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History

* Fermi theory of 3-decay (34):
contact interactions between two currents (prototype of modern effective theories)

Gg,_ _
Lr = f Thyully + e = = @y (@)][e(@)"v(@)] + he.
- Parity nonconservation (56-57); V-A law (58); CVC hypothesis (G ~ Gp) (58)
Gp . _ _
Lr = —7/%[19(96)%(1 — Mys)n(z)][e(z)(v*(1 —vs)v(z)] + he. (A =1.27)
* Quark hypothesis (60); Cabibbo theory (63);
G

Lopr = ——LJIJA

1 V2 A © _: Cabibbo angle

A A A
7= J(h) + J(l) Gg =G cosf. ~0.98
Joy = ey (1 —7s)e+ my N1 —s)p

J(Ah) = cosf, ﬂ’yA(l — v5)d + sin 6, ﬂfyA(l — 75)$



Determination of G, from u©~ — e + V. + v,

M = - 7‘—‘ (e} (1 — 5 )v(ve)u(v)a (1 — 75 )u(u)
1 Gym,
T 19273
Today
1 G.m., a(m,,) a(m,,)?
— = F 1+ —2H H
T 19273 H( * T ] + w2 21%
Flr] = 1-8z+82° —z* —122%Inx = 0.99981295
25 w2
Hilz] = = -5 +0(x) = 180793 (1959)
Holz] = ...=6.64 (2000)
1 1
-1 oL
= — 1 — =1 1
a(m,,) + a3 nzr+ o 35.90
m, = 105.6583715 % 0.0000035 MeV
me = 0.510998928 4= 0.000000011 MeV ==

(2.1969811 4 0.0000022) x 10~ s

g) » = m?/m?

G, = 1.1663787(6) x 10~ °GeV "~

Particle data book value



Fierz identity

6[(1234) = [wlrj’wg] [E3F1w4]
er(1234) = > Frje;(1432)
J

(Ff)ab (Ff)cd = ZFIJ (FJ)ad (FJ)cb
J

Z(Fj)ad(rj>cb = 404 0cq closure

FIFJ = CFK

(1 =S
7 =V
ryj=¢ o 1I=T
s I =A
. v I=P
1 1 4 -1 1
4 -2 0 -2 -4
F=-| 12 0 -2 0 12
-4 -2 0 -2 4
1 -1 3 1 1

charge exchange

charge retention

W.I.



Energy-angle distribution of e~ (e*) from the decay of a fully polarized p- (u*)

d*pe m,E o o -
ar'r = on 3 OGM{3—2$—|—%]C(33):|:56089[1—25134—%9(33)]} Ex )
f(x) = (6—4z)R(x)+ 13;296(5 + 172 — 342%) In(m,,/me) + . .. 0 =
glz) = (2—4x)R(x)+...
R(z) = In(my/me) g+21n(1;x)]
3—2z = 6(1—x)+4p[%x—1]; 1-2x=-2(1—2x)— 45[ x—l]

/

\ Michel parameters; V-A, p=0=3/4

(my, +mz)/(2my,)
e/EO
/Pe

Large radiative corrections because of In (mu/me)—wo, m_—0 (collinear singularity)

0=0.750 80+0.000 32(stat)£0.000 97(syst)£0.000 23, without r.c. p = 0.71

q = (E'ya())OaE'y) 1

q e : ’M‘Z
p = (F,0,BE,sin, BE, cosf) 2p-q
! - o~ /dz —n +5_
! :iﬁ—i_ﬁ_'—me:i PEg+me 1—52’ 1-p
PO pt g —me 2p - q 2E,E.(1 — [ cosb)
— In m; as B —1

e

But In (mu/me) absent in I' (KLN theorem)

(14 B)2E?



Fermi theory (or any effective):

 Not renormalizable

L] =4, [¥] =3/2 = [G,] = 2 >©<N [y

* Violate unitarity :
Ex.. v,(k1)+e (p1) = ve(p2) + 1 (k2)

G

M = —iﬁﬂ(u)vk(l — ¥5)u(v)a(ve)ya (1 = vs)ule)
o G? 1 G2
MIT = T (1= ) (1= 95)] ST [, 7" (1= 5)py 7" (1 = 35)] = =325
~21 1
do = | M| 4—8(47T)2d§2
B G,%, S

But optical theorem tells us the total cross section is related to the amplitude for elastic
scattering in the forward direction

1
or(v,,e” — anything) = EImA(s, J,0 =0)

A(s,1,0) = 167 Y (20 + 1)Py(cos )€™ sin Spinless particle

l=o0
o) _ , _ Om)
S G

o< or <




Intermediate Vector Boson theory (IVB)

The contact interaction between currents is the result of the exchange of a heavy
charged vector boson

Lint = —gJ" W + hec. T =Tl + Th

G./V2 = ¢*/M},

¢ < M3,

[g]=0 but theory not renormalizable; problem stays in the longitudinal part of the
vector boson propagator
g*” — kMY /MG,

AR (k) = —
B (F) = I N e

3> »
> >

W/YT d4 k LVL d4 k

Similarly we expect unitarity problem in processes with longitudinal W's like
et +em =W+ W™



The Standard Electroweak Theory

Promote the IVB to be the carrier of a gauge interaction as described by a gauge Lagrangian
‘CQ

To any vector boson VA“ there is an associated generator T* of the gauge group G forming
a closed algebra

[TAvTB] = ifA7eTe, fAPC Structure constants of G
1 & _
Ly = —3 > Fo P 40D + | D, ¢l |
A=1 Gauge symmetry dictates the
; A
F:‘V = 9 VA - (9VV,j4 +g fABCVMBVVC Interactions of V"
N
D, = 0,—ig)y Vir4
A=1
N
At/ A
VA“ interact with matter fields via currents Z S VR g
A=1

Jf(q’) = \I”YMTA\I’a J;:‘(qﬁ) = ¢TTA3/L¢ - 8M¢TTA¢

AN
2,&53 X
For scalarsN there Is also a “sea-qull” term g R AVAV

Z ¢TTATB ¢VMAT‘/BM e N
A,B=1



Fermions and scalars are arranged in representation of G. For massless fermions
the I.h. and r.h. components can be given different transformation properties under the
Symmetry

U, =180 U, =0y =0lEn

Up=100 Up=uhy =00

(W Dirac field)
Mass terms break the symmetry if 1.h. and r.h. fermions have different symmetry transformations
mU¥ = m\IlL‘IIR -+ \IJR\I/L

Non Abelian group: N generators, f*°“# 0
Gauge symmetry gives trilinear and quadrilinear self- interactions of VAU

g derivative g* contact

Abelian group: U(1) (N=1, f**¢ =0)
QED: T'= Q, g =e, no self-interactions between photons

Gauge symmetry does not allow an explicit mass term m VAU VA



Getting the electroweak group (Glashow 61)

|.h. fermions enters into the weak charged current interactions.
|.h. and r.h. fermions enter into the e.m. Interactions.

Fermi charged current can be rewritten as a gauge current of an SU(2) group

Jf =y (1 —ys)e +uyu(l —vs5)d = J, =lpy,7 Il + quy.T qrL

qr = (Zi), I, = (:i), =1 tin, T Pauli matrices

Algebra of SU{2)

T = ; (A=1,23), [I4T°]=ie'PTY — [T1,1T%] =iT° = Z% Neutral current
Lint = \% (J; W JTEW ) 4 13w

Jf =)t wE= Wl\iﬁmﬂ, JS = quyM%qL +ZL%%ZL

Q cannot identified with T but Q-T_has the same value on the members of the SU(2) doublets
[Q-T, T]=0

Electroweak Group: SU(2)x U(l)Y where Y =Q - T3



Fermions quantum numbers (one generation)

Y| ug dr | ur | dr VL er | er | VR
T [1/2|-1/2] 0] 0] 1/2[-1/2] 0] 0
Y [1/6 | 1/6 | 2/3 |-1/3 | -1/2 [-1/2| -1] 0

|.h. fermions are in SU(2) doublets, r.h. fermions in SU(2) singlets

Electroweak Lagrangian (gauge part, no mass terms)

3
1 o1 L -
£symm — _Z Z F/fyFA'u - ZBMVBM + “pLDwL + ZmewR
A=1
F, = 0,W}—0,W + getPCWiwS
B, = 0,B,—0,B,
Dby = [au —z’%( W = W) —igT*W? —ig' Y B, | ¥y

DYr = [au - ig/YB,u] YR



Neutral currents

gI°W;: +4¢'YB,  Lh.
g'YB, r.h.

Rotate the W?, B field to obtain a new field with vectorial couplings

Wj’ = sinfw A, + cosOw Z,
B, = cosOw A, —sinby Z,

AU couplings:
gsinfy T° + g cosOw Y = e(T? +Y) = eQ; tan@W:g—,
- T I
eV v [T° + Y] + ebry, YR = ey, Qv Vectorial current
Z”coupﬁngs:
gcosOywT? — ¢’ sinby Y = gcos Oy T — g’ sinfy (Q — T°) = COSQQW (T3 — Qsin? Oyy)

9
cos Oy

i | o a1 |
Yy [T° — Qsin® Oy | ¥r, + g tan Oy sin by Yry, Y vr = ﬁm TgT% — Qsin® by | ¥

g/



Effective 4-fermion interactions at low energy:

Charged t 9" g+ 9° _ Gu
) Al QM%/ : SM%/ V2
2 2
ne —g Z 17 Gu MW Z 1Zu — G Z 12
. J2JH = J JH =4 J JH
Neutral current: Ly = 5 os gy MZ 74 Y2 MZ cos by Nl

Symmetry factor for 2 identical currents

My
M2 cos Oy

1 1 G
Z’Ceff:Z(Eeff+£eff) _7<J+J M‘|‘,0JZJZM> P

Note: if I know sin 6 _, for example from N.C. experiments, | can predict M

B V2g? B V2 e? T 1 A
8G, B 8G sin? Oy \/§Gu sin® Oy sin? Oy

1/2
A( a ) — 37.28039(1) GeV



Neutrino-electron scattering

vu(k1) + e (p1) — vu(ka) + e (p2)

. g v — — e e
M = Y IMZ o Ory g7 (k)Y (1 = ys)u(ky) [@(p2) [977A(1 = 75) + gRYA(L + 75)] u(p1)
dO’ 8G2 v [ e e rec )
- = pP—tmeE, (97)" | (95)" + (97)" (1 - y)z} y= B B
Y s
,8G> i 1
oe) = B (o) |60 + 5 (08

,8G? 1\? 1 1 >
= p TmeE (§> [(—§+s1n20w> +§(sm29W)

Uy+e U, 4e
,8G, 1
o0,0) = L (6)° |3

Sign ambiguities:  ¢) g1, <> —gr, 9r <> —9Rr, i) 9L <> 9L, R < —IR

Usingalso v, +e —rve+e

8G*, 1
o(vee) = =L, (6) |1+ p33)" + 3 (05|

remove i)



In the IVB we expected the e+ e - W'+ W' cross-section to raise with s (the C.M.
energy) when the W's are longitudinally polarized

€
——\\N T
v VB
—— NN
ot

But in our gauge theory we have two extra contributions from

3
1 1
= 2 Fu P =209 PO WAW WS = g% 0, W Wi W)
A=1

H_/v
W=+ vZ
e W-
e W= 30
= | y =
g LEP
; r,""
b /',"‘
fy Z 20 1 ,/ ]
, . — . et +°
et W+ e’ w ] |
o +
10- i
These two diagrams cancel the bad high energy | = vrswmsconw
behavior of the neutrino exchange diagram A only v, exchange (Gentle)
0

160 180 200
Vs (GeV)




Getting the masses

1 1
U(1) model: L=—-—-F"FE, — %

4 (8MAM)2

Two-point function (exact) G”V (p) satisfies the W.I.: p"p"G . (p) = —i€

—1 PuPu WEPuPy
Tree-level propagator: G =— (guv - =5 ) - =4
p p p
Longitudinal part not renormalized: »"p" G (p) = p"p"G), (p) = —i&

Transverse part renormalization:

—1 = HW = (ng,uu —pupv)ﬂ(pz)

i — PuPv\ _ €pupy
Renormalized propagator: G, = (g , — = ) -
Propagator: S = a—miea] \" ™ 2 ) T
202

Pole at p>=0 not shifted unless T(p*) ~ as p? — 0

" N

Exchange in the I of a scalar massless state — pole in GHV shifted at mi = €V



Getting the masses via spontaneous symmetry breaking
The Lagrangian of the theory respects a symmetry, but the vacuum state breaks it

Consider a single complex scalar with a “mexican hat” potential (Goldstone model)

b= %{¢l+i¢g), L = 86" B,0—V(e), V(e) = m?|g + A|g|*

V(9)

(.
2<0, A>0 g _____ %

m?

The potential has an infinite number of equivalent minima for {;‘s|2 =~

The system will choose one specific minimum, breaking the global rotational symmetry



We can expand the scalar field around a real vacuum expectation value (vev)

m?2

¢ = )

v+ H(x) +1G(z)], v=1/—

Sl =

At the minimum of the scalar potential (= the vacuum state) we have (¢} =

V2

Up to an irrelevant constant, the scalar potential becomes
2 3 1. o 2y 772, L, 2 2y 2
V = (mv+A")H+ i{m + 3Av) H® + i{m + Av®) G

A . .
(H? + G*)?

+xw H(H* +G*) + ;

Inserting the value of v the linear term vanishes, and the masses of the scalars become
m% = —2m? = 2 Av°, meé =0

G is the Goldstone boson associated with the spontaneous breaking of the global symmetry

In general: the number of Goldstone boson is related to the number of broken generators
of the symmetry
Broken generator: it does not annihilate the vacuum



The Higgs mechanism

Simplest U(1) model

1 | A 1
L= =" Eu + [ (0 —iedy) o> — (m?) ¢ — 719 - 5 (0, A)* m* <0
D,
2
6= Zs o+ hi) +ix@]. v/ <¢>=%
B 1 v 1 12 1 9 51 1 ov,9 L o o
L=—CFMF,, —— (9,A")+= [(@Lh) + (9,u%) }+—(2Av Vh2+= 202 AP A, +ev A, +. ..
4 26 2 2 2
—ieQUQgW
Vertices: VXV
NN~ > - e
e N AVAYA " YAVA VA AVAVAVEEEAVAVAY

2,,2
PubPv e"v
M, = €0° (g — ;2 ) = (P* g — Pubv) =5

Pole at p°=0 due to the exchange of the massless ¥ field



X field is not physical, it can be eliminated via a (field-dependent) gauge transformation
¢ — ¢ = ¢exp[—ie(z)]
Original Lagrangian invariant under: , 1
Ay — A=A+ - Oue(z)

x(w)]

1 .
Shift the field ® and write it in polar coordinates; ~ ¢(z) = 7 (h(z) +v) expl+i

via a gauge transformation | can eliminate x (e(x) _ X(x))
(%
1 uv 1 2.2 Aup 1 212 Ap 2 U
ﬁZ_ZF Fw/—|—§6 veA AM+§e h=A*A, + e hvA* A, + L(h)

\ No ¥, Aumassive (3 d.o..f.); x eaten by Au

N.B. Elementary scalars are not essential to give mass to the vector bosons.
Essential: massless Goldstone bosons associated to the breaking of a global symmetry coupled

to the gauge current
QCD con two massless quarks: SU(2) xSU(2), symmetry, ground state of the theory has an
indefinite number of massless quark pair due to strong interaction: < 0/3g/0 >=< tyug +dydg + h.cl0 ># 0
SU(2) xSU(2), - SU(2) ., 3 massless pions
Z |0 — 4 70 HZ — 2 pr2 . M
< O0|J7|m° >="ifp, 7 AN AN 7 w =971 (9u< 2 )

Current conservation



SU(2)xU(1): (Weinberg 67, Salam 68)

ot
SSB via an Higgs doublet ¢ = (¢0>
1/2

L = Esymm + »CHiggs + ﬁYuk:
| _ f _m2yat ) . . .
Lriggs = (Du®) (DH®) [(m )RR+ A (2'D) } Renormalizable interaction
V(@1 ®)
Lywe = =Ygk — Y or vk +he., ¢ = (Zd> , B =irp®”
L

if <<I>>:(3)
Nz

Shift @ and write it in terms of 4 real fields, h, X ,X,.X, as

O(x) = explit - x(x)/v] (h(:}gﬂ) via gauge transformation | can eliminate x
V2 (unitary gauge)
o 0
Q =T, +Y annihilates the vacuum Q( . ) =
V2

3 broken generators, 3 x's eaten: 3 massive vector boson, one massless:
SU(2)xU(1) -~ U(1)_



Gauge boson masses:

9, _ N o313
D,® = au_lﬁ (T Wt —rtWw ) —1gT" W) —ig'YB,| ®, ®—=<P>
g 2 g g*v?
My Wiw# = Tr <o > WIWH =5 <@ > 77 <> WIWH = =W
% 2
1 /_/R
5 27hZ, = geosOwT? — ¢’ sinfy (Q —T%) | <@ >| ZVZ,, (Q < ¢>=0)
= (gcosty + ¢’ sinby)’ |T% < ¢ >|* 212, = g T8 < ¢ >[*7202, =+ IV gy
w W o cos? Oy 24 cos? Oy H
2,,2 2,,2 2
v v M : : :
Mz, = 94 . Mz = 49—29 =P =15 - =1 Only if the Higgs fields are
cos™Uw z COS™ VW singlets or doublets

If there are several Higgses in generic representation (T, T )

T ST AT T v, Sa, [T )~ (0, 4,
> e, 2 < (T3)? >|_p, - V3, > e, 2[(T3)%y, v

a a




We must have at least one Higgs doublet to give mass to the fermions:

doublet)d/oblet singlet

EYuk — _deLq)wR u¢LCD\IJU + h.c.
—Yd\/— (wLwR + ¢R¢L> \/— (Vivgk +UpvE) =< >
B S 7
u — \/i ; d — \/5

The p parameter fixes the relative strength of the charged-and neutral current interactions.
Its experimental value is very close to 1, but the exact value depends on the experiments
one is considering (radiative corrections enters into the game) . The value of p extracted in
neutrino-hadron scattering is (slightly) different from that of neutrino-electron scattering.

M2

p=1= cos® Oy M2 If I know M_ | can predict M

A? A? M2 14272
W sin? 0y 1 — M2, /M2 W { i [ M2]



The Standard Model

Strong, electromagnetic and weak interactions (not gravity) are described by a
renormalizable Quantum Field Theory based on the principle of local gauge
invariance with gauge symmetry group  SU(3)e X SU(2)w x U(1)y
spontaneously brokento SUB)c x U(l)em . The quanta of the gauge fields (W,Z2)
acquire mass via the Higgs mechanism. The left-over of the EWSB process is
(at least) a spin 0 particle, the Higgs particle, whose coupling to gauge bosons
and to fermions is determined by their masses.

Elementary
Particles

£ u c |t »
:‘E up | charm top E
SRdls|b ‘ 5 E

g down | strange] bottom [|§ 8luon g
0 Ve |Vu| Va Z o
o s P | o
v o "The Higgs mechanism is just a reincarnation of
o gs m 1S )
) € I H ‘ TIW « the Comunist Party: it controls the masses”
| electron§ muon tau boson

Anonymous

| Il I
Three Families of Matter



Tree-level unitarity

W-W scattering with longitudinal polarized W's: Wi (p1) + Wi (p2) = Wi (k1) + W, (k2)
W Wt W we o W W
M %
v, 4
W w- oW W W
’ c

p'u:(Eaﬁ)a llL/: ﬁ(]% %@_)G'LIL/: MLWPM‘FUM(p)a ,U(p):_]\éw( _@+O(M5V/E2)
\ W 4-mom. b Pol. Vec. Long. W

In the C.M. System: 1 = (E.D), p2 = (B, ~p) = er(p1) = 5701 — 9p5ph, er(p2) = groph — 550,

At high-energy:

2.2 t2 2 4st M2
(A+B), = ilW {— oAt g Miv 2 )—3M§(s+t)}
M, 4 s
(A—I—B)7 = (A—i—B)Z(C%/V%S%V, Mz—>0)
2 2 2 2
. g t* + s +4st Mg, 5 9
C ZMGLV{ 1 . W (s* — st —2t%)
2
g7 s+t
A+B+C = lM—X%V 1 led but still it grows with energy



Not the end of the story: Higgs exchange (cancellation!)

wt

W Wt W
AN
|
g :'H/QHWWZQMW
WC - AVAVAVAV VISR
D - _ ig? ( M?{s) ,
= 5 — S

AMZ, s — Mg, A+..._|_E_Z'\/§GMMI2{( 2+—2)

ig® M3t t—M%  s— M3
E = - t4 —2

AMZ, t— Mz

does not grow with energy if the Higgs is not too heavy

If the Higgs were very heavy, W W, scattering enjoys a period of rising with the energy up to M,

A(s, J,0) = 16 Y (25 + 1)d”(O)M7 = |M7| < 1

1=0
MJ_ON_lgu\jﬁ (MH—>OO):>SCNO<7TC;/§>N(1TGV)2
™ H

Ats_something should enter in the game to restore unitarity



SM with gauge interaction switched off, ® @ scattering:

Equivalence Theorem

o+ >+ Pt S o+
N _ - > 1 > - N Vv
X h A | XA
< . e
// \\ ——)—J—_>__ / AN
o~ o b~ (O b~ (O
A B C
1 M? M? 1 M? s
At = _iMu_ My gy
Jr2 ZU2 ZU2 s— M2 ZU2 s — M%
1 1
B—I—§C = A+§C’ (s = 1)
¢
A+B+C = —iv2G,M? i
+ B+ iv2G, H(g_M%+t_M%>

At high energy

MWy, Zp - = Wi, Zr ... ) = M(®T, 8% .. — &+, 30, |

¢ (p1) + ¢~ (p2) = ¢T (k1) + ¢~ (k2)

. . M?
: —12\v = —1i —

—id)\ = —i224



The S.M. is a renormalizable theory ('t Hooft, Veltman 71-72)

The theory is anomaly free

color
Avf)/uf)% / \
1 4 1 1 1 1
v, v, TT32: L. . — — . ——) . ] =
G -~ / ~ >~ N——~ N’
(! d v e

However in the unitary gauge where only physical fields are present (the would be
G.B. are eliminated) the propagator of the massive V.B. has a bad high energy behavior

— kP EY [ M3
AW (k) = —i -
B (F) ! k? — MZ, + ie

and the theory seems to be not renormalizable by power-counting arguments.
However, it is possible to choose a smart gauge (Rz gauge) where the V.B. Propagator

has a good high energy behavior

ki ] . [gw — kMEY/ME, kPR M2,

AR (k) = ! (-1
Bwlh=mar e Y T Ve Tan, K2 M2, tie | K2 €M,

Unphysical pole



U(l):

unbroken

Cancellation of the
unphysical pole

O = 1+ @2; <1 >=v,< ¢y >=0

broken

/ P1 b1\ / P

mixing eliminated via

—2%(5“1% +§%¢2)2

Mass term for D 13 M,

. 7
iy, (k) = I

Also the ghosts acquire a
¢-dependent mass term

Eg.f. -

interaction

mass

4)5

P10\



Renormalization of the S.M.

In the gauge sector there are 3 parameters: g, g', v— 3 renormalization conditions.
Whatever renormalization scheme we use we want to express our results in terms
of the 3 best known parameters:

a = 1/137.035999174(35) [0.25ppb]  (ac)
G, = 1.1663787(6) x 107° GeV >
Mz = 91.1876(21) GeV/c* (peakofo(eTe™ — all))

0(QED) = 3 (2) a2

SN

Computed up to n=5

We need the radiative corrected relations between our renormalized parameters
and q, G” and M,



Bare relations:

) govo
eo = gosinBy,, go = go tan Oy, MWO:T’ po =

€

Natural to identify: = smow T dmo

ot "

fine structure constant
renormalized

Using the physical (pole) masses of the W and Z we have two possibility:

M2
cos? By = M—V%V p=1 (1)
M2
cos’ Oy # —N p=1+0(a) (2)
Mz
¢t = cos”

Notation:



On-Shell scheme

(1) 562 N 6M€V B 5M% o RGAW{/V(M‘%V) _ ReAzz(M%)
S VR VS V) M2
Aww (¢%) Transverse part of the WW self-energy at momentum g?
Relation with G“
G

Gu _ 90 [,_Aww(0)
VR

2

T | \
m v, H [t

U
=
Y
7;

(&

€

o A



separate e.m.

G 95 Aww (0)
0
e’ oMy Aww(0) 62 65>
- —— 1 W 2 _
832MV2V{ i M2, M2, +Vw + My Bw — =+ — }
e? Re Ayw (M)  Aww(0)
= — 21 w/, 2
8 s2 M3, { * M2, M2, + Vi + My, Bw
c? [ReAzz(M2%2)  ReAww (M3)
II,~(0) + —= zJ) _ 5%
—l—w()—l—82[ M% M‘%V ]}
{1+ 4r)
— 5 9 as9 r
8 s2 M3,
A’Y’Y §
H’W(QQ) = _q(g )
M3 4A2 1/2
My, = TZ {1 + [1 T M Ar)] Radiatively corrected
2(1 —
2 [ReAyzz(M2) ReA M2
Large contributions in Ar: I,,(0), — 222( z) _ WV‘;( i)
S M7 Mz,



[1,+(0)

Contains hadronic contributions at low energy that cannot be computed in perturbation theory

I'IW(qZ) is an analytic function in the g* complex plane with a cut on the real axis starting at 4 m2

H’W’“W(O) = H%(O) — Re H%(Mg) +Re H%(Mg) < perturbative

o

Ve

2 00 h
— —%Re / ds ImHW(s) Subtracted dispersion relation (Cauchy)
™ am2 S(8 — M2 — ie)
but, from optical theorem me
circle
S — *
Im H,% = —gatOt(e+e — v* — hadrons)(s) R .
using “ | Res
R(s) - oiot(ete” — v* — hadrons)
Otot(€Te™ = y* = ptu”)
2 e’e)
(5) h 2 h oMz R(s)
Ay carons = Relll (Mz)—1I7 (0) = — ™ Re /4m2 dss(s T2 — o)
M?2 50 R M? > R
_ @ ZRe/ ds (82) , _é ZRe/ ds (82)
3 amz  S(s — Mz — te) 3 sg  S(s— M7z —ie)

Using experimental data Using perturbative QCD



Table 10.1: Recent evoluations of the on-shell .fl.r.ti.lil:'.'-':l'x]. For better comparison
we adjmsted centrnl wlues and erors w0 corespond to & common eod fixed wmlue of
arg (M) = 012, References quoting results without the top gquork decoupled e
corverted to the five Aovor definition. Ref. [33] wes Agep = 380 £ 80 MeV; for the
conversion we nssumed o (M z) = 00118 £ 0u0a.

Referenoe

Result

Comement

Muortin, Zeppenfeld |23|
Eidelman, Jegedehner [24)

Geshkenbein, Morgunov |25

Burkhardt, Pietrzyk |249|
Swartz [27]

Alemanoy et ol |28]
Krasnikov, Rodenbeng [29)
Diacvier & Hidoer [0
Kiihn & Seeinhnuser [31]
Ecler [19]

Davier & Hidoer (33
Groote =t al [33]

Muortin et al. [34)
Burkhardt, Pietreyk |35
de Troconie, Yodurain [34]
Jegerkehner [37)

Hagiwnrn et al. [38
Burkhardt, Pietreyk |39
Hagiwnrn et al. [40
Jegerlehner [41

Dwvier et al. [204

Decvier et al. [204
Hagiwnrn et ol. [42

L2744 £ D.DNIGE
OB} & 0.0
LTS X 0.0
(L (P25 £ OLONFT
L2754 4 0.0k
OLOZELS X D.ONKHG2
OLOZTET = D.DHIGS
OLO2TEL 4 D.ONNKZ2
OLOZTTE X D.OKKN1 6
OLOEZTTS £ OO
LT & D.OKKNLS:
OLOZTET X D.ONKIG2
02741 =+ 0.0 S
OLOE2TE} £ D.0KGE
L2754 = O.OCKN]AD
L0275 £ 0.0
OLOZTST £ D.ONKKZD
OLOE2TEH = 0.ONHIGS
LTI 4 D.ONKZ2
L2755 £ 0.00KN].
L2750 == OLOCKN]AD
OLE2TEE 4 0.0 1
L0278 = 0.0KN14

POQCD for /% > 3 GeV
PQCTY for % = 40 GeV¥
xs) resonance model
PQUCTY for & = 40 Gel¥
use of fitting function
el v decny dots
POCD for 5 = 2.3 GeV
POQCTD for % = L8 GeV
complete )

conv. from W2 scheme
use af CPCD sum nales
use af (I surmn males
incl. new BES dnta
PQCTY for % = 12 GeV¥
POQCD for 5 = 2 GeV?
cony. from MOM scheme
PQCTY for % = 11.09 GeV
incl. KLOE data

incl. selected KLOE dota
Adler function approach
ete— dntn

incl. v decny dnta

ete— dntn

Differences:

 Treatment of data
and errors

* Integration

e Threshold for PQCD

Ao = 0.031421
Aa = Aa® + Aa™ ~ 0.06

Q N 1
1—Aa 128

o(Mz) =



The other “large” term

!

heavy particles (M>>M )

ReAzz(M3)  Re AWW(M‘%V)] c? 5

) 2 2 =3
S MZ MW S

Heavy particles contribute to the W-Z mass difference correction in the same way
as in the p parameter (relative strength between NC and CC interactions)

AZZ(O) 2
<1 tVz+ M BZ) Aww(0)  Azz(0)

~ 1+
M, M7

()

mg

Quadratic terms in m_are going to survive in the difference?



M, and M_ are degenerate in the limit g* -~ O.

Higgs potential is a function of  ®T® = (¢? + ¢32 + ¢2 + ¢?)
custodial symmetry SU(2) x SU(2),

_ (P _ L (o1t 5t — o ) R _((/58 f/5+>
? (¢O> ﬁ(¢4+73¢3>’ bm® (—cb_’ H=@2=1_4_4

1
Liiggs = §TT(DMH)T(D“H)—V(H)
DuH = 0,H+5gW,-7H - =g'B,Hr,
1 v2\ 2
VH) = M =Tr(H'H) - —
2 2

H — U HU}

If g'=0 Luiggshas global SU(2), x SU(2), invariance . -
W, -7 — U(W, DU}

(Ur.r = expliT - €1 R|)

v (10
SU(2), surviveswhen < ¢4>=v=<H >= NG (0 1) = Mw, = Mw

H — ULHU]
W, -7 — Uy(W, DU}



Lyvue = —Yd’QEL(I)??Dfl% — YUQELEI/)@D}% + h.c.

= YyYrHYr + AYYrHr3pg + h.c. Y = (:ﬁ%)
R

First term invariant under: g — ULHUE, v, > Uy, vr = ULYr

Corrections to the W-Z mass difference are due to hypercharge effects (g' # 0) or to
mass splitting within isospin multiplets

G, m?
6p"°P = Ne—t=— mp = 0
p NP (my, = 0)
- 3G, M3, M3,
Spttogs  ~ OwIn —2L  (My > M
i 8\/_7r2 tan nM2 (Mg > Mw)

Corrections proportional to j72. appear at two-loop but are too small to be important
H



Heavy particles do not decouple in dp. In a diagram if couplings do not grow with
mass heavy particles decouple, running of a or a_not affected by heavy quarks.

~ Aww(0)  Azz(0) w\/\/

op = 0 "= 0

Corrections to dp can be computed in the gauge-less limit of the SM, a Yukawa
theory with gauge boson as external non propagating fields.

Ly1 = (D,®)" (DF®) — V (dT®) — (Vi Btg + h.c.)
W, Z (no kinetic term)

Zy
Z3

gu
2 cos Oy

v 2 1 2
Liin = Z5 ‘aﬂf — %W+| + 523 (aﬂx3 — Z) = p =

™ e

w.f.r, of the Goldstone bosons, Z = 1 + O(a)



?*O‘*' ) -

grows with the mass

X's are the longitudinal modes of the W,Z

Other non decoupling effectinZ- b b




Large counterterm contribution associated with & s* can be eliminated usinga MS

definition of 8, 8° = sin® Oy (Mz)

M =2 - :
2 p M7 (1 — Ay )

. M2
z€ 4A2 1/2 no

1
© T3 { i [ PMZ(L — Aiyy)

Z-pole physics:

Dominant contribution is the resonant Z exchange diagram

The bulk of the corrections can be absorbed into effective couplings

g g - o= T3 —20Q,sin® Oy = /o(T3 — 2Qsin? 0/
%Jg = %10(%(9@ — 9a75)V v ]; s SH; w = VPl = 2Qysin" 0 )
g, = T°= p(T})

sin® 07, = k(M2) sin® O (Mz) ~ sin® Oy (Mz)  k(MZ) =1+ ...



sin” Hg r¢ can be obtained from asymmetries

29/ g/ 2z
A, = 909,  _ 2y
F= el — e}

dcosf 8

do ;7 P)A
o1 _ 30;‘}? (1= P, Ae)(1 + cos®0) + 2(A. — P.) Ay cos )]
Tf = g_g: =1~ 4’Qf|8in2 egff

Forward-Backward e’ polarization
_ — 3
rplete fr) op +op 4 f

A? ~dat (g5 <gl)  Ae~0.15

f =1 one measures
Ac Ay but g~ g one measures mainly

f =q one measures

Ae

T polarization
o) —olm)

n
o(tp) — +o(7mRr)

;Ol(eJre_ — 7T ) =
Left-Right
- — 1
Al L(ete” _ L 9R ~ A, = ~l.h.
Lr(ee” = ff) o1t on <P > or =ofe )

Left-Right Forward-Backward

(O'F—O'B)L—(UF—UB)R 1 NSA
et

Af T, F = _
rrgle’e” = 1) (op —oB)L + (o —oB)r < |Pe| > 4




a,(exp) = 116 592 089(63) x 10~ [0.5ppm]

a,(th.) = a,(QED) + a,(hadronic) + a,(weak)

oo

au(@ED) =Y (£)" a2

TABLE III. Contributions to muon g—2 from QED pertur-
bation term a.fn:'{crf:rr}” x 10'!. They are evaluated with two
values of the fine-structure constant determined by the Rb

experiment and by the electron g — 2 (a.).

order with o '(Rb) with o™ (ae)

2 116 140 973.318 (77) 116 140 973.212 (30)

4 413 217.6291 (90) 413 217.6284 (89)
6 30 141.902 48 (41) 30 141.902 39 (40)
8 381.008 (19) 381.008 (19)

10 5.0938 (70) 5.0038 (70)

a,(QED) 116 584 718.951 (80) 116 584 718.845 (37)

a,(weak) = 154(2) x 1071

o ERM Mgy h
xr- =

c  m, mgp

a(Rb) = 1/137.035999049(90) [0.66ppb]



a,(hadronic) = a,(had .v.p.) + a,(had. NLO v.p.) + a,(had. [.1.)

/ T AN

SO =
S s

2

~ g
a,(had. v.p.) = 30‘? /4 2 ?SK(S)R(S) = 6949.1(37.2) 0 (21.0)rqq x 1071

K(s) monotonically decreasing function for increasing s
a,(had. NLO v.p.) = —98.4(06)¢sp(0.4)rqq x 1071
a,(had. 1.1) = 116(40) x 1071 Models of low-energy hadronic interactions with e.m.

current
u

a,(exp) — a,(th.) = 249(87) x 10~



The main source of error in au(th.) comes from au(hadronic) where in the dispersion
relation enters the same experimental data that are employed in the calculation of

Aai@

If | change au(hadronic) | get a too light Higgs.

New Physics explanations:

One needs a relatively light not colored particle with couplings to the down fermion
enhanced with respect to the SM

SUSY

"

100 Ge\f) S
tan (3

a2V>Y ~ (sgn p) x (130 x 10711 ( —
Msusy



SM Fit

One can make a global fit including “all” possible measurements and using the radiatively
corrected predictions for the various observable. The latter, besides q, G”, M, and lepton

masses depend upon: (5)
me, Aahad7 aS(MZ)7 MH

Measurement Fit |OM_Q"|/cMeas
1 2 3
m, [GeV] 91.1875 £+ 0.0021 91.1874
I, [GeV] 2.4952 + 0.0023  2.4959
o0, [Nb] 41.540 + 0.037 41.478
R, 20.767 + 0.025 20.742
AL 0.01714 + 0.00095 0.01645
Predictions form, M _, M
R, 0.21629 + 0.00066 0.21579 voowWh e
R, 0.1721 +£0.0030  0.1723
AP 0.0992 + 0.0016  0.1038
ALC 0.0707 £ 0.0035  0.0742 o )
A, 0.923 + 0.020 0.935 Very weak sensitivity to M, without the
A, 0.670 + 0.027 0.668 L
A(SLD) 01513 +0.0021  0.1481 Value of m_we cannot predict it.
m,, [GeV]  80.385+0.015 80.377
I, [GeV] 2.085 + 0.042 2.092
m, [GeV] 173.20 + 0.90 173.26
March 2012 0 | 1 | 2 | 3
R — I'had R — Fq
[ — ) q



Purely EW corrections indirect vs. direct

established M;, My, determination

0.233 =24 - - - February 2012
| Emt=173.2i0.9GeV 805
m,=114..1000 GeV - | O LEPEWWG (2011) 68% CL (excluding M, . m__ & direct Higgs xclusion) i
- (:}EB% CLﬂby area) hl'l“_ (2008), mm o
. _— — () 68% CL by area) M, (2012}, m_ .ﬂ .
:} 8045 i ;_J\ —
| i 1)) B Ly &
mH \ 0 3 A ,\v\cb 7
8 §0-232° 1 8 sosf . ¢
oo | & I ]
c = - 1
w0 i - i ]
= 80.35 B ’\@Q 4
u : ﬁ/"‘ i-{c“:- :
0.231 A /X A m, 1 80.3 5 E]BQ G

7 Pl AU T N U ST [N O A L e | | R R I

68% CL 155 160 165 170 175 180 185 190 195
83.6 83.8 84 84.: Top Mass (GeV)
I, [MeV]

only QED corrections



Global fit to MH

March 2012 m i = 152 GeV

o) _
L AOchad o
3 — 0.02750+0.00033
- ----- 0.02749+0.00010

- incl. low Q? data
1LEP LHC
excluded excluded
40 10 200



SM prediction for M

| want to get a probability density function for M, in the SM using all the available information,

from precision physics and from direct searches (obviously excluding LHC results) to see if
the particle that has been discovered at LHC has a mass compatible
with the SM prediction (p.d.f # 0)

March 2012

Few observables are really sensitive . l
to the Higgs o0,
R? e |
AY o |
A(P) H——te—
R
R
Al —e—i|
Al °
. . pn . . Ay
Simplified analysis using A,
A(SLD) —e—
.2 plept. sin0 5 (Qy,) L ®*—
.2\4{/[/'7 S11n Qeff Injw o
/ Q,(Cs)
sinOyg(e e”)
sin®e,,(vN)
. gZ(vN)
asymmetries G2 (VN)
10 10° 10

M, [GeV]



Mass of the W Boson

Measurement M, [MeV]
CDF 1988-1995 (107 p&}  —+——@— B0432+79
( DO 1992-1995 (35 pb™) ——8—— 80478+ 83 )
Tevatron+LHC m ,, combination - March 2014, L | =3.51b Togif’ CDF 2002-2007 (2.2 67 e 80387 + 19
o ATLAS + CDF + CMS + DO Preliminary i
COF Runll, +jets bttt 172.85 + 1.12 j0.52+ 0,43 0.86) (_DO_ 2002-2009 (1.0+4.3 ") —@ 8037623 )
COF Runll dirlepton ; ° : ' 170.28 + 3.69 (1.95 £ 3.13) Tevatron 2012 - 80387 = 16
nnF_F‘_:,’_”” all jets - o - 172.47 £ 2.01(1.43 20951 1.04) LEP ._‘:_. BD3TE + 33
COF Runll, E™ +jets S R . ’ _
: bo—— . k. A6+ 1.05+ 0, i
e 173.93 £ 1.85 126+ 1.05+ 0.86) (World Average - 80385+ 15 )
g r‘“':l'_ :[jets —t—a—t—t  174.94 + 1.50 (0.83+ 047+ 1.16)
D0 Runil, dl-lepton — . = 174.00 + 2.79 (2.36 + 0.55 + 1.38)
ATLAS 2011, Ijets ——H—— 172.31+1.55 023+ 072+ 1.35)
ATLAS 2011, di-lepton - . ) 1 1 1 1 1 1 1 ]
: ”: . ——a—— 173.09 + 1.63 (0.64 + 1.50) 8{}200 8{}400 B{EUO
CMS 201, jels — e — 173.49 + 1.06 (0.27 + 0.33+ 0.97) [MeV]
'3'5"15.2_?1"5 lepton ———— 72.50 + 1.52 (0.43 +1.46) Mw
CMS 20, all jeta ———t—i 17349+ 141069  1123)
World comb. 2014 %/ =20 e — 173.34 £ 0.75 (0.27 £ 0.24 £ D.6T) ol
. = A, —e—] 0.23099 + 0.00053
g? Tewvatron March 2013 (Run [+11) i =] 173.20 £ U8/ (05120361 0.61) AP SRS 88 -+ 8 o4
= £ — . T Q.
20 LHe September 2013 —— 173.29 + 0.85 (0.23 + 0.26 + 0.88) -
i | | | fotgl  [stat. ES  syst) A (SLD) & 0.23098 + 0.00026
165 170 175 180 185 0b g i
Miop [GEV] A’(:JC ' -
: T 0.23220 + 0.00081
b
o * 0.2324 +0.0012
Average 11 0.23153 + 0.00016
e xZ%dof:118/5
=
[}
S
T
£ 10 = Ac®) — 0.02758 + 0.00035
m=1780+43 GeV
023 0.2IB4




 Parametrization:
sin eéefpft ( Oé?p]f) +c1 A1+ c5 A% +co Ay —c3 A3 + ¢4 A4,

MW:M‘C/)V—dlAl—d5A%—d2A2—|—d3A3—d4A4,

where M Aajy
A=higdey A2~ gorer "

_ M4 2 _aS(MZ)
A= (wtev) —1 A= L

c, d > 0 theoretical coefficients (depend upon the RS)

e Two quantities normally distrubuted

W = sin Qlept ( 2 Qlept) — o Ao + c3 A3 — C4A4,
Y = MW MW do Aoy + dsAs — ds Ay

 Likelihood of our indirect measurements © ={W, Y} is a two-dimensional correlated normal

F(O| In(my)) oc e X /2

T 1 S99, 2 [ w—c11n(/100)—c5 In?*(/100)
X*=A"VTA, Vij _Zl 8Xl "ox, 9 (X)), A= (y—d11n(/100)—d§1n2(/100))



- Using Bayes' theorem the likelihood is turnedinto a p.d.f. of M via a
uniform prior in In (M)
Mole—(7/2)

My | ind.) = t :
J (M find) = Jsy =6 ant,,

Likelihood

Bayes' theorem:  f(u|z) = f}‘f(ﬁ%)-.f(%)dﬁ\

prior

How (M, | ind) is going to be modified by the results of the direct search
experiments?

Ideal experiment (sharp kinematical limit, M ) with outcome no candidate:
. f(M ) must vanish below M_ (we did not observe)
- Above M _the relative probabilities cannot change (experiment is not sensitive there)

0 My < Mg

f(Mg | dir. & ind.) = f(Mg | ind.)
T fdwindy o, M = M




Just Bayes theorem:

f(Mpg | dir.& ind.) o< f(dir.| Mg) - f(Mg | ind.)

Likelihood for the ideal experiment:

: Yy . B 0 Mg < Mg :
f(dir.| Mg) = f(“zero cand.” | M) = { | My > My Step function

Real life:
no sharp kinematical limit, step function should be replace by a smooth

curve that goes to zero for low masses and to 1 for Mu — Mgkeyy
Normalize the likelihood to the no signal case (pure background)
(Constant factors do not play any role in Bayes' theorem)

L(M
L M( o) Likelihood ratio
(M = o) (should be providwed by the experiments)

R(Mp) =



R(Mpy) f(Mpg |ind.)

f(My | dir. & ind.) = [ R(My) f(My | ind.) dMg

Role of R(Mpg) Q=R
R — 1 aZ5 :I [ | T I 1T | T T I I I T T | T | [ |:
Region where the experiment is T - LEP =
not sensitive; N - :
shape of f(M_ | ind) does not 15 E
change 10 b E
R <1 - .
5 ¢ -
Probability is decreased, 0 - "
p.d.f. is pushed above M_ - S ;
R(MH) — 0 cuts the region 5 B ee--- Exsg?t]eed background -
E SRR Expected signal + background E
R>1 _10 _||||||||||||||||||||||||||||1."||||||||||_

100 102 104 106 108 110 112 114 116 118 120
Probability is increased, m,(GeV/c®)
p.d.fis streched below M_ ?
very large R(Mpg) prompt
a discovery



pdf(mg)

Combining direct and indirect information:

LEP+ TEVATRON
0.12 T T T T T T T T T T T
F 0.12 T L E A e
[ — EW fi LEP ]
0.10 e 7 [ — EW fit + LEP + Tevatron ]
[ . 68 % Prob. Upper Lim . i 0.10 i i
1 . 68 % Prob. Upper Lim .
0.08 F 95 % Prob. Upper Lim . _ 950 b ) B
J 0.08 F 5 % Prob. Upper Lim . 4
[ T
0.06 B r
I = 006 .
o L
L o
0.04 . = i
r 0.04 B
0.02 ] [
[ 0.02 i
0.00 - R ‘ ‘ i .
100 120 140 160 180 200 0.00 — — — '
100 120 140 160 180 200
i 1GeVl m [GeV]
H

SM: M, between 114 and 160 GeV with 95% probability below 145 GeV



It is where the SM predicts it should be:
LHC 4™ of July 2012 news

> T CMS \s=7TeV,L=5.1f" \s=8TeV,L=53f"
8 N ATLAS 4 Data S/B Weighted ] > Ty ‘;,‘ BNV ENLNUL L NN,
~ 100 . , — Q . ¢ Data O s K sos 41
- - ——— Sig+Bkg Fit (m =126.5 GeV) . O 16 o F p>05 7~
_.@ : H . : m - -Z+X [ap) 5_— = ]
5 80— N, T Bkg (4th order polynomial) — < 14fF [z, 22 .; 4} 1]
2 - . 2 - [ ]my=125GeV € 3f ]
o 60 - - C 12F QoE .
- hEToN _ qJ T E
B ) ] > B I 1:— b e [ I i
401~ - W 1of- : -
C e -1 n B _ 0 120 140 160 ]
- 15=7TeV, [Ldt=4.81b e | m,, (GeV) 1
20 [ 15=8 TeV, [Ldt=5.91b” Hoyy B sF E
o 8; ! I } ! — ; B
S "
' = A A=
[%2] L
% 0 x " A % 2
> 4
; '8 ! . L . ) O | L
A 400 110 120 130 140 150 160 80 100 120 140 160 180

mpg = 125.36 £ 0.37 (stat.) £ 0.18 (syst.) GeV ~ mpy = 125.03 £ 0.26 (stat.) £ 0.13 (syst.) GeV



New Physics effects, where they could be?

New particles are going to contribute to the W,Z self-energies (process-independent
contributions) and to vertices (for specific processes). With M _>> M,

where and what kind of “large” effects can we expect?

Self-energy: 3 types of NP contributions

Aww (0)  Azz(0)

Mz)T —
B VT

X Hll(O) — H33 (O)
e Isospin violation

Isosplitted particles: effects grow as the difference in the mass squared between partners
of multiplet. Top contributes quadratically, Higgs logarithmically

a(Mz) 1 c? — s*

TS = g { A - 4220) -

x I3y (M%) — TI3y (0)

{%AM%—Awwﬂ—&MM%}

CS

No-effects that grow quadratically with the masses, but constant terms possible (# 0, M — c)
Top and Higgs logaritmically

a(Mz) ., _ Aww (M) — Aww (0) 2A4zz(M 7) — Azz(0)
452¢2 o Mz, M2
]\;% [203 (A’YZ(M%) - A’yZ(O)) - 82A77(M%)}
x 1 [Hll(MW) I, (0)] — ! [H33(MZ) — II33(0)]]

My, - M2

Isospin violation in the derivatives U in many models is usually very small, U=0



SM is constrained

At the time of LEP we could envisage specific type of NP that could allow a heavy
Higgs in the EW fit (“conspiracy”).

po= po+dp(py" =10p4 (e, T))
Afw — (Eg, S)

1 4 A2 1/2
.2 plept

glert ~ Z{1-|1-

b 2{ [ M%ﬁ(l—Mw)]

2
- gy () o (2 o [(3) -
c; >0
(. po > 1 = Extra Z
To increase the fitted M @ < p=>1-= { 0op>0 = Isosplitt (s)fermions,
\ A’fw <0 Multi Higgs models,
\Light sleptons

NP (if there) seems to be of the decoupling type



M,, [GeV]

80-5 i ! LI ! | [ ! ! | ! LI ! | ! I | . | | | | | "J‘ | LI LI |
~ |} 68% and 95% CL fit contours | mkin Tevatron average + -
B w/o M,, and m, measurements 5 7
80.45 |~  68% and 95% CL fit contours A
L w/o M, m and M, measurements |i| .~ e 4
1 o

- M, world average + 1o i ' d

804 [ L
80.35 — , —
80.3 — il —
80.25 |- @ | —
Fof \x\?\ ¢ : fitter|su? -
. 'I‘ 11 | 1 1 | | .’1" | 11 ‘l'" | | I 11 | | | | | | 11 1 1 |

140 150 160 170 180 190 200 -0.5 0 0.5

m, [GeV]

Ciuchini, Franco, Mishima, Silvestrini (13)



Vacuum Stability bound

Quantum corrections to the classical Higgs potential can modify its shape

. 1
Veies(g) = —om?¢” + Mgt — VI & —om®(1)¢* (1) + A" (1) ~ Mo (1)
k<b~u>>v
A runs s P P e P LT
A A2 AY? Ag? g* v
dA 1 9 3 3
= —— | +242% + X (AN.Y; — 99° — 3¢"%) —2N.Y) + Zg* + =g + —g°¢"” + ..
dlnp 167 8 8 4
- ~ J
First case: A~0 (M, ~0) B<O0 at the weak scale
1 2
Vil = —gmA ()& 4 XM + gt n o

If B were constant at large values of ® the potential would become negative
and unbounded. But B runs



Various possibilities:

* B is negative at the weak scale but not large
enough to make B negative at a large scale
such that the potential can become negative.

SM vacuum is stable

« B is very negative at the weak scale and stays
negative till the Planck scale
SM vacuum is unstable
N.P. should appear below the Planck scale
to rescue our lives

SM couplings

» B is sufficient negative at the weak scale

that the potential will become negative at a 021 i
certain scale. However, increasing more the scale N :
B turns positive. The potential develops a second 0.0 =5 c— )
deeper minimum at a large scale e
SM is unstable, but ... 10 10* 10° 10% 10' 10'2 10™ 10 10'S 102
RGE scale u in GeV
Other case: B~ 0, M _ large
3)\2 ¢2 )\¢4
4y RGE
‘/effN)\(M)¢ Qb lIl :>Veff 1_ﬂ1n¢_2
dm? O M? Landau pole

At large @ perturbativity is lost



Which values of the Higgs mass ensure vacuum stability and perburbativity
up to the Planck scale ?
Given the initial values for the couplings obtained from the experimental results we look for:
Vacuum stability - V_=0(~A=0)

Perturbativity — when A becomes large

E‘ Em B L} I 1 1 L} I I 1 1) I I I L} I 1 1 L} I 1 1 L} I I I L} I 1 ]
1]
] B —— Perturbativity bound ]
EI - [ | Stability bound -
300 I— A = O [ Finite-T metastability bound
= _ B Zero-T metastability bound .
: =T Shown are 1z error bands, w'o theoretical errors :
250 — —
200 — ]
: Tevatron exclusion at =95% CL _|
150 [ -
— LEP exclusion =
L at >95% E&//ﬁﬂ_——-—_ -
W 7 [ Ll Ll L .
100, 5 8 10 12 14 16 18 Ellis et al. 09
It:nng1 u{ﬁ 1 GeV)

M, ~ 125-126 GeV: -Yt4 wins: A(M)) ~ 0.14 runs towards smaller values and can eventually

become negative. If so the potential is either unbounded from below or can develop a second
(deeper) minimun at large field values



The problem

There is a transition probability between /
the false and true vacua /

It is really a problem ?

It is a problem that must be cured via the appearance of New Physics at a scale below
that where the potential become unstable ONLY if the transition probability is smaller
than the life of the universe.

Metastability condition: if A becomes negative provided it remains small in absolute
magnitude the SM vacuum is unstable but sufficiently long-lived compared to the age of
the Universe



If our vacuum is only a local minimum of the potential, quantum tunneling
towards the true minimum can happen. Bubbles of true vacuum can form

In the false vacuum and possibly expand throughout the universe converting
false vacuum to true. These bubbles are nothing but the solution of the e.o.m.

that interpolate between the two vacua (bounces)
Coleman 79

2
Transition probability ¢ ~ TéAZ}Be_S(AB) S(Ap) = 3\)\8(7/1 )|
B

S(A\,) action of the bounce of size R =/~

Tunneling is dominated by the bounce of size R such that A(A\) is minimized,
.e.3,(A\,) =O0.

A 2600
140 3B \4  — 52000
p~ (e )

Caveat: unknown Planckian dynamics could affect the tunneling

rate.
Branchina, Messina (13)
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0.08 L 30 bands in i
03 - M, = 173.4 £ 0.7 GeV (gray)
- @.(My) = 0.1184 + 0.0007 (red)
~ 0.06 - My = 125.7 £ 0.3 GeV (blue) 7]
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RGE scale g in GeV
RGE scale p in GeV

AM,) >0 or A(M,) < 0 depends on the assumed value of M (=Y (u,))

A never becomes too negative at Mpr Both A and B, are very close to zero around MpI

A(Mpy.) = —0.0128 4 0.0010 (Me5125.96CeV) — 0 0043 (MemtB350eV) 40,0018 (0‘8“‘{535021184)

Stability requires Y (M) = 0.927, present value (including 3 loop QCD) Y (M) = 0.937
difference as large as the full (QCD + EW) two-loop contribution



SM phase diagram
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N N

150
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100

We live in a metastable universe close to the border with the stability region.

Stability condition:
Mp,

-
- -
- - =
- - -
- - - o’
- -
- -~ .
= -
- #
- - .

Stability

16%

109
Pl 181];
T “10’12—

—— 168
200 120

> 1296 +1.3 (

GeV 0.65 GeV

M, < (171.36 + 0.15,er. £ 0.30n0n—pert. & 0.254, £ 0.171, ) GeV

1 ] 1
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