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|. Introduction to gauge symmetry

The discovery of the Dirac equation (1928) led to a reformulation for the
theory of electronic and magnetic phenomenon, creating quantum
electrodynamics (QED)—the first gauge theory of fundamental interactions.

. | :
SQED = Jd“x iy (X)y* D, (x) — mip(x)y(x) — e H(x) Fu(x)
with D, =0, +ieQ A, O, = — 1. This has local gauge invariance under
@) = p) = e LUy, AL = AL = A,0) + 9,a(0)

which is equivalent to the conservation of the Noether current

0,(x) = 0, J,x) = ey, p(x)



|. Introduction to gauge symmetry

1899, Rutherford discovered alpha and beta radiation.

1901, Becquerel identified beta rays as high-energy electrons. These electrons
have energies around an MeV, much larger than the binding energies of a few
tens of keV at most. They cannot come from the atomic orbital electrons.

In 1932, Chadwick discovered the neutron. Heisenberg postulated the
existence of the strong nuclear force. In 1935, Yukawa proposed a field theory.

. ol : y
& = iNy*d,N — mNN + 5(0ﬂ¢)2 - ﬂ?gbz — igNy o;N¢,

The nucleon has a mass around GeV. So does the electron, if it is inside the
nuclei.

The beta rays must be produced at the instant of interaction, which is not
strong.



|. Introduction to gauge symmetry

1930, Pauli postulated an massless, neutral particle to ensure energy-
momentum conservation in beta decays.

1934, Fermi put the ingredients together with the famous Fermi interaction.
5y = [d4xGWJg<x>J,i<x>, TA@) = T@)7 (), T = F(07,,@)

This is inspired by the QED process e"e™ — u"u~. The main difference is
that the coupling is a constant, energy-independent. This theory agrees with
the experimental results of the energy distribution of the beta particles,
confirming Pauli’s idea that the neutrino is massless.

1936, Gamow and Teller added an axial vector-axial vector current in order to
explain many other cases of beta decay. Soon it was realized that this new
interaction is universal, i.e., the same constant Gy, was required.



|. Introduction to gauge symmetry

However, the Fermi theory breaks down at higher energies since the weak
cross-section grows without limit, rendering the S-matrix non-unitary.

Solution needed: A new theoretical framework that preserves low-energy
predictions while ensuring good high-energy behavior.

1949, intermediate vector boson (IVB) hypothesis by Lee, Rosenbluth, Yang.

2
2
< = ° > — (§%/My)* when E,,, < My, Gives Fermi’s constant
cm

2%

2

( S 7y ) — (8°/E;,)" when E,, > My, Ensures perturbative unitarity
cm W



|. Introduction to gauge symmetry

However, quantization of a massive gauge boson shows that the propagator
contains g, — pﬂpD/M‘%,.The first term has a good high-energy behavior. But

the second momentum dependent term leads to bad behavior. The unitarity
problem comes back.

Schwinger's Solution (1957): the weak interaction satisfies p J* = 0.These are

conserved currents, requiring an underlying gauge symmetry. I[wo gauge bosons
are needed, W=. He also proposed that the photon and W= form a triplet in
an non-abelian theory, as Yang and Mills had shown in 1954. If this is true, he
obtained a unified theory of electroweak interactions.



|. Introduction to gauge symmetry

The coupling between gauge bosons and electrons and neutrinos are

Ly = = AP LW, () + = TP () = 2 B e@WIE) + 2 TPV

V2 V2

To make the photon-neutrino coupling vanish while keeping electron-photon
coupling requires a more sophisticated approach.

1961, Glashow extended his model by adding an extra U(1) symmetry.The
neutral coupling becomes

Lhn = 2 TOPULOWIER) = 2 20 e@WI) = 2L 7,0 (0B)) = 2 20 eBI)

The two neutral gauge bosons are mixed states.

g : R :
W, = Z,(x)cos 0 — A, (x)sin 0, B, = Z (x)sin 0 + A (x)cos 0



|. Introduction to gauge symmetry

The new coupling between gauge bosons and electrons and neutrinos are

1 : = 1 | 3
3%,,3 = = (g2 sin 0 — g, cos «9) U, (x)r v, (x) Aﬂ(x) s (g2 sin 0 + g, cos «9) e(x)y"e(x) Aﬂ(x). .
Define tan 6 = g,/g,, then there is no photon-neutrino coupling and
e = g,sinb.

Problem I:If we replace the lepton doublet by a nucleon doublet, we would
obtain

1 : S 1 : o
3%,,3 == 2 (g2 cos 0 — g, sin 9) p(x)y* p(x) Aﬂ(x) wiey (g2 sin 6 + g, cos 9) n(x)y*n(x) Aﬂ(x) + ...

No photon-proton coupling but the neutron couples to a photon.

Problem 2:Why is the photon massless while W= are massive although they
form a triplet?



|. Introduction to gauge symmetry

Gauge theory requires massless gauge bosons for consistency, but the weak
interaction is mediated by massive W and Z bosons. How can we reconcile
these seemingly contradictory requirements!?

One approach is to add mass terms directly to the Lagrangian
P = MEWSWH 4 -

But such terms explicitly break gauge invariance and lead to non-
renormalizable theories with bad high-energy behavior.



2. Higgs mechanism

How does one postulate a symmetry and also introduce terms that break it?
This is not difficult to envisage for small breaking, but the W and Z masses are
large—of order 100 GeV.

A similar problem plagued strong interaction theory. The nucleon mass (938
MeV) is large and cannot be attributed to explicit symmetry breaking of the
global SU(2)xSU(2) symmetry.

Solution: Spontaneous symmetry breaking, discovered in condensed matter
physics!

Key Insight from Superconductivity: In superconductors, the photon effectively
acquires a mass below the critical temperature through spontaneous
symmetry breaking of the gauge symmetry. This phenomenon—now called the
Higgs mechanism—would prove to be the solution.



2. Higgs mechanism

In 1950, Landau and Ginzburg developed a theory of superconductivity where
a dynamical variable (the order parameter) is close to a ground state that does
not obey the symmetry of the Lagrangian. Below the critical temperature:

The photon effectively acquires a mass
The medium becomes a perfect conductor
The medium becomes a perfect diamagnet (Meissner effect)

In 1957, Bardeen, Cooper; and Schrieffer provided the microscopic basis: the
order parameter is the density of a Bose-Einstein condensate of paired
electrons (Cooper pairs), forming quasi-bosons. The BCS ground state breaks
the gauge symmetry of electromagnetism, which would otherwise preclude a

photon mass.



2. Higgs mechanism

In 1960, Nambu and Jona-Lasinio constructed a theory based on BCS, with a
nucleonic condensate (NN that breaks chiral SU(2); X SU(2)5 down to

SU(2)y, of isospin.And Gell-Mann and Levy created the simple sigma model.

®(x)=1o(x)+i T - T(x)
The potential energy term of the form
V(D) = — u?>®'®d + A(P'D)*

This potential breaks the SU(2) symmetry spontaneously and permits the
nucleons to have large masses.

In 1962, Goldstone, Salam, and Weinberg proved: Whenever a continuous
global (or local) symmetry is spontaneously broken, there will be massless
bosons—now called Goldstone bosons.



2. Higgs mechanism

Problem for Electroweak Theory: A sigma model analogue for electroweak
interactions would:

v Make vector bosons massive (except photon)

X Produce three massless scalars with interactions of the same strength

Such bosons would have shown up long before in cosmic rays or nuclear
reactions!

Anderson's Clue (1963): In superconductors, the Goldstone degree of
freedom actually reappears as a longitudinal mode of the photon, not as an
independent massless boson.The two massless bosons "cancel,"” leaving a

massive vector boson.



2. Higgs mechanism

The Higgs Mechanism (1964): Three groups arrived independently at the
relativistic formulation:

Englert and Brout (Brussels)
Higgs (Edinburgh)
Guralnik, Hagen, and Kibble (London)

The Anderson-Brout-Englert-Guralnik-Hagen-Kibble mechanism—or Higgs
mechanism for short.

Three Miracles:

|. Gauge Bosons Acquires Mass

2. Real Scalar Mode Acquires Mass

3. Goldstone Mode Disappears
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In a recent note! it was shown that the Gold-
stone theorem,? that Lorentz-covariant field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson® has drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.

The simplest theory which exhibits this be-
havior is a gauge-invariant version of a model
used by Goldstone? himself: Two real* scalar
fields ¢,, ¢, and a real vector field Au interact
through the Lagrangian density

2 2
L= —%(le) —é(wpz)

2 2
—V(gpl 2 )-;’,F“VF“V, (1)

where

=9 -
quol 141 eA 1%

v =9
u¥272,99 +eAu<p1,

F =3 A -3 A ,
proowvovop

e is a dimensionless coupling constant, and the
metric is taken as —+++. L is invariant under
simultaneous gauge transformations of the first
kind on ¢, +i¢, and of the second kind on 4 .

Let us suppose that V/(¢,%) =0, V''(¢y?) > O;uthen
spontaneous breakdown of U(1) symmetry occurs.
Consider the equations [derived from (1) by
treating A¢,, Ag,, and A, as small quantities]
governing the propagation of small oscillations
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about the “vacuum” solution @,(x) =0, @,(x) =@,

M _
9 {BM(qul)—e(pOA “}_o, (2a)
{92=40,2 V" (92 Hap,) =0, (2b)
aVF“V :eq)o{a“(wl)-e(poA u}. (2¢)

Equation (2b) describes waves whose quanta have
(bare) mass 2¢{V'"(¢,>)}*/?; Egs. (2a) and (2¢)
may be transformed, by the introduction of new
variables

- - -1
Bu Au (e“’o) a“(mpl),

G =8 B -8B =F |, (3)
by phvoovou py

into the form
u w2 2 u
8 B"=0, 9 =0.
i , uG +e qu B =0 (4)

Equation (4) describes vector waves whose quanta
have (bare) mass eg,. In the absence of the gauge
field coupling (e =0) the situation is quite differ-
ent: Equations (2a) and (2c¢) describe zero-mass
scalar and vector bosons, respectively. In pass-
ing, we note that the right-hand side of (2c) is
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance being maintained by the pres-
ence of the gradient term.’

When one considers theoretical models in
which spontaneous breakdown of symmetry under
a semisimple group occurs, one encounters a
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the adjoint representa-
tion.* The model of the most immediate inter-
est is that in which the scalar fields form an
octet under SU(3): Here one finds the possibil -
ity of two nonvanishing vacuum expectation val-
ues, which may be chosen to be the two Y =0,
I;=0 members of the octet.” There are two
massive scalar bosons with just these quantum
numbers; the remaining six components of the
scalar octet combine with the corresponding
components of the gauge-field octet to describe

VoLUME 13, NUMBER 16
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massive vector bosons. There are two I=3
vector doublets, degenerate in mass between

Y =+1 but with an electromagnetic mass split-
ting between I;=+3, and the I;=+1 components
of a Y=0, I=1 triplet whose mass is entirely
electromagnetic. The two Y =0, I=0 gauge
fields remain massless: This is associated
with the residual unbroken symmetry under the
Abelian group generated by Y and I;. It may be
expected that when a further mechanism (pre-
sumably related to the weak interactions) is in-
troduced in order to break Y conservation, one
of these gauge fields will acquire mass, leaving
the photon as the only massless vector particle.
A detailed discussion of these questions will be
presented elsewhere.

It is worth noting that an essential feature of
the type of theory which has been described in
this note is the prediction of incomplete multi-
plets of scalar and vector bosons.? It is to be
expected that this feature will appear also in
theories in which the symmetry-breaking scalar
fields are not elementary dynamic variables but
bilinear combinations of Fermi fields.?

!p. W. Higgs, to be published.

%J. Goldstone, Nuovo Cimento 19, 154 (1961);
J. Goldstone, A. Salam, and S. Weinberg, Phys. Rev.
127, 965 (1962).

3P. W. Anderson, Phys. Rev. 130, 439 (1963).

4In the present note the model is discussed mainly in
classical terms; nothing is proved about the quantized
theory. It should be understood, therefore, that the
conclusions which are presented concerning the masses
of particles are conjectures based on the quantization
of linearized classical field equations. However, es-
sentially the same conclusions have been reached in-
dependently by F. Englert and R. Brout, Phys. Rev.
Letters 13, 321 (1964): These authors discuss the
same model quantum mechanically in lowest order
perturbation theory about the self-consistent vacuum.

5In the theory of superconductivity such a term arises
from collective excitations of the Fermi gas.

8See, for example, S. L. Glashow and M. Gell-Mann,
Ann. Phys. (N.Y.) 15, 437 (1961).

"These are just the parameters which, if the scalar
octet interacts with baryons and mesons, lead to the
Gell-Mann—Okubo and electromagnetic mass splittings:
See S. Coleman and S. L. Glashow, Phys. Rev. 134,
B671 (1964).

8Tentative proposals that incomplete SU(3) octets of
scalar particles exist have been made by a number of
people. Such a rdle, as an isolated Y =#1, 1:% state,
was proposed for the k meson (725 MeV) by Y. Nambu
and J. J. Sakurai, Phys. Rev. Letters 11, 42 (1963).
More recently the possibility that the o meson (385
MeV) may be the ¥ =I=0 member of an incomplete
octet has been considered by L. M. Brown, Phys.Rev.
Letters 13, 42 (1964).

In the theory of superconductivity the scalar fields
are associated with fermion pairs; the doubly charged
excitation responsible for the quantization of mag-
netic flux is then the surviving member of a U(1) doub-
let.

SPLITTING OF THE 70-PLET OF SU(6)

Mirza A. Baqi Bég
The Rockefeller Institute, New York, New York

Virendra Singh*
Institute for Advanced Study, Princeton, New Jersey
(Received 18 September 1964)

1. In a previous note,! hereafter called I, we
proposed an expression for the mass operator
responsible for lifting the degeneracies of spin-
unitary spin supermultiplets [Eq. (31)-I]. The
purpose of the present note is to apply this ex-
pression to the 70-dimensional representation of
Su(6).

The importance of the 70-dimensional represen-

tation has already been underlined by Pais.?
Since

35@56 = 56708700@1134, @

it follows that 70 is the natural candidate for ac-
commodating the higher meson-baryon reso-

nances. Furthermore, since the SU(3)®SU(2)
content is
E:(ly2)+(§,g)+(l_0)2)+(873)7 (2)

we may assume that partial occupancy of the 70
representation has already been established
through the so-called y octet? (). Recent ex-
periments appear to indicate that some (%)~
states may also be at hand.® With six masses at
one’s disposal, our formulas can predict the
masses of all the other occupants of 70 and also
provide a consistency check on the input. Our
discussion of the 70 representation thus appears
to be of immediate physical interest.
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2. Higgs mechanism

Glashow-Salam-WVeinberg Model:

The Higgs field: ®(x) = (ngc)) el TG _, (ﬂ&))

And potential: V(®) = — y*®'® + 1(O'D)*
Define #(x) = v/\/§ + h(x)/\/z with v = ,u/\/z, The potential becomes

1 1 1
Ly = — u*h® — Ah’ — Z,W = — Emgm — A AI2m 3 — Z/lh“

The Higgs boson mass m;, = \/z,u = 1/ 2Av. The trilinear self-coupling is
Ay =/ A/2m,, and the quartic self-coupling is 4, = A/4.



P

V(9)

Re ¢

Im ¢



2. Higgs mechanism

The covariant derivative of the Higgs field:
e Al
D, P(x) = (dﬂ — 1gWH — Eg I]BM)(I)(x)

And potential: V(®) = — u*®'® + I(®'d)*

Define #n(x) = v/\/z + H(x)/\/z with v = ,u/\/z, gauge bosons obtain mass

g’ g’
& :< ) W+ 2184 (gW, + 1B
= (0 3) v + £ o+ £3) (0
2 2 s W.
gy | : V g g8 3u




2. Higgs mechanism

1
Define the complex fields: W = ﬁ(Wlﬂ FiW,,)

gW3,u A g/Bﬂ ,W3,u o gB
and ZM , then the mass terms become

\/g 2 | e

(g +g2)Z”Z So,

g

Ly

,m

My, = gvi2, M, = \/g +g v/2,My =)

The mixing angle is determined by M, = Mzg/\/g2 +g%=M,cos0y .

The electron charge ¢ = gg’/\/g2 + g% = gsinby,



2. Higgs mechanism

Now tan 6y, = g’/ g, which is precisely Glashow's relation, but now it emerges

from spontaneous symmetry breaking, not fine-tuning! The massless gauge
boson (the photon) does not couple to the neutrino.

The charged current interaction:

Foe=—= |77 (1= 79 €@W; () +H.c.|

cC 2\/5

Gr g
In the low energy limit, — = .
V2 &My




2. Higgs mechanism

The electromagnetic interaction: take D, = d, — igW — ig'Y/2B , then

1 1 1
L, = Eg sin Oy, (1 i YL) P R Ve Eg sin Oy, (—1 e YL) G By Eg sin Oy Y, egyegA,

Wehave Y =15 V.= — 2" pomby = e

e

The neutral current interaction:

8 e g
iy = vyH(1 — i
nc 4 coS QW el ( }’5) € H 4 cos QW

ey” (1 —4sin® Oy, — ys) eZ,

The neutral current was observed in 1973 at CERN. This discovery was the
first crucial experimental evidence for the existence of the Z boson, which
would eventually be directly observed at CERN in 1983.



Problems with the Glashow-Weinberg-Salam

| We cannot write the interaction for a nucleon doublet. Otherwise, we have
neutron-photon coupling.

2. The fermions are not allowed to have a mass term m (€;ep + €xe; ). €; has
weak isospin 75 = — 1/2,Y; = — 1 whileephas 7, =0, Y, = — 2.

3.The axial vector current is not conserved due to the chiral anomaly. The
anomaly is proportional to [y t%{¢’, t°}]. For a U(1) and two SUQ2);

bosons, tr[t9c?Y] = §% Z Y, . For a theory containing only particles

L
V., €, €p there is anomaly because —1 — 1 -2 =-4

The first and third problems were solved after the introduction of quarks.



Problems with the Glashow-Weinberg-Salam

The second problem is solved by writing down the Yukawa coupling:

L=y o @es o H ¢

= —
After symmetry-breaking, we have the mass term
%

-~ —yeTéLeR+H.c. = m(eestHic)
2

S

m

And the Yukawa coupling of the fermions:

Wiz
. =—TeLheR+H.c.

m



2. Higgs mechanism

The Higgs mass is a free parameter in the Glashow-Weinberg-Salam model.
The constraint can be derived from the W boson scattering.

Wr+ W™ - Wr+ W~
In the high energy limit, due to the Goldstone equivalence theorem, the

dominant contribution is from the longitudinal mode. The amplitude has the
form

oM M? 1 1 2M?
ﬂL(Sat)’%_ 2 H( = )%— .

2 2 — M2 — M?> 2
V PN M V



2. Higgs mechanism

The S-wave (J = 0) partial wave amplitude is

27T P2 112

i 1 2M? M?,
a,=——| dcosOM(s,cos0)=——-2-| — —
S aon 3

The unitarity of the S-matrix requires |a,| < 1.Thus,

M,; < +/87v ~ 1200 GeV




Vacuum stability

SM couplings

Higgs quartic coupling A
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3. Higgs production and decay

Direct search at the large electron—positron (LEP) collider (189-209 GeV)

CL
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3. Higgs production and decay

Direct search at the Fermilab TeVatron (1.96 TeV)

Tevatron Run Il Preliminary, L <10.0 fb™
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3. Higgs production and decay

6 July 2010 m . .= 158 GeV
Ag® = 1 Electroweak precision data
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Events / 2 GeV

Events - Fitted bkg

Discovery in 2012
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Francois Englert and Peter Higgs were awarded the 2013 Nobel Prize in
Physics "for the theoretical discovery of a mechanism that contributes to
our understanding of the origin of mass of subatomic particles.”

Robert Brout, Englert's co-author, had died in 2011.
Peter Higgs died in 2024.

With the Higgs discovery, the Standard Model was complete. All particles
predicted by the theory had been observed, and their properties measured with

remarkable precision.
32
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Higgs boson production and decay at the LHC
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precision reach of the 12-parameter fit in Higgs basis

- @ LHC 300/fb Higgs + LEP e'e >WW B CERC 240GeV (5/ab) + 350GeV (200/fb)
_ Il LHC 3000/fb Higgs + LEP e*'e">WW B FCC-+tee 240GgV (10/ab) + 350GeV (2.6/ab)
1 light shade: e*e™ collider only HILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab) N
= solid shade: combined with HL-LHC W CLIC 350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab) §
blue line: individual constraints .
red star: assuming zero aTGCs o
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» Assuming the following run plans (no official plan for CEPC 350 GeV run)

» CEPC 240 GeV(5/ab) + 350 GeV(200/fb)

» FCC-ee 240 GeV(10/ab) + 350 GeV(2.6/ab)

» |LC 250 GeV(2/ab) + 350 GeV(200/fb) + 500 GeV(4/ab)
» CLIC 350 GeV(500/fb) + 1.4 TeV(1.5/ab) + 3 TeV(2/ab)

From Jiayin Gu



240 GeV

NG 365 GeV
channel 7ZH WW - H ZH WW — H
ZH — any  +£0.31 +0.52

vyH — any  £150

H — bb +0.21 +1.9 +0.38 +0.66
H — cc +1.6 +19 +92.9 +3.4

H — ss +120 +990 +350 49280
H — gg +0.80 +5.5 +92.1 +2.6
H— 77 +0.58 +1.2 +5.6 (*)
H— up +11 125

H— WW* +0.80 +1.8 (*) +92.1 ()
H—Z7Z7Z*  +25 +8.3 (*) +4.6 (*)
H — vy +3.6 +13 +15

H — Zv +11.8 +99 +923
H—vvvr +£25 +77

H — inv. < 55x 1074 <1.6x10"3

H — dd <1.2x 103

H — uu <1.2x 1073

H — bs <3.1x104

H — bu < 2.2 X 10_4 HEWT Summary
H — sd <2.0x 104

H — cu <6.5x 1074

(*) analyses ongoing, results scaled from FCC CDR
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Higgs boson production and decay at electron colliders

Measurements of Higgs total width, and all Higgs couplings at the LHC are
model-dependent.

Measurements are model independent at e "¢~ colliders.

o e”
o(ZH) X B(H — XX) « g2, % %
H
o(ZH)’ s
Iy ,and it is expected that 61"y, = 0.78 %
o(ZH,H — Z7)

With I';; determined, each B(H — XX) measurement can be used to
determine gy couping.



Higgs boson production and decay at electron colliders

Resonant Higgs production at 125 GeV provides the possibility to probe
the electron Yukawa coupling, B(H — ee) ~ O(107°)

-
o

No Z — gg
.64 fb|—>|0.57 fb(ISR)|—>[0.28 fb| vs.6(ee — Z) ~ O(10°) b
- > -
- Energy spread: o 30 Monochromatization WPs 9
. — =0 \E., Parametric study
05 b=41 v g 20 M GHo V22 8
= 04:_ T---e‘>;151\(:ev 3 !
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0-1:___ _____ e 2 NG py- e Yukawa limits.e’e —> H, Vs =125 GeV 5y <0.25yM
j/f s (for each detector in 1 year) e a1
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's (GeV) arXiv 2107.02686 FSR volume 1 Zin(ab™)
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/
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Unknown! v _m2HTH + AH'H)?+ %2 (H'H)®,  Elementary Higgs

VH) = —asin®(VHH/f) + bsin*(VHTH/f), Nambu-Goldstone Higgs

ANHTH)? + ¢(H'H)? log HI;H : Coleman-Weinberg Higgs
Agrawal, Saha, L.X.Xu, J.-H. Yu, C.-P. Yuan _SVHTH + m2H H, Tadpole-induced Higgs
\
arxiv:1907.02078
| \ ) |

NWIN

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs

From Marco Valente i



Top quark mass, m;/GeV

Fermions (in particular tops) contribute to the Higgs potential with a negative sign.

A Stable
universe /

Our current Higgs /
minimum /

Markannen, Rajantie, Stopyra

V(¢)

S 4

Unstable \

universe

Current measurements suggest that we

178 [ ” - . .
-------------------------------------- Meta-stability . live iIn a metastable universe!
176i region Ity
: ""TRH = IO‘GGeV -
174-_ & = £1000 - i
- =0 S 1 1 e — g .
e ML il However, universe decay expected in a larger
172F-7 I S ; :
) m; = 173.1GeV ] time the current universe age =
170F e my, = 125.18 GeV]
P=te Stability region f But it will eventually decay @)
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Higgs mass, m;,/GeV

From Marco Valente "



go —HH as a function of k

0000000 P > -_ -
//
Y --< A Y
N\
N\
0000000, \ < S —
oy = A + Bk + Cik?
computation A[fb] A/AMLO) BI[ib] B/B(LO) Cl[ib] C/C(LO)
LO m, fin 35.0 -23.0 4.73
NLO m, fin 62.6 1.79 -44.4 1.93 9.64 2.04
NLO m;, fin x NNLO SM FTApprox 70.0 2.00 -49.6 2.16 10.8 2.28

NNLO + NNLL m; — oo x
NNLO+NLL SM (partial m, fin)  71.3 2.04 -47.7 2.08 9.93 2.10

1910.00012 46



OgqF + vBF(HH) [fD]

ATLAS

Vs =13 TeV, 126—139 fb-
104 HH-bbT* T~ + bbyy + bbbb
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Physics Letters B 843 (2023) 137745
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T'he meaning of k

g Y

2
Ky

(0-BR)(gg > H —yy) = osm(gg — H) - BRsm(H — yy) -

Handbook of LHC Higgs Cross Sections,1307.1347

[t can be considered as a rescaling factor of the corresponding parameter in the
Lagrangian.

[t is a ratio of two parameters in two Lagrangians (Z'yp and £ q,,).

_ _ Map

L= A0
Asy Asy

How to rescale the single parameter in Z;,?

50



HEFT

* To describe the new physics beyond the SM, we often take a consistent
effective field theory framework.
 HEFT: Higgs field as a singlet, non-linear, no explicit constraints on

couplings
LupeEr — L L4
2 H H\?2 4
£2 :/UZ (1 +2a—+b<—> + )Tr[DﬂUTDllU] U(ﬂa) — elﬂ' T /’U
v v

1 1o :

+50”H6”H— V(H) _T.ngr[W”VW” ] V(H) — (_’u2 +11’U2)’UH+§(—/42 + 3/1’02)H2
I a5 A

- —Tr[B/wBlw] + Ler + Lrp. + K3/1’UH3 + K4—H4.

24* 4

Dl



A more realistic function form

g o o H guor<4—--¢H
vy >« v 4
g 8 ¢ H guouly»l - H
g ) H g W\« H
. & A
\ - v 4
g 09 H gty H

oy = A + Big CK32 DK? -t El(‘gL 21 FK3,2K4 + Gk + Hiy + -+

D2



Renormalization

The renormalized Lagrangian in the k framework after EW gauge symmetry breaking:

K 1 7 1 N ) 1 274 1.4 2er5 03 2
L= Equ(aﬂH) = <—§Zﬂ2Z¢Zv,u Vo -k ZZ/IZgva AV > - (Zﬁzd)Zv/lv — L pLy Loy v)H
7 <%ZAZ£ZV2 Av* - %Zpﬂzcb'“z) He ZK3HZAZ(,%ZV/13HVH f= %ZK4HZ/1Z£/14HH N
The linear term is
(u*v — WHH + (62,2 + 6Zy + 6Z)u*v — (6Z, + 267, + 36Z,)Av’1H

We choose the renormalization scheme in which there is no tadpole contributions.

u? = Av? and (02, — 0Z) — 0Z, — 25Zv),uzv + 7' = 0 with T the one-loop diagrams.

3 AV 1 .
=——m| —+In=+1
167 c - mp _, HT.Li,ZG. Si, JW, X. Zhang, D. Zhao, 2407.14716



Renormalization

The quadratic term is
1 2 207 1 2 3 5 1 2172
E(GMH) — U H" + Eézd)(aﬂH) 3 552/1 == 55245 == Eﬁzﬂz = 35Zv MU H
1 2 1 0% 2 1 2 1 &
= 5(0MH )- — EmHH e EéZqﬁ(dﬂH )- — 5(5ng, + 0Z,)myH

We choose the on-shell renormalization scheme.

31 1 ; v | [ :
8,y = 4H< +1n”—’;+1)+ 2 ( +1nM—R+2—L)

1672 \ € mg mg 8m° \ € m# \/3
93v> /3 — 27/3
57, = 3H2V L
87 3mz

Since we focus on the corrections induced by the Higgs self-couplings, we can simply take
5Z,+ 62,12 =0

54 H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2407.14716



Renormalization

The result of one-particle reducible diagrams and counter-terms: | MS scheme

2
Mgg—>H*—>HH X {167‘(‘2 (—2)\4H — )\3H + 6>‘§H—2) + 5Z,¢J

2

- 1672 mH 4 3 m2,

Ny o STATUATE NN AT A
L) 2
2

55 H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2407.14716
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Updated function forms

The A dependent correction is

K, e doies et 2 S 2 g
50ggF’EW = (0.075x; —0.158x; —0.006k; «; —0.058k; +0.070x; «x; —0.149¢; ) tb
K) o 4= 3 2 o 2 &
50VBF’EW — (0'0215'%}1 0’0324'%}1 0.00191</13H1<,14H 0‘0043'{&31{ + O.OISIK%HK,MH 0.021 1K‘/14H) fb
ggF VBF
H)\BH Kl)le K K K K K K .
OO | ONNLO-FT | 9EW | 91O | ONNNLO 00 gy T.he .QCD C.orrectlons s
—, | significant in ggF, but not
1 1 | 16.7 31.2 -0.225 | 1.71 | 1.69 | —2.30 x 10 s
sensitive 10 K3 .
3 1 | 859 18.4 1.28 | 3.59 | 3.53 8.35 x 1071
6 1 67.3 161 60.6 | 25.1 24.6 20.7 The EW corrections are 91%
1 3 |16.7 31.2 -0.393 | 1.71 | 169 | —3.89x 1072 | (82%) in ggF (VBF) for i3y = 6.
1 6 | 16.7 31.2 -0.646 | 1.71 | 1.69 | —6.27 x 1072
3 | 3 |859| 184 130 | 359 | 353 | ss0x10-! | 1hedependence on Ay is weak.
6 6 |67.3 161 61.0 | 25.1 | 24.6 20.7

H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2407.14716
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More stringent constraint

ATLAS (CMS) limit

800¢
- —LO

700- 6.6 (6.49)

- — QCD (N)NNLO
600-

500"
o3 B
g 4005—
5 300
200"
1001

— QCD (N)NNLO + O(A3y,, A3y

[fb]

L1 I B ||||E|3| I
%4720 2 4 6 8 10 54 (5.37)

H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2407.14716
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4. Higgs and new physics: Hierarchy problem

Electroweak scale: v &~ 246 GeV
Planck scale: Mp| ~ 1.22 X 10'° GeV

The mass of the Higgs boson is determined by its potential, but is
sensitive to the quantum loop corrections.

y;
167
If A ~ Mpy, then Amé is 10°* times larger than mf{ ~ (100 GeV)? .

Amé ~ 2/\2, A is a cut-off, where new physics would appear.

To obtain the physical Higgs mass, there must be fine tuning of the
bare mass, which seems unnatural.

Naturalness: — MRS AN K E T~ [E SEARAI T2 A < Bl B9 R IR KB 5
EEFEARREDE, NEXNTRIMES N Z R RIF{EEESEN.




4. Higgs and new physics: Hierarchy problem

s this just a taste or a real problem?

One may adopt the dimensional regularization so that no quadratic
divergences exist (logarithmic divergences still exist).

9yt2 o el ,uz 1
e A e e e
472 ' | € 2 m? 3

Vi
5mH—

The correction is sensitive to the new physics scale (denoted by m,).

This dependence is the same, irrespective of the new particle’s spin.

The core of the problem: the mass of a scalar should be at the same
order as the heaviest particle which it can couple with.



4. Higgs and new physics: Hierarchy problem

Solutions to the hierarchy problem:

|. Supersymmetry (SUSY): fermion-boson symmetry. If this
symmetry is unbroken, the corrections are cancelled. If it is broken
at the TeV scale, the corrections are at the TeV scale. However, no
signal of SUSY particles at the LHC was found.

2. Composite Higgs: Higgs boson is not elementary, but a composite
particle, like the pion in QCD. Its mass is dominated by a new
strong interaction, which is not sensitive to high scale physics.
However, EWV precision measurements, FCNC flavor physics, and
new particle searches at the LHC impose stringent constraints.

3. Extra Dimensions: Randall-Sundrum model: Gravity can propagate
in extra curved space and thus the Planck scale is not far from TeV
scale. No missing energy and new resonances (Kaluz-Klein modes)
have been observed.



4. Higgs and new physics: Spontaneous symmetry breaking

Higgs potential: V(®) = — u*®'® + A(P'd)*
Can we explain this structure!?

In the early state of the Universe, the temperature is high.The
potential is given by

A(T) .
4

where C and 7. are positive constants.

V(®,T) = C(T? — T.)*®*

At zero temperature, the potential has a negative mass squared
term. The state @ = 0 is unstable. The favored state corresponds to

08
the minimum at ® = £ TTC.



4. Higgs and new physics: Spontaneous symmetry breaking

The curvature of the potential is now T-dependent,
m*(®,T) = 3)® + 2C(T? — T?)
The minimal state corresponds to dV(®, T)/d® = 0, given by

260 =
D) =05 D(T) = el
A(T)
AtT > T, m*(0,T) > 0,and thus the origin is a only minimum.
1 e
AtT=T.,m~(0,T) = 0, the potential becomes V(P, T ) = % 0

AtT<T, m?(0,T) < 0, the origin becomes a maximum.The

\/ 20(T2 — T2
minimum is at ® = 7 .




4. Higgs and new physics: Spontaneous symmetry breaking

There is no barrier between the symmetric and broken phases. The
phase transition may be achieved by a thermal fluctuation for a field
located at the origin. This phase transition is called of second order.

— T>T: - T>Tc
: A
V(o) vo) [~/ [ =k
0 T=T. 0
T<T.
- I=0
¢ -—

Second order PT First order PT



4. Higgs and new physics: Spontaneous symmetry breaking

Sakharov conditions for baryogenesis:
| .Baryon number violation. Nonperturbative physics.
2. C and CP violation. CKM matrix

3. Out of equilibrium. First order phase transition.

The Standard Model fails to explain the observed baryon asymmetry.

New scalar states: 2HDM, MSSM, xSM
Modified Higgs potential: dim-6 operators
Additional CP violation: Complex couplings

Testable at colliders and GVV observatories
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