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The Great Standard Model
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The"Standard"Model"
!  Over"the"last"~100"years:"The"discovery"of"many"subVatomic"

particles"and"advances"in"theoretical"physics"has"led"to""""""
The"Standard"Model"of"Particle"Physics"

!  A"new"“Periodic"Table”"of"fundamental"elements"
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" Force"particles"
One"of"the"greatest"
achievements"of"20th"
Century"Science"""

Fermions" Bosons"
4+

Described+by+one+simple+equation!+

4"

(1895 - 2012)



Two outstanding puzzles in SM

�3

(GeV)Proton 
mass

Weak 
scale

1019103102101 101510010-310-9

P 
L 
A 
N 
C 
K

G 
U 
T

TeV
NP

t e344000
1GeV = 109eV

�W/Z Masses� �Fermion Mass)
Origins of EWSB       and      Flavor breaking



Electroweak Triangle
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What can Higgs Boson tell us?
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The Higgs boson is important not only for EWSB, 
but also as a WINDOW to NP beyond the SM.

Relation between 
HVV and HHVV 
couplings 

Relation between 
MW and MZ 

 (custodial Symmetry) 

HVV coupling 

Higgs-self couplings 
HHH and HHHH 

HFF coupling 
Magnitude and CP



1) Higgs-self Interaction
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Jiang-Hao Yu

Higgs Potential
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¢ Higgs potential at electroweak scale

V (�) = �µ2(µ)�2 + �(µ)�4 +
(µ)

⇤2
�6 + · · ·

(probing potential at electroweak scale)

Coleman-Weinberg Higgs
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¢ Higgs potential at electroweak scale
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Ginzburg-Landau Higgs potential
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2) HVV versus HHVV
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SM predicts a definite ratio between HVV and HVV couplings 

Is the new boson an elementary particle?
• SM Higgs boson is an elementary particle.
• SM predicts a definite ratio between 

HVV and HHVV couplings.

(at tree level)
• For a strongly interacting Higgs-like particle, 

this relation may not hold. 

HHVV needs to be measured.

2

2 VMi g
v

PQ 2

22 VMi g
v

PQ

Is the Higgs boson an elementary particle?

6

If the ratio is modified by NP, the unitarity of                is broken 

tree-level relation

VV → HH



Measuring HHH coupling via Higgs Pair Productions

�8

g

g

H

H

t

t

t

t

g

g

H

HH
t

t

t

g g → HH

qq′� → HHqq′�

g g → tt̄HH

qq̄′� → VHH



Higgs Boson Pair Production
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Sensitivity to HHH coupling

�10J. Baglio, A. Djouadi et al.  JHEP 1304(2013)51



QED effective Lagrangian at one-loop order
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Low Energy Theorem
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24

It’s less clear how the diagrammatic argument works for

scalar partners of the top (SUSY).

There is a simple way to generalize the diagrammatic

argument if

which, practically speaking, is a very good approximation for

a Higgs mass below 150 GeV.

In the SM the dominant contribution comes from  
the top-quark loop. 

Since the top is “heavy”, the loop can be shrunk to 
a point and approximated by a dim-5 operator: 

αs

12π
yt

mt
h Ga

μνGa μν mt = ytv

non-decoupling 

αs

12πv
h Ga

μνGa μν

QHC, Jackson, Keung, Low, Shu, 0911.3398 



Sensitivity to HHH coupling
gg->HH: the leading channel
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Strong cancelation



Sensitivity to HHH coupling
gg->HH: the leading channel

�14J. Baglio, A. Djouadi et al.  JHEP 1304(2013)51

Low Energy
Theorem

Strong cancelation
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Figure 14. The normalized Higgs boson pair invariant mass distribution at the LHC with
p
S =

14TeV, where the bands represent the scale uncertainties.

Our above discussions about the dependence of Higgs boson self coupling on the total

cross section and invariant mass distribution are based on the approximated method of

using the form factor to contain parts of top quark mass e↵ects. Therefore our theoretical

predictions receive about O(10%) uncertainties [38]. However once the full NLO QCD

corrections of the Higgs boson production including exact top quark mass e↵ects are avail-

able in the future, the dependence of the resummed total cross section and invariant mass

distribution on the Higgs boson self coupling can be updated immediately, and we can

make more precise predictions. On the other side, above discussions provide some impor-

tant information about the properties of the Higgs boson pair invariant mass distribution

shape. Especially, we see that it is possible to extract the parameter � from the total cross

section and Higgs boson pair invariant mass distribution when the measurement precision

increases at the LHC.

5 Conclusion

We have calculated the resummation e↵ects in the SM Higgs boson pair production at the

LHC with SCET. We present the invariant mass distribution and the total cross section

at NNLL level with ⇡2-enhanced terms resummed, which are matched to the NLO results.

In the high order QCD predictions full form factors including exact top quark mass e↵ects

are used. Our results show that the resummation e↵ects increase the NLO results by

about 20% ⇠ 30%, and the scale uncertainty is reduced to 8%, which leads to increased

– 23 –
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Unfortunately, it is not a easy job at the LHC or even at the SppC.

gg->HH: the leading channel

D.-Y. Shao, C.-S. Li, H.-T. Li, and J. Wang,  
JHEP 07 (2013) 169
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Unfortunately, it is not a easy job at the LHC or even at the SppC.

gg->HH: the leading channel

D.-Y. Shao, C.-S. Li, H.-T. Li, and J. Wang,  
JHEP 07 (2013) 169

Not accessible at detector!



Sensitivity to HHH coupling:
2) VBF and VHH
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VBF and VHH
are sensitive to 
HHH coupling

differently



Sensitive to Triple Higgs Coupling Differently
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Near the threshold of Higgs-boson pairs 
VBF:

VHH:
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Sensitivity to HHH Coupling
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WHH and ZHH Productions
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The discovery potential of triple Higgs 
coupling in VHH production is  
comparable to other channels.

QHC, Liu, Yan, 
Phys.Rev. D95 (2017) no.7, 073006 

0.5    2.2

Nordstrom and Papaefstathiou (arXiv:1807.01571)  
   include full detector effects and show that measuring HHH coupling      
   via WHH and VHH channels is very challenging.



Huaqiao Zhang (IHEP)
1

Observation of ttH at CMS

���
�	���2018�6�19-24� ��

Lianliang MA���� 
Shandong University 

 

June 20-24, 2018@Shanghai 

First observation of Higgs-Top coupling

µtt̄H = 1.26+0.31
�0.26

CMS: PRL120,231801 (2018)

3) Higgs-Fermion Interaction



Good News: Higgs-Bottom Coupling
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July 9th, ICHEP18, Seoul



Sizing Up Top Quark’s Interaction with Higgs 
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QHC, Chen, Liu
PRD95 (2017) 053004
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Figure 5: The predicted SM value of s(pp ! tttt) [16], calculated at LO with an NLO/LO
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t | (dashed line), compared with the observed value of
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Interim Summary
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More accurate knowledge of Higgs boson might shed lights on NP. 
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What if NP knew nothing about Higgs?
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Higgs boson discovery         the END of the era of SM

Q2. Heavy NP particles cannot achieve mass mainly from Higgs.
NP scale = New Resonance Mass ~ 2TeV

1019103102101 101510010-310-9
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See-
Saw

GeV

Q1. Why are light quarks so light?
Top quark and W/Z bosons are naturally around the weak scale.

Ҙ



The EFT of QED (infinite me )
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Heisenberg-Euler operator in QED
136 
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Fig. 7.1 Scattering of low-energy photons 

Photodynamics, with the Lagrangian 

L - IF FJ.LV - -4" J.LV • (7.1) 

But later, after they increased the luminosity (and energy) of their "photon 
colliders" and the sensitivity of their detectors, they discover that photons 
do scatter, though with a very small cross-section (Fig. 7.1b). They need to 
add some interaction terms to this Lagrangian. Lowest-dimensional oper-
ators having all the necessary symmetries contain four factors FJ.Lv. There 
are two such terms: 

They can extract the two parameters Cl,2 from two experimental results, 
and predict results of infinitely many measurements. So, this effective field 
theory has predictive power. 

We know the underlying more fundamental theory for this effective low-
energy theory, namely QED, and so we can help theoreticians from Pho-
tonia. The amplitude of photon-photon scattering in QED at low energies 
must be reproduced by the effective Lagrangian (7.2). At one loop, it is 
given by the diagram in Fig. 7.2. Expanding it in the photon momenta, 
we can easily reduce it to the massive vacuum integrals (1.2). Due to the 
gauge invariance, the leading term is linear in each of the four photon mo-
menta. Then we equate this full-theory amplitude with the effective-theory 
one following from (7.2), and find the coefficients Cl,2 (this procedure is 

(Imagine we are living in a world full of photon but not electron)

Conclusion: Effective field theories 137 

Fig. 7.2 Photon-photon scattering in QED at one loop 

known as matching). The result is 

L = - FJ.LIIFJ.LII + [-5 (FJ.LIIFJ.LII)2 + 14FJ.LIIFIIQ FQ,BF,BJ.L] (7.3) 

It is not (very) difficult to calculate two-loop corrections to this QED am-
plitude using the results of Sect. 5.6, and thus to obtain 0:3 terms in these 
coefficients. 

There are many applications of the Lagrangian (7.3). For example, the 
energy density of the photon gas at temperature T is f'V T4 by dimensional-
ity (Stefan-Boltzmann law). What is the radiative correction to this law? 
Calculating the vacuum diagram in Fig. 7.3 at temperature T, one can ob-
tain [Kong and Ravndal (1998)] a correction f'V 0:2T8/m4. Of course, this 
result is only valid at T « m. 

Fig. 7.3 Radiative correction to the Stefan-Boltzmann law 

The interaction terms in the Lagrangian (7.3) contain the "new physics" 
energy scale, namely the electron mass m, in the denominator. If we want to 
reproduce more terms in the expansion of QED amplitudes in the ratio w /m 
(w is the characteristic energy), we can include operators of higher dimen-
sions in the effective Lagrangian; their coefficients contain higher powers of 
m in the denominator. Such operators contain more FJ.LII and/or its deriva-
tives. Heisenberg and Euler derived the effective Lagrangian for constant 
field containing all powers of FJ.LII; it is not sufficient for finding coefficients 
of operators with derivatives of FJ.LII' The expansion in w/m breaks down 
when w f'V m. At such energies the effective low-energy becomes useless, 
and a more fundamental theory, QED, should be used; in particular, real 

After matching in QED

 NP scale me
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EFT of QED (photon + electron)
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 NP scale
Two ways to probe NP:

1. To raise collider energies to produce real new 
particles (muon);

2. To measure low-energy quantities (e.g. electron 
magnetic moment) with high precision

We were very lucky 90 years 
ago when the cosmic rays 
brought Muon lepton to us. 
What about now?

L =  ̄(i 6D �m) � 1

4
Fµ⌫F

µ⌫ +
c

M2
m ̄Fµ⌫�

µ⌫ + · · ·

mµ

Who 
ordered 
that?
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Spontaneous breaking of vector symmetries and the nondecoupling light Higgs particle

Hanqing Zheng*
Paul Scherrer Institute, M82 Villigen PSI; Stoitzerland

(Received 4 April 1995)

Using a four fermion interaction Lagrangian, we demonstrate that the spontaneous breaking of
vector symmetries requires the existence of a light (comparing with the heavy fermion mass) scalar
particle, and the low energy effective theory (the o model) obtained after integrating out heavy
fermion degrees of freedom is asymptotically a renormalizable one. When applying the idea to the
electroweak symmetry breaking sector of the standard model, the Higgs particle's mass is of the
order of the electroweak scale.
PACS number(s): 11.30.+c, 12.60.Nz

The spontaneous breaking of vector symmetries
(SBVS) is an interesting subject in quantum field the-
ory and also in particle physics, as long as it continues
to be a possible characteristic of nature. In a previous
paper [1] we have made an attempt in considering the
breaking of the electroweak symmetry as a consequence
of the SBVS between fermions with heavy bare masses.
The motivation of such a consideration is to break the
electroweak symmetry dynamically but with least inHu-
ence on the low energy physics [1]. We modeled SBVS
by a low energy effective Higgs-Yukawa interaction and,
after integrating out the heavy fermion fields in the mean
Geld approximation of the Higgs particle, estimated the
low energy residual effects of these heavy fermions. It
is shown that the heavy fermion GeMs are essentially
decoupling at low energies, except that -they can gener-
ate massless Goldstone excitations to be absorbed by the
weak gauge fields. The low energy effective theory (the
standard model) should therefore be weakly interacting—a picture different from the technicolor models.
Nothing can be said about the mass of the composite

Higgs particle, within the context of the effective Higgs-
Yukawa model in Ref. [1]. A question then arises: Can
it be as heavy as the heavy fermion mass? From general
physical consideration we know that this should not be
the case. Because if the Higgs particle's mass is heavy
enough, the remaining fields must be in a strongly in-
teracting system because of the well known tree-level
unitarity argument [2] —a result contrary to our mo-
tivation and the general expectation &om the decoupling
phenomena. The aim of this paper is to resolve this
Higgs mass ambiguity, using a model of four fermion in-
teractions with the dynamically generated SBVS. The
SBVS through four fermion interactions was first ana-
lyzed by Preskill and Weinberg [3] to study the possible
violation of the "persistent mass condition. " For a four
fermion interaction with a global vector symmetry, there
are primarily two scales, the cutoff scale A and the bare
fermion mass M(M ( A), and in addition, the interac-

tion strength is characterized by a dimensionless coupling
constant, G. Preskill and Weinberg have shown that, for
a given cutoff A and a suKciently large G, there exists a
critical value M . When the fermion mass is below this
critical point, M (M„ the vector (isospin) symmetry is
spontaneously broken down. As a consequence, there ex-
ist massless particles composed of massive constituents
leading to a violation of the persistent mass condition.
When M exceeds M, the system is in a symmetry phase
and the decoupling phenomenon occurs. The symmetry
breaking is of second order and characterized by a new
scale m (the fermion mass splitting) obtained after some
Gne tuning.
For our purpose, the four fermion interaction La-

grangian can be written as

where @= (@q,@2) and vga 2 are SU(2) isospin doublets.
The index i refers to the "color" degree of freedom and
runs over 1 to N, . We assume N, is large in the following.
r; are generators of the SU(2) isospin group, and p; are
Pauli matrices of the "parity doublet" space (i.e., space
between gq and @2). The Lagrangian equation (1) is
invariant under the following SU(2) xSU(2) rotations:

(2)

To match the electroweak physics one of the SU(2)
global symmetries will be gauged as SU(2)~ [of course,
the local U(1)y should also be introduced]. The other
"custodial" SU(2) symmetry remains as a global one and
can be broken explicitly but slightly. The latter con-
straint comes from the experimental value of the p pa-
rameter. Since these are already discussed in Ref. [1]

*Electronic address: hanqing. zhengopsi. ch

One can add more terms and couplings; see for example
Ref. [1]. The present Lagrangian is the minimal one suitable
for the discussion in the present paper.

0556-2821/95/52(11)/6500(5)/$06. 00 52 6500 1995 The American Physical Society
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Low energy properties of the heavy vector fermions and electroweak
symmetry breaking

Hanqing Zheng'
International Centre for Theoretical Physics, I 3$-100 Trieste, Italy

(Received 9 June 1994)

We discuss the properties of the heavy vector fermions with bare Dirac mass terms and an
SU(2) xSU(2) global symmetry in the Yukawa interaction Lagrangian. Using the heat kernel expan-
sion method we calculate their contributions to the low energy observables. We argue that these
heavy fermions may be responsible for a soft dynamical symmetry breaking through their conden-
sation. We also discuss the possibility of considering ordinary fermions as one part of the vector
fermions within our model.

PACS number(s): 12.60.—i, 12.15.—y, 14.80.—j

One of the most profound and important subjects
in quantum field theory and particle physics is the
spontaneous breaking of continuous symmetries. One
weB-known example in the real world is the sponta-
neous breaking of chiral symmetry in hadron interactions,
which is, as can be proven modulo some highly plausi-
ble assumptions [1], governed by the confining force of
the vectorlike gauge interaction, @CD. Despite the fact
that too few examples have been given so far by nature
of the spontaneously broken symmetry, in the theory as-
pect, we are also lacking an alternative mechanism in
understanding the general features of the issue. In de-
scribing electroweak symmetry breaking, the most popu-
lar theory is the so-called Higgs mechanism [2] in which
the electroweak symmetry is spontaneously broken by the
nonvanishing vacuum expectation value (VEV) of an ele-
mentary scalar—the Higgs particle. It is also understood
that, even if there is no elementary Higgs field, the Higgs
mechanism may also be considered as an approximation
of some comple~ dynamical symmetry-breaking mecha-
nism, provided the Higgs Geld is now only a composite ob-
ject with a nonzero VEV. It is appealing then to study the
varieties of electroweak symmetry-breaking mechanisms.
The technicolor model [3] is such an example in which
electroweak symmetry breaking is induced by a strong,
vectorlike (@CD-type) gauge interaction. However, the
technicolor model and its simple extensions are known to
encounter some diKculties; for example, the technicolor
model leads to a large S parameter [4] compared with ex-
periments. In this situation, it is therefore worthwhile to
explore other possibilities for breaking electroweak sym-
metry spontaneously.
The precision tests at the CERN e+e collider LEP,

on the other hand, lead to strong constraints on the pos-
sible physics beyond the standard model. Among other
things, one of the most severe constraints is &om the p

Present address: P. Scherrer Institute, 5232 ViQigen PSI,
Switzerland.

parameter. The experimental observation of the relation
p 1 puts an upper bound. on the top quark mass. Many
discussions have been conducted about this issue. As a
general conclusion, within the models studied in the past,
it is dificult to weaken the top quark upper bound and,
on the contrary, it is easy to lower this bound [5]. There is
a recent paper by Caravaglios [6] in which he considered
a simple example of a vector family of leptons, that is,
a standard fermion family plus a right-handed neutrino
and a conjugate family where the role of the left-handed.
and the right-handed fermions are inverted with respect
to the gauge interactions. He concluded that the vec-
tor family contributions to the p parameter and to the S
(or e~s in Ref. [6]) parameter are suppressed by m /M2,
where m is generated by the Yukawa interaction and M
is the bare mass of the heavy vector fermions. Further,
the contribution to the p parameter is negative, if one
includes the Yukawa interaction with the charge conju-
gated neutrino fields.
In this paper, we will also discuss the physical e8'ects

induced by the heavy vector fermions. The appearance
of the vector fermion family, or mirror fermions [7], is
a natural consequence of many grand unification models
[8], and composite models [9]. In the picture of compos-
iteness, these heavy vector fermions may be related to
the parity doubled excitations of the ordinary quarks and
leptons. In fact, if the chiral symmetry can be realized
in signer-Weyl type, which is directly related to the dis-
cussion of compositeness of quarks and leptons [10], then
the bound state spectrum consists of some chiral bound
states and parity doubled massive ferrnions (their masses
are not protected by chiral symmetry).
Although there are various models motivating the pos-

sible existence of heavy vector fermions, we wiH. , however,
not stick to any concrete model in our discussions. In-
stead, regardless of the underlying dynamics which con-
trols the behavior of these heavy fermions, we assume, on
a rather general ground, that despite the gauge interac-
tions, it is described by an efFective Lagrangian of Higgs-
Yukawa interactions which has an SU(2) isospin syrnme-
try and another SU(2) global symmetry in the parity

0556-2821/95/51(1)/251(9)/$06. 00 51 251 1995 The American Physical Society
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Dimension five operator and Coefficient
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Bµ⌫B

µ⌫ + · · ·

The coefficient of those dimension-5 operators could be related to the 
one-loop beta function of Strong, Weak and Hypercharge.

where we turn on the scalar as a background 

MQQ
cQ+ yQSQ

cQFor the electroweak interaction
its contribution to gluon two-point function is
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