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The Standard Model

Particle content:
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Central role of Higgs field in SM:

— Obtains Vacuum Expectation Value v due to Electroweak Symmetry Breaking (EWSB)

— Generates masses of elementary particles



The Standard Model
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Central role of Higgs field in SM: T ® IO I |
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— Generates masses of elementary particles, ‘fFo Fe Fe
e-g. 2 g:dw str.-ﬂ hottom

m,=2.16 MeV/c '® ® ' | 2
| electron muon tau mt—-"
m, = 4.70 MeV/c? g >—J —J — = &4
E . @ Vi Ve o
% electrun J "-;Aur }L ne:l;:mj g:::‘
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note, however:

only small contribution of hadron masses due to constituent quarks,
(1% for protons/neutrons) _ ) :
mass largely generated by dynamics of QCD interaction

2m, + my; ~ 9MeV/c? Mpoton = 938 MeV/c?



The Standard Model
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» generates masses of W- and Z-bosons without violating underlying symmetry

* avoids unitarity violation in longitudinal vector boson scattering
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The Standard Model

Lagrangian

Kinematic terms of gauge bosons

Kinematic terms of fermions
& Interactions of Fermions with Gauge Bosons

Fermion masses/mixing
& Interaction with Higgs boson

Kinematic term & Potential of Higgs



The Standard Model

Lagrangian & Symmetry Group

particles assigned to multiplets of the group

SUB)c® SU2), @ U(l)y

/ electroweak sector:

color — QCD

L: left-handed interactions
Y: hypercharge

EWSB

v
SUG)e ® Ull)g

f

electric charge
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Field Theory

Fields: Assign number(s) to each point in space(-time)

e.g.: e Temperature T(X, t) 29.07.2024 16:00 ' 2 Stoekholm

 Electromagnetic potential A¥ = (@, I)

* Scalars ®(x, 1), Spinors W(x.1), ... s E3p$hagen
Amsterdam 24 o 24
) : . C 2700 258 Berlin b
Dynamics governed by Lagrangian density ol T y, e
— Euler Lagrange equations: 120nst ragl g <
Paris . i,
- . & Wien, = Budapests
aff (139 5 P 28 i
a# - = 0 29%.%
a(a,uqbl) a(!bf Bordeaux A Belgrad
Monaco 37 "33
................................................................................................................................... - 37:' Sofia
) fom Tirana
e.g. for Electrodynamics: L £,
": T 1 -
P = Gliy"0, — ey' A — myy— —F, Fu ey o w
Sl AU H 4 H 4 4 HY 5 Valletta

with field-strength tensor F,, = d,A, — 9, A,

— equations of motion:
« Dirac equation: (iy¥0, — ey*A, —m)yy =0

« Maxwell equations: aﬂF“” =j¥ with j*= eﬁ;y”wé

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



Quantum Field Theory & Particles

Equations of Motion for free fields :.-";-Klein Gordon Equation (3,0 + m2)® = 0

solved by plane-wave decomposition >, (eq. of motion of a scalar field)
3_P - .
d(x, 1) = ‘.— (G(F)e_lpx + a+(ﬁ~)esz)
2E (2;"{)3 'y B 1 (%)
- - - : . : g A
Quantization via canonical commutation relations e .
. Ean —_
(X0, (X", 0| = ih6(X = X7) B gt P oy JE
e ’ I Y - s
- Es W
field @ conjugate momentum - E: ' L
0 o | Eg .. WM
B d( o, P —— i (x)
(0¢) ) __.'l_rw’a" e B ___ X

— can identify: ground state = vacuum

particles

>

excitations



From Global Symmetries to Gauge Theories

Let's start with the Lagrangian of a free Dirac Fermion y (e.g. electron)
L =yiyo,y —myy

kinematics mass

This Lagrangian is invariant under the global U(1) transformation (£ multiplication with complex phase)

a constant

W — eml{f (since i = yw'y’, we have @ — e )

What happens if we instead consider local U(1) transformations 7

l’(f — eiqa(x) lp—

— Z not invariant due to extra terms with igd,a(x)

Solution: introduce additional gauge field A¥
with covariant derivative D, = d, + igA,

— id,a(x) terms cancelled by gauge transformation of A¥
10
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From Global Symmetries to Gauge Theories

Lagrangian of Quantum-Electrodynamics (QED): kinematic terms of gauge field
1 — Fu,=0,A—0dA,
&L =yiy*(9, + ieA,) y — myy — ZFPVFW

is invariant under the gauge transformation

W — o'qa(x) W gauge transformation of A* = (¢, A)
A S A —a ax) known from classical elif.tl'oci_yfwanicsz
a K A ¢ — ¢—oa A—->A+Va

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

Can we modify the QED Lagrangian to describe electroweak interactions?

We need:

» massive W and Z gauge bosons

— mass terms _ _ _
1 not invariant! Solution:

2 2 - :
Emzzyz'"» my Wy W= Generate mass terms dynamically

» different interaction/transformation of via Spontaneous Symmetry Breaking

left- and right-handed fermions  — (WL) - (Eq'“amwf_)

WR eqﬁ alx) IPR

— mass terms
myy = m(y;yp +ygyy)  not invariant!
mix left-/right-handed fields even worse for SU(2);: y; is doublet, yg singlet
12



Spontaneus Symmetry Breaking

each with 2 degrees of freedom

; +
We consider a complex scalar doublet © — (q’) ) &+, ¢ complex scalar fields,

with Lagrangian

P Higes = (0,0)(0'D) — V(DT D), where V(OTD) = — p?0td + J(DFTD)?

V(®TD) needs to be bounded from below <  Theory has a ground state

— A>0, but what about Ju2 ?

—

. ;12 <0 : ground state at [(D)| =0 i
] ,
i~ 0

. ,uz > (0 : non-zero vacuum expectation value

2
u >0
(@) | = \/; - gt

2 @
Nature/We choose one of the possible vacuum states
as ‘true’ vacuum: L /0

#0= 75 (7)
VAN
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Spontaneus Symmetry Breaking

Expanding @ around the minimum:

b+ p* o6 (x) 0
‘I’:( 0): — (v + H(x) + iy(x)) =5 " ( H, )
¢ G X V2 v+ H(x)

T Dhiges = (0,0)7(0D) + pPOTD — ADHD)

= ) 2000 + FOH? — S0 H> = JH® — SH* — Zv*
i " " 7 = N )

'

kinematic terms mass term interactions

— We obtain:

¢ 3 massless 'Goldsone bosons'

» 1 massive 'Higgs boson’ with

2 2 - .
Mmass. mH — 2/11’ Interactions
H H H
p ~ s
2 b ’ 2
I—E o /s mH \X/ 3mH
~ v SN ‘U2
~ / N
~ H H/ ~ H
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Spontaneus Symmetry Breaking

Let us investigate the symmetries of our theory:

The Lagrangian

Lhiges = (0,0)7(0'D) + p* @D — (DT D)

is invariant under the SU(2); @ U(1)y transformation

¢+ fiﬁ“(x) i%a(x) ¢’+
b = (¢,0 — e 2 e 2 ¢0

What about the ground state @, = é (g) ?

15



Spontaneus Symmetry Breaking

What about the ground state @, = % (2) ?
2

A state @ is invariant under a transform el 7°®) if

PO =0p = TO®=0

We have e.g.:

o’ 1(1 0 0 1 0 ﬁ
I3®, = ?‘I’O -2 (D _1) vi\/2 -2 —vi\/2 70 ! Ground state not invariant
0 under SU(2); @ U(1l)y
Yo, =Y@) | Vi 0

but we can identify the electric charge operator Q = Y/2 + T

0 0 electric charge Q is symmetry of
O, =+ 3+Y¢-=l(1 0) =l(
2% 2(6 o t 2\0 0 w'\/i 2\0 ground state @ (and of the full theory)

Y(®) = 1

Spontaneous Symmetry Breaking, due to non-vanishing vacuum expectation value

16



The Higgs Mechanism

We now consider the Higgs Lagrangian within the SM:

' U(1)y Hypercharge of
P ttigas = (DO (DHD) — V(DHD) saliee oI '"g\i / Higgs doublet (¥, = 1)
Y,

: . B Yol i - Yh
where we now have the covariant derivative D® =9, +igzW, +ig'—B,)P

T

since @ is SU(2); doublet gauge fields

When acting on the ground state @), this leads to

2 1 8 )
(D, D) H(D'D,y) = (jgiwr’_l_ fgsz) (g) 1 v? W, 0 g 0 0 W,
H > 3 .
0

NG 24 W, 0 g -gg||Ws
B 0 —gg g° ) \ B )
:"-Rotation to mass eigenstates: Y | g2y 1 (g2 + o2
; , 5 = L8 g we Wy, W+ L EEEN 7
! (A)_ (cos@w smGW) (3) : 2 4 4
(Z)= 24 w,)
5 4 sin@y, cos by, 3 i = m2 WEW 4 %m%ZJuZ“
Weinberg angle Oy = —— 5 : .
— Weinberg angle COSs &y, o ‘ Wlth Wi — ﬁ(wl - IWQ)

Trmmmmsmmsssesseeesssenson e . v 2

my =38 m;=3\/8+g

— 3 massive gauge bosons Z, W, W™; photon A remains massless
17



The Higgs Mechanism

We now consider the Higgs Lagrangian within the SM:

L ttiggs = (D,@)H(D'®) — V(O D)

where we now have the covariant derivative

= (d, +tg—W’ +ig'= Ing D

So far considered: (D, @()*(D"®y) = = mg, WIW= + —mZZ ZH

But we actually need:

+(DAD) — oS Wi 4 oY
(D,®)*(DFD) = (§y+£g2W +1g28) 2

Le io‘t’:‘:(x) 0
V2 v+ H(x)

2

can be absorbed by gauge transformations of W, Z
— 'unitary gauge'

3 '‘would-be Goldstone bosons eaten by W and Z'

— gives longitudinal degree of freedom

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

! polarizations of vector bosons

with momentum k = (\/m 0.0.k)
* transverse: Er1 = (0,1,0,0)
; e, =1(0,0,1,0)
* longitudinal: & = i(k,0,0, VEk* +m?)

"“ (only if m # 0)

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

18



The Higgs Mechanism

We now consider the Higgs Lagrangian within the SM:

P ttiggs = (D,P)H(DHD) = V(®* )

. . . . 6i [ . Yh’
where we now have the covariant derivative D,®=(9d,+ ig?W; +1ig'=B,)®
So far considered: (D, @) (D"®;) = mg, WIW= + %m% zzr

But we actually need:

. 2
;‘ v | i@ (x) 0
+ H —_ 1 i i ro’ P v
(D) (D'®) (6#+1g2W +ig 2B) 5 (V+H(x))
N\
=v(l +H/v)

— 2 - H.\2 1.2 H.\2 : .
= my, WyW - (1 +=)° + smz; Z,Z" - (1+—)" + kinematic terms

— couplings of Higgs boson to W & Z bosons

v v -
2mi -7 2mi
% S o v2
1% - RN

19



Yukawa Sector

Coupling of Fermion fields y; to Higgs doublet via Yukawa couplings
g]"ukawa = Jij !Ifi,Lq) YR + h.c. i.j=1le.p.7:u,c.t:d,s. bl

The details get a bit messy, but some things to remember are:

« y;, ©: doublets
Wr: singlet

« invariance under U(1)y — only certain combinations of i, j allowed

of SU?2), — P @yy  invariant

— y;j can be grouped into blocks

y;;f, yf, y}? for leptons, up- & down-type quarks
. ytﬁ - in total 3x3x3=27 complex parameters:

3 lepton masses (neutrinos are massless)
6 quark masses
3 angles & 1 physical phase — quark-mixing given by CKM matrix
all other parameters are unphysical phases (and can be absorbed into a redefinition of the fermion fields)

20



Yukawa Sector

Coupling of Fermion fields y; to Higgs doublet via Yukawa couplings

g}’ukawa = y!j !Ifi,L(I) l[)}-,R + h.c. i,j={epu.t:u,ct;ds,b}
i50(x) 0
Inserting b = Lg Y (and rotating to mass eigenstates)
V2 v+ H(x)

| _ H
= Lyukawa = MWW (1+=)

— Fermion-Higgs couplings

21



Theory Summary

¢ Ground state of Higgszpotentia| 2 * Pryikawa =YWL Pyp + h.c.
+b) = + +
V(@TD) = — p @7 D + A(P7D) generates fermion masses
breaks symmetry SU(2), ® U(l)y to U(l), & couplings
» V(OT®D) contains Higgs self interactions I
/ H . ~ s ! H mf
]_—I____</ 33"."1% \x/ 3”;,25! - T 7
\\ 1 // ~ (e -
s H H/ AY H f

* (D,®)"(DFD)

generates masses with Fermi’s constant
)
My = — = 80.38GeV 2 g2
W= 28 GF=£3—2= 116638 - 1075 GeV—2
my = 2\/g*+ g7 =91.19GeV 8 my
— vacuum expectation value
& couplings

= 246.22 GeV

1
V V . V=4/
g 2G
2mi -7 2mi V26
v S 2
4 hR

All Higgs couplings determined by particle masses!

Only free parameter at this point: my
22



Higgs Production at the LHC

Higgs couplings given by particle masses — need to produce heavy particle first !

" 107 T MH)- 125 GeV 3¢
' E F oM 8
“““ " 2 3/"“3'/ i
4 I 105— .
T F _ aar ]
g [ pp quH _
° Wz T 1L - -
o~ e
w,Z . F——— 71 ]
iy . ]
N H 10‘15—pp PP~ o E
IT h Lo fﬁ 10-2;_| | | | | | | | | |_;
6 7 8 9 10 11 12 13 _14 15
1) Gluon Fusion gg — H via heavy-quark loop 's [TeV]
2) Vector Boson Fusion (VBF) qq — qqVV — qqH
3) Higgs Strahlung qq — VH
4) Top Associated Prod. pp — ttH

* challenging final state
due to decays of top quarks and Higgs boson

« direct probe of ttH coupling

23



. - r,
e to fermions / f = leomy ey BR = =, U = Z I
2 23 i
P P = N P2 |
\ S 8rv2 S assuming my; = 125 GeV:
7 % I'[MeV] BR [%]
N¢ g = color factor: —
3 for quarks ”_ 0 0
1 for leptons bb 238 58 1

» 58% of Higgs bosons decay to bb
b quarks form short-lived B hadrons

— can be identified by displaced tracks o 0.26 6.3
cc 0.12 2.9
R -
prlrrlt\ary '."’:,"' [l+[l_ <OO1 002
S5§ <0.01 0.02
but large QCD backgrounds T, =4.1MeV
» 0.02% of Higgs bosons decay to ™y~ " T

small benching fraction, but
very clear detector signature

24



Higgs Decays

ri'
* to fermions BR=3—, T, = Z I

tot

* to vector bosons (ZZ*, WW#)

/ \ assuming my = 125 GeV:
BR: 3% 21% I'[MeV] BR [%]

tt 0 0
my < 2my — one of the V has to be off-shell .
H v (indicated by V*) bb 238 581

ww 0.88 21.5

vector bosons decay to quarks or leptons:

(AX 0.26 6.3

l+
< BR Z—= Il = 10% cc 0.12 2.9
A
H r ZZ 0.11 2.6

m?’?/\<1 BR W—=Ilv ~30%
l+

— small event rates when including decays to leptons,

wrpm | <001 002
sS <0.01 0.02

I,,,=4.1MeV

but clean detector signature tot

— life time 7 = 10722

25



Higgs Decays

* to fermions B
* to vector bosons (ZZ*, WW¥*)
* loop induced decays

- to gluons (BR: 8.2%)

ri
R = r_‘- rmr — 2 rf'
i

tot

assuming my = 125 GeV:

¥ =
H-===" t.b b
Geeatg wWw

: : 88
— phenomenologically irrelevant, due to .
huge QCD backgrounds at LHC Tﬂ:
ZZ
- to photons yy or Zy (BR: 0.2% each) Yy

' [MeV] BR [%]
0 0
2.38 58.1
0.88 21.5
0.33 8.2
0.26 6.3
0.12 2.9
0.11 2.6
0.01 0.23
<0.01 0.15

Wz Wz W Y 7

RS Y
qu H %ji H ———{:\&:‘ILL ,uﬁu‘ <0.01 0.02
., : : ss | <0.01  0.02

— small BR compared to H — gg due to r

- coupling a instead of «;
—
- destructive interferences of the 3 diagrams

— clear detector signature ( in particular H — yy )

= 4.1 MeV

tor

life time 7 = 10722

26



Higgs Production & Decays

In another world (where my; # 125 GeV) ...

roduction cross section branching ratio
P g
10%e T T T : ':g
o) s=13Tev ¢ 1
210° 2 §
g ‘ |
T 10° L g
t
a 10
S 2
‘6’ 2
1 E
10" .
107 +
10° : NN Y
| 1 T Y T W A i YR Y R :\‘ . | - E L1 1
10 20 30 100 200 1 0 1000
W, eV M, [GeV]

for my = 125 GeV: large variety of production channels and decay modes relevant!
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Higgs Discovery

July 4, 2012: ATLAS and CMS announce the observation of a new particle,
compatible with the SM Higgs with my = 125 GeV

— resonance in the My, and m,, spectrum
(H— ZZ* — 4l) (H = vyy)

) CMS 1s=7TeV,L=51fb"\s=8TeV,L=53 "'
> T ) T T T T Ll T ] L Ll Ll Ll N > e I | may mmo pa g T T v L 4 ]
8 e Data . ATLAS ] ) > -

o 25— [} Background 2Z" e PP O 3
g [l Background Z+jets, i ) "“_) 21500
3 oof. [ Signal (m, =125 GeV) 3 ~ 1500 ~
77 Syst.Unc. ] 2 §
= - w1m"
@
> -
W1000}-

S/(S+B) Weighted
(6]
8
|

_[:]:10

| @ 220
100 150 200 250 0‘AIAAAAIL‘AlilAlAlAllllAL
m,, [GeV] 110 120 130 140 150

m,, (GeV)
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Higgs Discovery

July 4, 2012: ATLAS and CMS announce the observation of a new particle,
compatible with the SM Higgs with my = 125 GeV

— many happy faces ...

. and a year later:

Nobel Prize awarded to Francois Englert & Peter Higgs
(*1932) (1929-2024)

29



Higgs Discovery

July 4, 2012: ATLAS and CMS announce the observation of a new particle,
compatible with the SM Higgs with my = 125 GeV

But is this new particle the Higgs Boson?
Need to measure: * spin
* parity
* couplings to other SM particles

10th anniversary in July 2022

The ieeerstional jourmal of sdence /7 July 2022
Article "

A detailed map of Higgs bosoninteractions HIGGS. >
by the ATLAS experiment ten years after the ATl A
discovery roperies 3

Article

A portrait of the Higgs boson by the CMS
experiment ten years after the discovery

30



More Higgs Data

2012: 2022:

o . — > s
D S/B Wei . 50000 re |m|na|"y ¢ Data —
LHC Run 2 g 100 ATLAS _‘ s;tfem pn‘;::::?:s.scow = (3 i VE=13TOV AN _gnckg " g
@ - . . =3 - s d rount —
& £ . Bkg (4th order polynomial) 5 40000[ ]
5wk ] 30000}~ 3
integrated luminosity: e 3 ’ 20000 E
i 15=7 ToV, Jl.d1=4.mb . . 10000F- B
139 11 200" ygugToV, [Lawsom’  Hoyy = B 00 Iy = VRN
L . 4 2 1500F
g °F ] 8 1000
2 ; ........ - 'g 500F
: 5 g o L “
= 8M nggs bosons :% ; § B0 11+0 120 130 140 150 lfbo
produced (per exp.) 100 110 120 130 140 15"?” [Ge\‘l]so m, [GeV]
% ...IDavla. : T A % T T T T T T T
G f EBackground 22° ATLAS G ., ATLASPreliminary H—zz'—a
% H-2Z"—41 Il r z 13Tev, 139"
— 20000 H g g r Bl Background Z+jets, - % 120: Z ® Daa
decays 2 oof EI S (m,=125GeV) E -
y w A @ X, Wv
" %% Syst.Unc. D 100 — i =
£ r W nccr;mn ]
2000 H—Z2* >4 i rrovhia-ssw . "
decays (15 =8TeV:[Ldt = 5.8 fo" »
10F 60}
: 40|
Higgs mass (PDG comb.) 20}
my = 125.25 £0.17 GeV - I
H 100 150 200 250 80 90 100 110 120 130 140 150 160 170
m,, [GeV]

m, [GeV]
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Higgs Spin & Parity

Higgs has spin 0 and is CP-even °
confirmed by study of decay distributions in 2013 @
(spin-1/2 & spin-1 hypothesis already g
excluded by observation of H — yy in 2012) =
0_25 T T T T T T T T T T T T I T T T T 2 0.0? T T T T T T T T T T T T | T T T T 2
I . 8 - BT
| (a) He7 7= ﬂ'l]"lj (1;1*__\) g 006 (b) H+ ZZ= Q1)) g
M =125GeV | & ' Mp=123GeV T %
_ - = osk 1%
i i T, 005
020 - - 13 > g
2
g = 004
5 s
L = 003
= L
2
= o002
001
1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1
0195 05 10 15 20 0005

invariant mass of the Z* — [[ decay 32



Higgs Couplings

Can measure 'signal strength’ for each production & decay channel ...

experiment

138 b (13 TeV)

=

o(pp = H = XX)theory : ,
i —— Observed +1 SD | u_combined +1 SD
L) ) L 0 l; L ] +035 ¥ AL 1 ! 2 |854 L A 0 ’1 ¥ L L A & 1034' ¥
¥y 108703 ‘ 10003 1143y .: 119700 )
W7 =1131009 ' '_: : i H
1 ' " '
! W04 +0.48 M55 i +859 HE 073
77 _q_o.sa e I 032703 ' 1| 000 122458 il 000
7= 012 o ' L '
W 097 13 " ') [ :
" Ll L)
o | 4028 1 072 v 075 "
wWWwW .-090_0'0 _;‘:0 737524 : _2,41_0,.0 :h 1.76 o ar g‘_1.44t032
WY =097 + 009 ! ' Y '
0 ' " '
i 1 ) ' [ [l
1 066 +021 ' 0.86 01 ! Bl 13308 i 1.8970% Ho03s504
: ‘I 016 1 ok 057 : . ) 56 : 037
=085+ 010 i 0 ' [ ]
" ") [ L)
1 (B [l [}
i +297 +042 +0.38 046
99 5.31 -254 | _1“_1’264341 _‘I_ 0'904034 : _0 90~04l
ut®=106%% 1 0 [
0.2 (R L L}
it T '
£ 02307 P 155402 ' 56330 i 3.07 29
w I.}]i- ¢ | S 070 : 073 : = 221
wW=12133 i 0 0 ' 2 4 6 8 '
| :: 1 1 1 1 1 1 .
«1 3 l +382
Zy josstin ! 44330
p=259%0 i
o 1 | 1 1 1 L 'l 1 L 1 L 1 L 1 L 1 1 L 1 L L x 1 . 1
5 1 16 2° 25 1 2 1 4 1 2 4 0 1.4 2
05 5 0 p. 0 2 3 0 p. 3 05 5 2 53
ggH VBF WH ZH ttH-+tH
% _ 2 ¥ = 4024 _ 4018
ug?‘ =0.97 +008 g = 0.80 +012 K= 1.497 % u, = 129>, Bnar™ 113,

all measurements in good agreement with SM predictions
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Higgs Couplings

Can measure 'signal strength’ for each production & decay channel ..,

o(pp — H — XX)

experiment
# =
G-(F’p —H— XX)them‘y K5 :ﬂ—<
Ky ri_-_|
ot Kt A Leptons Quarks
: o
D - oo
s B Force carriers Higgs boson
LT EAEAESE] | -
and extract coupli difi =Ky g0 x| . ’
. pling ModITiers gy = Ky * 8gy [ I ey —— I ——— "
K ) — Bir1'\.r. = IBu. =0
. . g P--l-H
— test of couplings to SM particles i - - B,,free. B, 20,x,<1
—— SM prediction
. K ——
f V ! 1= Parameter value not allowed
H - = = xz‘?' |.:_ _____________ .._'_ __________ 4 1
- 11 1 1 | L1 1 | 11 11 11 1 1 | T | | | | 11 1 1 | 111 | I L1 1 | | | T I
_ V . 0.8 1.0 1.2 1.4 1.6
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Higgs Couplings

Can measure 'signal strength’ for each production & decay channel ...

o(pp - H— XX)

experiment

G(pp — H— XX)theory

. and extract coupling modifiers ggyy = Ky - ggﬂ;}f

— test of couplings to SM particles

f %
H ___<
Vv

=
|
-2
=

=2

Ratio to SM

CMS 138 fb™ (13 TeV)
A . S BTN B RE| LR | N N LR | Tl
1F m=125.38 Gev wZ. ]
o]
107k E
b .
-2 N J
10 Py 3
i Vector bosons
10_3 i f 3" generation fermions _
: ¢ 2" generation fermions
T e SM Higgs boson

1??;_::' i =SS
1.2F } 108 ﬂ 3
1.0... T rp—— ...*A..+..L“.u.......“...Lm ..... ...*;.._.E
0_8- 0.95 E
0.6t wl soaal M ErerTTT 3

107" 1 10 102

and confirmation that Higgs couplings determined by particle masses

Particle mass (GeV)



Probing the Higgs Potential

Back to the question:

Is the particle discovered in 2012 the Higgs Boson?

Need to measure: + spin v
* parity v
* couplings to other SM particles V'

.. and test its relation to the Higgs potential
P higes = (0,0)7(0'D) + p* @D — HDFD)*

= Z z(aéf)z + HOH? — SQWIH? = WH - 2HY - L0

W

kinematic terms mass term interactions

— need to measure self interactions of the Higgs boson to probe Higgs potential

- H H\ /H
4 A ~
IE____<’ 3m% \X/ Bm%
S v VRN v2
. r A
\H H/ \H
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Double Higgs Production

Trilinear Higgs coupling can be proved via Double Higgs Production

Ko p52000033000% - — e H £ 1999098899005 ) H
Ka
. + .
U TTTT T TTTTT T JS NS D H I T . . — .
_ _ _ _ o(pp —» HH + X) [fb]
Same production mechanism as single-H production 1900 | /5 = 14 TeV, My = 125 GeV -
(gluon fusion, VBF, Higgs strahlung, assoc. production) gg » HH
_ _ 100 b, ,
but much smaller production cross sections, e.g. a4’ —+ HHqgq
o(gg— H) =~352pb 10
o(gg — HH) ~ 0.034pb = 34 1b
1+ q3 +WHH -
q— ZHH .
due to e heavier final state a3
+ destructive interference of box and triangle diagrams 0.1 . . L \
-5 -3 -1 01 K} ]
— study of HH production at LHC challenging, but possible Ao/ it

... and what about HHH production to probe quartic coupling?
6(gg — HHH) ~ 0.1 fb .

— unlikely to be observed at LHC (if not enhanced by BSM physics)
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95% CL limit an ofpp — HH (incl.)) /b

Double Higgs Production

Double Higgs production not observed yet,

but limits on coupling modifier «;:

—1.24 <x; < 649 (CMS)

CMS 138 fb"' (13 TeV
e e R
K= Ky =y =1 — Observed === Median expected -
&= Theory prediction B8 8% expected
s=ss= 5% expected

UL = ] | | e

Double Higgs production also sensitive to

HHYVYV coupling

Projections for High-Luminosity LHC:

052 <k; < 1.5

CMS

— can exclude k; = 0

138 fb (13 TeW)

L I

Fow, =k=x, =1

95% CL limit on aipp — HH) fb

T T 5
— Observed ~ ----- Median expected ]

= Theory prediction [ 65% CL expected |

----- 95% CL expected

Excluded

067 < Kzl'f < 1.38

(CMS)
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