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W production mechanism systematic uncertainties

* Motivation for the a new W mass measurement

* The W boson mass and production properties analysis
- Analysis strategy
- Framework, data sample, event selection and efficiencies
- Background measurement

- Template Fit

 Results and interpretation



The W boson mass - electroweak fit results
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W production mechan
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at NLO the W is produced with q}V spectra —>

; depends on underlying q}” spectrum

- low-q}y region relies on resummation techniques
—> large uncertainty (4-6%)
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- Syst.: 8 MeV/19 MeV
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—> sculpted p7. as a function of Yy, and polarization
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- Syst.: 9 MeV/19 MeV (ATLAS)



W production mechanism impact on my,

o o 3 CMS imulation Work in progress . i e

o q}V: at NLO the W is produced with q}y spectra —> 3 #ooptf-SMS Smumen ok hpeges S0k 0TeY
//t . W 5 40005_ ......................... ......................... _Statuncssgfb1,u=363866\/
p; depends on underlying g; spectrum R e e e S
ot e N St 2+ LIV ST
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1. Measurement of W boson production properties: 2 |
dqy dYyd cos 0,de, Constraint for W
- production
- W transverse momentum: do/ dq}y | > mechanism in a future
My, measurement

- W rapidity: do/dYy,
- 5angular coefficients: A.(Yy, q}y), 1 =0,...4

2. Simultaneous Fit to the W production properties and W mass

The PhD thesis content:

Analysis performed on data collected in 2016 and correspondent MC, with parameter of
interest blinded —> proof-of-feasibility of the measurement

Luminosity of data: 35.9 fb-
Equivalent luminosity of MC: 4.7 fb-1 6




Analysis Strategy - theoretical foundation

1backup

CS=Collins-Soper
do 3 (do¥*™ r /
_ 2 Nk
= (1 + cos (9”) + E
=0

frame, details in the
dQ%,WdYW COS de¢;}< 167[ dg%,w Wt

W variables, . |
lab frame Lepton variables, Unpolarized known angular

CS frame cross section «Angular functions CS frame

coefficients»
[From E. Mirkes, https://doi.org/10.1016/0550-3213(92)90046-E]

1 1 . ] :
Py, = 5(1 — 3 cos? 6%), P, = sin26* cos ¢p*, P, = ) sin’ % cos 2¢*, P; =sin0*cos ¢p*, P,=cos0*, Ps= sin? % sin 2¢*, P¢ = sin 20% sin ¢p*, P; = sin 0 sin ¢,


https://doi.org/10.1016/0550-3213(92)90046-E

‘Analysis Strategy - theoretical foundation

** CS=Collins-Soper
frame, details in the
1backup

do_____ 3 lda™t

dqz wdYwdcos OFdpy )  16m dgz ydYy |

W variables, . |
lab frame Lepton variables, Unpolarized known angular

CS frame cross section «Angular functions CS frame

coefficients»
[From E. Mirkes, https://doi.org/10.1016/0550-3213(92)90046-E]

1 1 . ] :
Py, = 5(1 — 3 cos? 6%), P, = sin26* cos ¢p*, P, = ) sin’ % cos 2¢*, P; =sin0*cos ¢p*, P,=cos0*, Ps= sin? % sin 2¢*, P¢ = sin 20% sin ¢p*, P; = sin 0 sin ¢,

Model hypothesis: Massive spin 1 boson which decays in 2 fermions

Implications: completely decouple the W boson production physics (unknown) A; = A.(Yyy, q}v), 6U+L(YW, q}y),
from the W decay physics (known) P, = P(6*, gb;f)



https://doi.org/10.1016/0550-3213(92)90046-E

CMS 1Y1<0.4 1Y1<0.4 2<1Yl<2.4 2<1Yl<2.4

Simulation

Work in progress q.<2 GeV 16 GeV<q <20 GeV  g.<2 GeV 16 GeV<q_<20 GeV
35.91™ (13 TeV) _ T . T T T .
% 000%‘ 1400
¢ 50 ¢ 50 1
. - o o o o
nalysis strategy - template fit - .- :
. 000 00
000 00
30 1000 00
_— : __ . s —Saa e S eSS — i 4}1&¢050051152 . ; -2454o5oa5115%] N
From muon kinematics —> (#” X p~) " e 2, S I
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N n

—> unfold the boson distributions

o (A)
Additional requirements:

-2-1.5-10.50051152

* Proper modeling of FSR of the muon g i =

=
=

e Experimental requirements: Os (A)

- muon scale and resolution
calibration

-2-1.5-10.50051152 -21.510500511.52

- efficiencies

- background estimation

-2-1.5-10.50051152 -21.510500511.52 -21.5-10.500.511.52

n

—
O 45
40

35

Proof-of-concept: [E. Manca et al. JHEP, 12, (2017) 130]
First use: [SMP-18-012, CMS Collaboration, Phys. Rev. D 102 (2020) 092012]
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https://doi.org/10.1007/JHEP12(2017)130
https://doi.org/10.1103/PhysRevD.102.092012
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Analysis workFlow: template fit
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Data and MC samples

e CMS compressed data Format: NanoAOD-V6

e Data: 2016 data taking period
e Lumi=35.9fb-

Selection and (in a nutshell)

Process o [pb] L1 [fb~!] generator

W (— fv)+jets 61526.70 4.7 MadGraph_aMC@NLO
Z[~v*(— £L), mge > 50 GeV 6025.20 9.1 MadGraph_aMCG@NLO
Z[v*(— ££), 10 GeV < myg < 50 GeV  1093.00 29.1 MadGraph_aMC@NLO
tt(£) 182.00 623.6 Madgraph, LO
tt(££) 95.02 319.2 Madgraph, LO

t (t-channel) 136.20 493.3 POWHEG, NLO

t (t-channel) 80.95 479.4 POWHEG, NLO

top (s-channel) 3.68 105.5 POWHEG, NLO

tW 35.60 195.3 POWHEG, NLO

WW 115.00 69.4 Madgraph, LO
Wz 47.13 84.8 Madgraph, LO

ZZ 16.50 59.9 Madgraph, LO

 Single Muon trigger, require exactly one muon in the event (isolated, m; > 40 GeV)

e (Calibration:
 efficiency SF

: pg calibration: Rochester corrections

Efficiency Scale Factors

* from W-Helicity CMS analysis [https://doi.org/10.1103/PhysRevD.102.092012]

Standard Tag and Probe technique —> SF = SFgq| * SFrig, With: SFj =

cdata

I
eMC

. where sel=ID*ISO

[More details in the backup] 15




| RDFFramework » 10°% — 10” events to analyze

o « ~4-10*templates
N * 400 nominal histograms - > to manage at each
Feona | 4 step of the analysis
[C_:‘.ery-lev.el}_’ temglates "’{eremplates\l‘” . . . . .
distribution = “pyiiger | | X 100 considering systematic variations
« 4

e Custom RDataFrame-based framework developed for this
purpose

* Allow easy parallelization, quick 1/O, tidy environment —>
processing frequency of 0.1-1 MHz (events/s)

~ on new Pisa server:
AMD EPYC 7742
processor, 256 cores, 2TB
memory (DDR4, 3200

- : L MHz) and a SSD-
t [First presented version https://indico.cern.ch/event/849610/] diskzi)f‘& ?B e



https://indico.cern.ch/event/849610/

1. from W MC —> get the events in a certain bin of Yy, q}y

e ‘ 2. Reweight the events to obtain the desired (cos 6* X ¢*) distribution

distributions \

[J > s?;r: N 3. Fill(n* X p7) template
distributions # templates = Templates ”

 The overall normalization of the template relies on the MC, but is left free in
the fit —> no assumption on A; and 0U+L(q}y, Yiw)

» The bins should be small enough to avoid strong variation of A; within the bin
» The mapping (cos 0* X @*) — (n* ng) is 2—>1:

- %, — ¢* goin same (17, py) bin

- As, Ag, A7 templates mathematically 0 and they do not affect the
measurement of W mass and the other properties

[More details in the backup]



Backgl l'On - Electroweak p!

 RDF Framework

: : : H
How: directly from MC samples, with the same selection of the signal |

. . . -1
CMS simuiation Work in progress 35.9 fo™' (13 TeV) ) CMS simuiation Work in progress 35.9 fb™ (13 TeV)

[Egl;gz:xt} {tejﬁ‘gxs}/ ‘: ® Z — //t//t P:j Drell-Yan, W* _5000;%: Diboson, W* | §>
NN | ... - ~0.1% of signal
m |« Topdecays (single £ : .
J“ top or ttbar) .
.. -
.+ Diboson decays °
' (WW, WZ, Z7) ofm )
25 2 1.5 1 0.5 0 0.5 1 1.5 2 o
e W — 7vdecays
400 E —4000.%
—13500
350 —3000
> 2500
250 2000
200 1500
150 1000
100 500




ﬁDF Framework ﬁ

: Bkg
Blgg.llgput templates
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distrib. / | paramete rs
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ckgrounds - Low Acceptance P

Source: W — uv events produced outside the q}V X | Yy,| range considered in the fit,
which falls in the pZ. X n* acceptance

How: directly from MC samples, signal selection but requiring: q}v > q;nax or Yy, > Y‘r;ax

max __ CMS simuiation Work in progress 35.9 b (13 TeV)
gr <" = 60 GeV - - 55 .
Low-acceptance, W
Yt =24

>0 ~15% of signal (W+)
~5% of signal (W-)

45

40

35

30

25

ents

35000

30000

25000

20000

15000

10000

5000
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Backgrounds - QCD, ABCD method

Source: non-prompt muons from multijet production, isolated by chance

How: data driven estimation method:
- CMS work in progress 35.9 b’ (13 TeV
W/Templates‘) . . 04 : UG e B
< e Relax myand Rellso cuts and define four regions § . ]y Data (single u*
Bkg input Bkg ’/ E - S el S it
builder te&ﬁ:ﬁfs . . o . 0 0.35
| XN * From isolation efficiencies: e
_ A
ABCD L D
O <& fake rate: f =
Background J ND + NB QCD
prompt rate: p = D
Np + N [EWK

e Extract the QCD yield in signal region (D):

QCD _ Ndata data
— g — U =pINp
o p—rf
 Main hypothesis of the procedure
independence of f from miy) : 0 20 40 60 80 100 120 140
m; [GeV]
D
Np + N 'QCD

[tested (see backup)]




CMS work in progress 35.9 fb‘1 (13 TeV)

ckgrounds QCD results and Syst.

Events / 0.5 GeV

|
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= Fake Rate fit (syst. unc)
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Isolation Cut Efficiency
o
oo

Q
»
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! Systematic uncertainties

Variation of input variables Uncertainty on QCD

I propagated to QCD yield
| estimation e Stat.:up to 10% 109

IVar-Noml / Nom (QCD yield)

« Experimental: MET, pg scale,
Scale Factors, Prefire

o Syst: up to 20% 10

107°

21

» Theoretical: PDF+ay, qu e ™ L L = L

CMS work in progress 35.9 b (13 TeV)

..... -....'.Pre.ftr.e.....................:...........Scale Factors. === PDF. ...
j —q ——: Lumi '
O\ iy +0t+0d.boson - Lepton veto —— MET

|
E3

— P, S;cale —— Stat. Unc : Squared Sum of Syst.

‘IIIIII

..........................

Ll |

55
pl! [GeV]
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«10° CMS Work in progress 35.9 fb™ (13 TeV)

10° CMS work in progress 35.9 fb" (13 TeV)

= B >
© 5000 [0
= G 6000
= Lo
) o
> -~
L 2
4000 £ 5000
i
4000
3000
3000
2000
2000
1000
1000
O —
B 8 sF
O, E
& = 1.05E
S £ 1E
© =t
s SoskE
25
CMS work in progress 35.9fb" (13 TeV) CMS work in progress 35.9fb" (13 TeV)
~ 1 ; ; ~ 1 e :
© - wamewn  Stat. from Data Squared Sum of Syst. 1+ + © = wemwwn  Stat. from Data Squared Sum of Syst. + +
) — ; Prefire Scale Factors W — W Vu ) — Prefire — Scale Factors W% u VM
> —  <—— PDF+o, —_—m : : : > —  —— PDF+o L —my
o) - —q e LUMI : o - —q i = Lumi :
AT B . OW;rv+Ot+0d4boson ' Lepton veto : : : : AT B : G;N_m,+0t+odibosofh Lepton veto
~ 1 e MEIT ; ie— p_Scale ; ; : ~ 1 —_— MET —— p_ Scale :
E 107 i . o S E 107 e P s
) - 5 s : : : : : : : O = : :
S - § § § : : : : : : S - §
: P S :
3 = : : . - = : : ' : :
0 — : 0 A : : i o e 25
g 107 ;—_"‘ T HeHaan: g 102 BRES ni iaas R ot e e e PR Y
10_3 .....................
10-4 2

25

30 35 40 45 T 50 55
pi [GeV]



Fit - likelihood

 distirb.
\\\—»,,

e

T Com blne
s‘// \\ »
Tomplates — TensorFlow

result 3
& .

post-fit

plots

L = — In (Z(data|p.0)) =

fit

v
ESIRCRTT,

Processes

e i=runsonbinsof the template
pP=run over processes (i.e. templates)
k = run over syst

© n.ObS

haa observed number of events

. neXp = expected number of events per

b|n per process

M, =signal strength modifier per signal
process (=1 for bkg proc.)

« 0, = nuisance parameters, of size k;
(with unit gaussian constraint)

ipk

| Extended blnned MaX|mum L|kel|hood Fit:

py-n"bins

nuisances

Z (0, — 600

Y (nInn00) + 0 0)) +

l

nuisances

nP(u,0) = Z o, " H

,pk

o - S T T — —
Parameters Of Interest = u,, |

| . . 2
|« Covariance matrix: v:' = - 2=

, x={n0),

axiaxj' X=X

« cross section unfolded as: ﬂpap(é), From

:
| the o of the MC distribution i
|
This allow to extract the covariance matrix|
also for o and other derived quantities

| (integrated distributions, angular &
| coeFﬁaents ) 53
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Ghelicity,i

< ,, - A= SU+L

Template binning:
- 25GeV < p7. <55GeV, Apr = 0.5 GeV

-0< |np*| <24, Aln| =0.1

—> 2880 bins

Processes: Signal (as 6 0},,;.;,," in bin of g X | Yy, |), bkg (QCD, Z,
W — 7, Top, Di boson, low acceptance)

- g bins (GeV): [0,2,4,6,8,10,12,16,20,26,36,60] —> 11 bins

- | Yy | bins: [0, 0.4,0.8,1.2,1.6, 2.0, 2.4] —> 6 bins

U

target: A, 4, 67" in bin qu}VX | Yy | (my)

POI: signal strength multiplier for each signal process
(11 X6 X6 =396 POIs) 24
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TensorFlow |-
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Final

&
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result | §

In @ distributed as gauss(In 0, «)

o AO/IO=Kk—-1

- observable N estimated as Nk? (with @ ~ unit Gaussian)

e nominal@ = 0,0 = =1 = xor 1/k multiplying factor

2
. Normalization = log normal prior p@) = — L exp |- 220 10%)
ﬁt Inx @ 2(In k)?

Nuisance Signal Z/~v* W — tv Top Diboson QCD Low-acc. Npyi.
Lepton veto - 2% - - - - - 1
Data Luminosity 2.5% 2.5% 2.5% 2.5%  2.5% 2.5%  2.5% 1
OW —1v - - 4% - - - - 1
Ot - - - 6% - - - 1
Odiboson - - - - 16% - - 1
QCD normalization - - - - - 5% - 1
JES, Ey shape shape shape shape shape shape shape 2
pf_,ﬁ scale shape shape shape shape shape shape shape 1
SFgtat shape shape shape shape shape shape shape 144
SFsyst shape shape shape shape shape shape shape 1
L1 trigger prefire shape shape shape shape shape shape shape 1
Luminosity on fake rate - - - - - shape - 1
PDF shape shape shape - - shape shape 60
Qg shape shape shape - - shape shape 1
mW shape - - - - shape shape 1

(MC Scale) - shape - - - - - 6
qT (MC Scale binned in ¢¥V) - - shape - - shape shape 18

tot =242
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1 Templates | —>
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 distirb.

N\

Comblne
TensorFlow |-
fit

4

MSSW-Combine

Final

&
post-fit
plots

result | §

FIL - nuisance pa rameters

2
. Normalization = log normal prior p@) = —— L exp |- L2020 %)
ﬁ[ Inx @ 2(In k)?
Nuisance Signal Z/~v* W — tv Top Diboson QCD Low-acc. Npyi
Lepton veto - 2% - - - - - 1
Data Luminosity 2.5% 2.5% 2.5% 2.5%  2.5% 2.5%  2.5% 1
OW—tv - - 4% B - - - 1
O¢ - - - 6% - - - 1
O diboson - - = = 16% - - 1 simplified
QCD normalization - - - - - 5% - 1 _ treatment
JES, By shape shape shape shape shape shape 2 g
P scale shape shape shape shape shape shape
SFtat shape shape shape shape shape shape
SFsySF shape sznape s}nape s;n.ape sznape s;n_ape nape ' p-decorrelated
L1 trigger prefire shape shape shape shape shape shape 1
Luminosity on fake rate - - - - - shape
PDF shape shape shape - - shape hessian
Qg shape shape shape - - shape eigenvalues
mw shape - - - - shape
(MC Scale) - shape - - - -
qT (MC Scale binned in ¢) - - shape - - shape qT -decorrelated
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Fit - Asimov dataset results -
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Relative Impact on oY+, W*
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F|t A5|mov dataset results -

x 1 03 CMS simuiation Work in progress 35.9 b (13 TeV)
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g - —PDF+oc - QCD Scales
e 0] e S i i e s pa e
V a2 : i i i i ]

S ; : ; 5 : !

0 e S e e S s —

o F

1] e e S N
< |

>- —

OIS0 e S S S S S S RS S S S S

= -

£ —

L R

© [

0 e T S S
>\O_IIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIll
=1.04F !
 1.02¢ SRR R T S S
< 1k i
':.0.98§ i, s SO - G S
D096 L o e \
& 0 02 04 06 08 1 12 14 16 18 2 22 24

Y |
W

Compatible with W-Helicity result [explicit comparison in the backup]

Relative Impact on oY+, W*
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Pred./Theory
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Fit - Asimov dataset results - = (v, integrated)
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Fit - smg le results
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e Discrepancy within the Asimov fit uncertainty

e pull of 1K toys reasonable /additional plots in the backup]



covariance(i, j)

correlation(i, j) =

Gio-j

Fit - correlatlon matrices

e Clear correlation patterns, why? overlap of neighbor templates —> competition—> anti-correlation —> increase of uncertainties

If only 2 overlapping templates—> strong anti-correlation between nearest-neighbor

e if multiples overlapping templates —> spread of correlations

CMS simuiation Work in progress 35.9 fb' (13 TeV) CMS simulation Work in progress 35.9fb" (13 TeV)

I-\_(‘I integrated, W o8

—

Correlation

Y, 1€2.0,2.4]

o
(@)
Correlation

0.6
Y, 1€1.6,2.0] 0.4
0.2
Y, 1€[1.2,1.6] 0
-0.2
-0.2
v, 160.8,1.2] _0.4
-0.4
-0.6
IY 1€0.4,0.8] -0.6
w -0.8
-0.8 !
0,
Y, 1€00.0,0.4] _1 /40 /47 /42 /43 A4 ’ oUxy
W, 0y w0 4 0 w0, 2 w1z, 5 w16 2 w2 24 fine binning: ¢ 0— 60 GeV

fine binning: q 0— 60 GeV 31



covariance(i, j)

correlation(i, j) =

Gio-j

it - matrices

e ——

~ = — e — ——

e Clear correlation patterns, why? overlap of neighbor templates —> competition—> anti-correlation —> increase of uncertainties

e |Ifonly 2 overlapping templates—> strong anti-correlation between nearest-neighbor

10<q}"< 12 GeV,
0.8 < |Yyl| <12

CMS simuiation Work in progress

Correlation

IYWI€[2.O,2.4]

Y €1.6,2.0]

-2 -15 -1 -05 O 0.5

IYW|€[1 .2,1.6]

10 < g7 < 12 GeV,
04 <Yyl <08 Il =—-02

Y, I€0.8,1.2] 4=-0.4

IYWI€[0.4,0.8]

1Y, 1€60.0,0.4]
k k k
w1, w7, w§o
27 6) 620 02,

. ] ‘ I\
fine binning: " 0— 60 GeV | . . ! 32




covariance(i, j)

correlation(i, j) =

Gio-j

Fit - correlatlon matrices

e Clear correlation patterns, why? overlap of neighbor templates —> competition—> anti-correlation —> increase of uncertainties

If only 2 overlapping templates—> strong anti-correlation between nearest-neighbor

e if multiples overlapping templates —> spread of correlations

CMS simuiation Work in progress 35.9 fb' (13 TeV) CMS simulation Work in progress 35.9fb" (13 TeV)

I-\_(‘I integrated, W o8

—

Correlation

Y, 1€2.0,2.4]

o
(@)
Correlation

0.6
Y, 1€1.6,2.0] 0.4
0.2
Y, 1€[1.2,1.6] 0
-0.2
-0.2
v, 160.8,1.2] _0.4
-0.4
-0.6
IY 1€0.4,0.8] -0.6
w -0.8
-0.8 !
0,
Y, 1€00.0,0.4] _1 /40 /47 /42 /43 A4 ’ oUxy
W, 0y w0 4 0 w0, 2 w1z, 5 w16 2 w2 24 fine binning: ¢ 0— 60 GeV

fine binning: q 0— 60 GeV 33



'Fit- Reg ularlzatlon -

« The angular coefficients has a smooth behaviorin (Yy,
measurements

 There are some physics-related constraints:

q}v) From previous

- Al-(q}v =0)=0,i=0,1,2,3, to recover LO V-A behaviour

- A(Yy =0)=0,1i=1,4, because P;is odd wrt 0* = 7/2

« Parametrize the angular coefficients with polynomials (Y, q}”) can also

mitigate the anti-correlation pattern

34



- \\\
/ \
y \
/ \
[ \

| Ai |
 distrib.
C _ 3 Final a N
g Combine . :
y result Post-fit regularized
TensorFlow — — C .
Templates —> it & regularization results

N 4 A 4 post-fit " J
WSSW-Combiny plots

e Simultaneous fit of the angular coefficient and oV +

o« A Ay, Ay, As fitted with ~ (g)) X (Yyy)?

. A, fitted with ~ (g}V)? X (Yyy)’

» oY not directly reqularized

e Full covariance matrix from template fit provided to the regularization fit 35



Fit - Regularlzatlon results, A,

. . p
CMS simulation Work in progress 359 fp! (13 TeV) CMS simuiation Work in progress 35.9fb (13 TeV)

o SR —— W' Fit " MC Syst Unc. | — - — W Fit - MC Syst. Unc.
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 reduction of uncertainties of factor 2-3



il results, o+

m— o e
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- small bias (<0.02 on A, or <0.4% on ¢ ™)

* reduction of uncertainties of factor 2-3
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» my,nuisance is implemented as =50 MeV shape variation,

using a Breit-Wigner reweighting

. [MeV]

W

Impact on m

* |t can be considered as an additional “dimension” with 3

templates only

e removing the gaussian constraint to the nuisance —>

measurement of the mass:
— nom
my. = my' " 9.7 MeV = Amy,.,

my- =my' " £9.9 MeV + Amy,,

* negligible bias (0.02 MeV) testing with toys

» Amy, are the missing uncertainties:

- FSR

- fullp7 scale

4x107"
3x10~"

2%x107"

107

4x1072
3x1072

CMS simuiation Work in progress

fitted separately 2 boson
'charges—> uncertainties will

gain from combination!

35.9 fb' (13 TeV)

W+ only

— 9.7 MeV, Total unc.

—— 9.5 MeV, Statistical

—— 2.1 MeV, SF stat.

—— 0.7 MeV, q¥

—a— 0.7 MeV, PDF+a,
0.6 MeV, other

. —— 0.1 MeV, Luminosity

NO regularization

|

used in this fit 38
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Conclusion

» The W production properties can be measured with extremely low systematics
(1-5 % level)

» The statistical uncertainty can be tackled implementing a regularization of A,

» a competitive (~10-15 MeV precision ) measurement of 771;;; with 2016 data
sample should be feasible with this approach

Bevond the PhD thesis

The W-mass group is working towards a traditional 71y, measurement in parallel to
the measurement described today on 2016 data and larger/more accurate MC
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down

-V. v
-1
(S

electron
<ituevVics

0

. Ve

electron
neutrino

The Standard Model (SM) oF elementary partlcles

= = Vic?
-3 -3
v O . D

strange bottom

=105.66 MeVIc? =1.7768 GeVlc?
=il =1
« @ |- @

muon tau

<18.2 MeV/c?

<U.L/ heVics
0 0
VI v oMl

muon tau

neutrino neutrino

— m“_—m I

—_—— T e e I

* NO ewdence of Beyond the Standard Model

e (BSM) phenomena at microscopic level
@ | H * but:
glw higgs
v - larger-scale phenomena (dark matter,
photon | baryonic asymmetry) not predicted by the
SM
. @
— - several tensions in SM measurements
W
W boson ) - Fine tuning of different sectors of SM

(Higgs, strong CP violation)

41



electroweak sector

—— —_— s e e

three generations of matter interactions / force carriers ° P rECise t h eo re tica l p rEd iCtio n: g ive n 5 pa ra m e te rS

| femion ... (bosons) - (a,Gf, ag, my, m,) —> all the Electroweak precision observables
== 7 (EWPO) predicted

- @ Il @ | @
up charm || top e Clear experimental signature —>precise measurements of the EWPO
L@ 1@ |- @
down strange bottom

=0.511 MeVic? =105 66 MeVic? =17768 GeVicz
=1 -1 -1 /

e |- W |- &
electron muon tau |
<1.0eVic? <0.17 MeV/c? <18.2 MeV/c? a
0 0 0 :
. G v UL s VT ¥
electron muon tau N\
neutrino neutrino neutrino N
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mass =2.2 MeVic? =1.28 GeVic? =173.1 GeVic?
charge % ¥s ¥s

‘The electroweak sector

— . .  ————— —

three generations of matter interactions / force carriers ° PrECise theoretical prEdiCtion: given 5 paramEterS
e e  (a,Gp, ag, my, m,) —> all the Electroweak precision observables

(EWPO) predicted
u Y C Y t

up charm | top * Clear experimental sighature —>precise measurements of the EWPO
=4.7 MeVic? =96 MeVic? =4.18 GeVic? ,'
.@ 1@ |- @
down strange bottom

'® IO |- @ /
electron || muon tau | Electroweak global fit: simultaneous Fit of the SM EW prediction to the
e\ G\ e | Full set of measurement

0 0 0

Ve (VR v (O \\

electron muon tau W\
neutrino neutrino neutrino W\

e predict all EWPO—->internal consistency of the model

e extend Standard Model (SM) likelihood with Beyond the Standard
Model (BSM) assumptions and fit them

* Indirect determination: remove one (or more) EWPO measurement
and predict it
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SM lagrangian and parameters

——

8
— - v,C  — v ) )
‘CSM — £gauge — LQCD - LEW -+ £H + ‘CYuk- »Cgauge — 4 Z Wg“ B“VB“ ;WIJJIWM :
6 3 8 3 .
Lo =), ), ) Y ” "9 NG )Vap  LEw =D ) Wra7" Dubro Ly = (Dug)'(D*¢) — V(¢), with V(¢) = p’s'¢ + A(¢'0)?,
g=1a,b=1C=1 9=1 f={QL,LLuruL,er}
Lyuk = _yng—Lz‘ qbde . y?jQLin;uRj . yszLi Per; + h.c., Grw = OuGY — 0,GS — gsfcapGiGy Ap = Bl“ cos by + W, sin by,
B, = 90,B, — 8,B, Wy = E(W,} +iWy),
1 1 3. W;iw = 0,W, - 0, Wr;i B gg'ijkmfg Wy, ZM = -Bysinfy + W J cos by,
D,=08,+-idYB,+ —ig ¥ T'W?, 1 0
- 0 ; ; “D_E(Hﬂ(az))’

(N ev v ev ) ’
mz = 5\/92 +9 "= 2 sin 9‘.1.--' COS 9w ’ e = 59 - 2 sin HW Bl gw ’
m~ = 0, — V2\v = 2|y.

Free parameters: " v = 2]
: _gg’ 1, .
e 9 Yukawa coupling (6 quarks+3 leptons) b AL
e 4 CKM matrix parameters (3 mixing angles+complex phase) G,z V28
=5
. /
o 5electroweak parameters, eg: (g, &', &, 4, A) or (&, G, ag, My, m,) g



» at tree level depends on m,, G, o only

» Ar describe the radiative corrections and includes a m,, m;; dependence,
producing a shift of ~500 MeV on my,

» New Physics can modify my, through Ar

[More details in the backup] 45




A (LEP)
A (SLD)
.2 . lept
sin“®_.. (QFB)
.2 . lept
sin“®_ (Tevt.)
A

A,

Cc

mm Global EW fit

- Measurement

Parameter Input value Global fit result Indirect determination result

fitter|su i

II!IIII!IIII!IIII!IIII!IIII!IIII!II

@

mgy [GCV]
mz [GeV]
me [GeV]

125.1 £ 0.2 125.1 £ 0.2 90733
91.1875 £ 0.0021  91.1882 = 0.0020 91.2013 = 0.0095
1.274071 12745001

my [GeV] 4.2015"7 4.20* 57
my [GeV]  172.47 +0.68 172.83 + 0.65
Aa(m2)®), (2760 +9)-10-° (2758 +9)-10~7
as - 0.1194 =+ 0.0029

176.4 £ 2.1

(2713 £39)-107°
0.1194 4 0.0029

-3 2 1 0 1 2 3
(O —O)/csto

indirect t

G fixed (very precise at low
energy)

a(m,) measurement not
included (no improvement)

a0
(%) = T Aafs)’

where Aa(s) ~ Aay(s) + Aa(s)\,(s) + Aa(s)

10 theoretical nuisances

profile likelihood ratio scans
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Profile likelihood error estimation reminder

e e - P — ————— e —— —_—

- ke e = L(p6)
given the test statistic: g(p) = —2In | ————
' Z(j|6)

Va\
A\ A\

- 6 = MLE, double 6=MLE at fixed u

- denominator= absolute max

- numerator=profiled likelihood i.e. a function of y only

o g(u) N)(]%,Q (Wilk’s theorem) —> uncertainty from Ay” = 1

0L

if Gaussian approximation: —2L = )(2 —> Vl‘]1 —

a.xia.x]' 7=%

.

X = {p,0},
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More on rmy, theory

——— === = e — = — = — — -

= — —— — - — —————ae _ —— =

1

mW:\/ 0 |
’ \V2G sinOyA/1 — Ar

1 3Gym?
Ar = Aa — Ap - Arrem, Where Ap =
° tan2 HW 8 271-2
| a(0) 5
. Aafrom arunning: a(s) = , where Aa(s) ~ Aa(s) + Aa(s),” (s) + Aa,(s)
1 — Aa(s) had

 Ap dominant term due to top quark loops

o Arcam CONtains remaining corrections (m,-log terms, higher order corrections O(aa,), O(aa?)...
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Moreonm

W eltoweak Fit prediction

e ———— -
—_— = e —

2+ (5 :
source total m; mP° myz ag Aa(mzz)fla)d my m%},eo

breakdown of uncertainties on my: e ey 7 27 3 26 26 24 1 4

. m%l/weo is ruled by higher order corrections at 3 loops

; B | | | | | | | | | | | | EE | | | | | | | | I,_/
) ~ 68% and 95% CL contours M ‘rfm_bﬁ;; oV -
% 80.5 — B Fit w/o M,, and m _measurements - =046 GeV P —
. . | Fit w/o M,,, m and M, measurements |/ — © =046 ®050, , GéV .
mw IS CO rre la ted Wlth Other EWPO = 80.45 B Direct MWWanc;I m, megsurements ’ _
tainty is ruled by my, knowled :
o m,uncertainty is ruled by my, knowledge S 18 _
80.35 :_ m 0579 5 0,013 Gov > :
* simultaneous indirect determination: w0l | - E
E N e S c»@“ E
80.25 — K j/szg’@ N\Y\//@% g\(%gg %\{Q?q fitter|sul:
B L L R /| H L i
140 150 160 170 180 190
m, [GeV]
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In the Framework oF the prewous measurements

W mass
measurement

Simultaneous
measurement of

I External theoretical
assumptions

o
)

External
theoretical

| » calibration on Z properties i'

| « Constraint ofq}vmeasurement(?) ‘ |

Prod. syst.

assumptions S W yW . : . | | | A and m :‘

apprOaCh » Vatrdaron I ,Y | « assumption and validation on A, “ ; T i 1% |
| 36 fb1 (2016) or 160 Fb-T (UL) | ]

LumiﬂOSity (200 M or 900 M Wevents) ;&‘r

> ~ —_ ———
e =

Pile-Up



The Large H adron Collider (LHC)

e circular proton-proton collider

. \/Es) =13 TeV, &% ~ 10°>*cm™2s~!

* interaction ruled by Parton Distribution

Function (PDF) ¢ [Zf]jal jdx,dx,

e 20-40 Pile-Up (PU) interaction each event




general-purpose detector:

e organized in concentric sub-detecors

e hermetic

CMS DETECTOR

> Tri g g er Sy S te m to h an d le 4 O M H y4 i N p U t Total weight 14,000 tonnes gi)];];olr}i?URN o SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pm?) ~1.9 m* ~124M channels
Overall length 28.7 m Microstrips (80-180 ym) ~200 m* ~9.6M channels
Magnetic field :3.8T
® ° SUPERCONDUCTING SOLENOID
kev point of muon reconstruction: e it i g 1100
° P S
W SE MUON CHAMBERS

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

° ° ° ° (‘ 1////// ///" - 1\ \\\
e silicon tracker (pixel+strip) + muon chambers /A J /= .
1y W ey & @3 | Y N IS PRESHOWER
D I + ( S ( + R P ‘ I/ S5 & 47 R N, S /;’f i ' /" Ssilicon strips ~16 m? ~137,000 channels

&/ | FORWARD CALORIMETER
 Steel + Quartz fibres ~2,000 Channels

o prresolution 1-8%

. prscale calibrationat 107> — 10~

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

o > 99 % tracking efficiency and ~0.1% fake rate

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels



(CMS)

e

— -

general-purpose detector:

e organized in concentric sub-detecors
 hermetic

e Trigger system to handle 40 MHz input B

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m

Pixel (100x150 pm?) ~1.9 m* ~124M channels
Overall length :28.7m Microstrips (80-180 ym) ~200 m* ~9.6M channels
Magnetic field :3.8T
[ J [ J
key point of muon reconstruction: —
° I A

SUPERCONDUCTING SOLENOID

STEEL RETURN YOKE

Niobium tit

anium coil carrying ~

e sjlicon tracker (pixe l+skri p) + muon chambers V. — e e b
(DT+CSC+RPC)

o/ .. PRESHOWER

~16 m? ~137,000 channels

. prscale calibrat  candidate collected in LHC *
Run 2 (2016-2018)

o > 99 % tracki S

HADRON CALORIMETER (HC A )
Bras i intillator ~



my, measurement at hadron colliders
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_ —_—e | e —  ——— e —

e channel: W* = u*v
 Only one reconstructed particle in the final state
* Missing the neutrino —> not closure of the event

CMS Experiment at the LHC, CERN
Data recorded: 2010-Sep-30 01:32:42.560983 GMT
Run / Event / LS: 146944 / 328239924 / 342

N i

adronic
activity

i |
N missing "4

N
N
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‘my, measurement at hadron colliders
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e channel: W* = u*v
 Only one reconstructed particle in the final state
* Missing the neutrino —> not closure of the event
e Use of transverse plane variables sensitive to the mass

° Template Fit to My using p,u distribution —

[From M. Cipriani PhD. thesis ]

-« Produce set of p& 5 oo
| . . . . . 5 0.040 =
| distribution with different S o
| =
My, encoded 0050
| 0.025
o extract myy, from data o
C e e . |
minimizing the y“ with the 0.010
distribution observed on o
data 1010 E
£ 1005 E
< 1.000F —
8 osesp 3 |
0990 ——32 34 36 38 40 42 44 46 48 50 [-
Ieptonp [GeV] )5



https://www.roma1.infn.it/cms/tesiPHD/cipriani.pdf

‘my, measurement at hadron colliders
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e channel: W* = u*v
 Only one reconstructed particle in the final state
* Missing the neutrino —> not closure of the event
e Use of transverse plane variables sensitive to the mass

° Template Fit to My using p,u distribution —

[From M. Cipriani PhD. thesis ]

0.045F
0.040

» Produce set of p
distribution with different

0.035

arbitrary units

n 0.030
introduced a dependency from | "wencoded ooz
W boson production e extract my, from data o
mechanism on My minimizing the)(2 with the 0.010
distribution observed on N
data — 1010 . . . E

IIIIII

1.005

1.000 E —

0.995 =

0.990,——35~"34 36 38 40 42 44 46 48 50 |
Iepton P, [GeV]

Var./Nomi
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https://www.roma1.infn.it/cms/tesiPHD/cipriani.pdf

'CMS coordinate system and varlables

—_— e ——— —— —— — — e = —

_— = *——5/—-—-—?-?——-—_ —

: : n=0
X points to center of LHC, y upward, z along beam line 4
Lo 1=0.88
/
0=45°

r=1/x>+y% tan(@) = r/z, tan(®) = y/z _

6=10°/’*n'244

0=0>—>N=*®

1 E+
rapidity: Y = —1In i
2 E-p,

0
pseudorapidity: # = — In(tan 5) for |[p|>m=Y~p

|p| = prcosh(n) —> transverse momentum: p; = (p,, p,,0)

W boson four-momentum: <\/(q}v)2 + Q? cosh Yy, q}V COS ¢, q}y sin ¢, \/(q}v)z + Q7 sinh YW)

transverse mass:
My = \/2prT — cos(Agbf,y)) = \/2<pf| 7+ n | + (p?)2 ’; h ), where: 7;5/ = ?’; +pr=—h

isolation: Isopf = ZpT + max O ZPT + ZpT — — Z pT counting in a cone of AR = \/An + Ag* <04
PV Y o xPU




 NB: not published yet!

Source Size [MeV |
Parton distribution functions 9.0 Average of NNPDF31, CT18, MSHT20
Theory (excl. PDFs) total 17.4

Transverse momentum model 12.0 Envelope of 5 different models*

Angular coefficients 9.0 Uncorrelated scale variation

QED FSR model & Envelope of Photos, Pythia8, Herwig7

Additional electroweak corrections 5.0 Tested with POWHEG ew
Experimental total 10.6

Momentum scale and resolution modelling (7.5 I oy I B

. . . etermine rom statistical variations,
g;zzsg;gz%szyand tracking efficiency gg modelling details, an.d dependence
on external inputs

QCD background \2.3 )
Statistical 22.7 *This 12 MeV envelope is consistent
Total 31.7 with the 10 MeV spread observed in

the data challenges.

x10°

sxil éW fit rcglong LHCh preliminary W fit rcglon; |
P
[
Qz 100 |
£
n
5
5 50 B Light hadrons
- Rare backgrounds
O A
" il | Model uncertainty f
= 12F | : —y E
B | M. Sastughgspmttytestui® A¢ T e e e ‘.‘.‘M_-_, e wee—
8 o08f '
06t - i i ) : .
-004 <003 <002 =001 0 001 002 003 004
Muon q/pT [1/GeV]
—— Total uncertainty LHCb
Stat. uncertainty pre"m'nary
ALEPH .
DELPHI s
L3 °
OPAL °
CDF I
DO e ——
ATLAS i
LHCb 2016 run ®
Electroweak Fit -8~
80100 80150 80200 80250 80300 80350 80400 80450 80500
my, [MeV]
mW — 80364 + 23stat + llexp + 17th601'y + 9PDF MCV
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CMS - Particle Flow

Key; Muon
Electron

Charged Hadron (e.g.Pion)
. ))))| ]]' — — — - Neutral Hadron (e.g.Neutron)

= ===+ Photon

Transverse slice
through CMS

Silicon
Tracker

|

Electromagnetic '
Calorimeter

Hadron

Calorimeter Superconducting

Solenoid
Iron return yoke interspersed

with Muon chambers

Om Tm 2m 3m 4m 5m 6m
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System  Subsystem Technology Configuration Nchannels |n| acceptance
Pixel BPIX  n'-in-n silicon pixel pixel size: 100 x 150 pym?; 3 48M 0,1.5]
layers at r =44, 73, 102 mm
FPIX n'-in-n silicon pixel pixel size: 100 x 150 pm?; 2 18M [1.5,2.5]
disks at |z| =345, 465 mm
Tracker TIB p-in-n silicon strip strip pitch: 80 pm (L1,L2), 0, 1.5]
120 pm (L3,L4); 4 layers at
r =255,339, 418.5, 498 mm
TID p-in-n silicon strip strip pitch: 100-141 pm; 3 [1.5,2.5]
disk at |z| =800-900 mm 9.3M
TOB p-in-n silicon strip strip pitch: 183 pum (L1-L4), 0, 1.5]
122 pm (L5,L6); 6 layers at
r =608, 692, 780, 868, 965,
1080 mm
TEC p-in-n silicon strip strip pitch: 97-184 pm; 9 disk [1.5,2.5]
at |z| =1240-2800 mm
ECAL EB homogeneous  calo. 25X, and 1); 61.2k 0,1.48]
(PbWOy crystals)
EE homogeneous  calo. 26X, and 1); 27234 [1.48,3]
(PbWOy, crystals)
PS sampling calo. (lead- 2 strip layers alternated with 137.7k  [1.6,2.6]
silicon stirp) 2 absorber layers; 3.X
HCAL HB sampling calo. (brass- 16 alternated layers of scintil- 0,1.3]
scintillator) lator and absorber; 6
HE sampling calo. (brass- 16 alternated layers of scintil- 1.3, 3]
scintillator) lator and absorber; 6
HF Cherenkov calo. grooved absorber interlayered 9k 3, 5]
(steel-quartz fibers) with quartz fibers
HO sampling calo. (scin- 2 layers (central ring), 1 layer 0,1.3]
tillator) (£1, £2 rings), using the coil
as absorber
Muon MB DT section: 4.2 x 1.3; 4 layers 195k 0,1.2]
system
ME CSC strip pitch: 8-16 mm; 4 layers 500k 0.9, 2.4]
RB RPC avalanche mode; pitch: 1 cm; 0, 1.2]
6 layers 192k
RE RPC avalanche mode; pitch: 1 cm; [0.9,1.6]

4 layers
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proton - (anti)proton cross sections

10° :

10' b

WJS2012

M =125 Gev{

lllllll d !

Gtot

Tevatron

LHC

10

-1

33 -2
events/secfor=10"cm " s

LHC disti

Recorded Luminosity (pb '/1.00)

CMS Average Pileup (pp, Vs=13 TeV)

6000 = . . . .
B Run ll: <> = 34
5000K N 2018: <p> =37 |
1 2017: <u> = 38
1 2016: <u> = 27
4000} I 2015: <> =13
3000} .
PP(13 TeV) =80.
000 0, (13 TeV) =80.0 mb
1000 i
0 |
(M) 10 8O e© o0 O

Mean number of interactions per crossing

CMS Experiment at the LHC, CERN
Data recorded: 2016-Sep-08 08:30:28.497920 GMT
Run./ Event /'L.S: 280327 / 55711771 / 67
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d tematic

__ — e — e — o —————a——— -

https://doi.org/10.1140/epjc/s10052-019-7324-0

Table 1: Summary of systematic uncertainties for m;; measurement at hadron collider. All the

values are reported in MeV (from [15]). ) RadISH+NNLOJET
. 0-12 13 TeV, pp > WH (=2 + 1) + X
Expenment CDF ATLAS 010 0 < |me| < 2.5, pt > 25 GeV
4 [4 ' E+ > 25 GeV, mr > 50 GeV
Source Pr Mt pl‘ mr 54 0.08 - NNP>DF3.1 (NNLO)>
StatiStical 16 15 7.2 9.6 § : uncertainties with ugr, e, Q variations
W
W transverse momentum 9 3 83 96 3 0067 o
PDFs (W rapidity, polarizazion) 9 10 9 102 " 004 WNLLENLO
Higher order corrections -+ 4 57 34 o on
Lepton momentum calibration (Scale and Resolution) 7 7 65 6.5
Recoil (Scale and Resolution) 55 6 25 13 50193 7
Backgrounds 4 35 46 83 £ ~
@ 1.0
1 10 100

pt
Figure 3: Comparison of the normalized g% distirbution for W* at /13 TeV at NNLO,

NNLL+NLO and N®LL+NNLO, and the PYTHIA AZ tune. The fiducial selection p% >
25 GeV, piss > 25 GeV, |n?| < 2.5, mp > 50 GeV is applied (from Ref. [19]).
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ATLAS my, measurement: q}y Issues

—_— — e —

o q}y modeling using Pythia tuning

o calibration on q%
e syst on porting to W:
- mass ¢,b

- fFactorization scale of PS

- PDF

https://doi.org/10.1140/epjc/s10052-017-5475-4

ATLAS Simulation
(s=7 TeV, pp— W +X, pp— Z+X

- = Pythia 8 AZ "-______ |
- —— DyRes 1.0

0.9
B L —
0.85 - —— Resbos
- —— CuTe
O 8_I L 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1
0 5 10 15 20 25 30 35 40
p“ [GeV]

 Problem: discrepancy with other model larger than uncertainties
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W mass variables

«10? Distribution of transverse mass in W™ events

istribution of muon transverse momentum in W* events
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Boson —
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Collins-50 B

frame where the lepton pair is at rest

Z axis

- bisect direction of p; and -p,

- sign=sign qZWin lab frame
X axXIs:

- orthogonalto zandin p, X p, plane

- direction ofq}vin lab Fframe

y axis: to complete a right-handed coordinate system
(—>orthogonal to the plane p; X p,)

¢=x-muon direction projected on x X y plane

6 = z-muon direction

Z

....
....
&
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do 3 do
= —— ———— P, (cos 0, ¢7),
d(]T wdYwdcosb,doy, 167 EQ: d(l'%,l.-vdYI.--V (cos 6711, 4,,).

with o e {U+ L,L,1,T,A, P,7,8,9}. The o, are defined from the following relations:

- dot do? do®
Ag —QdJU+L’ 4\[(1!0[ +L7 As E4\/§dUU+L
do! dot A9
Ay :2\/5(10-U+L’ Ay 2(1(7( +L° Az 54\/§daU+L
do? do”
A 4d0(,+L’ As _QdUU+L’

. g, =0—>only A4
» O(a,)—> A0,A1,A2,A3,A4 + Lam-Tung relation (A0O=A2)

o O(asz)—> A5,A6,A7 + Broken Lam-Tung
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Input samples

Process Sample
W(— £v)+jets privately produced
Z(— L) /DYJetsToLL_M-50_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext2-v1/NANOAODSIM

Z(— ££),m10-50 /DYJetsToLL_M-10to50_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/DYJetsToLL_M-10to50_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM

tE(E) /TTJets_SingleLeptFromTbar_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/TTJets_SingleLeptFromTbar_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM

tt(£€) /TTJets_DiLept_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/RunIISummer16NanoAODv6-PUMoriond17 _Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/TTJets_DiLept_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/RunIISummer16NanoAODv6-PUMoriond17 _Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM

t (t-channel) /ST_t-channel _top_4f_inclusiveDecays_13TeV-powhegV2-madspin-pythia8_TuneCUETP8M1/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM

t (t-channel) /ST_t-channel _antitop_4f_inclusiveDecays_13TeV-powhegV2-madspin-pythia8_TuneCUETP8M1/RunIISummer16NanoAODv6-PUMoriond17 _Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM

top (s-channel) /ST_s-channel_4f_leptonDecays_13TeV-amcatnlo-pythia8_TuneCUETP8M1/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM

tW /ST_tW_antitop_5f_inclusiveDecays_13TeV-powheg-pythia8_TuneCUETP8M1/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM
/ST_tW_top_5f_inclusiveDecays_13TeV-powheg-pythia8_TuneCUETP8M1/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM

WWwW /WW_TuneCUETP8M1_13TeV-pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/WW_TuneCUETP8M1_13TeV-pythia8/RunIISummer 16NanoAODv6-PUMoriond17 _Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM

WwWZzZ /WZ_TuneCUETP8M1_13TeV-pythia8/RunIISummer 16NanoAODv6-PUMoriond17 _Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/WZ_TuneCUETP8M1_13TeV-pythia8/RunIISummer 16NanoAODv6-PUMoriond17 _Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM

ZZ /ZZ_TuneCUETP8M1_13TeV-pythia8/RunIISummer 16NanoAODv6-PUMoriond17 _Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/ZZ_TuneCUETP8M1_13TeV-pythia8/RunIISummer 16NanoAODv6-PUMoriond17 _Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM

QCD /QCD_Pt-1000toInf_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17 _Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM

/QCD_Pt-1000toInf_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17 _Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1l-v1/NANOAODSIM
/QCD_Pt-120t0170_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-120t0170_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_backup_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-15t020_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-170t0300_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-170t0300_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM
/QCD_Pt-170t0300_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_backup_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-20to30_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-300t0470_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-300t0470_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1l-v1/NANOAODSIM
/QCD_Pt-300t0470_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext2-v1/NANOAODSIM
/QCD_Pt-30to50_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-470t0600_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-470t0600_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM
/QCD_Pt-470t0600_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext2-v1/NANOAODSIM
/QCD_Pt-50t080_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-600t0o800_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-600t0o800_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM
/QCD_Pt-600t0o800_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_backup_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-800t01000_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-800t01000_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM
/QCD_Pt-800t01000_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext2-v1/NANOAODSIM
/QCD_Pt-80t0120_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7-v1/NANOAODSIM
/QCD_Pt-80t0120_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8/RunIISummer16NanoAODv6-PUMoriond17_Nano250ct2019_102X_mcRun2_asymptotic_v7_ext1-v1/NANOAODSIM




Gno@

nanoAOD-tools

Post-

processo

=

~ analysis
. ntuples

4
‘\ qT, YZ

\

/

/, W
~ Helicity
\ SF

Data and MC samples

NanoAOD-V6

Legacy re-reco
e MC: RunllSummer16
e GT: 102X mcRun2 asymptotic v7
e CMSSW_10_2 18

Data: 2016, B to H eras

Lumi = 35.9 fb-1

Efficiency Scale Factors

Process o [pb] L1 [fb~'] generator

W (— fv)+ijets 61526.70 4.7 MadGraph_aMC@NLO
Z[~y*(— £L), mge > 50 GeV 6025.20 9.1 MadGraph_aMC@NLO
Z[v*(— 22), 10 GeV < myg < 50 GeV  1093.00 29.1 MadGraph_aMC@NLO
t(0) 182.00 623.6 Madgraph, LO
tt(££) 95.02 319.2 Madgraph, LO

t (t-channel) 136.20 493.3 POWHEG, NLO

t (t-channel) 80.95 479.4 POWHEG, NLO

top (s-channel) 3.68 105.5 POWHEG, NLO

tW 35.60 195.3 POWHEG, NLO

WW 115.00 69.4 Madgraph, LO
W2 47.13 84.8 Madgraph, LO

ZZ 16.50 59.9 Madgraph, LO

from SMP-18-012 [https://doi.org/10.1103/PhysRevD.102.092012]

Standard Tag and Probe technique

SF = SFeql - SFtng» with: SFeo| =

smoothed with ERF in p/_, range: 25-55 GeV

fine binned in ¥ (Ay* = 0.1). range: -2.4-2.4

Z distributions

o reweighing the Z/W MC for measured q% (Zalsofor Y))

data
€sel

MC
€sel

SFtrig = , Where sel=ID*ISO

From SMP-17-010 /https://doi.orq/10.1007/JHEP12(2019)061]
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Signal templates - Selection

Selection

. MC weights:
* trigger: HLT_IsoMu24_v* OR HLT_IsoTkMu24_v*

e PU weights
— e e L1 trigger prefire weights
e | * Muon Medium ID . EFFiciency SF
Jj e d,, <0.05em, d, <0.2cm . GLY, ¢! W for bka)
' o pi>125GeV, |0t <24

Data

distributions ° Exactly one muon in the event identified as:

builder

- Weot = (Wy - Wgy) - WPU * Wprefire - WSF * WL
» additional lepton veto:

» muon: loose muon ID, p;. > 10 GeV

, Object Calibration
» electron: GSF-electon, veto electron iD, p7. > 10 GeV, P .
Rells0<0.3,d,, < 0.05 cm, d_<0.1 (0.2) cm barrel » p; scale and resolution:
(endcap) _Rochester corrections
* Primary vertex position: z<24 cm, xy<2 cm * MET: recommended JEC
from Jet-MET POG

e MET-filters applied

» myp > 40 GeV Easily relaxable

* Rellso <0.15
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Isolatlon varlable

———ﬁﬂ“»w ———— e awe—=— e ———————— —_—

. Isopp = Isos5 = ZpT+ max () ZpT+ ZPT__ZPT
Py PU

- Relative Isolation: Rellsof, - = Isopg/py

. counting in cone of AR = 4/ An? + Ap? < 0.4
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» Standalone Muons: muon sistem only

* Global Muons: standalone muons matched with a track from the tracker (out
—>in geometrical matching)

 Tracker muons: inner tracker tracks extrapolated outward

 Medium ID: global muon, hits in 80% of silicon layers, compatibility with
muon segments, high quality in fit )(2, low material effect.
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qr 2 and YZ From SMP-17-010

 (dogz/dY)™eas  [(doz/dY)MCdY
(doz/dY)MC  [(doz/dY)™easdy”’

. — (doz/dgr)™** J(doz/dgr)M“dgr
T (doz/dgr)MC  [(doz/dgr)™sdqr

» W rapplied to Zand WMC

» wyappliedtoZ MC

CMS 359fb" (13 TeV)
— :Y YYTY-T  § T T 1117 | | | |Y7YYT  § | | TYTYYT
%) 45 :_ —»— Data
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-
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ly*
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Tag &

- R— —— p————— e ————————— .

* Purpose: efficiency measurement on data, unbiased from MC and models

 Select di-leptons decays (eg. Z — uu) with a loose invariant mass selection
- Tag lepton: very tight selection

- Probe Lepton: relaxed selection, which not include X (selection related to
efficiency to measure)

» &y = fraction of probes which overcame selection X over the total number of
probes

* lineshape fit to remove background

* Muon efficiency: €, = Etracking * Ereco+ID * iso * Etrig
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| Roches Ler r Corrections

references: [Note] [TWiki] [Bodek et al, EPJC, 72,2194 (2012)]

/. — uu events to calibrate muon scale and resolution
/ — pup MC, with perfect aligned reference

correction from comparison of {(1/p;)(ps, ) between sample and reference

- multiplicative term (magnetic field), additive term (misaligment), extra term to match the Z peak

- iteration until good agreement, data and MC separately

residual discrepancy for trigger and reco. efficiency modelling (to select Z — pu)—> (

(1/p)correction with 1 + 2AMZ/mgata,MZ = gneasured m;xpected term

resolution corrected using m, between data and MC

Summary: l/pﬁC = K(n, ¢)p - gA(n, @), GETC = GPT/Kres( [7])
T

)(pT, 1) discrepancy

/8


https://www-cdf.fnal.gov/~jyhan/cms_momscl/rochcor_cmsnote.%20pdf.
https://twiki.cern.ch/twiki/bin/viewauth/CMS/RochcorMuon
http://10.1140/epjc/s10052-012-2194-8

Rochester corrections plots

P —— i = = —— —_— - -

closure of scale

QMﬁ Prellmlnary 36.0 fb' (13 TeV) QM:S Prellmlnary 36.0fb" (1 3 TeV)

@ B00 T RARRE AR ARRE EARR AR o 500 RARANRERRERRRRNRARENRRRRE RAR 0002
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: : l : 58 T 5 5
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) ] O oo g i oo . T
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g S P e we Ewabe e g0 -
O 1.05¢ O 11F o —
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m,, (GeV) no scaleCorr m,, (GeV)

e reconstructed m,, before and after

e residual muon momentum scale calibration
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Scale Factors from SMP-18-012
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Figure 2.18. Values of the selection (upper plots) and trigger-u™ (lower plots) efficiencies measured on
data as a function of pl. (left plots) or n* (right plots) before the application of the smoothing. The SFs
are reported in the panels below each plot (from Ref. [105]).



CMS Work in progress 5.9 (13 TeV) CMS work in progress 3891 (12 TeV) CMS Work in progress 389167 (13 TeV)

Pt [GeV]
P [GeV)
P [GeV]
SF,,, (W)

Scale

Factors from
SMP-18-012 & |
(cont'd) e

CMS Work in progress 35.9fb” (13 TeV) CMS work in progress 359 fo' (13 TeV)

|
E

2 156 -1 05 0 05 1 15 2

(c)

&

> > )
S, o, |
:.o-.- aab-SO
45
40
35
30
|
20 -2 <15 -1 05 0 05 1 1.5 2 ’ 25 -2 =15 -1 05 0 0.5 1 1.5 2
"l 'l
(d) (e)

Figure 2.19. Values of the selection scale factor (a) and trigger scale factor for u* and p= (b and c,
respectively) on the n* x pf. plane. This is the result of the ratio of data and MC efficiency pr-smoothed
(trigger) or pr and n-smoothed (selection). The total SF, as defined in Eq. 2.7 in (d) and (e) for u* and
1, respectively.
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Framework performance

 Framework performance (December 2020)

e AMD EPYC 7742 processor, 256 cores, 2TB memory (DDR4, 3200 MHz) and a SSD-
nvme disk of 54 TB

CMS work in progress 13 TeV
- -:i-e--- Data, N: =13, size_559c38
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Template ¢*

» Explicit CS->lab trasformation:

1 50 CMS simuiation Work in progress 13 TeV
Py =§\/(E:,W cos ¢* sin 6* — qr)2 + (myy sin ¢* sin 6*)2, E : ;
" p/,lj‘_, B i %\/(ET COS ¢* Sin 9* — qCZV!/)Z + (mW sin ¢* sin 9*)2 i g 50
n" =—In 5 | =—1In 7 _ 3
pt Dz coshy(1 — tanhy) (7L — SILW cos ¢* sin 0* + cos ¢*)
K - ) 40
» only ¢p*-even terms

30

 Inlab only (where ¢ = ¢* — ¢W)

y m%}v/z 20 T

ITllTTI'I1II1|I1Il|II1I|1ll1

_ R W __ 2 %%
Pr = EY cosh(Yw —n*) — g cos¢’ withe B = \/mW +lar )
10 : L
» As, A, A; templates cancel out because: N L : : :
0 ”l | | ] l | | | | l | | | | | 1 | 1 1 l 1 1 | 1 l | | | |
’3 _2 1 0 1 2 3

Genn"

- their harmonic functions are odd in ¢*

- The templates are integrated in ¢, and the acceptance in +¢™* is the same of —¢™* g,



Gen p_‘; [GeV]
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rmula

= e e —————

Gen pi [GeV]
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| ©

—— Y,=0, q¥V=1
—— Yu=0, q¥v=6.5 GeV, ¢=0
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e We are independent from W production, but we completely rely on muon
propagation

* it must be well described in the MC
e A syst. must be assessed
* Previous work:

- W-Helicity: 0.1-3% on Ad or Y

- Atlas: 3-6 MeV on W-mass

- TheOry prediction: 1-2 MeV with modern tools https://doi.org/10.1103/PhysRevD.96.093005
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- template building

— e e e ———

1. from W MC —> get the events in a certain bin of Yy, q}V

2. Reweight the events to make the distribution (cos 6* X @*) fFlat. How? method of
momenta:

« momentum of f(cos 6%, ¢*) defined as:

ibutions templates
builder

F(0*. 4 — [, dcos6* [T do* f(6*, ¢*)do(6*, ¢*)
’ f_lldcos 0 foz7r do*do (6%, ¢*)

]- 2 N _3 . g - ¥ ¥ _1 - * - * _1
(5(1 — 3cos” 0%)) =30 (AO 3), (sin 6™ cos ¢™) —4A3, (sin(20™) sin ¢*) —5A6,
(sin(260*) cos ¢™) =éA1, (cos 6™) =3A4, (sin 0™ sin ¢™) =3A7.
]' . * * 1 . k . * 1
(5 sin” * cos(2¢™)) :%Az, (sin? 0* sin(2¢*)) :gAg),

|
apply the weight: wy. =
) - ZiAiPi

3. Build now the desired distribution (cos 8* X ¢*) with the weight: w; = P.(cos 6%, ¢*)

4. for each event fill the proper template (cos 6* X ¢p*) — (n* ng)
86



plates - template building (cont'd)

—_— =

 The overall normalization of the template rely on the MC, but is left
free in the fit —> no assumption on Yy, q}”

» the mapping (cos 6* X ¢*) — (n* Xp;) is 2—>1:

- %, — ¢* goin same (17, p;) bin

- As, Ag, A, template mathematically 0 and they do not affect mass/
properties measurement

» The bins should be fine enough to avoid strong variation of Yy, q}V
inside the bin
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Signal templates - result

Data
distributions
builder

Gen-level Signal

distributions
builder builder

templates Templates

Example of
signal templates

Data template

CMS work in progress

35.9 b (13 TeV)

— 80000

vents

E

—170000

60000

50000

40000

30000

20000

10000

ganaSﬁon 1Y1<0.4 1Yl<0.4 2<Y1<2.4
Work in progress q.<2 GeV 16 GeV<q <20 GeV  g.<2 GeV
3591 (13 Tev) T . T . T
% 50 o % 50 000 % 50
9-}_ 000 (,2;_ 500 ="
O a 45 000 a 45 000 o 45
U+L 40 000 4o ) 40k
500
35 000 35 3
000 1000
1000 00
-2-1.5-10.50051152 -21.510.500.511.52 -21.5-10.500.511.52
M M m
; 55
8 50
Q_'_45
2
4
-6

-2-1.5-10.50051152 -21.5-10.500.511.52

-2-1.5-10.50051152 -21.5-1+0.500.511.52

N N
o 55 15 55
3 3
0] 1 (550
=
a 05 45
T 2 -0.05
-0.1
0.15
-2-1.5-10.50 0.5 11.5 2 —215+0.500.511.52
N N

-0.1
-0.2
-0.3

-2-1.5-10.50051152

n

-21.51+0.500.511.52

-21.5-10.500.511.52

n

n

-21.510.500511.52

n

-21.5-10.500.511.52

n

30

25

-21.510.500511.52

n

2<1Y|<2.4
16 GeV<q <20 GeV
T
1600
1400
1200
1000
00
00
00
00
—21.510.500.511.52
n
0
0
10
10
20
30
—21.5-40.500.511.52
n
— 55
08 > 0
()
06 (5 50 0
04 .
a4 0
0.2 10
0
-0.2 -10
-0.4 -20
06 30 30
0.8 —40
25 15105005 11.52
n
03 =%
©
02 (O
0.1 45
0
0.1 -2
4
0.2 "
0.3 )
—21.510.500.511.52
n
0
0
10
10
20
o5 30
—21.510500.511.52
n
— 55
>
300 Q@© 00
(5 50
200 ="
100
100 49
0
_100
100
_200
300 200

25
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e EWK: prompt muons from electroweak channels which
mimic the signal —>_from MC

* Low-Acceptance: W — ur events produced outside the
q}y X | Yy, | range considered in the fit, which falls in the

p;. X n* range —> from MC

e QCD: non-prompt muons from multijet production —>
Data driven estimation
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Backgrounds - QCD, ABCD method (cont'd

e Measure the fFake rate:

- Select A+C events (binned in pg and n#)

data EWK
Ne¢ — IV¢

_ measure f=
Bg (N4 + Nco)data — Ny + No)Ewk

- linear fit of f(p;) = m(p;[GeV] —25) + g

builder builder

ABCD | | Bk
distrib. | parameters

e Measure the prompt rate:

BackgroundJ
analysis . .
- select B+D events (binned in pg and n*)
Np
. Mmeasure p =
Np + N |EWK

- error function fitof p(p;) = A - erff(Bp;+ C
« Select B+D events (binned in p;. and n*

 Reweight the events to obtain the QCD template:

S,

p—F

I
p—F

B weight:

D weight: (1-p)

NQCD _ p]:f pndata _ j _ pyydata

CMS work in progress 35.9 o' (13 TeV)
| 1 1 W*—ptv data

0.4

Rellso

0 20 40 60 80 100 120 140
m [GeV]
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Backgrounds - QCD results e e

. , : | éFake Rate fit
i ~ —— Prompt Rate
. e — S — r:fr:.iErom.pt__Rjelte__fi_t_____Jr____

e Measure the fFake rate:

Isolation Cut Efficiency
o
oo

o
»

- Select A+C events (binned in p;. and 7¥)
Q ndata _ NEWK 04
 Templates C :
measure f=
. (N + Ne)data — NVa + No)Ewk .
builder builder r 20
N linear fit of f(py) = m(p;(GeV] —25) + g :
= /PIEB ' | ! ! l l l L
GBCD | Bk"t B 4 %5 30 35 40 45 50 55
distrib '° ameters pM [GeV]

e Measure the prompt rate: '

analysis :
lots / |l
\\p = / ‘\“

- select B+D events (binned in p7. and 1) CNS Workinprogress é _ 3591'(13TeV)

= A e S J

5 N OOt OO OSSO SO W fﬁ...MTMM,..Q<K]V<O...1_..

Np S [ —— QCD estimation

- measu re p — ‘ _.(2105 :._.‘::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::-:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Np + N [EWK ;
L

- error function fit of p(p;) = A - erf(Bp, + C)

« Select B+D events (binned in p%. and n*)
Pr T B S e e 7'% of Slgnal
10° Effffffffffffffffffffffiffffffffffffffffffffffffféfffffffffffffffffffffffffiffffffff::::_:::::33:::ffffffffffffffffffffffffffffffffffffffffffffffffffff
* Reweight the events to obtain the QCD template: ""*‘"‘mm,

B weight: I U DU DU B

p _f 25 30 35 40 45 50 55
_ D weight: —L(l —p) 91
p—t




. Bkg
Blgg.llgput templates
Clller builder
TN
ABCD \
dlstrlb

Isolation Cut Efficiency

—

o
o

o
o))

0.2

Variation oF input variables propagated to fake and
prompt rate and then to QCD yield estimation

A

' Templates

N Systematic uncertainties:

Uncertainty on QCD:

« Experimental: MET, pg scale,
o Scale Factors, Prefire

p rameters

e Statistic: up to 10%

e Systematic: up to 20%

- 1  ° M ° W
J (oo | Theoretical: PDF+ag, g
analysis \ |
\plot/ f
CMS work in progress 35.9fb1 (13 TeV : i
: prog : : : : ( ) g CMS work in progress 35.9 fo™' (13 TeV) CMS Wwork in progress 35.9 fb™ (13 TeV)
B B -+— S tedhaihaiis S 3 ::::::::::f:::::::::::::::::::::i:::::::::::::W:ﬁ:‘:‘fﬂéi:‘?ﬁﬁ%‘?ﬂ:::::::::: %\ 10 b Prefire........ —=.Scale.Factors. === PDF+ag...........ooccccc —
" W= uv,, 0<n’<0.1 10 RS SN ST R —QCD estlmatlon .................. é* E —m, — q —' Lumi : E
- — FakeRate - Fake Rate (syst. uric) 3105 .~ QCD estimation (syst uno) S L% +Ot+0d|boson - Lepton veto —MET i
jm‘“FakeRatem——-——wFakeRateﬁt(systunc) """""""" ?, fffffffffffffffff:::f::ffff::::::5::::::::::::::::::::::_:5::ff;fffffffffff:::::::::::ff?‘.’:\.’@@fffffffffffffffffffffffffff E '
T Lﬁ =srninur B S S I :::799_ """""""" E'WKM'C'('éyéf"Uﬁé") """""" (ZD
— g — Prompt Rate / 5 Prompt Rate (syst. unc) : : : : ~
. . E
S
<
©
=
_||||i||||i||||i||||i||||i||||_é 25'I||3i0||I|3i5||||4i0||||4i5||||5i0||||55 25 30 35 40 45 50 5592
) 30 35 40 45 50 55 pM [GeV] pM [GeV]
P} [GeV] T :



ﬁDF Framework j

K

. Bkg
Blgg_llgput templates
& uriaer builder
//

distrib. paramete

| ) BackgroundJ
analysis

|
i i
'y
| by
b o
Pre-fit | ¥
plots | &
ABCD Bkg '
ters !
|

25

e

ckgrounds

Using the fake rate and prompt rate
parameters —> built the QCD bkg templates

CMS work in progress

35.9 fb' (13 TeV)
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1.5

2
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—12000
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—1 10000

—18000

6000
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2000

CMS work in progress 35.9 b (13 TeV)
3 - 55 (7))
Q_ e
—120005%
>
LLl
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—10000
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8000
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6000

39 4000
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iIIIIiIIII Illllllllllillll
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syst

e —— —_—

Table 7: Summary of the systematic uncertainty which affect the background estimation and
the relative induced variation; the statistical uncertainty is reported for comparison.

Events/10° Bkg/Signal
W+ W= W+ W~
Data 132.68 104.13 - -
W — v, 11794 9013 - :
W — 1v, 3.32 2.75  2.82% 3.05%
Drell-Yan (Z/v%)  5.75 5.13  4.87% 5.69%
Top 0.77  0.72  0.65% 0.80%
Diboson 0.12 0.11  0.10% 0.12%
QCD 7.27 6.86 6.17% 7.61%

Assumption Approach yield variation (%)

QCD Z/y+x W — 1y, Top Diboson
Exp. - ps input variation 2-30 1 0.5 0.5 05
Exp. - p;} scale input variation 0.1-2 0.01 0.01 0.01 0.01
Exp. - Efficiency SF input variation 01-5 051 0.5-1 0.5-1 0.5-1
Exp. - L1 Trigger Prefire input variation 0.1-2 0.1-0.5 0.1-0.5 0.5-1 0.1-0.5
Exp. - Lepton Veto input variation 0.1-1 2 - - -
Exp. - Luminosity input variation 1-10 2.5 2.5 25 25
Theo. - PDEF «; input variation 1-10 2 2 - -
Theo. - my, input variation 0.1-1 - - - -
Theo. - g input variation 2-15 5 3 - -
Theo. - 03, 0, C4iboson input variation 0.1-1 - ! 6 16
f(M7g) = const extrapolation study 0-10 - - -
f(pr) =linear function variation 0 - - - -
p(py) =erf function variation 0 - - - -
finite data statistics uncertainity propagation 2-10 1-5 2 6 20
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Backgrounds - ABCD derivation

359" (13 TeV

o 0.4
CD L2 Data (single u*
5P = f(Np + NB)qcp . gie u
m .
= f(NDp + NB)data — f (INB + NB)EWK
0.3
EWK
— ND + N ata — — 4V
0.25
dat CD
= J(Np + NB)data — = Daa_ > ) 0.2
— —1
QCD /P f _ Ngata NData , 0.15
0.1
QCD — D NBata — (1 — Nga,ta .
0.05
0 20 40 60 80 100 120 140
m; [GeV]
Bpr+C

Prompt rate fit: »er)=4— .



QCD ke and prompt rate

359fb " (13 TeV)

W= utv,

CMS work in progress

Prompt Rate fitted (syst. unc.)

Fake Rate (syst. unc.)
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Q CD bk rate parameters
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Fake Rate slope
o o
g 8

3

o

-0.002

-0.004

35.9 fb' (13 TeV)

-
—
. ' -— ' -— b— —— '
. p— . .
- - 2 ey el 71 : :
’ —— re . — :
- — —] 11 L. 1 - —

h— o - o géspeccccccacscaccqencccnace N P 'ﬂ'{;.ir..‘ e ..-.—.J.. Y S - sohealloas i I._:;..:;:‘ -t ;_.4..4 ......................... b eebecocnnes
- : K4 : -
— W ; i — : -

e
—_
i .
e

T T == = | | T

=
: il

™
“ERSERs
B ERS O ——

|
i
[

|
|

.

L
i

lllllllllllllIllllIllllllllllllllllllllllllllll

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
"

Fake Rate offset

0.65

0.6

0.55

0.5

0.45

0.4

Illl’llll}lllil]ﬂl

— ‘\ .......................... T FORPPRP PRSPPI [SRPIR TR \ ...........
_Wa OO W—"MV (SYSt UnC) %

_IIITI

35.9 fb“ (13 TeV)

) _ : W—-p.v
M W—»uv (syst unc)

ul-l- o= v
X Y‘ o e {' o A ‘ N s l b N e e el T el {' 'f"!"f"l"l"l"T"l’"f"‘"["l"l"T"L"f"l"l"

-2 =15 -1 -0.5 0 0.5 1 1.5 2 }
"

o7



QCD bkg syst
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QCD bkg - closure in sideband

. 10" CMS work in progress 359" (13 TeV) _ 10° CMS work in progress 359" (13 TeV)
$§ F ‘ | ° E | z ' '
g 2000 :— --------------------------------------------------------- f"'Data‘""? """ .'W 25"';‘,;*\',""‘ """""" .‘3 800 :_ .......................................................................... { ~Data....... .‘W'"‘“T"“l*tv;l ...........
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‘Bkg -vali ABCD - MC check

—_— s e e

* |f MT dependence of Rellso?

* evaluated Fake rate on QCD MC(, only
to check the not-correlation

- Different p”. and n* bin plotted vs m;

e linear fit—> slope~0

e constant fit—> ok!

Isolation Cut Efficiency

—h

0.8

0.2

CMS simulation Work in progress 35.9 b (13 TeV)

| T .25GeV<p,<35GeV, <24 ——e—— 25GeV<p'<55GeV. <24 ...
N 45 GeV<p!'<55 GeV, In"i<2.4 o
: T : = constant Fit, x%/Ndf=0.4
— —— 25 GeV<p:<55 GeV, 1.6<h"l<2.4 ; ; ;
: : ; - Y NPT _ "
— —e— o5 G§9V<pi<55 GeV, |ﬂ“[,<0- 4 —E linear Fit, % /NcE!f_O.4, slope_0.00051_0.0002
| | | | | L
0 20 40 60 80 100 120

m; [GeV]

100



Bkg - validity of ABCD - data check

CMS work in progress 35.9 b’ (13 TeV

* |f MT dependence of Rellso?
Data (single u*
» evaluated fake rate in slice of m

using usual data-driven technique

e extrapolated in signal region

e discrepancy at 5-10% compared
estimate done for signal region (i.e.
measuring fake rate 0-30 GeV

e Discrepancy covered by
uncertainties

100 120 140
m.; [GeV]
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= - P e ——— ———— ~— —_— - = - e e

CMS simulation Work in progress 35.9 fb” (13 TeV) CMS simulation Work in progress 35.9 b (13 TeV) CMS simulation Work in progress 35.9 b (13 TeV)

£ |—Wr'Fit  MC Syst. Unc. D ol e — W FL 2 MC Syst. Une, N O S — —W*Fit - MC Syst. Unc.

=y |— PDF+0,, — QCD Scales (CD) . — PDF+0, — QCD Scales ME—O & IS D - — PDF+0, — QCD Scales

- T e [ } e S > ; ;

- 2 0.2 I --------------------------------------------------------------------------------------- S0 o R e e IS S 6 E—
U0 RS e o 1 T R AR RN | < [ k| A £ o

E_ ................................... _O 4 b R 0 4_ BE am

SRR m O£ 1 O A R SR DR

EERRAAR SR AR ANR NN RN RN ANA RN NARRRANAAnARAAEARY | (I 0.6 S R :

E i : : : : : : : : ! : 7 Y = 1 O ___________________________________________________________________________

? ..... 0.8 :_. ................................................................................................................................................. 0 73 ...................................................................... ...........................................................................

—— ----- E—'_i|||1| """ TR B S S A SR TR T l """ AR AR AR ISR SR AT AT R AR SR AR MR R

L T IRV ANRPIVEN AFRPAPIN EPRVRIN APRRPIN APRTRPIN SRR AFRPRTE AT PRI PR

_t

.....................................................................................................................................................

.....................................................................................................................................................

......................................................................................................................

oooc O

N
OO0

HOON_LOLNWS 00

Lo o ©
00 OO0

SE
1
5
0
SE
15
SE

--------- T EETTITEES [T TRRTe et SV PRTIRPOLs [RPRLTy PRy Eet FRTTETUR I SOFITTSITEEL LITCREVITNSey IO IETCRPLIE TR RITSITRLs FTERTORTNIT SUFSTFRCITT

0 02 04 06 08 1 12 14 16 18 2 22 24

Pred.; Theory
Pred.-Theory
S

/YW/G[O,Q 0

o

i ./y [
k

WG[ZQ’ 7~6j

fine binning: qf’rv 0— 60 GeV

I/i/l i P i/i/i
lsfo lsfo
” W ['4’0-8] W [8’ 7-2]

U+L

Nuisances impacts similar to o -



><103 CMS simuiation Work in progress 35.9 b (13 TeV) x103 .CMS. Simula.tion Wo.rkinpro.gress 35.9 fb! (13 TeV)
] — WP Fit - MC Syst. Unc. - . |—WFit - MCSyst Unc.

— PDF+a, —QCDScales | S F — QCD Scales

23500

w
o
o
o
j
-
O
T
+
Q
(7]

S3000

V<60 GeV
[

We
o
(@)
(@)
(@)

SMP-18-012 =~ '
comparison

Il

b]

[fb

=W "D
6) o
o o
o o

- W

o) o
o o
o o

doUHdIY | [f
S
T

doV*t/dlY |
BER

o s00f

e T e o

o
» O

— ok
— —h

o
[\
1§ BERS RREE RRRERIL

oS~ O

lH

O O oo

oo
© ©
o 00
oo

0 02 04 06 08 1 13 14 16 18 2 22 24 0 02 04 06 08 1 12 14 1.6 1.8 2 22 24

NB:
discrepancies for CMS 359 fo (13 TeV) CMS 35.9 fb™ (13 TeV)
4500

¢V < 60 GeV
Cut 3500

Pred./Theory
Pred./Theory

—— Measured
MC@NLO
—— MC@NLO*

MC@NLO

— MC@NLO*

3000

II|IIII|IIII|III-|—

IIII|IIII|IIII|III-|—
III|IIII|IIII|III-|—

I.
} _
_{_

2500

do / dly, | (pb)

y
—— Measured ]

20001\ e,

W™ —1"v | :
IIII|IIII|IIII|IIII|IIIIT

12| I I I I | I I I I | I I I I | I I I I | I- I I I |

T 1T 1 | 1T 171 | 1
= 1 | | | I T | |

—h

)

o

o
T T T | 1T 171 | T

1500
12| I I I I | I I I I | I I I I | I I I I | I I I I |

_g

©

L (]
1.1 .] o B
10—+ > 10—

o

0.9 | 2

| | | | | | | | | | | | | | | | | | | | | | | | | | O | | | | | | | | | | | | | | | | | | | | | | | | | |
0'80 0.5 1 1.5 2 2.5 O'80 0.5 1 1.5 2 2.5

y, y, 103

!

l

—@—

OTheory/ OData




o V), ;= covariance matrix of 4, and 6,

» 0, = post-fit uncertainty on 0,

- In the limit of gaussian uncertainty equivalent to shift induced on u,, as 6,
fixed to =106}, and all the others parameters are profiled as usual
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Absolute Impact on A , W*
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Poisson error comparison

Relative uncertainty on oY+, W*
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Impact on m_, [MeV]
W P~ O

4x107"
3x10"

2x107"

4x1072
3x1072

Mass uncertainty

CMS simuiation Work in progress

35.9 b (13 TeV)

— 9.7 MeV, Total unc.

—— 0.5 MeV, Statistical

- 2 1 MeV, SF stat.

—— 0.7 MeV, q\T’

—s— 0.7 MeV, PDF+a
0.6 MeV, other

- —— 0.1 MeV, Luminosity

BW (m; M,T) =

1

(m2 — M2)2 + M2T2

Impact on m
NN W ~On

4x1072
3x1072

CMS simulation Work in progress

the weights are: w,_ +

_ BW(m; M £ AM,T)

35.9fb' (13 TeV)

—— 9.9 MeV, Total unc.
—— 9.7 MeV, Statistical
—— 1.9 MeV, SF stat.
—=— 0.7 MeV, PDF+a,
—— 0.5 MeV, q¥

0.3 MeV, other

w  BW(m;M,T)
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* Tested all the possible polynomial parametrization

o Optimal: most simple model whose)(2 will not significantly improved
increasing the complexity

(s —x)!(q —p)

used the F-test: test statistic F = >
)(q/(n o Q)

w+ W=
max |Yy| deg. max ¢} deg. max |Yjy| deg. max g)Y deg.

N
W N = NN
CUB A OT W
W N = NN
INGINGCUINC TN

* residuals very similar to the one used in the fit of the post-fit regul.
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A4 as example:

CMS simulation Work in progress
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~Y xq} 5
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a" [GeV]
a" [GeV]

W*, A, (fit-MC)/o,,
W*, A, (fit-MC)/a,,

W* A, polynomial fit 2/Ndf

4
lY .| polynomial degree

117



‘Simultaneous Gaussian Contraint

* Regularize simultaneously to the template Fit
4 nYXn

add to the likelihood: L. = 72 Z
=0 j=0

¢;iK;; (K=0—>constrained, K=1—>free)

o 7=power of the constraint

5.9 fb CMS simuiation Work g ( )
. 2 0.09F ;

. With z = 100: : o W
¢ — 0.08F c - —.— Simult. Gaussian constrai: nnnnnnn .
>0 07F g, 0.3 e Postit tegulatized g
£ = . . . . .
«© @ 025
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q¥v [GeV] fine binning: q¥v 0— 60 GeV 1 1 8



'Ongoing analysis differences

P e ——— ——— e — = e e ————— —_—

- NanoAOD V8
- ULMC 2016
- New efficiency SF

- No Z reweight

- Different QCD bkg estimation method
- implement new muon scale calibration
- combined charges in the Fit

- regularization and/or conditioning
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The measurement of W properties can be used to estimated the constraint given to
PDF uncertainty on my; in a “traditional” measurement (i.e. using pg spectrum)

template fit repeated fixing all the POl —> equivalent to assume external
knowledge of q}V, Yw, A; and fitted only my,

Prefit PDF uncertainty (estimated fixing the nuisance to prefit value): 12.75 MeV
Postfit PDF uncertainty = 2.99 MeV
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‘Outlook

—— — . e ——————

* The W production properties can be measured with extremely low systematics (1-5 % level)
» The statistical uncertainty can be tackled implementing a regularization of A,
- more refined approach (like gaussian constraint on the likelihood) is under development
» a competitive (~10-15 MeV precision ) measurement of 771y, with 2016 data sample should be feasible
e Mandatory missing ingredients in the proof-of-feasibility of this talk:

- p; scale —> very close to be provided with 10~* precision

- FSR uncertainty —> UL MC will allow its assessment

e Optional under development:
- Combined fit of Wt and W~

- improved QCD estimation, avoiding q}y syst —> ready in the UL MC measurement

- Improve SF precision

- refine reqularization implementation
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Far future of my;, meas

—_ —_— s e e = L

LEP —>threshold method:
oy ~ V1 —4m?/s

200 MeV uncertainty (mostly stat.)
+30 MeV beam energy unc.

ALEPH

— Standard Model
M,,=80.43 + 0.08 GeV/c”

15

oww(Pb)

10

0 |
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E__(GeV)
https://doi.org/10.1016/S0370-2693(99)00304-4

ement: FCCee

» FCC:same approach—> 0.5 MeV precision on my;,
e assumption:

o 6\/§=05MeV

» cross section prediction precision: 10~*

» acceptance variation knowledge: 10~*
* background precision 0.1%

o 12 FCCee W-pai
pair threshold

o — m,,=80.385 GeV T ,,=2.085 GeV
S~ ] m,=79.385-81.835 GeV, T,,=2.085 GeV
g 10 ] m,=80.385 GeV, 1,,=1.085-3.085 GeV,”"
S—'
©

8

6

4
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() 1 L 1 L L | L L
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hitps://doi.org/10.1140/epjc/s10052-019-6904-3 VS (GeV)
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