95| ! =
S - [ _Ismt Is=8TeV, 20.3fb" S 1 o5 0 05 1
o 12000 | it (A=0) — cos 0}
10000 [l Background [
- it . 180 GeV [ e = o arxXiv:1601.01107
8000 :’L‘ 180 GeV e —| o Sensitive observables:
6000 TN e —| - angle 6* for leptonically decaying tops
4000 a2 oot - - angle ¢ between leptons in dileptonic top
2000F- - decays
( " ———————— T 9 * b
1.2F ' ' ' ' = !
. S (in the top
= = FREREEEE E
5 e e Ep Y S S P - frame)
o E T D
0.9 T = _ Vz
0.8F-z---rmm A . . . = g
- 0] 0.2 0.4 0.6 0.8 1 t \

See also talks by D. Poyraz and M. Karee#y® [rad]/ = o
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Spin correlation and top polarisation

o Several methdods explored!

- Both dileptonic and semileptonic channels studied
- Measurements of Ag, cosb*, etc.

- Matrix Element method

- good agreement with the standard model, two

measurement show a slight tension, however
less than 2oy,

tt Spin Correlation Measurements Summary

D0, dilepton + e/u+jets

PRL 108 [2012) 032004,
{5=196TeV, L =5.410"

CMS, dilepton

PRL 112 [2014) 182001,
=7 Tev,L =51’

ATLAS, e/u+jets

PRD 90 {2014} 1120186,
{5=7 TeV,L =4.610"

ATLAS, dilepton

PRD 90 {2014} 1120185,
{5=7 TeV,L =461’

ATLAS, dilepton

PRL 114 [2015) 142001,
{5=8Tev, L =203 10"

CMS, u+jets

arkiv:1511.06170,
{5=B TeV,L =196

CMS, dilepton

ariv:1601.01107,
=8 Tev, L =1951"

Mar 2016
Standard Model sxseses
fqy T(stat) £(syst)
+0.29
: E!BSI]QQ

1.0240.10+ 0.22

| : 2120112022
; 1.1912_09+ 0.18
Po120+ 0.0540.13

0721008+ 0.15

1124006+ 0.11

0

0.2 0.4
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CP asymmetry in ttbar events

o Probes of CP violation in tt production: lab, ooy oo
Oz =€ (P, py+ Py pe pjn) — o< (B + Bp) - (Fe % Bjn)

- Decay channels with 1 lepton + jets 03 = Qe (P, o P Pt) 2 o Qufy - (Be % 1)

l’b — — — —
) Os = Qi€ (P, pp — Py Per Pj1) — < Q¢ (B — Pp) - (e X Pin)
- Four observables are chosen with

— e . lab i3 — -
asymmetry in presence of CP violation Or=a-(ps = ps) e (P.a,porps) = < (Po = Po): (P X Po):
- Respective distributions are probed in 8 TeV %
data Nﬁwu‘s (Oi > U) - Nﬁ:mrts (Of < U)

— - A O =
(90 Necenss (01 > 0) F Negoss (0 < 0

R

19.7 fb (8TeV)

20 CMS === |+jets channel — 3 CMS Preliminary 19.7 b (8 TeV)
18E Preliminary : gl?/;[atli 32 —¢- tf events + 1o (stat.+syst.)
16 ) SM non-ti ] % ) —$- Bef?re background subtraction
777 1o, Stat.+Syst < =~ Estimated background
1

............. —

T

Events x 10°/ 0.1
~

II|III|III|III|III|III|II[|III|III|III|I

o
lllllllllllllllllllllllllllll
)

i
;

u.i_Q_.
i
i
i

8
6 1
4 No deviation observed
2 ~2F from the SM
o3 05 0 0.5 i 3 |
- o, o 0; 0,

See also talk by D. Poyraz Alberto Orso Maria Iorio 31
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Single-top and vector bosons
associated production

Alberto Orso Maria Iorio
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The single-top production:
top in the the electroweak sector

o Single-top quark:

- tWb vertex in production t-channel W associated (tW) s-channel
- Top is produced polarised q' . W q i
- non SM couplings can appear in W b W
cross section and properties ¢
b
- All channels cross sections: g _ { o -
; 2 b g q b
proportional to [Vy)|
63.910.2.7 pb 15.7+1.2 pb 4.29+0.18 pb
85.2+2.2 pb"® 22.4+1.5 pb 5.2410.21 pb
217.018.4 pb 84.4+4.4 pb 10.32+0.38pb

(1): LHCTopWG: calculations with HATOR, see also https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopRefXsec

(2): N. Kidonakis Phys. arXiv:1205.3453

(3): M. Burcherseifer, F.Caola, K. Melnikov: arXiv:1404.7116 All with top mass = 172.5 GeV
I

See also talks by S. Mitra and P. Rieck _ )
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t-channel Single top production:

q q

W

b t —
g b

o Inclusive cross sections:
- leptonic only decay channels

- MVAs to maximize
background rejection

- Selection:

-- 1 lepton (u for CMS, w/e for atlas),

-2 or 3 jets
-1 or 2 b-jets

- Control regions for main backgrounds

o Most abundant single-top (o~ 1/3 x o(tt)):

- measurement of Vtb in production!

ATLAS CONF-2015-079

Trr [ rrrrrro
[ ATLAS Preliminary 1s=13TeV, 3.2 |
1000F g cr Ty ¢ Data .
i W {9tq
B tt,Wttb
[ Wijets
[ Z+jets,diboson
I Multijet
7/, Stat. + Multijet unc. =

Events / 0.05

500

E; 1.2 ) [}

 oe ¢

£ 0 02 04 06 08 1
(]

NN output

Alberto Orso Maria Iorio

Events/ 0.2

CMS TOP-16-003

1800 CMS Preliminary o bata

. . t-channel
1600 32t region Etf tw
1400 WW/Z+jets

Post-fit unc.

4 08-06-04-02 0 02 04 06 08 1
MVA output
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http://cdsweb.cern.ch/record/2114851
https://cds.cern.ch/record/2141577

t-channel single-top:
cross sections and | Vy, |

o Cross sections:

2.3f0" (13 TeV)
A R L A

o ———————
AL SLLALSA o CMS Preliminar, o Data
(0} b o y N | - -1 Y [ {-channel
t-channel [p ] - ATLA+S Preliminary \s=13 TeV, 3.2 fb ] ; o1t region t* =t
SRu o Data € mW/Z+jets
™~ W iq.tq . Y JQCD (DD)
Atl as CMS [2) Wt Whtb T S Postit unc.
GC) [ W+jets
[ Z+jets,diboson
68 + 8 67.2+6.1 15 = Muliijet

7///, Post-it uncertainty

82.6+x12.1 83.6+7.8 ]
229+48 227+33

o |th|: Assuming |th|’ |Vts| << |th| EJ' 1 -08-0.6 0.4 -0 OKA\?KO?,I?DU;
i s NN output 7
ATLAS CONF-2015- 079‘ CMS TOP-16-003
V.| = V(gebs [gtheoy: Main uncertainties on o, __ (t, 13TeV) [%]
Atlas CMS Atlas CMS
5.9 +5.1-7.1
1.02+0.07 1.02+0.05
11.0 10.1
0.97+0.09 0.978+0.04
5.5 5.7

1.03+0.11 1.02+0.07
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t-channel single-top:
charge ratio measurement

u(d)

o Asymmetry in top production : d(u)
- stems from valence quark composition: w
O(top)/0(antitop) ~2 _
: : : t(t)
- can be inferred directly from lepton sign
S —— |7| TeY A CMS, 'ffgljlfb-:' ‘{ETSIT?VI | 8 Tev CMS Preliminary 13 TeV 231" (13 TeV)
LR R R R RN LR RN RN AR
ATLAS det=4.59 o \s=7 TeV CMS CMS-TOP-16-003 1.75+0.16 (stat) + 0.21 (syst)
Mstet @sys. [Jstat, ABM11 CT1Owds \ -
ABMI11 (5 flav) A CT10 CT10 P
CT10 —t—] i CT10w CTEQEM E
CT10(+DOWasym) e . '
GJR0B (VF) —_— HERAPDF VSTWORN= ) e
HERAPDF 1.5 ——i | MSTW2008 HERAPDF 15NLO  + mm
MSTW2008 (B8%CL) b AN
NNPDF 23 -~ NNPDF 23 A
TR R RN REEN | I R T | | |

I I : , , , | , , | , , , | 0 JIII|IIII|LII1|I\IllIIIII|Illl\lllllllll[lllll\lll
1 12 14 16 18 2 22 13 14 15 16 17 18 19 2 21 22 23
15 16 17 18 19 2 21 22 R, =6, V5, (0 Ryon = s/ G,

[ |
Phys.Rev.D.90,112006(2014) JHEP 06(2014)090 CMS TOP-16-003
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http://link.aps.org/abstract/PRD/v90/e112006
https://cds.cern.ch/record/2141577
http://dx.doi.org/10.1007/JHEP06(2014)090

o Entirely different production mechanism:

The single-top quark

W-associated production

b W

- complementary to t-channel route to measure tWb
properties and Vtb

CMS,Vs=8TeV, L=12.2 b, 1j1t
LA B L L L L

700F
600

500

6]

111 300}~

200F

Events /0.05

Data/Pred.
o
[o0]

%) E
£ 400

® Data
Cew
. 7
Wl Zy "+jets
Il Cther N
Uncertainty [

0.1 0.2 0.3
BDT discriminant

T T
ATLAS
\'s =8 TeV, 20.3 fb”' Wit
1-jet 1-tag . tt
Post-fit

HI‘I\Hl\l\lllHI‘Hl\l\l\l‘l\l\

-0.3 -0.2 -01 o 0.1 0.2 0.3 0.4
BDT Response

JHEP01(2016)064

g
o Measurement at LHC with 8 TeV datasets:

- Measured in channels where both t and W decay
leptonically: 2 opposite sign isolated leptons in the final state

0(s Tev) [PP] = 23.0 + 3.6(Atlas)/23.4 + 5.4 (CMS)
- Main uncertainty contributions:

Atlas: Background normalisation (*'°; %),
Jet Energy Scale (**°, ,%), ISR/FSR (** , ,%);

CMS: ttbar ME/PS matching (14%),
fact/renormalisation scales(11%), top quark mass (11%);

PRL 112,231802
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http://link.springer.com/article/10.1007/JHEP01(2016)064
http://dx.doi.org/10.1007/JHEP06(2014)090

Single-top in the s-channel

o First evidence of s-channel: > @ 1500 ATiAs e
- se!ection on 1 lepton and 2 b-tagged jet_s 2 \s=8TeV,203fb" o s ohannel :
- using matrix element method to maximize Signal region -t i
discrimination 1000 i zojots, diboson |
- profile likelihood fit including systematics ) Post-fit uncertainty ]
16 500 , —_
= 4.8 + 0.8(stat.)";3(syst.) pb <

Statistical significance (expected)/observed: 0

(3.9)3.2 standard deviations 8 11E
< O%V%WWW)M/M%WMW%
< 0.9F
__Electron, 19.7 fb“l (8 Tev), 2- je’[S 2- tags < 0.0002 0.0018  0.058 0.102 0187 1
S 1400 | | | | - «Data CMS: PSIX)
£ 1o00F cMs s channel o s-channel at 7 + 8 TeV:
@ _ 1 [t channel . . .
i 5 10w - uses MVA analysis to discriminate from
1000; ot backgrounds
800 - g lsvﬂ?tf - signal strength correlated amongst two energies
600 E =Di;fszn - No profiling of systematics
400F- I OMuttijet - Main systematics: background modeling
C oo R []Syst. unc.
Gl — ohneesst g = 7.1 £ 8.1 (stat + syst) pb, 7TeV;
0 L P |
0.8 -06 -04 -0.2 0 0.2 0.4
BDT Discriminant 0 = 134+7.3 (Stat + syst) pb, 8TeV.

arxXiv:1603.02555
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http://www.sciencedirect.com/science/article/pii/S037026931600188X
http://arxiv.org/abs/1603.02555

CMS )
. . : INFN
Single-top overview C

= E | T | E = = : : . . . | i i -

c L qj - i | © - . . ]

5 single top-quark production L Inclusive cross sections _
= I o

5] 102 = tW (pp or pp)—

D 2 = w E

» 10°E —= = 3

wn [ t-channel = C -

8 - - - s-channel (pp) -
— = — NLO NPPs205(2010) 10, CPC191(2015) 74 -

(&) Y m,,= 172.5 GeV, 10 — |

q_) - CT10nlo, MSTW2008nlo, NNPDF2.3nlo (PDF4LHC) — E h I E

> — NLO+NNLL, PRD83(2011)091503 = S-Channe (pp) =

.a 1 0 | wit My, = 172.5 GeV, MSTW2008nnlo — : :

S E 3 L1 -

g [” s-channel o t-ch | 4.59 b ] 1= —]

—_ / t-channel 4. PRD 90 112006 (2014) i E E

L ® t-channel 20.3 fbo™! ATLAS-CONF-2014-007 a — NLO+NNLL, PRD 82, 054018 (2010) .

o ¢ t-channel 3.2 fb™' ATLAS-CONF-2015-070 — MLO+NNLL, PRD 83, 091503 (2011) +  CMS, PRL 110, 022003 (2013) —

1i _—Jﬁ # Wt 2.05 fb’j PLB 716 (2012) 142 — ; B ¥ Tevatron, arXiv:1503.05027 [hep-ex] ®  CMS, PRL 112, 231802 (2014) ]

F 12 i Wt 20.3 fb™" arxiv:1510.03752 3 107" = . —]

r . E CMS, JHEP 12, 035 (2012 = NLO+NNLL, PRD 81, 054028 (2010) 5

r Tg v s-channel 95% C.L. limit 0.7 fo™! aTLAs-cONF-2011-118 ] = ( ) * ( }:

L = A s-channel 20.3 fb™" arxiv:1511.05880 _ C = CMS, JHEP 06, 090 (2014) ¥ Tevatron, PRL 112, 231803 (2014) ]

| | | | | | | - - - _

CMS, TOP-16-003 (prel.} " CMS, arXiv:1603.02555 [hep-ex]
6 7 8 9 10 11 12 13 102 ! | ! | | | ! ! ! ! |
2 3 4 5 6 7 8 9 10 11 12 13 14
Vs [TeV] /s [TeV]

o All single top processes have been studied in Run |
- including differential cross sections and angular measurements

o First t-channel measurements at 13 TeV as by both experiments

o Ramping up towards a new era of high precision for the electroweak sector of top physics
e
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Top quark pairs + W/Z

Probe electroweak Neutral Currents: established at 8 TeV, now

measured at 13 TEV as well!

CMS TOP-16-009

CMS Preliminary 2.7 fb' (13 TeV)
[7)] e L L B
= 30F [z
L% - Bwz
tt+Z Z i W
[rare ]
- data-driverj
—+—Data E
CMS and Atlas: -
requiring 3-4 leptons and >= 2 jets in different categories .
7 | J
= 0.9 + 0.3 (Atlas) / 1.1 * 0.4 (CMS) pb o 1.2 3 .4
ofttZ) = V.9 £ V. as -1 £ V. P loose b-jet multiplicity
4 it s PRSI R ]
= ZZ Mtz ]
:.C_, Wz | g —]
t ol I Other Fake leptons
d
tt+W u
w*
Atlas analysis with equiring 2-3 leptons and >= 2 jets, - |
5 . o
o(tt w) = 1.4 £ 0.8 pb PRI S S S e ks
20 30 40 50 Tﬁﬁd Iepm:OpT [GeVE;O/

.

IMDCITU UIUoU IVIaliida I1UIIU

See also talk by A. Khanov
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Top quark pairs + photon

Completes the picture together with W/Z
Probes top quark charge via the coupling
Measurements at 7 (Atlas) and 8 (CMS) TeV :

o(tty) = 68 £ 17 fb at 7 TeV (48 fbexpected)
O(tty) = 2.4 = 0.6 pb at 8 TeV (1.8 pb expected)

CMS preliminary L=19.7 fb ' at ys=8 TeV

2 T T _ T T | T 1T 7T | T T T | L I L T 1T 1 I T T | T T | LI | L
R “Rpas 17612320 o S cert. MG | ? 102 ?3 ATLAS Muon channel —
Mo’ 4200+ 1620 Saap unoenMe ) Q107 ., —+Daa -
- . fake Nz E |vs=7TeV, |[Ldt=4.591b ([ Signal .
«w 2000 — GCJ B 3 Y background 7
R= = =4 > B [ Hadron fakes N
_g_ - 4 W §\1\\\ Total uncertainty from fit
5 - CMS TOP-13-011 A 102
D 7 C
‘€ 1000 — -
E i - SHhaaasaaas i
= f B N\ N
= 1.2 ! ! C
7] C -
2 .8 +r +++ N
[ d L L L 2' L L L 4|- L L L 6' L L L é L L L 170 10—1 1 | | 11 I | - I 111 I 11 I1I 1 1 I1l 1 1 I1I 1 1 l1| 1 1 I1| 11 1
Charged hadron isolation / GeV 0 2 4 6 8 0 2 4 6 iso 8 20
p2° [GeV]
e
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top quark mass

Alberto Orso Maria Iorio

42



High precision single measurements

o 1 lepton +jets channel:

- Choosing correct permutation of hadronic top

with kinematic fit

- fit simultaneously the top quark mass and

energy scale of jets
o Main systematics:

- b hadron jet energy corrections

- b hadron decay modeling

m® = 172.35 + 0.16 (stat+JSF) = 0.48 (syst) GeV.

B N
600~ aTLAS .
Vs=7 TeV,4.6 b

500

Events / GeV

400

300

200

100

—_—————
data, l+jets
¥ Best fit background

Best fit
Uncertainty

CMS Lept0n+jets 19.7 b (8 TeV)
> 12000F g i mmSindlet
it cnrrecl
[ [ tf wrong :' W+|ets
10000 [t unmatched c!n multijet
i e Data I:I Diboson ]
8000 After P_ selection ]
6000} arXiv:1509.04044

4000}
2000¢

Data/MC Permutations/5 Ge

o 'y
g O

400

300
mi* [GeV]

o 1-2 lepton +jets channel:

2015)75:330

comb _
Miop

30 140 150 160 170 180 190 200 210 220
migs” [GeV]

See also talks by S. Spennagel and M. Bender

Alberto Orso Maria Iorio

- Using likelihood fit to several
sensitive variables

= 172.99 + 0.48 (stat) + 0.78 (syst) GeV
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http://arxiv.org/abs/1509.04044
http://link.springer.com/article/10.1140/epjc/s10052-015-3544-0
https://indico.desy.de/contributionDisplay.py?contribId=87&confId=12482
https://indico.desy.de/contributionDisplay.py?contribId=56&confId=12482

reconnection, etc...

Alternative approaches

Most precise measurements: sensitive to hadronisation uncertainties, color

4

Other ideas are explored by the experiments!

- From different observables...

mse observables

[

decay

- less sensitive to

hadronisation

- suggested in
ArXiv:1407.2763

. mt=171.7+ 1.1 (stat)
\+\\2.9 (syst+theo)

of lepton from top

a.u.

Ratio wrt 172.5 GeV

CcMs

016 Simulation

50

150

20 750
p, (T} [GeV]

/
CMS TOP-16-002

—~» OF L B e L S AN A e
L E c oL pole
B = ft+1-jet at NLO+PS form = o
maEg '55 ATLAas - 0 170 GeV R
| -1 —mn 175 GeV =
o 45 (5=7 TeV, 4.6 foy T 180 Gev £
Y= 173.7 GeV (bestfity 3
Bi 4 Data é
255 B 24 3
i gL e E
155 E
£ Ly 3
0.5F 3
) i 1 [ 3
1.3,
A ]
A __._'.‘:‘?_“: ______ PR SaiE L T
~ v
& 07 02 04 06 [
'd o, (parton level)

Mtop = 173.7+2.3-2.1 GeV
JHEP10(2015)121

Measure the \

tt + 1 jet shapes

- Can be calculated
at NLO

- suggested in
ArXiv:1303.6415

/

Alberto Orso Maria Iorio
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http://link.springer.com/article/10.1007/JHEP10(2015)121
https://cds.cern.ch/record/2138956

Alternative approaches

. to different modes of //Slngle -top topologles
decay or production!

-
(4]
o
o

| E = -l 'I_ BTeV data n
] r Best fit: m,,, = 172.2 = 0.7 (stat.) GeV —
:é : ! Single-top t-channel signal :
. . 2 | tt signal ]
tt with charged particles from hadron decays W ooor Amga;i?_m_um " o TriEs i o
. reliminary B
and W lepton (see also: talk by Simon [ra-z0an]
Spannagel) -
E’ 2us ¢ XA 5
-2 ﬁ ¢ ¢ ¢ ' 60 80 100 120 140
> _ m(lb) [GeV]
o 4000~ CMS 19.7 " (8 Tev) 3, Mtop = 172.2 +2.1 GeV
0, - uchannel, 3tracks S0
3500 IS ATLAS CONF-2014-055
(0] C '
™ 3000E i 19.7 fb™ (8 TeV)
- = - T T -] & data
2 25005— N Beoo— CMS | ecnanner
< - 165 170 175 o0 Ss00[- Preliminary 0=
r t - L i
Lﬁ 20005 e Data ":G:'J'4oo — | e
1500 tt ig00 | Wz
. B Single t i | e
1000 Background 200 N Ea..,.,m
5005 100} ]
0E Lo o [Th ‘ ?00 150 200 250 300 350 400
20 40 60 8010012014016018q500 \ my,, (GeV)
e
SVI[ ] \\ Mtop = 172.6 1.2 GeV

m; = 173.68 +0.20(stat) *55(syst) GeV
1603 .06536 ~oerto Orso Maria Iorio 45
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https://cds.cern.ch/record/2138689
https://cds.cern.ch/record/1951323
http://arxiv.org/abs/1603.06536

Alternative approaches

CMS Preliminary March 2016

... many more available! b hadron lifetime
TOP-12-030 (2013)

EPJC 73 (2013) 2494 — -2.10

b-jetenergy peak _____ o 172.29 + 1.17 + 2.66 GeV
TOP-15-002 (2015)

Lepton+J/¥ PN 173.50 + 3.00 + 0.90 GeV
TOP-15-014 (2016)

Lepton+SecVix o 173.68 + 0.20 +1.58 GeV
arXiv:1603.06536 (2016) T -0.97

Dilepton kinematics 171.70 + 1.10 +2-68 GeV
TOP-16-002 (2016) - 309

Single top ——— 172.60 + 0.77 +0-97 GeV
TOP-15-001 (2016) 6020 -0.93

G(tt) 7+8 TeV 173.80 +1.70 GeV
arXiv:1603.02303 (2016) ® -1.80

CMS 748 TeV (2015)

' @ 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)
| | | | | ] | ] | | | |

170 180
m, [GeV]

See also talks by S. Spennagel, M. Bender, B. Bilin and S. Thier
|


https://indico.desy.de/contributionDisplay.py?contribId=87&confId=12482
https://indico.desy.de/contributionDisplay.py?contribId=56&confId=12482
https://indico.desy.de/contributionDisplay.py?contribId=85&confId=12482
https://indico.desy.de/contributionDisplay.py?contribId=136&confId=12482

Overview of top mass measurements

ATLAS+CMS Preliminary LHCIOpWG my, summary,/s = 7-8 TeV Sep 2015
"""" World Comb. Mar 2014, [7]
stat
total uncertainty total stat
My, = 173.34 £ 0.76 (0.36 + 0.67) GeV ey total (statt syst) 5 Ref
ATLAS, l+jets (*) |—|—-—|——| 172.31+1.55 (0.75+ 1.35) 7TeV [1]
ATLAS, dilepton (*) I—l—le-l—l 173.09+1.63 (0.64+ 1.50) 7TeV [2]
CMS, I+jets e 173.49+ 1.06 (0.43+0.97) 77TeV [3]
CMS, dilepton —tt- 172,50+ 1.52 (0.43+ 1.46) 77TeV [4]
CMS, all jets ot 173.49+ 1.41 (0.69+1.23) 7TeV [5]
LHC comb. (Sep 2013) = 173.29+ 0.95 (0.35+ 0.88) 7TeV [6]
World comb. (Mar 2014) HH 173.34 0.76 (0.36+ 0.67) 1.96.7 TeV [7]
ATLAS, l+jets et 172.33+1.27 (0.75£1.02) 7TeV [8]
ATLAS, dilepton —f—t— 173,79+ 1.41 (0.54+ 1.30) 7TV 8]
ATLAS, all jets F—=——H 175.141.8 (1.4+1.2) 77eV fol
ATLAS, single top I—l—-—l—-—l 172.2+2.1 (0.7£2.0) 8 TeV [10]
ATLAS °°mb-(Mja;t§?;ﬁ. = 172.99+0.91 (0.48+0.78) 7TeV [8]
CMS, I+jets HeH 172.35+£0.51 (0.16+0.48) 8 TeV [11]
CMS, dilepton —fot-— 172.82+1.23 (0.19+1.22) 8TeV [11]
CMS, all jets HeH 172.32+0.64 (0.25+0.59) 8 TeV [11]
CMS comb. (Sep 2015) HH 172.44+0.48 (0.13+0.47) 748 TeV [11]
: [1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427
[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330
[3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158
(*) Superseded by results [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055
shown below the line : [5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-022
A N R T M N N MUY AN N T TN T M N N TR A N NN N
165 170 175 180 185
m,,, [GeV]

Climbing the systematics wall!

Main enemy of current methods:
hadronisation modeling uncertainty

Continuous efforts to
- improve current techniques
- develop new methods

- combine the results...also
across energies and experiments!

LHC Top WG summary plots

Alberto Orso Maria Iorio


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TopLHCWGSummaryPlots

Summary and outlook

o Standard model top quark production established at 13 TeV
both strong and electroweak production modes

Inclusive and differential measurements performed

o Solid ground to start a new era of top quark physics

Mature studies based on the experience of LHC Run-I

New measurements to be made possible by higher luminosity and energy!

Looking forward to 2016 data!

Alberto Orso Maria Iorio
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Thanks!
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Additional material
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ttbar 13 TeV:
early semileptonic channels

(1) 700 o IIDa{aI B
O) ATLAS Prellmlnary IZI
. S 600 \s=13TeV, 85pb™ Singl 7

o Cut and count analysis: P w+jets -Dlirk;?)se;r:)p

-le/p ¢ 500 W-jets E
o .

) T I Z+jets
-- Atlas: pT>25GeV, Ir]|<247) 400 B \P &fakes -

-- CMS: pT>30 GeV, |n|<2.1)

: 300
- at least 4 jets ( pT>25GeV, |n|<2.5), 1 b-tag
- Atlas: cuts on ETmiss and w transverse mass 200
100
o Main backgrounds: o :
- single-top, W+jets, QCD 0 50 100 150 200
42 pb’* (19; :I:eV)
Results with < 100 pb: 2 CMS l+jets
° Preliminary —e— data
w -tjgignkal ]
tt backgroun
o = 817+ 13 (stat) 103 (syst) = 88 (lumi) pb 00 Single 1
300 =&J§ts
o = 836 £ 27 (stat) 4 88 (sys) %+ 100 (lumi) pb 200
100
Main systematic uncertainties: 0 .
background normalisation, jet energy calibration, £ i I
luminosity S ogl "
S 06 ; : : : R
0 1 2 3 4 5 6
BN additional jets
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; | 1 1 I 1 | 1 I 1 I | I I 1 I I: !: I 1 | I l_ T T I FJ',_ 4/
g - 68%and 95% CL contours ' ""::":":::'::;:;\:’ .
= 80.5— M fit wio M, and m measurements ' =076 Gev ) —
Eg E fit wio M, m and M, measurements : : —0=076 5’05_“’11“'5*"-’ //;
B direct M_ and m, measurements 101 S
80.45 [— Mo L / ]
80.4 — . / o
M, world comb. = 5 o o7 ; =
80.35 [— m, = 80385 : 0.015 Gev J,f’ j . —]
80.3 :— a8 —:
e e | w
gozs|— S B e =
B 1 1 l 1 V 1 l 1 l #’ l l 1 L" I: II 1 1 | 1 L L 1 1 |_ 8 .
140 150 160 170 180 190 g 1752 :
m, [GeV] =
w
175}
<
£ .-
g 10-
P i
o)
[a¥
165 —

Top quark mass measurement

o Test of consistency for the
standard modelenefit from

o Vacuum stability and evolution
depends on the exact value of
the top quark mass

Stability

Alberto Orso Maria Iorio
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t-channel single-top:

Source

Aoy /oy [%]

Agfq/o-?q [%]

Data statistics
MC statistics

Multijet normalisation
Other background normalisation

Muon uncertainties

JES

Jet energy resolution
Emiss modelling

b-tagging efficiency
c-tagging efficiency
Light-jet tagging efficiency
Pile-up reweighting

W +jets modelling

tt,Wt and s-channel shower generator
tt, Wt and s-channel NLO matching
tt,Wt and s-channel scale

{-channel scale

t-channel generator

PDF

Luminosity

Total systematic uncertainty
Total uncertainty

+ 46
+6.3

+ 0.8
+14

+ 1.6
+£55
+43
+ 4.2
+71
< 0.5
< 0.5
+1.2

+23
< 0.5
+ 2.7
+ 2.6
+59
+ 11.0
<05
+ 5.0

+ 184
+ 19.0

£5.0
£ 6.5

+24
£ 0.5

+16
£16
+ 3.1
+4.5
+£75
< 0.5
< 0.5
+ 3.2

+1.0
+23
£ 70
+ 0.9
+ 7.7
+ 15.0
+1.0
+ 50

+ 244
+ 25.0

o]

Ny S

o &

cross sections and ‘th ‘

uncertainty source Agt—ch.,t#/"ffhvf K AU}_Ch?f/U?Pghwt Mt—ch.j/f’fﬁihv;
uncertainty of the it (stat. + prof. unc) 16.8% 7 4% £11.9%
statistical uncertainty +40% +4.7% 17.6%
profiled uncertainties 15.5% £5.7% 1£9.2%
MC statistics 12.8% 34% +4.0%
pileup 0.2/+0.1% 0.5/+04% 0.1/+0.7%
experimental uncertainty -62/46.2% 67/+67% | -10.0/+100%
Signal modeling 17.9% +10.1% 1+8.2%

| ttmodeling +43% £3.9% +4.6%

| Wijets modeling 21/417% 1.6/+1.1% -28/+2.3%
Q2 scale -channel S5.7147.0% 71/+5.1% -6.1/+69%
0% scale ft -2.7/+4.1% -25/+4.0% 39/+34%
0% scale tW -0.3/+05% 0.4/+03% 11/+04%
Q2 scale Wjets 2.7/43.0% -25/+4.2% 5/+24%
PDF uncertainty -3.0/+2.6% 31/+3.2% 3.7 /+42%
top pr modeling $0.1% £0.1% £0.2%
total theory uncertainties 12.1/+126 138/+136 | -135/+134%
luminosity 12.7% £2.7% £2.7%
total uncertainty 145/4148% | -163/+161% | -18.6/+18.6%

Alberto Orso Maria Iorio
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Measurements interpretation:
uark Pole mass
S

o Re-interpretation of croB; s(él tion measurements:

- top mass used as parameter in the MC depends on the renormalisation scheme
used

- top mass from the cross section parametrisation

- main uncertainties: from cross section measurement:

. [pb]

luminosity, background yield, lepton reconstruction  top-quark pole mass measurements March 2016
DO o(tt), 1.96 TeV .
280 PRD 80 (2009) 071102 ¢ 169.10 *390 ¢ 1 GeV
MSTWO08 approx. NNLO
DO oftt), 1.96 TeV ,
260k PLB 703 (2011) 422 _— 16750 *520; 70 GeV
240 e MSTWO08 approx. NNLO
. DO ott), 1.96 TeV :
- DO Note 6453-CONF (2015) —— 169.50 *330 -3.40 GeV
220 ; MSTwo8nnlo
B ATLAS of(tt), 7+8 TeV 2,50
200 E 0.4 EPJC 74 (2014) 3109 ® 17290 557 5 go GeV
I | —————— P ATLAS tt4j shape, 8 TeV 2.28
180 = S JHEP 10 (20'15) 12‘: @— 17370 5% 5 41 GeV
NN - —0.2 _
- CMS o(tt), 7+8 TeV 1.70
160 5.0 fb' (7 TeV) arXivi1603.02303 (2016) @— 17380 710 4 g GeV
R T —RVI— P-amm——— _0 World combination +0.76
1 70 1 71 1 72 1 73 1 74 1 75 1 76 1 77 1 78 ATLAS, CDF, CMS, DO @ 173.34 -0.76 G8Y
arXiv:1403.4427, standard measurements
m, [GeV] |
1 1 I | | 1 1 ‘ | 1 1 | | L 1 | 1
150 160 170 180
m, [GeV]
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