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Top-Quark Physics

= Huge progress on the theoretical side:

O NNLO+NNLL for o (tt) with on-shell top-quarks
Q NNLO for differential cross sections do (tt) /dX

M. Czakon, P. Fiedler, A. Mitov ‘13
M. Czakon, D. Heymes, A. Mitov 16

= Why the top quark is interesting ?
¢ Infrared structure of QCD
% Extract parameters of the SM: a5 & my

% Constraints on the large-x gluon PDF

M. Czakon, M. L. Mangano, A. Mitov, J. Rojo '13
M. Czakon, N. P. Hartland, A. Mitov, E. R. Nocera, ]. Rojo ‘16

% Background process to various SM & BSM physics

Vio

W+



LHC Top-Quark Factory

LHC o(tt) [pb] L [fb] Nevent

{ 7 TeV 172.676 5 8.6 x 10°
LHC Run1 -

8 TeV 246.652 19.7 4.8 x 106
LHC Run 2 13 TeV 807.296 2.3 1.8 x 10°

LHC o (tt) [pb] L [fb1] Nevent
7

T HC Ran 2 { 13 TeV 807.296 100 8.1x 10
13 TeV 807.296 300 2.4 x108

my = 173.2 GeV

TOP++ with CT14 NNLO PDF set

M. Czakon, A. Mitov ‘14




INTRINSIC PROPERTIES:
= Top quark mass

» Charge
= Lifetime
= Width
PRODUCTION:
= Production rate DECAY:
= Differential distributions * Decay channels (SM and new)
* New production mechanisms » Couplings W, Z, ¥ and H
@ = Spin correlations
5



Top Pair Branching Fractions

"alljets™ 46%

+
t+jets 15% W vV, (_]'

Ltjets 15%

ctjets 15% .
"dileptons™ "lepton+jets”

= The only known way the top quark can decay is through the weak interaction
* Producing W-boson and a down-type quark (down, strange, or bottom)

Lt = Wb) Vi |?
BR(t — Wb) = = ~ 0.99
( V=TS W)~ VP o+ [Vie P+ Va2

SM: t— Wb~ 100%



Top-quark di-lepton candidate
Observed in pp collisions @ LHC @ 7 TeV

)
CM CMS Experiment at LHC, CERN

~ Data recorded: Sun Jul 18 11: 2010 CEST
n Run/Event: 140379 / 1366 5 D
Lumi section: 160
PN N
Er =57 GeV/c, @ =2.2 \ A QO

. ¥
b-tagged jet
PT= 45 GEV/C, rl = -|.2, (p = 009

b-tagged jet

u-pr=>57 GeV/c,n=-1.4, ¢ = -2.1 li i
I u* pr=27 GeV/c, N =-2.0, ¢ = -1.9
uu Candidate Event
2 muons with opposite charge
2 jets, good/clear b-tags
significant E;™iss > 50 GeV
CMS on July 18, 2010

ot

CMS PAS TOP-10-004




Inclusive cross section

3‘ | | | | | | | | | | | ; | | | | | | | | | | | | |
— Tevat bined 1.96 TeV (L < 8.8 fb" . m
2 Y NS o B0 oy (L ooh b‘) ) ATLAS+CMS Preliminary Aug 2016
cC ~ m ATLASeu7TeV(L=4. 6fb ) N
o e CMSeu7TeV (L=51b" LHCtopWG
= 3 m ATLAS en8TeV (L =203 fb)
O 10°F o cMSeusTev(L=19710")
) — v LHC combined ey 8 TeV (L =5.3-20.3 fb™)
w — m ATLASeu13TeV (L= 32fb)
7)) ~ v CMSeu 13TeV(L=221fb")
7] 4 ATLASee/uu* 13 TeV (L=85pb)
o — O ATLAS l+jets” 13 TeV (L=85ppb")
O | A CMSl+jets™ 13 TeV (L = 2.3fb") i 1
= O CMS all-jets* 13 TeV (L =2.53 fb b} 900_ .
o > * Preliminary L ]
2 107 gt
2 — 800_— 1 4
3 ~ : 1 3
O B i 4 _
= L 700r 1 4
i s NNLO+NNLL (pp) i 1 _
L NNLO+NNLL (pp) o L
10 = Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 19 Vs[TeV] _|
— NNPDF3.0, m _ =172.5 GeV, ay(M,) = 0.118 = 0.001 -
B | | | | | | | | | | | | | | | | | | | | N
2 4 6 8 10 12 14
Vs [TeV]

LHC and Tevatron measurements as a function of the centre-of-mass energy versus
the NNLO QCD calculation complemented with NNLL resummation (Top++)



Motivation For tt]

@ LHC tops are produced with large energies & high transverse momenta
Increase probability for additional (hard) radiation of gluons > ttj final state
How big is the contribution of ttj in the inclusive tt sample ?

NLO on-shell tt & ttj productions for m, =173.2 GeV @ LHC,; 1., with CT14

o (tt) = 715.58 pb

Jet py cut [GeV] o (ttj) [pbl o (ttj)/ O (tt) [%]
40 296.97 £ 0.29 41
60 207.88 £ 0.19 29
80 152.89 £ 0.13 21
100 115.60 £ 0.14 16
120 89.05 + 0.10 12

HELAC-NLO, G. Bevilacqua et al. ‘13



Motivation For tt]

= Background to SM Higgs production in VBF: qq — Hqq — WTW " qq
» 2taggingjets: AYj i, = Y — Uil >4 & vy, Xy, <O

= W tt background: tt > WWbb & A ttj background: ttj > WWbbj

b-jets distributed centrally light-jet spans a broader range
103 3 I I I I I I I I I ] 103 F I I I I I I I I I
pp — e+1/eu_17ub5j LO - Epp N e+ue,u_17”b5j LO -
" HELAC-NLO NLO : - HELAC-NLO NLO
£ 10° | 3 £ 10° ¢ ;
r ] ] SRR
~E|>€ [ X ] b|§ 350 i
< [ ? SIS éég o
10" | R 10" L i
L - T e A
Q -— ) ]
=SH i SR
0 ] ] ] ] ] 0 ] ] ] ] ]
-2 -1 0 1 2 -2 -1 0 1 2
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Motivation For tt]

= Background to supersymmetric particle production

% ttj signature 2> light and bottom jets, charged lepton(s) & p;"*s from
invisible neutrinos

< Typical signals 2 jets, charged lepton(s) & p;"** due to escaping lightest
supersymmetric particle (neutralino)

—9 jet
g o
9 iq jet
0 Missing
X Energy

*,
~ o~ %

g q -

g — >2jet + MET + 20 ¢*

Chain decays of gluino

M. L. Mangano ‘09 11



Motivation For tt]

= Background to production of top flavor violating resonances pp — Mt — tt]

M. I. Gresham, 1.-W. Kim, K. M. Zurek ‘11

}g%%r M
: M
1 i

(M = ¢® only)
t=tfor M = W', Z}, and t = £ when M = ¢* (color triplet or sextet)
= W’ signal: W' — tq

_ 1 -
* Production processes: pp — W't — tt] Ly = \/_id')’#gRPRtWL + H.c,

mw- € {200,...,600} GeV

I _
Ly = \/—Eu'y"gRPRtZ}I# + H.c,,
orTev € {40,...,4} pb

£¢ = ECT,a.(gLPL + gRPR)u¢a + H.C.,

» ATLAS: my.> 430 GeV  ATLAS Collaboration, CERN-PH-EP-2012-219 12




NWA & Off-Shell Effects

NWA - Tops are restricted to on-shell states
Approximation is controlled by the ratio: I'y /m; = 102
Contributions from diagrams involving two top-quark resonances

pp — tt

g%t

taA

g

|

Should be accurate for sufficiently inclusive observables
Indeed - top-quark off-shell effects for 0 @ 1% - 2% level

< pp2tt
< pp 2 ttH

< pp 2t

A. Denner et al. '11, G. Bevilacqua et al. '11, A. Denner et al. ‘12
R. Frederix '14, F. Cascioli et al. '14, G. Heinrich et al ‘14, A. Denner et al. “16

A. Denner, R. Feger '15,
A. Denner, J. Lang, M. Pellen, S. Uccirati ‘17

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek 16
13



NWA & Off-Shell Effects

= Single-resonant and non-resonant contributions
» Interferences between double-, single-, and non-resonant diagrams
pp — tt

= Diagrams in NWA versus Full calculation with on-shell and off-shell W for the

gg initial state:
< LO:3 231 =279

< Real Emission: 28 =2 208 =2 508

14



NWA & Off-Shell Effects

= gg channel comprises 3554 one-loop diagrams - according to QGRAF

P. Nogueira ‘93

* The most complicated ones: 213 pentagons & 20 hexagons
= Tensor integrals up to rank five

NWA for tt Full calculations for tt
- up to boxes only ! - up to hexagons !

15



Intermediate Top Resonances

= Putting simply I'y % 0 violates gauge invariance
= Gauge-invariant treatment - complex-mass scheme
= I't - incorporated into top mass via:

2 _ 2 .
py = my —imgl’y

A. Denner, S. Dittmaier, M. Roth, D. Wackeroth ‘99
A. Denner, S. Dittmaier, M. Roth, L. H. Wieders ‘05

All matrix elements evaluated using complex masses
ut - identified with the position of pole of top-quark propagator
Top-mass counter-term §u; related to top-quark self-energy at: p? s = = u? "

Another non trivial aspect: evaluation of one-loop scalar integrals !
Scalar integrals with complex masses = supported e.g. by ONELOOP

A. van Hameren '11

16



Top Quark Width

= Finite W width contributions included in matrix elements & in top quark width
= Top width for unstable W bosons, neglecting bottom quark mass @ LO & NLO

G,m? 1 dy yw
PLO = £ / F() M. Jezabek, |J. H. Kiihn '89
t 16\/§7T2M\2;V 0 (]- - y/g)2 + ’Y%V (y) fll Dennel, et al. 12
yw =Tw/Mw, § = (Mw/m)? Fo(y) = 2(1 - y)*(1 + 2y)
G,m? 1 dy yw 201
NLO _ P / [F _F

Fi(y) = 2(1 — y)*(1 + 2y) [7* + 2Lis(y) — 2Lis(1 — y)]
+4y(1 -y —2y*) In(y) + 2(1 — y)*(5 + 4y) In(1 — y)
— (1 —y)(5+ 9y — 6y°).

YW ) )
- —yo(y —v).
(1—y/9)? + %y .

= In the limit vyw — O



Top Quark Width

m, [GeV] | Tt© [GeV] | TR [GeV] | THO [GeV] | Thg® [GeV]
168.2 1.33273 1.35426 1.21823 1.23792
170.7 1.40449 1.4269 1.28389 1.30438
173.2 1.47834 1.50162 1.35146 1.37276
175.7 1.55429 1.57847 1.42097 1.44309
178.2 1.63237 1.65746 1.49243 1.51538

I top quark width with W gauge boson off-shell effects included

top-quark width with the on-shell W gauge boson

18




NWA & Off-Shell Effects

= NWA not accurate for differential cross sections even for inclusive setup

| |
dpdT—U,,— [%] pp — vee" =7, bb+X
s = T7TeV
]_0 3 1 1 I 1 1 1 \/_ 1 E
1 E E
0.1 E E
0.01 | NLO WWhbb
f s NLO tt
— LO WWbb e
--------- LO tt
0.001 1 L 1 1 1 L 1
0 50 100 150 200 250 300 350 400

P1 bb [GeV]

A. Denner, S. Dittmaier, S. Kallweit, S. Pozzorini, M. Schulze “12

LO/NLO — 1 [%]

Full NWA (tt) versus full calculation (WWbb) for p(bb)

80 _ E
— WWhbb
40 | tt i
0 g i
-40 ﬂ |
-80 + I o
0 50 100 150 200 250 300 350 400

tt/WWbb — 1 [%]

0 R223 i — .
20 . o T ]
-------- A\IA() - lemay .
T LO —
0 50 100 150 200 250 300 350 400

Pr,bb [GeV]
19



NWA & Off-Shell Effects

= NWA not accurate for differential cross sections even for inclusive setup
* Full NWA (tt) versus full calculation (WWDbb) for py(b)

do fb 4+ - = s
- . pp — vee u~ v,bb+X
d Djet,max G \ 7
PT,bjet, [ N ] \/g — 7Te\' LO/NLO - 1 [%]
80 F .
10 2 r —— WWhbb
: 40 o e tt -
0 L
—_—
1t E -40 | ]
:: -80 -
0 50 100 150 200 250 300 350 400
0.1 | tt/WWbb — 1 [%]
I — 10 T T T T T T T
NLO WWhbb
-------- NLO t? 0 i ----'---;-- ---M:::;--ixst Hal
oot — i 8 \y\\*bb | Q0L NLO '"'----E:::i___:::::'_-___i--“i- -
Tk t ] 920 F e LO i
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
DT bjet,max [G"V] PT,bjet,max [GeV]
20

A. Denner, S. Dittmaier, S. Kallweit, S. Pozzorini, M. Schulze “12



do
dM 4

0.1 ¢

NWA & Off-Shell Effects

* NWA not accurate for differential cross sections even for inclusive setup
* Full NWA (tt) versus full calculation (WWbb) for M

fb
GeV

pp — veet u~ v, bb+X
Vs =T7TeV

NLO WWhbb
NLO tt
LO WWhbb
LO tt

100

Mg+, [GeV]

= If top and W decay on-shell @ LO
—> end-point given by sharp cut

M _+y = \/mf — m%, = 152 GeV

= Additional radiation & off-shell
effects introduce smearing

tt/WWbb — 1 [%]

0 poomess = - N
25
ol [— NLO l
50 F e LO R
0 50 100 150 200
M0+b [G(‘V]

A. Denner, S. Dittmaier, S. Kallweit, S. Pozzorini, M. Schulze “12 21



Theoretical Predictions For tt]

NLO QCD corrections to on-shell ttj production
S. Dittmaier, P. Uwer, S. Weinzierl ‘07 ‘09

NLO QCD correction to on-shell ttj production with LO decays

K. Melnikov, M. Schulze “10

NLO QCD corrections to ttj in NWA (with jet radiation in top-quark decays)
K. Melnikov, M. Schulze '12

NLO QCD corrections to ttj with full top-quark and W off-shell effects

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek '16

NLO QCD correction to on-shell ttj production + PS

<~ POWHEG + PYTHIA -> no spin correlations
A. Kardos, C. G. Papadopoulosa, Z. Trocsanyi 11

< POWHEG + PYTHIA/HERWIG => with spin-correlations @ LO
S. Alioli, S.Moch, P. Uwer '12

< MC@NLO + DEDUCTOR -> without top-quark decays

M. Czakon, H. B. Hartanto, M. Kraus, M. Worek '15 22



Theoretical Predictions For tt]

NLO QCD corrections to on-shell ttj production
S. Dittmaier, P. Uwer, S. Weinzierl ‘07 ‘09

NLO QCD correction to on-shell ttj production with LO decays

K. Melnikov, M. Schulze “10

NLO QCD corrections to ttj in NWA (with jet radiation in top-quark decays)
K. Melnikov, M. Schulze '12

NLO QCD corrections to ttj with full top-quark and W off-shell effects

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek '16

NLO QCD correction to on-shell ttj production + PS

<~ POWHEG + PYTHIA -> no spin correlations
A. Kardos, C. G. Papadopoulosa, Z. Trocsanyi 11

< POWHEG + PYTHIA/HERWIG => with spin-correlations @ LO
S. Alioli, S.Moch, P. Uwer '12

< MC@NLO + DEDUCTOR -> without top-quark decays

M. Czakon, H. B. Hartanto, M. Kraus, M. Worek '15 23



Oftf-Shell Effects For tt]

pp — e"'l/ep,_ﬂ,,,bgj + X
= ttj with leptonic decays at O(aia?)
= 2 = 5 process from the QCD point of view (WWbbj)

= Diagrams with complete off-shell effects for top
quarks & W gauge boson for gg initial state:
< LO: 508
< Real emission: 4447

24



Oftf-Shell Effects For tt]

= gg channel comprises 39 180 one-loop diagrams - according to QGRAF

P. Nogueira ‘93

* The most complicated ones are 1155 hexagons & 120 heptagons
= Tensor integrals up to rank six

NWA for ttj (on-shell Full calculations for ttj

top-quark production) - up to heptagons !
- up to pentagons !




HELAC-NLO

G. Ossola, C. G. Papadopoulos,
R. Pittau ‘08

CUTTOOLS

HELAC-1LOOP

A. van Hameren, C. G. Papadopoulos, ONELOOP

A. R. Pittau ‘09

A. van Hameren ‘11

HELAC-NLO

G. Bevilacqua, M. Czakon,
M.V. Garzelli, A. van Hameren,
A. Kardos, C. G. Papadopoulos,
R. Pittau, M. Worek ‘13

KALEU

‘ HELAC-DIPOLES

A. van Hameren “10

M. Czakon, C. G. Papadopoulos, M. Worek 09
G. Bevilacqua, M. Czakon, M. Kubocz, M. Worek ‘13

26



pp — e+1/eu_17ubl_)j + X

HELAC-1LOOP -> Virtual corrections in 't Hooft-Veltman version of
dimensional regularization

CUTTOOLS > Ossola-Papadopoulos-Pittau (OPP) reduction technique

ONELOOP -> Evaluation of scalar integrals with complex masses

HELAC-DIPOLES -> The singularities from soft or collinear parton emissions
isolated via subtraction methods for NLO QCD:
< Catani-Seymour dipole subtraction
< Nagy-Soper subtraction scheme
<~ Both for massive and massless cases
< Restriction on the phase space of the subtraction 2 &,

Reweighting & unweighting techniques, helicity, and color sampling methods for
optimization

KALEU -> Phase-space integration
< Multi-channel Monte Carlo techniques
< Adaptive weight optimization
< Dedicated additional channels for each subtraction term for both subtractions

httpsy//helac-phegas.web.cern.ch/helac-phegas/ 27




Setup

Different lepton generations: pp — etv, M_Dubgj + X
& 4% — €TLT interference effects neglected 2 per-mille level @ LO
< Feynman Diagrams for gg initial state @ LO:
508 for eT v, ITAR7H bbj — 1240 for eTv, e D, bb j
Top width for unstable W bosons, neglecting bottom quark mass

All light quarks including b-quarks and leptons are massless
Contribution from b quarks in the initial state neglected = effect <1% @ LO

Jets: Final-state quarks and gluons with pseudo-rapidity |y| <5 recombined
into jets using anti-k; jet algorithm with R = 0.5

Requirement: exactly 2 b-jets, at least one light-jet, 2 charged leptons, and
missing pr = fairly inclusive cuts

28



Inclusive Selection Cuts

pr,e > 30 GeV, pr,; > 40 GeV,
P> 40 GeV AR;; > 0.5,
ARy > 0.4, ARy > 04,
|ye| < 2.5, lyi| < 2.5,

PT,i = \/p?,,.,ﬁpi,i,

Up = 1ln (EZ +pz’i)
L2 Ei—pai)’

ARy, = /A2 + Ay,

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek ‘16

29



SM Parameters & Widths

G, =1.16637-107° GeV~?,
mw = 80.399 GeV ,
mz = 91.1876 GeV

my = 173.2 GeV
Ty = 2.09875 GeV,
['z =2.50848 GeV .

2
o = £G“m%,Vsinzﬁw
T

2

, m
sin? @y =1 — —‘éV
7

T'HO = 1.47834 GeV,

ITNLO — 1.35146 GeV

30



Scale Dependence

—_ . miss
» Total cross section @ LHC 5 1.y Hr = Z Pr,i T Pr
= Scales: ‘
MR = UF = o = My, ET/Z, HT/2 ETZmT,t+mT,f
LHC 13 TeV ——LO LHC 13 TeV -<- LO (po = my)
2500 CT14 -+-LO gg 2500 . CT14 ——LO (uo = Er/2)
~a- LO gq+qg Y -+ -LO (uo = Hr/2)
2000 -+~ LO g3+ qg 2000 . ~+ NLO (o = my)
= . - LOgi+4qq || - ' —=—NLO (o = Er/2)
= 15000 R = F = £fmz | = 1500 4 NLO (o = Hr/2)
S S

Ur = pr = Lo

0.1 1 10

= LO contributions: gg : 72%, gq : 18%, gq : 6%, qq : 4%

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek ‘16 31



Scale Dependence

-+~ LO (pr = pr = o)
——NLO (pr = pr = o)
—=—NLO (ur = po, pr = &o)
-+~ NLO (pgr = &po, pr = o)

Ho = My
LHC 13 TeV
AN CT14

1 10

-+-LO (ur = pr = &po)
2500 ——NLO (ur = pr = &po)
—=—NLO (g = po, pr = &po)
2000 | -=- NLO (ug = §po, pr = o)
—_— <
2 15000 o = By /2
- . LHC 13 TeV
1000 CT14
i s ———
0.1 1 10

-+- LO (ur = pr = &uo)
——NLO (ur = pr = &po)
—=—NLO (ur = po, ur = Epo)
-+~ NLO (ur = &po, pr = o) |

=’ * = Hp/2
%1500 > Ho T/
. LHC 13 TeV
1000 CT14
500 |-+ - Tt am et e
0.1 1 10

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek ‘16
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Scale & PDF Uncertainties

1 1 R
§M0SMR,/LFS2#0, —SM—SQ.
27 pr
(“—R , “—F) — { (2,1),(0.5,1),(1,2), (1,1), (1,0.5), (2,2), (0.5, 0.5)}
Mo Ho
LO . . +303.52 (+50%)
ae+yeﬂ_ﬁub5j(CT14, po = my) = 608.09 oo or (—31%) [scales| b,
NLO . B +10.12 ( +2%) +17.32 (+3%)
e+1/eu—17“b5j(CT]‘4’ po = my) = 537.24_190's (—35%) [scales] ;g3 (—3%) [PDF] fb'
LO _ . +230.40 (+47%) | :
Ue+ueu—ﬁub5j(CT14’ po = E7/2) = 493.54" ;- oo (—30%) [scales] b,
NLO _ . +2.95 ( +1%) | , +18.10 (+3%)
e"‘ve,u_ﬁﬂba](CT]‘Zl’ IJ/O — ET/2) — 544.64_11747 (_22%) _SC&IGS —18.92 (_3%) [PDF] fb
LO _ _ +221.91 (+46%) | :
ae+yeu_,7“b5j(CT14,u0 = Hp/2) = 479.38 /505 (_30%) [scales| fb,
NLO B B 1+10.25 ( +2%) +18.00 (+3%)

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek ‘16
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o

Theoretical Uncertainties

Size of NLO corrections for CT14 NLO

o = Mt IC = 0.88 —12%
o = Er/2| K=1.10 | +10%
po = Hr/2| K=1.12 | +12%

PDFs: CT14, MMHT14, NNPDF3.0
= Total cross sections for puo = Hrp /2

_ 549 65110-25 [ +2%)

NLO _
O-e+ueu—17“bl_)j(CT14’ po = Hr/2) = —53.42
NLO _ +10.85
o-e'*'uep,—ﬂﬂbéj(MMHTlél’ po = Hr/2) = 554.61" s1)(
NLO +11.14
et vopi— 7,55, (NNPDF3.0, uo = Hr/2) = 572.18”" 23|

1/2p0 < pr, pr < 2p0

1/2 < pr/pr < 2

68% C.L.

—10%) [scales]] " 1975 (—3%)

( +2%) +12.06 |(+2%)

10(7) [scales]| " 1559 I(—z%) [PDF]
( +2%) +11.31 |(+2%)

107) [scales) " 31 |(—2%) [PDF]

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek ‘16
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pr(b-Jet)

= 16 differential cross sections have been examined, here are just two examples...
= Dimensionful observable: p(b) with p,= m,

e

—— NLO

MR DN \\\\\\\
e NN

MR .a..
77 AR A 2

100 200 300 400
PT, b [(}e\/]

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek ‘16

pp — e"’ueu,_ﬂubl_)j + X

NLO do not rescale shape of LO
NLO corrections up to -55%
Properly described only via NLO
Negative NLO in p; tails

LO higher than NLO in py tails

The dynamic scale should depend
on p; of hardest jet and/or top
decay products A\

Asymptotic freedom = o, ¥ in tails
Dependence on &, @ LO >> @ NLO

Would drive positive NLO/LO ratio
in this region

35



pr(b-Jet)

* Dimensionful observable: p(b) with all 3 scales
» Positive corrections below 20% when E;/2 or H;/2 has been used instead

10*
=
(eb}
Q 10°
=)
bg
Sls 101
102
o
= 15
=~ 1
8 0.5
& 0

T \ \ : \ T —5 1
= H+/2

I | p=Hr/ —_NLO |
1

v,

G
100 200 300 100 200 300 100 200 300
pr, b [GeV] pr, b [GeV] pr, b [GeV]

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek ‘16
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[fb/GeV]

Ratio to

pr(b-Jet)

Central values & ratios to the fixed scale @ LO & @ NLO

10t

pp — 6+I/e[,l,_l7”b5j + X

10 (= ma) “NLO (4 = m)

—LO (p=Er/2) | 10t —NLO (p=Er/2) |-
--=-NLO (p = Hr/2)

100 200 300 400 0 100 200 300
pr, b [GeV] ) pr. b [GeV]

)

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek ‘16 37

400



b-Jet Rapidity
= Dimensionless observable: y, with pJ,= m,

pp — etveu v,bbj + X

* Negative, moderate 10% —> but
quite stable NLO corrections

=  Receives contributions from various
scales = also from these sensitive
to threshold for tt production

* For Y, = m, effects of phase-space
regions close to ttj threshold
dominate

—2 -1 0 1 2

Yb
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek ‘16 38



b-Jet Rapidity

= Dimensionless observable: y,
= Replaced by positive moderate NLO corrections for dynamical scales

p=my p=Er/2 p=Hr/2

L | Il !

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

| L1 L | |

Yo Yb Yo
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek ‘16 39



b-Jet Rapidity

= (Central values & ratios to the fixed scale @ LO & @ NLO

103

S 1.5

o
+—
o
-
g I

-==-LO (p=m)
—LO (p=Er/2)
---LO (u = Hr/2)

[fb]

do
dyp

-~

Ratio to

103

pp — e+l/eu_17u,b5j + X

----NLO (. = my)
——NLO (1 = Er/2)
----NLO (u = Hr/2)

Yb
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Hr = ZpT,i + pip'ss

Er = mr ¢ + mr ¢

* Erand H; @ LO & @ NLO as well as E; /Hy ratio for Yy, = m,

pp — e v u~,bbj + X

d (£ /GeV]

10t 10t
LO, u =my ----x = Ep NLO, p=my ----x = Er
— T = HT
CT14
10° | = 10°}
<)
@)
L
=)
1071 ol8 1071
=N
1072 1072
~ 1.5 ~ 1.5
s A
— 1 ~— 1
o 0.5 o 0.5
00 500 1000 1500 00 500 1000 1500
z [GeV] z [GeV]
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Uncertainties

= Upper panel
< NLO prediction for three different PDF sets at Y,=Hg=Hy
= Middle panel
< NLO scale-dependence band normalized to the central CT14 NLO
= Lower panel
< PDF uncertainties obtained for each PDF set separately, normalized to the
central NLO prediction with the CT14 PDF set

LHC 13 TeV —— CT14nlo LHC 13 TeV —— CTl4nlo LHC 13 TeV —— CTl4nlo
. NLO p=my ----MMHT2014 ) NLO p= Er/2 ----MMHT2014 ) NLO p= Hr/2 ----MMHT2014
_ 107y ----NNPDF3.0 _ 100 ----NNPDF3.0 _10°¢ ----NNPDF3.0
> > P
[} (% [}
4 4 4
= g 10°F £
3 j 3 : 3 :
'% 10—1 '%' 10—1 ’% 10—1
-2
*] Ul [©] 0'10 ] (51
= g =8 1 = 8
< 2 < = < -
= £ 3 06 =
) § ) § 0.6 O 8
85 g5 1 85
2 23 08} 23
< H < H < =
© O xo 06 g o ‘
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
pr. b [GeV] pr. b [GeV] pr,» [GeV]
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[fb]

do
dyy

Ratio to CT14nlo

CT14nlo scale unc.

Uncertainties

Transverse momentum distribution of the bottom-jet = For H; scale uncertainties
have reached almost 10% = PDF uncertainties stayed below 6%

Rapidity distribution of the bottom-jet = For H; scale uncertainties are below 8%
- PDF uncertainties are in the range 3% — 5%

LHC 13 TeV —— CT14nlo LHC 13 TeV — CTl4nlo LHC 13 TeV - [—cTi4mlo
NLO p=my ----MMHT?2014 NLO p = Er/2 ---- MMHT2014 NLO p=Hr/2 ----MMHT2014
1025 ----NNPDF3.0 1023 ----NNPDF3.0 1025 ----NNPDF3.0
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101.5

10! . . 10!
° ¢ L g : .
: 5 3 55 ! ‘
0.8 Eg =308
0.6 O g O g 06
o O o o
! o & o& !
0.8 il S0 08
0.6 ~ O ~O 06 ‘
9 -1 0 1 2 -2 -1 0 1 2
) Yo
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Applications

Alternative method for m,

m, from normalized differential

cross section for ttj

R has been calculated using ttj

@ NLO + POWHEG matched
with PYTHIA

Theoretical uncertainties &
PDF uncertainties affect m,
extraction <1 GeV

S. Alioli, et al. 13

Worth looking at ...

0y

pole
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Top Quark Mass

Top-quark pole mass measurements

February 2017

DO of(tt), 1.96 TeV

PLB 703 (2011) 422 ®
MSTWO08 approx. NNLO

DO oftt), 1.96 TeV

DO Note 6453-CONF (2015)
MSTWO08 NNLO

DO of(tt), 1.96 TeV

PRD 94, 092004 (2016)
MSTWO08 NNLO

ATLAS o(tt), 7+8 TeV
EPJC 74 (2014) 3109

|—.—|

167.50 +920 , _ GeV

— @ 17280 ¥340 , ,  GeV

—@— 172.90 ¥250 , . Gev

ATLAS tt+j shape, 7 TeV
JHEP 10 (2015) 121

—@— 173.70 ¥228 , .. GeV

CMS o(tt), 7+8 TeV

JHEP 08 (2016) 029
NNPDF3.0

CMS o(tt) 13 TeV
arXiv:1701.06228 (2017)
CT14

—@— 173.80 *1:70 o GeV

— @— 17270 ¥240 ,_ Gev

CMS tt+j shape, 8 TeV

TOP-13-006 (2016)

o 169.90 +452 , - GeV

World combination
ATLAS, CDF, CMS, DO

arXiv:1403.4427, standard measurements

@ 173.34 1076 . Gev

150 160

170 180
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Top Quark Mass

ATLAS+CMS Preliminary LHC top WG  m,,, summary, s =7-8 TeV Aug 2016
-------- World Comb. Mar 2014, [7]

stat I —— |

total uncertainty total stat

My = 173.34 £ 0.76 (0.36 + 0.67) eV ep  total (stat + syst)  Ret
ATLAS, l+jets (*) ‘ 172.31+1.55 (0.75 + 1.35) 7TeV [1]
ATLAS, dilepton (*) | 173.09 + 1.63 (0.64 + 1.50) 7TeV [2]
CMS, l+jets 173.49 + 1.06 (0.43 + 0.97) 7TeV [3]
CMS, dilepton 172.50 + 1.52 (0.43 + 1.46) 7TeV [4]
CMS, all jets 173.49 +1.41 (0.69 + 1.23) 7 TeV [5]
LHC comb. (Sep 2013) 173.29 + 0.95 (0.35 + 0.88) 7 TeV [6]

World comb. (Mar 2014)
ATLAS, l+jets

173.34 £ 0.76 (0.36 + 0.67)
172.33 £1.27 (0.75 £ 1.02)

1.96-7 TeV [7]
7 TeV [8]

ATLAS, dilepton 173.79 + 1.41 (0.54 + 1.30) 7 TeV [8]
ATLAS, all jets 1751+1.8(1.4+1.2) 7 TeV [9]
ATLAS, single top 1722+ 2.1 (0.7£ 2.0) 8 TeV [10]
ATLAS, dilepton 172.99 +0.85 (0.41+ 0.74) 8 TeV [11]
ATLASaltjets =i 17380+ 115(0-55+101) S Tev112]
ATLAS comb. (f:}:fs 2gl‘|6 172.84 + 0.70 (0.34 + 0.61) 748 TeV [11]
UIVIO, I+_|EIS 17250 T U1 (V.TOT U.40) o leV [13]
CMS, dilepton 172.82+1.23 (0.19 +1.22) 8 TeV [13]
CMS, all jets 172.32 + 0.64 (0.25 + 0.59) 8 TeV [13]
CMS, single top 172.60 £ 1.22 (0.77 £ 0.95) 8 TeV [14]
CMS comb. (Sep 2015) 172.44 + 0.48 (0.13 + 0.47) 7+8 TeV [13]

(") Superseded by results
shown below the line

[3] JHEP 12 (2012) 105

1] ATLAS-CONF-2013-046
[2] ATLAS-CONF-2013-077

[4] Eur.Phys.J.C72 (2012) 2202
[5] Eur.Phys.J.C74 (2014) 2758

6] ATLAS-CONF-2013-102
[7] arXiv:1403.4427
[8] Eur.Phys.J.C75 (2015) 330
[9] Eur.Phys.J.C75 (2015) 158
[10] ATLAS-CONF-2014-055

11] arXiv:1606.02179

[12] ATLAS-CONF-2016-064
[13] Phys.Rev.D93 (2016) 072004
[14] CMS-PAS-TOP-15-001
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Summary

Complete description for ttj process with HELAC-NLO
< “resonant” and “non-resonant” contributions at NLO QCD

Various scales: m, & E;/2 & H/ 2
H;/ 2 “better” than E;/2 -> both stabilizes tails but H/2 gives smaller error

Scale and PDF uncertainties for 0 & various do/dX

Further studies are needed:
< Bottom-mass effects = comparisons between Five- & Four-Flavour schemes

< Off-shell versus NWA effects for differential distributions

Phenomenological applications = Alternative method for m, extraction
<~ Shape-based m, measurement (e.g. the end point of M,,, and/or p,)
% Relies on precise modeling of top-quark decays
< Goal: m, extraction <1 GeV
< For many predictions should go beyond simple approximation of factorizing

top quark production & decays
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Ntuple

= Number of events, number of files, averaged number of events per file &
total size per contribution for the different Ntuple samples

pp — €+I/e[,l,_ljub5j + X

CONTRIBUTION NR. OF EVENTS NR. OF FILES (AVG) EVENTS/FILE SIZE

Born 21 x 10° 60 350 x 103 38 GB
Born + Virtual 33 x 109 380 87 x 103 72 GB
Integrated dipoles 80 x 10° 450 178 x 103 160 GB
Real + Sub. Real 626 x 109 18000 35 x 103 1250 GB
Total: 760 x 106 18890 40 x 103 1520 GB

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek ‘16
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[fb/GeV]

do
dPT, t

| [ | ~ N NN\ | | | |
0 100 200 300 400 O 100 200 300 400 O 100 200 300 400
pr, ¢ [GeV] pr, ¢ [GeV] pr, ¢ [GeV]
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Hardest Light Jet
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Lepton

[AeD/q3]

200
pr, 1 [GeV]
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pr, 1 [GeV]
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[fb/GeV]

do
dee+

Lepton b-Jet System

lu’ - mt /_L = ET/2 ]
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Status of o, determination (PDG 2015)

m Determined by comparing 6 experimental observables to pQCD
NNLO, N3LO predictions, plus performing a global average of
their propagated values at the Z pole scale:

o (Q%)

October 2015

T decays (N3LO) PDG'15
DIS jets (NLO)
Heavy Quarkonia (NLO)
e'e jets & shapes (res. NNLO)

® ¢.w. precision fits (NNLO)

v pp—> jets (NLO)

v pp = tt (NNLO)
PDFs
(4) e*e jets (shapes, rates)
(5) Z decays
6) pp—ttbar

(1) lattice

P
~~
N
~
—
Q
c

O O P «

03+
02+t

0.1} o
= QCD 0(M,) = 0.1181 0.0013

100 1000

Y QIGev]

Moriond-QCD 50", March 2016 8/21 David d'Enterria (CERN)



S (Pb)

(6) o, from top-pair p-p cross sections

m Total top-antitop cross section (known at NNLO+NNLL) is the
1% p-p collider observable to constrain o;_at NNLO accuracy:

Data-theory x-section comparison for
varying PDF+a_ as a function of m,,:
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1.2

NNLO, global fits, LHC 13 TeV

1.15; - Baseline
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. E %% + top-quark differential
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NNLO, global fits, LHC 13 TeV
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Quark 5 Antiquark Lumjnosity
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PDF

Pinning down the large-x gluon with
NNLO top-quark pair differential
distributions

The gluon-gluon and quark-
antiquark NNLO luminosities

as a function of the invariant mass
M, of the produced final state at the
LHC with s =13 TeV

Global baseline fit is compared with
the fit including the optimal
combination of LHC top-quark pair
differential data

M. Czakon, N. P. Hartland, A. Mitov, E. R.
Nocera and J. Rojo ‘16

56



