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Motivation

Recent (or old) jet measurements

> Inclusive jet cross section at |3 TeV
> AK5/AKY7 ratio at 7 TeV

> B-jet cross section
» Z+b balance
» Quark / gluon likelihood

Recent top quark mass measurements

> |3 TeV leptontijet
> |3 TeV all hadronic
> |3 TeV dilepton

Model building to unify FSR, UE, Ry,
> Dijet, Z+jet, Z+b and top models

» Constraints on UE, FSR and bJES

> Applications to DO top quark mass

Conclusions
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® Vacuum is metastable?

® To know for sure, need more 178

precise m¢ and (s (from jets)

® Experimental limitation in héth
cases is uncertainty inget 176
Energy Corrections (]
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http://arXiv.org/abs/1707.08124

® At the LHC ;s best measured using jets (from quarks, gluons)

® Allows to probe running of & to high energy

® NNLO jet calculations now available, although theory scale uncertainty still an issue
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https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsCombined/As_running_ALL.pdf

® Inclusive jet cross section is the baseline jet measurement
> Feeds into multiple other ratio measurements, has to be made particularly robust

® Commonly used in global PDF and «; fits to constrain high x gluons
> Well modelled by NLO+PS (Powheg+P8) even for small R=0.4 cone, but by NLO only for R=0.7
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http://arXiv.org/abs/1605.04436

Inclusive jets — full Run 11 % £3

® Full Run Il data set will have up to x2000 more integrated luminosity (here ATLAS x50)

® Target smaller systematic uncertainties than Run I: better JEC from more Z(— pup)+jet
° Detailed comparisons of NNLO (M=pr,jet or U=pTmax), NLO+NLL and NLO+PS
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http://arXiv.org/abs/1711.02692

® Current experimental limitation is gluon jet response (=parton shower + fragmentation)

® Dijets mostly gluons at pt~100 GeV (gg->gg), Z+jet mostly quarks (qg->qZ)
® Pythia and Herwig agree on quarks (Z+jet), but not on gluons (dijet)

5 19.7 fb™ (8 TeV) 19.7 fb™ (8 TeV)

P i I I I T 11 I| I I I T 11 I| ] x i T T T T TTT T T T L I| I |

2 - CMS g Total uncertainty - N . CMS hl < 1.3 _
~" n . 4 N M <.

> =t ~ Excl. flavor, time | o 1.04 1 simuiation Parton flavor

= _ - Absolute scale 1 @© - -

®© [ R=0.5PF+CHS , Reative scale 1 £ i \ = + Dijet ]

S 4L Med =0 = Pileup (=200 ] £1.03f 4 o + Z+jet -

Q i =Jet flavor (QCD) ] — - l s —~+20% glue

5 - = Time stability 1 O A - Gluon ]

@) 3_— 7] ﬁ 1.02( l | i. --- Quark 7

% . 1 W | R i

] E i - . . |

] q) L \*‘LI' e

£ o0 T

i | | | I | | | | | I | | ‘I J ]

10 100 1000
GeV Jet GeV
CMS, arXiv:1607.03663 p ( ) p ( )

Experimental view on m¢ and s Mikko Voutilainen, U. Helsinki and HIP


http://arXiv.org/abs/1607.03663

® Ratio of jet cross sections C|IV||S I(u|n|publisheld), L|= 5|fb-.1

with different R is sensitive <<

to higher order corrections o y
» Ratio of LO xsec is | To) 0.95 _:
» Ratio of NLO xsec is LO 9 0.9 _Z

> Ratio of NNLO xsec is NLO =

> Progressively more FSR out
of R=0.5 into R=0.7 => 0.85
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http://arXiv.org/abs/1406.0324
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP13002

Radius scan

° (N)LO+PS (Powheg+P6) CMS (unpublished), LI=5|fb'|1

agrees with data N

> PS approximates all-orders, QO 95
although P6 and H++ differ L0 ¥

> MC models include NBbut O
with some tuning involved g 0.9
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® Even state-of-the-art
NNLO xsec would not be
sufficient for R=0.5 and 0.8
R=0.7 simultaneously

» Need all-orders 0.75

resummation

- NLO®NP

» and non-perturbative 0.7
corrections at low pr AL s PYTHIAG Z2
---HERWIG++
® To be repeated at 13 TeV, 0.65 —POWHEG+PYTHIA6
with more R and more MC L | L
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http://arXiv.org/abs/1406.0324
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP13002

® Ratio of b jets to inclusive jets cancels out
experimental and theoretical uncertainties

® Leading exp. uncertainties b-taggin
efficiency and b-jet energy scale (b?ES)

® Care needed for fiducial xsec: what jet R,
include V / Y or not (ATLAS vs “jet” vs “Y”)
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| 3 TeV: CERN-THESIS-2018-069
(NLOxPS, Powheg+P8 good)

0.06

ly] < 0.5

0.02 -

0.06 |

0.5<|y|<1.0

0.02

0.06

1.0<y|<15

0.02

0.06

1.5<y|<2.0

0.02

0.06

20< |yl <24

0.02 -

0.04 b——

0.04 F

0.04 F

0.04 F

ti-k_ (R=0.4)
— PowHeg + CUETP8M1
—. Theory unc.

Syst. + Stat. uncertainties
0.04

10l00
p,(y)) [GeV]

Mikko Voutilainen, U. Helsinki and HIP



http://arXiv.org/abs/1202.4617

b-jet scale with Z+b

Cecorr(MG+P6Z2%) = 0.998 + 0.005
Ceorr(H++) = 1.006 = 0.007

CMS 19.7 fb (8 TeV)
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Z+b relatively pure sample of b jets

Double ratio wrt Z+jet data/MC,
multiple balancing methods
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ok ]
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- B tt i . T
- - MG+Pythia / Herwig differ by 0.2% for
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http://arXiv.org/abs/1607.03663
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME13001

® Jet uncertainties in Run | largely boiled down to gluon (quark) fragmentation model
® Pythia6é and Herwig++ in particularly bad agreement on gluon jet modelling

CMS Preliminary, L=13.1 nb™ at /s =8 TeV ] CMS Preliminary, L=13.1 nb™ at /s =8 TeV
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME13002

® Precision driven by kinematic
reconstruction of top quark
mass in lepton+jet events

Mass extracted by varying megen
in MC to fit mdin to data

> roughly mass of sum of b-jet and
two light jet four-vectors

Key technique is 2D fit using
m;=mwFDPGC to extract jet energy
scale factor JSF

> In-situ constraint on light jet scale
Rq, but still leaves bJES Ru/Rq

> Also partly removes biases from
FSR and UE

o ATLAS 3D fit also extracts bJES

Rb/Rq using Roq=pTs/pTjj

» Should still haveéaartial biases
from FSR and U

LHC TOP WG summary, TWiki
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ATLAS+CMS Preliminary

My SUMMary, Vs =7-13 TeV. November 2018

LHCtopWG
------- World comb. (Mar 2014) [2]
stat total stat
total uncertainty ] My, = total (stat = syst) is Ref.
LHC comb. (Sep 2013) LHctopwe 44— 173.29 = 0.95 (0.35 = 0.88) 7Tev [1]
World comb. (Mar 2014) H+H 173.34 + 0.76 (0.36  0.67) 1.96-7 TeV [2]
ATLAS, l+jets et 172.33 = 1.27 (0.75 = 1.02) 7 TeV [3]
ATLAS, dilepton —— 173.79+ 1.41 (0.54 = 1.30) 7TeV [3]
ATLAS, all jets F—e—— 175.1x 1.8 (1.4 1.2) 7 TeV [4]
ATLAS, single top —_—i— 1722+ 2.1 (0.7 2.0) 8 TeV [5]
ATLAS, dilepton H—H—I 172.99 = 0.85 (0.41= 0.74) 8 TeV [6]
ATLAS, all jets —— 173.72 = 1.15 (0.55 = 1.01) 8 TeV [7]
ATLAS, I+jets e 172.08 + 0.91 (0.39 = 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) H-Fl-l 172.69 + 0.48 (0.25 = 0.41) 7+8 TeV [8]
CMS, l+jets e+ 173.49 + 1.06 (0.43 = 0.97) 7Tev [9]
CMS, dilepton = 172.50 = 1.52 (0.43 = 1.46) 7 TeV [10]
CMS, all jets ———t— 173.49 = 1.41 (0.69 = 1.23) 7 TeV [11]
CMS, l+jets HeH 172.35+ 0.51 (0.16 + 0.48) 8 TeV [12]
CMS, dilepton —ci 17282+ 1.23 (0.19 = 1.22) 8 TeV [12]
CMS, all jets HeH 172.32 + 0.64 (0.25 = 0.59) 8 TeV [12]
CMS, single top H—eH 172.95 + 1.22 (0.77 + 0.95) 8 TeV [13]
CMS comb. (Sep 2015) e 172.44 = 0.48 (0.13 = 0.47) 748 TeV [12]
CMS, l+jets - 172.25 + 0.63 (0.08 = 0.62) 13 TeV [14]
CMS, dilepton o 172.33 = 0.70 (0.14 + 0.69) 13 TeV [15]
CMS, all jets I—H—-I . 172.34 + 0.79 (0.20 = 0.76) 13CTeY [16]
Bl o i bk i e
SoLonnn amran ipaedimdl gl
[5] ATLAS-CONF-2014-055 [11] Eur.Phys.J.C74 (2014) 2758
H [6] Phys.Lett.B761 (2016) 350 [12] Phys.Rev.D93 (2016) 072004
co b b e NN B
165 170 175 180 185
mtop [GeV]
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

® Leptontjet, dilepton and all-jets at 13 TeV consistent with each other to 90 MeV
> also consistent with Run | to better than 200 MeV
® Consistency is there, but large correlated uncertainty from bJES, FSR and UE

lepton+jet events
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CMS, arXiv:1805.01428
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http://arXiv.org/abs/1805.01428

® Leptontjet and all-jets correlated on bJES, FSR, UE due to mw constraint
> mw absorbs part of FSR, UE, and modifies bJES: Rp/Rz+jer to Ru/Rq
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http://arXiv.org/abs/1812.10534
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® Dilepton only partially correlated to lepton+jet and all-jets (no m;=mw mass constraint)

> measured from simultaneous fit to cross section and mass parameter (w/ mp™Mn on e*p¥)
> cross-checked with mys in events with at least one b tagged jet (171.92 GeV vs 172.33 GeV)

dilepton events

| b tag 2 b tags
1btag 1add.jet (e"u’) 35.9fb" (13 TeV) S 2btags 1add.jet (e°w’) 35.9fb" (13 TeV)
= 800 it ft other ~ ¢ Data it I tt other
8 - CMS Evv =tW/fw 8 100—CMS [ W+jets A W/ tw
g = Syst  []MC stat — — DY Syst  [JMC stat
o 600— P .
5 T 5
> 4001 >
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200(—
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CMS, arXiv:1812.1
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http://arXiv.org/abs/1812.10505

Model building

® Our Helsinki team is aiming to build a coherent model of dijet, Z+jet and ttbar events
® Dijet and Z+jet events form the baseline for jet calibration

® Aim to unify definitions of Final State Radiation (FSR), Underlying Event (UE), and b-jet
energy scale R, to keep same precision for ttbar events

Zero Bias data Dijet data Z+jet data Z+b data
ttbar data
Applied to simulation ttbar MC
Dijet MC Dijet MC  Dijet MC  Z+jet MC Dijet MC
Minbias MC
CMS, arXiv:1607.03663
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http://arXiv.org/abs/1607.03663

Dijet model

® At pt~100 GeV, inclusive jets typically form a
transversally balanced gg or qg dijet system

> although often longitudinally |Ng|>|Ng|

® Measured underlying event (UE) is around 2
GeV per unit area (~x3 at particle level)

® Final state radiation (FSR) out of jet cone is

a few percent and proportional to cut on
maximum pt of additional jets, aka “&”

> Also proportional to parton type (g: Ca=3, q:
Cr=4/3, b=CF + dead cone effect) and ;s

> And in inverse relation to the jet cone size R

q’
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Z+jet model

® At p1~100 GeV, Z+jet is typically from qg
interaction, so opposing jet is light quark

® Measured underlying event (UE) is around
|.3 GeV per unit area (~(Cr+Ca)/2Cp)

® FSR is less than in dijets, due to higher
fraction of quark jets

® Z boson directly probes pt at parton level,
as muons do not radiate strongly, and their
track reconstruction is insensitive to UE

Experimental view on m¢ and «s
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Z+b model

® At pt~100 GeV, Z+b is typically from bg
interaction, so opposing jet is b quark

® Measured underlying event (UE) is
essentially same as in Z+jet events

® FSR is very similar to light quarks, althoufgh
potentially different due to dead cone effect
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® Top decay bears similarities to Z+b
production, with Z replaced by W(ququ)

» Hadronic W reconstruction provides
independent test of UE and FSR modelling

® Underlying event is very similar to
dijets, as initial state in both usually gg

® FSR is similar to Z+b

® Transverse plane structure complicated
by tt pair production

Experimental view on m¢ and «s

Mikko Voutilainen, U. Helsinki and HIP




® Fastjet (GridMedianEstimator‘?
energy density p is a proxy of UE

> Pileup factorized out by comparing
to Zero Bias data as a function of
average number of pileup (M)

® Very minimal dependence on
event scale (e.g. jet p1, Z pT1)
above pt>10—20 GeV

® Slight dependence on [ possible
from non-linear calorimeter scale

® Present work: defining p for
particle level MC, as it is designed
to work better with pileup

dijet, tt

pA Z+j€t
® Zero Bias
@ p
= ° o
@ o
® o
® O
O
A > U
UE=| &€ & & & & & dijet,tt
> W

Experimental view on m¢ and «s

Mikko Voutilainen, U. Helsinki and HIP



® Jet corrections done with two methods

)
7))
> MPF, missing-Et projection fraction: c
response of hadronic recoil (mostly |5t jet) a
> ptP, ratio of |t jet prto Z pr g
o Latter is sensitive to additional jets in :
recoil, former much less so Q
—
> MPF: Raddt ~ Rject => RMPF ~ Riec

> ptP2:Radat =0 => Rpmbal << Rjexl
S,
3
N
\]
XS
\]
Q

Rq+UE/prref MPF

>

o= p.l.extra jet /p.rref

—
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® Actual data from 8 TeV vs MadGraph (right)

(b |
and 7 TeV vs Pythia6 (bottom) g 105 CMS i
® Modelling of FSR has improved over time, &
but still requires close attention o
©
-
CMS, L = 36 pb™ =7 TeV
o :I T TT | T T 17T | T Ipl I’Yl T T 17T | T T 17T | T T 17T |\/|7$|| T | T IIeI: 0.95 — \®\ —]
= 1 P >30 GeV . e MPF (Data) N,
© [ -~ MPF 1 =  MPF (MC) N
cDTs 0.99 -a- p, balance k 090 o prbalance (Data) =
1 i pr balance (MC)
. = —ie i x  PT, jet/PT, ptel
0-98__ \ o 7 ] 0.85 l l | | |
E E O B | | | | | ]
097 - = 1.02
[ ] 531'01_ __¢__.__4__.__1:
0.96F . a 1-00"“'“'<“’:';;“\' """""""""" ]
" anti-k, R=0.5 PF DN ] 099 <« MPF R
095_|||||||||||||||||||||||||||||||||\|\|||||_ 098_ o pralance ]
0 0.05 0.1 01502 0.25 0.3 0.35 04 ' ' ' ' '
Jet2/ 1! 0.00 0.05 0.10 0.15 0.20 0.25
CMS, arXiv:1107.4277 pT pT CMS, arXiv:1607.03663 «
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® Besides Z+b, can use jet fragmentation and single particle response to predict Ry
> Main idea: Rjet = 2 fi * Ri(Ei), where fi energy fraction, R; single particle response to be fitted

® Method pioneered by DO, but two known caveats:

> Input data uses ptb2l method to estimate Rjet, known to be biased for Pythiaé LO MC (ref. FSR)
> Input data uses gluon-rich EM+jet, and gluon fi known to be biased for Pythiaé LO MC (ref. QGL)

Combinations per experiment ATLAS
My, * stat. = syst. (total)
CDF (2014) Hre—H 173.16 = 0.57 + 0.74 (0.93)
DO (2016) HeH 174.95 + 0.40 = 0.64 (0.75)
CMS (2016) Hed 172.44 = 0.13 = 0.47 (0.48)
ATLAS (2018) HeH 172.69 = 0.25 = 0.41 (0.48 = 0.03)
----- ATLAS Combination _
stat. uncertainty —— stat. uncertalnty
total uncertainty —— total uncertainty
| | | | | | | | | E | | | | | | | | | | | | | | | |
165 170 175 180 185
m.__ [GeV
ATLAS, arXiv:1810.01772 ©P [ ]

Experimental view on m¢ and «s

CMS simulation (8 TeV)

Pythia 6 Z2*

N

|

111 I
1000 20
P, (GeV)

IIIII Il
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CMS, arXiv:1607.03663
Mikko Voutilainen, U. Helsink
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® Helsinki group working on reproducing DO (or not...) and improving method for CMS
® So far evidence that Run lIb Fycorr may have been unstable, and m. should have been lower
® Also observe reinterpreted P+jet being more stable than etjet

- Run IIb3-4

%:1,02 I I | | I | I I I | I | I I I | I I I |
8 - ]
a T T R I R S A
T ¢ o © ° *

® " N
i . s = i
i o = = i

e g =
0.98— ¢ m = —
0.96— _
B EM+jet (u,d,s,c)-jets |
¢ y+jet (uds,c)-jets -
0_94—Helsmk| reproductlon EMtiet b —
- of DO Focorr in Run [Ib & EMet bjets -
- similar to lla (but ®  y+jet b-jets _
0.92—D0’s own llb was not) EM-+jet gluon jets
- B y+jet gluon jets .
I U A RRRR I TR BT B
0.9 20 40 60 80 MC 1019f 120
’ offset

Py Py [GeV]

Preliminary private work, T. Madkela, H. Siikonen, MV

DO m reinterpreted using Run lla Focorr for llb

LI I RN

<1
D2 9.7 fb l+jets
Run llaReinterpretation DY original
e+jets 177.65+ 2.60 —@—— 177.65 + 2.60
I+jets 175.29+ 1.89 O
u+jets172.67+ 2.74 el 172.67 + 2.74
Run lib1
e+jets 173.60+ 2.28 i SisteS e SN 174.54 +2.28
I+jets 173.24+ 1.64 O\
u+jets172.84+ 2.37 e 173.76 + 2.37|
Run lIb2
e+jets 171.44+ 1.51 et Gt 173.44 +1.51
I+jets 171.97+ 1.07 ®
u+jets172.49+ 1.51 R 174.46 +1.51
Run 11b34
e+jets 174.69+ 1.15 L r— 176.61 = 1.15
I+jets 173.86+ 0.84 s
u+jets172.91+ 1.23 = 174.79 +1.23
Run Il (9.7 fb™) (x¥NDF) (x2/NDF)
e+jets 173.91+ 0.81 (5.21/3) . @~ (3.65/3)175.55 +0.81
I+jets 173.36+ 0.58 (3.10/3) *O-’ (2.07/3)
u+jets172.75+ 0.84 (0.05/3) g (0.57/3)174.36 + 0.84
(6 26/7) (5.26/7)
| | | | | | | | I | | | I | | | | | | | | | |
160 165 170 175 180 185

m, (GeV)
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® The m and ;s largest uncertainties
for SM vacuum stability

® Best constrained at the LHC by
measurements with many jets

® Running down the experimental
chain leads to FSR, UE and bJES/gJES
(b and gluon fragmentation)

® Need robust calibration ladder
starting from Z(MH)+jet to ttbar,
preferably backed by solid theory

Mt
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