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The Standard Model

The SM is a non abelian gauge theory based on the group

SU(3). x SU(2), x U(1),
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The Standard Model

The Higgs sector has an approximate global symmetry
Litiggs = (Do) (D"0) —V (6, 0)  V(9,6") = —p*d'd + A(9'0)”

Turning off electromagnetism in the limit g'-0 there is a SU(2) custodial
symmetry. Vector bosons W,Z belong to a triplet with equal masses.
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Custodial symmetry preserves this relation from radiative corrections.
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In the limit of mass-degenerate isospin partners, the same symmetry extends to
Yukawa couplings.
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The Standard Model

The SM is very predictive, up to now it has worked very well.

No signal of new physics (NP) has been found in electroweak precision
tests and flavor physics.

Nevertheless there are many hints for physics beyond the SM:

Conceptual: Phenomenological:
* quantum gravity * neutrino masses and mixing
* hierarchy problem * couplings unification

e flavor structure * dark matter/energy



Physics beyond the SM

In the SM FCNCs are naturally suppressed by the structure of couplings (GIM
mechanism). The agreement with experiments is very good.

Generally speaking NP models give rise to large FCNC effects, in contrast with the
experimental suppression.

There is a general scheme of model building that naturally avoids FCNC, through
the principle of Minimal Flavor Violation (MFV).

Flavor conservation “follows from the group structure and representation
content of the theory, and does not depend on the values taken by the
parameters of the theory”.

Glashow, Weinberg '77



The Manohar-Wise Model

The scalar sector with one Higgs doublet is based on a property of “minimality”. Adding new
scalars leads to large FCNC effects.

Which is the most general structure that naturally maintains the suppression of FCNCs?
L= —y%ﬂ’h@iﬂ — yi&“ﬁ@iﬂ* + h.c.
Scalar representations of SU(3)xSU(2)xU(1) that couple to quarks

(L,2)12 (8,2)12 (6,3)1/3 (6,1)ay31/3,—2/3 (3,3)—1/3 (3,1)2/3,-1/3,—4/3

Yukawa couplings must be diagonal in the basis of quarks mass eigenstates.
N u — - |"I '.: M {'g — {i{l..' ) '.'I'I'
Standard Model M Zyﬂ.\,Ha, v zﬁ:yﬁ‘ﬂﬁf
o ,

M =y 5 (H) U;j = y,f;; (H)f e.g. Glashow-Weinberg: a
different doublet for every
charge sector (u, d, I)

Naturalness implies MFV (Manohar-Wise) and the only possible representations are

(1,2)1/2  Standard Higgs (8,2)1/2  Color octet scalars
doublet



The Manohar-Wise Model

We add to SM fields a scalar multiplet (8,2),, of colored particles (no VEV).
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The most general renormalizable scalar potential is

A . 2 2 . 5 . . _ _ 2
V=3 (H*‘Hi - %) +2m3TrS"S; + \\HYH,TrSYS; + \yH"H;TrSV S, miy = m% + )\1%

N HTHYT?S: S + \H"TrS878.8. £ \- H'TrS18.S. 1 hee. |:'>
s 3 rou _r_._ij . i ,?JJF c] m.é =m% + (A + Ag + 2)A3)
+ \eTrSTS,S1 S, 4 A\, TrS1S,;S1S; + \sTrSTS,TrS1 S,

1’2

. 4

g g . - Higgs v?

+ NoTrS" S, TrStS; + \oTrS;S;TrSt St + A\ TrS;S; 51 5t VEV e = md + (A1 + A — 243) -
4

2M3 = Ao
220 = 27 = A1
/\9 = )\lD

Symmetric under custodial SU(2) if

Gauge bosons-scalars interactions Fermions-scalars interactions

Liin = (D, S%)(D*S%)! L= —nuylaqgT*Q} S — nayl-dpT*Q; S + h.c.
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B—X. ydecay

Radiative decay of B mesons (b quark)

X¢: inclusive hadronic state with total strangeness S=-1 A

~ (=
Rare FCNC process starting at one loop. It is very sensible to - p_ t 3_} R
NP effects. ) 5 g
The experimental value and SM prediction are in good i?,"-'

agreement. Strong constraint on flavor structure of NP models.

BR(B-X, Y),, = (3.52%0.32) 10+
BR(B->X, Y)g, = (3.28+0.25) 104

Theoretical study starts from the effective Hamiltonian

4G i
Hepp = —ﬁ‘f}’;‘ﬁ}bz Ci(p) Qi)
i—1

C;(r) Wilson coefficients, high energy contributions from loops of heavy particles
(effective couplings)

Q;(1t) Non-renormalizable operators with light particles (effective vertices)



B—X. ydecay

Loop exchange of color octet scalars gives new contributions to Wilson coefficients C,
and Cg

C{Ujf-,n.if | |2 JJ(—SLI‘S + 3224+ 122 — T+ 6(3x — 2)zInx)
£ — -?‘Lt. -
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z(5x? —8x + 3+ (4 —6x)Inx)

New contributions depend on the mass
of charged scalar and on new couplings

+ Nl 5z —1)° N, Ng IN Yukawa interactions.
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The numerical effect on BR has been evaluated with the Fortran program
SusyBSG, that evaluates the BR for the SM, THDM, MSSM.
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n, Ny same sign:

* negative contribution, heavy scalars m,> 1700
GeV

Opposite sign:

In general relevant effects:
m.~700 GeV variation 7-8% with respect to SM

m.~1400 GeV variation 4% with respect to SM

Raising the mass the extra contribution vanishes.



Electroweak precision effects

The study of radiative corrections is fundamental in modern precision tests of electroweak

theory.

External input parameters: masses, couplings. Select the experimentally best known,

e.g. a, m,, G;

4

Measurement Fit c!Om‘“‘aS—Oﬂt|f’crmeas
) 1.2 3
Evaluation of radiative corrections with appropriate precision
m,[GeV] 91.1875+0.0021 91.1874
,[GeV]  24952+0.0023 24959
ﬂ oo Inb] 415400037 41478
R, 20.767 £0.025  20.742
A 0.01714 + 0.00095 0.01645
Comparison with experimental measures
R, 0.21629 + 0.00066 0.21579
@ R, 0.1721+0.0030  0.1723
AYP 0.0992 + 0.0016  0.1038
Analysis of consistency of the theory, constraints on m,, At 0.07070.0035 00742
0.923 + 0.020 0.935
a,(mz), m, A, 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1481
Precision tests are compatible with SM, no clear
: : m, [GeV]  80.399+0.023  80.379
signal of new physics. r, [GeV] 2.098 + 0.048 2.092
m, [GeV] 1731+ 1.3 173.2
August 2009 CI) | 1 | 2 | 3



Electroweak precision effects

Some relations holding at tree level are modified by radiative corrections.

i 2
: mw , GF g
e = gsinf,, cos by, = = gtan @, =
g Y my TR T T g,
; . Aoy
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Ar represents the correction to the muon decay amplitude, it is evaluated from gauge bosons
self-energy diagrams (universal) and from box and vertex diagrams. An other important

parameter is p, that arises from renormalization of neutral current neutrino-hadron
processes.

In this work the contributions of color octet scalars to these parameters have been

evaluated. e s 5
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Electroweak precision effects

From Ar we get the prediction for m,,

2 /
9 . > my 4o
9 miy, o 1 ZD miy = —= | 1+ x/ | g
ma | 1 — = T a2 A1 — A
" ( m? ) V2Gr 1 — Ar(a,mw,mz, mg, mpg) : V2Grmy(1 — Ar)
current status in SM 1 loop
2
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We use a parameterization for numerical analysis that shows the different contributions

m, > 114.4 GeV direct search

0 2 4
mw =mly|— c1dH — eadH? + e3dH* + e4(dh — 1)|— esda .
W =mw [T A - - ca( )|~ esde m,, < 186 GeV (95% C.L.) SM fit

+ cgdt — e7dt™ — cgdHdt + codhdt — ejpdag + ¢11dZ mH=87f§2 GeV(68C.L.)
mp mpy 2 My 2 August 2009 My = 157 GeV
H=mgow "=(mev) = (mmer) ! "W T
da = Aa dovg = as(mz) 1 7 =— "2 5 . —ggg;;s;o 00035 -
0.05907 * 0119 91.1875 GeV |\ iy T
R 0.02749+0.00012
myy, = 80.3799 GeV  ¢; = 0.05429 GeV ¢y = 0.008939 GeV 4+ % ieee incl. low O data .
c3 = 0.0000890 GeV ¢4 = 0.000161 GeV  ¢5 = 1.070 GeV N 1
c = 0.5256 GeV ¢z = 0.0678 GeV ¢z = 0.00179 GeV = 31 .
co = 0.0000659 GeV  e1p = 0.0737 GeV ¢ = 114.9 GeV , 1
Approximate the true value for m, with an accuracy of 1_' |

0.5 MeV for 10 GeV <m, < 1 TeV varying inputs in the Tevciuded Na & prafiminar
o &4 reliminar
range of 20. %% " 100 | ;00

m, [GeV]




Electroweak precision effects

)
i AT pew + O(AT2

TLEW! )

Aov _ . . (MS)
Ar = Arpys + Arpey /> mw =myy - SR

(2myy 77" — m%) (1 — Arus)?

Let us assume that the parameterization gives the experimental value m,,=80.399+0.023 GeV
mw = m%,-— —cdH + ...
mi), = m%_,f“ﬁd:‘ — CAT e dH = Inmy /100

m,, at l.h.s fixed to experimental value. We have two cases:

1. Ar,, >0, m,°decreases, to balance the effect in dH the lower limit on m,decreases
2. Ar,, <0, m,0increases, to balance the effect in dH the upper limit on m, increases

We obtain constraints on the allowed range for the Higgs mass at 1o.

y = c1dH + eodH? — eadH* — ¢4(dh — 1) Normally distributed around the central value with st.dev.

} my = 80.399 £ 0.023 GeV  my = 91.1876 £ 0.0021 GeV
2 2 2 -
Oy = | Oy + D Uz] me = 173.1 £ 1.3 GeV Ac = Aaep + Ao,
l Aay.,; = 0.0314977 [52]  Aa)), = 0.02758 + 0.00035

as(mz) = 0.118 £ 0.003

Inverting numerically the relation we get the constraint on m,



Electroweak precision effects

The term Ar_,, depends on the mass of charged scalar and couplings A,, A;.

The color octet effects depend on the invariance of the scalar potential under SU(2) custodial
symmetry.
1. SU(2)-symmetric A,=2A; -> Ap = 0 Ar.,, > 0; in order for m, not to go below the experimental
limit m,> 650 GeV
2. SU(2) broken A,#2A; -> Ap # 0 ; we can have Ar, < 0; Higgs mass may increase

Sta
Scalars in adjoint representation of SU(3).a =1,...,8 w.o s W x8 color factor
N AVAVeY
mgs (GeV) | Arpew x 105 |my (GeV) o
500 -8.41402 13407337 Color octet scalars with masses ~ 700-
600 _5.86394 718:333 900 GeV a”OW a heavy Higgs in contrast
_ 188 with the SM fit.
700 -4.31749 4057158
4139 For mg > 1500 GeV the extra contribution
800 -3.31021 27783 )
i becomes negligible, the octet decouples.
900 -2.61799 211719°
1000 -2.12203 1711,
1500 -0.94466 10015}
2000 -0.53135 80757

A,=0.8 A,=0.3



Conclusions

* Requiring the natural suppression of FCNCs in the extensions of the scalar
sector of the SM the only allowed representations are (1,2),, and (8,2),, .

* The presence of color octet scalars is interesting from the point of view of the
LHC phenomenology.

The original contributions of this research have been:

The 1-loop full analytic evaluation of new contributions to Wilson coefficients for B-X. y

From numerical analysis we find two configurations that allow the existence of
both heavy O(TeV) and light (=400 GeV) scalars.

The 1-loop full analytic evaluation of new contributions to electroweak parameters Ar
and Ap

The constraints on the Higgs mass heavily depend on the invariance under SU(2)
custodial symmetry.

Extending the scalar sector by respecting the constraints of FCNCs through the
principle of MFV, we obtain in a “fair” way the effect of raising the Higgs mass. For

example, we may have

m, ~ 700-900 GeV My~ 400 GeV
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