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OUTLINE

» The LHC physics program

» What is important in a physics analysis:
» Know your signal and backgrounds. Example: H->bb
» Control your uncertainties. Example: the W mass

» Expand your searches (also in the future). Example:
BSM search

» Conclusions
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THE ANALYSIS FLOW

numbgr of evegtsl 25 gev

Detector

Response Event Physics
Reconstruction Analysis

Trigger

Monte Carlo |Simulation of

Event the Detector
Generator |Response
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QCD AT LHC

Underlying
&~ Event

\

FSR [LO]

Fragmentation

Scatter

N.Varelas-EPS
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BASICS OF A TYPICAL ANALYSIS
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BASICS OF A TYPICAL ANALYSIS
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BASICS OF A TYPICAL ANALYSIS

Design a selection at a given mass

maximizing an estimator (eg s/\/bkg)

Often cutting the phase-space in many

regions
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BASICS OF A TYPICAL ANALYSIS

Design a selection at a given mass
maximizing an estimator (eg s/\/bkg)

Often cutting the phase-space in many
regions

Evaluate the signal efficiency using SM
Higgs MC simulation
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BASICS OF A TYPICAL ANALYSIS

Design a selection at a given mass

maximizing an estimator (eg s/\/bkg) e B T

. _ ) e Data 2011 :

- . Signalx5 —]

Oftgn cutting the phase-space in many o 50; I<m9Hnj20 cov)

reg I0ONS ; I B Total BG ]

E 40: ....Top ]

g.) - - — Z+jets ]

LLI - 3253 Wets B

30: ...... === Diboson ]

Compute the expected SM background ook E

from control samples side-bands, etc. - it :

often with the help from MC simulation 10~ -

(shapes). Assess the systematic error. N - | ot L -
0 50 100 150 200 250

m.z [GeV

Evaluate the signal efficiency using SM
Higgs MC simulation
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BASICS OF A TYPICAL ANALYSIS

Design a selection at a given mass

maximizing an estimator (eg s/\/bkg)

Often cutting the phase-space in many

regions

Compute the expected SM background
from control samples side-bands, etc.
often with the help from MC simulation
(shapes). Assess the systematic error.

Evaluate the signal efficiency using SM

Higgs MC simulation
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Compute with statistical methods

the largest signal cross section one

can accommodate in the data.



A CHALLENGING HIGGS
PHYSICS ANALYSIS H->BB
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MAIN CONCEPTS TO FOCUS ON

» \We want to measure a signal for the first time. we know it’s there,
but it is difficult to measure.

» Background >> signal

» Need to find ways to extract the signal from a lot of « background »

» Need to find ways to make sure we know precisely how much
« background » is left to measure how much signal we have

learn what is « background » and how to control it
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Higgs Production Modes | o

Gluon fusion process

o(pp — H+X) [pb]

k for my =125.5 GeV
102:1"--.----l-Hu-l---'.----.---u.---'t; A > — H NNnLO ~0(10%)
: oD + MOEW ;P eveven d)=48.6pb
N op - H (NNLO® 13 g o(prod)=48.6p
3
: } B
~ B NN 0 QCD +NLO EW -
_— T — |9 Vector Boson Fusion
1E gp—= W (NNLO QCO s MO 2 - .
:7/________/ NLO TH uncertainty ~0O(5%)
- p_.m(NNLO QCD + NLOEW) -
i ¢ i Two forward jets and a large rapidity gap
10 47 o(prod)=3.78ph
1 | P ] | P | I'—'
7 8 9 10 1 12 13 14
s [TeV]
H W and Z Associated Production
9 OO0 > .
. NNLO TH uncertainty ~0O(5%)
- — > — -
o(prod)WH=1.37pb
9 O ———— 7 "z o(prod)ZH=0.88
Top Assoc. Prod. o(prod)=0.51pb
B q q
q q
g > b > — > —
\ . __H w _H tH W _H
b P b
g > b > \4‘\ t > \t
B-quark Assoc. Prod. a(prod)=0.074pb 12




Higgs Decay Channels

- Dominant: bb (57%)

- WW channel (22%)

but 10-2in 2lep2neutrino

- Tt channel (6.3%)

- 7Z channel (3%) Discovery channel

but 1.2x10-4 in 4leptons (e,p)

- cc channel (3%)
Extremely difficult

- 0 . AENEREETERAN
The yy channel (0.2%) Discovery channel 10750121 122 123 124 125 126 127 128 129 130

SWEET SPOT@125 GeV!

1 . NNAT
LHC HIGGS XS WG 2013

Higgs BR + Total Uncert
)

1038
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(when assuming no BSM charged in the loop)

- The Zy (0.2%)

- The uu channel (0.02%)




KEY SM (BACKGROUND) PROCESSES
AT LHC

o(pb) Vs =7Tev
30000 W + jets 180 7~ T 165 pb approx.
25000 -~ 1| 28000 pb NLO ud 1
20000 - 120 - t+ X
han)
00 -
15000 - . 63 pb NLO
W wrw-
10000 - 7 60 - 10.6 pb 43 pb
- _ t+X W7
5000 - 2800 pbNLQ % l (schan) | | 18 pb ZZ
20 - . 4.6 pb 59 pb
0 - 0 - r
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KEY SM (BACKGROUND) PROCESSES
AT LHC

What is a background:

o(pb)
Wi Irreducible: a SM process with a final state
30009 W _;} identical to the one of our signal. Kinematic could
p be different. MC is used for estimate.
25000 28000

‘—Reducible: a SM process with a final state very
similar to the one of our signal. Can be reduced

20000

with cuts on the object presence/properties. MC
it —Instrumental/fakes: a SM process where one
10000 | - _» ¢~ Object is misreconstructed to look like one a in
the signal final state. These backgrounds need to
>000 “be estimated from the data themselves.
0 1V J 5
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CHALLENGES OF THE H(BB) MODE AT THE LHC

» The final state where the H->bb is the one with the highest probability but it suffers
of an overwhelming bkg from QCD (107 times bigger) if the gluon fusion process is

considered.
Comparison with one of the discovery channels
H— 42 H— bb
i Branching 0,03%  58%
mass 1% 10%
e B S/B 2 0.05

H(bb) searches need:
* good b-quark identification performance
* best possible resolution on m(bb)

e to exploit all possible information from the event

to improve S/B
ATLAS-PHYS-PUB-2017-013

Patrizia Azzi (INFN/PD) 12 CMS-JINST 13 (2018) PO5011



DIGRESSION: B-TAGGING Sy

because it's cool we know how to do this .

| ’ . .
» b-quark fragments to B X B hadron direction

hadrons about 90% of the
time. the B-hadron takes about
70% of the quark energy

» b-hadron decays is typically
into ~5 stable charged decay

products
» 10% to semileptonic decays. , '
[ Reconstruct secondary vertex
» « soft » electrons or muons ) from B hadron decay
inside the jet. Specific
reconstruction techniques. / Primary vertex
» B-quark lifetime ~1.5ps for a ;
cT~ 0.5mm. trackf’ jet axis

» Observed distance of the ,
decay vertex is boosted so /

that for a 50GeV b-hadron H
dist = BycT ~5mm

Patrizia Azzi (INFN/PD) 13



B TAGGING IN CMS

-4 2

CMS Experiment at LHC, CERN

Data recorded: Tue Oct 25 12:16:36 2016 CEST
Run/Event: 283946 / 726050730

Lumi section: 509

AK4 jet
pr = 37.8 GeV
n = 0.67

AK4 jet

pr = 103.6 GeV
n = —0.58

¢ = 0.30

muon
pr = 27.9 GeV
n = 1.37

¢d = —2.42
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B TAGGING IN CMS

Data recorded: Tue Oct 25 &
Run/Event: 283946./ 7260507%
Lumi'section: 509

AKA4 jet
pr = 37.8 GeV

AKA4 jet \ n = 0.67
pr = 103.6 GeV O = 1.42

n = —0.58
A\

b = 0.30
°o & © 000 0000 0 00X o 000 © B ® o e 80

secondary vertex e o 2270 Gev

> =1.37
b= —2.42

S
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ee®ee

AK4 jet

pr = 99.6 GeV
n = 1.42

¢ = —2.48




ASSOCIATED PRODUCTION VH(BB) TOPOLOGY

signal irreducible backgrounds
% (2] y 5 |
d g g A
Y @

| . , g q’ q
0-lepton (MET) j Zt
1-lepton [e,p] - - g % :

2-OSSF leptons [ee,pp]

normalization from
data, shapes from MC
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ASSOCIATED PRODUCTION VH(BB) TOPOLOGY

signal irreducible backgrounds
/l&e y b t
e @2 . | <
/7 5/ o
Y @

| . , g q’ q
0-lepton (MET) j zt
1-lepton [e,p] - - g :

2-OSSF leptons [ee,pp]

normalization from

data, shapes from MC
and diboson, of course P
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ASSOCIATED PRODUCTION VH(BB) TOPOLOGY

signal irreducible backgrounds
/,2&9 y b t
e @@ s | <
a 5/ o
Y @

Sy
0-lepton (MET) z‘

1-lepton [e,p]
2-OSSF leptons [ee,pp]

QJ
< ~

normalization from

data, shapes from MC
and diboson, of course P

Used to validate the
analysis strategy
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ANALYSIS STRATEGY

o T T T T T T T Zem cws Simulation
. PN ZH125 {s=8Te
» Require W/Z to have large boost (~150 okt o
GeV) 10°
» multi-jet QCD background is highly g pr(V)-dependency
suppressed e

» Extract normalization for the dominant
backgrounds from the data

V+0b/1b/2b and top pair

oroduction e

» b-jet energy specific corrections - =

» Multivariate analysis (DNN) to separate GenZ P, [GeV]
signal and background(s) i i

Patrizia Azzi (INFN/PD) 17
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MACHINE LEARNING FOR SIGNAL VS. BACKGROUND

» In the past we used to compare different

variables of the event to discriminate the 41.3 7" (13 TeV)
signal from the background. 8 10°F _
= = CMS ¢ Data [ ggzHbb

» Now we have Machine Learning tools that W = Supplementary Il ZHob [ VV+HF
take all the variables and compared them in 10° f 2w, Highp,, []z+bb [z+b
a more global way, taking into account . [ Z+udscg Qi
correlations, and generally having a better 104 Bl vv+LF Bl Single top
discrimination power. ; %5 S+B uncertainty —  VH(bb)

» About 15 input variables describing the
kinematics of the events are used depending
on the regions

» Combined into a DNN

» The disadvantage is that for the final results
we look at the output « discriminant »
variable.

0 0.2 0.4 0.6 0.8 1

m(bE)/ An (bl_)) and b' o | DNN.output
tagging are the most (this is only one signal region)
discriminant

Patrizia Azzi (INFN/PD) 19



VH BDT/DNN INPUTS

Variable Description Channels
M(jj) dijet invariant mass All
pr(jj) dijet transverse momentum All
pr(j1), pr(j2) transverse momentum of each jet 0- and 2-lepton
AR(jj) distance in #—¢ between jets 2-lepton
An(jj) difference in 1 between jets 0- and 2-lepton
Ad(jij) azimuthal angle between jets O-lepton
pr(V) vector boson transverse momentum All
Ap(V,jj) azimuthal angle between vector boson and dijet directions All
pr(jj)/pr(V) pr ratio between dijet and vector boson 2-lepton
M(4¢) reconstructed Z boson mass 2-lepton
CMVA max value of CMVA discriminant for the jet 0- and 2-lepton
with highest CMVA value
CMVAhin value of CMVA discriminant for the jet All
with second highest CMVA value
CMVA, 44 value of CMVA for the additional jet O-lepton
with highest CMVA value
piiss missing transverse momentum 1- and 2-lepton
Ap(PRss ) azimuthal angle between s and closest jet (pr > 30GeV) O-lepton
Ap(pss,¢)  azimuthal angle between pss and lepton 1-lepton
mr mass of lepton py + priss 1-lepton
Miop reconstructed top quark mass 1-lepton
N number of additional jets 1- and 2-lepton
pr(add) transverse momentum of leading additional jet O-lepton
SA5 number of soft-track jets with pr > 5GeV All

Patrizia Azzi (INFN/PD) 20



CROSS CHECKS: Mgg ANALYSIS

. CMS-PRL 120 (2018) 231801
» As a cross check it is good to look at some

direct variables instead, for instance the
M(bb) mass which should show the

enhancement from the Higgs 77.217 (13 TeV)
n
;qé - CMS ¢ Data
. . . . ) -
» Re-derive DNN in signal regions to o EVH’Hébb
. . . . = VZ,Z—bb
discriminate VZ(bb) signal g 000} S
: : : )
Consistent with SM expectations &
Run-2 2017 5.2 (5.0) © »
g = 1.05+022.4 5; 500
» Re-derive DNN removing mpp dependen:
» Split each channel signal region into | S
I A H N R BRI
four categories based on massless I - e REyT—r
DNN score m(ij) [GeV]
Run-2 2016+2017 M(jj) distribution for events

2.7 (3. = 0.97+0-35.
3.000 p=09 034 in DNN signal region

Patrizia Azzi (INFN/PD) 21



VH(BB) FINAL RESULTS

» The data set has been
separated in many regions with
different S and B content

Entries

» For the final results a
simultaneous fit to the DNN
output of all regions is
performed to extract signal
strength

Run 2 2016+2017
4.8 (4.5) O
g = 1.06%0-26_g »;

— —

Data / Bkg

Patrizia Azzi (INFN/PD) 22

77.2 b7 (13 TeV)

CMS ¢ Data
10°F 1] Background
; Supplementary B VH H—-bb
10° £ Background uncertainty

—— Signal + Background

mmmmmmmmmmmmmmmmmm

log 1 0(S/B)



GLUON FUSION H(BB)

Gluon Fusion (87%)

Madgrapht 9ggH
ArXiv:1506.02660 VBFH
Powhegt ttH

» We can access gluon fusion H(bb) in

10—1= il oo
oL le the boosted dijet topology
107 Tl > Look for boosted H boson in a
107 T4 single jet mass distribution
10° T
O_I | .I2C|)OI | I4C|)OI | 6(|)O | 8C|)O I1IO|0CI) 1I2|0(I) I‘II.4|0(I) I‘II6|0(I) I‘II800 > Use the Z .boson a.s Callbratlon Of
Higgs p. (GeV) the analysis technique

» b-tagging to resolve W/Z

Patrizia Azzi (INFN/PD) 23



GLUON FUSION H(BB)

Gluon Fusion (87%)

ol

Madgrapht 9ggH
ArXiv:1506.02660 VBFH
Powhegt ttH

» We can access gluon fusion H(bb) in

10—1= il oo
oL le the boosted dijet topology
107 Tl > Look for boosted H boson in a
107 T4 single jet mass distribution
10° T
O_I | .I2C|)OI | I4C|)OI | 6C|)O | 8(|)O I1IO|0CI) 1I2|0(I) I‘II.4|0(I) I‘II6|0(I) I‘II800 > Use the Z .boson a.s Callbratlon Of
Higgs p. (GeV) the analysis technique

» b-tagging to resolve W/Z
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GLUON FUSION H(BB)

Gluon Fusion (87%)

Overwhelming (107 larger) background of b-quark
production due to strong interactions

> . Madgraph'
Q 19 ArXiv:1506.02660
= 10 Powhegt
S 10
S

—

_IIIIII'H] IIIII|'|7| |||||m] IIIIII'H] TTIM

ggH
VBF H

ttH

——

Patrizia Azzi (INFN/PD)

0O 200 400 600 800 1000 1200 1400 1600 1800
Higgs pT (GeV)

ol

» \We can access gluon fusion H(bb) in
the boosted dijet topology

» Look for boosted H boson in a
single jet mass distribution

» Use the Z boson as calibration of
the analysis technique

» b-tagging to resolve W/Z

23



BOOSTED H(BB)

H jet
b-jet
—_—
2mu/pr o)
- one Slng € large-cone
H(bb) H(bb) (fat) jet (R = 0.8)

two-separate b-jets

(R=0.4) » Developed a novel approach,
double-b tagger
axisy » |dentifies the two B hadron
o axes axiso Sheecigri?gf .ferfm b and b within
associated with J i

the two > |t targets the bb signal aiming
constituents to be independent of the jet
with highest mass or pT
momentum

— —————

Patrizia Azzi (INFN/PD)
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ONE TECHNIQUE TO CONTROL THE BACKGROUND

Nevtst

invert cuts :

from signal enhancement to
background enhancement

Aexp > experimental uncertainties

backgrounc like isolation, pt etc...)
use data to
normalize background
some observable 0

N evis

Aty 2 Theoretical unceMainties
(diff. distr. + pdf +s@&ale+...)

background
theory :
use theory to compute
change in background ——signar —_ —
when inverting cuts some observable

Patrizia Azzi (INFN/PD) 25



RESULTS H->bb ANALYSIS

<10° - 35.9 fb' (13 TeV)
> [T 1 L L B B B B BN |
(O]
O] 500~ EN,S 450 <p_< 1000 GeV f__',_'%v ]
N~ L Teiminary 4, plebtag<09  -o-tt s
~ - --- Multijet N
B Total Background ]|
"UE) 400 — E‘I&H(()b%) ackgroun —
o B ¢ Data |
> L i
L - |
300_— ]
2001 =
100~ ]
0 L J e SO L | 1 N
'?:: 60F ' ' ' ' =
s| 4 W .
S| g -
s 00 0 = Z ]
. 0 P S O s T oo —s
g 40 60 80 100 120 140 160 180 200

mgp, (GeV)

SM candles: Z(bb) peak provides in-situ
constraint of H(bb) signal systematics

Require that the
content of the jets is
due to light quarks:
enhance the W
content

Patrizia Azzi (INFN/PD)

Data — (Multijet + tf)

Events / 7 GeV

35.9 fb" (13 TeV)
8000 :_' LA L L L L L L L L L L B '_'_T
- CMS_ 450 <p_< 1000 GeV '-“-“-%v .
7000 ks, Freliminary - o piepiag>00 -t =
L --- Multijet -
C & Total Background ]
6000 — = H(bb) -
- ¢ Data .
5000 —
4000 —
3000 —
2000 ) —
1000— _ =

0 - meﬁ'_"_-—t_; T P
1or L H? |
5| + & .
0 H=— U e = —i 4l e

T L Sl S ++ v
%0 60 80 100 120 140 160 180 200

mgp, (GeV)

observed Z(bb) significance:
5.1 G' pz — 0078+o.23-0.19

Data — (Multijet + tf)

Events / 7 GeV

GData

35.9 fb' (13 TeV)

8000

7000 L Preliminary

6000
5000
4000
3000
2000

1000

_IIIII
- CMS

=4

450 <p_ <1000 GeV 7

-1t
--- Multijet
2 Total Background
mm H(bb)
¢ Data

double-b tag > 0.9

180 200
mgp, (GeV)

60 80 100 120 140 160

observed H(bb) significance:

1.50, pu = 2.3*18 1 ¢

26



H(BB) OBSERVATION

T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T
ATLAS Preliminary s=7TeV,8TeV,and 13 TeV
Total Stat 4.7 b7, 20.3 fb™", and 24.5-79.8 fb™
— 1 01a al.
(Tot.) ( Stat., Syst.)
1.16 1.01 +0.57
VBF+ggF F ® -1 1.68 t1_12 (t1.00 ’ i-0.51 )
0.56 0.28 +0.48
ttH ———— 1.00 fo_54 (fo.27 , fo.46 )
0.22 0.14 +0.17
VH o4 0.98 to_21 (“o4 + “016 )
0.20 0.12 +0.16
Comb. o 1.01 10_20 (j0_12 ’ t0.15 )
1 | 1 1 1 | 1 | 1 | 1 1 1 1
0 1 2 3 4 6
u

First observation of H(bb)

decay

Patrizia Azzi (INFN/PD)
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<517 (7TeV) +=<19.8fb" (8 TeV) + = 77.2 b (13 TeV)

CMS e Observed
_ +1o (stat @ syst)

H—Dbb w10 (SYSt)
stat  syst
ggF 2.80 = 2.08 = 1.30
VBF | ——— 2.53+0.98  1.17
ttH - e - 0.85 +0.23 = 0.37
WH ———— 1.24 +0.29 + 0.24
ZH - 0.88 +0.24 = 0.16
Combined - 1.04 +0.14 + 0.14

e e e b b e b b e e e

0 1 2 3 4 5 6 7 8 9
Best fit u

CMS Run 1+2: 5.6 (5.5) C
ATLAS Run 1+2: 5.4 (5.5) O



H(BB) OBSERVATION

T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T
ATLAS Preliminary s=7TeV,8TeV,and 13 TeV
Total Stat 4.7 b7, 20.3 fb™", and 24.5-79.8 fb™
— Tota at.
(Tot.) ( Stat., Syst.)
1.16 1.01  +0.57
VBF+ggF | . 4 168 T (Yoo, los )
+0.56 +0.28 +0.48
tH|  ———— 1.00 "o, (20275 2046 )
0.22 0.14 +0.17
VH o4 0.98 to_21 (“o4 + “016 )
0.20 0.12 +0.16
Comb. o 1.01 10_20 (j0_12 ’ t0.15 )
| | | | | L

First observation of H(bb)
decay
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CMS-PRL 120 (2018) 231801
ATLAS-Phys. Lett. B 786 (2018) 59

<517 (7TeV) +=<19.8fb" (8 TeV) + = 77.2 b (13 TeV)

CMS e Observed
_ +1o (stat @ syst)
H—bb w10 (SYSt)
stat  syst
ggF 2.80 = 2.08 =+ 1.30
VBF | ——— 2.53+0.98  1.17

ttH 0.85 £ 0.23 = 0.37

o
WH ~—— 1.24+0.29+0.24
———

ZH 0.88 £ 0.24 = 0.16

Combined - 1.04 +0.14 + 0.14

0 1 2 3 4 5 6 7 8 9
Best fit u

CMS Run 1+2: 5.6 (5.5) C
ATLAS Run 1+2: 5.4 (5.5) O
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A STANDARD MODEL PRECISION
MEASUREMENT THE W MASS




MAIN CONCEPTS TO FOCUS ON

> a very visible Standard Model signal: lots of statistics!

> need to measure very precisely a fundamental parameter of the SM

» absolute control of all the sources of uncertanties: experimental
and theoretical

my = 125.09 £ 0.21 £ 011 GeV 1 03
arXiv:1407.3792 \ > x:——————————————————————————
= LA L LU R B I AL I Z — -
2 - 68% and 95% CL contours ™ m[":;;';:é L - 8 160 — A TLAS - Data -
S 80.5 |— /Ml fitwio M, and m measurements o 076Gev L = 140 — \s=7TeV, 4.6 fb1 - W= e*v ]
E; fit wio M, , m and M, measurements =5 =0J0'00.50,.;CeV 7 ~ - -
10 direct M, and m, measurements rd 7 = (%)) 120 ] Background _o
80.45 [~ R *g x2/dof = 54/59 =
ol @ 100 =
48 - W go =
80.35 [ ur =305 = 015 ey 60 —
s 40 =
80.3 [~ B
- 3 ' Gz\‘./ 20 —]
S :_ w’ff’é’c'&' B wi-d,i/ 4 Z
= ll —r Iy’/l il l"'n T L_-]’ 3 o T [T S -c' 1 .02 ..........................
140 150 160 170 180 190 R TNV | T ey VUSROS P W 38
g m, [GeV] (a 1 ................................
g measurement posterior SM prediction ; [ (e [¢ ] mtmueT SR LA LE M
3 my  125.09+ 024 125.00 + 0.24 102.8 + 263 oV g e T ] o s (e W J M b
e mop 173344076  173.61+0.63 176.6 +2.5 € a 60 120
.% my  80.385+0.015 80.3644 +0.0061 80.3604 -+ 0.0066 mT [GeV]
©

learn the challenges of a precision measurement
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WHY IT IS HARD(ER) AT THE LHC

A proton-proton collider is the most challenging enviroment to measure m , worse
compared to e+e- and proton-antiproton

proton antiproton proton proton
‘T "D p=r1 W
. o /" Neglgile . Ny D
O —t ST [
| uv uv —
In pp collisions W bosons are mostly In pp collisions they are equally
produced in the same helicity state distributed between positive and
negative helicity states
Further QCD complications 259% vs 5% ‘

@ Heavy-flavour-initiated processes
Large PDF-induced W-polarisation
uncertainty affecting the p_lepton

distribution

@ W+, W- and Z are produced by different
light flavour fractions 40% more W+

@ Larger gluon-induced W production

Larger Z samples, available for detector calibration given the precisely known Z
mass - most of the measurement is then the transfer from Z to W
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STRATEGY OF THE MEASUREMENT

Not possible to fully reconstruct W mass

Sensitive final state distributions: pr!, mr, prmiss’

pfrmss = (pT + uT mr = \/ 21 ml““(l — CoS Ag)

ut being the recoll

expenmental (lepton and recoil calibration using resp. mz
measured at LEP and expected momentum balance with |
p7!) and theoretical constraints (ancilliary
measurements).

The whole analysis is checked by performing a measurement of the Z-boson mass
and comparing to the LEP value, also a cross-check Z mass measurement in “W-like”
I.e removing the 2nd lepton and treating it like a neutrino

Need to consider additional systematics for W mass measurement (theory uncertainties,
Z—>W extrapolation and backgrounqd)
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THE RECOIL

The recoill u_ IS the vector sum of the transverse energy of all the
calorimeter clusters: u_is a measure of p_ W

Calibration steps:
@ Correct pile-up multiplicity in MC to
match the data

@ Correct for residual differences in the
ZET distribution

hadronic recoil

_)
urt

@ Derive scale and resolution corrections
from the p_balance in Z events

CMS Preliminary s=7 Tev (4.7 b7

SO e 2 T
> 120 S = O [ + pfMET DATA ,
0] - ATLAS e Zoytu- (before transf) =, _F ¢ tKMET (dz<0.1 cm) DATA |
o 100 \s=7TeV, 4.1 b’ e i 2 2% ¢+ pIMETMC
S - : B Z—u'u (after transf.) . 5 | #» tkMET (dz<0.1 cm) MC O :
w 80 = B b1t
3k : i3 2

60— - i
> D - -
L o 3 B ; % é i *

40— E 15 ;o ¢

i ] B é
20:_ B :%gizlll!liﬂéiié%%igT
" 101 &

S : , K
a | ACmae ettt L L L L H‘HH {Hl § Zp, <30 Gev
£ 0 200 400 600 800 1000 1200 _ 1400 B
D EET[GeV] O_II|III|III|III|II|III|I|I|I|I

2 4 6 8 10 12 14 16 18 20
Number of vertices
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PHYSICS MODELLING

No single generator able to describe all observed distributions.

Start from the Powheg+Pythia8 and apply corrections. Use ancillary
measurements of Drell-Yan processes to validate (and tune) the model
and assess systematic uncertainties.

- Physics modelling corrections W

/  Electroweak corrections |
- QED FSR and ISR (included)

- missing higher order effects
and FSR pair production
POF (uncertainties)

i ] QCD ) _- o
,—FE* | s b . QCD correctioﬂ
— i :

\Q\ ' VYWV - pT distribution
"’WV%'\W'\ - polarisation
/ \\ - rapidity
N\ ly
S
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RESULTS 7.8M W->pv

5.8M W->ev

80369.5 + 6.8 MeV (stat.) +£ 10.6 MeV (exp. syst.) + 13.6 MeV (mod. syst.)

80369.5 + 18.5 MeV,

Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EWK PDF Total ,

categories [MeV] | Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. : of Comb. 1
'mT-pg, W=, e-u | 80369.5 | 6.8 6.6 6.4 2.9 4.5 8.3 5.5 9.2 18.5 '.

| N
ATLAS ® My

T T 1T T T T T T 1 ]
ATLAS — m,, =80.370 £ 0.019 GeV -

s C
5 80.5F -
= Stat. Uncertainty C, - Bl =-17284+0.70GeV
— Full Uncertainty E; - . - m, = 125.09 + 0.24 GeV -
80.45— s 68/95% CL of m,, and m,
LEP Comb. @-50376+33 MeV - -]
Tevatron Comb. @-E038716 MeV 80.4— —
LEP+Tevatron @-50385+15 MeV 80.35: :
+19 MeV B ]
ATLAS @ Sillo e 803 == s 68/95% CL of Electroweak]
i Fit w/o m,, and m, ]
Electroweak Fit _?_80356i8 MeV - (Eur. Phys. J. C 74 (2014) 3046)
l | l l 80 25 B 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 i

80320 80340 80360 80380 80400 80420 ' 165 170 175 180 185

my, [MeV] m, [GeV]

The result is consistent with the SM expectation, compatible with the world average
and competitive in precision to the currently leading measurements by CDF and DO
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MAIN CONCEPTS TO FOCUS ON

searching for the production of a new exotic particle beyond the
Standard Model

» theory model to drive the analysis strategy

neavy particle: will be on the tail of the kinematical distribution. Small
packground but also small signal

» how do we define our sensitivity?

how to optimize the search strategy and

determine the discovery reach or an exclusion limit

Ignoring here « difficult » searches with unusual signatures requiring original reconstruction techniques
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SEARCHES FOR HIGH-MASS/PT SIGNATURES

» When looking for physics BSM the high-mass/high-pt signal region is the
one with the cleanest signatures.

> « Bumps » for resonance production in relevant distributions like the new
particle mass for instance

» Typically higher energy preferred for these searches (100 TeV pp
machine, FCC-hh)

» Searches could take advantage from intensity frontier as well, helps
processes with small production cross section

Plethora of NP models

predicting resonances
studied at LHC and HL-LHC

(and future colliders) J\

#of events

Particle Mass
Patrizia Azzi (INFN/PD) 37


https://cds.cern.ch/record/2650355/files/FTR-18-006-pas.pdf

CHARACTERISTICS & STRATEGY

> Usually these types of searches look for a small number of event on
the « tail » of the known SM processes distribution.

» The strategy is to use the theory model developed by the theorists
and implemented in MC generators to derive the kinematical
properties of the BSM events and their signature.

» Goal is to maximize the signal acceptance while keeping a way to
control the background.

» |n these cases the « background » is small, and subject to statistical
fluctuations.

» Need to devise strategies to be able to extrapolate the background
from a large statistics region (and usually different kinematical regime)

to the signal one

Patrizia Azzi (INFN/PD) 38



A PRACTICAL EXAMPLE: HEAVY COMPOSITE NEUTRINOS

» Compositeness of leptons and quarks is one possible BSM scenario.
Fermions are assumed to have an internal substructure

» |f quarks and leptons are composite we can expect excited states of
quarks and leptons like the Heavy Composite Majorana Neutrino (HCMN).

» They will be massive otherwise we would have seen them already!

» In this example the new heavy particle
» is produced along with a lepton

» it decays in two quarks and one lepton

q; A the final state is a di-
Z leptons+di-jets signature lljj,
o+ I=e, p

B ) Considering the sensitivity for
qj 1k a search at the HL-LHC,
Js=14 TeV and 3ab-’
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KINEMATIC OF THE SIGNAL AND BACKGROUND

@MV Phase-2 simulati‘orb -- -y Slgnal
£ 0.006F L ?‘ ¢ —A1:ﬁm5gev1
O » 10 — A12, M 3[TeVIQ)
\T 0'614 = 4 —TTTW LN
o - ‘y DY 1\
()} '.012_— sl ; —— Other Y
<Y o0 ‘ ] 1
gl 008P '
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D.006[- :
8 00af- ’
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0902[ ¢
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N
~ L I ..Fl;((ﬁ:) [GeV]
Backgrounds

pT distribution for the leading lepton
(plot normalized to unity)

> The kinematic of the
background is very
different from the signal

» The difference is bigger as
a function of the new
particle mass

10% £
1o1§
1o°~
107
10—2§
10‘3;
10—4§

107 ¢
10—6: | | | | | | | | | | | | | | | | |
05 10 15 20 25 30 35 40 45 50

my, (TeV)

o(pp — Ny) (fb)

However, the signal production cross section goes down with the mass:

the number of expected signal events becomes small too
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ANALYSIS STEPS

» Studying the kinematical distributions of signal and background an
optimal selection is defined. i.e. kinematical and topological cuts on the
different event variables

> Efficiencies are evaluated for the signal

> Various methods are employed to estimate the expected background (some
data driven, some MC only)

» Uncertainties are assigned to all components

» The invariant mass M(llj) corresponding to the hypotetical HCN is chosen
as a discriminating variable for the final fit.

CMS Phase-2 simulation Preliminary 3 ab™ (14 TeV)

1 06 Tlrtw T T T T T T I_;

DY - . M
S Other given our observed data we fit the

—— A=12TeV, M(N )—3 TeV 5 . . .
| ) Bk stat and syt uncert. distribution to our knowledge of
expected background.

Events

10°
10*

103

In this example we have only MC as

it is a study for a future machine, the
HL-LHC

102

10

1

10° 10*

M(e,e,Jd) (GeV) 41



DIGRESSION: MONTECARLO ONLY STUDIES

» MC only studies are very useful in the case of searches to estimate a
priori the sensitivity to the specific signal in specific conditions

» particle collider, center of mass energy, integrated luminosity, detector
choices

» These studies are essential for the design and choices of new machines
and detectors

> A middle way is the concept of «KRECAST »:
» sometimes a final state can correspond to several different models

» A published analysis optimized on the model X can be can be used to

extract results on model Y. This is done studying the behavior of model
Y in MC with the cuts of the analysis.

» |t is a procedure used frequently mostly by theorists to check new ideas
against real data
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SYSTEMATICS FOR A FUTURE ANALYSIS

» How to estimate uncertainties for the future? Making reasonable assumptions.

» When we want to know how an analysis will perform in the future we need to
put ourselves in the conditions of advanced knowledge and statistics of the
future.

» See our example here:

Obtained from (Run 2) Value Source Value
Sig (Bkg) "™ Luminosity 1%
UPGAnalysisSystematics 2.7 (2.7) Pileup 29
UPGAnalysisSystematics 2(4) Fl o
. . ectron ID 0.5%
UPGAnalysisSystematics 2(1) Fl l 0.5
UPGAnalysisSystematics -(2) ectron scale L
UPGAnalysisSystematics 2 (3) Muon ID 0.5%
UPGAnalysisSystematics -(2) Muon scale 0.5%
UPGAnalysisSystematics 0.4 (2) Jet energy scale 1%
UPGAnalysisSystematics 1(3) Jet energy resolution 1%
EXO-16-026 - (15) Background 0.3%
EXO-16-026, scaled by 0.5 - (8) Drell-Yan (theory) 4%
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DISCOVERY OR EXCLUSION?

» When searching for a new particle physicist are confronted with two cases:
» For discovery: HO=Background only and H1=Background+signal
» For exclusion: HO=Background+Signal and H1=Background only

» The probability (p-value) of the null hypotesis (HO) is calculated,

> i.e. the probability of finding data of equal or greater incompatibility with the
prediction of HO

» Hypotesis is excluded for different pre-established thresholds:
» for exclusion: p<0.05 (i.e. 95% exclusion limit)
» for discovery: p<0.003 (3 sigma) and p<3x10-7 (5sigma)

» (the concept of sigma comes from the standard deviation of a normal
distribution, 68% of the data is withing 1sigma, 95% within 2sigma etc)

» Special case to deal with those cases where the data have a downward fluctuation
than the background only and avoid exclusions that are « too good » CLs:

» CLs=ps+b/(1-pp) the exclusion limit becomes more conservative. We dilute the
compatibility with S+B with the incompatibility of B-only hypotesis.
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PROSPECTS FOR THE HCMN SEARCH

> The results are expressed in terms

of sensitivity for a discovery or

extensions of the excluded region.

» The expected statistical significance

for both the eeqq™ and pugq™
channel for the case A = M(NI)

Discovery up to A = M(N|) =7 TeV

» Tthe expected 95% CL upper
limits on o(pp — INI) x B(NI —

lgg™) for the eeqq™ as a function

of the HCMN mass

Exclusion up to A = M(N,) =8 TeV

(run 2 was 4.6TeV)

Patrizia Azzi (INFN/PD)
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SUMMARY

» Very quick tour of the analysis strategies employed at the LHC.
Hopefully clarification of some of the concepts and jargon that we

can find on published research papers

» The spectrum of approaches is extremely different depending on the
type of measurement we are interested into

» studying a new signal
» measuring a quantity very precisely

» searching for a signature beyond the Standard Model

» For each of these approaches there is a vaste number of actual
implementation of algorithms and techniques depending on the

specific case

the challenge to devise a smarter and more efficient method to
obtain a better result or a discovery is possibly the most
fascinating aspect of the job of an experimental particle physicst
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Boson momentum
Dilepton Mass

Patrizia Azzi (INFN/PD)

VH EVENT SELECTION

g

Variable O-lepton 1-lepton 2-lepton
pr(V) >170 >100 50,150}, >150
M(e0) — — 75,105]

p — (> 25, > 30) >20
pr(j1) >60 >25 >20
p1(j2) >35 >25 >20
pT(ji) >120 >100 —

M(jj) 60, 160] 190, 150] 90, 150]
Ap(V,jj) >2.0 >2.5 >2.5
CMVA nax >CMVAr >CMVA71 >CMVAL
CMVAmin >CMVAL, >CMVAL >CMVAL
Naj <2 <2 —

Ny =0 =0 A

piiss >170 — —
Ap(F™, ) >05 - -

Ap (PSS, pauss (trk) ) <0.5 — —
Ap(piss, ) — <2.0 —
Lepton isolation — <0.06 (< 0.25,< 0.15)
Event BDT > —0.8 >0.3 > —0.8
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Understanding signal strengths for processi 2> H =2 f

e Signal strength p is observed rated normalized by SM prediction

_ o;-BR
'u]irz(o_..BRf) _:uixluf
I SM

ATLAS Input measurements
Individual analysis +1oconpu

Hyepe"!

Overall: p = 1.17‘23': 125.4
H—- vy B

ggF:pu=1.32" """ 11254

VBF:u=0.8"" |[125.4

e Disentangling production (u) & decay (u,) always
requires assumption of narrow Higgs width.

e Additional assumptions required when combining measurements, e.g

o BR/
p; = —gy and i =
o -

f
: BRY,,.

Assumes SM value
of production o’s

Assumes SM value
of decay BRs
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e Split by production or decay mode:
CMS Preliminary ® Observed
359" (13 TeV) = +10 (stat @sys.)
mm +10 (SYS.)
- ; —+20
MggH i ag— ~33% reduction in
5 w_ uncertainty wrt
— | CMS+ATLAS Run-1
w =
TVBF| T
e | ———
l’l —*i—
ZH | ~50% reduction in
— : ‘/"‘s uncertainty wrt
L i o CMS+ATLAS Run-1
ttH ;
u -
IIIIIIIIIilllllllIIIIIIIIIIIIIIIIIIIIII
0O 05 1 15 2 25 3 35 4
Parameter value
10/4/18 Per production mode

Patrizia Azzi (INFN/PD)

A. Gilbert (CERN)

Run 2 summary

CMS Preliminary
359fb™ (13 TeV) —
p— [+

—+20

—= @ =—

® Observed

(stat.@sys.)
(sys.)

Syst. uncertainty >
Stat. uncertainty

in all but p#Z

0 05 1 15

2 25

Parameter value

Per decay mode
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COMPARISON OF SYSTEMATICS

LEP2 ——
Do +
Tevatron +

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

Overallaverage @ —=

80.376:0.033
x idof = 49 / 41

80.383+0.023

80.387+0.016
yiidof = 42/6

80.385+0.015

80.2 H

80.6

80.360 £0.008 GeV (*) m [GeV]
w

Source Uncertainty
Lepton energy scale and resolution 7
Recoil energy scale and resolution 6
Lepton tower removal 2
Backgrounds CDF 3
PDFs 10
pr(W) model 5
Photon radiation 4
Statistical 12
Total combination 19

625,000 W — uv

470,000 W — ev

New ATLAS Measurement =
december 2016 S
®©
mW = 80.370 £ 19 MeV o
M
N9
o
Q)
Source Uncertainty
Lepton energy scale and resolution 0-14
Recoil energy scale and resolution 2-13
Lepton tower removal
Backgrounds ATLAS 6-12
PDFs 8-9
pr (W) model 8-10
Photon radiation 5-3
Statistical 7
Total combination 19

78MW — uv
S58MW — ev

ATLAS Numbers




PRECISION < DISCOVERY

» Combining all FCC-ee EW measurements
» In the context of the SM ... and beyond

FCC-ee projections

No theory uncertainties

% _ 0 1
 s0.38
g [ 60‘§
- L NV
80.37}— | A
- F __&.(\w
80.36— ‘
80.35 - —— FCC-ee (Z pole)
B —— FCC-ee (Direct)
- \,\)‘(' ----- LHC (Future)
- ST W8 e LHC (Now
B (\ ’L Q,? x Z pole (now) + m,
oy 00(0 v —— Standard Model
80.33 i 1 1 ] 1 1 1 | 1 1 ] 1 1 1 | 1 1 1 | 1 1 1
170 172 174 176 178
Myp (GEV)

Requires 10-fold improved theory calculations

» New physics: blue and red ellipses may not overlap

» Or even better, data may not fit to the SM

Patrizia Azzi (INFN/PD)
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PRECISION < DISCOVERY

» Combining all FCC-ee EW measurements r r Ci
» In the context of the SM ... and beyond SMEFT = LSM + A2 !
- _FCC-ee projections - No theory uncertalntlesf < 100 - s . - 100
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80.38|— S < = with current PO .
E; N @6-0 80—l theory uncertainties - B FCCee (Z polarized) | qgg
- e = FCCee (Z+WW) -
80.37 _"_ $\\X\®‘?‘ ;l 70 :_ .................................................................... - FCCee (Z+WW+tt) _: 70
E g@ |9 60 f_ ................................................................. J..De Blas, Jan..2017....... _f 60
80.36/— X F .
: _c\ 50 — 4SS — 50
60,35 — FCC-ee (Z pole) 9 40 f_l ........ —ag
- —— FCC-ee (Direct) = . 3
~ @\,\)‘C ----- LHC (Future) < 30 M —30
» L P, S RS LHC (N - .
8083 ol A x ¥ z |( i 20— [t I —20
B 14 Q,? pole (now) +m_ - -
o 60(0 v —— Standard Model 10 o | 3 10
80330, 1 o j -
170 172 174 176 178 (GoV) ot o o Py g Jo
e 1) 3) 1) 1) 3) 1) 1)
Mhop Py 9D O¢1 O¢1 O¢e O¢q O¢q O¢u O¢d O11
Requires 10-fold improved theory calculations Points to the physics to be looked for at FCC-hh

Today: AWc> 5-10 TeV

» New physics: blue and red ellipses may not overlap
» Or even better, data may not fit to the SM

After FCC-ee: A/Nc> 50-100TeV ?
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What do we mean by “Sensitivity to NP up the scale of N TeV?” e.g.

2
anp
2
MNP

C

A2

< 0.01 TeV~? — Myp > 10gnp TeV

(

RY

Weakly coupled NP )
Mnp > 10 TeV (gnp ~ 1)

» Combining all FCC-ee EW measurements
» In the context of the SM ... and beyond

FCC-ee projections

No theory uncertainties
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Requires 10-fold improved theory calculations
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Points to the physics to be looked for at FCC-hh

» New physics: blue and red ellipses may not overlap
» Or even better, data may not fit to the SM

Patrizia Azzi (INFN/PD)

52

Today: AWc> 5-10 TeV

After FCC-ee: A/Nc> 50-100TeV ?




