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The SM challenge to New Physics

but first, a boring preliminary: L and R fermions



A Dirac spinor is not “elementary”
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inequivalent, conjugated representations of SO(3,1)




Left- and Right-handed
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Most general gauge transformation can mix all L



The SM fermions in a BSM perspective

. (I?jL Uif, €iL Ve, L f];}y Ui R €iR 1 h.c.
« We will also denote the L-handed dofs as follows
P Y (L-handed)

« Pr = e (L-handed)

e d; U; e; Vs ds us e’ + h.c.






@ There exists a unique way of combining two elementary
fermions in a Lorentz invariant way
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@ Most general (Lorentz) mass term and Yukawa with d,...,¢n

M

vit; + h.c (only terms allowed

by gauge invariance)
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The SM challenge to New Physics



The SM challenge to New Physics
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Notable features

- Gauge sector

« chirality

- anomaly cancellation

- electroweak precision tests
 Flavour sector

« U(3)°> and accidental symmetries

* no tree level FCNC

- anomalous suppression of loop FCNC
« Higgs sector

* electric charge conserved

* custodial symmetry

* perturbative extrapolation



Gauge sector

Gsm = SU(3)c x SU(2)L x U(1)y
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A nice property

« The fermion content is “chiral”’: no L and R with same Gsm quantum numbers

« Equivalently: rirrep on L = r* is not

« Equivalently: no explicit (Gsm symmetric) fermion mass term is allowed

- Extra heavy fermions (M » (H)) should be “vectorlike”

« A puzzle, a blessing, or what expected?



Another nice property

- Anomaly cancellation

e IsTik=Tr (Ti{T;, T™k}) = 0?7 Ti=Ta Ta Y

SU(3) vectorlike

SU(3)* x SU(2) Tr(o,) =0

SU(3)* x U(1) 2Y, 4+ Yye +Yge =0

SU(3) x (not SU(3))* Tr(Ag) =0

SU(2)* x U(1) Y, + 3Y,

U(1)? 2Y,* +6Y +3Y,. +3Y. + Yl =0
grav. anomaly 2Y; +6Y, + 3Yye + 3Yge + Yee =0

(nice, but why??)



Electroweak precision tests (EWPT)
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« Accuracy up to the %o level — sensitivity to 1-
loop corrections, which involve

* 9,9,V
* mt, as(MZ), Adnhad(MZ)
* Mh
 and bring together
- the gauge sector: g2/(4m)2, g’2/(4m)2
- the flavour sector: A2/(4m)2

- the EW-breaking sector: g2/(4m)2 log(mn/Mw)

- The agreement works because of the relatively
low value of mn



Notable features

- Gauge sector

* chirality

- anomaly cancellation

* electroweak precision tests
 Flavour sector

« U(3)° and accidental symmetries

* no tree level FCNC

- anomalous suppression of loop FCNC
« Higgs sector

* electric charge conserved

* custodial symmetry

* perturbative extrapolation



The flavour sector

¢Ji0ul)u¢%'— Zliirmeu gauge
ren + i ¥iv; H + h.c. flavor

+|D, H|* — V(H) symmetry breaking

1

1 2 3

| 4 P I3

(@)

ec  (e)h (e9)2 (e)s
g q1 q2 q3

(U (ue)z  (ue)s

(@]

u

(@]

de (d) (d)e (d%)s

gauge irreps
(vertical)

well understood

family number
(horizontal)
not understood

The flavour sector allows to tell the
three families: gauge interactions are
U(3)5 symmetric



U(3)5 x U(Ln

1

Wlioh Db — T gauge
ren _ +Xi9sp; H + hec. flavor

+|D, H|* — V(H) symmetry breaking

Family replication <> the gauge lagrangian cannot tell families < is U(3)5 invariant:

L; — U:L,

e; —>Uf7 7
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also U(1): H— e'*H = CEWSB _, pEWSB



U(3)3

1

Wit Dy — S E gauge
ren _ + ;i H + hec. flavor

+|D, H|* — V(H) symmetry breaking

The flavour (Yukawa) lagrangian is is not U(3)5 invariant (unless A;=0)
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Accidental symmetries (ren lagrangian)

The flavour lagrangian breaks U(3)5 x U(1)s to  \Ze cL; HT =\, eC’L HT

zgz

U(1)e x U(1). x U(1). x U(1)s x U(1)y )\DchjHT iR G dqu.HT

B

AijusQiH —| Ao, Vijug Qi H

(et

Le Ly L. individual lepton numbers (also L = L. + L, + L. total)
B Baryon number

Welcome that they arise as accidental symmeftries
@ prediction of the SM, not by hand
@ broken by non perturbative effects

@ allows SM extensions in which they are broken (e.g. GUTs, see-saw)
(effects can be parameterised by non-renormalisable operators)

@ allows such extensions to be tested (e.g. nu masses, proton decay)

@ property not necessarily shared by SM extensions



No tree level FCNC

0

@ Fermion masses: H = (v_'_ “h | (unitarity gauge)
V2
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@ In terms of mass eigenstates: ]'ff ol (Jff had)/

Jem had (]em had )/

V = U,U! | Cabibbo Kobayashi Maskawa (CKM) matrix



Anomalously small loop-induced FCNC

@ Expect:

KO - KO oscillations

® Instead: 106 smaller

@ Because of peculiar flavour structure of the SM, or
approximate U(2)5 symmetry of SM lagrangian

@ Challenge for new physics at TeV scale



Approximate flavour symmetry

@ The flavour lagrangian is approximately U(2)5 0208
flavour symmetric (exactly symmetric in the limit A= 10 0 0
which also implies V = 13) O R

@ This (or equivalently the smallness of A2 and Vjj i#j) is the

origin of the anomalously small FCNC processes in the SM (and
the origin of the flavour problem)



Anomalously small loop-induced FCNC

@ Because of the approximate U(2)5

KO - KO oscillations
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® Same for CP-violating effects

V2

Challenge for new physics at TeV




Notable features

- Gauge sector

* chirality

- anomaly cancellation

* electroweak precision tests
 Flavour sector

« U(3)°> and accidental symmetries

* no tree level FCNC

- anomalous suppression of loop FCNC
« Higgs sector

* electric charge conserved

- custodial symmetry

* perturbative extrapolation



The Higgs sector

Most general gauge invariant ren. lagrangian for H:

Crr — (D DR (IR
V(H'H) = n’>?HYH + A\ (HTH)-

Mm>0
w2 < 0 = <H> # O = electroweak symmetry breaking

(12 > 0 = still electroweak symmetry breaking, but at A = my)



QED unbroken

@ Fix the Higgs quantum numbers from fermion masses. Then the
electric charge is automatically conserved

2
6L — <8>, U >0tk ;’L)L\—’ ~ (174 GeV)? mi = 4 Ag(v?) v°
H

1
T=a¥ .+ 0,1,, a,b; real, ITii= e 5

&
27
O:T(H):%(b;:;)?) = Tlng ()

® 3 broken generators <> 3 massive vectors < 3 unphysical
Goldstone bosons < 1 real physical Higgs particle



Custodial symmetry

My

M2 0oy = 1 (tree level)

o p

@ Not guaranteed by gauge invariance or breaking pattern

@ Peculiar of EW breaking by a doublet
(dominant contribution from triplets ruled out)

@ Exact in the limit g =0, Au = Mo



o = 1 < (approximate) custodial SU(2)

= 1if in the g’ = O limit W23 have equal mass
Le. if a SO(3) = SU(2) symmetry rotates the real fields W23

The custodial symmetry in the Higgs sector: the Higgs

lagrangian is accidentally SO(4) symmetric, as
|H|* = hig + hi; + hip + h;
SO(4) is spontaneously broken to SO(3) by <hzr> # O

The custodial symmetry in the fermion sector:
SO(4) =~ SU(2). x SU(2)r, where SU(2)r acts on the right-
handed fields

The symmetry is exact in the limit g' = 0, Ay = Ao — loop
corrections to p =1



Light Higgs + SM couplings = perturbativity

o A(WWL — W(W.) = 3 a A, a = partial wave amplitude

@ Unitarity bound: |aol < 1
S

@ Tree level, no Higgs: ap ~ s = (p1+p2)2, v = 174 GeV

16702’

@ Unitarity bound saturated at s = (1.2 TeV)?

@ Bad behaviour of ap due to the longitudinal part of the W
propagator ~ pup./(Mw)2, cancelled by Higgs exchange



(perturbative extrapolation possible up to Mp|)

Instability

Meta=stability- - L

>
)
O
g
=
7]
n
<
=
=
o
a.
=9
S
H

Ananeqinizad—uoN
Top pole mass M, in GeV

ol

—:’ ,”/:_'_.—/
PRS- 1018

Stability

50 100 150 124 126 128 130
Higgs pole mass M, in GeV Higgs pole mass M;, in GeV

Buttazzo et al



(oerturbative extrapolation possible up to Mp))
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Why Beyond”?



Some reasons to go beyond the SM

- Experimental “problems” of the SM
 Gravity
- Dark matter
- Baryon asymmetry
* Neutrino masses
- Experimental “hints” of physics beyond the SM
« Quantum number unification
- Theoretical puzzles of the SM
* (H) « Mp
« Family replication
- Small Yukawa couplings, pattern of masses and mixings
- Gauge group, no anomaly, charge quantization, quantum numbers
« Theoretical problems of the SM
« Higgs mass naturalness problem
- Cosmological constant problem
« Strong CP problem
- Landau poles



Experimental “problems” of the SM

« Gravity

 Dark matter

- Baryon asymmetry

* Neutrino masses



Experimental “hints” of physics beyond the SM

e Quantum number unification

SU@B) SUE@) UuQ) SO(10)
L 1 2 -1/2
€% 1 1 1
Qi 3 2 1/6 » 16
ue; 3 1 -2/3
de; 3 1 1/3
Y

p-decay bounds: M » mny

an accident?



Theoretical puzzles of the SM

« (H) « Mp

« Family replication

- Small Yukawa couplings, masses and mixings



Theoretical problems of the SM

« Landau poles
- Strong CP problem v GWCNJW D=4

- Naturalness problem aQ? H'H D=2

max

» Cosmological constant problem BQL.. Vg D=0



General approach to physics beyond the EW scale:
The SM as an effective theory



renormalizable
theory

Reminder

o 5= /d% L(z) basic object, [L] =4, L(z) = ZC?’Oz‘(H’)

® Dimension D of O(x):

- @ D=l
@ D=1
<
@ D=2,3
. ® D=4
@ D25

constant terms, not physical without gravity

linear terms, reabsorbed by shifting fields (SSB)

“relevant” operators c]
A\Y o N ek %)
marginal operators C]
“irrelevant operators” [c]

] = M2, M

=y

1=1 /MD-4

N

v
effective
theory

@ Irrelevant operators: effect suppressed by (E/M)P-4 at E « M

@ finite number of counter-terms order by order in D-expansion

@ any theory looks renormalizable at sufficiently low scales



he SM as an effective theory

?

} Analogously..

\

SM + eff. F NR
in&vhctions £%<<A — gi\r/} T ‘CSM

)

H
\ (in the limit A » M)

QED + QCD +
eff. interactions




Effective theories

L(¢, D) ¢ light, ® heavy

« At scales E « A ~ mass of ®©

from egs of motion of ®

l
'L:eff(¢) (¢7 (¢ — ren

- Only depends on light dofs

) + Z o Osn (9



The SM as a effective theory

Lren = Loy + Z Oitn

- Consistent renormalisation at each order in (E//\)
- Low E effects suppressed by (E/A)n

- Allows a general parameterisation of the low scale indirect effects of any heavy new
physics in terms of light fields only

 The identification of O4.n would provide a crucial handle on the underlying physics
(example: from Fermi theory to SM)

* No clear hint of O4.+n from the TeV scale (but hints from higher scales)



« The best chance for indirect NP effects to emerge is if they violate the
“accidental symmetries” symmetries of £}, also called: Le, Ly, L« B

« NP effects can also emerge if suppressed in Lgy;, e.g. if they contribute to
 Flavour Changing Neutral Current (FCNC) processes

« CP-violating (CPV) processes

 Electroweak precision tests (EWPT)



Lepton number violating operators

The SM effective lagrangian contains only a single dimension 5
operator, which happens to violate lepton number:
the “Weinberg operator”

ren Cij
LAen = L& + 2/]\(hl J(hij)+...

(hl) = €rshyls



Neutrino masses from the Weinberg operator

(& remn C?’
LAen = L& + ﬁ(hli)mlj) T

E.D.U E.D.U v
T = A0 my-:CijUXK

i = A i (Majorana)

A~ 0.5 % 10 GeV e <O'O5 ev)

my



Baryon number violating operators

» Arise at the D=6 level (SUSY: D=5)
« With one family, only 4 possible operators:
G1 qqgl + Gz dedeucec + Ga ucecq* q* + Ga deucq*l*
- They all (accidentally) conserve B-L (B-breaking L-conserving at D=9)
* Induce p-decay
» [(p—em) = f(G1, Gz, Gz, Ga)

. |Gi| = (1015 GeV)2



Bounds on NR terms

c
B number e.g. quql (proton decay) A > cl2 1055 GeV )

L number e.g. %llhh (neutrino masses) A = ¢ 0.5 1015 GeV

Y
SM accidental
symmetries

Li numbers e.g. ok B s e ) e s 1/2 103 TeV' i/

FM

Quark FCNC, CP e.g. 12 < sotd 50,d (ex, Amg) A > c/2 500 TeV (loop :6?28)5)

c
\hTD h\z — 5O e g9 ) c; (EWPTs) A > c/25 TeV
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