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Collection 04 July 2022
The Higgs boson discovery turns ten

The discovery of the Higgs boson was announced ten years ago on the 4th of July 2012 — an
event that substantially advanced our understanding of the origin of elementary particles’
masses. In this collection of articles from Nature, Nature Physics and Nature Reviews Physics
we celebrate this groundbreaking discovery and reflect on what we have learned about the
Higgs boson over the intervening years.



https://www.nature.com/collections/gbfhieacie/
https://www.nature.com/articles/d41586-022-01880-z

Happy Birthday Higgs Boson!

Higgs 10 symposium at CERN

ATLAS news

10 years of Higgs research

The ATLAS Collaboration at CERN has released its most comprehensive overview of the Higgs boson.
The new paper, published in the journal Nature, comes exactly ten years after ATLAS announced the
discovery of the Higgs boson. In celebration of this anniversary, a special all-day symposium on the
Higgs boson is currently underway at CERN.

Press Statement | 4 July 2022
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ATLAS and CMS release results of most comprehensive studies
yet of Higgs boson’s properties

The collaborations have used the largest samples of proton-proton collision data recorded so far by the experiments to
study the unique particle in unprecedented detail

News | Physics | 04 July, 2022

Higgs10: When spring 2012 turned to summer

It was just a few short weeks in mid-2012, but they were so intense that it felt like years. As 4 July drew near, the ATLAS and
CMS experiments could sense that they were homing in on something big.

THE HIGGS BOSON TURNS

News | At CERN | 04 July, 2022
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CMS EXPERIMENT
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https://indico.cern.ch/event/1135177/timetable/
https://cms.cern/cms-updates
https://atlas.cern/Updates/News
https://home.cern/news

The Superconductor Analogy

The universe

L. Dixon, “From superconductors to supercolliders” (link)

Superconductivity

1950 - Landau and Ginzburg
JETP 20 (1950) 1064

Cooper pairs

1957 — Bardeen, Cooper
and Schrieffer Phys. Rev.
108 (1957) 1175

Electric charge (2¢)

Photon mass

Not a “true mass” for this non
relativistic system and coming from the
exponential falling penetration of
magnetic field in the SC...

Higgs Mechanism

Higgs field

Introduced “by hand”

Weak charge

W and Z bosons
masses


http://www.slac.stanford.edu/pubs/beamline/26/1/26-1-dixon.pdf

Matiere Ordinaire

From certain point of view the neutron

Neutron
__ and the proton are the same particle!

Up quark /' \

Proton

- -

/ 98% of the proton and neutron
| mass NOT due to Higgs Boson

'
\’/

Down quark But...
47793 MeV/c? . .
- Slightly different mass!
1.67492749804(95)x10-27 kg 1.67262192369(51)x10-27 kg
039.56542052(54) MeV/c? 038.27208816(29) MeV/c?

Mass difference ~0.1%

95% of its mass is due to strong interaction binding energy (which is the same between neutrons and protons)! de sa masse
vient énergie de liaison forte (équivalente entre neutron et proton)! ~1% is due to electromagnetic effects (different between
proton and neutron) and ~4% is due to the mass of its main constituents (valence quarks).

Main difference between neutron and proton mass is due to the Higgs!


https://en.wikipedia.org/wiki/Electronvolt#Mass
https://en.wikipedia.org/wiki/Kilogram
https://en.wikipedia.org/wiki/Electronvolt#Mass

The Higgs Particle

The Higgs particle is related to most of the fundamental questions we have about nature
The Higgs particle completes the Standard Model (SM) a theory that now explains all our observations at colliders.

However the SM is very far from explaining everything!
- The (origin of) Higgs mass is one of the greatest mysteries of fundamental physics! The Naturalness problem

- The nature of Dark Matter , is the Higgs responsible for its mass?

- The origin of the asymmetry between matter and anti-matter in the universe?

- The nature of neutrinos, their masses and the widely different masses between fermions. Flavour Hierarchy problem

Why do electrons have precisely the same charge as the protons? Grand Unification

- Why is the electric dipole moment of the neutron so small? Answers involve a pseudoscalar field the axion Strong CP problem

Involve - What fuels inflation - involves the existence of a fundamental scalar, the inflaton?
fundamental | _ . . . :
scalars - Gravity at small distance scales - attempted descriptions also often imply a fundamental scalar field the Dilaton



The Standard Model (again)

The less elegant Higgs sector:
- Carries the largest number of parameters of the theory
- Not governed by symmetries
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However: Higgs mechanism is absolutely necessary both
for gauge boson and fermion masses!

- The Higgs mechanism also predicts the relation between
the gauge boson masses and their couplings.

- The Higgs mechanism also predicts the existence of
a Higgs boson.

The presence of a Higgs boson also solves another important issue, the
unitarity of the longitudinal vector boson scattering (no loose theorem):
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Contact s-channel t-channel
Interaction
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% vy
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Higgs Higgs
s-channel t-channel

The preservation of the perturbative unitarity of the WW scattering,

imposes an upper limit on the Higgs boson of ~O(1 TeV).

L~

In the absence of a Higgs boson
within this mass range, would imply
the existence of strong dynamics

which could be probed by the WW

L

process (discussed in Lecture 2).



Higgs boson couplings (within the Standard Model)

All the couplings of the Higgs boson to Standard Model particles
(except itself) were known before the discovery of the Higgs boson!
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Is the Higgs boson responsible for the EW
symmetry breaking also responsible for the
masses of fermions?

Is the Higgs boson responsible for the masses
of all fermions?

\
. V
A\
o \ Proof of
o e vHVPV, condensate !
V
Is the shape of the

Higgs potential that
predicted by the
Standard Model?




Higgs boson (main) Production and Decay Modes

Production rates at Run 2 (13 TeV) for ~150 fb~1 Decay branching fractions
W,Z
7 OO0 Br(H — WW*) = 22 %
- ) _JE[ ) Gluon fusion process H ____
~8 M events produced Br(H — ZZ%) = 3%
9 00000° W 75
{—s g 1 Vector Boson Fusion
____ H Two forward jets and a large rapidity gap v, Z
q q ~600 k events produced Br(H - yy) =0.2%
< < H o

Br(H —» Zy) = 0.2 %

W and Z Associated Production
~400 k events produced

b.c.t.u  Br(H = bb) = 57%

g N ¢ . Br(H - t7t7)=63%
Vo H Top Assoc. Prod. - Br(H — c¢) =3%
. o ~80 k evts produced b,c,T, [k Br(H — u*u~) = 0.02%




HL-LHC is a Higgs Factory

Outcome of the 2013 European Strategy: HL-LHC!

European Strategy 2012-2013 Recommendations

HL-LHC is a Higgs factory ~160 M Higgs events

In comparison Future ee up to ~1.3 M Higgs Events, but much cleaner and « usable » events

Process ggF HH ttH
13 TeV / 8 TeV 2.3 2.4 3.9
13.6 TeV / 13 TeV 7% 11% 13%

14 TeV / 13.6 TeV 6% 7% 7%



https://indico.cern.ch/event/218030/contributions/450426/attachments/350864/489101/European-Strategy_EPS-ECFA.pdf

Run 1 Landmark Result
The Discovery of the Higgs Boson




The Discovery Channels

« Bread and Butter » Mass peak signals: the diphoton channel
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The Discovery Channels

« Bread and Butter » Mass peak signals: the four leptons channel

CMS \s=7TeV,L=5.1fb";s=8TeV,L=19.7b" : : :
> b T T e - Channel with High s/b ratio from
@ = ]
g - ] approximately 2 up to more than 10!
s OF . E .
2 . - Backgrounds can be estimated from MC.
5 N }
u>.| 25:_ m, =126 GeV _
- - - Other important features:
20— .
- ’ . - Very low rate due to branchings of ZZ and Z to
15k i - leptons! Efficiency is key!
- : - The trailing lepton is at low pT.
10 - L
N . - The polarisation of the two Z can be
— ®
5L I. reconstructed.
1 lll-”mll“ 1 - Typically one Z is on-mass shell
O 1
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The Discovery Channels

A discovery channel of a different kind: the WW

WW(lvlv) candidate event Requires good simulation of backgrounds and control regions in the
data.

W- H W+

Uses the V-A nature of the W ; ) L 9
coupling that transfers the W spin 7 o Ve v ot
correlation to the electrons. «o-@-«-» 4—»-9—«»—»

momentum direction =—————
angular momentum direction —=———

-1

$ sool @n<t onrecrun] , CMS__ ___138fb' (13 TeV)

= i t Obststat S 10°F Bl Background -

= 600 — Exp Lil ; Bl Signal :

g. i =||_/|1|/?493 104E 7. Syst.unc. 4

(b} ~ o -

m 400r O Misid ; ¢ Data
500 i 8 vv 103 -
3 E%E, ; Run 2

0F N — 102
E : (b) Background-subtracted :
o 190F ¢ Obs - Bkg 10}
Channel where each of the W decays to leptons, the mass % 100F = Eﬁ‘ggs |
. . . . = N 107
resolution is spoiled by the neutrinos! = .
O |
. o 4f
N 3 |
Large event rate, but also large backgrounds from the O 3 of

WW and top production. 50100 150 200 550 : S

00 02 04 06 08 1.0 12
my [GeV] log(1 + S/B)



A Landmark and Textbook Discovery

Summer 2011 EPS and Lepton-Photon:
Still focused on limits.

December 2011 CERN Council: First hints.

Summer 2012 CERN Council and ICHEP:
Discovery!

December 2012 CERN Council:
Beginning of a new eral!

v/ Strongly Motivated

v Significance increased with luminosity
to reach unambiguous levels

v Two experiments

v Several channels

- 'i._.-:’_\ """""""""""
e —
Summer 07/2011 -
CMS Prel. [20] \s=7TeV

——— ATLAS Prel. [21] JLdt=1f0"

S
/
Spring 2012 -
CMS [25] Is=7TeV

——— ATLAS Prel. [28) JLdt-5f0"

........ = 7
/

Council/ICHEP 07/2012 7

and 8 TeV
CMS Prel. [23] fLt= 10 fb”
—— ATLAS Prel. [22] -

7 and 8 TeV

Jldt=251b"

HCP/Council 2012
w CMS Prel. [24]
— ATLAS Prel. [23]

110 115 120 125 130 135 140 145 150

my [GeV]

“It is the first example we’ve seen of the
simplest possible type of elementary
particle. It has no spin, no charge, only
mass, and this extreme simplicity makes

It theoretically perplexing.’
Nima Arkani Hamed

Higgs Discovery announcement July 4, 2012

Mechanism contributing to... [full]
Francois Englert and Peter Higgs

2013


https://www.nobelprize.org/prizes/physics/2013/summary/

First Precision Measurement at the LHC?

ATLAS and CMS - Total Stat. [ Syst.

Higgs boson mass measurement 7 TeV, 8 TeV and 13 TeV Tot. Stat. Syst.

ATLAS H —yy Run 1 T 126.02 = 0.51 (= 0.43 = 0.27) GeV

- Measurement done exclusively in the diphoton and 4-
leptons channel.

CMS H —yyRunt 124.70 = 0.34 (= 0.31 = 0.15) GeV

ATLAS H — 4l Run 1 124.51 + 0.52 (+ 0.52 = 0.04) GeV

- Optimizing the analysis in categories with best mass CMS H — 4l Run 1 125.59 = 0.45 (= 0.42 = 0.17) GeV
resolution (photon, electron and muons energy ATLAS-CMS yy Run 1 125.07 = 0.29 (= 0.25 = 0.14) GeV
response).

ATLAS-CMS 41 Run 1 125.15 = 0.40 (= 0.37 = 0.15) GeV

- Reached at Run 1 a precision of 0.2%. ATLAS-CMS Comb. Run 1 125.09 + 0.24 (= 0.21 = 0.15) GeV

e - e o e e e e e e s e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

, _ ATLAS H —yy Run 2 125.11 = 0.42 (= 0.21 = 0.36) GeV
- Among (if not the) most precise measurement done at

the LHC in 2013. ATLAS H — 4l Run 2

CMS H — 4l1Run?2 E 125.26 = 0.21 (= 0.20 = 0.08) GeV

124.88 + 0.37 (+ 0.37 = 0.05) GeV

III|III|III|I'I | | | |II |III|I

118 120 122 124 126 128 130 132
m, GeV




Measurement of the Higgs Boson Mass

Most precise measurement from CMS: Latest measurement from ATLAS:
CMS
Run 1: 5.1 fb™ (7 TeV) + 19.7 fb™ (8 TeV) —— Total Stat. Onl
2016:35.9 fb™' (13 TeV) ! ATLAS* — ;f[)attalOnl
Total (Stat. Only) ‘(H — 22" — 4 p — Sys.- OnI))'(
Run 1 Hesyy — l 124.70 = 0.34 ( = 0.31) GeV S 13 TeV, 139 b )
Run 1 Hes 77— 41 ———  125.50 = 0.46 ( = 0.42) GeV 40 ’ Fe ’ 124.51£0.73 (+0.73 Stat)
Run 1 Combined 125.07 = 0.28 ( = 0.26) GeV 2u2e : o- 1 125.33 + 0.50 (+ 0.49 Stat.)
2016 H—yy 125.78 + 0.26 ( = 0.18) GeV 2e2) —e— 125.01+0.29 (£ 0.29 Stat.)
2016 H— ZZ— 4| 125.26 = 0.21 ( = 0.19) GeV m — 124.93 + 0.29 (+ 0.28 Stat.)
i 125.46 = 0.16 ( = 0.13) GeV B N
- 316_C(£bfd_ I _( - )_ e_ N Combined —— 124.99 £ 0.19 (£ 0.18 Stat.)
Run 1 + 2016 125.38 + 0.14 (= 0.11) GeV Il ittt -
Run1+2 —e— 124.94 +0.18 (+0.17 Stat.)
II|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|II | T YR TN YN AT TR TNNNY SO TR Y TR SO TN SO NN SO SN TN WO (Y SN TN SN NN NN S SN W SN SN T S S S N S N S S S S N S S S’
122 123 124 125 126 127 128 129 123 124 125 126 127

Systematic uncertainty (dominated by
muon momentum calibration) of 30 MeV!


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
https://arxiv.org/pdf/2207.00320.pdf

The Run 2 Landmark Results

Observation and Measurement of 39 generation Yukawa Couplings
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XPERIMEN
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V.

Run: 336567
FEvent: 2327102923
2017-09-25 15:38:38 CEST

4 muon event
with mass 124.4
GeV, one Z mass
of 89,3 GeV and
the lower mass of
33 GeV, one
electron, four jets,
lowest pT has
tighest b-tagging.

s/b ~ 30




Higgs boson decays to Taus

Analysis based on several channels depending on
the decay mode of the tau.

el -
ar |

ETH

Analysis requires data driven
methods to do so: e.g. the
embedding of taus in Z to di-
muon events.

The tau polarisation can in
principle be reconstructed, but
this is very difficult and was not
done yet.

q__, . q Special VBF process

H With two forward jets and a large rapidity
- gap between the jets (due to the color
q q singlet exchange in the t-channel

Background is Z production with two jets, in this
region of phase space it is difficult to predict!

CMS Preliminary ~ 137fo" (13 TeV)

—+4- Obs. tt bkg. 12— ee/up| ]tt + jets
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Direct probe of the top Yukawa coupling

ttH Analyses at LHC: Massively Complex!

R 7Y
tt H [ ob
4%
v v ““\‘ T—I_T_ s T}_LI_T}L_,T}_LI_TZ_
bW bW " Yy
v 4 CIWTWH e vy, 002

blv,bjj || blr,bjj | ¥

277 s 40,2000, 2025

- Large number of final states which are typically very
complex (mixture of b-jets, leptons, taus and
photons)

- But, many different channels, also means different
backgrounds and different systematic uncertainties
and therefore also a strength!

- With the new Run at close to double centre-of-mass

energy and increased statistics, changes in leading
channels.

Higas (bb)

N\

. .
. .
. .
< .
.

lepton

Higas (bb)

ttH(bb)

Very large backgrounds of
top pair production
associated with b jets

Dominated by background
modelling uncertainties

ttH(WW, ZZ and tau tau)

So-called multi-lepton
channel

Large number of topologies
intricate reducible
backgrounds of jets faking
leptons.

lepton




Direct probe of the top Yukawa coupling

ttH Analyses at LHC: Massively Complex! Background and signal modelled using analytic functions.
@ 180F ' | 3 > N I I SR L
§160:— ATLAS Preliminary ¢ Data E 8 - ¢ Data ATLAS Preliminary N
L - {s=13TeV, 139 fb™ =t§2.-fli§m.ggs - o) 30:_ -------------- Continuum Background |s = 13 TeV, 139 fb™ =
w7 Y 1405_ B Cont. Bkg. = cl'\) u - Total Background m,, = 125.09 GeV Z
R e’ 120 _E : 25 :_ —— Signal + Background All categories —:
t t H , ) 100 Had categories Lep categories  — @ - In(1+S/B) weighted sum .
? 80 4 5 20 E
" : I 2 50 ~ ~ E
40 54 5 - .
20 7 g 10- _:
S (0)) . _
@ ool ' — ttH (u=1.4) _ 5E T, r
go, , , , . | , O:""'""""""""""'—
Had 4 Had 3 Had 2 Had 1 Lep 3 Lep 2 Lep 1 110 120 130 140 150 160
m, [GeV]
Cross section dominated by statistical uncertainties:
Currently most sensitive channel 7038 (stat) 10.15 ( 10.15 (theo.) fb
—0.36 Stat.)y g5 (€XP.) _ 17 (HNEO.
-
' N Expected (4.20)
0 fo— Observed 4.90
‘ \ In combination with the other channels:
\
> Vs Expected 5.1

Observation!!
Observed 0.30




Higgs boson decays to b-quarks

8 1011 gl— rrr|rrrrrrrr[rrrr[rrr I L B B I I I—g ’_g :' lq'T'Ll'qS' ||3|1e|”|‘nl|nla|ryl L L ID;t;| L L I:
o 10; ATLAS ; c?; 18:_ F 13 TeV, 79.8 fo™ B VH — Vbb (1:=1.06) @ATLAS
£ el o187V 1090)  mwe K bBGoien| 510 tewes St [N
E 10 E? ’ -VH’ H — bb (“=1'02)EE Q —  2+3jets, 2 b-tags _
q>_) 1 08 — B Z+jets = 8 14 - Weighted by Higgs S/B Dijet mass analysis B
- UE B W+jets £ Sz E
10" tt = 2 10 + -
106 - Top (2-lepton) - %_» 8:— o ]
10° = I Single top = %’ - :
I Diboson = g 61 E
10 B T 34 E
10° T 2 %y K
102 = E) 05 5 555 AMNNSNS S O S b 2 :
10 ] GC)_Z__lllllllllll|III|III|III|III|III|I_—
= = 40 60 80 100 120 140 160 180 200
Run: 209787
s (G e
’ET Analysis is sensitive to Z decays to b-
) quarks, provide an important check.
0_3- O | I I | | | I I | | 11 1 1 | | I I | | | A | 1 1 1 | I | I I I | 1 I:
35 3 25 2 15 -1 05 0

log, (S/B
91055 Main background is V+jets (in particular b-jets), relies on a

_ , _ _ good simulation, but is controlled in the mass side-bands!
Analysis based on three main channels targeting WH and ZH production,

based on the W or Z decays:
- 0 « leptons » (for neutrino decays of the Z)
- 1-lepton (W decaying to an electron or a muon)

- 2-leptons (Z decaying to electrons or muons) Unambiguous Observation!!

Very important measurement of VZ process with Zto b
quarks as a check.



Boosting the Higgs Boson!

137 b (13 TeV)
> 25000 T T T T T T T T T T T T T T T T T 1 CMSProjection 3000 fb™' (13 TeV)
8 ~ CMS =W | ; 0 =w/ YR18 syst. uncert. (S2) ]
~ - 450 <p_<1200GevV Z 3 [0)) - Ao(p; > 600) /250
~ 20000  Deep double-btagger ::Rtﬂumjet — O, TEsevosovy Ao(p!'> 200) /120
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> - ¢ Data - T+~ F o T
LLJ 15000: — O - + Combination A
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10000 — < ool f R
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Thought to be completely impossible! Yet can play an important role in the measurements of the
. . . . '
Expected H significance (ug =1)  0.70 inclusive production at high transverse momentum!
Observed H significance 250

Extremely interesting to for indirect NP constraints!



Differential Cross Section Measurements

10T T g 80T Measurement of fiducial and differential cross sections for
& [ATLAS Preliminary  H-yy, \s=13TeV, 139 fo = [ATLAS Preliminary H—yy,\s=13 TeV, 139 1™ _ _
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Differential Cross Section Measurements

N — N 5 B0 Measurement of fiducial and differential cross sections for
2 ATLAS Prellmlnary H—yy, Vs =13 TeV, 139 fb’! = [ATLAS Preliminary H=yy, szTer 139107 1 . .
8 | 4 Data,tot.unc, " Syst. unc. SF o +4-Data, tot.unc. . syst. unc] H|ggs prod uction.
P B g H default MC + XH ] 2 60 B gg—-H default MC + XH
2 1 B B NNLOUET © SCET NNLO @ N°LL + XH ] g &l gg—H SCETIib+MCFM8 + XH 1
8 e o S Measuring differential cross section open a vast number of
i | interpretations in terms of properties of the Higgs boson:
| P | et 3 2|
10-2; """ - . . .
- T - The content of the loops involved in the production,
§ 2 g1s) potential to constrain any additional coupling modifying
N E differential distributions (Yukawas, trilinear, etc...)
T 0 50 100 150 200 250 3S§ [Ge\c}iso - 0 02 04 06 08 1 12 14 16 18 2 2.2ij|.4 - Measure |tS Spln/CP prOpertieS.
CMS Prelzmmary 137fb (13 TeV)
= | | | | | s L L L L B ' |
= reliminar gg—H default MC + XH Powheg NNLOPS + XH | %, - reliminar - = — fobs. %
. 10 E_:TL[;:S, tZ. ulnC. \\< syst. unc. EE = NLO + XH = GoSam+Sherpa + XH E (\5 i + "%T:Lfss_re':\)/, |139 fb‘1y ] ]_0 i Observed (P 4:': 17 ° (68/ CL) __ B mTH _ .
© [ Hoyy, 5=13TeV, 139f" T [ NLOWVE+Xw & Sherpa (uerseno) + XH - =, k=24 99, - Expected: ¢z =0+ 23 °(68% CL) i LY - = (KTTT + KTTZ’YST)
anik R-04,p>30Gy L & Swmowex B oueswmoomon ) o T T i e e b it i v
1025_ 3 A — SM: k= 1 - —
- .g + ¢ Data i i ~

tan(¢rr) —

D13

----------

] _

]

—2Alog L

—
<
ERRURRERN
.
s s
- :
| 3

¢..=4x17° (237 exp.)

—_
| I 1 1 1

o :
O a0 O
TTTTT TTTTTT

Ratio to SM

i

Ratio to default pred.

CP-even preferred vs

~90 45 0 45 90 CP-0Odd at ~30 level
¢ (degrees)

0 20 40 60 80 100 120 140
oI [GeV]




Events

Hybrid Fiducial Approach: Simplified Template Cross Sections

w.r.t. purely fiducial: allows to combine decay channels and use multivariate techniques in specific
channels. Compromise as both aspects increase the extrapolation.

Inclusive (and most other channels)

covered by discovery channels

—
—

D

—

(+)

(+)

CMS-PAS-HIG-19-001

CMS Preliminary 2016 + 2017 + 2018

Vv
n
=
~—

O

O

w
»
<

137.1 b (13 TeV)

104||||||||||||

103

10?

10

-~ 8383828383888 88833 I g3 Le¢
“N'FN'T—C\INCOLLLI\I\ N1_L1_1_I-C
E'IE'IIE'IIAAmLL“A?AIIIIAIII
e o A N A N w22 el =S E =
S FEFESF-D=SFE o = >0 e S5 o
Q = N L = S & 3 = £
? o T 9= Q4 ok o5 2= = o o
T =1 =2 1+ =2 o 5 N O W E )

O T e N-— I Ellm% 1
O 1+ O L ~ O \_‘LLLL> QI
O L oI +» oI o) N M m © T

o o O o O LL T S

o (@) m
S >

I N N D
e Data [ H(125), ttH

D H(125),ggH [ H(125), tH
CJH(125),bbH  [Jqg—2Z Zy*
B H(125), VBF @ 99—ZZ Zy*
[ H(125), VH [ Z+X

©
W
[3)

o
W

0.25

Normalised to unity
—
N

o
—_
a1

©
—

0.05

VH covered at high pT also by VH(bb)

VBF covered at high pT also by VH(tau-tau)

VH (H + leptonic V)
¢ _ (EWgqqH incl. VH — qqH)
\
g~ VH [ 99— 2zH |
qq —*I \4 l BSM
| ' Py 10,200]
W — fv (+) Z — b+ v
I |
—>_ > 2-jet VBF cuts -+)_
pY. [150, 250] pY [150, 250] pY. [150, oo]
N
% o v
> pr (250, 00 pr (250, co )
P 2l 2l 6 774t (13 TeV)
w 10 E T | T 1 T I 1 1 T T | T T T 1 | T T 1 1 I T 1 1 I E
= ECMS 1-_"|'-'|'-'|"-|-"4-_E
I [ 1T LI T [ L 1T LI T QLT T T T 7T T T T T T T T T T [ T T T T [ T T T T [ T T T T [ T T T T T T T C B E-S+BunC/bkg E ]
] I [ | I [ - '-‘c\] 10 :E ' ' ' ' -o-DIata ' ' é: > 5 ~  Preliminary 0.8 — (H—11)/bkg. = ]
- ATLAS Simulation - S o°L ATLAS Preliminary M VH — Vbb (u=1.16) ] w0 10°F 065 ¢ (Obs.-bkg.)/bkg. E
3F 5213 Tev m— Total signal — £ = Vs=13TeV, 79.8 b -tl%lboson = AR - g-:;— ERE
B - —_— \ i o 7L . N o L “E -
- 1lepton, 2 jets, 2 b-tags 150 <p; <250 Ge_\/_; T 10 EE 0+14:2 fepfons -?AISI‘Ct’inZttop EE —~ 104 - e —=
?p.r,r > 150 GeV -=-- py>250GeV o 108 = 2+3 jets, 2 b-tags — = [2) E -1.2 - —o.Elzog—(zgl(S—i);) E
B i F mW 3 - - 10 ]
_ = Al background : 10 E (4)) B ]
| _ - > 103 - -
S I E - :
C : ] E! R :
. : ’ = 10 = E
L I__,—'—"__"ﬁ_ﬂf — E: E E
- - IR I § 10 -
o = -t 1 - ¥ .
: __'__l--_'--- | ] - - - B [ Jeu e, i
: ST P P ] A ] 1= B Edmm, E
| I=1=1 1 1 1 11 [ 111 L1 L || T i ;’ - - . e E -S+BunC.-H—)TT(u=0.75) E
-1 -0.8-0.6-04-02 0 0.2 04 0.6 0.8 1 > C ] N ]
O 35 3 25 -2 45 1 05 0 05 N ¢ Observed ]
BDTVH Output |Og1O(S/B) 1 0—1_3 T ;2| 5| [ |_|2 I | ;1| 5| T | _|1 T | _0| 5| 1 O
Iog10(S/(S+B))



Early evidences for Rare processes




CMS Experiment at the LHC, CERN
Data recorded: 2018-Aug-27 18:16:09.757504 GMT
Run/ Event/LS: 321879/ 102476714 / 86

CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT
Run/ Event/LS: 323940 / 44997009 / 65

CMS Experiment at the LHC, CERN
Data recorded:; 2018-Jul-14 22:42:55.530432 GMT

Run / Event / LS: 319639 / 961085861 '\
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CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-05 11:38:36.759040 GMT
Run / Event/LS: 278240 / 2307764905 / 1215

ttH

CMS Experiment at the LHC, CERN

Data recorded: 2018-Sep-30 16:00:48.744704 GMT
Run/ Event/ LS: 323755 / 1382838897 / 755
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Evidence for Second Generation Yukawa Coupling

Very challenging channel!

- Approximately 2k events produced but very small signal-to-noise
- Requires a very accurate description of the backgrounds.
- Gain in sensitivity: ggF, VBF, VH, ttH; mass resolution through Brem recovery!

Summary of all categories Estimate the background parameters through a fit of an analytical form!
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Evidence for Second Generation Yukawa Coupling

Very challenging channel!

- Approximately 2k events produced but very small signal-to-noise
- Requires a very accurate description of the backgrounds.
- Gain in sensitivity: ggF, VBF, VH, ttH; mass resolution through Brem recovery!

Summary of all categories

CMS Result

Expected 2.5¢
Observed 3.0c

u=1.19 £+ 0.43

HL-LHC ~59%

Estimate the background parameters through a fit of an analytical form!
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Result dominated by statistical uncertainty, but watch systematics!


http://www.apple.com/uk
https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub

Evidence for H — y£ "¢~

Run: 331951 o K Run: 339387
Event: 334662243 . N Event: 812083095

EXPERIMENT °7/ 700 ioedes onst BN | EXYPERIMENT 200710728 09:47:43 cst



Evidence for H — vy ¢~

A T Search initially made in this case in the
h 7| y+  dimuon channel only (in the low di-lepton Phys. Lett. B 819 (2021) 136412
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https://arxiv.org/pdf/2103.10322.pdf

Searches for the H — Zy Decay Mode

Y
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Field tensor coupling not measured yet!
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To follow closely at Run 3 for first evidence!

ATLAS Result

ggF and VBF enriched
channels

pr, =2.0£0.9

Expected 1.20
Observed 2.20

HL-LHC ~10%



More Rare Decays and Production

Invisible decays

W

<
A

<11% @ 95% CL
HL-LHC 2.5%

Quarkonia-photon

S/
Potentially sensitive
H _ __ to charm Yukawa

_I_ —
MY
~100 x SM

/v . .
Potentially sensitive

o to strange Yukawa
_|_ —
KKy
~200 x SM

S/
otentially sensitive to

7o jht Yukawa

Y Ty
~50 x SM

Lepton flavor violating decays

Various decay
/ channels of the
t > < Higgs boson
N (diphoton, bb)

Single top associated production

g Tree level
i W__ H interference
; between W
> t

and top




nature Review see latest PDG review

PDG:

particle data group

Portrait of the Higgs Boson 10
Years after its Discovery



https://pdg.lbl.gov/2022/reviews/contents_sports.html

Nano Overview of Main Higgs Analyses at (HL) LHC

Most channels already covered at the Run 2 with only 3% (80 fb-1) of full HL-LHC dataset!
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*N3LO



Portrait of the Higgs Boson 10 Years after its Discovery

CMS 138 b (13 TeV)
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ATLAS - CMS Run 1

Ky
K7

combination

11%
11%

ATLAS
Run 2

1.05 £0.06
0.99 £ 0.06

Nature 607,
52-59 (2022)

CMS
Run 2

1.02 = 0.08
1.04 = 0.07

Nature 607,
60-68 (2022)

Current
precision

6%
6%

Precision Higgs Couplings Measurements

How elementary is the Higgs Boson?

Minimal Composite Higgs scenarios

2mé,
_ 1 — 2/ f2
gHVV = — \/ ve/f

A f 2 9TeV




Portrait of the Higgs Boson 10 Years after its Discovery

How elementary is the Higgs Boson?

ATLAS - CMS Run 1 ATLAS CMS Current . . . .
o . o o orecision Minimal Composite Higgs scenarios
2m?
K, 13% 1.04 +0.06 1.10+008 6% gHVV = vV\/l —v?/f?
A f 2 9TeV
K 14% 0.95 = 0.07 0.92 + 0.08 7% |
g ° Probing new particles through loops
g,yorZ
H ____

87

KZ;/ i 1.38%5%, 1.65 £ 0.34 30%

Nature 607, Nature 607,

52-59 (2022) 60-68 (2022)



Portrait of the Higgs Boson 10 Years after its Discovery

ATLAS - CMS Run 1
combination

30%
26%
15%

ATLAS
Run 2

0.94 £0.11
0.89 £0.11
0.93 £0.07

0.25
1.067 32

Nature 607,
52-59 (2022)

CMS
Run 2

1.01 £0.11

0.99 +£0.16
0.92 £ 0.08

1.12 +£0.21

Nature 607,
60-68 (2022)

Current
precision

11%
11%
8%

20%

How elementary is the Higgs Boson?

Minimal Composite Higgs scenarios

2mé,
_ 1 — 2/ f2
gHVV = — \/ ve/f

A f 2 9TeV

Probing new particles through loops
g, yors

g7

Probing the Flavour Hierarchy
through the Yukawa couplings!



Portrait of the Higgs Boson 10 Years after its Discovery

ATLAS - CMS Run 1
combination
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Portrait of the Higgs Boson 10 Years after its Discovery

Main coupling measurements STXS measurement

CMS 138 o' (13 TeV)
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Caution not the same scale for gauge bosons and fermions
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The Yukawa coupling to charm

46

outgoing particles

collision point / /
proton beams

An

jet reconstruction jet tagging

lllustration from Particle Transformer

Use of state-of-the-art ML techniques

Use “particle clouds” (with more info than only 3D
coordinates - 2D eta-phi, pT, charge, particle

Particle Net uses Dynamic Graph CNN



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/
https://arxiv.org/pdf/1902.08570.pdf
https://arxiv.org/pdf/2202.03772.pdf

The challenging Yukawa coupling to charm

Signal strength:
U<14.4

Impact of boosted
Resolved: 19.0 (exp)

Boosted: 8.8 (exp)
Combined: 7.6 (exp)

Constraints on
charm Yukawa

1.1 <kx.<35.5

S/(S+B) weighted events
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AR

I VH(H—cc), u=7.7
W+jets

B single top
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=3
n.

I I | | I I |
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Z+jets
Merged-jet tt

All categories VV(other)
S/(S+B) weighted VZ(Z—>bb)
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100 120 140 160 180
Higgs boson candidate mass [GeV]

200

H VH(H—sbb)

CMS Phase-2 Projection Preliminary
L

3000 fb' (14 TeV)

0.7}

0.6}

o ¢ SM E

—z*1c
- +t20 =
: v D :
Ky i (H—bb) = 1.00 £ 0.03(stat) + 0.04(syst), _
Uy HH-ce) = 1.0+ 0.6(stat) = 0.5(syst). E
uVH(H—>cc)

This result is very encouraging on the possibility of being sensitivity to this process at the LHC


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/

Off Shell HVV Couplings and Width

Off Shell couplings

10000 g9 (= H) - W W+ — 00lve, Mp=125GeV ;
 pp, /s = 8TeV, standard cuts _ cgg
= 100 | —— |H|*+]|cont]|* -
5 —— |H+cont|?
5 1 k —— Hoffshell .
— ---- Hzwa
% L
= 0.01 _
’% - - —_—
'£0.0001 _
ﬁ 5
le-06 F _
16-08 ~~~~~-.-"f“~--_. 1
' 400 500 600
Kauer-Passarino My w [GeV]

Higgs Boson width

Assumption of Standard Model and comparison to on shell
allows for a measurement of the width of the Higgs boson!

8r&r
o= ds
(s — mp)? + I'gmp

Current measurement (CMS) PRD 99 (2019):

[y =3.2%7 MeV

Evidence for Off-Shell production at 3.60

at HL-LHC: FH — 4 1 —l— i(l) Preliminary HL-LHC results show that a reasonable

sensitivity can be obtained with 3 ab™

Remarkable result to follow closely at Run 3!
How much better can be done at HL-LHC?


https://inspirehep.net/literature/1119059
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-002/index.html

ATLAS

EXPERIMENT

4b Candidate event


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/

HH Production and Higgs Self coupling

Higgs pair production through gluon fusion (and VBF) Multiple channels investigated: depending on the both Higgs
decays considering (bb, vy, tautau, WW) - All complex
topologies!!

ATLAS Preliminary ~— Opserved limi
o Expected limit
°§3f=+VBF(HH)=32-7 o [ Expected limit +10
Expected limit £20
Obs. Exp
bbyy 4.2 5.7
bbt* T~ 4.7 3.9
With the VBF production mode not only limits on «; also on x,y,
Bishara, Contino, Rojo .
bbbb 5.4 8.1
Very similar analysis as the Off-shell Higgs couplings! Combined 5 4 5 g
[N TR T T NN TN T TN N NN NN N N N N N NN NN MO NN NN N N
Incredibly small cross section ~1000 times smaller than 0 10 15 20 25 30
Higgs production! but still more than 100k event will be 95% CL upper limit on HH signal strength Ly

produced at HL-LHC!


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://inspirehep.net/literature/1497735
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/

HH Production and Higgs Self coupling

Higgs pair production through gluon fusion (and VBF) Multiple channels investigated: depending on the both Higgs
decays considering (bb, vy, tautau, WW) - All complex

topologies!!

ATLAS Prelimin ary = Observed limit (95% CL)
Expected limit (95% CL)

Vs =13 TeV, 126—139 fo-1 - (UnH =0 hypothesis)
HH - bbt* T~ + bbyy+ bbbb Expected limit +10
[ Expected limit £20
BE== Theory prediction
Y SM prediction

|
I I |

OgqgF + vBr(HH) [fb]
o

—
o
w

102
With the VBF production mode not only limits on «; also on x,y,
Bishara, Contino, Rojo
Combined
101|||||||||I||||||||I||||
o , _ _ -10 -5 0 S 10 15
Very similar analysis as the Off-shell Higgs couplings! K
Incredibly small cross section ~1000 times smaller than Observed —04 < K, < 6.3

Higgs production! but still more than 100k event will be ATLAS
produced at HL-LHC! Expected  —1.9 < K; < 7.5


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
https://inspirehep.net/literature/1497735

HH Production and Higgs Self coupling

Higgs pair production through gluon fusion (and VBF)

Multiple channels investigated: depending on the both Higgs

decays considering (bb, vy, tautau, WW) - All complex

topologies!!

At HL-LHC
ATLAS and CMS HL-LHC prospects

12 :
= [ ‘. | SM HH significance: 40 | :
C L - '
Z 10 '-‘ 01<k1<2.3 [95% CL] !
Y | 05<Kki<1.5[68% CL
99.4%cCL 8 _ il
6}
95% CL 4:—‘:“_ e e _'.':
With the VBF production mode not only limits on «; also on x,y, 2;\ \ A
Bishara, Contino. Rojo 68%CL [ n s 3\__ /o0 . ;‘—‘ai;'___,/'_ ]
0 —l L1l l ] 1~1~|:L \ ——————— |1‘11-¢M
2 1 0 1 2 3 4 5 6 7 8
Very similar analysis as the Off-shell Higgs couplings! K2

Incredibly small cross section ~1000 times smaller than
Higgs production! but still more than 100k event will be

oroduced at HL-LHC! 0.0 < Ky <1

3 ab' (14 TeV)

—— Combination
"~ bbyy
""" bbrr
"~ bbbb
bbzz*(4l)

= bbVV(lviv)

Current estimates yield an observation of an HH signal at 5o

50% level constraints on the Higgs boson self coupling!


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
https://inspirehep.net/literature/1497735

HH Production and Higgs Self coupling

Higgs pair production through gluon fusion (and VBF) Multiple channels investigated: depending on the both Higgs
decays considering (bb, vy, tautau, WW) - All complex
topologies!!

CMS 138 fb™' (13 TeV)
2 0 L I L B L L L AL B L A I
- K=K =k =1 —— Observed ~ ----- Median expected
—— Theory prediction B 68% expected
----- 95% expected

<
T N
2 10°| x =
s \
@ (\
E Excluded Excluded
o
> 10|
X i \\
| | . ° N
With the VBF production mode not only limits on «; also on x,y, § §
Bishara, Contino, Rojo s §
N\
1 | | \ ol § C |
. . . . -2 —1 0 1 2 3 4
Very similar analysis as the Off-shell Higgs couplings! Koy
2m?
Incredibly small cross section ~1000 times smaller than CMS 0.67 < Ky < 1.38 JHHVV = 2V (1 —2v%/f?)
Higgs production! but still more than 100k event will be v

produced at HL-LHC! Excludes «,,, = 0 at 6.6 standard deviations!!


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
https://inspirehep.net/literature/1497735
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Implications (l) — Global fit of the Standard Model

I L L L L L | o I I L

= €] fitter |sul:

— [ SM fit with M, measurement -

- SM fit wo M, measurement || = 20

— HEH ATLAS measurement [arXiv:1406.3827] =

; CMS measurement [arXiv:1407.0558] ’E
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Starting from the indirect measurement of the mass
of the Higgs boson discussed in Lecture 2.

Direct measurement of the Higgs boson mass is
much more precise than the indirect one.

M,, [GeV]

| | | | | | | | | | | | | | | I : | | | | | | | | | |/'

B o o ! m, comb. = 1o B

— 68% and 95% CL contours it ot M. = 172.47 GeV , 7
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Knowing the Higgs boson mass has a large impact
on global analysis.

Knowing the Higgs boson mass precisely has little
impact.



Implications (l) — Global fit of the Standard Model
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Check the impact on the precision observables discussed in Lecture 2 Preliminary' wan Stat. Uncertainty
— Full Uncertainty
Important to compare the relative precisions of the direct and indirect
measurements. LEP Comb. 80376+33 MeV

The Standard Model is consistent between direct and
Indirect measurements!!

If there is new physics, it does not seem to be affecting
the Standard Model through quantum corrections.

With the recent W mass measurement, the Standard
Model is even more consistent!

Tevatron Comb.

LEP+Tevatron

ATLAS

Electroweak Fit

80387+16 MeV

80385+15 MeV

80370+19 MeV

80356+8 MeV

|
80320 80340

| °* I I
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What have we Learned from Knowing its Mass?

57

mass has little impact on this.

Precision measurements allow to make predictions!! ~ L L N & U B
A ing the SM, the top quark mass and Higgs boson mass S [ 08% and 95% L. contours i 47 Gev -
ssuming _e ¢ Pd _ _ gg — 80.5— B Fitw/o M,, and m_measurements : eV —
were (approximately) known before being discovered! < N Fit w/o M,,, m and M,, measurements ® 0.50,,,, G6V Z
50 _ [ Direct M, and m, measurements ’ _
45 — _
% B :
Nx 10 = I I l' I | | I I I I | I | | 3 g 80.4 :_ ""i ,",,/X—
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- ; SM fit w/o M, ; measurements = 2 80.35 . '
8 | " o O - 2l -
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6 ;¥ Tevatron [arXiv{1204.0042] - P ST 5 e
— . . - — W A\ Wy \M,\/::; SMlz -
5 . —@= ATLAS[ERJC 8, 110 (2018)] - DD R Ny N 1 T
= . : - 140 150 160 170 180 190
4 N O e 0 A = 20 Predicted top quark mass m, [GeV]
S ¥ ¥ LHCb
3= x I 80.354 £ 0.032 GeV
2 | E 80.434 + 0.009 GeV The knowledge of the Higgs mass has
L St A — e —1o — large impact on the precision of indirect
o—— | . o IR S R ST R measurements!
80.34 : 80.36 80.38 80.4 80.42 80.44
5 — M,, [GeV] The current level of precision on the Higgs

EWfit ©  80.356 + 0.007 GeV



Implications (ll) - Global fit of the Standard Model
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« vacuum stability » bound.
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Implications (ll) - Global fit of the Standard Model
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Running of the Higgs self coupling: 392
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Tevatron exclusion at >95% CL

~ at >85% CL
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Here as well, knowing the Higgs boson mass is very important, log_(A/GeV)

but knowing it precisely has small impact, the measurement and
precision of the top mass is more important!



Exercise




Running of the Quartic Coupling - Exercise

Exercise

1.- Solve the RGE of the quartic coupling in the limit of low Higgs boson mass

(dominated by corrections from the top quark), derive a vacuum stability limit as a
function of the mass of the Higgs boson.

2.- Solve the RGE of the quartic coupling in the limit of high Higgs boson mass
(dominated by corrections from the Higgs), given the measured mass of the
Higgs boson at what energy scale does a Landau pole appear?



Further Reading




Combination Procedure and Master Formula

What is done in Higgs boson couplings analyses is to count number of signal events in
specific production and decay channels.

ne = U Z Z 1ot x ! Brdox AYC x 7 x L
1C{prod} fC{decay}

Same formula as the total cross section measurement formula

These « mu » or signal strength factors cannot be fitted simultaneously, typical fit models include:

v fif = [ifbf i (pp=1)  py (pi =1)

Extrapolated total Cross section Cross sections Branching fractions
cross section times branching

Manifest in this formula why absolute couplings cannot be measured with this procedure: [l , [l f cannot be
fitted simultaneously.

For a complete description see (link) - Chapter 10


https://arxiv.org/pdf/1307.1347.pdf

Combination Procedure and Master Formula

These measurement correspond to cross sections times branching fractions

po(fit) pi=1 pp=1

' Signal strength illustrates the agreement of
(—:O°O7 (S tat) measurements with the SM and the importance of

-0.04 (Exp) the TH input.

+0.03 (Th' bkg) At Run 2 TH uncertainties have evolved already and
+0.07 (Th Sig) ) improved significantly.




A quick word on the kappa formalism

Introducing simple scale factors of the Standard Model couplings in a « naive » effective Lagrangian (assumes
that the tensor structure of is that of the SM).

2

ﬁDI{Z ZZ“—I—ﬁ;WmWW WH 4 Kk,
v v 2TV

8

A A 3w, ]
!

Not gauge invariant and partial but very useful to illustrate coupling measurement concepts.

More complete EFT and rigorous framework will be discussed later...



The Kappa Formalism

Then parametrise the production and decays at tree level

W.Z ] X 3.3 X /{%V — d.1rkw K¢ 2.8/{%

W, Z 2 q__, ., q q__, . q 2
W §H X Ry r---- 1 oKy
S _ _ H ____H .
q “_H q__.  Q ws o w g 1
< //: z < < z

b

... and in loops (as a function of the know SM field content)

x 1.6 X Ii%v — 0.7Tkw ks + O.l/{% x 1.06 X /«:? — 0.07Krtkp + 0.0l/@%
§ AN, T gfozmm> p
"o oo A N
%x v <wvw v 9 BO0000

In order to measure the coupling modifiers (kappas) the signal strengths are re-parametrised as follows:

— _0y4
g = Uqu Ky can be parametrised as a function of
F} Ii? , STy other couplings assuming no new BSM
— — _ I i
— —— gO — —— Wwhere K3, = decays of the Higgs
Hf = T, K f 2 H rSM



The Kappa Formalism

Then parametrise the production and decays at tree level

W Z X 3.3 X /{%V — 9. lkwKe + 2.8K;

W, Z 2 q__, ., q q__, . q 2
W §H X Ry r---- 1 oKy
S _ _ H ____H .
q “_H q__.  Q ws o w g 1
< //: z < < z

b

... and in loops (as a function of the know SM field content)

x 1.6 X Ii%v — 0.7Tkw ks + O.l/{% x 1.06 X /«:? — 0.07Krtkp + 0.0l/@%
§ AN, T gfozmm> p
"o oo A N
%x v <wvw v 9 BO0000

In order to measure the coupling modifiers (kappas) the signal strengths are re-parametrised as follows:

04

Hi = 5™ Ky~ 0.57k; 4+ 0.22k73, + 0.09x
1 2 2 2

Ty B Ii? e 2 > Ty +0.06k2 —|2— 0.03Kk7, + 2.03/%6 :

Wf = T, SO Hf — _%{ R — rSM 0.0023k5 + 0.0016£7., + 0.00022x,



Why is KV < 1 sufficient to constrain the Higgs width?

359 fb™' (13 TeV)
1 ]

o 07— 71— 1 T :
.. CMS E v
8;_ — Observed | E
7B - SM expected T3 4 vV
6F Ik l<1 - Ky
i — SR
4E "
3_ _ A measurement of y impliesthat u € [u,,.., 1, |
: . imposing Ky, < 1
2_— ]
- : 4
1: . KV 2 1/
N ] ,u>,umm=>—2>,umm=>l<H< Ui
0.5 3 KH
['/Tg,,

Lower limit is more intuitive as k;; = 0 would require all

other couplings to be very large to get SM rates (impossible
with the different dependencies of couplings)!



Comments on Yukawa Couplings

The running of the top Yukawa coupling Landau Pole

The Yukawa coupling is ~1, but perturbative because it is still small
compared to 47 (very similar to QCD*)

Oy , Yt (9
'uﬁ,u 1672 \ 2

y; — 893

SM Couplings
o
o)

Two very important aspects in this RGE simple equation:

< .
~
I I I I [ I

- With the observed top mass (and all the terms entering the RGE,

including the Higgs quartic) the top mass smoothly decreases
with energy.

O
)

S
o

- If the Yukawa is small w.r.t. strong coupling (and in general) at the

high scale, it will stay small. log,,(4/GeV)

- If the Yukawa is large in the high scale, then there is a fixed point RuNn P i !
(which yields a top mass slightly larger than the observed mass Jnning o the quartic ?OUD ng 2
~230 GeV). will be discussed today! . ( E )




