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Here, at last!
François Englert and Peter W. Higgs are jointly awarded the Nobel Prize in Physics 2013 for the 
theory of how particles acquire mass. In 1964, they proposed the theory independently of each other 
(Englert together with his now deceased colleague Robert Brout). In 2012, their ideas were confirmed 
by the discovery of a so called Higgs particle at the CERN laboratory outside Geneva in Switzerland.

The awarded mechanism is a central part of the Standard Model of particle physics that describes how the 
world is constructed. According to the Standard Model, everything, from flowers and people to stars and 
planets, consists of just a few building blocks: matter particles. These particles are governed by forces medi-

ated by force particles that make sure everything works as it should. 

The entire Standard Model also rests on the existence of a special kind 
of particle: the Higgs particle. It is connected to an invisible field that 

fills up all space. Even when our universe seems empty, this field is 
there. Had it not been there, electrons and quarks would be mass-
less just like photons, the light particles. And like photons they 

would, just as Einstein’s theory predicts, rush through space at the 
speed of light, without any possibility to get caught in atoms or molecules. 

Nothing of what we know, not even we, would exist. 

Both François Englert and Peter Higgs were young 
scientists when they, in 1964, independently of each 
other put forward a theory that rescued the Stand-
ard Model from collapse. Almost half a century 
later, on Wednesday 4 July 2012, they were both 
in the audience at the European Laboratory for 
Particle Physics, CERN, outside Geneva, when 
the discovery of a Higgs particle that finally con-
firmed the theory was announced to the world.

The model that created order
The idea that the world can be explained in terms 
of just a few building blocks is old. Already in 400 
BC, the philosopher Democritus postulated that 
everything consists of atoms — átomos is Greek for 
indivisible. Today we know that atoms are not indivisible. They consist of electrons that orbit an atomic 
nucleus made up of neutrons and protons. And neutrons and protons, in turn, consist of smaller particles 
called quarks. Actually, only electrons and quarks are indivisible according to the Standard Model. 

The atomic nucleus consists of two kinds of quarks, up quarks and down quarks. So in fact, three elemen-
tary particles are needed for all matter to exist: electrons, up quarks and down quarks. But during the 
1950s and 1960s, new particles were unexpectedly observed in both cosmic radiation and at newly con-
structed accelerators, so the Standard Model had to include these new siblings of electrons and quarks.

François Englert and Peter Higgs meet for the first time, 
at CERN when the discovery of a Higgs particle was 
announced to the world on 4 July 2012.  
Photo: CERN, http://cds.cern.ch/record/1459503 

The Higgs particle, H, completes the Standard Model of particle 
physics that describes building blocks of the  universe. 
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In order for the phase transition to occur, four particles were required but only one, the Higgs particle, 
survived. The other three were consumed by the weak force mediators, two electrically charged W 
particles and one Z particle, which thereby got their mass. In that way the symmetry of the electroweak 
force in the Standard Model was saved — the symmetry between the three heavy particles of the weak 
force and the massless photon of the electromagnetic force remains, only hidden from view.

Extreme machines for extreme physics
The Nobel Laureates probably did not imagine that they would get to see the theory confirmed in 
their lifetime. It took an enormous effort by physicists from all over the world. For a long time two 
laboratories, Fermilab outside Chicago, USA, and CERN on the Franco-Swiss border, competed in 
trying to discover the Higgs particle. But when Fermilab’s Tevatron accelerator was closed down a 
couple of years ago, CERN became the only place in the world where the hunt for the Higgs particle 
would continue. 

CERN was established in 1954, in an attempt to reconstruct European research, as well as relations 
between European countries, after the Second World War. Its membership currently comprises 
twenty states, and about a hundred nations from all over the world collaborate on the projects.

CERN’s grandest achievement, the particle collider LHC (Large Hadron Collider) is probably the larg-
est and the most complex machine ever constructed by humans. Two research groups of some 3,000 
scientists chase particles with huge detectors — ATLAS and CMS. The detectors are located 100 metres 
below ground and can observe 40 million particle collisions per second. This is how often the particles 
can collide when injected in opposite directions into the circular LHC tunnel, 27 kilometres long.

Protons are injected into the LHC every ten hours, one ray in each direction. A hundred thousand 
billion protons are lumped together and compressed into an ultra-thin ray — not entirely an easy 
endeavour since protons with their positive electrical charge rather aim to repel one another. They 
move at 99.99999 per cent of the speed of light and collide with an energy of approximately 4 TeV each 
and 8 TeV combined (one teraelectronvolt = a thousand billion electronvolts). One TeV may not be 
that much energy, it more or less equals that of a flying mosquito, but when the energy is packed into 
a single proton, and you get 500 trillion such protons rushing around the accelerator, the energy of 
the ray equals that of a train at full speed. In 2015 the energy will be almost the double in the LHC.

A possible discovery in the ATLAS detector shows 
tracks of four muons (red) that have been created by the 
decay of the short-lived Higgs particle.  
Image: CERN, http://cds.cern.ch/record/1459496 

A Higgs particle can have been created and almost 
instantly decayed into two photons. Their tracks (green) 
are visible here in the CMS detector.  
Image: CERN, http://cds.cern.ch/record/1459459
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We have made significant progresses.

There is still a long way to go to understand the Higgs.
LHC can’t finish the job, but it can do a lot.



Behaving like a Higgs boson

Higgs gauge boson coupling 
well established.

Started to see Higgs fermion 
coupling as well.



Roughly agree with Standard Model


Agree to about 
10-20%



Not entirely surprising

- In general, deviation induced by new physics is of the 
form


Current LHC precision: 10%                                 
⇒ sensitive to MNP < 500-700 GeV


At the same time, direct searches constrain new 
physics below TeV already.


Unlikely to see O(1) deviation.

� ' c
v2

M2
NP

MNP :  mass of new physics
c: O(1) coefficient 



LHC entering precision measurement stage 

 4-5% on Higgs coupling,  reach TeV new physics



LHC as a Higgs factory

> 3 million Higgses 
at run 2 already

100 times more by the 
end of HL-LHC

Great for clean yet very rare decay channels!

e.g. multiple leptons, displaced, etc.


Potentially 10-7 sensitivity on BR.



Questions to be addressed 
by Higgs measurement



Mysteries of the electroweak scale.Electroweak phase transition

What we know now

v2 = 2|�|⇤2, and we find m2
H = �v2, µ = 7m2

H/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h
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See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 
Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 
underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 
BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = √   (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 − 𝜆
6   (𝜑  𝜑) , 

where 𝜑 is the complex conjugate of 𝜑,  and the coupling constant 𝜆  is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒   𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

V (h) =
1

2
µ2h2 +

�

4
h4

hhi ⌘ v 6= 0 ! mW = gW
v
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The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

What is this energy scale? 
MPlanck = 1019 GeV, …? 

If so, why is so different from 100 GeV?
The so called naturalness problem

How to predict Higgs mass?



The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

Naturalness of electroweak symmetry breaking

TeV new physics.
Naturalness motivated

Many models, ideas.
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Figure 2: Masses of the lightest colored KK fermions in the MCHM5 (upper plot), and in the
MCHM10 (lower plot). Different symbols denote KKs with different quantum numbers under
SU(2)L×U(1)Y , as specified in the plots. Both plots are for ϵ = 0.5, N = 8. In the upper one

we have varied 0.28 < cq < 0.38, 0 < cu < 0.41, 0.32 < m̃u < 0.42, −3.5 < M̃u < −2.2 (filled

points), or 0.2 < cq < 0.35, −0.25 < cu < −0.42, −1.3 < m̃u < 0.2, 0.1 < M̃u < 2.3 (empty
points). In the lower plot we have varied 0.36 < cq < 0.45, 0 < cu < 0.38, 0.8 < m̃u < 3,

−3 < M̃u < −0.3. The black continuous line is the fit to the mass of the lightest resonance
according to Eqs. (15) and (18).
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Stop too heavy to be natural Composite top partner too 
light, excluded

Such conclusions too simplistic, “work around” available.

A bit uncomfortable, yes. Not time to give up just yet. 



Direct searches

LHC will keep searching for such new particles

Future colliders, FCC-hh/SPPC, can continue the quest. 



Higgs coupling vs direct search
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Coupling measurements

Reach of HL-LHC



Stealthy top partner. “twin”

- Top partner not colored. Higgs decay through hidden 
world and back. 


- Lead to Higgs rare decays.

Craig, Katz, Strassler, Sundrum 

Chacko, Goh, Harnik



More exotic ideas

Low scale landscape “fat” Higgs

Talk by Arkani-Hamed CEPC workshop Sept. 2016

Can’t hide from the Higgs.

Higgs rare decay. Higgs coupling



Bottom line on naturalness

- It is the most pressing question of EWSB.

How should we predict the Higgs mass?


- We have ideas, but maybe not the right one. 


- No confirmation of any of the proposed models. 


- Confusion is good for physics. Challenging the foundation 
of our understanding of Quantum Field Theory.


- Need experimental guidance.


- Fortunately, with Higgs, we know where to look.


- Clue to any possible way to address naturalness problem 
must show up in Higgs coupling measurement.



Nature of EW phase transition

h

Wednesday, August 13, 14

?

What we know from LHC
LHC upgrades won’t go much further

“wiggles” in Higgs potential

Big difference in triple Higgs coupling



Triple Higgs coupling measurement

- Very difficult at HL-LHC: “order 1”


- 100 TeV pp collider or 1 TeV ILC can reach about 10%.


- However, if new physics modifies electroweak phase 
transition, it will also generate corrections to other 
Higgs couplings. 


e.g. Generating sizable deviations in Higgs-Z coupling.

21



For example

operators, there is no symmetry distinction between the (h†h)3 operator and the operator
[@µ(h†h)]2, so they are expected to be generated as well, and a↵ect the Z � h couplings.

We begin by considering the simplest example of a theory where these couplings are
generated at tree-level by integrating out a massive singlet S coupled to the Higgs. As
we will see, this example represents the “easiest” case, where it is straightforward to get
a first-order phase transition, with large associated signals for both the CEPC and SPPC.
Since this is an “easy” case, we will use it largely to illustrate the important physics points
parametrically. We will then move to the “hard” case, where the order of the transition is
only a↵ected at 1-loop.

The important interactions for this toy model are given by

m2h†h+ �̃(h†h)2 +m2
SS

2 + ãSh†h+ b̃S3 + ̃S2h†h+ h̃S4 (8)

The couplings ã, b̃ can be set to zero by a Z2 symmetry under which S ! �S, but absent
such a symmetry they should be present. They give rise to both the modified Higgs potential
as well the oblique Higgs operator upon integrating out S at tree-level

FIG : TREEEXCHANGEDIAGRAMS (9)

and we find

m2h†h+ �(h†h)2 +
a2

m2
S

(h†h)3 +
a2

m2
S

(@µ(h
†h))2 (10)

Here we have introduced a = ã/mS, b = b̃/mS as the dimensionless strength of the cubic
interactions at the scale mS, and � = �̃� a2, = (̃+ ab).

Let us once again simplify our analysis by assuming that the quadratic term (h†h) is
negligible; the the first-order transition is driven as above with � < 0,  > 0, and we can
determine the electroweak scale and Higgs masses as

v2 = m2
S

�

a2
, m2

H = �v2 (11)

We can also find the shift in the Z � h coupling from the oblique Higgs operator

�Zh =
a2v2

m2
S

=
�


(12)

In order not to avoid an unwanted O(1) shift to the Z � h coupling, we must have  � �.
This is perfectly consistent since � is highly perturbative. It is interesting that despite the
presence of a relatively strong coupling of the Higgs to a new massive state, there are no
di�culties whatsoever with large precision electroweak corrections; this is closely related to
the fact that the O(1) deviation in the Higgs cubic couplings associated with the (h†h)3 term
does not radiatively induce precision electroweak operators at one-loop.

Now, the perturbative consistency of our analysis demands that we must have b, a < 4⇡
and ̃ < 16⇡2. Actually the bounds on , a are more stringent, since these couplings induce
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ã

ã
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g111 can, thus, provide a probe of TC and the SFOEWPT-viable regions of singlet extensions.

As discussed in Section Higgs chapter, one expects a � 25% determination of this parameter

at the HL-LHC. A factor of four improvement may be feasible with di-Higgs production at the

high-luminosity ILC and a factor of six with the pp100 option for the SPPC. discuss indirect

probes of self-coupling.
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Figure 3. Correlation between the critical temperature and SM-like Higgs scalar self-coupling in the
singlet-extended SM.

Pseudo-Goldstone Higgs goes here

3.2 Modified Higgs couplings to SM particles

The aforementioned scenarios may lead to changes in the Higgs boson couplings to other

particles through the e�ect of Higgs mixing and/or new loop contributions. In the case of

doublet-singlet mixing, for example, the SM-like state h1 and singlet-like state h2 may be

written as

h1 = cos �h + sin �S

h2 = sin �h � cos �S . (3.1)

Assuming m2 > m1/2, the SM-like Higgs has no new decays and its branching ratios are

unchanged from the SM. However, the production cross section, and thus, signal strength,

will be reduced by cos2 �. Present LHC data imply cos2 � >� 0.66, a bound expected to increase

to � 0.95 with the HL LHC. Fig. 4 shows the distribution of parameter space points for a

SFOEWPT transition in the cos �-m2 plane for 2mh > m2 > m1/2. One observes that there

exist considerable possibilities for observation of deviations from SM Higgs signal strength

in EWPT-viable regions or parameter space with high precision studies. The TLEP350
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Figure 6. The region of parameter space where a strongly first-order EWPT occurs in the

Singlet benchmark model. Also shown are the fractional deviations of the e+e� � hZ

cross section (left panel) and Higgs cubic self-coupling (right panel) from their SM val-

ues. Solid/black lines: contours of constant EWPT strength parameter � (see Eq. (2.9)).

Dashed/orange lines: contours of constant �hZ/�3 corrections. In the shaded region, phase

transition into a wrong vacuum (with ��� �= 0) occurs before the EWPT.

space at > 3 sigma level in all such models. However, scenarios where the first-order

EWPT is due to a non-colored BSM scalars are just as plausible. LHC will not be

able to probe these scenarios: in fact, even when � is electrically charged, the shift it

induces in h � �� in the region compatible with a first-order EWPT is too small to be

probed even at the HL-LHC. On the other hand, e+e� Higgs factories will be able to

comprehensively explore such scenarios, primarily due to a very precise measurement

of the Higgsstrahlung cross section, �(e+e� � Zh). The impressive sensitivity of this

measurement expected at the ILC and, especially, at TLEP, makes it a uniquely robust

and powerful tool for addressing the issue of EWPT dynamics.

An important limitation of our analysis is that all our benchmark models have a

single scalar field. The most important new e�ect in the presence of multiple fields

with masses around the weak scale is the possibility of accidental cancellations in the

BSM loop contributions to Higgs couplings. For example, in the MSSM, the stop sector

– 19 –

Figure 22: Higgs self coupling deviation and first order electroweak phase transition. Left panel: A
generic singlet model. Black dots are points where the phase transition is of first order. g111 is the triple
Higgs coupling [67]. Right panel: A singlet model with a Z2 symmetry [68]. Orange dashed lines are
contours of fractional deviation. The region within the thick black curves has first order electroweak
phase transition. n the shaded region, phase transition into a wrong vacuum.

first order, we expect a significant deviation in the triple Higgs coupling. This is shown in the left panel of1

Fig. 22, where the deviation can vary as much as ⇠100%. A more restricted scenario, in which a discrete2

Z2 symmetry is imposed on the singlet, has also been considered [68, 72]. A first order electroweak3

phase transition is significantly harder in this scenario. It requires stronger couplings between the Higgs4

boson and the singlet, which is limited at least by perturbativity. In this case, the expected loop induced5

deviation in the triple Higgs coupling is generically smaller, about 10� 15%, as shown in the right panel6

of Fig. 22. From the projections of the accuracy of Higgs self coupling measurement shown in Fig. 21,7

CEPC has excellent reach in the more general case. For the case with Z2 symmetry, SPPC will be needed8

to make a more decisive determination based on the self coupling measurement and direct production of9

the additional singlet.10

New physics a↵ecting the nature of the electroweak phase transition will also modify the coupling11

between the SM-like Higgs and other SM states. It is here where the CEPC has the greatest strength.12

For example, in the general singlet model, the correction to the Higgs-Z coupling, parameterized by Z ,13

is on the order of v2/M2
S , for MS being the typical new physics scale. The projection on the accuracy of14

measuring this coupling at the CEPC is about 0.25%. Therefore, generically, Z measurement at CEPC15

will allow us to probe the singlet as heavy as 5 TeV. At the same time, for first order phase transition, the16

singlet mass is typically hundreds of GeV. Therefore, CEPC can completely cover the possible parameter17

space just by measuring Z in this case. Even in the di�cult case of the singlet model with a Z2 symmetry,18

the expected deviation of the cross section �hZ ( Z) is about 0.6% (0.5%), as shown in the left panel19

of Fig. 23. Therefore, CEPC will see the first evidence of new physics even in this very di�cult case.20

In more general classes of models, the new physics which modifies the Higgs coupling can carry other21

SM gauge quantum numbers, such as electric charge and/or color. In such cases, there will be significant22

change in the h ! gg and h ! �� couplings. One such example is shown in the right panel of Fig. 23,23

with 6% deviation in h�� coupling expected. From the projection shown in Fig. 20, we see that the24

CEPC can have sensitivity to such new physics.25

Another important question associated with the electroweak symmetry breaking is naturalness. The26
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Broad features with di-boson.

- Closely related to electroweak symmetry breaking


- Difficult.  Systematics important. 
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1 Introduction

2 Definition of the e↵ective lagrangian

We consider the following bosonic operators in the basis of [].
The dimension-six operators are defined as:

OW =
ig
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D⌫W a
µ⌫ , OB =

ig0

2

⇣

H† !D µH
⌘

@⌫Bµ⌫

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫

O
3W =

1

3!
g✏abcW

a⌫
µ W b
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(H† !D µH)(H† !D µ)H

Ou
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H† !D µH
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R = ig2
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H† !D µH
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H† !D µH
⌘

Q̄L�
µQL, O(3)q

L = ig2
⇣

H†�a !D µH
⌘

Q̄L�
a�µQL

(1)

where H† !D µH ⌘ H†DµH � (DµH)†H. The following operator can be reduced to the above
operators plus the operators involving the fermions by using E.O.M:

O
2W = �1

2
DµW a

µ⌫D⇢W
a⇢⌫ , O

2B = �1
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@µBµ⌫@⇢B

⇢⌫ (2)

The dimension-eight operators:

8
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⌫ 8
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⌫ (3)

8
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f W a
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⌫ = W+
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µ⇢W
3 ⇢
⌫ (7)

The SM lagrangian is therefore modified by the addition of higher dimensional operators in the
following way,

L = L
SM

+
X

i2i
6

ci
⇤2

Oi +
X

i2i
8

ci
⇤4

Oi, (8)
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Precision measurement at the LHC possible?
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�SM
⇠ m2

W

⇤2
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LEP precision tests probe NP about Λ~2 TeV

At LHC

LHC has potential. 

Both interference and energy growing behavior crucial

Signal-SM interference
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�SM
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Without interference
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Helicity structure at LHC

- Whether interference or not depends on polarization 
of WW. Polarization differentiation can be crucial. 


- Need large SM piece to interfere with. Longitudinal 
(0,0) most promising.

where ⇤ has no ~ dimension and it should be interpreted as a mass threshold, and we have
included possible dimension eight operators (again normalized with ~-dimension equal to one).

[we should comment on the present constraints on these coe�cients,
from LEP and from existing LHC bounds.]

Other basis:

OB = OHB +OBB +
1

4
OWB , (9)

OW = OHW +
1

4
OWW +

1

4
OWB , (10)

where
OWW = g2H†HW a

µ⌫W
aµ⌫ , OWB = gg0(H†�aH)W a

µ⌫B
µ⌫ , (11)

3 Naive scaling with energy

The scalings of the amplitudes for SM diboson production are listed in table 1 for W+W�

production.
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Table 1: High energy behaviour for the helicity amplitudes ff̄ ! W+W�from di↵erent scenar-
ios, where omit the the g2 in front of the amplitudes. E can be thought as half of the partonic
center of mass energy (i.e. the energy of single W boson.).
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growing with energy



SM / LHC13

cHW /Λ = 1/TeV
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Growing with energy



Where to look?

- For small d, lower E with higher reach. (e.g. dim 6, d=2)


Limited by systematics. 
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“tail” parameterized by Λ≈scale of NP

n: 5-8 falling parton luminosity

L = integrated luminosity

E: energy bin of the measurement



The role of systematics
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Projecting the reach: Wh channel

LHC-3000/fb
efficiency 10%,sys=10%
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Can set interesting limit!  



LHC benchmarks

- Can beat LEP precision if some of these benchmarks 
can be reached.
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Table 4: For the TT cross section, we mean summing over all the transverse polarizations. Ec is the partonic center-of-
mass energy.

⇤[TeV] OW OB OHW OHB O
3W

LEP 2.5 2.5 0.3 0.3 0.4
WV (`+ jets) 4.8(1.9) 1.5(0.71) 4.8(1.9) 1.5(0.71) 1.2
W±h(`bb) (4.0,2.9,2.3) (4.0,2.9,2.3)

W±h(`+ `⌫`⌫) 1.6 1.6
h ! Z� 1.7 1.7

Table 5: 95% limit on ⇤ for di↵erent channels at LHC (L = 3 ab�1) and LEP, we consider one operator once with its
Wilson coe�cient setting to 1. The bound are obtained by the bin 1 TeV - 1.5 TeV without taking into account the
systematics and the kinematic and cut e�ciency ✏ = 10%.

⇤[TeV] OTWW OTWB OTH O(3)

TH

WV (`+ jets) 0.90 0.90 1.1(0.83) 0.83(0.65)
W±h(`bb) (0.86,0.79,0.76)

W±h(`+ `⌫`⌫) 0.67
Table 6: 95% limit on ⇤ for di↵erent channels at LHC (L = 3 ab�1) and LEP, we consider one operator once with its
Wilson coe�cient setting to 1. The bound are obtained by the bin 1 TeV - 1.5 TeV without taking into account the
systematics and the kinematic and cut e�ciency ✏ = 10%.

9

ideal case,  perfect pol tagging, no systematics
tagging eff 50%, mis-tagging rate 10%,  no systematics
reducible bkg 0,  3, 10 times of the irreducible rate 
interference effect not important. 



Direct searches of composite resonance
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Most optimistic case can be competitive with direct narrow resonance searches. 

The resonance may be broad, not covered by direct searches. 



Conclusion

- Entering a precision era of the LHC, with Higgs the 
prime target.


-  Understanding Higgs is a central question in particle 
physics. 


Higgs mass, electroweak phase transition.


The current picture is confusing. Opportunity for big 
discoveries.


- LHC will lead the way, setting the stage for next 
steps.
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FIG. 6: Panel (a) shows the invariant mass distribution of
the two hardest isolated photons and the extra jet mγγj for
the hh + jet analysis. Panel (b) displays mbb̄j and panel (c)
shows the invariant mass of the 2-photon, 2-b-jet and extra
jet system mbb̄γγj . We show the signal distributions for λ =
0, λSM and 2λSM and the backgrounds in all cases.

better photon identification performance at low energies
becomes possible in the future.

Results

We now combine both analyses in the bb̄γγ channel
to formulate a constraint on the Higgs trilinear coupling
in light of the expected signal and background yields in
pp → hh + X and pp → hh + jet + X production. For
simplicity we assume that both measurements are statis-
tically uncorrelated and combine them in a binned log-
likelihood hypothesis test [38, 39]. We compute a 95%
confidence level using the CLS method [40] around the
SM parameter choice λ = λSM and find

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.672, 1.406] no background syst.

[0.646, 1.440] 25% hh, 25% hh+ jet

[0.642, 1.448] 25% hh, 50% hh+ jet

(3)

for an integrated luminosity of 3000/fb. Due to the
shape of the cross section as a function of λ, there is a pa-
rameter choice at λ ≃ 4λSM with SM-like cross sections.

This region can be excluded using the high luminosity
phase of the 14 TeV LHC [15].
In the calculation of the confidence level intervals the

quoted systematic uncertainties refer to a flat rescaling
of the contributing backgrounds. From Eq. (3) we can
expect that a measurement of the trilinear coupling at
the 40% level should be possible. A 5σ discovery of the
dihiggs signal will be possible with an integrated lumi-
nosity of 700/fb.
A number of authors have noted that a total integrated

luminosity of 3/ab may not be sufficient to saturate the
physics potential of a 100 TeV collider [41, 42], since the
necessary luminosity typically scales quadratically with
the centre of mass energy. We therefore also compute
limits under the assumption that 30/ab of data is taken.
The limits shown in Eq. (3) then improve to

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.891, 1.115] no background syst.

[0.882, 1.126] 25% hh, 25% hh+ jet

[0.881, 1.128] 25% hh, 50% hh+ jet

(4)

in this case. We note that these limits are nearly iden-
tical to what can be achieved with the 1 TeV luminosity
upgraded ILC.

Triple Higgs coupling at 100 TeV pp collider
30 ab-1

Barr, Dolan, Englert, de Lima, Spannowsky 

ILC 500: 27%
ILC ultimate, 1 TeV 5 ab-1: 10%



But, there should be more

- 1st order EW phase transition means there is 
new physics close to the weak scale. 


- Can be difficult to discover at the LHC. 

Maybe only couple weakly to the Higgs.


- Will leave more signature in Higgs coupling.

V (h) =
m2

2
h2 + �h4 +

1

⇤2
h6 + . . .



Some possible channels

Good sensitivity from the LHCadapted from slides of Zhen Liu 



Helicity structure at LHC

where ⇤ has no ~ dimension and it should be interpreted as a mass threshold, and we have
included possible dimension eight operators (again normalized with ~-dimension equal to one).

[we should comment on the present constraints on these coe�cients,
from LEP and from existing LHC bounds.]

Other basis:

OB = OHB +OBB +
1

4
OWB , (9)

OW = OHW +
1

4
OWW +

1

4
OWB , (10)

where
OWW = g2H†HW a

µ⌫W
aµ⌫ , OWB = gg0(H†�aH)W a

µ⌫B
µ⌫ , (11)

3 Naive scaling with energy

The scalings of the amplitudes for SM diboson production are listed in table 1 for W+W�

production.
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Table 1: High energy behaviour for the helicity amplitudes ff̄ ! W+W�from di↵erent scenar-
ios, where omit the the g2 in front of the amplitudes. E can be thought as half of the partonic
center of mass energy (i.e. the energy of single W boson.).

3

growing with energy

SM piece is small. Interference does not grow with E.  


