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precision top-quark mass measurements rely on Monte Carlo modelling

via reconstruction using analytical distributions via template fit of lepton-b-jet invariant mass
derived from simulated samples

CMS Dilepton, 19.7 fb™' (8 TeV)
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mtop = [72.82 £ 0.19 (stat) £ .22 (syst) GeV mtop = 17299 £ 041 (stat) £ 0.74 (syst) GeV

* these kinematic measurements strongly rely on MC modelling!
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top-pair production and decay
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NLO QCD 5FS: [Bevilacqua, Czakon, van. Hameren, Papadopoulos, Worek; ’I I ]
[Denner, Dittmaier, Kallweit, Pozzorini; ’l | +’12] [Heinrich, Maier, Nisius, Schlenk, Winter; ’14]
4FS: [Frederix ’14] [Cascioli, Kallweit, Maierhéfer, Pozzorini; ’14]
NLO EW 5FS: [Denner, Pellen ’1 6]
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top-pair production and decay
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NLO QCD+PS 5FS: [Garzelli, Kardos, Trocsanyi; ’14]
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top-pair production and decay
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* In a traditional off-shell NLO+PS calculation:
subtraction, matching and PS do not see/preserve intermediate resonances
= NLO: efficiency problem
= NLO+PS: distortion of important kinematic shapes!
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Problem in POWHEG language

» Efficiency problem at NLO:
* FKS subtraction (and similar CS) does not preserve virtuality of intermediate resonances

* .e. Real (R) and Subtraction-term (5~B) with different virtualities of intermediate resonances

®r = real phase-space

((I)Bv (I)rad) FHKS

dp $p = (underlying) Born phase-space

®..q = radiation phase-space

* IR cancellation spoiled

— severe efficiency problem for narrow resonances!
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Problem in POWHEG language

» Fundamental problems at NLO+PS:
* NLO+PS matching according to POWHEG formula:

do = B(®p) ddp {A(qcut) + A(kr) R@Réfgjmd)) dq)rad}

B(®5) = B(®g) + V(®5) + / R(Dr(®5 , Brad)) dDrag

s-e] [Tt

. FKS . .
= FKS mappings (Pp, Praq) ¢— Pr do not preserve intermediate resonances

= R/B might become large by coincidence (e.g. R on-peak, B off-peak), but should be
small (of the order of &vs) or approach Altarelli-Parisi splitting functions.

= Radiation (incl. Sudakov form-factor) generated from uncontrollable R/B ratios

* also subsequent radiation by the PS itself reshuffles internal momenta and does in
general not preserve the virtuality of intermediate resonances.

— expect uncontrollable distortion of important kinematic shapes!
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Resonance aware POWHEG

Rigorous solution to all these issues within POWHEG according to [JeZo, Nason; " 5]

|dea: preserve invariant mass of intermediate resonances at all stages!
v NLO:

* Split phase-space integration into regions dominated by a single resonance history

* within a given resonance history modify FKS mappings, (B, Byag) RES FKS 4
such that they always preserve intermediate resonances >

— R and 5~B by construction with same virtuality of intermediate resonances
= IR cancellation restored

v NLO+PS:

* R and B related via resonance-aware FKS mappings
— R/B ratio with fixed virtuality of intermediate resonances

— Sudakov form-factor preserves intermediate resonances

v PS:

* pass iInformation about resonance histories to the shower (via extension of LHE)

* tell PS to respect intermediate resonances (available in Pythia8)
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Multiple-radiation scheme

» In traditional approach only hardest radiation is generated by POWHEG:

b b b

p
P t Wt t w P t Wt

. or t v Oor
b b g b

Ra(q)a(q)Bp (I)rad))
B(®p)

& do = B(®p)d®p |A(gewt) + ) A(KF) AP,

BUT: for top-pair (or single-top) production and decay, emission from production is almost
always the hardest.

= emission off decays are mostly generated by the shower.
» Multiple-radiation scheme: _introduced in [Campbell, Ellis, Nason, Re; | 5]
* keep hardest emission from all resonance histories.

* merge emissions Into a single radiation event with several radiated partons

@ do = B((I)B) d(I)B H [AO&(QCut> + Aa(k%) ROC((I)Oé(((IZI)BB?;I)?ad)) dq)?ad

=0, 0, ISR
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Interplay between top-pair and Wt single-top production

5FS

* NLO corrections to Wt swamped by LO tt+decay

* requires ad-hoc subtraction prescription: DRI, DRI, DSI, DS

* NLO+PS for Wt available in MC@NLQO [Frixione, et. al; '08],
POWHRHEG [Rre;'1 17 and Madgraph_aMC@NLO [Demartin et. al; ‘1 6]

4FS

* unified treatment of top-pair and Wt including interference

do/dpr(ji, ;) [pb/bin]

2.00 F
1.50 F
1.00 |

same finale state!

same finale state!

E tW  at the LHC13

[ 5FS (N)LO+PYTHIAS
[ No cuts

......... LO
NLO DR1
NLO DR2

NLO DS1

—— NLODS2 |

[Demartin et. al,; "1 6]

1 1
MadGraph5_aMC@NLO

200 300

pT(ib, D [GeV]

* Wt enhanced in phase-space regions where one b becomes unresolved/vetoed

e requires off-shell WWhbb calculation (with massive b's)
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The new bb4l generator

» We consider the full process pp — bE€+V€,LL_ﬂM with massive b’s (4FS scheme)
» Implemented in the POWHEG-BOX-RES framework

» All matrix elements from OpenLoops [Cascioli, ML, Maierhdfer, Pozzorini]

Physics features:
* exact non-resonant / off-shell / interference / spin-correlation effects at NLO
* unified treatment of top-pair and Wt production with interference at NLO
* access to phase-space regions with unresolved b-quarks and/or jet vetoes

* consistent NLO+PS treatment of top resonances, including quantum corrections to
top propagators and off-shell top-decay chains
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Results: top-resonance

» default: resonance aware matching & multiple-radiation scheme
» off: resonance unaware matching

» guess: resonance unaware matching but kinematic guess off resonance structure before PS
(based on kinematic proximity)

bbal

res-default

bbal
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—o— res-off
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— resonance unaware matching yields distortions of important kinematic shapes
= control of these shapes crucial for precise top-mass measurements!

— resonance assignment based on kinematic proximity with standard matching not sufficient
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JTop-pair production in POWHEG

label tt NLOPS tt+decay NLOPS bb4¢ NLOPS-RES
NLO matrix elements tt t(— etveb)t(— p~,b) bbetveu 1,
decay accuracy LO+PS NLO+PS NLO+PS
NLO radiation single multiple multiple
spin correlations approx. exact exact
off-shell tt effects BW smearing  LO bb4/ reweighting exact

Wt & non-resonant effects no LO bb4/ reweighting exact

[Frixione, Nason, Ridolfi;'07] [Campbell, Ellis, Nason, Re; 1 5] [Jezo, JML, Nason, Oleari, Pozzorini; | 6]
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Results: on-shell tt vs. bb4l

reconstructed top-quark mass
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significant shape distortions around resonance with respect to on-shell calculation

very relevant for top mass determination

average mw j, roughly 500 MeV smaller in on-shelltt (in £30 GeV around mtop)
~20-30% effects around the b-jet-lepton invariant mass edge
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Results: tt®decay vs. bb4l

reconstructed top-quark mass lepton-b-jet mass
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e very good agreement mostly <5% level between the two predictions
e the two calculations support each other (natural factorization of radiation between
production and decay In tt®decay)

* average mw;, roughly 100 MeV smaller in tt®decay (in £30 GeV around mtop)
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b-jet invariant mass
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b-jet radiation properties

B-hadron fragmentation function
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* narrower b-jets and harder B-fragmentation in bb4l
* due to reduced radiation from b’s in bb4l
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jet vetoes and single-top enriched observables
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» for small jet thresholds Wt single-top reaches 40-50%

* tt®decay includes Wt only at LO and treats tops

on-shell at NLO = overestimates radiation in Wt region
* |0-20% jet veto resummation effects

Vi
~ *important for any tT background with jet vetoes
(e.g HWW)
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Conclusions
Technology:

» Resonance-aware matching is pivotal for processes with intermediate resonances
= (qurte) Rigorous solution within POWHEG by [JeZo, Nason; "I 5]
» New POWHEG framework: POWHEG-BOX-RES (http://powhegbox.mib.infn.it/)

* resonance-aware subtraction and matching for any process
* automated generation of resonance histories and phase-space
* process iIndependent POWHEG-BOX+OpenLoops interface

Phenomenology:

» resonance-aware matching crucial for kinematic precision top-mass measurements
» unified treatment of tt & VWT important for precision single-top physics

» ....and for modelling of tt backgrounds subject to jet vetoes.

Outlook:
* Detalled investigation of effects on top mass measurements

* Hadronic top decays
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Summary of the results

reconstructed top-quark mass
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Backup slides
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top-quark mass: crucial SM input parameter
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* top-mass measurements at the LHC via combination of

- total x-section, tt+jet, kinematic reconstruction,

* many techniques rely on kinematic information of top

ATLAS+CMS Preliminary LHCIOpWG m,,, summary, Vs=7-8 TeV Aug 2016
----- World Comb. Mar 2014, [7]

stat

total uncertainty total stat

My = 173.34 + 0.76 (0.36 = 0.:67) GeV My = total (stat = syst) 'S Ref.
ATLAS, l+jets (*) e 172.31+ 1.55 (0.75 = 1.35) 7TeV [1] , ,
ATLAS, dilepton (*) —t—s— 173.09 = 1.63 (0.64 = 1.50)  77TeV [2] d ff -t -t -t '
oS, iets . 173492108043 2007)  77ev 1 merent strategies.
CMS, dilepton }—+—-O—| 172.50 = 1.52 (0.43 = 1.46) 7 TeV [4]
CMS, all jets }—-0—H—+—i 173.49 = 1.41 (0.69 = 1.23) 7 TeV [5]
LHC comb. (Sep 2013) e 173.29 = 0.95(0.35 = 0.88) 7 TeV [6]
World comb. (Mar 2014 HH 173.34 = 0.76 (0.36 = 0.67, 1.96-7 TeV [7] . '
Mg e kinematic edges,....
ATLAS, dilepton ] 173.79 = 1.41 (0.54 = 1.30)  77TeV [g]
ATLAS, all jets H—-—H 1751+ 1.8 (1.4 £1.2) 7 TeV [9]
ATLAS, single top I—O—-—O—-—i 172.2 £ 2.1 (0.7 £ 2.0) 8 TeV [10]
ATLAS, dilepton H--H 172.99 = 0.81 (0.34 = 0.74) 8 TeV [11]
ATLAS, all jets I 173.80 + 1.15 (0.55 = 1.01) 8 Tev [12]
ATLAS comb. (;‘;;gfs 22],“ e 172.84 = 0.70 (0.34 = 0.61)  7+8TeV [11]
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CMS, diJIepton }—H—i 172.82 = 1.23 20.19 e 1.22; 8 TeV [13] d ecay p ro d u C-tS
CMS, all jets e | 172.32  0.64 (0.25 = 0.59) 8 TeV [13]
CMS, single top —o—3 172.60 = 1.22 (0.77 + 0.95) 8 TeV [14]
CMS comb. (Sep 2015) e 172.44 = 0.48 (0.13 = 0.47)  7+8TeV [13]

: [1] ATLAS-CONF-2013-046 [6] ATLAS-CONF-2013-102 [11] arXiv:1606.02179 ' ' .
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kinematic top-quark mass measurements: theory

[Heinrich, Maier, Nisius, Schlenk, Winter; ' 4]
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* M Is straightforward to measure and shows strong dependence on top mass
e off-shell and NLO effects crucial for precise modelling of shape at the edge
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Setup

= 91.188 GeV, I, = 2.441 GeV, _ 5 2
mz ¢ z e G, =1.16585 x 1075 GeV
mw = 80.419 GeV , 'y = 2.048 GeV,
my = 125 GeV . Iy =4.03 x 1073 GeV,

my = 172.5 GeV , I'y =1.329 GeV,
my = 4.75 GeV .
Complex-mass-scheme:  p; = M —ilyM;  for i=W,Z,t,H
2
sinfi, =1 —cos B3, =1 — M—‘;V
Kz

N

- : : 2 2 2 2
For tf resonance histories: Hr = ke = {(mt +P7y) (mf +pr>}

o P
For /Z resonance histories: #r = pr = 5

PDFs: MSTW2008NLO

ff cuts: at least one b- and one b-jet with ~ p% > 30 GeV, ] < 2.5
pl. > 20 GeV, | <25,  pme>20 GeV
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Resonance histories

This approach is rigorous up to the point that assignment of resonance histories requires a
prescription.

|dea: define resonance histories according to well defined NWA limit (valid to all orders)!

Project onto these resonance histories f, and fr based on kinematic proximity:

Br, = Z By, By, =1y, BF,

Pl MA

Iy, = Pl = H Z
7 VIR TV
2 prer(Fy(fy)) L senacsy) 8~ Mi)P+IEM;

(similar for R: separation into resonance structures and compatible FKS singular regions)
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Efficiency study

resonance
unaware
NLO cross section rel. accuracy (*) 0,11% 0,79%
""" ficiency of generatonof . _
© |c.:|e.ncy O SENETation © vetos per event 750 15000
radiation
speed of event generation events per hour 1500 200

— factor of ~7 improvement in convergence/efficiency/speed!

(*) NLO POWHEG setup
* stage |:ncalls=80k, itmx=2
* stage 2: ncalls=100k, itmx=4
* nrun = 64
(typical setup for small cluster/blade)
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Kinematic guess

» res-singlerad: resonance aware matching & single-radiation scheme

» res-strip: resonance aware matching, but resonance information not passed to PS

» res-strip-guess: resonance aware matching, resonance information first stripped and then

guessed (based on kinematic proximity) before passing to PS

bbal

res-strip

So—o— res-strip-guess

res-singlerad _

170 180
My, (GeV]

190

200
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Impact of PS5 momentum reshuffling

» res-singlerad: resonance aware matching & single-radiation scheme

» res-strip: resonance aware matching, but resonance information not passed to PS

» res-off: resonance unaware matching

&< —o— res-off

bbal

res-singlera

res-strip

d_:

do/doygy, do/dmw,, [pb/GeV]

My, (GeV]

0.5 L | %Xf | |
150 160 170 180 190

200

— res-strip in-between res-singlerad and res-off

— both effects important:

|) first emission governed by resonance preserving R/B
) PS reshuffling preserves the resonance masses
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Single-top t-channel NLO+PS

[JeZo, Nason; " 5]
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* significant shape distortions in resonance unaware calculation and
with respect to on-shell top calculation [Alioli, Nason, Oleari, Re; '09]

NLO-+PS predictions for top-pair and Wt production and decay 28 Jonas M. Lindert



NLO EW

LO
10° t
g 10° &
[Denner, Pellen; "1 6]
101 1 1 1 1

-5t —— NLOEW
—s—— photon

0 50 100 150 200 250 300 350 400
M., [GeV]

* NLO EW ~5% around top peak, up to 5% below the peak
* sizeable photon-induced contributions in mp (using NNPDF2.3QED)
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lop-pair production and decay

NLO QCD

NNLO [Czakon, Fiedler, Mitov; '| 3, Czakon, Heymes, Mitov; ‘1 6]

NLO EW [Beenakker, Denner, Hollik, Mertig, Sack, Wackeroth; ‘94, Bernreuther, Fuecker, Si; '06+'08, Kiihn, Scharf, Uwer; '07,+'1 5,
Hollik, Pagani; 'O/, Pagani, Tsinikos, Zaro,; ' 6]

NLO QCD+PS [Frixione, Nason, Webber, ‘03, Frixione, Nason, Ridolfi; '07]
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lop-pair production and decay

NLO QCD [Bernreuther, Brandenburg, Si; 04, Melnikov, Schulze;’09, Campbell, Ellis; ’1 5]

NNLO [Czakon, Fiedler, Mitov; '| 3, Czakon, Heymes, Mitov; ‘1 6]

NLO EW [Beenakker, Denner, Hollik, Mertig, Sack, Wackeroth; ‘94, Bernreuther, Fuecker, Si; '06+'08, Kiihn, Scharf, Uwer; '07,+'1 5,
Hollik, Pagani; 'O/, Pagani, Tsinikos, Zaro,; ' 6] [Bernreuther, Si;“1 0]

NLO QCD+PS [Frixione, Nason, Webber, ‘03, Frixione, Nason, Ridolfi;'07] [Campbell, Ellis, Nason, Re, 1 5]
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lop-pair production and decay

NLO

incl. off-shell/non-resonant/
interference

NLO QCD [Bernreuther, Brandenburg, Si; ’04, Melnikov, Schulze;’09, Campbell, Ellis;*1 5] [Bevilacqua, Czakon,
van. Hameren, Papadopoulos, Worek; ’l I, Denner, Dittmaier, Kallweit, Pozzorini; ’| I +’1 2, Heinrich,
Maier, Nisius, Schlenk, Winter; ’1 4, Frederix ’l 4, Cascioli, Kallweit, Maierhfer, Pozzorini; ’1 4]
NNLO [Czakon, Fiedler, Mitov; '| 3, Czakon, Heymes, Mitov; ‘1 6]
NLO EW [Beenakker, Denner, Hollik, Mertig, Sack, Wackeroth; ‘94, Bernreuther, Fuecker, Si; '06+'08, Kihn, Scharf, Uwer; '07,+1 5,
Hollik, Pagani; "0/, Pagani, Tsinikos, Zaro,; ' 6] [Bernreuther, Si; ‘1 0] [Denner, Pellen ’16]
NLO QCD+PS [Frixione, Nason, Webber, ‘03, Frixione, Nason, Ridolfi;'07] [Campbell, Ellis, Nason, Re, 1 5]
[Garzelli, Kardos, Trocsanyi; ’14]
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