Electroweak symmetry breaking || fermion masses

e We need masses for quarks and leptons without breaking gauge symmetry

= Introduce Yukawa interactions:

Ly = —A4 (HL HL> (4;) dr — Ay <ﬁL HL) <¢;*> UR
— Ay (VL ZL) ((Zg) (R +he

O +
where & = iop®* = ( ¢ ) transforms under SU(2) like & = ((PO
—¢- ¢

= After EW SSB, fermions acquire masses (f f = f1fr + frRfL):

1 — — v
Ly D ——@W4+H)A;dd+ A, uu—+ Ay 04 = Ms=Ar——
Y ﬁ( ){ a u ¢ } F=A

2. The Standard Model



Additional generations || Yukawa matrices

e There are 3 generations of quarks and leptons in Nature. They are identical copies
with the same properties under SU(2); ® U(1), differing only in their masses

= Take a general case of ng generations and let uf , dll , 1/1-1 , 611 be the members of

family i (i =1,...,ng). Superindex I (interaction basis) was omitted so far

= General gauge invariant Yukawa Lagrangian:

_ —I _ 9b+ d ‘PO* u _
Lv=-1 (W ) ( » Ny i+ ( ¢) A ik
if —

_|_
- ¢ (0) o1
+ (VfL ziL) o | A R + h.c.
L. ¢ —
where )\l(]-d), /\E;’t), AI(]-E) are arbitrary Yukawa matrices
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Additional generations || mass matrices

e After EW SSB, in n5-dimensional matrix form:

H — _
£Y3—<1+;> (@ My dl + af M, ub + 1 M, 1} + he
with mass matrices
_ 5@ C _ 5w @ _ 50 Y
(Mg);; = Ay NG (My);; = A;; NG (My);; = Aj; 7

= Diagonalization determines mass eigenstates d;, u;, £;, v;
in terms of interaction states d]l ) u]l ) 6]1- , Vi, respectively

= FEach Mf can be written as
Mf=H;U;=S; M;S;U; <= MM} =H;=S8;M:S,

with H f=M fM;E a Hermitian positive definite matrix and U/  unitary
— Every H; can be diagonalized by a unitary matrix S,
— The resulting M fls diagonal and positive definite
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Additional generations || fermion masses and mixings

e In terms of diagonal mass matrices (mass eigenstate basis):

M, = diag(my, ms,my,...), M, = diag(my, me,my,...)
M, = diag(m,, my, me,...)

LYD—(1+%) {dM;d + M, u + TM,1 |

where fermion couplings to Higgs are proportional to masses and

dLEdei uLESuui ILESgli

dr = S, U, d{{ ug = S, U, u{{ I = S,U, 1{Q

= Neutral Currents preserve chirality

_ _ - _ = Lnc does not change flavor
f£ f£ = f; f, and ff{ fllz = fp f,

= GIM mechanism [Glashow, Iliopoulos, Maiani "70]
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Additional generations || quark sector

e However, in Charged Currents (also chirality preserving and only LH):
Gl dl =g tg oo
up = ur Su Sd dL — uLVdL
with V =S, S! the (unitary) CKM mixing matrix [Cabibbo ‘63; Kobayashi, Maskawa ‘73]

‘u(l — ’)’5) Vij d] W;l- + h.c.

= If u; or d; had degenerate masses one could choose S, = S (field redefinition)
and flavor would be conserved in the quark sector. But they are not degenerate

= S, and S, are not observable. Just masses and CKM mixings are observable
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Additional generations || quark sector

e How many physical parameters in this sector?
— Quark masses and CKM mixings determined by mass (or Yukawa) matrices

— A general ng X ng unitary matrix, like the CKM, is given by

nz real parameters = ng(ng — 1)/2 moduli + ng(ng + 1)/2 phases

Some phases are unphysical since they can be absorbed by field redefinitions:

u; — ei‘l’i u;, d] — eiej d] = Vi]' — Vz'j ei(ej_cpi)

Therefore 2n; — 1 unphysical phases and the physical parameters are:

(ng —1)? = ng(ng —1)/2 moduli + (ng —1)(ng —2)/2 phases
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Additional generations || quark sector

= Case of ng = 2 generations: 1 parameter, the Cabibbo angle 6:

cosBfc sinfc
V =
—sinfc- cosfc

= Case of ng = 3 generations: 3 angles + 1 phase. In the standard parameterization:

Vi Vus Vyp r 0 0 €13 0 sj3e 13 ci2 S12 O

V=1[Vy Vs Vug | =10 c23 s23 0 1 0 —s12 ¢12 O
Vig Vis Vg 0 —sp3 c23) \—s13€“3 0 13 0 0 1
( €12€13 $12€13 8136_1513\

013 only source
= | —S12C23 — C1252381361513 C12C23 — 81252351381513 $723C13 = of CP violation
in the SM !

6 i6
\ 512523 — C12023513€ 8 —C12823 — 51202351361 ca3c13 )

with ¢;; = cos0;; >0, s;;=sinb; >0 (<j=123) and0 <3 <27
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Additional generations || lepton sector

e If neutrinos were massless we could redefine the (LH) fields = no lepton mixing
But they have (tiny) masses because there are neutrino oscillations!

e Neutrinos are special:
they may be their own antiparticle (Majorana) since they are neutral

o [f they are Majorana:

— Mass terms are different to Dirac case
(neutrino and antineutrino may mix)

— Intergenerational mixings are richer (more CP phases)

2. The Standard Model 55



*

lepton sector

e About Majorana fermions

— A Dirac fermion field is a spinor with 4 independent components: 2 LH+2 RH

(left/right-handed particles and antiparticles)

Yr="P¢p, Yr=Pry, ¢ =) =PryY°, yYr=(Yr) =Py

where ¢° = C@T = iy?y* (charge conjugate) with C = iy?4", Pg | = %(1 + v5)

— A Majorana fermion field has just 2 independent components since ¢ = 1*:

Yr=n¢r, Yr=1Y;
where 7 = —incp (CP parity) with |7|?> = 1. Only possible if neutral
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*

lepton sector

About mass terms

PRYL = Y5U% , YR = PRP;  (AF =0)
iYL , YLyt

g " (1AF| =2)
YRYR » YR¥R

oho 1 2hC 1 PYARPTAS
= —Lu,= mp YrYp + zmg l/)Ll/JL + EmR YrYp + h.c.

2

\ . \

eV a VY

Dirac term Majorana terms

— A Dirac fermion can only have Dirac mass term

— A Majorana fermion can have both Dirac and Majorana mass terms

= In the SM: x mp from Yukawa coupling after EW SSB
* mp forbidden by gauge symmetry

* mpg compatible with gauge symmetry!

(mD = Ay U/\/i)
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% || lepton sector

e About mass terms (a more transparent parameterization)

Rewrite previous mass terms introducing an array of two Majorana fermions:

0 _ 0c _ _
20 = 2% = 0 4 30 = X1 X3P =X1°=Xip + X35 = Yo+ 9§
X3 X3 = X3 = Xop T X35 = YR+ ¢r

1 —: mp m

= —Emzixch)((L)nLh.c. with M = LR

mp mMQpR

M is a square symmetric matrix = diagonalizable by a unitary matrix I
UTM U = M = diag(my,my) , x| =Uxe (xi =UX])

To get real and positive eigenvalues m; = ;m’ (physical masses) take x¥ = UZ;:

¢1= xiL + mxjs;

U = Z;{vdiag(\/iT, V112) j
Cr = XoL + MXor

(physical fields) #; = CP parities
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*

lepton sector

e About mass terms (a more transparent parameterization)

— Case of only Dirac term (mp = mg = 0)

M 0 mp N Zj 1 1 1 , ,
= = — , my=—mp, MmMy=mp
mp 0 V2 \ -1 1 ! ?
Eigenstates = Physical states
1 1
X1L = \ﬁ( (1)L - XgL) — \ﬁ(% — PR) Cv=xiL+mxir |m=—1
1 0 1 . G2 = XoL +12X5r |12 = +1]
XoL = ﬁ(%lL + Xor) = \ﬁ(% + Yr) with masses m; = n, = mp

1 1 = z T e - o
= —Lm=gmp(=X1X1 +XoX2) = 5mp (6161 + 6262) = mp(Pryr + YrYL)

One Dirac fermion = two Majorana of equal mass and opposite CP parities
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% || lepton sector

e About mass terms (a more transparent parameterization)

— Case Of seesaw (type I) [Yanagida '79; Gell-Mann, Ramond, Slansky '79; Mohapatra, Senjanovic "80]
(mp =0, mp < mg)

0 m ~ cosf sinf
M = Pl = U= , 0~"D ST (eoligible)
mp Mg —sinf cos6 MR my
o M
m=my >~ — < My =myN >~ MR
mpg °
— = + ¢ = —1 1 — 1 —
G1 YL 7711‘PL [771 ] = L, = Emv VEVL + Enle NICQNR + h.c.
(2 = N =9 +myr |12 = +1]

Perhaps the observed neutrino vy is the LH component of a light Majorana v
(then v = RH) and light because of a very heavy Majorana neutrino N

eg. mp~v~246GeV, mp~my~10"GeV = m, ~01eV
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Additional generations || lepton sector

e Lepton mixings

— From Z lineshape: there are ng = 3 generations of vy [v; (i =1,...,n¢)]
(but we do not know (yet) if neutrinos are Dirac or Majorana fermions)

— From neutrino oscillations: neutrinos are light, non degenerate and mix
va) =) Uilvi) <= |v) ZU i)
i

mass eigenstates v; (i = 1,2,3) / interaction states v, (x = ¢, 1, T)

= U matrix is unitary (negligible mixing with heavy neutrinos) and analogous
to Su, S4, Sy defined for quarks and charged leptons except for:

— v fields have both chiralities

— If neutrinos are Majorana, U may contain two additional physical (Majorana)
phases (irrelevant and therefore not measurable in oscillation experiments)
that cannot be absorbed since then field phases are fixed by v; = #;v7
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Additional generations || lepton sector

e Lepton mixings

The SO Called PMNS matrix U [Pontecorvo '57; Maki, Nakagawa, Sakata '62; Pontecorvo '68]

— does not change Neutral Currents (unitarity), but

— introduces intergenerational mixings in Charged Currents:

Lcc = \/—Zgoc')’yl_’)’S)UocszW + h.c.

(basis where charged leptons are diagonal)

l
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Additional generations

lepton sector

= Standard parameterization of the PMNS matrix:

-[Jel -[Je2 IJ?B
U= [U;x Up Uy
U Up Ug

{ €12 €13

\ 512523 — €12€23 513 €

1013

512 €13

= | —s12023 — C12523513€913 €15 Co3 — 510 593 513 €013

5
—C12 523 — S12 €23 513 €13

(different values than in CKM)

[013 =05, 023 =0am and 013

size 3\ [l g g

S73 €13 0 e% (
€23 €13 ) o0 1

(Majorana
phases)

(not yet 413) measured in oscillations]
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Complete SM Lagrangian || fields and interactions

e Fields: [F] fermions

L=Lr+Lywm+ Ls+Ly+ L+ Lpp

[V] vector bosons [U] unphysical ghosts

e Interactions:

FFV] [FFS] [SSV] [SVV] [SSVV]
'VVV] [VVVV] [SS5] [SSSS]

SUU] [UUVV]

[S] scalars (Higgs and unphysical Goldstones)
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Complete SM Lagrangian || Feynman rules

e Feynman rules for generic couplings normalized to e (all momenta incoming):

(if) [FEV,] iev*(gv — gavs) = iev*(gLPL + grPR)
[FES] ie(gs — gp7s) = ie(crPL + crPR)
[SV,. V] ieKguy
[S(p1)S(p2)Vyl ieG(p1 = p2)y
[Viu(k1)Vy(k2)Vp(ks)] ie] [gyV(kZ —k1)p + Guolks — k2)u + up (k1 — kB)V}
[Viu(k1)Vy(k2)Vp(k3) Ve (kg)] ie”C [28’741/8;70 — Sup8ve — gwgw}
[SSV,V,]  ie?Cagpu also [UUVV]
[SSS] ieCs also [SUU]
[SSSS]  ie?Cy

Note: g1r = gv £ 34 Attention to symmetry factors!

CLR = 85t gp
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Complete SM Lagrangian

Feynman rules

("t Hooft-Feynman gauge)

FFV Flf]’)/ ﬁf]Z Hid]-W+ H]-uiW_ UiEjW+ Z]-viW_
1 1 1 1
— 05 f(g.. V. V=
St Qf i) 3+ \ﬁsw ! \@Sw 7 \ﬁsw \ﬁsw
gr | —Qs%; | &Ly 0 0 0 0
f 1) — 2055}, Ty
&+ = vf + af vf B 2SWCW af B ZSWCW
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Complete SM Lagrangian || Feynman rules

("t Hooft-Feynman gauge)

FFS fifiH fifix uid;p™" djuip~
1 my, 1 £ Ty, 1 my 1 Mg,
c _ L5 | 2T/L _Jis. | 4 LV | — L VE
Lol 2sw My 7| 25w 3 My V lesw Angw / lesw My Y
C _ L8| TI/L s | — IV | + V¥
R 2sw Mw J 25 3 My g \/ESW My / \/ESW My Y
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Complete SM Lagrangian

Feynman rules

("t Hooft-Feynman gauge)

SVV HZZ HWTW~™ | ¢TWTy | ¢pTWTZ
K Mw/SWc%V Mw/SW —MW —Mwsw/CW
SSV | XHZ | ¢"¢Ty | ¢"¢TZ | $THW™ | pTYW™
. p p .
1 Coy — S 1 1
G | - R R A I .
ZSWCW + ZSWCW ZFZSW 2SW

VVV | yWTW~ | ZWHIW-

—1 cw/Sw
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Complete SM Lagrangian || Feynman rules | ('t Hooft-Feynman gauge)

VVVV | WHWHW-W— | WTW—ZZ | WTW—Z | W Wy
2
Sw SWw SW
SSVV | HHW-W* | HHZZ SSS HHH SSSS | HHHH
1 1 2 2
G 02 752 2 Cs | — My Cy | — 3A2/IH2
S S 2Mwsw MiySiy

— Would-be Goldstone bosons in [SSVV], [SSS] and [SSSS]| omitted
— Faddeev-Popov ghosts in [UUVV] and [SUU] omitted

— All Feynman rules from FeynArts (same conventions):

http://www.ugr.es/local/jillana/SM /FeynmanRulesSM.pdf
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