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® Motivation

® Experimental pre-requisites
> lepton reconstruction
> b-tagging and gluon-jet discrimination
> missing-Et projection fraction (MPF)
® Controlling leading biases

» Underlying event: genRho
> Jet flavor response: toyPF
> Final/initial state radiation: & and wps

® Application of “re-bJES” on DO m
> Shift in bJES
> Shift in m¢

® |deas for future and call for feedback
from theory community

> s at NNLO from prbal?

Z(uy) Z(ee)

Caveat: I'm a CMS experimentalist, and as such
not allowed to show unpublished results on data.
To facilitate concrete discussion | will show results
on representative stand-alone MC only.
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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 (]

Meta-stability

o(sz,jet VS o(slattice

174 +
200 % I E
(@I Y
a
150 1721
Metarstability StanNard Model | |
i e m=Mz+Mw/
100+ e -
170_ ,/‘/_/_—'/'/// _
Absolute stability - 0 /;)/_/j,//// s
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A. Andreassen, W. Frost, M. Schwartz, arXiv:l 124 Schwartz et al., arXiv:1707.08124
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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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mostly from
theory scale
uncertainty
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https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsCombined/As_running_ALL.pdf

Experimental pre-requisites

P

P

P
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® Start calibration ladder from Z(ll)
® Leptons (e,M) calibrated with mz wrt LEP

® Precision far better than 0.10%
> case in point: Amny=0.12%, still mostly statistics (syst. 0.07%)

CMS Preliminary

Run 1: 5.1 fb™ (7 TeV) + 19.7 fb™ (8 TeV) — Total Stat. Only
2016:35.9 fb' (13 TeV)
Total (Stat. Only)

Run 1 H—yy —— 124.70 + 0.34 (= 0.31) GeV
Run 1 H— ZZ*— 4I ot 125.59 + 0.46 ( = 0.42) GeV
Run 1 Combined ——i 125.06 = 0.29 ( + 0.27) GeV
2016 H—yy [ — 125.78 + 0.26 ( = 0.18) GeV
2016 H— ZZ*— 4l ——t 125.26 + 0.21 (= 0.19) GeV
2016 Combined et 125.46 + 0.17 (= 0.13) GeV
Run 1 + 2016 T 125.35+ 0.15 (£ 0.12) GeV

II|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|II

122 123 124 125 126 127 128 129 130
m,, (GeV)

https://cms.cern/news/cms-precisely-measures-mass-higgs-boson
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https://cms.cern/news/cms-precisely-measures-mass-higgs-boson

> b-tagging in particular has benefited from Deep Learning explosion in HEP in Run 2

> installation of fourth inner pixel layer (Phase |) for 2017—2018 also helped

> Typical tight working point:

—

> _:.:::!:::'::f::!::f::i:::':::':::f::!::1:::':::':::f::f::i:::':::'::f::f::l::.]:::':::':::f::[::?:::':::':::5::[::!::.]:::':::[.::[::f::?:::':::':::.[::f::f::.]; ]
= C NSRRI A e n Ll o - SNSRI SURRSER SN iy | £
> b (+g>bb) eff.: 70% 5 o C-M-;S---Sl-muI-at-l-Q-n---Pgrehmmary---;- ---------- Sy
Mt events o o e :
P +o> ff.: 3% g USRI e Rt NIRRT EE R freeeennnenes oo P v ff =
c (tg>co) e > 8 [ Adiets(p>906Gev) )]
> qt >HF) eff.: 0.19 : 5 f f f )
97E (no & ) sl L g N DeepFlavour phase 1 _/’]
c 10 - DeepCSV phase 1
> Typical Z+jet, Z+b fractions: " | DeepCSVphase0 i
> b fraction: 5% => 90% I D D D D 4 ,
> ¢ fraction: 10% => 8% —Uudsg , 5
102 -~ ¢ ST e St St Al
> uds fraction: 65% => 1.5% I : : W
" gfraction:  20% => 0.5% B
5 5 Y44 RN VA ]
By-PrOdUCt: deep methOds 10_3 ﬁl|+|1||y'|,l|l:|||+|11,|||.|}|1||.|||.t|1||t|1.||__t

can now also reasonably tag o1 02 03 04 05 06 07 08 09 1
charm quarks vs b and udsg b jet efficiency

https://twiki.cern.ch/twiki/bin/view/CMSPublic/BTV13TeV2017FIRST2018
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/BTV13TeV2017FIRST2018

® Quark-gluon likelihood (QGL) discriminator based on: (i) number of particles (multiplicity),
(i) fragmentation from charged particles (ptD), (iii) jet width on minor axis (072)

® Quark/gluon efficiencies in data extracted by comparing Z+jet and dijet QGL shapes

® Pythia8 and Herwig++ bit agree after reweighing: quark eff. ~0.7, gluon eff. ~0.3

-1 1
CMS Preliminary 2.6 b (1 3 TeV) CMS Preliminary 2.6 b (1 3 TeV)
—~ 1r —~ 1
g - <(=* Quark (Herwig++) 4 - - Gluon (Herwig++) — before g - <(=* Quark (Herwig++) 4 - - Gluon (Herwig++) — before
A 0.9 g g reweighting A 0.9F g++) ) 9 reweighting
Qa s . : (@) - . .
-y 0.8:—".“ Quark (Pythia8) - Gluon (Pythia8) @ raeﬂvsgighting = 0.8:—"." Quark (Pythia8) 8- Gluon (Pythia8) @ ?;tvs;ighting
> — > -
&) - (&) C
€ 071 AR J—— L — € 07F o Q
) o} L SN
() _Qa@-aﬁ"'a""____ () ’QQQ ° e , .............
mo.csg—---__.---- ------------------------------ mo-ﬁg—_ _________ 1.
0.5 0.5
0.4;. 0.4F
R B N S SRR
03 LI = - N 03 - o
o2 R 0.2 R s ————
0.1 Z+jets, nl <2.0 0.1 dijets, Inl <2.0
0: 1 I Il | | 1 l 1 Il | | l 1 1 Il | I Il 1 1 I 0: 1 I 1 1 Il | I 1 1 | Il I Il Il | | [ 1 Il Il |
50 100 150 200 250 50 100 150 200 250
Jet P, [GeV] Jet P, [GeV]

https://cds.cern.ch/record/22341172n=en
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https://cds.cern.ch/record/2234117?ln=en

® Estimate tagged sample purity by
taking into account known
fractions and efficiencies in MC

® Pure Z+b and Z+uds obtainable,

gluon sample less easy on data Simulation (13 TeV)

1.2
1 Private Work
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Quark/Gluon Likelihood (QGL) Flavor and P, bin
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® Z and jet(b) balanced in transverse plane at leading order, Z+recoil at all orders

® Net recoil vector fx=ptx)z/pT,z split into three categories with different responses Rx :

> Py = Rify:leading jet (b) — R/ calibrated up to data/MC difference (aka ptb2! method)
> Pn = Ryfn: subleading jets (2..n) of pr>15 GeV — R, calibrated up to residual (gluon) flavor
» Pu= Rufu: unclustered particles — Ry not calibrated

® Two identities:

> Rmpr = Pi + Py, + Py (aka MPF method) _ . Simulation Ziet (13 Tev)
> | =f +f, + fu, (momentum conservation) % 0.2F Private Ii<2.5, <0.30_]
UE S - Work in - ::'EMPF ]
=\ @ L progress Tp ! |
N\ ©0.15F + P, -
O i o + Py ]
FSR ?) I o ° 1-RMPF,corr .
&) 0 1__ ® e e © o o |
q) i ¢ . e © \ . : . +_
b o = . . ¢ 4
0.05F Lo -
Z - T, . . .
0_—0-----0----.---l--.----.-----. ----- ;- -----‘----:----—'----:—----: ------ ¥ _
" | | | 1 1 1 | | | | | | 1 | I_
g 40 100 200 1000
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Controlling leading biases

P

P

4
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® Estimate underlying event offset density (genRho) by running FastJet GridMedianEstimator
on stand-alone particle-level MC mixed with data-like pileup offset

® Method repeated with and without signal MC to extract underlying event offset

> without data-like mixing median often zero for pure UE offset
» UE offset non-Gaussian so result depends on Npy, although only weakly at Npu>10

Heavy Ion event’ IIIUStratlon only “_,.-’ T —_— CA/\S CMS Experiment at LHC. CERN
T i T —— - ¢ | Data recorded: Sun Nov 14 19:31:39 2010 CEST
iy S [ 5£5%/\| Run/Event: 151076 / 1328520
- ) : B - Lumi section: 249
E. (GeV ,./"f, ‘ T T
g )_/_x’ Leading jet I ' — T
i |  pr:205.1GeVie - R pa— R
100 - e e
0 | e
60 S 5 Subleadingjet .. 'f
40 % ¢ - 70.0 GeV/c
20 -
0o -

http://inspirehep.net/record/1654912/plots

Mikko Voutilainen, U. Helsinki and HIP
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http://inspirehep.net/record/1654912/plots

® Scanning a number of
generators, tunes and final
states for UE

® Detector-like level applies
cuts of pt>0.3 GeV on
charged particles and
photons, pt>3 GeV on
neutral hadrons

> ratio to particle level is
effective response of UE

o CMS and ATLAS pileup offset
corrections are based on p so
easy to add FullSim and data

® Difference of P8MI (2016)
and CP5 (2017—2018) tunes
is ~0.3 GeV => small, but
relevant effect

(p) - ZB (GeV)

Ratio
© o o

SN

W o A~ O o

1.

DN O O O;m

2
5
1

Simulation (13 TeV

p —

- | | | | |
-~ Private work-in-progress

—o— particle level
—*— detector-like

= N
— ) - .
— ——— N
- DN .
- QCD ~ ttbar = DY+jet -
ocr . 9cp . 9cp . Tr o T On »
CD\ HS’ CD\ P8M7 CD\ C ps \H7CH L*/efs\ C Jet \P8M7 Je ts\ CPS
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® Understand jet response from first principles by approximating particle flow (PF)
” PTraw = 2 Ri(PT,i) PT.i
o Ri(pti)=1, if p1,>0.3, else zero (for photon)
o Ri(pti)=1, if p1,>0.3, else zero (for charged with tracking)
0 Ri(pri)=c*(I-a*pt™!) (for hadron without tracking)

> parameterise tracking efficiency + fakes from CMS papers

> apply PF hadron calibration and reconstruction thresholds on overlapping neutrals

1 03 T T T T 1T T T T T T T T T T
>N | 6 B e b 7
O - ]
cC 1— : i = gluon i
Qo 7 N 102 ¢+ ud s
o [ 20000 : :
&£ osh & o400 O 9 [ v e ]
& A, , ¢
() - F3 (% Tiete 4 1.01— —+— —
o0 | 3 A I T
c i “» o B T r——— 77’77,77 =
L L ! —o— _
8 i 'é) + - +—-——n—-——-—:
= o4 & Our e N 0.99F L .
L O ® PFeff __*_+++—I—++ i
- O ¢ PF eff+fakerate B N
L 0.98— —
0.2 O TRK eff : (heavy flavour ]
B B excludes neutrinos)]
I~ B 1 1 1 1 L1 | 1 1 1 1 1 1 L1 | i
O 1 1 L 11 III| 1 1 L 11 III| 1 1 L1 1 III| | 0.97 40 100 200 300 1000
10~ 1 10 10 plet
pT T,gen
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® Goal is to use toyPF to understand
data/MC differences in flavour response
in Z+f vs Z+q at 0.1% level

Simulation (13 TeV)

> high statistical precision with few events, ;\3 6 | o .
more precise than FullSim -~ I ]
o 41 Private Work = Z+jet B
> stand-alone mode allows to scan more + " in progress . bal
MC generator tunes quickly N oF - g'le" (P.7)
1 L -o b-jet i
> fewer knobs so maybe more transparent s 0:_+ * A R A SRR +c-|!et -
N o fiyenrra et
E " * + * + ~g-jet E
—4 __. ¢ ¢ ]
- ¢ I :
-6 4y . .
:+ | ; ! Anti-k; R=0.4 CHS
—8:— f ! t MPF type-l 15 GeV
—10F+ + +# "o mi<2.5, 0<0.3
- . 48 + (p_';all non-extrap.) -
_12_ Lo | | Lo ]
40 100 200 1000 2000
p._ (GeV)
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® Pythia provides a set of event weights wes
to vary (Xs,sr and s Fsr in parton shower

> latest processing messed up the weights
relative to nominal, but relative spread ok

> future iterations split weights by process
(g8>ge, £2>99, 92, q9)

® Sensitivity controlled by cutting on
additional jets: &X = prje2 / P12

> Limit X —0 used for jet energy corrections
> MPF is stable at all & cuts

> ptbl slope at ®<0.3 should be linearly
proportional to CF*o(s and Ca*Xs

® prba / MPF ratio at finite & cut should be
proportional to o

< O

o

- 1

Simulation Z+jet (13 Tev)

- Private Work
__in progress

g f'sg“;_:if5ffiifigfiiiziiéiiéifiiiiié s K ¥ " X Z__
l-\li- : Y :
o~ [ % Vv ISR=0.5 FSR=| -
=~ 0 % V ISR=I FSR=0.5 -
E‘ i QA A ISR=2 FSR=| |
£ 0 "2 AISR=| FSR=2 |
1o LI ‘_
: R T B
~151- -

A R N NN N N N NN TR NN N NN N SR A B R

0 02 04 06 0.8 1
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FSR+ISR vs pr1.z

® Combined fit of MPF and pr®
vs p1,z enables to extract (s

sensitive observable Simulation Z+jet ' (13 Tev

N

! V ISR=0.5 FSR=1

o However, still needed to

consider gluon fraction ,
correction (Ca=3 vs Cr=4/3) Private Work W |SR=] ESR=0.5
nprogress A ISR=2 FSR=1

A ISR=] FSR=2

* Question to theorists:
could g/Z ratio at NNLO

FSR+ISR (%)
T
o o & o

compete with lattice QCD? -20 -
> loops cancel? -25 —
> q/Z lower at each order? _30 E
> assuming very small expt. syst. ]
-35 E

_40 3

_4 | | | 11 1 | | | | | | | 1| :

0 40 100 200 100(
p__ (GeV)
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°* Application of “re-bJES” on D0 m¢

4

4
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FCO]’I’

® Possible shift in DO bJES thoroughly documented in MSc thesis of Toni Makela
> https://aaltodoc.aalto.fi/handle/123456789/39024

> |) could reproduce DO results with their parameters

> 2) our Pythiaé fit suggested different global minimum with smaller flavor correction

A4

3) our Herwig7 fit suggested yet different global minimum with even smaller flavor correction

® DO used pt as input, sensitive to FSR+ISR differences in P6 and H7 => CMS will use MPF

® DO did not directly measure b-enriched sample => CMS will use Z+b vs Z+q

—_
o
n

0.98

0.96

0.94

0.92

0.9

DO reproduction
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030
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(b) Run IIbl
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(b) Run IIbl
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https://aaltodoc.aalto.fi/handle/123456789/39024

® Hannu Siikonen carefully reverse engineered DO |+jet m and back-propagated bJES change

® Document detailing process to be submitted to arXiv any day

® (Still) plan to follow up with a short paper summering shifts in bJES and m

® Then do better on CMS

I I I I | I I I I | I I I I | I I I I | I I I I
Summary of Top Mass Measurements

m, + stat. = syst. [+ met.] (total)
ATLAS (2018) 172.69 = 0.25=+ 0.41 (0.48)
CMS (2016) 172.44 = 0.13+ 0.47 (0.49)
CDF (2014) 173.16 = 0.57 = 0.74 (0.93)
DO (2016) H-e-H 174.95 = 0.40= 0.64 (0.75)
DO I+jets H—e—H 174.98 = 0.58+ 0.49 (0.76)
DO I+jets, P6-shifted (2020) 173.17 = 0.58= 0.49 = 0.06 (0.76)

172,51 + 0.58+ 0.49+ 0.06 (0.76)
DO I+jets, H7-shifted (2020) 171.85 + 0.58+ 0.49 = 0.07 (0.76)
] ] ] ] | ] ] ] ] | ] ] | ] ] ] ] | ] ] ] ]

165 170 175 180 185
m, [GeV]
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m¢ bW

® m¢and ;s largest uncertainties
for SM vacuum stability

se q/Z

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

® Evaluating each step individually,
and in connection to each other

Z(py) Z(ee)
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® 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 ( )
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http://arXiv.org/abs/1607.03663

® 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
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® 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 ptto Z pt g
o Latter is sensitive to additional jets in :
recoil, former much less so Q
—
> MPF: Raddt ~ Rjeci => RMPE ~ Rijec

> 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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\ il
\\fﬂ_YSI_c_g,. %

® 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 0.99F -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 e« MPF R
095_|||||||||||||||||||||||||||||||||\|\|||||_ 098_ o pralance ]
0 0.05 0.1 01502 0.25 0.3 0.35 0.4 ' ' ' ' '
Jet2 ! 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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http://arXiv.org/abs/1107.4277
http://arXiv.org/abs/1607.03663

® 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)
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