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Outline

Status of the art and perspective for

— Top quark pair production

— Single top quark production



Why top physics at LHC ?

- Tevatron: 0 ~7 pb (~10" events)

LHC is a Top factory ¢
] .l‘%.r':k
LHC@8TeV: g ~240 pb (~5x10° events) WERE—)
{ B E B tracTory |
LHC@14TeV: ¢, "'~ 953.6 pb mES

- (- 95x10°expected events) :

Top physics at LHC moved to precision measurements

* Precision tests of QCD with available NNLO predictions
* Precision measurements can be included within DGLAP fits
- * Modeling of SM tt background for BSM physics searches




Run 2 and beyond )

2011 2012 2013 214 2016 2016 217
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Runl1:L=0.7x10*cm?s™ Run?2:L=1.5x10*cm?3s?

pile-up ~ 30 pile-up ~ 40
Vs = 7/8 TeV Vs = 13/14 TeV
bunch spacing 50 ns bunch spacing 25 ns
JLdt = 25 fb™ JLdt ~ 100 fb™* (~40-45 fb™ /exp per year)
2018 2019 2020 2021 2023 2024
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Run3: L=2.0x10*cm?s* N

ilentip ~ 60 HL-LHC /
Vs = 14 Tev L = 5.0x10*cm?s™
bunch spacing 25 ns pile-up ~ 140

_~ -1 -
JLdt~ 300 b ~ Increased E_,:  Vs=14Tev

luminosity levelling

Larger xsec increase for [Ldt ~ 3000 fb*

gg — X dominated processes
Higher Pile-Up:
higher rates for trigger
| Worse jet resolution & |
- b-tagging performance 4




Top studies at Run2

- All searches (FCNC decays, tt resonances, top partners, ...)
- Top properties (Top quark mass,charge asimmetry,Yukawa coupling,...)
- Differential cross section measurements (resolved and boosted topology)

> ttV, ttH
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Top pair production at LHC

gluon fusion
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NLO tt differential cross section 5

dsigma [fb]

dsigma [fb]

0000 II :
FOOOO II I I:
I Resolved topology
3
S0000 H . .
17 :: PDF uncertainties NLO QCD
40000 . . .
.- scale uncertainties Calculations
S @ 14 TeV
20000 I
- 1" ..
10000 -
: it i= g2-
0 - - - - - - - - - - 2 - R= - &
10 30 S0 JO 514 110 130 150 170 190 210 230 250 0 270 290 310 330 IS0 ITO 390
ptit) [GeV]
250
200
: Boosted topology arXiv:1311.2028
150 ‘I I
100 -
II II .
e -
o )| = ! - . ..
o ) BTots a- $- a= s g-

610 630 650 670 690 710 @ 730 750 770 @ 7O0 | 810 830 850 870  ©00 810 @ 930 050  G70 | 890
ptit) [GeV]

v Scale uncertainty dominating the predictions
v NNLO differential predictions needed



Top quark signatures 6

Jet .\

QOu*
. | b //?.v
Leptonic Top < N O
S ® e % O O O
= e AE
. S Vi
Hadronic Top = zb'
Top Pair Branching Fractions s
“alljets” 46% Final state signatures :

dilepton (low prob. & low bkg)
[+jets (compromise between prob. & bkg)

fully hadronic (large prob. & large bkg)

THets 15%

- Main background sources

1%
1::1-1 2; o
axe ,\0 f o

p"’iﬂ ?‘ojﬁn n+jets 15%
W :'-\-E
N e+jets 15% .
"dileptons” "lepton+jets” - Full hadronic: QCD
> Single lepton: W+jets, fake leptons,
single top

> Dilepton: Z,y*+jets, fake leptons




Total tt cross section

ATLAS Preliminary

Data 2011\Ns =7 TeV

Channel & Luminosity

July 2014
NNLO+NNLL (top++ 2.0)

PDF4LHC m,, = 172.5 GeV

scale uncertainty
scale+PDF uncertainty
- stat. uncertainty
— total uncertainty
O +(stat) =(syst) =(lumi)

Dilepton, eu, N_ - ET 4.6 fbo' =

Single lepton  0.70 fb™ e 179+4+9=x=7pb
Dilepton 0.70 fb™ _— 1736711 *Spb
Single lepton, b — Xuv = —e—== 1652+ 17 = 3 pb
4.66 fb’

Thag + jEtS 1.67 b 194 = 18 = 46 pb

Tpag + lepton  2.05 fb” i 186 + 13 £ 20 = 7 pb
All hadronic 16812+ =7 pb
4.7 b

Dilepton, ey, b-tag 4.6 " e 182.9+3.1+42+3.6pb

o 181.2+:2.8%37 «£3.3pb

Effect of LHC beam energy uncertainty: 3.3 pb

1| | 111 1 | I T | |

50 100 150

200 250 300

350

o [Pb]

Latest NNLO+NNLL theoretical predictions
(Czakon, Fiedler, Mitov 2013)  arxiv:1303.6254

Collider |0t [pb] | scales [pb] | pdf [pb]

Tevatron 7.164 fg:;éggéigzﬁz% fgﬁggg'ﬁ%
LHC 7 TeV | 1720 | 2355 | ThiGte)
LHC 8 TeV | 2458 | 752070 | #9205
LHC 14 TeV| 953.6 | 221040 [ +1020.70)

Good agreement.
Comparable theoretical and experimental uncertainties.

Inclusive tt cross section [pb]

ATLAS Preliminary

Data 2012,Ns =8 TeV

Channel & Luminosity

Single lepton
5.8fb"

o =(stat) =(syst) =(lumi)

241+ 2 +31+9 pb

July 2014

NNLO+NNLL (top++ 2.0)
PDFALHC m,, = 172.5 GeV
scale uncertainty
scale+PDF uncertainty

stat. uncertainty
total uncertainty

Dileptoq, eu, b-tag —_—— 2424 +1.7+55+7.5pb
20.3 fb’
| | | | | | | | | | | | | | | Eflfect 3 |LHIC b:aanl-l eTerTy uInCTnalintyl: 4.|2 pIb
100 150 200 250 300 350 400
o [pb]
30— ————— T

"ATLAS Preliminary

| W {f dilepton L = 4.6 fb"

| W {f lepton+jets* L= 0.7 fb”
250—@ tidilepton L =20.3 b

L @ tflepton+jets* L =5.8fb"

* Preliminary

200
150

B ——— NNLO+NNLL (pp)

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

- Myop = 172.5 GeV, PDF® ag uncertainties according to PDF4LHC
1 00 1 1 | L L 1 L 1 1 1 L ] 1 1

IIIIIIIIIIIIIIIIIII

|
7 7.5

8
\'s [TeV]



Total tt cross section - Comparison with CMS 8

ATLAS+CMS Preliminary G sSummary; Vs =7 TeV TOPLHCWGS July =014
"""" KHLCGRBLL [lopss 2.00, PORLHC, m_ = 1725 Gew — =iat uncert=irty
scals uncerainty —_— total uncertmEinty
scake @ POF & a_ uncertminty g sty =t ${lurmi])
ATLAS, l+jets I-é-l—| 1o+ 4+ 9+ 7 pb Lo-07 it
ATLAS, dilepton () I—l-":i—l 1vaxe ¥ “Tpo [a—r
ATLAS, all jats (7] + ; * 1 167+ 18+ 78+ B pb I
ATLAS combined b——i 177433+ 7T pb L-o7-108
CME, l+jeis (") i 184+ 3£ 12+£ 7 pb Lo-0=-1.1 &
GMS, dilepton (7) ——tr— 170t 4+ 16+ 8 pb =111t
CGMS, T, o+ () —_— g 140+ 24+ 26+ 0 pb Lo=1.1 It
GMIS, all jats (%) L 1 128+ 20+ 40+ B pb Lo—=1 .1t
CMS combined |—-'-=! 166 + 2+ 11+ &8 pb Lo=08-1.1 H
LHC combined (Sep 2012) I—i——l 173+ 2+ 8+ 6 pb Lo-07-1.1 4
ATLAS, l+jsts, b —Xupw bt 165+ 2+ 17+ 3 pb [——y
ATLAS, dilepton & p, b-tag = 18289+ 31+ 42+ 3.6 pb L-asi
ATLAS, dilepton a1, rwll_u-E';"*= I-:Ill—| 1812+ 2.8 2l+33ph Lo-ask
ATLAS, T, _+ I—I-g—-—|—| 188+ 13+ 20+ 7 pb Lo-2. it
ATLAS, T, _+ists k —i;— +* 1 1941 18+ 46 pb Lo—17 It
ATLAS, all jsis +r 1B+ 12 20+ 7 pb (-
CME, l+jsls —a— 1SB+ 2+ 10+ 4 pb Lo-zzzah
GMS, dilspton =i 182+ 2+ 5+ 4pb L-=3
CMS, T, —_— 143+ 14+ 22+ 3 pb ==zt
CMS, T, __+Hels i il 152+ 12+ 32+ 3 pb La-23 It
ChAS, all jets ——— 130+ 10+ 26+ 3 pb Lo=2s it
'] Superseded by resubs shown below the line Efect of LHC beam enengy unceriainky : 3.3 pb
IIIIIIII|IIII|I I|IIII|IIII|IIII|II
50 100 150 200 250 300 350
o, PPl

TeV:

ATLAS Combined
CMS Combined
LHC Combined

Tot. Unc. 6%
Tot. Unc. 8.2%
Tot. Unc. 5.9%

8TeV :

ATLAS (ep channel) - Tot. Unc. 3.9%
CMS (ee,eM,up channels) - Tot. Unc. 5.4%
LHC Combined (eu) - Tot. Unc. 3.5%

ATLAS+CMS Preliminary O summary, \s =8TeV TOPLHCWG Sep 2014

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

scale uncertainty
scale ® PDF @ a4 uncertainty

ATLAS prel., e/u+jets !

ATLAS-CONF-2012-149, L,,=5.8 fo’'

CMS prel., e/u+jets — e —i
CMS-PAS TOP-12-006, L;,,=2.8 fb™'

CMS, e/p+’ch —
arXiv:1407.6643, L,,=19.6 b’

int

ATLAS, dilepton ep —o—f
arXiv:1406.5375, L,,=20.3 fb™
CMS, dilepton (ee, uu, ep) —eo—1¥

JHEP 02 (2014) 024, L,,=5.3 fb™

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

ATLAS-CONF-2014-054,

L,,=5.3-20.3 fb™

int

IIIIIIIIIlIIII

e—— 257+ 3+ 24+ 7pb

Effect of LHC beam energy uncertainty: 4.2 pb
(not included in the figure)

|

_— stat. uncertainty
— =— — total uncertainty
Sz +(stat) £(syst) +(lumi)

241+ 2+ 31+ 9 pb

29

228+ 9" 22+ 10 pb

2424+ 1.7+ 55+ 7.5 pb

239.0x 2.1+ 11.3x 6.2 pb

2415+ 1.4+ 5.7+ 6.2pb

IIIIIIlIIII
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CMS dilepton 8 TeV (L=5.3 fo")
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OO%emoOoen

10?

10

NNLO+NNLL (pp)
NNLO+NNLL (p5)

| T
ATLAS dilepton 7 TeV (L=4.6 ib’) AT

I T T T T
LAS+CMS Preliminary
ATLAS l+jets* 7 TeV (L=0.7 &) TOPLHCWG

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 T
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Normalized differential cross sections 9

Lepton+jets @ 7TeV 2011 data [Ldt = 4.6 fb™

g‘ il - D ‘E l,__l ST S Y A T & e e . T & o LT
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-Sl g | S—-— B MC@NLO+HERWIG | B MC@NLO+HERWIG
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R . £
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= ] =) - -
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POWHEG+HERWIG provides the best description of the distribution over the full range



Dilepton (epy with b-tag) differential distributions

Events / 0.25

MC/Data

Events / 0.25

MC/Data
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Good agreement between theory and data
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PDFs 11

Recent and forthcoming tt cross section measurements have the
potential to improve the determination of the PDFs

- Differential measurements

- At least NLO predictions (MCFM)

- Forthcoming NNLO predictions

21'8:""| ki UL TR R Q R L e a
S = ATLAS Data CDU 1.4- ATLAS Data .
o ""F ® CT10ONLO B — C ® CT1ONLO ]
= 1.6 I ldt=46f -1 ® MSTW2008NLO - > —_f _ -1 B MSTW2008NLO
S : S 2k A NNPDF 2.3 ] S 1-3: Lt =461 A NNPDF 2.3
= 1.5;— Vs =7 TeV ¢ HERAPDF 1.5 E = " \s=7TeV ¢ HERAPDF 1.5
1.4F = 1.2 -
1.5 E 1.4 + =
1.2F ** . - g i
1.1F \ 3 [ K""""""""'"Q."“ """"""""""" +. """ <
T m— bar RO E L t
Tof ] 0.9 .
0.9f E C ]
0_8:' e e R I ': 0_8_| L1 I B R, I BRI L]
0 50 100 150 200 250 350 800 0.0 0.5 1.0 25
P! [GeV] 1,

Theory/data in better agreement using HERAPDF 1.5
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What can we do with early Run2 data?

- Focus on di-lepton e-u (with b-tagging)
- Already used for precise measurements at 7 and 8 TeV
- Large cross section (0=830 pb at 13 TeV) means we can do a lot
already with = 1 fb-1
- Initial sample with 50 ns bunch spacing and low trigger thresholds
will be very useful

- Early cross section measurements
- |+jets final state:
- more complex and harder systematics
but important to study even for potential BSM effects
- Di-lepton with same lepton flavour (ee/up)
- Here we may start to look at differential distributions

- Ratios of measured cross sections either between
different processes or between same processes at
different energies (8 and 13 TeV)
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tt cross section: general considerations for Run2

From the ATLAS Nov 2014 Physics Workshop “Ready for Run-2”
* The luminosity uncertainty will be the dominant systematics
* |_epton efficiencies should be about 2-3%
* JES uncertainties could become significant

- Single lepton triggers with low p_ thresholds are strongly
preferred

* The number of the recommended systematic variations by the
CP groups is considered too large



Run2 - Trigger issues

 FOr run-2

Single lepton triggers ez _tight_emzovii &N muz0_inose_muis Should be
able to use, with offline p;>25 GeV (maybe slightly higher

for e)

« Beyond 1 fb1 will have to increase offline p; cuts or move
to dilepton triggers

« If moving to p,> 30 GeV removes 20% of acceptance

Possible increase in extrapolation uncertainty for inclusive
Cross section

14
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Single top production at LHC

Electroweak single top production at LHC is lower than the strong top
pair production

t-channel Wit-channel s-channel

b ZW-

b i g
NLO+NNLL NLO+NNLL NLO+NNLL
o~ 87.8+3.4pb 0.~ 22.4+1.5 pb o~ 2.6+0.2pb

00 /0, ~from 2 upto 7 %



Why Single Top studies ?
Relevant test of the SM
Sensitive to the Witb vertex in different ways
Non-standard couplings — new physics
Verify the unitarity of the CKM matrix
Constraints on the b-quark PDF

Background in several new physics scenarios

16



Total single top cross section
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T | T | T I T ] T T T | T | T T |
~ATLAS Preliminary October 2014

- single top-quark production t-channel -

LLLLL

100—

10°E Wi

80

LI L LBl

§ " NLONNLLatm =1725GeV ]

MSTWao08 NNLO PDF
| stat. uncertainty

60

l

Total inclusive cross-section [pb]

10

[ s s-channel :
% t-channel 4.59 fb" aniv-1406 7844

2 t-channel 20.3 fl‘}'1 ATLAS-COMNF-2014.-007
i Wt 2.05 ﬂ:!'1 PLE T18 {2012} 142

2 Wt 20.3 ﬂ:: ATLAS-CONF-2013-100

40

\
Ll 1 LI ll].l

20

single top-quark cross-section ¢ [pb]

- ¥ s-channel 95% C.L. limit 0.7 fo’ ATLAS-CONF-2011-118
_ & g-channel 95% C.L. limit 20.3 fb ar¥ivi1410.0647

1 IIIJII.I.

 Lan

1 ] 1 | 1 | 1 | | 1 | | L 0

~ ATLAS + CMS Preliminary TOPLHCWG *
Single top-quark production Jan 2015

4 <d % e o =1

== NNLO arXiv:1404.7116

== NLO+NNLL PRD83(2011)091503,

— NLO rXiv:1007 3492, 1406.4403

All exp. results are w.rt. m, = 172.5GeV

T | T T T T
ATLAS t-channel
PRD90(2014) 112006, ATLAS-CONF-2014-007

CMS t-channel ]
JHEP12(2012) 035, JHEP06(2014) 090

ATLAS Wi production

PLB716(2012) 142, ATLAS-CONF-2013-100
CMS Wi production

PRL110(2013) 022003, PRL112(2014) 231802 —
LHC combination, Wt production
ATLAS-CONF-2014- 052 CMS-PAS-TOP-14-009 — |

ATLAS s-channel, 95%C.L.
ATLAS-CONF-2011- 118 rXiv:1410.0647

CMS s-channel, 95%C.L.
CMS-PAS-TOP- 13 009

m = 173.2GeV, MSTW2008nnlo
scale uncertainty

PRD 82 (2010)054018, PRD 81(2010) 054028
m_= 172.5GeV, MSTW2008nnlo

Wt production: tt contribution removed

scale @ PDF @ ¢, uncertainty,

m= 172.5GeV, p = n=m,
CT10nlo, MSTW20P2)8 lo, NNPDF23nlo o (PDF4LHC)™
Wi productiol p veto for tt removal= 60 GeV
d 1,=65GeV
scale uncenainty

scale ® PDF @ o uncertainty

| i
1 1 1 1 1

~

56 7 8 9 10 11 12 13 14
\s [TeV]
Latest ATLAS results at 8TeV :

t-channel

=82.6 £1.2 (stat) £ 11.4 (syst) = 3.1 (PDF) £ 2.3 (lumi) pb

s [TeV]

o) =27.2 £ 5.8 pb - 4.2 0 evidence with 4.0 o expected for SM

Wt-channel

At 7TeV.
Observed (expected) upper limit at 95% CL on o

s-channe

< 26.5 (20.5) pb
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General considerations on single top xsec
measurements for Run2

e If the systematic uncertainties due to JES, MET and b-tagging
will be less than a factor of 2 worse than those of Run-1, the
measurements are expected to be feasible

A calibration of forward jets is required (up to n of 4.5, but could
also afford to cut at around 3.5), which is currently the dominant
uncertainty in the t-channel

* A b-tagger optimised for c-jet rejection is needed

- Low p_ssingle lepton triggers are needed



Conclusions

Results at 7 and 8 TeV already show how rich is the Top Physics
programme at the LHC

Several measurements in top physics will profit from the increased
top production cross-section at 14 TeV and a larger integrated
luminosity

Better determination of PDF's with future NNLO differential
predictions

Continue to search for BSM Physics



Backup slides



t-channel single top: THE GOLDEN channel

Inclusive, differential and fiducial xs measurements

Ratio R= o(tq)/o(tq)

| 1 | I | ] I 1 I | [ 1 | I I 1
" ATLAS Preliminary July 2014

Top and W polarization %

: _ t-channel single top
Anomalous couplings |
BSM searches iz

% 4.59 fb' arXiv:1406.7844
T 20.3 fo" ATLAS-CONF-2014-007 y
T stat. uncertainty

NLO+NNLL at m, = 172.5 GeV, PRDB3, 091503 (2011)

~ MSTW2008 NNLO PDF
10 i A S o O A I I (LI ) i
i B i 8 9 10 11 12 13 14

\s [TeV]




Normalized diff. cross section — Comparison with CMS

2 CMS, 5.0 fb'at\'s = 7 TeV
= Sl T T = 10):10
'}. - - Da!a = .r| :|1|!]||1|EII|1|r1||'||r1|EI|r||I1|r]|III:
3 Eoe — 5 > of. €1 + Jets Combined * Data 3
g‘_'|'1:-_“ “ - ® ALPGEN+HERWIG : (qﬁ E — MadGraph 3
88 - ®  MC@NLO+HERWIG = g 255 MC@NLO -
10° ® POWHEGHERWIG — ‘*‘ﬂ_ -
= Y POWHEG+PYTHIA = 8 9 7 b "
- . ¥ 5 | -  p=mmm 0 e Apprnx. NNLD:
B g g = (arXiv:1009.4935) :
104l ATLAS all 5 -~
- det=4,Efb'1 - i =
B = TT V') m - B
i \5 e L ] . . ¥ i 3:— —:
- == " -
|| .T' _E 2
_________ - 1
o 0 % 50 100 150 200 250 300 350 400
P, [GeV]

p;_ [GeV]
ATLAS and CMS results are generally consistent with SM predictions

MC tend to overestimate the measured cross section at large transverse momentum for
ATLAS

POWHEG+HERWIG provides the best description of the distribution over the full range



tt differential cross section

Event selection + tt kinematic reconstruction Bin-wise cross section measurement
R e « Subtract background
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L Why differential measurements ?
g D - test/tune tt production models in different
ool AeS | phase space regions
e . _E - look for discrepancies wrt SM predictions
- measurements to include in PDF fits,
3 SO | providing info about PDFs themselves

o 1GeV1 -> background for BSM searches
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