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We’'ve all heard a lot about
the discovery of a scalar
oson at the CERN LHC
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% The Nobel Prize in Physics 2013
Francois Englert, Peter Higgs
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The Nobel Prize in Physics
2013

And also:

Photo: A. Mahmoud Photo: A. Mahmoud
Frangois Englert Peter W. Higgs
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Francois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider"

Photos: Copyright © The Nobel Foundation



Question: why is the Higgs
boson so important?

One of many answers in the market: it gives masses
to elementary particles (hence the “God Particle”)



However, consider the following:

We don’t understand where the
mass of the dark matter comes from
(85% of all matters in our universe)

In the remaining 15% (atoms), almost
all masses are generated by strong
interactions of quarks and gluons

So why are the masses from the Higgs
boson of any particular importance?



Reason 1

The electron mass, though tiny, ensures
the very existence of atoms (and us)

Electron 1
Bohr radius ox

Me

If electrons were massless,
they couldn’t have been
trapped within atoms
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Reason 2

The sun wouldn’t be
shining now without the
mass of the W boson



The speed of the reaction is mainly
controlled by the beta-plus decay:

'lH+'H 52 H+ e+,

rate oc G5 o —

My

If the W boson were massless, the reaction
could be so fast that the sun would have burnt
out long before life could develop on the earth



How does the Higgs boson give masses
to the electron and the W boson?

To answer that question, we should ask first:
why the electron and the W boson cannot
have masses without the Higgs boson?

Because our best model describing the weak
interactions of electrons is a chiral gauge theory




The gauge symmetry

You should have heard a lot about it from Prof. Cao and Prof. Si

* A guiding principle to construct the standard model
of particle physics

 (Guarantees many desired properties of a realistic
guantum field theory: unitarity, renormalizability,
charge conservation...

e A property that is sometimes desired (for the
ohoton) but sometimes not (for the W and Z
bosons): massless gauge bosons



Do we need the gauge
symmetry?

* |ntermediate vector boson theory: massive W
boson without gauge symmetry

Yukawa (1935); Schwinger (1957)

» Unitarity violating (probability > 1)

 Nonrenormalizable (infinite results when calculating
guantum effects)

We can’t give up gauge symmetry!



The chiral fermions

Chien-Shiung Wu Winner of Wolf Prize in Physics - 1978
% The Nobel Prize in Physics 1957

Share this: FIEEIE 3 B _
The Nobel Prize in Physics L“]J
1957

Wolf Foundation - 991 199

THE 1978 WOLF FOUNDATION PRIZE IN PHYSICS

The Wolf Foundation Prize Committee for Physics unanimously chosen as the recipient of the first Wolf
Prize in Physics;

Chien-Shiung Wu
Columbia University
New York, N.Y., USA

Chen Ning Yang Tsung-Dao (T.D.) Lee

) . for her persistent and successful exploration of the weak interaction which helped establish the precise
Prize share: 1/2 Prize share: 1/2 form and the non conservation of parity for this new natural force.

The Nobel Prize in Physics 1957 was awarded jointly to Chen Ning

Yang and Tsung-Dao (T.D.) Lee "for their penetrating investigation The IﬂSIght Of C N Yang and T D Lee’ Verlfled by C S Wu’

of the so-called parity laws which has led to important discoveries

regarding the elementary particles" tells us that the left-handed and right-nanded fermions are
different (with respect to weak interactions)

Consequences: V-A theory, chiral gauge symmetry
SU(Q)L X U(l)y



Fermion mass terms violate
chiral gauge invariance!

Dirac mass term: mirip

Non-chiral gauge symmetry Chiral gauge symmetry

Invariant!

NOT invariant!




Solution for both problems:
the Higgs field

(Dugb)T (Du¢) 1EL¢R¢

Gauge-invariant kinetic term
containing interactions of the
Higgs field with the W/Z bosons

Invariant!

We need to go one step further...



Spontaneous symmetry
breaking

V()
T ¢

V(¢) = p*|ol* + Ao

¢ This costs too much
energy! | think I'll
@ @ hang out down there.

42 <0

‘ Im¢

If you only want to remember
one formula in this lecture,
this Is the one!

For more details, see Prof. Cao’s lecture



The Higgs mechanism

The Higgs field acquires a b = 1 /0

vacuum expectation value V2 \V +fl
The Higgs field interacts with . _ 92
the W boson with a strength g- nw 2
The Higgs field interacts with : m, = Yel

the electron with a strength ye V2



In order to give the observed masses to
the electron and the W/Z bosons, the
Higgs boson must have a few properties:

* |t must have the right qguantum numbers (i.e., the
right gauge interactions with the W/Z bosons)

* |t must break the gauge symmetry following the
correct pattern SU(2), @ U(l)y — U(1)gM

* |t must interact with the electron with the right
strength (Yukawa coupling)

Applies to other massive chiral fermions




Higgs phenomenology |

e Verity the couplings of the Higgs boson with the W
and Z bosons (crucial for the weak interactions)

e Verity the couplings of the Higgs boson to massive
fermions (crucial for origin of fermion masses)

e Verify the Higgs potential (crucial for symmetry
breaking and vacuum stability)



It’s not the whole story!



Questions

* Flavor puzzle: why is the Yukawa coupling of the
electron with the Higgs boson so tiny?

V2my |
Yt = ~
g = Y2 3 100 TR v
U ZmW
go — ~ 0.65
U

 Extended Higgs sector: are we so lucky that the
simplest model with only a single scalar boson is
the correct one”

Remember the 12 fermions and 4 vector bosons!



Questions

* Electroweak phase transition: how does the Higgs
potential evolve from an unbroken phase in the
early universe to a broken phase observed by us?

2

©? >0 e u? <0

 Naturalness: why is the Higgs boson so light
compared to the Planck scale”



Hierarchy and naturalness

We are living in a quantum world, and the mass of
the Higgs boson receives quantum corrections

f These guantum effects (mostly

from the top quark) tend to

i push the Higgs mass all the

) way up to the Planck scale
sl
872

Amy = — Aiy + ...
In order to get a light Higgs, one need to fine-tune
the parameters to cancel these huge ettects,

which Is considered highly unnatural




Higgs phenomenology Il

* Look for possible solutions to the hierarchy problem
e Look for possible solutions to the flavor puzzle
* Look for possible extended Higgs sector

 Find out how the electroweak phase transition
happened



A possible solution to the
hierarchy problem: supersymmetry

Paﬂicles\
\\\l @ "o
.9 o

Supersymmetric “shadow” particles

For more, see S. Martin: hep-ph/9709356

The quantum effects of a
new particle cancel the
dangerous quantum
effects of the top quark



A possible solution to the flavor
puzzle: the Randall-Sundrum model

Usual spacelime

direclions
Higgs boson
Z boson

top quark

Exlra-dimensional
boundary

Microscopic extra dimension

Also solves the hierarchy problem!



A possible model for an
extended Higgs sector: 2HDM

2HDM = 2 Higgs Doublet Model

5 physical Higgs bosons: kY, HY, A, H

\J

Either of these two could be the 125 GeV

scalar boson recently discovered!

Very rich phenomenology!

Required by supersymmetric models!



How do we do all these?

We should make a couple of
HIggs bosons and look at them



How do we make
Higgs bosons?

Not like this




We either

A proton-proton collider running at Centér—of—mass '
energies ranging from 7 TeV to 14 TeV

Or a Higgs factory

Higgs & CO »

A high-luminosity electron-positron collider running
at a center-of-mass energy around 240-250 GeV

.. CEPC




The Higgs boson couples to mass (at tree level)

However, the electrons, the positrons and the
constitutes (up quarks, down quarks and gluons)
of the protons are either massless or very light

We need some heavy mediators!




The Higgs boson couples to mass (at tree level)

We should look at the heavy guys:

-

FAMTASTICMA )

“
\
The Bottom” The W /7 The z 1/ The Top




Production channels @ LHC

Higgs—strahlung Vector boson fusion

1 q
! . v V %
V il
T mm e
q “H q > \V\

gluon—gluon fusion in associated with QQ

Diagrams from A. Djouadi, arXiv:1203.4199



sections @ LHC

T T i T T T T T T T T

\s= 8 TeV

10

LHC HIGGS XS WG 2014

o(pp — H+X) [pb]

Summary of the efforts
of O(100) theorists

over O(40) years

80 100 200 300 400 500 1000

m M, [GeV]

LHC Higgs Cross Section Working Group (arXiv:1307.1347)



The Higgs cross sections

are really small compared

to other processes!

That’s part of the reason
why it took us so long to
discover it

proton - (anti)proton cross sections
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How do we look at a
Higgs boson?

Not like this




The life of a Higgs boson is extremely short

Mean lifetime ~ 1022 second

In contrast to Professor Higgs

Lifetime > 85 years

We can only look at
the Higgs boson
through its relics
(decay products)




Decay Channels

Again we should consider the heavy guys, and here we need to

take into account limitations from energy-momentum conservation

a b c
b W#* Vi
H < H H
b W 7
125 GeV
57.7% 21.59, 2.6%
d e
Y
T
H H <
_ Y
tt, WW and T
ZZ pairs
0.23% 6.3% i

Diagrams from F. Wilczek: Nature 496, 439-411 (2013)



Branching ratios
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LHC Higgs Cross Section Working Group (arXiv:1307.1347)



Question: A 125 GeV Higgs boson most likely
decays into a pair of bottom quarks or a pair of W
bosons. However, it was discovered firstly in the

diphoton channel and the ZZ channel. Why?

Background events (events not coming from the Higgs boson) are important!

Problem with bottom quarks: they are too easy to be
created at a hadron collider via strong interactions

Problem with W bosons: they are also easy
to create, and not so easy to identify
(decaying to quarks or neutrinos)

Photons and Z bosons are ‘“clean”



What we have seen?
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19.7 o' (8 TeV) + 5.1 fs' (7 TeV)

Combined
Hos bb (VH1 12g] | CMIS 1 G
H - bb (tiH tag) | Freliming —> Band represent
H— vy (untagged) theoretical uncertainties
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This plot contains a lot of information,
so I’'ll spend some time to explain them



What goes into the x-axis?

What we can measure Is:
production rate = cross section x branching ratio

functions of the couplings we want to know about

jey)
ets)||||||||l1|.1-lll||||

-4 -2 0
Best flt 0/0

[ S~

experimental measurement of the production rate theoretical prediction in the SM

ratio = 1 means consistent with the SM



Perturbative calculations
are important!

90
80

Vs =14 TeV

70 MSTW@OSNLO fixed order

60
:%; 50 :
o 40 MSTW2008NNLO -

30
20 |
10 |
of

Figure from arXiv:0809.4283

200

If nobody ever did
these calculations...

|
19.7 b’ (8 TeV) + 5.1 fb' (7 TeV)
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Higgs @ NNLO
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What are the labels on the

O decay mode of
y-axis?

VBF tag: selecting vector boson fusion \ Combined >
production process (typically two forward jets H - bb (VH tag)
with large rapidity gap and large invariant mass) H — bb (itH tag)

H — vy (untagged)
H— vy (VBF tag)

VH and ttH tag: selecting corresponding H — vy (VH tag)
production processes by identifying the W/Z H - vy (ttH tag)
boson or the top quark pair in the final state H— WW (0/1 jet)

H— WW (VBF tag)

H— WW (VH tag)

Untagged: mostly coming from gluon fusion H s WW (ttH tag)

production process // q H s 2 (0/1 jet)
! > V % H— tt (VBF tag)

0/1 jet: mostly gluon fusion H H — 1t (VH tag)
""" H — 1t (ttH tag)

2 jets: mostly VH or VBF | — p "= 22 (071 et

\\ . H— ZZ (2 jets)

4



A subtlety in VH production with
H decaying to bottom quarks

IIIH_ T T R W ‘

H-bb (VHtag) [ T2, -#-

Backgrounds for this particular final state
are huge (V+jets, top quark, etc.)

Many clever ideas were proposed
by theorists, Iinitiated by this work:

Butterworth, Davison, Rubin, Salam: arXiv:0802.2470

Bottom line: to suppress the huge backgrounds,
we need to consider highly boosted V and H
(i.e., those with large transverse momenta)



Boosted objects and jet
substructure

If the Higgs boson is boosted, the two bottom quarks
from its decay will be very close to each other

The clever idea: “fat jet” and jet substructure




Checklist on our current
knowledge about the couplings

A Couplings to the W and Z bosons:

quite a lot of information Sombined 19.7 b (8 TeV) + 5.1 f" (7 TeV)
u=100:013| CMS m, =125 GeV
H— bb (VH tag) '~ -
H — bb (ttH tag) | Preliminary

[ Couplings to the bottom quark and the | 5, untagged)

tau lepton: some rough information H - vy (VBF tag)
H— vy (VH tag)

H— vy (ttH tag)
H— WW (0/1 jet)

[ Couplings to the top quark: very rough ;7w ver tag

)
information (indirectly from gluon fusion ~ H-WW (VHtag)
H— WW (itH tag)

and directly from ttH production) H = 77 (01 jet)
H — tt (VBF tag)

. . . H — 1t (VH tag)

[ Couplings to first/second generation Ho (i ag =
: : : — e
fermions: largely no information Ho ZZ (2jets) |

2 4 6
Best fit G/GSM

[ Self-couplings in the Higgs potential:
largely no information



Higgs self-couplings

Higgs potential

= 1°|¢]* + A g|*
<

A
= —mHH2 + M H? + 4H4

/ |

Can be probed by Higgs pair production

¢
Can be probed by HHH production



Higgs pair production

& BOO0T0T0000) // g S
H 7
f _
‘ _<\ f Y A
g R
OOE0000000 \

Cross section @ 14 TeV is 40 fb (very small!)

w

i
Will be a tough task for the 22
LHC, requiring combination of '
jet substructure techniques 0s- 7 u
and multivariate analysis *Tos e 0z o 02 07

Papaefstathiou, Yang, Zurita: arXiv:1209.1489



Higgs coupling to
electron?

Nobody knows how to measure this important one.
Waiting for clever ideas from you young people!



An example beyond the SM: the minimal
supersymmetric standard model (MSSM)

PHDM embedded: R, HY, A, H=

hVV :sin(B—a), HVV :cos(f — a)

Tree-level couplings to

W/Z bosons and _ COS _ siln o
fermions are altered hitt : — ., Htt . —
sin (3 sin (3
- sin - COS
hbb : , Hbb :
cos (3 cos (3

New particles may enter the loop to change the
gluon fusion process and the decay to diphoton



These changes should | =z cms
be reflected In this plot . 7 rees

MSSM fit (tang >> 1)

19.7 6" (8 TeV) + 5.1 fb' (7 TeV)
m, =125 GeV

Combined

H — bb (ﬁH tag) Preliminary

H— vy (VBF tag)
H— vy (VH tag)
H— vy (ttH tag)

H— WW (0/1 jet)

H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag)

H— tt (0/1 jet)

H — tt (VBF tag)

H — 1t (VH tag)
H — 1t (ttH tag) [ ]
H— ZZ (0/1 jet)

400

350 -

(O8]

-

-
\

250 -

Pseudo—scalar Higgs mass m, in GeV

200 -,

90,99% CL

] H— ZZ(2jets)|

1 I 1 1 1 l 1 1

2 4 6
Best fit G/GSM

A simple fit done In
arXiv:1303.3570

0.6

| | | | | | | | | | | | | | | |
0.8 1.0 1.2 14

Stop correction to the At coupling



A heavy Higgs boson may enhance the
production rate for a pair of light Higgs bosons

L E— ' ' ' ' ~0,0 0

, [ Mssw 5 g q -
8 | HI d
7t (8) 44 - <

° o g q \\
5 | e

Osusy’ Osu
W

S Possible to distinguish
o e v at the LHC?

Cao, Heng, Shang, Wan, Yang: arXiv:1301.6437



The additional Higgs bosons
may also be directly produced

g TOOO0y—> b
| - - - - - - h/H/A
g “00000 < B
9 t
______ - These will be striking guns for
an extended Higgs sector
g ; beyond the SM!




The Higgs factory

An electron-positron collider dedicated to produce
a lot of Higgs bosons via the process

Will certainly push our knowledge about o =y
the Higgs boson to a new frontier (=" j)

A great opportunity for you young people if it is built in China!



Further readings

 The Higgs Hunter’s Guide
by John F. Gunion, Howard E. Haber, Gordon Kane
and Sally Dawson

 Higgs Boson Theory and Phenomenology
hep-ph/0208209
by Marcela Carena and Howard E. Haber

« Searching for the Higgs boson
hep-ph/0702124
by David Rainwater



