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[. The Higgs boson self-coupling
constant




— CMS

Compact Muon Solenoid is one of the 4 Large Hadron Collider (LHC) experiments at CERN. This
international collaboration aims to study, among other things, the parameters of the standard model.

vacuum chamber

electromagnetic
calorimeter

_______

-

LHC:- 27%knt”
Detector characteristics S
Width:  22m ) { |}
Diameter: 15m C E R N ALK

Weight: ~ 14'S00t
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— The Higgs boson

35.9-137 fb™ (13 TeV)
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E|> 1k t .
4 ) 5L tems *

: . 1 Z .-
1964 : Higgs, Englert & Brout, Hagen & Guralnik & = [ m - 19538 GeV W"
Kibble predicted a field (and its boson) responsible ELLT>10—1 - p:alue _ a4% -
for the masses of elementary particles. Sf
102} et .
2012 : Observation of a Higgs boson at CMS and ATLAS. §
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— The BEH mechanism

V(6) ]

Spontaneous symmetry breaking =>

Mass gain

The Standard Model postulates the simplest potential shape :

Imn

?)

u@\~ V(@) = A(¢? —@F)?
.

~

Higgs field

ASM =~ O, 13

This potential was never experimentally observed!
The only way is to do so is to measure A

Vaccum

exepectation value
Already

measured
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— The self-coupling constant A

V(o
(9) T Fluctuations aroundv : ¢ = (H + V)/\/Z
1 2 172 3 1 4
/ \\
Re(gb) = Im(@) Simplest H .
\ ,’1
/\\ZA

» The number of observed Higgs boson pairs events depends on A.

» The Higgs boson pair production was never observed to this day :

~ 1000 X rarer than a single Higgs production Higgs boson self-interaction
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[1. Experimental realities




— Higgs bosons pair production at CMS

g — - - - -
t,bﬂ \

g —L -

¢ — —q
————— H

W, Z

----H

¢ — —q

2X single Higgs boson

g “00000) //H
A~ g
t,bu ----4
g 00000 \\H
q s > q //H
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____,[:
¢ — ——aq N H

Higgs boson self-coupling

Interferences

Gluon-Gluon
fusion (ggF)

Vector boson
fusion (VBF)

~ 90 %

~ 5%
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7.3%

1.1% 1.2% 2.7%

04% 0.5% 1.0%

9.5% 24.9% 33.9%

3.5% 4.6%

0.7%

{ HH - bbyy is the most sensitive channel J

0.3% 0.4% 0.4% %
: b quarks Photons
0.2% 5
E Strong interaction with the Good selection of the event
£ | Higgs boson
Yy
—
% ¥ Compromise
= v u+u-
utu-  Zy vw 2ZZ'° < Tttt gg WW' bb
rarer Color confinement = b quarks cannot be isolated. They

materialize as particle jets in the detector.

/ » Room for improvement in the
b

reconstruction of b jets
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— Aim of the internship

HH never observed to this day

CMS 137 o' (13 TeV CMS 137 fo' (13 TeV) o A
~ ._.lll(l) ~ T ARABLARARERERES = limitsonk; =— € [—3.3, 8.5]
% 40 £ HH—yybb All Categories - % 30 — HH—yybb All Categories - ASM
O L Fmy=125Gev S/(S+B)weighted 1§ © m, = 125 GeV S/(S+B) weighted
i F + Data B Z 25 ¢ Data .
o 30F —HH+H+Bfit 4 5 — HH +H +Bfit
s — H +Bcomponent] E — H + B component
e Bcomponent < S L | .. B component « Photons well reconstructed
w 1 4 +1 ]
20 Bltlic 4 B s _ [ Ealy 3
3 20 1 2 | 420 ]
= o . - ] i} .
> 5t ERE T il = * Need both photons and b jets to
= of = = Ll ] .
 F 1 & s ulrde bl 4 observe a HH signal
b F = - ool ’
%’ obs I @ o | I Al e Ttane oo
ERR AR AL AL AL * The b jets reconstruction is a
E 5 . ] limiting factor
= 0
H I AR 00 _ _
-10;— H + B component subtracted—; 10 H + B component subtracted e Needto mmprove the Slgnal to
R T B TR R VR T R 1< M T~ R M TR 100~ Ee e e o s Noise Ratio for b jets
m; (GeV) m,, (GeV)

Improving the b jets reconstruction with a Kinematic fit
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III. The kinematic fit




— Data processing chain

QA A

Detection

HH - bbyy

Raw data

Limitson A

Kinematic
m fit

Reconstruction
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— Kinematic fit : principle

Initially : Missing transverse energy due to misreconstructions and neutrinos

Modifying measured kinematic variables in their uncertainties to

fulfil the transverse momentum conservation law

-~

Measured parameters

—

\_

Minimizing with the least square method :

Rf’r /T) =S@) +2 kzl/lkfkg’)

Covariance matrix
¢

Minimizing S(y) = AyTV~1Ay for f, =0

~

Lagrange multipliers

/

Constraints

/

b jets e

Neutrinos A

Photonﬁ

Others
(ISR...)
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— Parametrization of a simulation

S(y) = AyTvVTiay

Px
Py

SumExtra+MET _|_pJetS + photons =0

SumExtra+MET | pJetS + pphotons -0

~SumExtra+MET _ —p >jets __ ﬁphotons _ AMET

p P

«
<| l; b jets /
/
/

The transverse momentum conservation is disequilibrated by MET "\ " /
(Missing Transverse Energy) "\ \\ //
- /
. . . : N
Independent variables = Diagonal matrix Neutrinos W

CMS coordinate system : (p;, i, ) :

n=0

= Invertible covariance matrix
- Photons

n<0

Others
(ISR...)

7 = —00

enter of

the LHC Izaak Neutelings, tikz.net
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-~ Parametrization of a ssimulation
SG) = AFTV1A7

et hot
pMET 4 pSumExtra 4 p,]qe S Pt = FSumExtra _ _gjets _ sphotons
p;,VIET + pﬁ”mE"tm + p)]]ets + p)}:hotons -0 )
b jets F
/
> X /
\ \\ //
The transverse momentum conservation is disequilibrated by MET iy /
(Missing Transverse Energy) _ "\\\ /
Neutrinos T,
: Independent variables = Diagonal matrix '7
CMS coordinate system : (p;, 1, @) : . : .
1 y (Pem, $) = Invertible covariance matrix Photons
Others
b jets photons SumExtra+MET (ISR...)
OF, Given by the simulation a’ + b%E; + c*E,? (66366
o n should not be modified
2 a b
04 / % +7/ E,tC
16
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— Use of the KinFitter package

Problem : absurd final variables, divergence of the algorithm

Origin
Redefinition of the
articles’ momentum by

D¢ COS ¢ E; cos¢ p _ |
5= p,sing 5= E sing the algorithm !

p¢ Sinhn E;sinhn E

Pt =
h

Massive particle Massless particle oS

Solution

Initially defining the particles
as massless

| Fit
Redefining masses as :

_ DPeric
Meir = — Mip;
Pt ini

22/06/2022 Elise Jourd'huy - M2 PSA defence

17



IV. Results
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1st Observations (1)

HHbbggMVA >0.5 : “score” obtained by the event representing its chance of not being part of the background
mbbNu>0 : if > 0 the b jets were matched with the generated b jets. Can be considered as “reality”.

x10> x10°
) @
‘qc‘)' Before *qc‘)' Before
& 3 w:119.057 o©:16.522 O w:124.455 ©:2.137
— After 6| —— After
u:122.650 o:16.674 n:124.592 o:2.563
2i
4
1— ol
I IR R il R ERNRNE AR AT el a o b b N i BT
100 120 140 160 180 200 ‘POO 105 110 115 120 125 130 135 140
Myy (GeV)

0 20 40 60 80
Mijj (GeV)

Dijet invariant mass reconstruction seems to improve
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——— 1st Observations (2)

g E° 2 o
2 "“;_ Mean : 0.41506 g 2_5;_ Mean : -0.00303
1.22 Std Dev : 1.55268 zi Std Dev : 0.94482
0-3;— 15
06 E
04l 13
0.23_ 0.5;—
D T I e B D i e e e ey : L -
Pulls of p., leading jet Pulls of ¢, leading jet Std Dev >1 : Uncertainties under-estimated
- g oEL Std Dev<1 : Uncertainties over-estimated
& 52_ Mean : -0.14539 g, F Mean : -0.00096
g Std Dev : 0.51728 g Std Dev : 0.90319
41— 2:_
aé— 1-5;
oF 1=
1 05
g N o T Uncertainties ill-defined
Pulls of p;, leading photon Pulls of ¢, leading photon
E «10* ! x10*
-LE :j; Mean : -0.42952 E 3-5;— Maan : 0.00445
1.2 f— Std Dev : 1.35306 8 ;_ Std Dev : 0.86713
12_ 2.5?
08E 2
o.ai— 1.55—
04 1= ,
02f- 05 fit _ meas
(Y=o = o i A P ok S — yi .Yi

— 0 gy 3 2
Pulls of p;, SumExtra+MET

© 7 CPulls of ¢, SUmExtra+MET pulls = -
i
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— 1st Observations (3)

2000
1800
1600
1400
1200
1000
800
600
400
200

Events

hChi2

Entries
Mean
Std Dev

98492
9.345
9.715

o
j||||H‘IIWIII|HI‘IH‘IIIMII I

o

5 10 15 20 25 30

40 45

ndf = measured parameters — fitted parameters + constraints = 2

Mean = ndf = 2

Std Dev = /2 X ndf = 2

Shape correspondstondf =2 = Mean = Std Dev

Expectation

Mean = Std Dev = 9,5

Uncertainties ill-defined

reality
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— System tuning

SumExtra+MET was entirely modelized by generic functions — Tuning the system by variating their uncertainties

, X0 L, Xx10
‘g Before ‘g Before
AT 3 _;t:e:19.057 G :16.522 T g ;;:24.455 6:2.137 - Improvement Of the b iets
1L:121.892 o:16.085 L:124.558 ©:2.426 invariant mass distribution
= Photons invariant mass distribution
2 L is worsening

1— | it - 2
: We can keep m!™ and mi™ if the two
Ji 144
distributions are not correlated
| ‘ [ | |- | L1 ‘ [ 11 ‘ 11 | | i I 4o | | ‘ L1l Ll [ | ‘ I 11 ‘ || | | I |
0 20 40 60 80 100 120 140 160 180 200 00 105 110 115 120 125 130 135 140
Myy (GeV)

Mjj (GeV)

my = 125 GeV

Results obtained for gS¥mExtra y 3
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— Pulls of the tuned system

A y
P 2_2:10:’ P 55103
E 1;%: Mean : 0.35603 E 4; Mean : -0.00264
1'5% Std Dev : 1.32303 E Std Dev : 0.69656
145 =
1.2;: E
0.515— 2;*
0.6;— C
0.4 Ly
0.2 c
L = H I R R L S e B R
Pulls of p;, leading jet Pulls of ¢, leading jet
iy 10*
E :E: Mean : -0.12136 "%4.2%: Mean : -0.00010
72_ Std Dev : 0.42045 3-5§_ Std Dev : 0.67617
o o v |pulls¢| ~ 0 — pyorpy should not be favored
= 255
4= 2
32_ 1.5? .
i1 3 v |pullspt| + 0 — p¢ should increase for
] L AL B e Sy s L B S e s B S e s 1 i
: CT Pulls of p;, leading photon : o Pulls of ¢, leading photon partlcles pI'OdU.Cll’lg MET
£ io" @ 3_7103
E 1;3— Mean : -0.30487 E 2_55_ Mean : 0.00548
165 = . . . . . . .
e S pev: 1z s Sapev: T Distributions not ideals but still logic
= 15
ost £
08E- &
0_42_ 0.5:— fit meaS
0.2 e —
ety I - Yi —Yi

= -1 1] 2 I.’l 4‘ F
Pulls of p;, SumExtra+MET

R F5:JIIst¢:SanExqtra+‘li\/IE' puus= pn
i
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— A more “realistic” mass

4 )

b jets produce lots of MET (reconstructions uncertainties and neutrinos)

x10°
w
5 pefore = Shift toward higher mass values
2 w:119.057 ©:16.522 _ B .
— atter — Invariant mass more “realistic
p:121.892 o©:16.085 \ )
The more unbalanced the system is, the more the regression will
improve the dijet invariant mass reconstruction
10 Impact of the KinFit for Pt*7<40 GeV/c o¢ Impact of the KinFit for Pt*£7>40 GeVi/c
‘% — Before ‘% 24| — Before
i 2 35 421,004 o:0.007 & 22 u:0.958 o:0.123
3| —— After 187 After
05 w:1.010 o:0.098 16 w:1.007 o:0.117
c 1.4
e 125
1.5/ 1
0||\||\||wJ Lo b P Py i S E O'B;_
20 40 60 80 100 120 140 160 180 20 1= 06F
Mijj (GeV) = 04F-
= 0.2
002 04 06 08 1 T2 T4 16 T& 2 7 BT S TR B v R
A M]?/Mijgen s T s M]%Mjigen
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— A more “realistic” mass

x10° (" )
L6 Beore b jets produce lots of MET (reconstructions uncertainties and neutrinos)
o . .
3 n:0.985 0:0.1108 = Shift toward higher mass values
- Af - ] -
e — Invariant mass more “realistic”
p:1.009 o:0.1059
\§ J
4
The more unbalanced the system is, the more the regression will
improve the dijet invariant mass reconstruction
10 Impact of the KinFit for Pt*7<40 GeV/c o¢ Impact of the KinFit for Pt*£7>40 GeVi/c
2~ ‘% —— Before ‘% Before
g 35 n:1.004 o:0.097 Z 22 u:0.958 o:0.123
3| —— After 18 After
05 1:1.010 o:0.098 16 w:1.007 5:0.117
= 1.4
0\\\‘\\\‘\L [ ‘ L1 L\\L\\\‘\\\ 2; 12;_
0 02040608 1 121416 18 2 15 0;?
. ..gen E =
Mii/Mif i 06f-
. : 05 04g
mass initially b s L T | L
generated by the 0 02 04 06 08 1 12 14 16 RA]?/ijgef 0 02 04 06 08 1 12 14 RA]%ijgef
simulation (mbbNu)
22/06/2022 Elise Jourd'huy - M2 PSA defence 25



— A more “realistic” mass

x10° 4 )
L6 Beore b jets produce lots of MET (reconstructions uncertainties and neutrinos)
o . .
3 n:0.985 0:0.1108 = Shift toward higher mass values
— Af . . .
te: e e oo = Invariant mass more “realistic”
. o:.uU.
] \_ J
4
The more unbalanced the system is, the more the regression will
improve the dijet invariant mass reconstruction
10 Impact of the KinFit for Pt*7<40 GeV/c o¢ Impact of the KinFit for Pt*£7>40 GeVi/c
2" ‘% — Before ‘% Before
g 35 n:1.004 o:0.097 Z 22 u:0.958 o:0.123
3| —— After 18 After
05 1:1.010 o:0.098 16 w:1.007 5:0.117
= 1.4
0\\\‘\\\‘\L [ ‘ [ L\\L\\\‘\\\ 2; 12;_
0 02040608 1 121416 18 2 15 0;?
o op pegEN = =
Mii/Mij 1 05E-
. o5k 3
mass initially s . A T | L
generated by the 0 02 04 06 08 1 12 14 18 RA]?/ijgef 0 02 04 06 08 1 12 14 RA]%ijgef
simulation (mbbNu)
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Conclusion

* The Kinematic fit improves the dijet invariant mass reconstruction but not the photon

. . it ingi = . .
invariant mass one : We can keep m{;b and my/)/ if no correlation is found between the two

distributions

* Problem in the definition of the system uncertainties, but the obtained results are still logic

What comes next ? \

» Applying the kinematic fit to a simulation with registered hadronic contributions

» Updating the uncertainties

» Checking the m{; Iif and m,"f}," correlation

» Verifying that no observation bias was introduced

K> Applying the kinematic fit on real data (from Run II) /
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Outlook

Improvement of the dijet reconstruction

i

Higher Signal to Noise Ratio of the
invariant mass distribution

1l

LHC Run III (2022-2025)

More statistics and improvement of the
analysis's performances

Lower limits on the HH — bbyy
production cross-section

U

Better constraints on A

— Thesis
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Thank you for your
attention !




____ State of the research

HH never observed to this day

A CMS 137 fb™ (13 TeV)
§ - 95% CL upper limits =
— - Observed AH = yybb -
|g 3.5 RECTTIP Median expected E
= - [ 68% CL expected .
3 95% CL expected K
T ._& — — Theoretical prediction / .
T 25 / =
T “k\ :
0 E 1\ /=
T 2F /
© N \

v

N~
ol L el L hl*l-—"l‘"l’]’l Lo L Ll el
-6 4 2 0 2 4 6 8 10 12

A= AMS K?\.

Constraints on k; = A/Ays

.

Limits on its production
cross-section

Limitson A

k; €[-3.3,8.5]
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k §

HH Production at CMS (1)
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q

q

HH Production atCMS (2)
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Uncertainties
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2
O¢

abgt = a® + b?E, + c?E} with a,b,c = { 18 0.80 0043

6.65, 0.04, 8.49 x 10-5 if

_a b - _
-~ /Et2 t /Et tc with  a,b,c= { 2.908, 0.021, 2.59 x 10-4
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5.6,1.25,0.033 if |n|<1.4

else

Inl <1.4

else
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Invariant mass without MVA & matching

x10° x10°
%) %)
= Before c Before I
o o
3 1n:115.848 o :28.364 D n:124.347 ©:2.543
— After 15 — After
6— w:118.404 o :30.411 W:124.497 o:2.918 ‘Jnl‘
10—
47
21— S
0 IIII|\III|III| I|I| ||\|||\|||III. |||IIII|IIII II|||||
50 100 150 200 250 00 105 110 115 120 125 130 135 140
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Invariant mass without MVA & matching

" «10° - «10°
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14— 60—
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10f- £
E 4
B— E
. E 3
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" =1 03 - 1 03
5 ‘E 5 of
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150 M
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2 3 4 5 5
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Events
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Invariant mass without MVA & matching

5000
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2500

2000

1500

1000

500
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x? of the final system

X2 distribution
hChi2
Entries 98492
Mean 65.383
Std Dev 6.865
ﬂ 1
XZ
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— The BEH mechanism

V(o
() T Explicit mass term in the Lagrangian = Breaking of the gauge symmetry
Spontaneous symmetry breaking
CaEmm——) _ _
Induced by the shape of the Higgs potential
Re(¢ . ]
) Im(¢) Elementary particles gain mass
Now
Electromagnetic force Massless y
Electroweak force Massless bosons
Weak nuclear force Massive Z, W+
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Higgs mechanism

Yukawa coupling constant

1
my =5 9°v¢  mg =g+
Coupling constant associated to SU(2); and symetries
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Table17.1 The predicted
branching ratios of the Higgs
boson for my = 125 GeV.

Decay mode  Branching ratio
H — bb 57.8%
H—- WWwW* 21.6%
H— trt 6.4%
H— gg 8.6%
H—cc 2.9%
H—- 77" 2.7%
H - vy 0.2%

Thomson, M. (2013).
Modern Particle Physics
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Cross-sections (1)

Vs 13 TeV 14 TeV 27 TeV 100 TeV
geF HH | 31.05755% +3.0% | 36.69 740 £3.0% | 139.97 350 £2.5% | 12247392 +2.4%
VBE HH | 17370030 £2.1% | 2.057 0050 +2.1% | 8.407 0040 +2.1% | 82.870 010 +2.1%
ZHH 0.36334% +1.9% | 0.415735%+1.8% | 1.23721%1+15% | 8.23739° +1.7%
WYHH | 0.3297)350 £2.2% | 0.369 0300 +2.1% | 094170250 +1.8% | 4.707 (500 + 1.8%
W HH | 0.173%32+2.8% | 0.1987]50+2.7% | 0.568* )0, +2.1% | 3.307327 +1.9%
titHH | 07757130 +3.2% | 0949710 +3.1% | 5247290 +2.5% | 8217797 +1.6%
tjHH | 0.028973 707 £4.7% | 0.0367 150 £4.6% | 0.25475057 +3.6% | 4.447557 +2.4%

Reviews in Physics (2020) 100045
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Cross-sections (2)

T T T L] T L]

o(pp — HH + X) [fb] gg = HH (NNLO
M, = 125 GeV
PDF4LHC15

FTapprox

— .

~ WHH (NNLO

# ZHH (NNLO)

B

o=

13 14 20 30 50 70
Vs [TeV]
Reviews in Physics (2020) 100045
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W(T,H)

Electroweak phase transition

V(T,H)

Modele standard
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— The BEH mechanism

V(o
() T Explicit mass term in the Lagrangian = Breaking of the gauge symmetry
Spontaneous symmetry breaking
CaEmm——) _ _
Induced by the shape of the Higgs potential
Re(¢ . ]
) Im(¢) Elementary particles gain mass
Now
Electromagnetic force Massless y
Electroweak force Massless bosons
Weak nuclear force Massive Z, W+
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