How to search for

“New Physics” at the LHC

Petar Maksimovic

 “New Physics” = what is not Standard Model

* a.k.a. "“Beyond Standard Model” Physics (BSM)
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Questions

e What is the World made of?

* What is the nature of mass, energy, space &
time?

* Are there new forces of nature?

* Are the known forces just manifestations of
one fundamental interaction?

« What is the nature of dark matter and
dark energy?

* Why is universe dominated by 73% DARK ENERGY
matter?

23% DARK MATTER

. ¥ |

Particle physics attempts to answer e

0.4% STARS, ETC.

these questions
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Three families of Standard Model
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How to search for New Physics at LHC

All matter is composed of
fermions = organized in
three families of

* 6 leptons
* 6 quarks

e masses are external
parameters

==> we don't know why
top quark is so heavy!

Three forces:

* Electromagnetic
 Weak
e Strong

No Gravity!

Petar Maksimovic



Standard Model: Interactions

Electro-Magnetic Weak
q, 1 q.1 q. 1
q 1 q.1 @1

Strong

q(uarks), q q

l(eptons

N | I
q q

* Fermions with charge interact via Electromagnetic force
* Quantum Electrodynamics (QED)

* Fermions with color (quarks) interact via Strong force
* Quantum Chromodynamics (QCD)

* Fermions with weak isospin (all) interact via Weak force
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Calculating things in Standard Model

» Particles collide, different things can happen

e governed by Quantum Mechanics — probabilities
* production rate ~ cross section * luminosity (flux)

* Cross section, classically:
o effective area of collision

d > Effective area
: : of the collision is
- 2
_______ A=nmd

e (a bit more complicated for 1/7“2 field, e.g. Rutherford scattering)

* Cross section, Quantum-Mechanically:

* rate ~ 0 ~ |M|? x (phase space) (“Fermi's golden rule”)

* M = Quantum-Mechanical amplitude
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Quantum Electrodynamics (QED)

« Consider ete™ — puTu~ e’ \ "

* Probability ~ |[M|?

« M is calculated as infinite ] / uw
series of terms €

(usually ever smaller)

 Each term is represented with a pictogram, called a Feynman
diagram

* Digression: Leibnitz formula for m:

= (=1)" 4 4 4
" ;2n+1 3ts 77

* an example of a converging infinite series

4
9
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Feynman series

* Incoming particles: e™,e”

* Qutgoing particles: TN

X

(e) (f (a)
* At each vertex, coupling
constant va ?M< >W_< M
1
(k) i )

o = — I |
Q 137 converges rapidly!




Virtual particles

* Photon in the middle can violate conservation of energy-
momentum — it's virtual.

* Heisenberg Uncertainty Principle AE . At > g

 Soit's OK to borrow energy for a very short period of time
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Feynman rules

e All we need to know Standard Model Interactions
are the building (Forces Mediated by Gauge Bosons)
blocks ,AX Y X
: : v g
* lines = particles
: X
* vertices = how they N x_ i dectrically torced. X :
. Is any fermion in Is electrically charged. Is any quark.
interact! the Standard Model.
» Build all possible w 7D w Y ; g
diagrams for the L
same in/out lines / g
U is a up-type quark; Lis a lepton andv is the

D is adown-type quark.  corresponding neutrino.

* Translate to formulas

W- wW-
e Sum first N terms w* w
X ooy

° Square it and... done! X is a photon or Z-boson.

XandY are any two
electroweak bosons such

that charge is conserved.
Quark Net @ JHU, 2021 Hov
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Weak interactions

* “Quark flavor” = which type of quark it is (top, bottom, strange...)

B

Uis a up-type quark; Lis alepton andv is the Xis any fermion in
D is adown-type quark.  corresponding neutrino. the Standard Model.

* W boson couples up-type quarks to down-type quarks
(quarks) (leptons)
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Examples of decays via weak interaction

W bosons couple up-type and down-type
fermions

» couple quarks across families
e couplings are external parameters too

N

‘-
Top quark decay. )
(Top is heavy — fast!) Y
W-
b > > C
u )y ]
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mass—
charge—|
pin—

name-¥

2.4 MeV
%
s

up

1.27 GeV
%A
14

char\

171.2 GeV
%
Yo

op

Quarks

4.8 MeV

=145

14
down

104 MeV
3
2

strange

.2 eV

*b

bottom

=2.2 eV

0 V

14 e
electron
neutrino

=0.17 MeV

0 V
14 I_l
muon
neutrino

=15.5 MeVv

0 V
15 T
tau
neutrino

Leptons

0.511 MeV
-1
12

electron

105.7 MeV

-1
Al

muon

1.777 GeV
-1
% L

tau

Decay of B meson
into lepton + neutrino

+ D meson

(W is virtual — slow!)
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Quantum Chromo-Dynamics (QCD)

* Strong force (QCD): quarks carry color, interact via (8) gluons:

Color ﬁ Quarks carry
.| a color
Quarks E

* gluons couple to each other

5 carry
a culnr and
an anti-color
* coupling constant ag ~ 1

* (at low energies, it actually depends on the energy)

Anti-QuarkKks
carry an
anti-color

Anti-Quarks

Anti-Color

* But strong force is different from E&M:
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QCD

 Example: production of a pair of bottom quarks (bb)

(a) (b)
q b 9 550 L b
light bottom |
quarks quarks
ASOBEEEE000000 % — - —
q b g b
(c)
g b
gluons
g b
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QCD

(a)

q b

Adding more vertices with low energy gluons

does( )not make amplitudes smaller!
¢ (b)

g b

g b
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QCD: hadronization

 Consider hadronic decay W+ — ud

* As quarks move apart with high energy, color tube between them
stretches, energy density rises

color tube
color
. O tube . :)
SNAPS!
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QCD: all quarks & gluons end up as jets

* Quarks still have unequal energies so more quark-antiquark
pairs keep being created

—® O ®—O—
@ 0@ D @@ 00

S0, every quark or gluon creates a stream of collinear particles
called a jet":

- —
- >
»

< A
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Electro-Weak symmetry breaking

Theory Input
(four massless

B W1, W2, W3 Electro-Weak
bosons)

<H> Higgs Field spontaneously breaks
' Electro-Weak Symmetry

Photon W:.’_}O ~  Physical States:
=7 massless photon and
very heavy W and Z
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Weak scale physics

GeV {
1000 3

* Higgs field pervades all
space

_ e fermions are interacting
mp, ¢ with it and acquire mass.

* mass ~ strength of
coupling to Higgs!

¢ —> Higgs have by far the
strongest coupling to the
125 top!

80 M, * Higgs vacuum expectation
M, value is ~ top mass!?

* Higgs has been observed!
5 my, myg = 125 GeV
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Hierarchy Problem

 When fundamental parameters (couplings or
(1018)2 Ami masses) are vastly different from measured
values

* Quantum corrections to Higgs boson mass
have contributions from virtual top quarks:

GeV ;
h h
Am,zl:ooo—l—————o ————— —|—ooo
t
9 e Correction is many orders of magnitude
(102%)? mp larger!
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New Physics solutions to Hierarchy Problem

* Supersymmetry (SUSY)

* add new particles ('super-
partners') to cancel terms . @ 00===mm=m=—{  |ee—————

 many SUSY models result in
enhanced top quark production

/7 \
i/‘ )’t
H H
————————\M/— ———————

» Strongly Coupled Models:

* Electro-Weak symmetry broken using a different mechanism

 technicolor, topcolor, top condensates, extra dimensions
(large: Arkani-Hamed, Dimopoulos & Dvali, warped: Randall & Sundrum)

* possible new particles (mass ~ TeV) with large coupling to top quarks!
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Collider Physics

* Plan: smash protons head on
and turn their kinetic energy into
those heavy particles!

Mass is just a
form of ener gy!

* Very heavy fruits (e.g.
watermelons = top quarks)
show up with very low probability

 Watermelons (top quarks)

* appear briefly, but

* decay immediately to lots of
“debris' (other fruits = particles)

 EXxperimental issues:

* how to detect this "debris'?
* which collisions need to be saved for posterity?
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LHC and CMS Detector

* Five stories tall
(“Like a 5-story swiss watch”)

Y
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Collider detectors

Tracking  Electromagnetic Hadron Muon
chamber calorimeter  calorimeter  chamber

Innermost Layer... P ..Outermost Layer

I 1
om im
Key:
Muon

Toy detector

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

; Electromagnetic
}! I ' Calorimeter

Superconducting
Calorimeter Selencid

Iron return yoke intersparsed
Transwverse slice with Muon chambers
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The CMS Detetor
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LHC production cross-sections at a glance

10°

10°

proton - (anti)proton cross sections
T AN S e R
s 3 10°
E Ot 3 )
3 Tevation LHC T 10
E o 10°
E o T L i
E 10°
F o (B >s/20) o
_E Cw ~ 7 10
% | 10"

o (E; > 100 GeV)

“

E L 10
- O TJet > \fs/4 ' 10
G,10s(M, =120 GeV) , |00
200 GeV
1
WJISEOOQ 500 GeV
111 1 1 1 11 111 1 11 1
0.1 10

]
Vs (TeV)

uninteresting

e Cross section measured in
barns (area)

............................ g, Effective area
d}: — 0 of the collision
: ' is
,,,,,, A=nd’

« Amount of data measured in
inverse barns (pb™, fb™...)

-1

events / sec for £ = 10* cm™s

new particles
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HEP Analysis in a Nutshell

* Each collision is independent from any other

* Governed by Quantum Mechanics
e some (very rare) collisions may produce particles from BSM theory

==> sample of these collisions is “Signal”
* decays of other Standard Model particles
==> sample of such collisions is “Background”

 We need to dig these jewels from the mounds of dirt!

. Filter events, maximize Signal/+/Background

e Special for HEP: most of this filtering is done during data taking!
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Data flow from detector to analysis

* Access to data is a big issue

* Filter events into smaller and
smaller data samples

* only need to run over a small
portion of data.

* S/B improves with tighter cuts
* this is called skimming

(on trigger bits)

Final Sample
(interactive
analysis)

Secondary Dataset

(Al dtod ded Group Skim
so need to drop unneede o g Higas arou
parts of each event) (e.g. Higgs group)
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Example: tt event reconstruction

* An event with two top quarks (Standard Model production of tt , or
from some new particle X — tt)

b-jet jet
« We need to reconstruct: |22~
* electrons
* muons
* missing energy
* Jets
e (and identify those
with b-quarks)

A

* Most other analyses built from same building blocks!
==> ¢t events are a perfect tool for physics commissioning!
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Reconstructing £t : backgrounds

Orders of magnitude more “junk' than ¢t

Select a teeny subset of events which “look
very much like two top quarks'

* many of them will indeed be ¢t — Signal (S

* however, our selection is imperfect
==> some events in data will be something
else — Background (B)

Quark Net @ JHU, 2021

How to search for New Physics at LHC

s (nb)
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An anatomy of a search for New Physics

Observe Nobs evens: N s =S + B
Need a separate measurement to estimate B £ 0B  (error)

We then have two options

* only SM = no New Physics (“null hypothesis”, HO)
* there is New Physics (“alternative hypothesis”, H1)

Discovering New Physics More likely observation
= ruling out HO. Y
A —~
= P-value
i
|
]
=
2 | Very un-likely Very un-likely
o observations observations
2 * Observed *
o
&= number of —

events Nobs \
@

N (number of events)
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An anatomy of a search for New Physics

» Center of SM Gaussian = # of background events, B .

* ltswidth=+vB More likely observation

Y

]

Py P-value
‘0
c
]
o
3.:’:" Very un-likely Very un-likely
= | observations observations
a ¢ Observed 4{
- number of
Q. events Nobs \
E = ¥

N (number of events)

* Observation is “significant” if P-value is small. (Not likely from SM.)
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An anatomy of a search for New Physics

» Uncertainty on background, d B, smears true position of the SM
Gaussian — decreases P-value.

Py = P-Paaimbue

wwn E

| o g |

X

g"“é‘” c\ey |‘§e"f Veviegugiiatidike y

ﬁﬁ ) b s iae Gatesa ﬂmmmns

aalo

= * OR3HEEkededed * * *

O o p l ﬁﬂﬁﬂﬂjﬁﬂﬂ'ﬂﬂ“ . miil
-

S et effqifopiofssiie fmtatis|ts
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An anatomy of a search for New Physics

* |n order to convert the observation to production cross-section,
we also need to know “signal efficiency’, €g.

e = probability that BSM signal event passes selection
« Need also to minimize deg

e To summarize, we want to

e pass as much S as we can (high efficiency)
* kill as much B as we can

* measure B well (small 08B)

* know €g precisely (small jeg)
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Reconstructing J/v¥ — pTp

« J/1 meson is a bound state of ccC
* decays electromagnetically (photon as a force carrier):

CC -

T/ =<

_I_
\_ C M

==> rate of this decay is ‘slow' enough that width is narrow
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Events / ( 0.02 GeV/c?)
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250
200
150
100

o0
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Reconstructing J/v — pTp™

consider pairs of oppositely charged muons

add their 4-vectors, create a 4-vector of a J/?,/J ‘candidate’

plot distribution of invariant mass: mec? = \/E2 — p2¢2

ryrrrryrrrrprrr T T T T T T T T T T T T e T T T T
MS Preliminary, \s = 7 TeV L...=100 nb’

L OS data

m SS data
signal+background
-------- background-only

IAII%

FE=F;+ FEo
P =p1+ Do

o= 30 MeV/c?

W III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

6 27 28 29 3 31 32 33 34
Dimuon invariant mass [GeV/c

5

Ly



Anatomy of a mass plot’
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t‘llli

450
400
350
300
250
200
150
100

50

Events / ( 0.02 GeV/c?)

T | T T T
MS Preliminary, \s =7 TeV

OS data

SS data
signal+background
background-only

o= 30 MeV/c?

1 Peak =J/¥ itself

/ * If there were no detector
resolution, it would be delta
function (a vertical line)

* with resolution, it's a Gaussian

1 (width = resolution)

*
J

TN W PO Y N

O
0\
waal

* they are random ==

Flat shabe = "‘combinatorial’ background

* there are fake muons (false positives in muon reconstruction)
> pairs have almost uniformly distributed mass

Quark Net @ JHU, 2021
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Digression #2: Detector Design Demystified

+ Recall: we want to maximize Signal/+/Background

Signal: narrower is
better ==> background
underneath the peak will be

- mANLELERN IR I B B I B
{:‘_{:':‘ 450 EcMms Preliminary, \s = 7 TeV / smaller
%; 400C- " OSdata
E.’ 350 Signalsbackground ==> Improve detector resolution
o = eeeeas background-only
o 3001 .
- o50E. ©=30 MeV/c? E
*% 200F- Combinatorial background:
D 150E should be as low as possible
100 J
s0E 0 ) «" | ==> must reduce fake rate

. 3.4 55}
....
...................

896 27 28 29 "3 31 .32 33 3
Dimudii‘itivariant mass [GeV/c?]
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Digression #3: bump hunting

. . - E'"'I""I'"'I""|""|""I""I""I"'E

Hypothetical scenario: o 450Ecwms preliminary, \s = 7 Tev 1

> - Lint — ].00 fb -

© 400 " OSdata =

O] — ® SSdata -

o 390 signal+background 3

S e background-only -

-] 300:— =

< o50E =

2 - .

EJ 2005— _E

W 150F E

100 - =

Say, a 3.1 TeV sob- 3

resonance, after 100 fh-1 7 Ly o mtapetmtar o s oee atrbtiorstometses
of data 9 27 28 29 3 31 32 33 34 35

m;[TeV/c?

Logic is identical: want to optimize detectors
so that the peaks ("bumps”) are narrow, on small background.

This is “bump hunting” — the easiest way to find new physics
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Two-muon resonances
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13.1 b (13 TeV, 2016)

10"
10
10°

Events / GeV

108

[ IIIIIﬂI | IIIIIﬂ] I IIIIIﬂ| T TTITI

10’
10°
10°
10*

IIIIII|T| IIIIII|T| IIIIIIII| [T

Trigger paths

CMS .

Preliminary By

1

Y P low mass double muon + track
double muon inclusive

VA

(A good part of Standard Model

in a single plot!)
Quark Net @ JHU, 2021
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utu” invariant mass [GeV]

10°
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Higgs search:H — ZZ* — (up~ ) (uTp™)

CMS Preliminary Vs=7TeV, L=505" Ns=8TeV, L=5.26 fb"

—_
(]

2011+2012

al

Events / 3 GeV
o

o)
C

>
[T

® & 7TaVde, dy 262y
—— Data 000 8 TaV da, 4, 262
[ z+x

Zy* ZZ

* Light blue: Standard Model

* Possible Higgs location is
blinded (to avoid human bias)
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Higgs search:H — ZZ* — (up~ ) (uTp™)

CMS Preliminary Vs=7TeV, L=505" Ns=8TeV, L=5.26 fb"

E 121201142012
M L I
~ 10 1
@ f
- -
o 8- It
T
6
Ak

o s 8 7TeVide, du, 2e2n
OO C BTeVda, 4p, 202p

* Light blue: Standard Model

* Possible Higgs location is
blinded (to avoid human bias)
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Events / 3 GeV

—_
]

—_
o

CMS Preliminary VE=T7TeV.L=505b" Ns=8TeV, L=5.26fb"

201142012« paa 123 pme

-~ ] z+x

N 7, 77

8:_ ! | m=126 Gev

6

- " sle

4- I ’

e bl D
1 -'.'

n 1 I |

* Unblind and...excess over SM!

* In multiple channels at the
same place — significant!

How to search for New Physics at LHC Petar Maksimovic



Events / 3 GeV

—
)]

—
o

Higgs search:H — ZZ* — (up~ ) (uTp™)

CMS Preliminary Vs=7TeV,L=505b" Ns=8TeV, L=526 1b"

201 1+20 12 —» Data i ; ; ;I:::i:;;: > 240 cﬂslﬁ?rﬂtqjin;aﬁ??irﬁlt??TTTFFE?r TTTTTT] 111?17|11 |ﬂ?: (|1ISrT?—|V:j

- [ ] z+x | - G 220 SIH(125) :

__ ¥ E?.‘I_ 200 Ru n 2 [lqq—Z2Z, Zy* —E

- _ | |zrzz 2. Wog-22,2y" ]

8_— L] [ [ GCJ 80 [ -z+x _E

6 .

4+ _

Y E

0 3

0™ 80 100 120 140 160 :

* Light blue: Standard Model m,, (GeV)
* At the time of discovery * How it looks like today

— (~ 20x more data)
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More examples of a ‘bump hunt’

CMS preliminary 35.9 fo1 (13 TeV)
e H — vy > 16000 H—>y all categories
H | & M, = 125.8 GeV S/(S+B) weighted
channe 212000 $ data
% —— S+Bfit
* More S 80004 N 00 B component
background ) /= tlo
(ab]
£ 4000 - —
» Still smooth, i
. w)
falllng Shape ;)( 0 I T T T T T | |

100 110 120 130 140 150 160 170 180
Myy (GeV)
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Now back to two muons!

137 fo™ (13 TeV)

-IIIIIIIIIIIIIIIIIIIIIlllllllllllllllll-

8005_ CMS ¢ Data
700[-  All categories —— S4B (u=1.19)

« H—p'p
(sum of several

search channels) sl S/(S+B)weighted ... Bkg. component
m,, = 125.38 GeV 1o ]
 Background is 5 .

again a smooth,

+B) Weighted Events / GeV
3
o
|

falling shape
300
* Only way to see & 200k
signal is to subtract 5

the background 1002—
shape from data

_IIIIIIIIIIIIIl||Illlllllllllillllllllll—

:_""I}""I""|""I'"'|""|""é|"lil_;

) B e

Data-Bkg.
o

|
a

-_llIlIlIllllIIlIllllllllllllllllllllllll_-

110 115 120 125 130 135 140 145 150
m,, (GeV)
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Higgs to two muons event

N

CMS Experiment at the L} CERE -
Data recorded: 2018-Sgiif20 16:0088. 74408 5C
©! Run/Event/LS: 323#88 | 1388888897,
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This iIs how we learn about the world

Observe Higgs
decays to various
particles

Use this to measure
how strongly Higgs
couples to them

Validates Standard
Modell!

Mg My
Ky~ OF Ky

Ratio to SM

107"

107° ¢

1074
1.5

0.5

102 E

35.9-137 fo'' (13 TeV)

II| | I IIIIIII I | Illllll | I Illllll
= CMS Supplementary wZ .7
[ »
o mH - 125-38 Gev ‘o"
= p-value = 44% Lo E
e

L T f’

ae 4 Leptons and neutrinos Quarks
19 Iﬂ g
* é' Force carriers Higgs boson ]
-III | | L1 1 IIII | L1 11 1 | I
:]I| T T T ]IIIII I T T IIIII] T T I IIIII| T -
-III 1 1 llIIIII 1 1 IIllIIl | 1 Illllll 1 ]

107 1 10 10°
particle mass (GeV)
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Summary

* Standard Model is the most precisely tested theory in science
* And yet... We know it's not the whole story

« SMis an approximation of a deeper theory

* many many candidates
* experimentally no evidence yet

* To search for signal of beyond-SM theory:

* maximize # of signal events that pass cuts

* minimize # of background events that pass cuts

» estimate amount of background events that remain

* minimize uncertainties of both background and possible signal
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The Silicon Pixel Detector
— /| ) dlglzl:al -2 meras”

!liﬁfxgllllon chann 0 x 150m
m AI‘ _hﬁf 1w software




The Silicon Strip Detector

15 148 digital strip (2D) " cameras”
10 million channels
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Finding jets with b-quarks: b-tagging'

CMS Experiment at LHC,|CERN
ata Recorded: Sat Apr 24 08:31:20 2010 CEST
Lumi section: 795

Event with two jets: CMS

are they from b quarks?

]
i
!

Displaced -
vertices from .y
b-quark decays

Collision point

Nt

Look for particles displaced
from collision point.

Need precision tracking of
charged particles!

Quark Net @ JHU, 2021 How to search for New Physics ¢
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Finding jets with b-quarks: b-tagging'

[ow/zzle
1 CMS Experiment at LHC, CERN
CMS ‘/Data Recorded: Sat Apr 24 08:31:20 2010 CEST

E Lumi section: 795 Effi Ci e n Cy :

* only ~ 50% of jets with b-quarks
are b-tagged'

Purity:

e occasional problems with
reconstruction of tracks of
charged particles.

* b-tagging may makes a false
positive

* a jet without a true displaced
vertex is falsely identified as a
“b_tag”

 called “mis-tag”

 rate ~0.1%

Quark Net @ JHU, 2021 How to search for New Physics at LHC Petar Maksimovic



58

Top-tagging: jet substructure

* Decay products of a very
energetic top form a single
“top jet’

e Plan:

* decompose jets into
“subjects”

* dedicated jet clustering
+ apply extra selection
— top-tagging!

Blue: hadronic calorimeter

* This is a hot topic:

e Butterworth et al : Boosted
Higgs (hep-ph/0201098)

* Kaplan et al: Boosted top
(0806.0848)

Red: electromagnetic calor.

Yellow: found subjets

Quark Net @ JHU, 2021 How to search for New Physics at LHC Petar Maksimovic
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More questions

* Are there hidden additional dimensions of space and time?
* large or small, flat or curved...?

 Are there new forces of nature?

L Are a” forces manifestations Of One An acrobat can only move ...hl.;t a flea can move

in one dimension along a in two dimensions.

fundamental interaction?
* E-M and Weak force were one at the beginning of the universe

 Can the Standard Model explain baryon-antibaryon asymmetry
in the Universe?

e \What is the dark matter of the universe?

* good candidate: heavy but inert particles from new theories

» those particles can be produced at the LHC!
(manifest themselves as missing energy!)

Quark Net @ JHU, 2021 How to search for New Physics at LHC Petar Maksimovic
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