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Study QCD radiation at high scales

— Tevatron: ~ every 3" top event contains an additional jet; first pioneering study on
tt+1jet from CDF (2009);

— LHC large phase space for QCD radiation due to higher sqrt(s); ~ 2 third of top
events used in measurements have an additional jet

Large systematic uncertainties related to QCD radiation
— Changes in acceptance
— Jet combinations in top quark reconstruction

Radiation described by QCD MC models with free model parameters
— Define and measure appropriate observables to provide input for MC tuning

Background processes for searches (BSM, rare SM, Higgs)



Scale and coupling strength of the emission
e factorisation and renormalisation scale
* Functional form
e Multiple scales within one event
Approximations in calculations
* MEvsPS
* NLO vs multileg (new: NLO plus multileg)
* ME+PS matching algorithm + scale
Predictions
* jet multiplicity, E, angle, shape
* parton p, p, of tthar system

QCD (MC) predictions of radiation

Measurements
In|[<2.5, p.>20 GeV

Single jet based observables
N, Jet p,, M, jet shapes
Integrated observables
jetveto, Hy S;
Indirect observables (recoil)
Lepton Pt Etmiss' ptW
Derived quantities
top p,, tthbar p,




Measurements performed in fiducial volume (“visible phase space”)
to minimise model dependencies

— Recent development: expand “fiducial region” also to object definition and
parton proxy

Correction of detector level effects through “unfolding” to particle
level

Measurements in single-lepton and di-lepton channel at 7 TeV and
8 TeV



based on stable particles (t>0.3*101%sec) within observable 1 range

ATLAS

Leptons (e, u, v) not from hadron decay
e, W 4-momentum incl. clustering with vy
in cone with R=0.1

Anti-kt R=0.4

B-jets:
If a stable B-hadron with intial p,>5 GeV

Ghost matched to the jet
-> corresponding to non-prompt Bs from

electro-weak decays

CMS

*for tt+jets; other analysis may use different definitions
See also Top LCPP WG: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/ParticleLevelTopDefinitions 5



ATLAS single-lepton channel

Exactly one e or u with

In|<2.5, p,>25 GeV

No additional e or u with

p>15 GeV & |n|<2.5

Eirnics > 30GeV & m(W)>35 GeV
>=3 Jets with p,>25 GeV & |n|<2.5
incl. >=1 b-tagged jet

No jet-jet pair with dR<0.5

No jet-e or jet-u pair with dR<0.4

CMS single-lepton channel

- Lepton with
Inl<2.5(e), Iml<2.1(n), p>30 GeV

- 2 b-jets+1 jet with [n|<2.4, pt>35 GeV
- Jetremoval if dR (jet,lepton)<0.4

CMS di-lepton channel: lower pt cuts to
20 GeV (leptons) and 30 GeV (jets)




Correction factor

Efficiency
(b-tagging!)
Resolution

Global efficiency correction factors + iterative Bayesian unfolding
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Still large corrections needed for detector level effects
but reduced dependence on MC model
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Uncertainties dominated by JES and MC modeling of QCD radiation
High multiplicity measurements limited by statistics
Model differences increase with jet multiplicities and jet p, threshold
Data have discriminating power between different MC models
-MC@NLO too few jets
-POWHEG & ALPGEN with appropriate settings describe data




Normalised cross section at 7 TeV and 8 TeV for p, thresholds up to 100 GeV
CMS Preliminary, 19.6 fo'at /s = 8 TeV

CMS,L=5.0fb'at Vs=7TeV

I%) 1 | | | | ] 5 % 102 I I I - ; | [
8=~ 15" Lepton+Jets Combined E ! Dilepton Combined(P? > 60 GeV -
© S 3 -l Sais ]
pll® B ] 10 —_ MadGraph+Pythig 3
S S ---- MC@NLO+Herwig 7
107" = 1 ---- POWHEG+Pythia ]
g ¥ ] i
- ' . 107 4
2 L D — E E
10 g ata i='*'= E ) 1
- —— MadGraph+Pythia T ) ] 107 E
10°L == MC@NLO+Herwig i | 10-3é_ _________ ]
- —— POWHEGH+Pythia . W
- | | | | ] 107 | S I I I NN [ ey Fo-
o 15 7 ' ' RSN ' T o 15F ' =
C i s o H
% 1 sz s o o % 1 ;“*‘
-ES' E 3 o r R
o 05E ;'3 "1 5I é } zl8 05— 7 2 3 4 5 =
Njets Jets

* Consistent results across different top-decay channels, at different energies and between both
experiments

* Large uncertainties at high jet multiplicities dominated by JES and MC modeling

* Uncertainties at high jet multiplicities @ 7 TeV of similar size as ATLAS measurement




Arbitrary units
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CMS Preliminary, £ = 19.7 fo~! at \/s =8 TeV CMS Preliminary, £ =19.7fo~! at \/s = 8 TeV
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Measurement of normalised cross section as a function of H;, S;, Etmiss
Interesting observables particularly for SUSY searches
Preliminary data have too large uncertainties to constrain QCD MC models
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Di-lepton channel
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Lots of different observables
e Different sensitivities?

* Consistent picture of QCD radiation?
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f gap

MC/data

Gap fraction vs. Qsum for veto region: |y| < 2.1

— {2 e —
el = L R R B R B R R RN AP -8_ 10 E I I I ATLASI I E
0.95 E - P B _ HEG+PYTHIA
; ; C.Q 10 — — POWHEG(h, )+PYTHIA
09 Y1 —@— ATLAS Data, EP] C72 (2012) 2043 B % :___-__ """" o
085 £ —— POWHEG+PYTHIAG, P12 E S - = ALPGENSPYTHIA (o, Down)
= = == POW+PY, hdamp=4m; ] B ——— f Lt
og_f® == POW+PY, hdamp=2m; = 1 g A
- = = = POW+PY, hdamp=m; ] -
°75 1 E 4| antik R=04 i
o7 H é 10 = <25
E\ 1 ‘ I ‘ 1 ‘ I ‘ I ‘ I ‘ I ‘ | \E : p.l:>25 Gev
0.65 L O O B A R R B I+jets
104 = 10-2 E | | | | =
- Less radiation - © ! ! ! ! ! —
1.02 |— 11 —] ©
Ch b= ] Q
1o == R : 3
0.98 — — a;’_
096 ; \ \ \ ore radianion é d | | | | | |
50 100 150 200 250 300 350 0 40([)Gev] 3 4 5 6 7 >8
njets
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Free model parameter to regulate hardness of first radiation (hdamp)
Measurements are sensitive to the setting of this free model parameter
Best description of tt data with hdamp ~ m 14




CMS Preliminary, 19.6 fo" at {s=8 TeV
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Ordered jets in p, and unfold single p, spectrum

Additional requirement: leading jet p, > 50

10°

GeV, sub-leading jet p,>35 GeV

Y,

102
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leading jet p_ [GeV] 5" jet p, [GeV]

High probability: jet from top decay High probability: additional jet

Soft scale preferred by data @ high p, of leading jet and p, of 5t jet

16



Pseudo-top method
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arXiv:1409.7339

Search for SM production of tttt

8 TeV data, 19 fb!
Single-lepton channel, Ny, >=2, Nio;306ev)>=6; Eimiss>30GeV, H;>400GeV

CMS 19.6 b (8TeV)
t D08 . B 1T + Il/gg
g | b, e(u,T->e,u), v e 11iso. @btags =2 BN ; + cG/ob
———— b, q, 4 T Hr =400 GeV, E™ =30 GeV - gomner
o... ~1fb 10* 222 Scale uncertainty
SM g SM fitf (x 100)
i 10° ¢ Data
v b 102 V77
\M&Qg%m%b—bt— ) q, q___,n 10
. . . 1
BDT,,.: with 10 variables: o
=
sl= 0
Sl -9
(@)

03 02 01 0 01_ 02 03 04
BDT,,. discriminant

Simultaneous fit to signal + background of BDT

in 6 regions (e,u, Njet=6, 7, >7) :>

Expected: Oy, <32 +/-17 fb
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Pioneering work to define observables in a model independent
way at all levels of physics analysis (object level, parton proxie)

Many different observables related to QCD radiation have been
measured

— Published results on 7 TeV show discriminating power for some MC
models; first MC optimisations to these observables performed

— However large uncertainties in the most sensitve regions therefore
limited improvements with respect to scale uncertainties

Preliminary 8 TeV data have significant smaller errors and are very
promising to reduce uncertainties on QCD radiation

Cross section limits for rare SM final state of 32 fb

20



References

 CDF ttbar+1 jet:
http://www-cdf.fhal.eov/physics/new/top/2009/
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Backup



e Largest and irreducible background to ttH(H->bb)
e Test of QCD predictions with heavy quarks

* Production:
e Gluon splitting of ISR and FSR into bb, cc pair
* b(c)-quark in proton PDF could lead to tt+b, tt+c

* Measurement:

e Challenge: separation of different flavour of additional jets in top pair production
* Current available publication: ratio of tt+HF/tt+LF to reduce experimental uncertainties
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Jets / bin
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Analyse di-lepton ttbar events with
2 b-tagged jets, >=1 additional jets

Measurement definition:
Tt+HF = Tt+b, tt+c

Ofid (tt + HF)
Ryr = :
O’ﬁd(tt -|—])

Ry determined from likelihood fit to vertex mass
distribution

Ryr = [7.1 +/- 1.3 (stat) *>3, , (syst)] %
Alpgen: R = 3.4 +/- 1.1(syst)
POWHEG:R,; = 5.2 +/- 1.7(syst)
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Ttbar+jets at the Tevatron

CDF conference study 2009, 4.1 fb'! data, data driven background
2 dimensional likelihood fit to jet multiplicity distribution to extract o(tt+0), o(tt+1jet) in full

phase space
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FIG. 1: Predicted vs Observed as a function of jet multiplicity
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0tf+j

M 68% CL
W95% CL

Ttbar+1 jet =1.6 +/- 0.2 (stat) +/- 0.5 (sys) pb
Ttbar+0 jet = 5.5 +/-0.4 (stat) pb
SM prediction (NLO): 1.79 + 0.16 -0.31 pb
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