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[Many thanks to K. Melnikov for countless discussions on these topics]



Why top?

¥Top Isinteresting heaviest particle in the SM
¥expect deep connections with EWSB (Higgs sector, naturalnes
vacuum stabilityE)
¥key role in BSM (natural SUSY, compositeness, RavorE)

¥Top Isrelevant
¥involved in many BSM searches
¥top decays Into lepton, jets and missing endrgyoster child
for collider phenomenology (top taggingE)

¥Top Iseasy"” ocp << # << My

¥most tops decay before hadronization

¥Its properties (polarization) are not washed out by QCD effects
¥production and decay stages are well-separated
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LHC Is atop factory
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YouOve made your bedE now lie in it
or the price of precision
¥We need to deal with ~few percent precision for tops

¥ s~ 0.1!" NNLO predictions Fancy computations in
QCD, for a long time conceptual problems barred us fror
performing themsee KirillOs talk on Wednesday]

Now we have them both fotop production

¥top pair total cross-sectionczakon, Fiedler, Mitov (2013); Czakon, Heyme:
Mitov (2015)]

¥t-channel single-tomrucherseifer, FC, Melnikov (2013)]
anddecay

¥fully differential decaygao, Li, zhu (2012), Brucherseifer, FC, Melnikov (2017

¥helicity fractiongczarnecki, Ksrmer, Piclum (2010); Gao, Li, Zhu (2012),
Brucherseifer, FC, Melnikov (2013)]
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ttipredctionsat NNLO

[Czakon, Fiedler, Mitov (2013); Czakon, Heymes, Mitov (2015)]
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NNLO+NNLL

Collider |"tt [pb]|scales [pb]| pdf [pb]

10 .110(1 .5%) |+0 .169(2 .4%)
Tevatron 7.164 |70 50002 8%) |1 0.122(1 .79%)

¥4 .42 .6%) | +4.7(2.7%)
LHC 7 TeV | 172.0 |, 5.8(3.4%) | ! 4.8(2.8%)

16 .2(2.5%) | +6 .2(2.5%)
LHC 8 TeV | 245.8 | 8.4(3.4%) | ! 6.4(2.6%)

122 7(2.4%) | +16 .2(1.7%)
LHC 14 TeV| 953.6 |, 33.9(3.6%) | ! 17.8(1.9%)

¥Milestone result in pQCD

¥residual ~4% uncertainty,
comparable with exp

¥perfect agreement with
data at/,8and13TeV

¥recentlyLHC differential
distributionspresented



ttipredctionsa NNLO:LHC distributions
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¥NNLO results has ax-dep. shape
¥no signibcant tension with data Can SGNIFICANTLY

¥NNLO accuracy make discussion Constrain the Gluon PDF
@bout OrightO scale largely irrele}n'_
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NNLO and the Tevatron Ag

Nothing pathological is going on In our description
the asymmetry SMPREDICTIONSEEMSOLID

mt=173.3 GeV
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¥no clear tension

¥funny feature in CDE Y that we
will probably never understand

¥curious nx shape, but large errors



Precision as a tool for discoverstealthy stops

[Czakon, Mitov, Papucci, Ruderman, Weiler (2014,

F—t+ X3/G, my~my>mo e, 0y~ 0150,

VERYSMILARTO TOPS &

¥very hard to sepaate from SMtt Iproduction
¥different spin correlations, but lepton rapidity/angular correlatio
either have large theory uncertainties or require lots of statistic

VERYSMILARTO TOPS @)

¥almost indistinguishable from tdp contaminateéa

¥If exp.andth. uncertainty on% are good enougIQEVIATIONSFROM
SMBEHAVIORCOMING FROMSTOPSAREDETECTABLE

SIDE REMARKS: this kind of reasoning is one of the BEST APPLICATIONS OF HIGH
QUALITY PREDICTIONS. Ideally, we would like to do the same for large classes of
observables, and cross-correlate ! HUNT DOWN NEW PHYSICS




Precision as a tool for discoverstealtny stops
[Czakon, Mitov, Papucci, Ruderman,Weller (201¢
Fot+ x5 /G, me~my > myo & 04~ 0.15- 0y

¥CMS di-lepton analysB%axp ~ 4.5%
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An orthogonal approach: EFT formalism
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Vector/axial couplings
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Precision for single-top
Classical picture3 production mechanism

 CHANNEL ASSOCIATEDPRODUCTION

— B LHC: ~ 15%
§ ah
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HC: ~ 80% S-CHANNEL
L~ 0

LHC: ~ 5%

~N
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With stable tops and at tree-level:
clear separation / hierarchy among different channe

B




The price of precision
Mixing at the quantum level

ASSOCIATEDPRODUCTION
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SAME HNAL STATEOF TTI

T-CHANNEL 2

S-CHANNEL

LHC: ~ 5%
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Rigid separation: good for the old OpioneeringO ( a
must be taken with care If precision Is sought/neece
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t- vS s- channeld: still makes sense

TOOO——— — . _ _ \

IN PRINCIPLE
¥ beyond LO t- and s- channels same Initial/bPnal states ->
Interferences, no well debned distinction

HOWEVERIN PRACTICE
¥thanks to color, interference starts at NNLO (in the 5FNS)

¥suppressed (color / kinematics)
T — —

CAN STILLTALK MEANINGFULLYABOUTT (AND S) CHANNEL
¥Talking abourIDUCIALCROSSSECTIONIS much better
¥ldeally fOrREALISTIGFINAL STATES
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t-channel single top at NNLO

[Brucherselfer, FC, Melnikov (2013)]

T
Production cross section for top and anti-top combined
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At NLO, small corrections, but:

¥large cancellations among different
channels ->small K-factor accidenta
¥large corrections at highmp

NNLO stabilizes the result
¥small (non 3at) ~ 1% corrections

through the full spectrum
¥reduced scale uncertainty

oLO, Pb |oNLO, pb| dnLO |ONNLO, PD|INNLO

Is (TeV)
Good theoretical control L_*
on the Wtb vertex 0 Céer
: 2
¥top decay width 48 sz
*Vio 60 GeV

53.8:750 | 55150 | +2.4% | 54.2F05 |—1.6%
466722 | 48.9702 | +4.9% | 48.3F02, |—1.2%
33.4717 | 36.570C, 1 49.3% | 36.5191 [—0.1%
22,0710 | 250102 [+13.6%| 25.4,9) |+1.6%

e — B



t-channel single top at NNLO

[Brucherseifer, FC, Melnikov (2013)]

top/anti-top ratio

CMS,L=19.7", {s=8 TeV
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What aboutWwt?

Already at NLO,Wt, ttland WW ObackgroundO share
the same Initial/Pnal states wxerferences, cannot be separat

. e
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If you want to considemassive t(b-taggingE)
and work in the 4FNS -0 problem

In the pastfull computation was out of questio» must
cook up some add-hoc recipe to deal with it (DR,DS,PR
NONE OF THEMISTHEORETICALLYRULLY SOUND




[Cascioli, Maierhoefer, Kallweit, Pozzorini (2013)]

Wt and ttiseparation

A full NLO computation in terms oPnal state decay producds now
doable[Frederix (2013), Cascioli, Maierhoefer, Kallweit, Pozzorini (2013)]

pp — vee" i’ U,bb+X @ 8 TeV 1 1
el = — dowwpg ! ﬁdUtﬂ | T dot ‘|‘d0bkg
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£ e
;if“mz Wt: single-resonantontribution.
------------------- I LO Devise cuts to enhance it
___________________ 1 NLO _ _
s | = ¥Non tt effects very jet-bin
Rl S —— dependent, concentrated in the
! T — 0/1 jet bins
S e ' ¥Large In phase space regions witr
42000 |l unresolved b-quarks
- 10 -
S T N Putphysical intuitioron a
Njet

NLO(LO) 4F NNPDFSs, prj = 30 GeV

precisequantitative level




tops vs physical objects (lepton, jets)

In general, it ifighly preferabléo includetop decayin predictions

¥reduce reconstruction biases
¥we know many cases when omitting corrections to decay lealao
mismodelingMelnikov, Schulze (2011)]

Sincet/m: <<1, production/decay do not talk factorization

¥this has been now conbPrmdgittau (1996), Papanastasiou, Frederix, Frixione,
Hirschi, Maltoni (2013)]

¥very important! reliable predictions at NNLO, reliable predictions for
complicated bnal states (ttV/H&&, ttJ, ttJJE)

In certain situations, we may want to go beyond #e O limit

¥Wt, kinematics edges, mE

¥current NLO groups are getting there:WWbb, WWbblDenner, Feger, Scarf
(2015)]

¥for narrow resonances, one should loareful with parton showeréPS
emissions destroy the quasi-resonant structure). Since recently, problen
seems under contrdlle"o, Nason (2015) + work in progress])




Narrow resonances in PS: problemE

What we would like

®|_S

N

S

?

¥In general, PS will emit multiple gluons which will destroy this
structure! MORALLYWRONG RESULT(l.e. expect unphysical features)

¥It is trivial to force emission to conserve any given invariant mass.
How to select the OrightO mass to cons{rais VS Myby)?



Narrow resonances in PS: E and solution

[Je"o, Nason (2015) + work in progress]
2

2 2 2 2

% ; S + NR.
®|_S ® %

¥OSum ovenresonance historyO, i.e/ntrophm:isbion of unitywhich

effectively project onto the right stryctures (1.BW-FK3

P(swp) . P(swba)

H P(swp)+ Plswba)  Plswo) + Plswos)  p(g = iy

¥For each term, force the OrightO invariant mass to be bxed
¥Resonances are properly taken care of, n.r. terms are spread



Top mass M, in GeV

Thetop mass

¥Top: heaviest particle of the SM top mass is a privileged
parameter in many respect (stabilityE)

¥Given the amount of tops produced at the LHC, it is already
now possible to perform to very good accuracy many
measurementstrongly correlated to the top masls the
Monte Carlo mass ~ sub percent level

Two natural questions:
¥can we measure the actual top

- E? mass (or equivalently, can we
™y g precisely relate the result of

| g these measurements to a cleal
50| E theoretical parameter)?

¥to which precision?

0 50 100 150 200
Higgs mass M;, in GeV



A step back: quark masses in QCD

¥Top mass Is a parameter in the SM Lagrangian, which underg
renormalization ITSDEFINITION REQUIRESOMECARE

¥The simplest possible debnition of the top mass is the value ¢
pole of top propagator. Closely related to kinematics
boundarieskE Perfectly Pne debnition order by order in
perturbation theorybut famously problematic at the NP level
(Orenormalon ambiguitiesO, PT series is asymptotic and does
converge to a bPnite number)

¥In b physics, we observe that this ref3ects ip@or convergence

of the perturbative series if the top mass Is useaew depPnition
of Ghort distanc® masses (MSbarE). Related to the pole mas:
a scheme change, order by order in PT

¥|S CHOOSING THEORHTO BEINITION IMPORTANT EORTOP PHYSIC®




Pole vs MSbar mass

Recently, the 4-loop conversion between MSbar and pole mass was
computed[Marquard, Smirnov, Smirnov, Steinhauser (2015)]

Mpole= 163.643 + 7.557 + 1.617 + 0.5610.195GeV

¥' s(m) <« ' s(my) ! top pole mass does not show pathological behavior

¥same behavior seen in other observables (top decay)
¥last shift ~ 200 MeV, to be compared wivorld average error ~ 760 MeV

Furthermore, the perturbative series seems to have reached its

asymptoticl can estimate next orders, and ultimate precision
100 ¢ . . .

' Red: N (2bg)"T(n + 1 +b)
. Blue: Marquard etal.

10 |

¥next term would be +0.10 GeV

¥Pnal ambiguity could be as low as 43
MeV

[Nason, Steinhauser, Beneke et
al., work in progress]

Coefficient

Power of ac



The top mass at the LHC

¥Although a proper choice of the theoretical debnition of the top
guark does not seem to be a problem, unfortunatelys DOESNOT
MEAN THAT WE KNOW HOW TO MEASURET AT THE LHC

¥Indeed, the LHC is a hadron collider, and as such weudnmately
limited In our prediction by non-perturbative QCD effecisis
affects all observables (iadso lepton onek

do = /dmldl’zﬁ (71) [2(22)dopars (71, 2) (1 + O(AQen /@) )

¥Right now we heavily rely on how these effects are modeled in PS.
Comparing different PS may give an idea of the size of uncertaintie
(but beware that different PS share many common feajures

¥Improving our understanding of NP effects (which observables are
less affectedyhat is the brst power contributiri) is likely to be
REQUIREDTO DETERMINETHE TOP MASSAT THE LHC TO VERYHIGH
PRECISIONCorcella, Hoang, Mangano, MelnikovE work in progress]



Conclusions

¥The remarkable experimental program at the LHC is allowing for
top quark investigation at the percent precision

¥This already allowed to scrutinize the top sector to very good
accuracy, in the future the situation can only improve

¥This require very sophisticated theoretical computations. Along
with Higgs, top-physics Is pushing further the frontier of collider
phenomenology

¥for simple processes, we now hafrdly differential NNLO
oredictions It will be very interesting toet the top decay

¥NLO predictions are now a standard, both for very complicated pnal
state and for generic BSM theories. (NLO EW is coming as well)

¥First investigation beyond the NWA approximation are appearing

¥The top mass still representslag challengéor theorists
¥Perturbative part seems under control
¥Can we sayanything meaningful about non-perturbateféects?



Thank you for
your attention!



