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Exercise: FCNC and Naturalness

Consider the Fermi theory, and suppose you only know of the existence of
the u,d,s quarks. Estimate* the contribution to the AS=2 coupling G*°~?2

GASzQ . - B -
7 [dYH(1 —~7)s][dy, (1 —~7)s]

that comes at one loop, with hard momentum cutoff A, from two insertions of

_ Gp —
LA = seee—=[un (1= %) s][dy, (1 — )l

V2

where s¢ is the sine of the Cabibbo angle. Assume my,q,s=0

LAS:Z _

Using the Naturalness criterion, with tuning A=1, and Gé{EZQ ~3x107°Gr,
estimate the cutoff A of the Fermi theory with only u,d and s quarks, and
notice that it is not far from the charm quark mass.

Repeat the argument in the presence of the charm quark. Recognise that the
GIM mechanism solves the Naturalness problem for FCNC

* estimate here means: ignore the y-matrix structure of the loop and assume it
matches the one of the AS=2 operator; do the integral by dim. analysis



Exercise: FCNC and Naturalness

If you like calculations, turn the previous estimate into a calculation of GAS:?
using massless u,d,s but massive charm quark.

You will need a one loop (Euclidean) integral: (with xi=mi?/A?)

, /A d*k kk, 1 A2 z1(1—-alog ) — 14 2
= R R+ m2) (R +m2) 4167 P

And one y-matrix identity (see Cheng-Li book chapter 12.2):
V(=) g [ (=) g =4 [ (1 =27, [ =),

good luck ...
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Natural Models

Half a century of thoughts led to only two mechanisms
that provide a Natural microscopic origin for Higgs mass

Compositeness Supersymmetry

The rest of the course is (mostly) devoted to show how
they work
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Composite Higgs

Imagine the Higgs is a bound
state of new strong force.

New sector’s confinement scale m, = 1/ly

o0 d 2
Higgs mass formula: m3; = /dE ZEH (E; ppr)
0

Higgs is transparent to
low-wavelength modes

2
dm?;

Higgs is SM-like (JFE
for £ < .

TN 4 E
Higgs mass generation localised at I/ ~ m,,
Compositeness screens sensitivity to very high energy physics
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Composite Higgs

The Composite Higgs picture for high energy physics

)
Ava Two sectors exist at some Very ngh (>>TeV) scale Avyy:
Elementary Sector Composite Sector
SM minus Higgs QCD-like confining theory.
We. B, f No fundamental Higgs.
ARt 'No Un-Natural d<4 operators.
m. 4= Atm, the CS confines. "Hadrons” form, among which the Higgs
.  Below here, the SM is recovered: m. = Agq.
EW i According to the general tuning formula ...

2 2
2 ASM _ ( T )
500 GeV 500 GeV

.. Naturalness requires m.to be below around the TeV.
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However, the Higgs cannot be a generic CS hadron.
Because of two reasons:

1. Would be surrounded by other hadrons in the spectrum.

For example, pick a random hadron from the PDG list ...

LIGHT UNFLAVORED STRANGE CHARMED, STRANGE cC
(S=C=B=0) (S= +1, C= B=0) (C=5= +1) 16 (JFC)
16 (JPC) 16 (JFC) I(JP) I(JP) o 7c(15) ot~ )
ot 17(07) | e¢(1680) 0 (1~ )| ek* 1/2(07) | e DF 0(07) [eJ/¥(1S) 07(17 )
o 70 170~ ) | e p3(1690) 133~ )| e KO 1/2(07) | o D= 02?) | ®*xc(lP) 0F(0TT)
o) 0t~ )| e p(1700)  1T(1~ )| o K 1/2(07) | o D5, (2317)* 0(0T) |e®xa(lP) 0F(1FT)
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. p(770) 171~ ") [ eh(1710) 00T ) [ Kkz(800) 1/2(0%) | o 051(2536)i o(1t) | *xe(lP) 0FT(2FT)
w(782) 0~ (1 7 )| n(1760)  0T(0 T )| e k*(892)  1/2(17) | e Dyp(2573)  0(27) | ®me(25)  0F(0T )
¢/(958)  0T(0”T)[en(1800) 17(0” )| ek(1270)  1/2(1F) | e D§1(2700)i o1~) |e¥(@s) 0T 7)
«£(980) 0T )| fH1810) 02T T)|eky(1400)  1/2(17)| D7, (2860)F o0(z7) | *¥(3770) 0°(17 )
¢a9(980) 17(0F )| x(835) ?2°(? 1) |ekr(1410)  1/2(17) D, (3040t 0(?7) X(3823)  7°(?°7)
«$(1020) 071 7)| x(1840) 2°(27") | ekx(1430)  1/2(0%) ¢ X(3872) o0F(1TT)
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«H(1270) 0t T )| p(a900) 1t@ T )| kaesn) 17207 | ¢ B° 1/2(07) | e xc2(2P)  0F(2+ )
e f(1285) 0T(1TT)[ £(1910) 0T T )| Kk (1650) 1/2(17) | ® B*/B° ADMIXTURE X(3940) ??(Z??)
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However, the Higgs cannot be a generic CS hadron.
Because of two reasons:

1. Would be surrounded by other hadrons in the spectrum.
Instead, we need myg <<m,~1eV,

2. Would not have SM-like couplings.
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Composite Higgs

However, the Higgs cannot be a generic CS hadron.
Because of two reasons:

1. Would be surrounded by other hadrons in the spectrum.
Instead, we need myg <<m,~1eV,

2. Would not have SM-like couplings.

Must be a special hadron: a Nambu-Goldstone Boson.
Global group of CS symmetry... ...toa subgroup H C G

G — H

...spontaneously broken by CS...

5

One massless scalar for each spontaneously broken generator.
Small mass from small explicit symmetry breaking. E.g. QCD pions
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Composite Higgs

However, the Higgs cannot be a generic CS hadron.
Because of two reasons:

1. Would be surrounded by other hadrons in the spectrum.
Instead, we need myg <<m,~1eV,

2. Would not have SM-like couplings.

Must be a special hadron: a Nambu-Goldstone Boson.
A (pseudo) NGB Higgs automatically addresses issue #1

Resonances
(i.e. non-Goldstone hadrons)

Goldstone Boson Higgs

Can also address issue #2, by “Vacuum Misalignment”
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Spontaneous CS breaking: ¢ — H

(T4} = {T*, T%
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Composite Higgs

Spontaneous CS breaking: ¢ — H

(T4} = {T*, T%
The EW group isin: H C SU(2)r x U(1)y

PNGB fields are fluctuations around the
vacuum along broken symmetry generators:

3(:13) _ ot Hd(x)f&ﬁ
0 ~ H:get EWSB < () # 0

G symmetry breaking scale: f =|F|

EWSB scale: v = fsin(f)

U2

Tuneable parameter: ¢ = F — sin®(0) < 1 (by tuning in H.pot.)

Foré—0(f—o0), CS decouples and the SM is recovered.

Vacuum Misalignment:{



CH Signatures Overview

Composite Higgs signatures: (classified by robustness)

e Higgs coupling modifications
robustly predicted by symmetries.
But hard (and long) to improve at LHC

® Vector resonances
reasonable compromise.

® Top Partners
“Naturally” light, but smart (crappy?)

model-building might make them heavy.

e Light quarks Partners

relevant in some models.

More robust, i.e. more
discovery chance or
more effective exclusion

Less robust, but maybe
easier to make prog.s



The Minimal CH Couplings

The Minimal Composite Higgs model:
SO(5) — SO(4)
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The Minimal Composite Higgs model:
S()(5) N SO(4) 4 real = 2 complex

[} ¥ Higgs components
10 generators = 6 unbroken + 4 broken

5____7J g é' t% 0

A a R
I} =T _{_() o|'|0 o @ 0

SOﬂ(ZL) ~ SU(2)r, x SU(2)r
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The Minimal CH Couplings

The Minimal Composite Higgs model:
S()(5) N SO(4) 4 real = 2 complex

[} ¥ Higgs components
10 generators = 6 unbroken + 4 broken

ﬁl g ol' t% 0

il

A a__ a__ U
{T}_iT _{_O O_’_O O—}aT___,Ua O_j
SOﬂ(ZL) ~ SU(2)r, x SU(2)r
gEW :SU(Q)L XU(l)Y Y:T}%

Higgs emerges as fourplet of SO(4): II = {II;, II,, IT, I1, }

Converted to ordinary doublet by:
ho |
H = ha | T

ol -
—
2
|
=
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The Minimal CH Couplings

The Composite Higgs picture, at ~TeV energies:

Composite Sector Elementary Sector
“Exact” symmetry SO(5). SM gauge fields: W', B,..
Spontaneously broken to SO(4). Coupled by gauging.

e Resonances SM fermions:{t;,b; }.tR, ...

Coupled by ?2.

pPNGB Higgs

Low energy dynamics dictated by the spontaneously
broken (non-linearly realised) symmetry group SO(5).

Let us first focus on the Higgs plus gauge system.
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NGB definition: Just normallsatlon
- a — \/— a =
o = 67’9 I F = ¢ 1167 - F

where & — g-CID under g € SO(5)=G



The Minimal CH Couplings

General theory of Goldstone Bosons (in a nutshell)
NGB definition: important definition
|

F=lum).

—

O = ewaTa n H O

sl

| ¢i
where & — ¢-® under g € SO( =G
The Goldstone Matrix: (basic }bject to construct Lagrangians)
/217 a
Ulll] = et 7 tal



The Minimal CH Couplings

4 .. )
In the Minimal Model:
N i I\ o7z . TI I ]
I O (1—cosF)~"m— sinjq
_gip X7 cos 1L
i f 1 f

Notice the dependence on 11/ f.
Makes high order terms vanish for f— oo (£—0).

\_ J

The Goldstone Matrix: (basic object to construct Lagrangians)
i V211, T
Ulll] =" 7@
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General theory of Goldstone Bosons (in a nutshell)

NGB definition:
— -AAa — . /2 AAZL\ — —
O =%l =Tl F=UM]-F

where & — g- Cbunderg € 5SO(5)=¢

The Goldstone Matrix: (basic object to construct Lagrangians)
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(under which Lagrangian is invariant)
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General theory of Goldstone Bosons (in a nutshell)

NGB definition:

— -AAEL\—> \/5/\/\&
O = Wal. f = o' 77 Hal',

where ® — ¢-® under g € SO(5)=G
The Goldstone Matrix: (basic object to construct Lagrangians)
i V2T, T
Ulll] =" 7 @

Goldstone Matrix transformation: 0
(under which Lagrangian is invariant) [h_{ 4O><4 J = 80(4)_Hj
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The Minimal CH Couplings

General theory of Goldstone Bosons (in a nutshell)

NGB definition:
— -AAa — . /2 AAZL\ — —
O =%l =Tl F=UM]-F

where & — g- Cbunderg € 5SO(5)=¢

The Goldstone Matrix: (basic object to construct Lagrangians)

\/_ a
U] = 7 Tl

Goldstone Matrix transformation: 0
(under which Lagrangian is invariant) [h_{ 4O><4 J c SO(4)_’HJ
U] — U] = g - U[M] - h¥[g, 11

Easy to understand why: produces symmetry transformation on .

— — —

O=U[l]-F — g¢g-UH] -} F=¢g-(U-F)=g-®
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The Minimal CH Couplings

The Higgs-only low-energy Lagrangian:

j; Uto, U]

Straightforward to include gauge interactions ...
0y — D,=0,—igW{TF —ig' B, Ty
.. obtaining the Higgs plus gauge Lagrangian:

L . U'D,U
Higgs+gauge — 9 [ }

L:Higgs

0
Finally, going to the Unitary Gauge H = |vi+n(x)
V2
1 g° V+h|
cHiggﬁgwge:i(aﬂh) +L T/ 2sin? 7 W >+




The Minimal CH Couplings

Let’s see what we got

»CHiggs—l—gauge —

1 g° o
5 (O,h)°+ " f?sin”

V+h|

f

1
\W\ + 22




The Minimal CH Couplings

Let’s see what we got

1 g% o . SV +h] 1
L:Higgs—l—gauge — 5 (a,u h)2 -+ Z f281n2

W+ 22
7 14

1. EW boson masses: (with custodial ,0:1 relatlon) _

1 Vo1 V
My =C,Mz=—=¢gf sin—=—qv v=f sin— =246GeV
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The Minimal CH Couplings

Let’s see what we got

1 g° 5. V+h] 1
L:Higgs—l—gauge — 5 (a,u h)2 -+ Z f281n2

W+ 22
7 14

1. EW boson masses: (with custodial ,0:1 relatlon) _

1 Vo1 V
My =C,Mz=—=¢gf sin—=—qv v=f sin— =246GeV

2 f2 f
2. SM-like couplings: (¢=v?/f%=sin’V/f)

, 1% oo sV
------- < :\/1 — &E X SMpvv < (1 _ 25) X SMpnvv

v




The Minimal CH Couplings

Let’s see what we got

1 g% o . SV +h] 1
L:Higgs—l—gauge — 5 (a,u h)2 -+ Z f281n2

W2 + 22

f _
1. EW boson masses: (with custodial ,0:1 relatlon)
1 vV 1 V
mW:cme:§gfsin7:§gv v:fsin7:246GeV

2. SM-like couplings: (¢=v?/f*=sin’V/f)
.oV N
"""" < =\/1—&xSMpyy < = (1 =2§) x SMunvy




The Minimal CH Couplings

Let’s see what we got

1 g% o . SV +h] 1
£Higgs—|—gauge — 5 (a,u h)2 -+ Z f281n2

W2 + 22

f _
1. EW boson masses: (with custodial ,0:1 relatlon)
1 vV 1 V
mW:cme:§gfsin7:§gv v:fsin7:246GeV

2. SM-like couplings: (¢=v?/f*=sin’V/f)
.oV N
"""" < =\/1—&xSMpyy < = (1 =2§) x SMunvy

3. Non-SM vertices: < ~Eg° v+ ..

Predicted Higgs Coupling deviations, e.g. ky = /1 — &
As expected, SM is recovered for £ = 0.



