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o) Going to highest energies...

>The Large Hadron Collider (LHC) is the world’s largest and highest-
energy particle accelerator

CMS Integrated Luminosity, pp, Vs =7, 8, 13 TeV

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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T“ — B LHC Delivered: 192.29 fb !
58_ ] CMS Recorded: 177.65 fb!
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«Delivered & = 163 fb-1 of proton-proton collisions at Vs = 13 TeV

=Exceeded most of its design parameters, producing collisions 49% of the time in 2018
Image: Nathan Readioff
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>Finding a very heavy and extremely rare resonance In events like that
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>Finding a very heavy and extremely rare resonance In events like that
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@) My needle in the haystack

>Finding a very heavy and extremely rare resonance In events like that

>Try to find a possible explanation to the big difference between weak
force and gravity’?

= 2 aar, R < 1~ NGO

Electroweak scale Planck scale

*Referred to as hierarchy problem
*In other words — why is the Higgs boson so light”?

>,Natural® explanation would be that SM is replaced by another theory at
the TeV scale: y2 ~ (heavier scale)? =» new particles
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Electroweak scale Planck
QCD scale R

v

107 1077 1 10° 10° *109 10> 10 10*® T0*2* 10%* 1077 eV

No idea what’s
happening in this range
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o) More on the hierarchy problem

Electroweak scale

QCD scale Planclimass
10—6 10—3 1 103 106 *109 1012 1015 1018 1021 1024 1027 e\/

SUSY? Explaining the Higgs
mass by an additional symmetry

No idea what’s
happening in this range
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o) More on the hierarchy problem

Electroweak scale

QCD scale Planclimass
10—6 10-3 1 103 106 *109 1012 1015 1018 1021 1024 1027 e\/

SUSY? Explaining the Higgs
mass by an additional symmetry

o e s e ——— st ——_. . SOl L _an e e e Nt i "= 5.

Composite Higgs? The Higgs

No idea what’s
happening in this range
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o) More on the hierarchy problem

Electroweak scale

QCD scale Planclimass
10—6 10—3 1 103 106 *109 1012 1015 1018 1021 1024 1027 e\/

SUSY? Explaining the Higgs
mass by an additional symmetry

Composite Higgs? The Higgs
IS not elementary

e ke i B BTt s ot _ind s Sk, 0B sl o el o L ———— s ——_re N

Large/warped extra

dimensions? Gravity already
strong at electroweak scale
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o) More on the hierarchy problem

Electroweak scale

QCD scale Planclimass
10—6 10-3 1 103 106 *109 1012 1015 1018 1021 1024 1027 e\/

SUSY? Explaining the Higgs
mass by an additional symmetry

o e s e ——— st ——_. . SOl L _an e e e Nt i "= 5.

Composite nggs'? The Higgs
IS not elementary

i e I B BTt s ot _ind e Sk, 0B sl s bl wer Rl S i+ St i M e

Largelwarped extra

dimensions? Gravity already
strong at electroweak scale

Need to test these experimentally!
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o) More on the hierarchy problem

Electroweak scale

QCD scale Planclimass
107° 10772 1 10° 10° *109 1012 1015 1018 1021 1024 1027 eV

SUSY? Explaining the Higgs
mass by an additional symmetry

Composite Higgs? The Higgs
IS not elementary

S B A it o i s i 0P - Skl o il . o O ¥ M i o i M it e

Large/warped extra

dimensions? Gravity already
strong at electroweak scale

Need to test these experimentally!
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https://arxiv.org/abs/1801.07893
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-19-006/
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-005/

CMS-PAS-B2G-19-006

) Examples of heavy resonances Py Lo B 761 (2010) 32

Phys. Rev. D 102 (2020) 112004

g q
{ |
W, q b*
X W\\ v W b
\ |
g [ 2

S
Q
o
T
,l
l
|

q b
q
W’ = 24 ’
W B N\---- <
t c}’ b
. _
q b b

All the unknown particles X, W’, b*, B etc. are very heavy: m 21 TeV
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https://arxiv.org/abs/1801.07893
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-19-006/
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-005/

@) A heavy resonance decaying

>|n the examples shown, resonance g 7
decays to massive bosons (W, Z, H)
or also top quarks

@,
(/
(/
(/

>These decay further, since they are :
not stable S
>They predominantly decay to a pair of v
quarks (bosons) or three quarks (top) g . ‘

time

>This leaves a lot of energy to the
2
quarks due to L gecay = M xC W

and they will be close In space f Jet

>The quarks hadronize and form so-
called jets
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@) A heavy resonance decaying

>In the examples shown, resonance g
decays to massive bosons (W, Z, H)
or also top quarks

>These decay further, since they are
not stable

>They predominantly decay to a pair of
quarks (bosons) or three quarks (top) .

time

>This leaves a lot of energy to the
quarks due to Edecay > mX02 w

and they will be close In space f Jet

>The quarks hadronize and form so-

called jets Note: leptonic decay channels bring along
other challenges such as lepton isolation
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%) What is a jet?

Parton level m K, ...

-

-
-
=

\ Particle Jet Energy depositions
P INn calorimeters

>0bject defined by jet clustering algorithm
>Provides link between theory predictions and experimental observations
>Theory: quarks/partons =» hadronization =¥ particles (p, n, n, A, T, ...)

>Experiment: sensor signals = reconstruction =» tracker hits, calorimeter
entries (=¥ particles (neutral/charged hadrons, y, ...))
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[F. Krauss]

%) What'’s going on in a jet
>Jets are very messy objects

>This Is due to a phenomenon
called confinement

>A quark/gluon cannot exist on its
own

>|t “pulls” in other quarks and
gluons to form hadrons - this is
due to the strong force

>3Several of the particles created
this way decay further until
stable particles have been

created o :
oA =1 —74 Example of a single proton-proton collision—now

imagine more than 30 on average at the same time
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©) Fat jet or not
>"Standard” jets in CMS: use anti-kr
algorithm with R = 0.4 ("AK4 jets”)
>Approximation: all particles within

AR = \/(Azy)2 + (Ag)? = c will be

reconstructed as a single jet with
cut-off parameter R = ¢
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©) Fat jet or not
>"Standard” jets iIn CMS: use anti-kr
algorithm with R = 0.4 ("AK4 jets”)
>Approximation: all particles within
AR := \/ (An)? + (Ad)? = ¢ will be

reconstructed as a single jet with
cut-off parameter R = ¢

m
2W

2
=Example: resonance of mass 1 TeV
bosons (m = 100 GeV) from the decay will on
average have pt~0.4 TeV = Rqq = 0.5

>For a W-boson decay: R, ~

*An AK4 jet could miss parts of the decay
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%) Fat jet or not
“Standard” jets in CMS: use anti-kr
algorithm with R = 0.4 ("AK4 jets”)
Approximation: all particles within
AR := \/ (An)? + (Ad)? = ¢ will be
reconstructed as a single jet with T peISNSRSNSNSS L.

> 1 I Ao ol ol o oo

Q e e i CMS -

cut-off parameter R = ¢ s [T Simuaton

£ 08| -

| Ny £ 50 i

For a W-boson decay: R, ~ 2pW s B 4 Worguajeticoncy

Example: resonance of mass 1 TeV ! S 0 single CA R=0.8 jet -

bosons (m = 100 GeV) from the decay will on 2 . AR (Wiet) <0.1 -

average have pt~0.4 TeV =» Rqq = 0.5 § T - Resolved jets efficiency -

An AK4 jet could miss parts of the decay T [  standard woaKRosjts -

- o AR (qi,jetj) <0.1 -

Use larger jet “radius” to contain full L.
%00 400 600 800 1000 1200

decay (usually R = 0.8, = “AK8")

W boson SN (GeV)

10



quark/gluon jet
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quark/gluon jet

>At first look, it's the same as any 2
other jet

>However, if you look more
closely, you can find differences

15.01.2021 Clemens Lange - Boosted resonance searches at CMS and their long-term impact 1 1




&N Boson/top quark jets vs. quark/gluon jets

>At first look, it's the same as any SR
other jet <k

>However, if you look more
closely, you can find differences

>You will find that the energy
deposits inside the jet are
centred around two cores/axes
instead of just one

15.01.2021 Clemens Lange - Boosted resonance searches at CMS and their long-term impact
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Boson/top quark jets vs. quark/gluon jets

>At first look, it's the same as any 2

other jet

>However, if you look more
closely, you can find differences

>You will find that the energy
deposits inside the jet are

quark/gluon jet

centred around two cores/axes

instead of just one S

>The opening angle between two
energy deposits relates to the
mass of the original particle

opening angle
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Boson/top quark jets vs. quark/gluon jets

quark/gluon jet

3

H N —
( 3 ~

S

¥ \ :

g

3

>At first look, it's the same as any
other jet

>However, if you look more
closely, you can find differences

>You will find that the energy
deposits inside the jet are

centred around two cores/axes

instead of just one S

>The opening angle between two
energy deposits relates to the
mass of the original particle

opening angle

>However, to be able to see that,
we need to clean up the jet

15.01.2021 Clemens Lange - Boosted resonance searches at CMS and their long-term impact
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1. Remove pileup
(PUPPI algorithm)

Remove charged particles

Weight neutral particles

Reconstructed jet

Interaction of interest  Pileup interaction

2. “‘Undo” hadronization
=» groom the jet

Prunlng
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https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-001/index.html

JINST 15 (2020) P09018

C\EF\DI Cleaning up a jet Phys. Rev. D 97 (2018) 072006

1. Remove pileup
(PUPPI algorithm)

B "ll cted | Remove charged particles Weight neutral particles
>\When looking at our “massive” jets, 1 N -
. . = mgm 50 — J R — 1] )
we are mostly interested in the initial \ \
Y TR I IV YO P - -
q u a rks Interaction ofTinterest 'F\Dileup interaction
2. “Undo” hadronizati
>Attempt to throw away low energy > groomthe jot

Pruning

and large angle radiation =
=» “undo” hadronization "‘
> This process Is called grooming

“There are a few different algorithms to do that
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https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-001/index.html

JINST 15 (2020) P09018

C\@ Cleaning up s | jet Phys. Rev. D 97 (2018) 072006

1. Remove pileup
(PUPPI algorithm)

l emove charge palrtic es Weight neuIral particles
>\When looking at our “massive” jets, 1\ -
. . s mgm 4B — R —] B
we are mostly interested in the initial \ \
A THET T SRR Y S o -
q u a rks Interaction ofTinterest 'F‘Dileup interaction
2. “Undo” hadronizati
>Attempt to throw away low energy > groom the jet

Pruning

and large angle radiation o
-» “undo” hadronization ""

> This process Is called grooming gorp S
“There are a few different algorithms to do that 5 e gv;gigpigppﬁnmd:dp
>In CMS, the modified mass-drop B
tagger “soft drop” is commonly used

Jet mass (GeV)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-001/index.html
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There is more than just mass

Remember that | told you something
about an opening angle between the
decay products?

We can also measure the energy flow
Inside a jet

Estimate to what extent it is aligned
along 2 or 3 momentum axes (or just 1)
Again, there are a range of different
algorithms

N-subjettiness (Tn), energy correlation functions,
machine-learned variables, ...

For Tn (by now somewhat outdated):

ratio 12/11 =» W/Z boson tagging
ratio 13/T2 =» top quark tagging

15.01.2021

Calculate for a given hypotheses of N subjets:
1 .
T™N = - E prrmin(ARy x, ARs g, ..., ARN 1)
0
k

VNG N

S . minimise distance to
normalization sum over particles . .
candidate subjets

Boosted W Jet, R = 0.6 Booste d QCD Jet, R=0.6
' ' ' ' ' g 5.8 : : : : :

2.2

or /7 N 5.6/

W-jet . 7 alg-et . .

18t /
/

! I
I ! I [ | a
L = @ v i
e_1.6 |‘ 0 e5.2 ! . B s
n - 1 \

\ n

1.4\ ' o = ," < 5| 1 o™
\ \

/ \
\ / \
120 ;S 48f
N 7
N 7/

N s
~ -
~ - [
1t ~._ - 1 4.6

-0.2 0 02 04 06 08 1 -12 -1 -08 -06 -04 -0.2
n n

13

JHEP 1103:015,2011



JINST 15 (2020) P06005

) Confirming that this works

>Rather complicated variables, difficult W+
to model = need to validate In data

|+
>Clean sample of W-boson jets: top-

antitop quark pairs used for calibration
(W-boson jet pt ~ 200 GeV)

C Pass W-boson discriminant ) C Pass top-quark discriminant )
35.9 fb™' (13 TeV) 35.9 fb' (13 TeV)
el o s e B < c 20T T T =
O -CMs - Pre-fit ~ —8— Data - o 20CMS ... Preit  —8— Data =
=~ 500 . —— Merged t quark — =~ — . — Merged t quark =
..(é) E — Postfit = __ Merged W boson E ..UE) ::28 E_ — Postfit - __ Merged W boson _E
- — Nonmerged . - — Nonmerged =
L% 400 - : —— Total SM B L% 140 E —— Total SM -
H - 120 j =
3005_ | +‘+ E 100~ 5 '+'_*. =
200 il Mgt = 80 s =
| H T - 60F T HY E
100 | +'-|___ - 40— b Feoir [T =
| - 2 Lo 1 200 _pbtr - 7 =

O_-r'rT- -------- : = ,_?_rl'-""g : M 0= 2L e PV .. SR TR B
= S = S REE
D 1.5 + -] 5 1506 E
e s : O ] -
o 05F * E &  05F + + + E
© T © - HRE
O 60 80 100 120 140 160 180 200 220 240 O 60 80 100 120 140 160 180 200 220 24

Mgy [GeV] Mg [GeV]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-002/index.html

Using jet substructure In
resonance searches

Two hot-off-the-press examples




o) Search for W = tb

> Topology:

=1 high-pTt bottom-quark jet
=1 high-pT top-quark jet
“both are identified using dedicated deep neural

>Selection:

! CMS-PAS-B2G-20-005

oT > 550 GeV

network algorithms (DeepJet and DeepAKS3) q Q
W/

"One AK4 jet, pt > 550 GeV, b tagged

“One AKS jet, pt > 550 GeV, top tagged, 105 < msp -
<210 GeV 1

*Both well-separated from each other (back-to-
back)
>Define control and validation regions by
inverting b/top tag requirements and
using mass sidebands

oT > 550 GeV
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-005/

&N Search for W = tb

! CMS-PAS-B2G-20-005

Signal region (SR)

>Final discriminant: invariant tb Pass Extractpass/fﬂ Mio * forr(N) >

b tag

ratio

. Anti b tag region
Mass (mtb) fail e | (SR) = mospectrum
. . -
>Background estimation of 105 0 e

dominant multijet production: C Multijet validation region )

=In mass sideband (msp < 105 GeV), > Fows f;{:*usmw

extract b tag pass/fail ratio as function gm  Crelminary mi

of n of the AK4 jet g 10 VTl

*|n sighal mass window, invert b tag
requirement (SR’) and multiply muw

A

spectrum by pass/fail ratio to predict 107§
multijet in signal region (SR)
107°F
=Validate procedure in top tag fail region T e EmE— _
(VR) % 1*‘~—‘*—r‘f* e *¢¢ﬂ++|L'-+——+—;
S osl E

2000 3000 4000 5000
my, [GeV]
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-005/

CMS-PAS-B2G-20-005

D) Search for W = tb

b tag

Signal region (SR)

>Final discriminant: invariant tb Pass Extractpass/fﬂ Mio * forr(N) >

ratio . .
. Anti b tag region
Mass (mtb) fail | (SR) = mospectrum
' : GeV
>Background estimation of 105 20
dominant multijet production: ( Multijet validation region ) ( Signal region )
*|n mass sideband (msp < 105 GeV), > foms fil::wew S [cmMs 'fz;tT:_TQB'T?Vz
extract b tag pass/fail ratio as function gm relminary a3 I i mi P
of 1 of the AK4 jet ¢ B Dol B
L L T W (2TeV)
*|n sighal mass window, invert b tag . A 1 .
requirement (SR’) and multiply mp PSS VO G BIFEEESE,
spectrum by pass/fail ratio to predict 107§ 107'¢
multijet in signal region (SR) -
107°¢ 2
=Validate procedure in top tag fail region R e S - |
(VR) % 1»'~—H—r*w-* g I Ly |“-+——+— %
8 0.55— ,,,,,,,,,,,,,,,,,,, — 8 0_5:_ IIIIIIIIIIIIIIIIIII -
2000 3000 4000 5000 2000 3000 4000 5000

m,, [GeV] my, [GeV]
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-005/

) Search for W = tb

! CMS-PAS-B2G-20-005

>3Set upper limits on the production cross section of a W' decaying to tb
>W'’ can have different chiralities (left- and right-handed)

=Different chiralities lead to different angular distributions of top quark decay products affecting
tagger efficiency

=Also taking into account interference with standard model

C Left-handed ) C Right-handed )
137 b (13 TeV) 137 fb’ (13 TeV)
E ':| L L L L ':l '3' """"""""""""
S b CMS —— pp = W' o CMS —ppew :
o 10%= Preliminary 959, L upper limits E a 10 :_Pfellmlnary 95% CL upper limits _
1 - ¢ Observed } 1 SN ¢ Observed -
P 1o ] Median expected _ . P L Median expected
_; E - 68% expeCted = "; 1 — - 68% expected -
— - 95% expected S - 95% expected S
= F
© i
1072 ;—
201 v v v b b b b e e e b b b b b
10 1000 1500 2000 2500 3000 3500 4000 TOOO 1500 2000 2500 3000 3500 4000
My [GeV] [GeV
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-005/

©) Search for b* = tW

! CMS-PAS-B2G-19-003

> Topology:
=1 high-pt W-boson jet
=1 high-pT top-quark jet

“both are identified using N-subjettiness ratios
(T2/T1 and T13/12), additional subjet b tagging for

top quark
>Selection:
=Two AKS jets, pt > 400 GeV '
=Select W-boson (and top-quark) mass windows

65 (105) < msp < 105 (210) GeV

=Both well-separated from each other (back-to-
back)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-19-003/

CE/RW
\

— Non-resonant Bkg A
— Resonant Bkg
— Signal
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-19-003/

C\@ Search for b* = tW CMS-PAS-B2G-19-003
A Non-resonant Bkg A i k

— Resor;ant Bkg
: : — Signha
>Parameterize bump hunt In

(Mt, Miw)

=Smoothly falling nonresonant background /_A
| >

(multijets, W+jets) estimated from data

=Resonant backgrounds (tt and tW)
estimated via template fit from simulation

>Perform a 2D likelihood fit Iin
mt= [65, 285] GeV and
mtw = [1200, 4000] GeV

15.01.2021 Clemens Lange - Boosted resonance searches at CMS and their long-term impact


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-19-003/

c\@ Search for b* = tW CMS-PAS-B2G-19-003
A Non-resonant Bkg A ’ k

— Resor;ant Bkg
: : — Signa
>Parameterize bump hunt in °

(M, Mtw)

=Smoothly falling nonresonant background A \A_
A

(multijets, W+jets) estimated from data

*Resonant baCkgrOundS (tt and tW) NDONEs (hin) = NPOMES(hin) X T
estimated via template fit from simulation p - (om) =N m? Jore(mg, M)

>Perf0rm a 2D IikelihOOd fit in ................................................ .....................................
mt= [65, 285] GeVand = Rege T
mww = [1200, 4000] GeV

>Nonresonant background: top
tag pass/fail ratio

=Smooth ratio, fit using 2D polynomials

tactually, RpMC ratio is factored out and data/MC Ry is used
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-19-003/

@) Search for b* = tW

Resonant tt and tVW background:

Define dedicated measurement region
by requiring a second top tag

Estimate multijet background as for
signal

Constrain top mass scale
simultaneously

15.01.2021

( 18<my<3TeV ) ( 1.2<my<1.3TeV )

Events / 20 GeV

Events / 20 GeV

( Falil top tag )

20000
15000

10000F

(o))
o
o
o

(Data-Bkg)/c
II\)LO_LI\) o

2000F

1500

1000

500

(Data-Bkg)/o
vLioLn o

137 b (13 TeV)

B .. =

— Preliminary T_Ota' bkg unc.
f
Multijet

— b, (2.4 TeV)

120 140 160 180 200 220 240 260 280
m, [GeV]

137 b (13 TeV)

ML B N B BB B B B R B B RN R S BN B B BN N R B BN N B B R p

CM S ¢ Data
N . Z N
" Preliminary ATotal big unc. -
_ Bt —
Multijet -
—b, (24TeV) ]

B
—

120 140 160 180 200 220 240 260 280
m, [GeV]

Events / 20 GeV

Events / 20 GeV

4000

3000

1000k
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Search for b* = tW
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Search for b* = tW

>b* can have different chiralities (left- and right-handed, vector-like)
> argest excess for left-handed b™ at 2.4 TeV (2.30 local)
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@) Search for b* = tW

>b* can have different chiralities (left- and right-handed, vector-like)
>l argest excess for left-handed b™ at 2.4 TeV (2.30 local)
>Interpret result in these models
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Limits — and now what?

Ensuring analysis long-term impact and collaborating
with theory




CE/RW
\
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Note: Can also make Rivet analysis available
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CE/RW
\

N4

—t

_ R “CMS |
>The figures that are part of a dal T Simulaton
paper are published as images . 5ot channel

J qurnode ]

=
Signal jet-tagged fraction

>Reading off values can be tedious N
“Note: There are tools such as 10;— _

WebPlotDigitizer that help with that i - Signalregion g 0"
my, q [GeV]

Note: Can also make Rivet analysis available
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https://www.hepdata.net/
https://github.com/HEPData/hepdata_lib/
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-005/index.html

N Digitised results? e
Y — 187" (13TeV) _ _
The figures that are part of a 3 s,-mﬁa"é'i_: U
paper are published as images S ol - %
Reading off values can be tedious 2
Note: There are tools such as 0
WebPlotDigitizer that help with that o I %Olofiq':zdresi;; - A
Better: Provide digitised versions Mg (GeV]
of plots and tables
Analyst most likely the only person with showAlgzsvaes  VISU2IZe
those at hand e
For High Energy Physics: B e
HEPData portal
Use e.g. hepdata_lib Python library to | SRR
create a submission L

Note: Can also make Rivet analysis available
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o) Reinterpretation

>We try to interpret our experimental results in a breadth of theoretical
models and frameworks

>However:

*New models are continuously being developed and could be quite different

*There can be surprises in the data that “motivate” to take another look (remember the 2015
YY €XCeSSs?)

Signal Region Signal Region
A A

———

|

Original analysis using model A Analysis using model B?
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o) Reinterpretation

>We try to interpret our experimental results in a breadth of theoretical
models and frameworks

>However:

*New models are continuously being developed and could be quite different

*There can be surprises in the data that “motivate” to take another look (remember the 2015
YY €XCeSSs?)

Signal Region Signal Region
A A

———

|

Original analysis using model A Analysis using model B?

How to make sure a reinterpretation is possible?
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o) Preparing for reinterpretation

>A new theory model only changes the posited signal, less often the
background processes

*Do not need to process the data and backgrounds again
“Probably background model won't have to be changed either

>Need to estimate new signal’s selection efficiency x acceptance

*Does the paper publication contain enough information to do that?

>0Optimal approach: preserve overall analysis setup

Signal Region Signal Region

A A CLs < 0.05!

———

o .
=fciency
acceptance

original analysis (w.r.t model A) original analysis (recast to model B)

15.01.2021 Clemens Lange - Boosted resonance searches at CMS and their long-term impact



HSF Training

o) Tools for preservation and reusability

>Tools for preservation/reusabillity:

=Version-controlled software (Git) including

aUtOmated CheCkS 0 git HEP Software Training
=Containerised software images (Docker) & docker g
.AUtOmated WorkﬂOWS % CERN school of computin CZDZSRHEPh(US[) DE
. . . 3% @ MLHEP school FEU) g%;. e f II:lFNaESSCC Zghéol :IT)
> Training available via HEP sty (nte, NVDIA, .. _
Software Foundation, LPC B

/ ATLAS tutorial series
Experiment / LHCb starter kit

Geants e N HEP domain = "
training

hands-on training sessions — training |t
(HATS), experiment-specific RNy o, e NN
tra | n | n g S SoUrses tailored for HEP )

>Tools being developed at CERN:

*CERN Analysis Preservation Portal

*REANA (Reusable analysis platform)
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https://hepsoftwarefoundation.org/workinggroups/training.html
https://hepsoftwarefoundation.org/workinggroups/training.html
https://lpc.fnal.gov/index.shtml
https://analysispreservation.cern.ch/
https://reana.io/
https://hepsoftwarefoundation.org/workinggroups/training.html

o) Performing a reinterpretation

detector

Theory model/LHE file geometry/
conditions

database

CMS event generation + simulation step

See also ATLAS Analysis Preservation efforts
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=analysis%20preservation%20in%20atlas

o) Performing a reinterpretation

detector

Theory model/LHE file geometry/
conditions

database

CMS event generation + simulation step

Theorists are welcome to

send us models to test on
existing analyses!

See also ATLAS Analysis Preservation efforts
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©) Reinterpretation with Open Data

>Theorists (and anyone else) can also
use CMS data

>More than 2 PB available (mostly
Run-1) from the CERN Open Data
Portal

>Using the data can be a challenge

= Training available through CMS Open Data
Workshop for Theorists (Sep/Oct 2020)

“Includes using public cloud offerings for large- >M0_re good news: New L en Data
scale data analysis policy by the LHC experiments

= All experiments will make data for scientific
use available starting five years after data
taking
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http://opendata.cern.ch/
http://opendata.cern.ch/
https://indico.cern.ch/event/882586/
https://indico.cern.ch/event/882586/
https://home.cern/news/press-release/knowledge-sharing/cern-announces-new-open-data-policy-support-open-science
https://home.cern/news/press-release/knowledge-sharing/cern-announces-new-open-data-policy-support-open-science

o) Summary and conclusions

>Jet substructure enables the search for extremely rare and heavy
resonances

>Several new CMS analyses using 2016-18 data becoming public
pushing the boundaries

=Only presented the latest two results

> Performing reusable analyses has a long-term impact on the field
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Phys. Rev. D 97 (2018) 072006

) Example: “modified mass-drop tagger”

NS

>Recluster jet constituents using

Cambridge-Aachen jet algorithm 0,127 Simulation 13 TeV)
- - - ----- /g jets, PUPPIl+soft dro
(based on spatial separation only) > o1 4 — dgiots, ungroomed
© i - W —qq, PUPPI+soft drop
. . . = B . i+ —— W — (g, ungroomed
>|teratively break into two subjets goos 3 o
_ _ 0.06[—
>Remove softer contribution (and F
continue with harder one) if: B
min(py , pr.) : MO L
= > <0.1(CMS choice) e o T
Pr, + Pr, % 20 40 60 80 100 120 140 160 180 200

Jet mass (GeV)

>3Stop otherwise
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-001/index.html

o) Undoing hadronisation

Reconstructed jet

Hadrons

Colour flow

Groomed mass:
~80.4 GeV

W boson

Groomed mass:
~0 GeV

Colour flow

Groomed mass:
~0 GeV

Partons Hadronisation Hadron decays
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Phys. Rev. D 102 (2020) 112004

) Search for bottom-type, vector-like quark pair production

>Topology: ~
Each B decays to a b quark and a Z or /
Higgs boson p. )}’@
" | H=> Z =D incl. g 5 0TS
nvestlgfjate bb and qq (incl. bb) \%
>3Selection:

=Select at least 4 AK4 jets, pt > 30 GeV

N
“If AK8 jet (pT > 200 GeV) exists close to \\‘ | ‘

AK4 jet (AR < 0.3) and sufficiently far from a

second AK4 jet AK4 jet (AR > 0.6), use AK8 /}‘
jet instead , G s
) B 7
=Use Deepdet b tag algorithm for AK4 jets ‘
=Double-b tagger (incl. substructure info) for - A ‘
AK3 jets Jet multiplicity Tag bHbH bHbZ bZbZ N
Py Single b 2 2 2
Jets Double b 1 1 0 \
5 Single b 3 3 3 ‘
jets Double b 0 0 0
6 jets Single b 1 1 3
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Search for W’ = tb: uncertainties

Systematic source Correlation between different years Impact
Luminosity No correlation 0.5%
tt cross section Full correlation 0.1%
Single top cross section Full correlation 0.2%
JES No correlation 0.8%
JER No correlation < 0.1%
B tagging scale factor No correlation < 0.1%
top quark tagging scale factor No correlation 0.2%
Pileup Full correlation < 0.1%
Prefire correction No correlation < 0.1%
tt normalization and slope No correlation 0.2%
Scale (ug and ur) Full correlation 0.3%
PDF Full correlation < 0.1%
Pass-to-fail ratio No correlation 0.2%
Alternative function of pass-to-fail ratio No correlation 0.1%
Non-closure uncertainty No correlation 0.3%
B candidate mgp correction No correlation 0.9%
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Search for b* = tW: additional plots

N7
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E/RW

15.01.2021

Source Uncertainty Samples Impact (up/down)
tt cross section +20% tt ~4.6/ +4.4%
Single top cross section +30% single top +1.2/ —1.4%
Integrated Luminosity +1.8% tt, single top, signal +1.6/ —1.1%
Pileup Shape (0,,,3) tt, signal, single top +0.3/ —0.2%
Prefire Shape (pr, 1) tt, signal, single top +0.0/ +0.1%
Jet energy scale Shape (pr) tt, signal, single top +0.3/ — 0.6%
Jet energy resolution Shape (pr, 1) tt, signal, single top -0.4/ —0.5%
Jet mass scale Shape (myy) tt, signal, single top -0.1/ = 0.0%
Jet mass resolution Shape (myy) tt, signal, single top +0.0/ 4 0.9%
W tagging Shape (pr) signal, single top +0.9/ —0.9%
W tagging: pr extrapolation Shape (p1) signal, single top +4.9/ —4.9%
Top tagging, merged Shape (pr) tt, signal, single top +0.2/ - 0.2%
Top tagging, semimerged Shape (pr) tt, signal, single top +1.1/ - 0.9%
Top tagging, not merged Shape (pr) tt, signal, single top -0.1/ +0.1%
Trigger Shape (Hry) tt, signal, single top +0.3/ — 0.4%
Top quark py correction-a  Shape (p1) tt —0.3/ 4+ 0.3%
Top quark py correction- B Shape (pr) tt -39/ 4 3.5%
PDF Shape (m, myy) signal +0.1/ - 0.1%
KDE bandwidth Shape (m,, myy) multijet (from simulation) -1.2/ 4 0.2%
R, atio (M, ) *R py Shape (m,, myy) multijet (from data) —4.4/ +0.0%
R, atio (My, mew )R py Shape (m,, myy) multijet (from data) —2.0/ +2.2%
R, atio (M, maw ) 3R py Shape (m,, myy) multijet (from data) +0.9/ — 0.8%
R, atio (M, My ) %R s Shape (m,, myy) multijet (from data) +18.6/ — 18.8%
R, atio (My, Mo ) P Shape (m,, myy) multijet (from data) —0.4/ +0.6%
R;atio (M, mow )t 1 Shape (m,, myy) multijet (from data) —0.4/ +0.6%
R;atio (M, myw )t P2 Shape (m,, myy) multijet (from data) +0.5/ —0.6%
R, atio (My, My ) 13 Shape (m,, myy) multijet (from data) —0.6/ 4 0.6%
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