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Questions that we need the answers
1. Nature of EW Superconductivity: BCS?
2. Large hierarchy problem: the next scale?
3. Nature of EW phase transition?
4. Flavor physics: fermion mixing/neutrino mass*
5. Dark matter*: WIMP & Higgs portal?
6. Matter – antimatter asymmetry*: baryogenesis
7. … … 
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All demands new physics BSM!

In summary: SM solidly established



1. The Quest for the SM & Beyond

2. A Strongly-coupled EW Sector

3. A Weakly-coupled Extension

4. Flavors of Matter Fields
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QCD coupling runs logarithmically between vastly 
separated scales:

Barbieri-Giudice fine-tune measure rather high:

Below ΛQCD, QCD becomes strongly interacting 
and forms condensate: 

LR chiral symmetry is spontaneously broken to iso-spin:

à 3 Nambu-Goldstone bosons: π+, π-, π0 (u, d bound states)

↵s(⇤
2) ⇡ ⇡

2 ln(⇤2/⇤2
QCD)

e.g. ⇤QCD ⇡ ⇤ e
� ⇡

4↵s(⇤2)

<latexit sha1_base64="mC+q+9mupOwNDJv8xHxK2yyAuzs="></latexit>

hq̄LqR + q̄RqLi ⇠ f3
⇡

<latexit sha1_base64="rV7AIq17+d27+KwaiszPAH108MY=">AAACKnicbVDLSgMxFM3U9/iqunQTLIIglJkq6FJ0I+hCxVrBqUMmvVNDMw+TO2IZ+kdu/AvXbkTcKPghpuO40Hrgwsk5J8m9N0il0Og4r1ZlbHxicmp6xp6dm19YrC4tX+gkUxyaPJGJugyYBiliaKJACZepAhYFElpB72Dot+5AaZHE59hPoR2xbixCwRkaya8eeQj3WLyTK+gMctuTLO5KoF7AFL31j02d0c2f41khearMaBHR0PdScb1lD/xqzak7BegocUtSIyVO/OqT10l4FkGMXDKtr1wnxXbOFAouYWB7mYaU8R7rQl60OKDrRurQMFGmYqSF+ivHIq37UWCSEcMb/dcbiv95VxmGu+1cxGmGEPPvj8JMUkzocG+0IxRwlH1DGFfCdEj5DVOMo9mubUZ3/w46Si4adXer3jjdru3tl0uYJqtkjWwQl+yQPXJITkiTcPJIXsg7+bAerGfr1Xr7jlas8s4K+QXr8wtNaKWk</latexit>

A Lesson from QCD

but we understand it: dimensional transmutation.

@ ln (⇤QCD/MPl)

@ ln↵s
⇡ ln(MPl/⇤QCD) ⇡ 100!

<latexit sha1_base64="z0hR10XCCsd6RGl3FXsZzULjJ+0="></latexit>

1%-level fine tune!
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In the non-linear realization of the Chiral symmetry, 
the Lagrangian for the Goldstone bosons π+,-,0 
\

• Derivative coupling à shift symmetry π à π+const.
• Pseudo Nambu-Goldstone bosons π+, π-, π0 acquire their 

masses from explicit symmetry breaking: QED, mu,d  
• There is a rich hadronic spectrum with dynamical mass
      m ~ 4 π fπ ~ 1 GeV,  typically Γ ≥ 20% m :
      m(f0) ~ 0.4 -1.2 GeV,  Γ ~ 0.6 - 1.0 GeV !
      m(ρ±,0) ~ 0.77 GeV,    Γ ~ 0.15 GeV  … …
• After confinement by QCD dynamics, the composite states 

(hadrons) may be described perturbatively, 
     e.g., by the chiral perturbation theory. 

� =
f⇡p
2
exp(i~⌧ · ~⇡/f⇡) ⌘

f⇡p
2
U, L =

f2
⇡

4
Tr(@µU@µU)

<latexit sha1_base64="XU4+KgZtTZ8J93Qx4rEu9Ws2/EE="></latexit>
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QCD strong dynamics breaks the chiral symmetry
as well as the SU(2)L gauge symmetry, therefore:  
                       M(W,Z) ~ O(g f𝝿)Dynamical approach for mass generation:

• Technicolor: A lesson from QCD

SU(NTC) gauge theory, TC fermions Q = U, D, ...

EWSB by TC-fermion condendation at ΛTC:

v ∼ ⟨QLQR⟩1/3 ∼ 246 GeV.

√
no elementary scalar, like Higgs.

√
theory natural: ΛTC dynamical.

√
predicts new strong dynamics at the TeV scale: πT , ηT , ρT , ωT ...

× leads to too large radiative corrections:

S ≈ 0.25NTC, while Sexp ∼ −0.07 ± 0.11.

× no fermion masses.

3 Nambu-Goldstone bosons in the non-linear 
realization of the gauge symmetry:

U = exp{i!i⌧ i/v}, DµU = @µU + igW i
µ
⌧ i

2
U � ig0UBµ

⌧3

2
L =

v2

2
[DµU†DµU ]! v2

4
(
X

i

g2W 2
i + g02B2)

M(W,Z) = g v/2,  plus some TC hadrons M ~ 4 𝝿 v

From QCD to Technicolor

Composite Higgs

BUT why is Higgs boson much lighter 
than other bound states?

Higgs boson = bound state of new strong dynamics

New strong force with coupling, gs

MPTeV ⇤s

gs

⇤s = MP e
� 8⇡2

g2s |bs| ⌧ MP

Similar to QCD: ⇤QCD ⌧ MPµ2
h ⇠ ⇤2

s ⌧ M2
P

Weinberg, Susskind, ‘80
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Extended Technicolor for fermions masses

• Extended Technicolor:∗ Fermion mass generation

GETC gauge theory, ETC fermions: U, D, ..., u, d...

After intrgrating out ETC gauge bosons at the scale ΛETC,

with TC-fermion condensate,SM fermion mass generated:

mf ∼ ⟨QLQR⟩/Λ2
ETC ∼ Λ3

TC/Λ2
ETC.

√
theory natural: ΛETC dynamical.

√
predicts new fermion flavor physics at the TeV scale...

× a devastating problem:

On the one hand: small FCNC: 1
ΛETC

< 1
103 TeV

.

On the other hand, heavy quark mc ∼ 1 GeV ⇒ ΛETC < 30 × ΛTC
1 TeV

=⇒ Non-QCD like: Walking TC

TC gauge coupling running very slowly.

⟨QLQR⟩ almost constant over ΛTC − ΛETC.

⟨QLQR⟩ETC enhanced by 100−1000.

∗Eichten and Lane;
For a review, Hill and Simmons
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Flavor is the show-stopper:

Gauge boson masses are easy to generate (EWSB),
But fermion masses are header.
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Overall on TC / Extended TC:

Dynamical approach for mass generation:

• Technicolor: A lesson from QCD

SU(NTC) gauge theory, TC fermions Q = U, D, ...

EWSB by TC-fermion condendation at ΛTC:

v ∼ ⟨QLQR⟩1/3 ∼ 246 GeV.

√
no elementary scalar, like Higgs.

√
theory natural: ΛTC dynamical.

√
predicts new strong dynamics at the TeV scale: πT , ηT , ρT , ωT ...

× leads to too large radiative corrections:

S ≈ 0.25NTC, while Sexp ∼ −0.07 ± 0.11.

× no fermion masses.

x Tension with EW precision measurements
x Tension with LHC direct searches
x Difficult to generate fermion mass hierarchy (ETC)
x AND, hard to have the Higgs boson light

The existence of a light, weakly coupled Higgs 
boson carries important message (!) for our 
understanding & theoretical formulation 

for & beyond the SM. 
“Why I would be very sad if a Higgs boson were discovered” 

by Howard Georgi, 1993 
(Perspectives on Higgs physics, p.337-342)
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The Higgs boson may be a Nambu-Goldstone boson:
Like W±

L , ZL ; unlike dynamical states f0, 𝞀±,0
TC, 𝞈TC etc.

§ H. Georgi and David B Kaplan, 1984.

Higgs = pseudo Nambu-Goldstone boson [Georgi, Kaplan `84]

Global symmetry, G spontaneously broken to subgroup, H at scale, f

BUT global symmetry must be explicitly broken to generate V (h) 6= 0

Higgs mass protected by shift symmetry 
-- like pions in QCD !

Resonance mass: m⇢ ⇠ g⇢f 1 . g⇢ . 4⇡
& TeV⇢(n)

h

coset

h ! h+ const.

G/H � h+WL, ZL Higgs doublet}
e.g. SO(5)/SO(4)

Nambu-Goldstone bosons remain massless,
and thus “naturally light”.

The Composite Higgs



10

The global symmetry G must also be explicitly broken
to generate the Higgs potential and thus mh 

Global symmetry broken by mixing with elementary sector

Higgs potential:

where µ2
h ⇠ g2

SM
16⇡2 g2⇢f

2 �h ⇠ g2
SM

16⇡2 g2⇢

[Contino, Nomura, Pomarol `03; Agashe, Contino, Pomarol `04]

v2 =
µ2
h

�h
EWSB:✓
hHi = vp

2

◆ f ⇠ v

tL,R

h h

hh

Higgs mass:
i.e. light top partners mT ⇠ gT f

gT ⇠ 1.3

V (h) = �µ
2
h|H|2 + �h|H|4

m2
h = 2�hv

2 ' Nc

⇡2
m2

t g
2
T

[gSM = SM gauge or Yukawa coupling]

(= fermionic resonances)

strongly-coupled 
Higgs sector

Oi

SM matter and 
gauge fields

 i, Aµ
Lmix = �L,R L,RO + gV A

µJµ
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Partial compositeness

 Explains the fermion mass hierarchy

• Top quark is mostly composite! dim OL,R ⇠
5

2

�L,R ⇠
✓

⇤

⇤UV

◆dim OL,R�
5
2

where

mf ⇠ �L�Rv

• Light fermions are mostly elementary dim OL.R >
5

2

[Kaplan 91; TG, Pomarol 00]

L = �L LOR + �R ROL

Bonus feature:

H

x

�L

x

�R

 L

 R

 R

 L
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A “Natural” Composite Higgs spectrum :

⇢(n)

h

 (n)

100 GeV

1 TeV

10 TeV

750 GeV . f . 1 TeV

1 . g⇢ . 4⇡

gT ⇠ 1.3

(spin 2 resonances)

(vector resonances)

(top partners)

(pseudo NG boson)
Plus possible new light mesons 𝛑, 𝛈, 𝛈’ etc. 



13

The Littlest Higgs Model

Lecture II

The Littlest Higgs Model

A specific realization: SU(5) Non-linear σ-model∗

The gauged non-linear σ-model:

LΣ =
1

2

f2

4
Tr|DµΣ|2, Σ = e2iΠ/fΣ0,

where f is the condensate scale (the Goldstone-boson decay constant);

Σ, Σ0, Π are 5 × 5 matrices.

∗Arkani-Hamed, Cohen, Katz, Nelson, hep-ph/0206021.
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(Ann Nelson, 1958-2019)
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The Goldstone bosons:

The spontaneous symmetry breaking by

< Σ >= Σ0 =

⎛

⎜

⎝

11
1

11

⎞

⎟

⎠

Global: SU(5) ⇒ SO(5), leading to 14 Goldstone bosons;

Gauged: [SU(2) ⊗ U(1)]1 ⊗ [SU(2) ⊗ U(1)]2 ⇒ SU(2)L ⊗ U(1)Y

The fate of the Goldstone bosons

10 ⊕ 30 Longitudinal modes of ZH, W±
H, AH

2±1
2

h doublet

3±1 φ triplet

The h, φ are parameterized by

Π =

⎛

⎜

⎝

0 h†/
√

2 φ†

h/
√

2 0 h⋆/
√

2
φ hT/

√
2 0

⎞

⎟

⎠
, h = (h+, h0), φ =

(

φ++ φ+/
√

2
φ+/

√
2 φ0

)

New heavy quark and the t − T Cancellation

Introduce a vector-like pair of colored fermions

t̃ : (3c,1L)Yi
and t̃′c : (3c,1L)−Yi

.

The Lagrangian is:

LY =
1

2
λ1fϵijkϵxyχiΣjxΣkyu′c

3 + λ2f t̃t̃′c + h.c.

where χi = (b3, t3, t̃), i, j, k run over 1...3, and x, y run over 4...5.

Basically,

t3 → tL, t̃ → TL, u′c
3 → tR, t̃′c → TR.

• Due to the SU(3)1 flavor symmetry, the λ1 term guarantees

the cancellation for the quadratic divergence:

−iλ1(
√

2h0t3 + if t̃ − ih0h0∗t̃/f) u′c
3 + h.c.

New heavy quark and the t − T Cancellation

Introduce a vector-like pair of colored fermions

t̃ : (3c,1L)Yi
and t̃′c : (3c,1L)−Yi

.

The Lagrangian is:

LY =
1

2
λ1fϵijkϵxyχiΣjxΣkyu′c

3 + λ2f t̃t̃′c + h.c.

where χi = (b3, t3, t̃), i, j, k run over 1...3, and x, y run over 4...5.

Basically,

t3 → tL, t̃ → TL, u′c
3 → tR, t̃′c → TR.

• Due to the SU(3)1 flavor symmetry, the λ1 term guarantees

the cancellation for the quadratic divergence:

−iλ1(
√

2h0t3 + if t̃ − ih0h0∗t̃/f) u′c
3 + h.c.

The Little Higgs idea:

An alternative way to keep H light (naturally)

• Higgs is a pseudo-Goldstone boson from global symmetry breaking at scale 4πf ;‡

• Higgs acquires a mass radiatively at the EW scale v;

• Quadratic divergences cancelled at one-loop level by new states:∗

W, Z, B ↔ WH, ZH, BH; t ↔ T ; H ↔ Φ.
(cancellation among same spin states!)

4π

g f
2

 f4π~Λ
Strong 

Coupling

Weak

Coupling         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

gf

"Little" Higgs

New States

10 − 30 TeV

1 − 3 TeV

100 − 300 GeV

‡Dimopoulos, Preskill, 1982; H.Georgi, D.B.Kaplan, 1984; T. Banks, 1984.
∗Arkani-Hamed, Cohen, Georgi, hep-ph/0105239.
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EWSB & the Higgs mass

à The quadratic divergence is then cancelled at one loop level, 
the logarithmically contribution to the Higgs mass square 

mh = 125 GeV à mT < 1TeV 

Higgs Potential and EWSB

△ At tree level:

No h2 term, due to non-linear transformation: h → h + ϵ.

So, h remains massless.

△ Radiatively, intergrating out the heavy gauge bosons and T ,

the Coleman-Weinberg potential is generated.

The effective Higgs potential is written as

V = λφ2f2Tr(φ†φ) + iλhφhf
(

hφ†hT − h∗φh†
)

− µ2hh† + λh4(hh†)2,

• In terms of fundamental parameters:

λφ2 =
a

2

[

g2

s2c2
+

g′2

s′2c′2

]

+ 8a′λ2
1,

λhφh = −
a

4

[

g2(c
2 − s2)

s2c2
+ g′2(c

′2 − s′2)

s′2c′2

]

+ 4a′λ2
1,

λh4 =
a

8

[

g2

s2c2
+

g′2

s′2c′2

]

+ 2a′λ2
1 =

1

4
λφ2.

µ2 is viewed as free.

Higgs Potential and EWSB

△ At tree level:

No h2 term, due to non-linear transformation: h → h + ϵ.

So, h remains massless.

△ Radiatively, intergrating out the heavy gauge bosons and T ,

the Coleman-Weinberg potential is generated.

The effective Higgs potential is written as

V = λφ2f2Tr(φ†φ) + iλhφhf
(

hφ†hT − h∗φh†
)

− µ2hh† + λh4(hh†)2,

• In terms of fundamental parameters:

λφ2 =
a

2

[

g2

s2c2
+

g′2

s′2c′2

]

+ 8a′λ2
1,

λhφh = −
a

4

[

g2(c
2 − s2)

s2c2
+ g′2(c

′2 − s′2)

s′2c′2

]

+ 4a′λ2
1,

λh4 =
a

8

[

g2

s2c2
+

g′2

s′2c′2

]

+ 2a′λ2
1 =

1

4
λφ2.

µ2 is viewed as free.

EWSB ctd.

• EWSB: for µ2 > 0

v2 =
µ2

λh4 − λ2
hφh/λφ2

, v′ =
λhφh

2λφ2

v2

f
.

• Higgs masses:

M2
Φ

<∼ λφ2f2,

m2
H = 2µ2 ∼ v2 <∼ a1−loop

f2

16π2
+ a2−loop

f2

16π2
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Independent model parameters

tan θ = s
c = g2

g1
New SU(2) gauge coupling

(or equivalently mixing angle θ)

tan θ′ = s′
c′ =

g′2
g′1

New U(1) gauge coupling

(or equivalently mixing angle θ′)

f Symmetry breaking scale O (TeV)

v′ Triplet φ vacuum expectation value,
v′/v <∼ v/4f

mH Regular SM Higgs mass

MT Heavy vector top mass, we trade λ2 for MT

New heavy masses in LH:

Heavy particles Mass

AH m2
z s2w

f2

5s′2c′2v2

ZH m2
w

f2

s2c2v2

WH m2
w

f2

s2c2v2

φ0, ±, ±± 2m2
Hf2

v2
1

1−(4v′f/v2)2

T
√

λ2
1 + λ2

2 f

where mw = gv/2.

à Leads to rich phenomenology:
• New particle searches
• Precision EW physics
• Flavor / neutrino physics

New heavy masses in LH:

Heavy particles Mass

AH m2
z s2w

f2

5s′2c′2v2

ZH m2
w

f2

s2c2v2

WH m2
w

f2

s2c2v2

φ0, ±, ±± 2m2
Hf2

v2
1

1−(4v′f/v2)2

T
√

λ2
1 + λ2

2 f

where mw = gv/2.
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HOWEVER, precision electroweak, flavor constraints

e.g. custodial symmetry, flavor, symmetry, twin parity….

e.g. FCNC f & 10TeV✏iq✏
j
q✏

k
q ✏

l
q

g2⇢
m2

⇢

q̄iqj q̄kql ✏iq ⇠ gi
g⇢

EWPT: S =
s

2⇡
⇠ m2

W

m2
⇢

f & 2.5 TeV

g⇢

s

16⇡2v2
H

†
⌧
a
HB

µ⌫
Waµ⌫

�t

16⇡2v2
((Dµ

H)†H)(H†
DµH) T =

t

8⇡e2

f � v

Tension partly alleviated by complicating minimal models

f & 5.5 TeV⇠ v2

f2

“Little” hierarchy

[Bellazzini, Csaki, Serra 1401.2457]
[Panico, Wulzer 1506.01961]
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Correlation between H → gg and H → γγ:

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

Γ
(H

 →
 g

g)
 / 

SM

Γ(H → γγ) / SM

f = 1 TeV

2 TeV

3 TeV

mH
120 GeV
150 GeV
180 GeV

While the LHC and ILC could be sensitive to f ∼ 650 GeV,

a photon collider could probe deviation for

H → γγ to f ≈ 1.1 (0.7) TeV at 2σ (5σ).

Collider Phenomenology

Little Higgs itself? HSM is THE LH.

Only loop-induced effects∗

• T affects H → gg • W±
H, T affect H → γγ

0.8
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1
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mH
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180 GeV

New effects scale like v2/f2, thus decouple at high scales.
For f ∼ 1 TeV, H → gg reduced by 6 ∼ 10%;

H → γγ reduced by 5% ∼ 7%.
∗TH, H. Logan, B. McElrath, and L. Wang: hep-ph/0302188.

Precision Higgs coupling constraints
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Significant differences for FB asymmetry among Z ′s:

Ai,f
FB = 3

4AiAf, Ai =
g2
L−g2

R
g2
L+g2

R
.

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 1000  2000  3000  4000  5000

A F
Bha
d

Z’ mass (GeV)

LHC pp 14 TeV, CTEQ5L

Littlest Higgs

Simple group, univ

Simple group, anom-free

E6 Z’ψ
E6 Z’χ

LR sym

Which LH? Gauge sector signatures

• W±
H versus X± • ZH versus Z ′
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Most wanted:  T production:

rather simple case in which all three generations obtain their masses from the same type of
gauge invariant operator as the first term in Eq. (24).

2. Fermion Gauge Interactions

Assuming the fermions transform under G1 ⊗ G2 analogous to the SM, the fermion gauge
interactions can be constructed in a standard way, as given in the appendix. The SM weak-
boson couplings to fermions receive corrections of the order v2/f 2, while the electromagnetic
coupling remains unchanged, as required by the unbroken electromagnetic gauge interaction.
There are new heavy gauge bosons to mediate new gauge interactions.

For the gauge couplings involving the top quark, we must include the mixing between the
chiral t3 and the vector-like t̃. Since these fermions have different SU(2) ⊗ U(1) quantum
numbers, their mixing will lead to flavor changing neutral currents mediated by the ZL boson
formally at the order of v/f . The two right-handed fermions, uc

3 and t̃c, have the same quantum
numbers under the Standard Model SU(2)⊗U(1) gauge groups, so that their mixing does not
cause any FCNC gauge couplings involving the light gauge bosons. A similar argument is
applicable to the charged current, which gets modified as

J+µ =
1√
2

[

cLt̄Lγ
µbL + sLT̄Lγ

µbL

]

, (31)

where cL, sL are given in Eq. (A44). It is useful for future phenomenological studies to write
the mixing to order v/f as

sL ≃
λ1

λ2

mt

MT
. (32)

We will also assume that the first two generations get their masses through normal Yukawa
couplings which reproduce, to the leading order in v/f , the usual CKM matrix. However,
because of the mixing of the SU(2) doublet state t3 into the heavier mass eigenstate TL, the
CKM matrix involving only the SM quarks is no longer unitary and the leading deviation occurs
at the order v2/f 2, as given by

Vtb = cLV SM
tb = V SM

tb

(

1 −
1

2

λ2
1

λ2
2

m2
t

M2
T

)

,

VTb = sLV SM
tb = V SM

tb

λ1

λ2

mt

MT
. (33)

It is apparent from the Feynman rules in Appendix B how the heavy fermion T couples to
other particles. TRtLH has a coupling of order one (not suppressed by any powers of v/f), and
the couplings to SM gauge bosons are formally suppressed by v/f . However the couplings to
the longitudinally polarized gauge bosons gain an enhanced factor f/v, resulting in an effective
coupling the same strength as that to H . We will discuss the phenomenological implications
in Sec. IIID.

C. On the SU(2) Custodial Symmetry

An immediate question for an extended model is the possible tree-level violation of the
SU(2) custodial symmetry and therefore potentially large deviations from the SM prediction
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LHC Signals
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Kinematical features: W+d → U → ℓ+νj:

forward jet

high pT jet

q q
Q

W

l ν+−

+−Single T production:
Kinematical features: W+d → U → ℓ+νj:

forward jet

high pT jet

q q
Q

W

l ν+−
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LHC bound update: 
Vector-Like-Quark & Di-jet resonances

Figure 2 – Summary of the current limits as function of the VLQ mass for pair production (left) and for single

production (right)
9
.

3 Conclusion

CMS has a variety of complementary searches in place for both pair production and single
production. The pair production begins to reach the high mass regime where as the single
production starts to dominate. The single production is getting up to speed with the studies of
the various widths and allows to exclude model parameters. A summary of the current results
is presented in figure 2 as a function of the VLQ mass. The complementary approach of the
searches will either give us a stringent constraint on the model when the full Run 2 data will be
analysed or a first sign of new physics.
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LHC Limits:  The Missing Resonances Problem
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• Massive spin-1, spin-2  resonances
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Testing the Higgs “compositeness”
Historically,

• Rutherford (1919) discovered & named the “proton”: 
     “the 1st  (in Greek)” à the most elementary element.
• Otto Stern (1933) discovered the “anomalous” magnetic 

moment 𝝁p~ 2.8 𝝁N à not Dirac-like
• Robert Hofstadter (1960) discovered the proton form factor 
     à spatial charge distribution.
• DIS at SLAC (1969) … that’s all history

Lesson:
If the composite scale is not accessible, 
• Look for  “anomalous coupling” ~ E2

• Probe the form factor at high Q2

An elementary scalar?

1

mh

⇠ 1.6 am

HL-LHC

1

12mh

⇠ 0.13 am

HL-LHC will probe well beyond pion-like levels of 
compositeness, and within a factor of ~2 of CEPC. 
The qualitative point will have been settled already. 

Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level

24/58

HL-L
HC

CEPC

Does another factor of 2 in radius teach us any qualitatively 
new lessons? Yes, crucial for sensitivity to BSM loops
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hard scattering strong interaction, through parton shower evolution of the initial and final
state quarks and gluons, and through the modification of the parton distribution functions
(PDF). The PDFs are further modified by the addition of new splitting amplitudes of the
gluon, thereby altering the DGLAP evolution equations. Therefore, for a complete exper-
imental understanding of the RG evolution of different couplings in an extra-dimensional
scenario, we first need to determine the modifications in ↵S and the PDFs from multijet
production at the LHC, in particular, from the ratio of two and three jet cross-sections.
Subsequently, we can utilize the pp ! h

⇤
! ZZ production to extract the information on

running of yt.

6 Strongly Coupled Scenario: Form Factor

Although the observed properties of the 125 GeV Higgs boson are consistent with the SM
scenario of an elementary scalar Higgs doublet, given the present accuracy of the LHC mea-
surements, it remains an open possibility that the Higgs boson is composite in nature, being
a bound state of a confining strongly interacting theory with a characteristic compositeness
scale of ⇤c. At the same time, the heaviest fermion in the SM, namely the top quark could
be composite (or partially composite) as well. In this section we shall discuss some generic
expectations for such a scenario.

Assuming parity conservation, and restricting ourselves to dimension-four couplings,
generically the top-Higgs coupling will then involve a momentum-dependent form factor
which is a function of all the independent Lorentz invariant combinations of the top (pµ)
and anti-top four-momenta (p̄µ). Normalizing to the SM coupling, the off-shell top-Higgs
effective vertex is then given as

VttH(p
µ
, p̄

µ
) =

p
2mt

v
�
�
p
2
/⇤

2
c , p̄

2
/⇤

2
c , q

2
/⇤

2
c

�
, (6.1)

where the Higgs boson four-momentum is given by q
µ
= (p + p̄)

µ. In the limit ⇤c ! 1,
both the Higgs and top are point-like particles, and therefore in this limit �(0, 0, 0) = 1.

Although the general form of such a three-point function is difficult to determine in a
strongly interacting theory, one can gain an understanding of a composite scenario either
in the large-N limit (with N being the number of colors in a strongly coupled SU(N) gauge
theory), or within an weakly interacting warped five-dimensional model, which is dual to
the four-dimensional strongly interacting theory in the large-N limit. While some aspects of
such a scenario have been discussed in the literature [4], here we focus on a phenomenological
ansatz for the form factor, which can be used to parametrize the expected deviations from
the SM.

In analogy with the proton electromagnetic form-factors, we adopt the following ansatz
for the Higgs-top coupling form-factor:

�
�
q
2
/⇤

2
c

�
=

1

(1 + q2/⇤2
c )

n , (6.2)

where n = 2 corresponds to the dipole form-factor in the case of proton. As a large part of
the total off-shell Higgs rate comes from the regime in which the top quarks in the triangle
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where n = 2 corresponds to the dipole form-factor in the case of proton. As a large part of
the total off-shell Higgs rate comes from the regime in which the top quarks in the triangle
loop go on-shell, to simplify our analysis setup, we have set p

2
= p̄

2
= m

2
t in the general

form-factor in Eq. (6.1), thereby making it only a function of q2.
Since the on-shell couplings of the Higgs boson, and in particular the signal strength

in the ZZ
(⇤) final state is now well-measured to an accuracy of O(10%), and since the

measurement in this final state is driven by the gluon fusion production, the above form
factors will be further constrained in the limit q

2
= m

2
h
. In order to satsify the on-shell

Higgs constraints, we demand that

|�
�
m

2
h
/⇤

2
c

�2
� 1| < 0.15 (6.3)

at 95% C.L.
There are different regimes of the energy scale q

2 for which a form-factor can be used
to parametrize the underlying physics process. For q

2
< ⇤

2
c , the form factor can capture

both semi-perturbative physics, e.g., top-partner and top quark mixing in composite Higgs
scenarios (where ⇤c is the mass-scale of the top partners), as well as the generic effect of
a finite-sized composite Higgs boson (where ⇤c is the strong interaction scale above which
the constituents of the Higgs would enter the complete description of the physics process).
However, in analogy with elastic nucleon scattering at energies larger than O(1) GeV, even
for q

2
> ⇤

2
c , a part of the total gg ! ZZ cross-section stems from scattering processes

where the Higgs boson is still the relevant degree of freedom, and therefore the form-factor
description with an interaction of the form Eq. (6.1) holds. This would of course lead to
a suppressed contribution from the Higgs diagram, as the total cross-section for q

2
> ⇤

2
c

is dominated by the “deeply inelastic regime” instead. Since the latter scenario leads to a
rather dramatic prediction observable in the near future LHC measurements, we adopt this
for our illustration of the LHC observability.

We show the impact of the form-factor in the top-Higgs Yukawa coupling in the differ-
ential distribution of m4` for the gg ! ZZ process in Fig. 10 (left panel), for the choice of
the compositeness scale ⇤ = 1.5 TeV. The results are shown for the 27 TeV HE-LHC up-
grade, whereby we compare the SM prediction (solid black) and the prediction for different
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Current 95%CL bound 
from the LHC Higgs signal: 

t(p) t(p)

H(q = p+ p)

Γ(p2, p2, q2)

Higgs effective vertex is then given as
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where the Higgs boson four-momentum is given by q
µ
= (p+ p̄)

µ. In the limit ⇤ ! 1, both
the Higgs and the top are point-like particles, and therefore in this limit �(0, 0, 0) = 1.

Although the general form of such a three-point function is difficult to determine in a
strongly interacting theory, one can gain an understanding of a composite scenario either
in the large-N limit (with N being the number of colors in a strongly coupled SU(N) gauge
theory) [50], or within an weakly interacting warped five-dimensional model, which is dual
to the four-dimensional strongly interacting theory in the large-N limit [51]. While some
aspects of such a scenario have been discussed in the literature [5], here we focus on a
phenomenological ansatz for the form factor, which can be used to parametrize the expected
deviations from the SM.

In analogy with the nucleon electromagnetic form-factors [52, 53], we adopt the follow-
ing ansatz for the Higgs-top coupling form-factor:
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at 95% C.L.
There are different regimes of the energy scale q

2 for which a form-factor can be used
to parametrize the underlying physics process. For q

2
< ⇤

2, the form factor can capture
both semi-perturbative physics, e.g., top-partner and top quark mixing in composite Higgs
scenarios (where ⇤ is the mass-scale of the top partners) [5], as well as the generic effect of
a finite-sized composite Higgs boson (where ⇤ is the strong interaction scale above which
the constituents of the Higgs would enter the complete description of the physics process).
However, in analogy with elastic nucleon scattering at energies larger than O(1) GeV, even
for q

2
> ⇤

2, a part of the total gg ! ZZ cross-section stems from scattering processes
where the Higgs boson is still the relevant degree of freedom, and therefore the form-factor
description with an interaction of the form Eq. (6.1) holds. This would of course lead to a
suppressed contribution from the Higgs diagram, as the total cross-section for q

2
> ⇤

2 is
dominated by the “deeply inelastic regime” instead. Since such a scenario leads to a rather
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Higgs Boson Form Factor at top:

Leading to a suppressed ttH
But enhanced ggàZZ signal!

Nucleon form factor:

n=2 à “Dipole FF”

HL-LHC:   𝚲c ~0.8 TeV @ 2𝝈
HE-LHC:   𝚲c ~3.3 TeV @ 2𝝈;  2.1 TeV @ 5𝝈. 
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O↵-shell Higgs Probe to Naturalness

Dorival Gonçalves,1 Tao Han,1 and Satyanarayan Mukhopadhyay1
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Examining the Higgs sector at high energy scales through o↵-shell Higgs production can potentially
shed light on the naturalness problem of the Higgs mass. We propose such a study at the LHC by
utilizing a representative model with a new scalar field (S) coupled to the Standard Model Higgs
doublet (H) in a form |S|2|H|2. In the process pp ! h

⇤ ! ZZ, the dominant momentum-dependent
part of the one-loop scalar singlet corrections, especially above the new threshold at 2mS , leads to
a measurable deviation in the di↵erential distribution of the Z-pair invariant mass, in accordance
with the quadratic divergence cancellation to the Higgs mass. We find that it is conceivable to
probe such new physics at the 5� level at the high-luminosity LHC, improving further with the
upgraded 27 TeV LHC, without requiring the precise measurement of the Higgs boson total width.
The discovery of such a Higgs portal could also have important implications for thermal dark matter
as well as for electroweak baryogenesis.

I. Introduction
O↵-shell production of the Higgs boson has substantial
event rate at the LHC [1, 2]. This provides us with an
opportunity to study the Higgs boson properties, and the
Higgs sector in general, at higher energy scales [3]. Such a
direct probe of Higgs physics at high energies could hold
important clues to possible solutions of the naturalness
problem of the electroweak scale – arguably one of the
most outstanding problems that has driven the search
for new physics at the TeV scale.

In the absence of new physics signals from extensive
searches, especially from the LHC experiments, it is
conceivable that the solutions to the naturalness puzzle
might have taken a more subtle incarnation, not cap-
tured by the usual signatures based on Supersymmetry
[4] or strong dynamics of Composite Higgs [5]. In this
Letter, we adopt a simple illustrative example of such
a scenario in which the new physics responsible for par-
tially addressing the little hierarchy problem emerges in
the study of Higgs properties at higher energies. We uti-
lize a well-motivated scenario of a new scalar field (S)
coupled to the Standard Model (SM) Higgs doublet (H)
through a renormalizable interaction |S|

2
|H|

2 [6]. For
appropriate values of the portal sector coupling, such an
interaction term can cancel the quadratic divergence to
the Higgs mass from top quarks at one-loop, thus alle-
viating the “little-hierarchy” problem [7]. Though the
o↵-shell Higgs probe to such couplings applies for all as-
signments of the gauge or global quantum numbers of the
scalar field, it constitutes a model-independent probe to a
maximally hidden portal sector, in which the scalars are
SM gauge singlets, do not mix with the Higgs boson af-
ter electroweak symmetry breaking, are stable, and have
masses above the threshold for on-shell Higgs decays.
Such a singlet Higgs portal can also be responsible for
generating a thermal dark matter relic, and can drive a
strongly first-order phase transition to realize electroweak
baryogenesis [6, 8, 9].

With this simple scenario in view, we point out for the
first time that the presence of such a scalar field leads
to measurable deviations in the di↵erential rates for o↵-

shell Higgs production, especially at energy scales above
the 2mS threshold, the amount of deviation from the SM
prediction being in accordance with the quadratic diver-
gence cancellation to the Higgs mass. Such deviations
arise from the dominant momentum-dependent part of
the Higgs self-energy corrections. By studying the gauge-
invariant subset of one-loop electroweak corrections from
the singlet sector to the process pp ! h

⇤
! ZZ, we shall

demonstrate that it is possible to probe interesting re-
gions of parameter space relevant to the solution of the
naturalness problem at the LHC. Thus, the high precision
achievable in determining the rate and di↵erential distri-
butions for o↵-shell Higgs production in the four lepton
channel at the high-luminosity phase of the LHC presents
us with an excellent opportunity in this regard [10].
It was pointed out in [11, 12] that any new scalars with

an e↵ective coupling of the form |S|
2
|H|

2 can be probed
through the precision measurement of the total rate for
Zh production at future lepton colliders, utilizing the
universal shift in on-shell Higgs rates from wave-function
renormalization. We note that the on- and o↵-shell pro-
duction rates for the Higgs signal at the LHC scale as

�on /
g
2
i (m

2
h)g

2
f (m

2
h)

mh�h
and �o↵ /

g
2
i (Q

2)g2f (Q
2)

Q2
, (1)

respectively, where g2i (Q
2) and g

2
f (Q

2) represent the cou-
plings at the production and decay vertices evaluated at
the scale Q2, and �h is the Higgs boson total width [1, 2].
Hence, the model-independent interpretation of an on-
shell Higgs measurement in terms of particular coupling
shifts requires the precise determination of the Higgs bo-
son width as well, for which a future e

+
e
� Higgs fac-

tory is essential. On the other hand, not only is the
o↵-shell probe of the momentum-dependent part of one-
loop scalar singlet corrections a distinct e↵ect, unlike the
interpretation of on-shell rate measurements, the inter-
pretation of o↵-shell Higgs measurements at the LHC
would not require knowledge of the Higgs boson width.
To proceed, we introduce an e↵ective Lagrangian for

the above scenario in which the singlet sector does not

Other tests at high scales

At high pT

At far off-shell

Event rate for ggàtth comparable to gg à h 
at high pT at high energy colliders

include other decay modes, like ZZ, WW …
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D. Goncalves, TH, S. Mukhopadhyay, arXiv:1710.02149 (PRL, 2017); arXiv:1803.09751; D. Goncalves, TH. I. 
Leung, H. Qin, arXiv:2012.05272; R. Abraham, D. Goncalves, TH, S.C.I. Leung, H. Qin, arXiv:2012.05272. 

(1). Higgs coupling @ high scales:

CMS/ATLAS: arXiv:2202.06923; 2304.01532
• 3.6𝜎/3.3𝜎 observation for off-shell Higgs signal
• SM width bound:  3.2+2.4
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Figure 2. The NNLO ZZ (black) and WW (red) invariant mass distributions in gg → V V for
µH = 125GeV.

mass distribution is shown in Fig. 2. It confirms that, above the peak, the distribution is

decreasing until the effects of the V V threshold become effective with a visible increase

followed by a plateau, by another jump at the tt̄-threshold, beyond which the signal distri-

bution decreases almost linearly (on a logarithmic scale). For gg → H → γγ the effect is

drastically reduced and confined to the region Mγγ between 157GeV and 168GeV, where

the distribution is already five orders of magnitude below the peak.

What is the net effect on the total cross-section? We show it for ZZ in Table 1 where

the contribution above the ZZ -threshold amounts to 7.6%. We have checked that the effect

does not depend on the propagator function, complex-pole propagator or Breit-Wigner

distribution. The size of the effect is related to the shape of the distribution function. The

complex-mass scheme can be translated into a more familiar language by introducing the

Bar-scheme [54]. Performing the well-known transformation

M
2
H = µ2

H + γ2H , µH ΓH = MH γH . (2.10)

– 5 –

Sensitive to:
• 𝚪h , yt, ZZh: a new mediator,
      SMEFT & Form Factor

BSM

Frederic Deloit, Monday plenary
Jahid Hossain, Wed Higgs session 2

gg à h* à WW, ZZ

yt(q2)

the “naturalness” & vacuum stabilityLargest & most-wanted coupling:
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The current LHC sensitivity:
<latexit sha1_base64="tA21nvwwqgdohtetXoYv7RhnvbQ="></latexit>

t = 0.35+0.36
�0.34 (ATLAS)

tth coupling @ high scales:
gg, qq à tth @ high pT(h)

R. Abraham, D. Goncalves, TH, S.C.I. Leung, H. Qin, arXiv:2106.00018. 

HL-LHC @ 3 ab-1
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Warped Extra Dimensions
Original idea by Randall and 
Sundrum: What if the hierarchy 
between the weak and Planck 
scales is an illusion? 

Combined with the AdS/CFT 
conjecture, this is a very attractive 
idea, dual to TC. 

Weakly coupled physics lives on UV 
brane. Strongly coupled physics 
lives on IR brane, model as CFT. 

Expect composite nature of Higgs, 
top. No evidence so far.

and the T (i) are constant tensions. The induced 4D metrics define distances
along the branes, for example,

ds 2
(1) = Gµν(x, φ = 0)dxµdxν , (11.4)

since dφ = 0 along the brane.
Since we are looking for solutions to Einstein’s equations that might fit

the vacuum of the real world, let us try the ansatz that the 5D metric should
respect at least 4D Poincare invariance,

ds 2 = e−2σ(φ)ηµνdxµdxν − R2dφ2 . (11.5)

Here, ηµν is the 4D Minkowski metric, and we have chosen the extra-dimen-
sional coordinate to be proportional to proper distance. The prefactor to
ηµν is written as an exponential as a convenient convention and is called the
“warp factor”. Its potential φ-dependence means that the higher-dimensional
geometry cannot be defined as a product geometry of 4D Minkowski space
and some purely extra-dimensional geometry, but rather all the dimensions
are entangled. Plugging this ansatz into the equations of motion following
from our bulk plus brane actions, one finds

6 σ′ 2 = −
Λ

4M3
5

≡ 6k2

3 σ′′ =
T (1)

4M3
5

δ(Rφ) +
T (2)

4M3
5

δ(R(φ − π)) , (11.6)

where we define a 5D Planck scale,

M3
5 ≡

1

2 G5D
N

. (11.7)

The only consistent solution to these equations, satisfying periodicity in φ
and the orbifold parity is illustrated in Fig. 16. But even this solution only
exists if the kinks have the right size to reproduce the δ-functions in the
equations of motion. This requires the relationships between brane tensions
and bulk cosmological constant given by

T (1) = −T (2) = 24kM3
5 . (11.8)

Thus the vacuum metric solution is given by

ds 2 = e−2kRφηµνdxµdxν − R2dφ2, 0 ≤ φ ≤ π

=
y ≡Rφ

e−2kyηµνdxµdxν − dy2, 0 ≤ y ≤ πR . (11.9)
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The Randall-Sundrum Model

⋆ The Randall-Sundrum Scenario

In a 5-dim space, Randall and Sundrum found a static solution:∗

ds2 = e2A(y) ηµν dxµdxν − dy2,

where the “warp” factor A(y) = −ky,

with k the curvature scale in the 5th-dim.

∗L. Randall, R. Sundrum, hep-th/9905221.

⋆ The Randall-Sundrum Scenario
In a 5-dim space, Randall and Sundrum found a static solution:∗

ds2 = e2A(y) ηµν dxµdxν − dy2,

where the “warp” factor A(y) = −ky,
with k the curvature scale in the 5th-dim.

The extra dimension y is “warped”.

SM

planck brane

gravity

Randall-Sundrum

∗L. Randall, R. Sundrum, hep-th/9905221.

Features relevant to current interests:

• Mass hierarchy Mpl/MEW generated on the two branes:

v = e−ky0Mpl.

To get v ≈ 246 GeV, need ky0 ≈ 40.

the “size” of extra-dim: y0 ∼ (10 − 100) lpl.

• TeV KK resonances: MKK ∼ e−ky0Mpl :‡

GKK, gKK, AKK, ..., fKK..., with 1/TeV couplings.

‡Davoudiasl, Hewett, Rizzo, hep-ph/9909255.
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C. KK Resonant States at Colliders: (RS)

a. SM KK Particles:

If the SM fields (photons, electrons, Z, W, H0...) also propagate

in extra dimensions, then they have KK excitations.‡

Direct search bounds:

M∗
γ,Z,W ∼

1

R
> 4 TeV.

Resonant production at the LHC:

‡Davoudiasl, Hewett, Rizzo, hep-ph/9911262.

Kaluza-Klein states
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The AdS-CFT Correspondence

• New ideas with extra-dimensions:

Symmetry breaking by boundary conditions/terms

† SUSY GUTs with extra-dimensions: ∗

5d SUSY GUTs model, with SUSY/GUT symmetry breaking by

orbifolding on the boundary.

† Higgsless model in extra-dimensions: †

5d non-SUSY model, with gauge symmetry breaking by

orbifolding/boundary condition.

Bulk KK states serve as pseudo-Glodstone bosons, no Higgs left.

Particularly interesting: AdS/CFT correspondence

5d AdS theory ⇐⇒ 4d strongly interacting walking TC!

∗Hall, Nomura; Nomura, Smith; K.Agashe, G. Servant.
†C. Csaki et al.; Y. Nomura,

SFull =

Z
dx4dx5 LFull
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g24
=

Z
dx5 O5
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• Strong gauge dynamics is “natural”, 
     solving the large hierarchy problem, 
     owing to the dimensional transmutation (QCD-like)
• The Higgs boson can be “naturally light”, 
     as a pseudo-Goldstone boson: 

• Predict rich physics near TeV: T, WH, ZH, H++, 𝝆, 𝜼…
• The no-observation of those pushes f, MT high,
     creating the “little hierarchy problem”.

The Jury is still out …

Overall for strong EW scenarios:

m2
H
⇠ f2

(4⇡)2
⇠ m2

t
M2

T

f2
.
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