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Overview of these lectures

Intro

Electroweak physics, top quark

. Higgs boson << my favorite topic :)
N e

Searches for physics beyond the Standard Model




The Higgs boson - very brief theory reminder

Higgs mechanism:
makes use of one Higgs doublet of complex scalar fields
to spontaneously break the SU(2)L x U(1)Y symmetry
to generate in a gauge invariant way
the masses of the W=, Z gauge bosons and the fermions

Basically:

In order to give the gauge bosons mass and keep gauge invariance
-> Introduce a Higgs field, with a scalar potential

-> find ground state -> express in terms of ground state

-> Higgs boson

-> (Gauge bosons with mass

-> Higgs-particle couplings terms ——>/ Higgs couplings ~ boson massA?2
Higgs couplings ~ fermion mass



The Higgs boson - very brief theory reminder ’
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Higgs-gauge boson interactions



The Higgs - what do we expect at the LHC?

The Higgs is predicted to be very short-livead
=> we have to look at its decay products

Standard Model predicts the branching ratios, but they depend on the
Higgs mass (which was unknown before 2012)
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=> we are looking for peaks in the invariant mass of the decay particles
=> combine results of the searches in the different final states



Situation before the LHC S———
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Limit plots
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Limit plots are used if no signal is seen

95% CL upper limit on “signal strength”:
signal strength u = XS_meas/XS_SM
With 95% confidence level, we can say that the real signal strength is smaller
than the indicated value
done for each mass point separately



O5% CL limit

We have an observation and try to make a statement of the underlying
physics model (is it the SM? or something else?)

=> Find the signal strength, for which we can be sure that it is
excluded, even if the data has a downward fluctuation

Here:

>> Frequentist method, with toys (alternatives: asymptotic approximations,
Bayesian)
>> simplified test statistics (u)

More details on asymptotic approximations:


https://arxiv.org/pdf/1007.1727.pdf

O5% CL limit

Start with a background-only prediction

=> sample this prediction to create “pseudo-data sets” with the same
statistics as the data => O(1000-10000) pseudo-data sets

=> perform the background+signal fit, extract the signal

=> plot the distribution of fitted signal events, compare to the data
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O5% CL limit

Add signal to your pseudo-datasets

=> perform the background+signal fit, extract the signal
=> find the signal strength, which has 5% to the left of the data line

=> This the signal strength, for which we can be sure (with 95% CL)
that it is excluded, even if it has a downward fluctuation

data

Background only
(b=0)
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What is the green and yellow?

Tevatron Run Il Preliminary, L=0.9-4.2 fb™
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- background-only expectation (with no signal, what limit would we expect?)
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- repeat procedure with pseudo-data for u = 0,

do this many times
- plot the extracted limit

=> in absence of signal, observed and expected limit

should be very similar

=> pseudo-experiments are very time-intensive,
preferable to do this analytically where possible

US

find mean, 68% (1 sigma), 95% (2 sigma) ranges

350

Events
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Observed
limit (data)
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One word about likelihoods

We usually form likelihood functions based on the Poisson probability

~

L(data|u,0) = Poisson(datalu - s(6) + b(6)) - p(0]6)

Test statistics: Likelihood ratio

(For illustration, | chose the signal strength p instead of the more commonly used
likelihood ratio)

L(uaé(y))
L(1,0)

Advantage of likelihood functions

>> can use asymptotic approximations instead of toys (toys are very CPU intensive)
>> allows for straightforward combinations
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LHC: Higher CM energy (8 - 13 TeV so far)
=> higher Higgs production cross section

it was clear that the time to discovery (if any)
would depend on the Higgs mass




2011

First big dataset of LHC

- looking for an excess in the different decay channels
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95% CL limit on 6/6g,,

July 2012
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Limit plots not appropriate anymore!

p-value:
Probability that the background alone fluctuates as high

as the observed signal

Estimation done similar to limit plots (here again based on pseudo-experiments):

assume background only (p.ex. from simulation)
plot test statistics for this pseudo-data (>1000 times)
put data on this plot, check where it lies

oata
Conversion to sigma
Backgroumd only
0.05 -> 2 sigma (mu =0)
0.003 -> 3 sigma (evidence)
0.0000003 -> 5 sigma (discovery) B,



P-values (over time)
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P-values
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The main discovery channels

EXPERIMENT
http://atlas.ch

@ATLAS

204769
71902630

Run:

Event:

Date: 2012-06-10

Time: 13:24:31 CEST




The discovery peaks
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Higgs boson discovery (5 sigma.)

Announced on July 4th, 2012 in CERN special seminar

(A year later: Nobel prize awarded to Peter Higgs and Francois Englert)

22
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From discovery to property measurements
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@ What does the SM predict for the Higgs boson?

Spin and CP
lar: spin 0, CP i
scalar: spin even Yukawa couplings
Width i /
Couplings

Depends on

the mass Higgs-fermion couplings ~ fermion mass

Higgs-boson couplings ~ boson mass?

=> SM Higgs sector is overall very predictive:

Knowing the fermion masses, only free parameter is my



Let’s test it

Why?
>> deviations could point to physics beyond the SM
>> this is a “new” particle, a new chance to find deviations

>> since the Higgs is responsible for giving particles mass, it plays a very
special role, could be the gateway to new physics

) ' T IRRRLLY
D 1t 8
O -
T | t
Examples of non-Standard Model 2 1] \»qg? )
Higgs mechanisms g e
SUSY Higgs sector (h, H, H+/-, A) g}oz . T s\(,o@Q .
- C
-> see later lecture ° \quo
Composite Higgs 10°F u OOOQ E
Higgs coupling to unknown A AR

particles, like dark matter 107 1 10 107
mass [GeV]
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Is it the Higgs boson the SM predicts?

Two ways of searching:

1. Direct search: 4 SM prediction

Higgs decaying
to dark matter

Search for new phenomena directly, like

additional Higgs bosons or

T >
Missing transverse
energy

dark matter decays of the Higgs boson

2. Indirect search: SM prediction

Measure Higgs boson properties, BSM prediction

compare to predictions of the Standard Model

>

Higgs transverse
momentum

27



: : 28
Higgs production
...as predicted by the Standard Model at |3 TeV
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Higgs decays
...as predicted by the Standard Model

(Iviv: 1 %)

e, Etmiss Jets

e, Etmiss,
TT  jets
6% e
- o
7z (41:0.0125%) ¢,[

3%

Other vY: 0.2%

1% Zy:02% e,y
pps 0.02%

b-jets

+ jets in VBE b-jets in top quarks...
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Higgs mass

- NOT predicted by the SM
- Important input to determine cross sections and branching ratios
- measured in the channel with the most precise peaks: yy and 4l
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Implications of the Higgs (ma.ss) for global fits

Everything seems

consistent

_ B I I I | | ! I I I ! I | I I I I | I I I I | I |
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80.4— —
80.35[ .
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Higgs width
What is the width? ob
Probability of a decay process occurring within a | Breit-
given amount of time in the parent particle’s rest frame. 06 f ine ahape
I
04rF
The larger the width, the shorter the particle’s life time
02r
T X F p— h 0 &rar o 4 +lr2+2'r +30
E,=m,C

Why is the width interesting?

SM prediction of Higgs width: 4 MeV (Z boson: 2.5 GeV)
gives life time of the Higgs boson (SM: 1022 s)
if width larger than SM prediction: new (invisible”?) decay modes?

Lot = » Iy
!



Higgs width measurements

Predicted to be extremely small: 4 MeV!

detector
Direct: limited by experimental resolution (1-2 GeV) —P

mH

Indirect methods exist, p.ex. using offshell signal strength
offshell: away from the peak
on-shell cross section depends on width, off-shell does not
=> ratio Is sensitive to width!

P m— — " —— =

Latest CMS results, with SM-like couplings, using 7, 8, 13 TeV data:
95% CL upper limit: 9.16 MeV (expected limit 13.7 MeV)

S e = e

1

33
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@ Higgs spin/CP

Spin (SM: 0)

Spin 1 excluded using ZZ, WW decays (and by the fact that Higgs decays
into photons)

Spin 2 excluded for a number of different tensor structures (~ 99.9%)

=> ~spin 0 as predicted for the SM Higgs

Parity (SM: even)

Parity odd excluded at > 99.9% (ATLAS, CMS)
Admixtures (CP even and CP odd couplings) still possible
(fermion channels play important role in these studies!)

=> CP and coupling structures need be tested together
=> turns into Lagrangian checks

L = g, (cos(¢,)TT + sin(¢,)TiysT)h —» SM: ¢p, =0
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Higgs decays

35

Latest discovery: H -> bb
>> the one with the largest BR!
>> Important because it probes second
generation fermion couplings, down type

Why did it take so long?

H -> bb
=> two b-jets in the final state

LHC is a pp collider: produces tons of jets

-> use VHbb (ZH, WH)
=>2Dbjets+ 2l or 1l + MET or MET

-> still dominated by background!
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Higgs decays - bb

P-(b-jet)= 216.5 GeV

P.(b-jet) =97.8 GeV

P-(e’)=95.8 GeV

CMS Experiment at LHC, CERN P.(e*) =224.1 GeV
Data recorded: Sun Aug 20 13:16:45 2017 CDT

Run/Event: 301472 / 634226645

Lumi section: 664
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Higgs decays - bb

So what to do?
Log plof!

0000 77.2 17 (13 TeV) 4137 (13 TeV)
n a 8
o) L — () —
T [ CMS . S mow £ CMS o sow s
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L=, i [ W+bb D W+b ] Z+udscg K
= E ;\:_LUdSCg E éisgscg 10 B VV+LF Il Single top
3_;1 0000 + 555 S+B uncertainty — VH,H—bb x$& S+B uncertainty — VH,H—bb
)
5000

o 1.05 I

L (a8
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3 38
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Higgs decays - bb

38

1. Choose smart categories (find regions with better S5/B and separate
them out)

2. Use multivariant discriminator/machine learning!

Deep neural networks used in the CMS analysis:

different channels depending on the V boson decay

b-jet identification

mj;mass resolution

signal extraction
important variables:

mj, pt(V)
b-jet identification

Entries

Obs / Bkg

g

g

413" (13 TeV)

10° _
CMS ¢ Data [ ggzHbb
Supplementary Il ZHbb [ JVV+HF
10% 2w, Highp_, [ ]z+bb []z+b
[ Z+udscg | |
10* B VV+LF Bl Single top

X¥% S+B uncertainty — VH,H—bb

102

-2
1075

0 0.2 0.4 0.6 0.8 1
DNN output



Two pages about multivariate analyses in HEP

If we just apply sequential selection cuts, we lose efficiency and
correlations => plug into MVA [Caveat: need to understand inputs well!l

Simplest way of combining multiple selection cuts: Likelihood built from

probability density functions (from known signal/background samples)

Lg

dr = ,
£ Ls + Lp

n
Lsp)(X) = 1—[ Psp).i(xi
i=1

:

—ae Observablei

For each event: check where it falls :
on the spectrum of each observable 001

Fraction of events

=> probability for each event to be S vs B 0.005

Vv

Event 1

T T I T T T T I T T T T I T T T T I T T T T T
. ATLAS Simulation @ —— Signal

- Vs=13Te
0.015+ 20 GeV<ET<30 GeV, 0.6<|n|<0.8

-- Background

.........
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Two pages about multivariate analyses in HEP

More advanced (all “trained” using known signal/ &
background samples)

Boosted decision tree

- build tree by picking most discriminant variable
choose cut values to be the most discriminant
move one node down, repeat
choose path that is the most discriminant
boosting: multiple trees

Yann Coadou

nodes (weighted suws,
transfer functions, bias)

Neural Network weighted sum,

mimicks brain
start with discriminating variables
adjust weights to minimize error function ‘

weights

output layer

input layer s VS B

hidden layer 1 hidden layer 2
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Higgs production

All major production modes measured by now with 5 sigma significance
- |atest one was ttH last year

1111 =
LHC HIGGS XS WG 2016

0%
- important: tests directly the Higgs-top coupling 3 | ,_umexe=

E :/

!

fGOZq
) H
- — _>
fGGZq

|IIII|IIII|IIII|IIII|§I
1 12 13 _14 1

I:|IIIIIII IIIIIII|IIII
6 7 8 9 10 1

s [TeV]
Very challenging!
- very small production cross sections e
- large backgrounds tt H ., Lbb
- many different final states L R
(both the Higgs and the top quark can bW (oW b an e
decay into a variety of final states) LSRR TN TRy

Marumi Kado



Higgs production in ttH
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C
— 41 _ 1
< 10 - ATLAS ¢ Data WitH ;
£ C Vs =13 TeV, 36.1 fo'' LJttW itz ]
L%  o/SS [HDiboson [ Non-prompt |
5| Post-Fit Mg mis-id  []Other B
10 - 7 Uncertainty --- Pre-Fit Bkgd. J
'.' -
10° E
10
- N 5.1 fb™ (7 TeV) + 19.7 fo' (8 TeV) + 35.9 fb™" (13 TeV)
] S R RN RN S A A ® Observed
ol - ] — +10 (Stat @ syst)
&J 1.25 }/ B , mmm +16 (syst)

E : — +2c (stat @ syst
~ 1 ?//7"////7‘///76‘////74////7‘////7*//////*/74/ 55555555 /% FHWWS) @ o (stat & syst)
® 075 | + 3 i :

Y- U U .
1 08 -06 04 -02 0 02 04 06 08 1 ttH(ZZ") s
BDT output ) N |
ttH(yy) o — i —————

> _I T I T T T T l T T T T T T T T I T T T T I T T T T ] B 1
& - ¢ Data ATLAS Preliminary . ) :
0o 30:_ -------------- Continuum Background Vs =13 TeV, 139 fb’ B ttH(t*7) ———————
5 [ =-=--- Total Background m,, = 125.09 GeV _ ~
: 25:_ —— Signal + Background All categories _: tfH(bE) +
® - In(1+S/B) weighted sum ] .
c 20 — !
2 ] 7+8 TeV —- e —
= 15F — n |
° - . 13 TeV — @ —
g 10 — .

5 f Combined — —

n L | i | A R A | |

0:| 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 : _1 0 1 2 3 4 5 6 7

110 120 130 140 150 160 Mo

m,, [GeV]



43

Higgs couplings to other particles

mass —» =2.3 MeV/c?

charge —» 2/3

spin = 1/2

LEPTONS
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-1 i
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GAUGE BOSONS

Important to test up and down-type couplings!



Higgs couplings to other particles

Z|s B AL T g .
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There are a number of assumptions that go into this plot
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Higgs is looking very SM like!

If new physicsisat 1 TeV: ‘q Snowmass 20 |3 (I3 I 0 836I) ,|

- deviations can

be small.... I N N
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2HDM ~1% ~10% ~1%
MSSM ~.001% ~1.6% ~-.4%
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So-far undiscovered decays

Example H->up

challenging: small coupling, large Drell-Yan
background | s
=> make categories based on a boosted w: 0.0125%)

decision tree Other
1%

3 O o s s s e B S B B S S B B B S N B B
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Events /2 GeV
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So-far undiscovered decays

Example H->up

challenging: small coupling, large Drell-Yan
background

=> make categories based on a boosted
decision tree

1%

=> VBF production: 1 02% v/
productio Zy: 0.2%

less statistics, better 5/B iz 0.02%
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Higgs self couplings b

Why is the Higgs self-coupling interesting?

allows to test the shape of the Higgs potential h _.°

challenging measurement, due to negative interference

with box diagram



Higgs self coupling
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UL L B L B L L B L DL L BB
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It is also possible to extract the self-

(pp — HH) normalized to csjg"':
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Direct searches for Higgs beyond the SM

Flavor violating searches => H-> ep for example
Search for invisible decays => see next lecture

Searches for additional, lighter or heavier or even charged Higgs bosons
(predicted by SUSY models, see next lecture)

CMS 35.9 o (13 TeV) CMS Preliminary 19.7 o' (8 TeV) + 35.9 fb™ (13 TeV)
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