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— focus on top quark mass

e the LHC and the CMS experiment
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e extraction of my and ag section at /s = 13 TeV
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Irst measurement of the HERA DIS data: PDFs, ag, m;
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the Standard Model of particle physics

quantum field theory based on principle
of local gauge invariance

SU(3)c® SU(2)L ® U(1)y
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strong electroweak
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the Standard Model of particle physics

quantum field t'heory. based on principle physical fields obtained after
of local gauge invariance
o electroweak mixing

SU(B)e ® SU(2)L ® U(1)y e spontaneous symmetry breaking
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the Standard Model of particle physics

quantum field theory based on principle

X 4 physical fields obtained after
of local gauge invariance

o electroweak mixing

SU(B)e ® SU(2)L ® U(1)y e spontaneous symmetry breaking
e e
strong electroweak my ~ 173 GeV — most massive SM particle
. -

¥ . . .
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Electron Muon Tau
Neutrino || Neutrino | Neutrino

e- e 9

Electron Muon “ Tau
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Quantum Chromodynamics

strong interaction of quarks and gluons q
— 8 gluon fields

fundamental parameters g

© strong coupling constant ag 0
® quark masses

Ol
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Quantum Chromodynamics

strong interaction of quarks and gluons
— 8 gluon fields

fundamental parameters
© strong coupling constant ag
® quark masses
quantum corrections contain divergent

loop diagrams = renormalization

o infinities subtracted at scale ur and
absorbed into bare parameters
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Quantum Chromodynamics

strong interaction of quarks and gluons q
— 8 gluon fields
fundamental parameters g
© strong coupling constant ag 0
® quark masses
. - N A
quantum corrections contain divergent q

loop diagrams = renormalization

o MS summary plot
o infinities subtracted at scale ur and G 04 S nclet, 13 < 8T, M) = 01164778
absorbed into bare parameters & 022~ s ) etk
Fy confinement —— cusmelser, - 7rev
02—\ —+— CMSH, (s=7TeV
. = N CMS 3-Jet Mass , Vs = 7TeV
running of as(Q) 018 T e onaton
. . 0.16[—
© short distance — perturbative QCD F
0.14F-
® long distance — confinement o012
Q ~ AQCD ~ 250 MeV 0,1:7
. . 0.08F- i %
— renormalization group equation (RGE) E asymptotm freed?m N
can be SOIVed perturbatively 5678 10 20 30 40 100 200 300 1000 20

Q (GeV)
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factorization of QCD

e long- and short-distance dynamics can
be factorized at the scale ug

LN P

£

“long-distance”
confinement “short-distance” confinement
asymptotic freedom

“long-distance”
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factorization of QCD

e long- and short-distance dynamics can e convolution between proton (hadron)
be factorized at the scale ug structure and partonic scattering

LN ey

“long-distance” Emmmmmmmm—-—-

“long-distance”
confinement “short-distance” confinement
asymptotic freedom

emEEEEEEEEREEEEEEIRTI RS

i%p—»f! = Z(fi(mhu%) X fj(zZaPL%‘%@E&ij—)X(mlvz2aaS(.U'R)v ZQ—R» %) E

iJ N\ N o mommommm .
prediction proton structure partonic cross section (pQCD)

— variations of ug and pr estimate size of missing higher-order terms
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quark masses in QCD

renormalization of mygy q ‘ fﬁ% » q
> > >

e definition of my depends on q
renormalization procedure
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quark masses in QCD

renormalization of mygy q ‘ W » q
> > >

e definition of my depends on q
renormalization procedure

on-shell (pole) scheme — mgc’le I

e fundamental ambiguity O(Aqcp)
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quark masses in QCD

renormalization of mygy q ‘ W » q
> > >

e definition of my depends on q
renormalization procedure

running of charm quark mass

on-shell (pole) scheme — mgc’le r ‘ ]
L. S e NLOfitof HERA data (this work) 7
e fundamental ambiguity O(Aqcp) é [ = = PDG with evolved uncertainty ]
3 1.2? ?
£ L + |
short distance (MS) — mq(ur) r + + ]
e running of my described by 0‘8; + E
renormalization group equations osf  pLB 775 (2017) 233 4
© test of perturbative QCD 04l ! ]

1

3
=
®
o
S

® indirect search for new physics
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the role of the top quark mass

short lifetime 1/Iy ~1/1.3 GeV < 1/Aqcp
= top quarks decay before hadronizing t

e study properties of unconfined quark U b
o clear experimental signature

f

large value of my
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the role of the top quark mass

short lifetime 1/Iy ~1/1.3 GeV < 1/Aqcp
= top quarks decay before hadronizing t

e study properties of unconfined quark U b
o clear experimental signature

f

Iarge value of my | =  natural hard scale for pQCD calculations
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the role of the top quark mass

V4
short lifetime 1/ ~ 1/1.3 GeV < 1/Aqcp W@ WOM
b

= top quarks decay before hadronizing . b

w
e study properties of unconfined quark Heeome O z t
o clear experimental signature T

f

Iarge value of my | =  natural hard scale for pQCD calculations

¢

o

Z [ oo anasoh ot contoms ‘
. O 805 W Fitwio an measurement
large corrections to electroweak observables S P TR Fvio e anivh mesmeanents
= £ Direct M, and m, measurements
80.45
e values of my, my, my can be determined E EPJC 78 (2018) 675 3
simultaneously via electroweak fits e =
e comparison with direct measurements 8035 £ -a079-00rs cav E
provides self-consistency test of SM 803 E
su.zsf— N —f
L b\ 1 Il 1 Il J
140 150 160 170 180 190

m, [GeV]

Matteo M. Defral Deutsches Elektrol ynchrotron (DES'




my, and electroweak vacuum stability in the SM

30 bands in
M, = 173.1 £ 0.6 GeV (gray)
a3(My) = 0.1184 £ 0.0007(red)
M, = 125.7 + 0.3 GeV (blue)

RGE evolution of Higgs self-quartic coupling A
depends on values of m¢, ag, and myg

= sign of A at Planck scale determines stability
of electroweak vacuum

-0.0 63
— RGESs Planck scale K JHEP 08 (2012) 098 M
8 SM vacuum == 00 L
'E 102 10* 10° 10° 10" 10'2 10" 106 10" 10%
RGE scale  in GeV
[} Stable
‘6 180,
10)
o Instability }3“5
[72]
o Metastable )
(=] 107 g
] 175 W
o . . v . . f
Higgs Field 3 (e
> ) Nt
Unstable = +

170’

— need precise measurements of my, ag, myg

PRL 115 (2015) 201802 /oMo

20 125 130 135 140
My, GeV
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top quark production in proton-proton

top quarks mainly produced in tt pairs

® gluon fusion — dominant at LHC
® qq annihilation

calculations of o g me t-
o available up to NNLO+NNLL precision PDF
e comparison with measurement is test of pQCD t
Q )O000 | —

— T T3
Tevatron combined 1.96 TeV (L < 8.8 1b") E
QS dleptonivjos 5,02 Tev (L = o74pyy  ATLAS+CMS Preliminary  Sept2019 3
ATLAS €7 Tev (L=4.6fb) LHCtop WG
CMSep7TeV (L=5f"

ATLAS ep 8 TeV (L = 202 fb") —

T
v

.

.

.

.

o CMSensTev (L=19.71%) -
v LHC combined ej1 8 TeV (L = 5.3-20.3 ") LHCIopWG

.

v

.

o

s

°

10°

ATLAS ep* 13 TeV (L = 36. 1) g )O)( 1( n( .

CMS e 13 TeV (L = 35.9 o)
CMS tre/p® 13 TeV (L =359 o)
ATLAS I+jets* 13 TeV/ (L =139 b
CMS I+jets 13 TeV (L = 2.2 fb)
CMS all-jets* 13 TeV (L = 2.53 o)

* Preliminary.

Inclusive tt cross section [pb]

800F T+ ]

700 1

NNLO+NNLL (pp)
== NNLO*NNLL (pp)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[Tev] <

10

NNPDF3.0, m, = 1725 GeV, a,(M,) = 0.118 + 0.001
| | | |

2 4 6 8 10 12

a

=

@

= ool
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top quark final states

tt final states are classified based on
decays of W bosons

O W — Luy : leptonic
® W — qq’ : hadronic

“alljets™ 46%

tt final states
Hets 15% o fully hadronic: large background
e dileptonic: clean signature

e semileptonic: intermediate properties

1%
1+T
1+‘ie 2°/S/u
‘\f\) '\J}/%I L+jets 15% results obtained with in eq:y.i channel
Whe M° e — highest signal purity
"dileptons"” "lepton+jets”

9
Matteo M ranchis Deutsches Elektronen-Synchrotron (DESY)




measuring my at a hadron collider

direct measurement: reconstruct invariant
mass of top quark decay products

e compare to MC templates generated
with different values of my

10
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.232001

measuring my at a hadron collider

direct measurement: reconstruct invariant indirect determination: measure
mass of top quark decay products observable sensitive to m¢ (e.g. o)
e compare to MC templates generated e compare measured oy to fixed-order
with different values of my calculations
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.232001

measuring my at a hadron collider

direct measurement: reconstruct invariant indirect determination: measure

mass of top quark decay products

e compare to MC templates generated
with different values of my

—A—

— = .

7

mMC€ = m{mle + Anmc

Matteo M. Defranchis

observable sensitive to m¢ (e.g. ot)

e compare measured oy to fixed-order
calculations

mMC

— Appc includes non-perturbative effects
that are difficult to estimate

e.g. PRL 117 (2016) 232001
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.232001

Measurement of the tt production
cross section at /s = 13 TeV

and extraction of the top quark mass
and the strong coupling constant
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the Large Hadron Collider

o superconducting accelerator at CERN e hadron-hadron collisions at the
laboratories in Geneva high-energy frontier, up to 13 TeV

11
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the CMS experiment at the LHC

the detector
e 3.8 T solenoidal magnetic field

e cylindrical layers around interaction
point — particle discrimination

=

1
i
1

12
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the CMS experiment at the LHC

the detector
e 3.8 T solenoidal magnetic field

e cylindrical layers around interaction
point — particle discrimination

=

1
i
1

trigger system — select interesting events

® L1: hardware — 100 kHz
@ high-level: software farm — O(kHz)
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the CMS experiment at the LHC

the detector
e 3.8 T solenoidal magnetic field

e cylindrical layers around interaction
point — particle discrimination

trigger system — select interesting events

® L1: hardware — 100 kHz
@ high-level: software farm — O(kHz)

offline reconstruction

neutral
hadron }

o Particle Flow (PF) algorithm

/‘h\ i ! 4 photon
e PF candidates clustered in jets Heat b/
e b-jets reconstructed exploiting long wacks\f o charged™\(/
hadrons

lifetime of B hadrons
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measurement of o5 in pp collisions at /s = 13 TeV

e £L=359fb" ! /s=13TeV
o tt = eFuTbbuw

CMS Experiment at the LHC, CERN
% Data recorded: 2016-Jul-14 23:45:11.547328 GMT

Run / Event / LS: 276811 / 2968707874 / 1776/

® missing pT: escaping neutrinos
e possible additional jets

13
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measurement of o5 in pp collisions at /s = 13 TeV

e £L=359fb" ! /s=13TeV
o tt = eFuTbbuw

visible phase space

© detector geometry
) ® selection of final-state objects
l‘ CMS Experiment at the LHC, CERN

Data recorded: 2016-Jul-14 23:45:11.547328 GMT

Run / Event / LS: 276811 / 2968707874 / 1776/

vis _ Ndata - kag
tt -
€sel * Lint
vis
oVl
— O = t

Asel - BR(tt — eFpu)

® missing pT: escaping neutrinos
e possible additional jets
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measurement of o5 in pp collisions at /s = 13 TeV

e £L=359fb" ! /s=13TeV
o tt = eFuTbbuw

CMS Experiment at the LHC, CERN
Data recorded: 2016-Jul-14 23:45:11.547328 GMT
Run / Event / LS: 276811 / 2968707874 / 1776/

® missing pT: escaping neutrinos
e possible additional jets

Matteo M. Defranchis

visible phase space

© detector geometry

® selection of final-state objects

vis _ Ndata - kag
tt -
€sel * Lint
vis
oVl
— Oyt t

Asel - BR(tt — eFpu)

selection acceptance Ay :

e determined from simulation

e depends on assumed mi\/[c

— dependence mitigated via simultaneous
measurement of oz and m%VIC

13
Deutsches Elektronen-Synchrotron (DESY’




MC

simultaneous fit of oz and my

binned maximum-likelihood fit to multi-differential distributions

—vigMi

. e
L(O—tfam'l;v[c7>‘): H il : Hﬂ'm()‘m)
; il
~ ! ~ N m ~ g
Poisson priors

vi = si(otfzmi\/lcvx) + Zb{(x)
J _

~ RN

hd hd
signal
e systematic uncertainties (X) e signal and background contributions
constrained using data measured simultaneously
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multi-differential distributions used in the fit

0 b-tags: 0,1,2,3 additional jets — jet pr distribution: constrain jet energy scale

0 Obug: Osi0 e ) ottt obiag 1203 o 1) _ssema Obags 2add.jos (o'4) _350m@3T Obags 3 add.jers (€7) 350113 Ta
s 3 3 1500f e > Tou 3 o
g §reooboms v I cms $ [oms N
2 < < < 1009 aer
5 £ 1009 g g B
o 2 2 1000f g
i i @
s00)
500
512 512 g[g12] ]
gk ek | g
SIZ 05 SlZos Sl o8 ] OlTosk, |
ECI T o O O i E o L L i I o e O i)
‘Addiional jet p, [GeV] ‘Addiional jet p, [GeV] ‘Addiional jet p, [GeV]

1 b-tag: 0,1,2,3 additional jets — m}};)‘“ distribution: sensitive to m%VIC

4 oan

s i 4 ou

wop-cms it

= = =
S i w i -
[SET=Tich = So Dhucan §ou Bici S :.m.‘

Event yield
Events / GeV'
Events / GeV'

8Eoal

.'!‘“ 1 —
88, & ] 88, o i W\\\\\\\W
FOC

0o T6 F O 0808010000160
mi [GeV] mi [GeV] mi [GeV]

2 b-tags: 0,1,2,3 additional jets — mmln distribution: sensitive to mMC

2bags 1add. et (€) 35913 TeV) 35903 T
§ o 3 Vom @i miwe
100-CMS it Dwees  Ow  m@wiw
8o =t [SESR=tc
\

151 2000

=
ow T
[SETNN=HEa

Event yield
Events / GeV
Event yield

g
Events / GeV

FHES - - —
Dmgs;, | N SRR Qla o} \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
=0T Tio 60 i
miy" [GeV] mpp" [GeV]
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multi-differential distributions used in the fit

0 b-tags: 0,1,2,3 additional jets — jet pr distribution: constrain jet energy scale

x10° Oblags 0add.jets (e'y) 359 ®'(13Tev) Obtags 1add jet (e'y) 359’ (13TeV) Obltags 2add. jets (e'y’) 359’ (13TeV) Obitags 3add. jets (e'y’) 359 M(13 Te\
3 3
s 3 o 2
as : g fomw = g [Fows I
= 8 = . =
B wsiets a2 = 2
o

e o
S
CMS 35.9 fb (13 TeV)

Mo
I
St

ts/GeV.

Event yield

ing tincertainties ® Normalized pull I Fit constraint —
2 ANy
| MC statistical ~ —— Pre-fit uncertainty St

ional jet p, [Gev]

T
o
a
@

Normalized pull

QV\\\\\\\\\\\\\\\\j

v o
-2 min (GeV]

Dy W o W 10 W 1, 7% B CR 2 CR /CR o a0y Fragntt B MO 1 19 ME/p L Ay UE
MV rs W 1S Mg P ohageR &R Gr R 0o 2am, Banfl Es L0 Lisk Tl g U8
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results for oy at /s = 13 TeV

o = 815 42 (stat) 429 (syst) &= 20 (lum) pb

e total uncertainty: 4.3%

e among most precise results in CMS

main sources of uncertainty

e integrated luminosity (2.5%)
e lepton identification (2.2%)

— good agreement with theoretical
prediction at NNLO+NNLL (Top++)

oth = 832 +2 (scale) & 35 (PDF + ag) pb

Matteo M. Defrani

normalization

Electron momentum scale

Jet energy scale

Jet energy resolution

b tagging

Pileup

t ME scale

W ME scale

DY ME scale

NLO generator

PDF

e

Top quark pr

ME/PS matching

UE tune

ISR scale

W ISR scale

{LFSR scale

W FSR scale

b quark fragmentation

b hadron BF

Colour reconnection

DY background

tW background

Diboson background

W-jets background

tt background

Statistical

Integrated lu
stafistical

Total 0* uncertainty 42

Extrapolation uncertainties

1 ME scale
PDF

Top quark pr
ISR scale
HFSR scale

UE tune <01

MC
m

£e)

Total o uncertainty o

Deutsches Elektro
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results for mM¢

LA!E;AS\I;(SMS Preliminary Mop SUMMary, s =7-13TeV  May 2019
(op\
mMC = 172.33 £0.14 (stat) £3-95 (syst) GeV o parzoroa
total unceriginty 4_' My * total (stat + syst)
. LHC comb. (Sep 2013) tHctopwa 17329+ 0.95 (035 0.88)
e total uncertainty: 0.41% World comb, (Mar 2014) .—j—« 173342 076 (0362 067)
ATLAS, l+jets H—=— 172332127 (0.75£ 1.02)
1 1 . ATLAS, di [ + +
e correlation with o;: 12% plysgeong Terrnea
ATLAS, single top 1722221 (0720
ATLAS, dilepton e 172992085 (0.412074)
ATLAS, all jets e 173.7241.15 (0.55£ 1.01)
ATLAS, l+jets et 172082091 (0.3920.82)
. . ATLAS b. (Oct 2018) H= = 0.48 (025 =
main sources of uncertainty et DT Rl
CMS, dilepton — 172502 152 (0.43 2 1.46)
CMS, alljots ] 173.491.41 (0.69= 1.23)
H CMS, I+jet: Hed| 17235+ 051 (0.16:£ 0.48)
° Jet energy Scale (OE_)7 GeV) mln CMS‘dM:‘:ton e 17282+ 1.23 (0.19£1.22)
o my ™ shape oM, al ot et 172322088 0252059)
e MC statistics (036 MeV) CMS, single top — 172955122 077095)
S ot (a2
S, bits e Irazs-00a 000002
CMS, dilepton et 172332070 0.142069)
CMS, all jets et 172.34£0.73 (0.20£ 0.70)
— similar precision as dedicated analyses
; ; _ : A B Al B B
in /+jets and fully-hadronic channels 165 70 75 180 15
Myp [GEV]
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extraction of m; and ag from inclusive oy

I+
e}

values of my and ag extracted by
comparing measured oy; to fixed-order
calculations

e Hathor calculations at NNLO

_ measured O
e my defined in MS scheme +
— faster perturbative convergence

gPDF y t

m
79 ag and my cannot be determined
7 simultaneously from measured 0§
""O[S 07 = when extracting one, an assumption on

myg

) the other (and PDFs) must be made

\
N\

g mi f
18
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extraction of ag(my)

ag(myz) determined via x? fit of theoretical
predictions to measured o

o value of ag(myz) consistently changed in
calculation and PDFs

e several NNLO PDF sets considered

e my fixed to the value in PDF

10 CMS 35.91b" (13 TeV)
* NNPDF3.1 .
v
£ cT14 .
.
750 . wmmTia
* ABMP16 "
.
s . .
v * v,
L -
25| s
- . -
v v
N i
H M
o Togan®
0105 011 0115 012 0125
ag(my)

19
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extraction of ag(myz) from oy;

10 CMS 35.91b" (13 TeV)
ag(myz) determined via x? fit of theoretical T Neorst .'
e -« cTa .
predictions to measured o 755 L anma
* ABMP16 . -
o value of ag(myz) consistently changed in s - .-
calculation and PDFs v L
e several NNLO PDF sets considered 25 R -
e my fixed to the value in PDF '5 ot
o “enn
0.105 0.11 0.115 0.12 0.125
ag(mg)
results CMS 35.9 fb™! (13 TeV)
.- . _ ]
e precision of order 2-3% Ot g g
° i MMHT14nnlo — e
good agreement between different PDFs e Gev L
CT14nnlo I
_ +0.0027 my(m,) = 163.30 GeV
ag(mz) = 0.1139 Ty 555 (ABMPL6) NNPDF3.1nnlo
my(m,) = 162.56 GeV
. ABMP16nnlo .
— most precise NNLO result at hadron m,(m,) = 160.86 GeV N
. | 1 1
collider, to date 0.105 0.1 0.115 0.12
og(my)
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extraction of my(m) from o

CMS 35.9 b (13 TeV)
O
MMHT14nnlo .
ag(my) = 0.1181
e same procedure used to extract top mass criamni
Vi 14nnlo .
in MS scheme, m;(my) aglmy) = 0.1181
o ag(My) fixed to values in PDF NNPDF3.1nnlo s
og(m,) = 0.1181
ABMP16nnlo -
results ag(my) = 0.1160
el b b b b b b b by
o uncertainty ~ 1.2% 150 152 154 156 158 160 162 164 166 168 170

my(m,) [GeV]
me(mg) = 161.6 716 GeV (ABMP16)

35.9b” (13 Tev)

NNPDF3.1

ag(m,)

cT14

— first consistent and most precise
determination of m¢(my), to date

MMHT14
ABMP16

0115

o lower my result with ABMP16 due to
lower ag(myz) in PDFs

o linear dependence between ag and my 008

| | | | | |
159 160 161 162 163 164 165 166
m,(m,) [GeV]
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First measurement of the running of
the top quark mass
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measurement of the running of my

. . Ms
example: running of as 5 ouE o et <orat, o) O
) E —e— CMS Incl.Jet, {5 = 8TeV
.. T 0.22(—
e measure observable sensitive of ag as 2k
a function of energy scale Q 018 L e ey
. . T DO Angular Correlation
e extract ag in bins of Q 0.6 —m
e compare ag(Q) to RGE prediction o14F iord v ) - o716 00008
0.12f— S
£ T
— same procedure can be used to extract o
the running of my ossf- CMS summary plot
75 678 1‘0 20 30 40 1&0 200 300 10‘00 2000
Q (GeV)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

measurement of the running of my

example: running of ag

e measure observable sensitive of ag as

a function of energy scale Q
e extract ag in bins of Q
e compare ag(Q) to RGE prediction

— same procedure can be used to extract

the running of my

S running

e,

\ 4

scale

Matteo M. Defran

cMs
T 024 CMS InclJet, (5 =8TeV, uy(M) = 0.1164'255%
o E —e— CMS Incl.det, {5 =8TeV.
3022 e CMS R, fe-TTeV
CMS Incl.Jet , ¥s = 7TeV.
= e CMSH, (5=
E CMS 3-Jet Mass , 15 = 7TeV
0.18 —o— DO Incl.Jet
= DO Angular Correlation
0.16— H
E +— ZEUS
o14F- World Avg a,(I) = 0185 £ 0.0006
012
01
oss- CMS summary plot
E Il Il 1
5678 10 20 30 40 100 200 300 1000 2000
Q (GeV)

the energy scale p > my

e observable = o

= do/dm
Qo pu=mg t5/dmyg

— natural extension of inclusive analysis

Deutsches Elektro

running of my: measure mg(u) as a function of

Synchrotron (DES'
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myg reconstruction

measurement of do/dmg at /s = 13 TeV

e kinematic reconstruction of m
@ efficiency ~ 90%

reco
tt

® resolution ~ 13%

o mreco

unfolded to parton-level mg

- A Y
w 5
A3
' ™ P
: _ XY
L PR\ S
I % Vb,eotees
i “m=m ;
pemtma SOt t.
o Se Yeanaa=”
fm = 3
oW v,
Seana=="”
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Deutsches Elektri

22
nchrotron (DESY’



measurement of do/dmg at /s = 13 TeV

myg reconstruction

reco

e kinematic reconstruction of ms

@ efficiency ~ 90%
@ resolution ~ 13%

* m$™ unfolded to parton-level myg

solving the unfolding problem

estimate true spectrum using quantities
measured in the detector

detector response R

XY

reconstructed

=/

unfolding R™

22
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Matteo M. Defranchis Deutsches Elektronen-Synchrotron (DESY)

measurement of do/dmg at /s = 13 TeV

Mg reconstruction detector response R
e kinematic reconstruction of m“:°°

e
@ efficiency ~ 90% /’N

@ resolution ~ 13%

o m's® unfolded to parton-level m
tt P tt reconstructed

solving the unfolding problem

estimate true spectrum using quantities M—/

measured in the detector unfolding R*

this analysis: maximume-likelihood method

e simultaneous fit of signal and

background contributions ‘C(data | dO—tE/d“’tE7 R)
e systematic uncertainties constrained . .
in the visible phase space determined directly at parton level

22



analysis strategy

implementation of the unfolding

e tt simulation split into 4 subsamples
in bins of parton-level m;

o each subsample treated as an
independent signal — dog/dmg

Matteo M. Defranchis

CMS 359 fb' (13 TeV)

Events / GeV
2

o
o

parton-level bins

¢ Data W signal ®)
Wisignal () [signal (u)
[ signal () []Background

Syst+Am'©
N

1 1 1 L 1 1 L Il
400 600 800 1000 1200 1400 1600 1800 2000

mee° [GeV]

bin  range [GeV]  py [GeV]

1 < 420 384
2 420-550 476
3 550-810 644
4 > 810 1024
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analysis strategy

implementation of the unfolding

e tt simulation split into 4 subsamples
in bins of parton-level m;

o each subsample treated as an
independent signal — dog/dmg

choice of the scale
® uy = centre-of-gravity of mg

o final result does not depend on exact
definition of i

Matteo M. Defranchis

CMS 359 fb' (13 TeV)

Events / GeV
2

o
o

parton-level bins

¢ Data W signal ®)
Wisignal () [signal (u)
[ signal () []Background

Syst+Am'©
N

1 1 1 L 1 L L 1
400 600 800 1000 1200 1400 1600 1800 2000
mee° [GeV]

bin  range [GeV]  py [GeV]

1 < 420 384
2 420-550 476
3 550-810 644
4 > 810 1024
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result for do;/dm; and extraction

35.9 b (13 TeV)

i3

i3

do_/dm_ Amg [pb]

3
o
AT

§  Dataunfolded to parton level
NLO predictions in MS scheme
H=pEm,

ABMP16_5_nlo PDF set
rrrrrr m(m) = 162 GeV

—— my(m) = 164 GeV
m(m) = 166 GeV

Sk
of
@
=3
S

300 1000 1200 1400 1600 1800 2000
ms [GeV]

NLO predictions obtained with version of
MCFM where my is treated in MS scheme
— EPJC 74 (2014) 3167

o first top physics result obtained with
rigorous likelihood-based unfolding

o significantly improved precision
compared to other methods

Matteo M. Defranchis

Deutsches Elektri

Synchrotron (DESY
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https://link.springer.com/article/10.1140/epjc/s10052-014-3167-x

ult for doz/dm; and extraction of mg(u)

CMS 35.9 b (13 TeV)
=y
=]
£ $  Data unfolded to parton level
K
.§= 2504 NLO predictions in MS scheme
= E W= =m
8 200 ABMP16_5_nlo PDF set
E m(m) = 162 GeV
150: — m‘(m) =164 GeV
c \(m) =166 GeV
100
50 -
I R I I I P IR
400 600 800 1000 1200 1400 1600 1800 2000

ms [GeV]

NLO predictions obtained with version of
MCFM where my is treated in MS scheme
— EPJC 74 (2014) 3167

o first top physics result obtained with
rigorous likelihood-based unfolding

o significantly improved precision
compared to other methods

Matteo M. Defrani

myu) [GeV]

7y arXiv:1909.09193 35.91b™" (13 TeV)

ABMP16_5_nlo PDF set
1y =m, =163 GeV

NLO extraction from differential o,

NLO extraction from inclusive ¢
:I One-loop RGE, n, =5, o(m,) = 0.1191

n PR RS B TR Y
10" >0 00 600 007000

1 [GeV]

»
=3
T T

e my(my) extracted in each bin of m;

independently via x? fit

e my(my) converted to myg(uk) using

one-loop RGE solutions
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ult for doz/dm; and extraction of mg(u)

do_/dm_ Amg [pb]

CMS 35.9 b (13 TeV)
§  Dataunfolded to parton level
= 250? NLO predictions in MS scheme
g E W= =m
200 ABMP16_5_nlo PDF set
o m(m) = 162 GeV
150: — m:(m) =164 GeV
100 c \(m) =166 GeV
50 -
o U ERETIN BRI R P
400 600 800 1000 1200 1400 1600 1800 2000

ms [GeV]

NLO predictions obtained with version of
MCFM where my is treated in MS scheme

— EPJC 74 (2014) 3167

o first top physics result obtained with

rigorous likelihood-based unfolding

o significantly improved precision
compared to other methods

Matteo M. Defrani

myu) [GeV]

»
=3
T T

CMS Y arXiv:1909.09193 35917 (13 TeV)

e ABMP16_5_nlo PDF set
1y =m, =163 GeV.
L
3 NLO extraction from differential o ;.
L] NLO extraction from inclusive o,

i
[ 7] one-loop RGE, n, = 5, a(m,) = 0.1191

I S T S S S I S
200 400 600 800 1000
1 [GeV]

mg(my) extracted in each bin of my;
independently via x? fit

me(m¢) converted to myg(u) using
one-loop RGE solutions

results compared to m¢(m;) obtained
at NLO from inclusive oy
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extraction of the running of m

running defined with respect to arbitrary

reference scale pef = o = 476 GeV
the r(u) = me(u)/me(pirer)
exp: r = me(pi)/me(p2)

© th: depends solely on RGE

® exp: benefits from cancellation of
correlated uncertainties

e agreement with RGE prediction within

1.1 standard deviations

e no-running hypothesis excluded at

> 95% confidence level

CMS 35.9 b (13 Tev)
2 1051 ABMP16_5_nlo PDF set
£ [ 1, =476 Gev
= r W,
2 L =~
E T
0.95
0.9 ¥ NLO extraction from differential o,
= o Reference scale Mo
[ One-loop RGE, n = 5, a,(m ) = 0.1191
0.85— f z
RN RN AVRTEATN ASNEFIEN EFTITIN BRI AP
400 500 600 700 800 900

1000
H[G
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extraction of the running of m

running defined with respect to arbitrary
reference scale pef = o = 476 GeV

th: r(“) = mt(u‘)/mt(,u'ref)
exp: re = my(pg)/me(p2)

© th: depends solely on RGE

® exp: benefits from cancellation of
correlated uncertainties

e agreement with RGE prediction within
1.1 standard deviations

e no-running hypothesis excluded at
> 95% confidence level

o compared to mg(myg)/mg(pref) as
determined from inclusive o

— running of a quark mass probed up to
the TeV scale for the first time

Matteo M. Defrani

mw /m )

m() /m )

CMS 35.9 b (13 Tev)
105~ ABMP16_5_nlo PDF set
F W, =476 Gev
L M= W,
En
0.95
0.9 ¥ NLO extraction from differential o,
r o Reference scale Mo
F One-loop RGE, n =5, aiy(m ) = 0.1191
0.85— ! z
RN RN AVRTEATN ASNEFIEN EFTITIN BRI AP
400 500 600 700 800 900 1000

HiGev]

35.91b* (13 TeV)

ABMP16_5_nlo PDF set
K, =476 GeV
1y =m, = 163 GeV

NLO extraction from differential o,
Reference scale = 1

NLO extraction fromfhclusive
One-loop RGE, n, = 5, ay(m ) = 0.1191

P
200

P P B
400 600 800 1000

HiGev]
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Measurement of the triple-differential tt
production cross section at /s = 13 TeV

and global QCD analysis with HERA
DIS data: ag, m;, PDFs

Matteo M. Defranchis eutsches Elektronen-Synchrotron (DESY)




motivation: taking a step back

CMS 35.9fb? (13 TeV) 10 CMS 35.9fb™ (13 TeV)
Poazs| <
< [Z8Z1 NNPDF3.1 ¥ NNPDF3.1 L
° r cT14 . cT14 . M
.
012 MMHT14 75 . MMHTL4
| =3 ABMP16 -
* ABMP16
o v
0.115 50 - [ ]
[ v o .. =
011 L] []
251 A
F 1 ] . L]
v
0.105
C Il L Il L Il | 0 T Il L L L 1 L
159 160 161 162 163 164 165 166 0.105 0.11 . 0.125
my(m,) [GeV] ag(m;)
inclusive cross section solution: simultaneous determination of
. CD parameters and PDFs
e strong correlation between m¢ and ag Q P
e modest dependence of g on PDFs — triple-differential tt cross section
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normalized triple-differential tt cross section

e events in all di-leptonic channels (eFu®, ete™, putp™)
® more stringent event selection wrt inclusive/running analyses — higher purity

o backgrounds are subtracted before y?-based regularized unfolding

CMS 35.9 fb™' (13 TeV)
Z o2 B T ——T — T — 7 ——
§ . 300<M(tf) 400<M(tf) 500<M(th) 300<M(tf) 400<M(tf) 500<M(tfy | © Data, dof=23
§ <400GeV <500GeV <1500GeV <400GeV <500GeV <1500GeV | __ POW-+PYT, x2=34
) N=0 Ngi=0 Ng=0 N0 Ng>0 N>
T0.15 -~ POW-HER, y2=31
o
- -= MG5+PYT, x2=34
0.1 K Pow+PYT unc.
0.05
o
14 ' ' ] ] PR | PR | PR |
[} f
2 12ptf s P
o 1 L e ar—— o
0.8 [ 4
0.6

i 2 1 2 1 2 1 2 1 2 1 2
ly(t)]
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normalized triple-differential tt cross section

« measured as a function of |y(tt)|, N, M(tt)

N

1/c do/d|y(th)|

0.1

0.05

Ratio
O =-
XN 'S

0.2F

Matteo M. Defranchis

CMS 35.9 fb™' (13 TeV)
T ] T T L T T L R B |
300<M(tf) 400<M(tf) 500<M(th) 300<M(tf) 400<M(tf) 500<M(tfy | © Data, dof=23
<400GeV <500GeV <1500GeV <400GeV <500GeV <1500GeV — POW+PYT, y2-34
N,,=0 N, =0 N,,=0 N0 N,>0 Ng>0
. - . o . B ] POWSHER, y2=31
- MG5+PYT, 32=34
K Pow+PYT unc.
o
' ' ] ] PR | | —— PR |
A e
- _-.—---¢--. T 9 ¢
1 2 1 2 1 2 1 2

= GD .
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normalized triple-differential tt cross section

0.2

» measured as a function of |y(tt)|, Nje, M(tt)
CMS 35.9 fb' (13 TeV.
——
300<M(t) | 400<M(th) 500<M(th) 300<M(tf) 400<M(th) 500<M(th) f| © Data, dof=23
<400GeV <500GeV <1500GeV <400GeV <500GeV <1500GeV — POW+PYT, y2-34
Ng=0 N=0 Ne>0

1/c do/d|y(th)|

0.1

0.05

Ratio
[=)=] —

Matteo M. Defranchis

--- POW+HER, 72=31
—— MG5+PYT, x2=34

K Pow+PYT unc.

[ CEN

2.
ly(t)l
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« measured as a function of |y(tt)|, Net, M(tt)

0.2

1/c do/d|y(th)|

0.1

0.05

Ratio
[=)=] —

Matteo M. Defranchis

normalized triple-differential tt cross section

cms

35.9 tb™ (13 TeV)

300<M(tf)
<400GeV

500<M(tf)
<1500GeV

[ CE

Deutsches Elektri

2—
ly(t)l

o Data, dof=23

— POW+PYT, »2=34
--- POW+HER, 3231
- MG5+PYT, x2=34

N pow:pyT unc.
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normalized triple-differential tt cross section

» measured as a function of |y(tt)

’ lvjety M(tf)

o particle-level result compared to different event generators

CMS 35.9 fb™ (13 TeV)

= 0 2 __'_' ] T L T T T R B |
§ . 300<M(tf) 400<M(tf) 500<M(th) 300<M(tf) 400<M(tf) 500<M(tf) | o Data, dof=23
§ <400GeV <500GeV <1500GeV <400GeV <500GeV <1500GeV §__ POW-+PYT, x2=34
) N=0 Ngi=0 Ng=0 N0 N0 N>
T 0.15¢ - POW+HER, y2=31
o
= = MG5+PYT, y2=34

0.4k POW+PYT unc.

0.051
o

14 ' ' | ] ] ] | | | | | |
[} f
2 12ptf s P
o 1 L e ar—— o

0.8 [ 4

0.6

i 2 1 2 1 2 1 2 1 2 1 2
ly(t)]
27
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choice of variables

© Nie: strongly dependent on value of ag

28
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choice of variables

© Nie: strongly dependent on value of ag
@ threshold of M(tt) sensitive to value of my

CMS 35.9 fb (13 TeV)
=~ T ] 7T T LI | — T ——T LBLLAL . B
'ﬂ; 0.21  s50m) 400<M(tf) 500<M(th) 300<M(th a00eMm() .. s00cm | © Data dof-23
T <400GeV <500GeV <1500GeV <400GeV <500GeV | ! <1500GeV NLO CT14
g 0.15f N0 No=0 |9, Nei=0 Ni>0 N> i N0 l::":’g;ns
:\2 — 1725 GeV, x2=61
---167.5 GeV, x2=87
o -=177.5 GeV, x2=144
"
0.05-
v
o
3 P - P |
2 15 133 \
=
g [iF i 7 8 e,
0 y . ) ) ‘
~t+—7 1 2 1 2 1 2 1

2—
ly(thl -
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choice of variables

© Nie: strongly dependent on value of ag
@ threshold of M(tt) sensitive to value of my

__ M(tE)
® at LO, xg = Teerte (gluon) PDFs
CMS 35.9 fb! (13 TeV)
= T L L L L L
£ 0.2F o0 T 400m) 500<M(h 300<M(h 400aMth T, So0cmh | © Data dof=23
= <400GeV <500GeV <1500GeV <400GeV <500GeV | ! <1500Gev NLO CT14
5 - - - ) TN 0,=0.118
8 o5l Ny=0 N0 |8 N=0 N>0 N0 [T N0 g
L — 1725 GeV, x2=61
=
-=-167.5 GeV, x?=87
0.1} -=177.5 GeV, x2=144
S8
0.05} .
-
1 § §| PR N | P T |
o L
2 Yot R
e (1 7 = oo
0 V. . . " .
S——2 1 2 1 2 1 2 1

2—
ly(thl -
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choice of variables

© N strongly dependent on value of ag caveat: shape of threshold region
® threshold of M(tt) sensitive to value of my affected by choice of my in
_ M(t%) kinematic reconstruction
® at LO, xg = Teerte (gluon) PDFs
CMS 35.9 tb” (13 TeV)
= T L T T T T T T T T
£ 0.2F 00 T 400mh) 500<M(h 300<M(h 400cMth T, So0cmh | © Data dof=23
5 <400GeV <500GeV |  <1500GeV <400GeV <500GeV | | <1s00Gev | NLOCT14
3 ol N,,=0 N0 [& N0 N, >0 N0 [T Moo l:ns;g;ﬂs
. s
L — 1725 GeV, 2-61
=
---167.5 GeV, x2=87
01l -=177.5 GeV, y2=144
N
0.05} =
v
’ PR | ]
o LALRS \
g e L e
0 4/ R R
2 1 2 1 2 1 2 1

2—
ly(thl -
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loose kinematic reconstruction

new kinematic reconstruction method
developed for this analysis

full kinematic reconstruction

e separate reconstruction of t and t

e my, myy constraint

— strong dependence on choice of my

however, chosen variables only depend
on kinematic of tt system

29
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loose kinematic reconstruction

new kinematic reconstruction method
developed for this analysis

full kinematic reconstruction

e separate reconstruction of t and t

e my, myy constraint
— strong dependence on choice of my

however, chosen variables only depend
on kinematic of tt system

loose kinematic reconstruction

e reconstruction of tt system

e myy constraint only

— negligible dependence on my
— similar performance as full kin. reco.
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comparison to NLO predictions with external PDFs

CMS 35.9 b (13 TeV)
ZF 02 : T e e g St
= Y- 300<M(tf) 400<M(ff) 500<M(tf) 300<M(th) 400<M(ff) 500<M(tf) | © Data, dof=23
.UZ <400GeV <500GeV <1500GeV <400GeV <500GeV <1500GeV NLO
E 0151 Njet=0 Ni=0 Ni=0 Nigp>0 N>0 lﬂ"i N0 M - 172.5 GeV
o K % 8l — CT14, 22-61(32)
- { i == MMHT14, x2=51(38)
} g = -
0.1 T &i | N --= NNPDF31, x2=41(39)
§ ¢ $ i | | i - HERAPDF, £2=36(35
4 i { % g i [ = ABMP16, x2=27(27)
0.05} 1 bt | '4] . -
] Lo iwxw ! JR14, 72=34(34)
by © e CJ15, 42=35(31)
I I 1 ! l 1 Il 1 1 1 1 1
o 14 % ?
5 120 i gy, 3.0 " s
o 1 (e K2 Y i Y
0.8 i W 8 ) ¢l
0.6

1 2 1 2 1 2 1 2 12 1 2
ly(tD)]

trends observed in all cases = tt data can bring significant improvements

NB: values of ag, my often assumed in PDFs = important correlations neglected
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global QCD analysis at NLO

e simultaneous determination of g
as(myz), mP°', proton PDFs 7)

e fit to HERA + CMS tt data

S\ -
tt data mg t

e mainly sensitive to gluon PDF
e sensitive to quark PDFs at large M(tt)

DIS data
o precise determination of quark PDFs

e gluon PDF mainly from scaling
violation — significant improvement
expected with tt data

electron

31
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results for ag(my) and mP°"

> 174 . i
IO y | NLO QCD [MadGraph5_aMC@NLO+
2 - 1 aMCfast+ApplGrid+xFitter]
= 1 —— HERA

172__ p=031 '."' __ :I HERA + tt

r HERA + tt (with scale unc.)
= le
_— 1 - HERA + tf, ag = og(m’ )
170" _ s = Og\M,

............. HERA + tt, m’™ = m{*"(a)
I : 1 World average

1 L 1 1 1 1 | I |
0.112 0.114 0.116 0.118
ocs(mz)
caveats
e results consistent with those from
inclusive oz (ABMP16) e results are obtained at NLO
e missing threshold corrections can have

o mP°'® = 170.5 + 0.8 GeV = most cor
large effect on mP*™® (order 1 GeV)

precise determination to date
32
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results for PDFs

xg /X gref

S BT T T
1.2 xg(x) u'z=30000 GeV? NLO 8 — X =0.001 (x 0.27) ]
t L HERA o [ =
[ZZZ HERA+ i S 9
o =1z
n <
o~ [ —— HERA
. [ /7] HERA + tt
2 8- p=0.05
0.8 B B
[» Lol Lol L

CMS

CMS

10°° 1072

e uncertainty on gluon PDF significantly
reduced in sensitive range (xg ~ 0.1)

107 1

0112 0114 0.116 0418
ocs(mz)

e correlation between ag and gluon

PDF significantly mitigated
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data/theory agreement after the fit

CMS 35.9 b (13 TeV)
= 0.2f T L T T T T T T T T
£ 0. 300<M(th) 400<M(th) 500<M(th) 300<M(th) 400<M(th) 500<M(th)
%‘ <400GeV <500GeV <1500GeV <400GeV <500GeV <1500GeV | o Data, dof=23
B Njg;=0 Npgi=0 Nei=0 Ne>0 N0 N0
T 0.15 1
2 i
= —NLO fit, x2=20
0.1f
0.05f
I + ] | | ] | | | | | |
o 14
§121¢§¥ ) - 6 los 9 " §§ ? o D
0.8 ¢ ?
0.6
1 2 1 2 1 2 1 2 1 1 2
ly(t)]
o remarkable agreement after the fit e benefits from proper account for
— improved wrt external PDFs correlation between QCD parameters
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summary and outlook - part |

most recent CMS measurements of tt data used to probe pQCD

« simultaneous measurement of oz and mM©

o determination of g and m; at NNLO — EPJC79(2019) 368

©® most precise NNLO measurement of ag at hadron collider
@ first consistent determination of m¢(my) — 1.2% precision

CMS 3591 (13 Tev)
N,
£'0.125
%

[Z3 NNPDF3.1
BEER CT4

MMHT14
55 ABMP16

a

possible improvements

0.115 -

e luminosity and lepton ID uncertainties

011

o threshold resummation in MS scheme

0.105 -

L Il Il L L Il
159 160 161 162 163 164 165 166
m(m,) [GeV]
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https://arxiv.org/abs/1812.10505

summary and outlook - part Il

o first measurement of running of the top quark mass
— PLB 803(2020) 135263

e investigated up to the TeV scale

CMS 35917 (13 TeV)

gie 1.05] ABMP16_5_nlo PDF set
possible improvements £ s

= b

£

e same as for inclusive analysis

e higher order calculations in
MS scheme 0.9 ¥ NLO extraction from differential o,
. . . o Reference scale [
o dynamic scales in calculation - One-loop RGE, n = 5, a(m,) = 0.1191

e
< ©
33}
L L B B B

1 Il Il i 1 Il Il
400 500 600 700 800 900 1000
1[GeV]
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https://arxiv.org/abs/1909.09193

summary and outlook - part Il

o global QCD analysis of CMS triple-differential tt cross section and
HERA data — arXiv:1904.05237 (accepted by EPJC)

« simultaneous determination of ag, my, PDF

— among most precise determination of QCD parameters are obtained
— method takes all correlations into account

[GeV]
=
N

T
il

possible improvements

pole

't

« theory predictions beyond NLO [ ) |
o will benefit from additional statistics 4R pevat i ]

collected during Run2 (x4) and N %
upcoming Run3 (x10) 17004 ’ ]

— better understanding of tt production

L \" L 1 1 1 1 L 1
near threshold needed 0.112 0.114 0.116 0.118
(xs(mz)
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https://arxiv.org/abs/1904.05237

Thank you for your attention!

CMS
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ATLAS+CMS Preliminary Myop from cross-section measurements
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summary plot: ag(my)
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QCD parameters in PDF

ABMP16 NNPDF3.1  CT14 MMHT14
mP" [GeV] 170.37 172.5 173.3 174.2
RUNDEC loops 3 2 2 3

my(my) [GeV]  160.86 162.56 163.30 163.47
as(mz) 0.116 0.118 0.118 0.118

a5 range 0.112—0.120 0.108—0.124 0.111-0.123 0.108—0.128

e CT14 does not use tt data
e CT14 and MMHT14: uncertainties provided only for nominal PDF
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extracted values of ag(my)

PDF set g ( m Z)

ABMP16  0.1139 = 0.0023 (fit + PDF) T)001 (scale)
NNPDF3.1  0.1140 = 0.0033 (fit + PDF) *30053 (scale)
CT14 0.1148 =+ 0.0032 (fit + PDF) T5.008 (scale)
MMHT14  0.1151 & 0.0035 (fit + PDF) T:00%0 (scale)
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extracted values of myg(m)

PDF set mi(my) [GeV]

ABMP16  161.6 + 1.6 (fit + PDF + ag) *9} (scale)
NNPDF3.1 164.5 + 1.6 (fit + PDF + ag) * +0 ! (scale)
CT14 165.0 + 1.8 (fit + PDF + ag) * +0 1 ) (scale)
MMHT14  164.9 + 1.8 (fit + PDF + ag) fu (scale)
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O [T
&
extracted values of my %

PDF set mP [GeV]

ABMP16  169.9 + 1.8 (fit + PDF + a5) 195 (scale)
NNPDF3.1 173.2 + 1.9 (fit + PDF + ag) 193 (scale)
CT14 173.7 & 2.0 (fit + PDF + a5) 797 (scale)
MMHT14  173.6 + 1.9 (fit + PDF + a5) 199 (scale)
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parametrization - inclusive analysis

tt topology exploited to derive precise parametrization of normalization and shape

uncertainties

S1p, = LAgogeee2en(1 — Cpep)
Sab = LAgogenen Gy
Sother = LA err [1— 2ep(1 = Cuer,) — €G]

® €y is the selection efficiency
® ¢y, is the b-tagging efficiency
o (, represents the residual correlation of tagging the two b-jets

® Ay, €0, Gy, sj, and bf determined * Sp: normalization

from simulation e 5;/S shape

e they depend on X L

A Afit
extrapol: —/— = |1 — 2
P Ttt ‘ A

i

. b{ depends on w;
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parametrization - differential analysis

Slkb = ﬁff(uk sc15s0126b(1 - Cb 6b)
Ska = Lo (Mk)Aselﬁsel Cb (GII;)2
S(fther = EU(M( seleé(el [1 - 26{;(1 - lefell; - le(ell;)2j|

same as in inclusive analysis, but for each bin of m; separately
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fit strategy: likelihood - differential analysis

v; incorporates the response matrix and its dependence on the nuisance
parameters and mM¢
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post-fit distributions of fit inputs - differential analysis @ |

fit performed in categories of

i MC Kin (|;
© b-tagged jet multiplicity o mp,™ — my"~ and m™ (kin. reco)
© mi°, including events with Niets < 2 e jet pr — JES
0 b tags, no m{y° O.b tags, mi5° A

0 b-tags, m{¥° 2 0 b-tags, mT° 0 b-tags, mT° 4

Event yield

F ‘

E
E ] v“?’ ]
£, 1 E

1 82,8 1

tag, no m{s°

1 b-tag, m5° 1 1 b-tag, 02 1 b -tag, mis° 1 b-tag, miS° 4

&

1 s S — | s il

2 EF EES |
e ettt et
mi° 1 2 b-tags, ms° 2 2 b-tags, m5° 3

“no mig®" = 8 8. =
£ S 1=}
events wnth less B B
. o [=]

than 2 jets

Lastjetp, (GeV] Gastetn, rcsvl Castjetp, (GeV]
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pulls and constraints - differential analysis (modelling)

CMS Supplementary arXiv:1909.09193

35.9 fb™ (13 TeV)

)

Modelling uncertamtles ® Normalized pull

-

| MC statistical

Fit constraint

— Pre-fit uncertainty

Normalized pull
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