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1 What is renormalization

e Remove the divergence in the loop amplitudes,
respecting gauge invariance(BRS invariance)

e Give the physical meaning to the parameters appearing in the lagrangian.
Example:QED
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On-shell renormalization — m is the electron mass.
MS renormalization — m + dm is the electron mass.



2 General feature of the renormalization

e In general, one can put the renormalization constants to all the fields and parameters
appearing in the lagrangian.

e Not all of them are independent.

e Some of them are redundant.
The wavefunction renormalization constants of the unphysical particles automatically can-
cel out in the sum of the amplitude.

e The wavefunction renormalization constants of the physical particles can be 1 (§Z = 0)
when we treat the sum of the amplitude of physical processes (A. Sirlin).

e The redundant renormalization constants can be used to simplify the amplitude compu-
tations.

e Process depedent renormalization conditions vs. process independent renormalization
conditions

e Scheme dependence comes out of the choice of the renormalization conditions.

Example

1. Residue condition: the residue of the propagator at the pole is 1.
— 07 is fixed.
— This condition leads to the vanishing of the selfenergy insertion in the external line.

2. Condition of vanishing of the transition (mixing) A — B for on-shell A.
— The external line correction of A, A — B, vanishes.



Technical complications of the renormalization of
MSSM

. The light CP even Hissg is lighter than Z at tree level.
— Large radiative corrections
— One cannot use the Higgs mass (126 GeV object) as input mass.

. More particles than the number of mass parameters in the lagrangian.
— Not all the particle masses are independent.
— On-shell mass condition is not imposed on some particles.

. None of the mass of the SUSY particles is known.
The situation is similar to cos 6y of the SM in the early 1970’s.
— On which particles should we impose the on-shell condition?

. Mixing of four neutral Weyl spinors
— Four-by-four mass matrix of neutralinos.
— Difficult to find a counterterm of the mass matrix

. The number of the interaction types is more than the number of parameters in the la-
grangian.

Similar to the QCD coupling g, which appears in ¢qg(Yukawa coupling), ggg(triple gauge
coupling), or gggg(quartic gauge coupling).
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TRl (0, A% )2 + ghost terms.

. Majorana particles(Fermion number is not conserved)



4 MSSM Lagrangian (Electroweak sector)

4.1 particles in the lagrantian

-

gauge bosons Wy, By,
v1+¢9—ix? oF
Higgs doublets  H; = [ V2 ] , Hy = [ va+dd+Hix) ] ,
—; R

. . U
conventional fermions [ dL ] JuR,dp, -
L

gauginos(Weyl spinors) A A
Higgsinos(Weyl spinors) ﬁ?, ﬁg ) ﬁl_ , ﬁ; ,
sfermion ﬂL,ﬁR,CZL,dR, """ ,

4.2 physical particles

gauge bosons Wic, Zy, Ap,
Higgs K, HY, A%, H*,
conventional fermions u,d,c,s,t,b, e, [, T, Ve, Vy, Uy,
chargino(Dirac) XE, X3,
neutralinos(Majorana) oy, xS, 8

sfermions Uy, U,y -+ ,

4.3 unphysical particles

would — be Goldstone bosons Gi7 GO,

ghosts wr, W, W, 0T, ©F, 7



4.4 mixing

[ Z, _ cos By —sin Oy ] [ WS’ ]
Ay sinfy  cos Oy B, )’
H° - cosa  sina oy
[ R | —sina cosa o ] ’

G° _ cos( sinpf X9

[AO | —singB cosp % ] ’

G* - cos(3 sinpf gbli
[HO - —sin3 cospf3 qb;t] ‘

4.5 gauge fixing

R¢ gauge is adopted in order to remove the gauge-boson Goldstone-boson transition terms in
the Higgs potential.
Gauge symmetric states:

1, 1
Loy = —%—W\F \2—%—B\FB|2,
. T(Z Ta
Fp = 0,W —ig&w (HiT?<Hi> - <Hi>T7Hi)7
/
FP = 8uB”+’i%§B(HiT(Hi>—(Hi>THi),
Explicitly
1
Lyp = —5@14/@\2 —EwMEGTG™
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2B
+(Goldstone boson gauge boson transition terms)

(0,B")? — %332 MZGGP°

Mass eigenstates:

1 1 1
r — PP FZ2_ FAR
Ff = 0,W* £igéw MwG™*,
FZ = aMZ”—I-szzGO,
4 = g,4"



4.6 parameters in the lagrangian

SUSY
SUSYbreaking

/
g, 9, V1, V2, W, My
2 2 2
my, My, My,
My, Ms, Af,

~ 2 ~ 2
My s Mg,

Higgs mass
chargino, neutralino mass

sfermion mass

4.7 Parameters used in the renormalization
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M?% = m? + m3 + 212 can be used as an input in place of MIQ#.
HOWEVER

Apply the on-shell condition on as many charged particles as possible.
External soft photon radiation < Infrared singularity in the loop amplitude

We cannot use tree equation for M, ,‘3

1
M = 3 <M§1 + M3z - \/(Mf1 + M2)% — 4M3 M2 cos? 25)

to fix one of the parameters (tan ) appearing in the lagrangian, although we would like
to identify the ojbect of 126 Gev as hY.

The v.e.v (v1,v2) are determined by the potential minimum condition,



5 Renormalization

5.1 Renormalization constants
e Masses and couplings

—3/2

go = ZgZW 9,
-3/2
g = ZgZp / q.
1/2
vio — ZH/«L (Ui — (SUZ'),
miy = Zg, (mi+omd),i=1,2
My = thl Zﬁ;(m%Q + dmiy),
2 _ 2 2
(me)O = My + 5me’
2 _ 2 2
(mfR)O = M +5mfR’
2 2 2
( ~LR)0 = My T 5meR’
po = p+Oou,
e the wavefunction renormalizations of gauge fields
two options:before SSB or after SSB.
before SSB: ( There exists no counterterm of cos yy.)
Wuo - ZI%QWM
Buw = ZJ’B,
after SSB:
+ 1/2¢37+
wh = ZyWr,
1/2 1/2
() - (% %) (&)
Zu ) o ZA/Z ZZ/Z Zy

e The wavefunction renormalization constants of Higgs

H;o = 7, H;.



e Ino sector
Four neutral Weyl spinors — four neutralinos (Majorana particles).
It is preferable not to diagonale the neutralino mass matrix in the bare lagrangian. If
we diagonalize the mass matrix in the bare lagrangian with mixing angles 6’s, we have
to compute the counterterm 66 in terms of the parameters appearing in the lagrangian,
which is rather difficult.
We diagonalize the neutralino mass matrix in the renormalized lagrangian. — no coun-
terterm for the mixing angles.

X = ZX,
N = 22N,
Ho = Z°H;, =12

i

e sfermion

[Zj] = Zf [F ]7 (lR)o = Z&(R,

l, 0 l,

5L] t[fL] - 7 z b7
t — 2 [) . e =Zbin, (br)o = Zobn
[bL . v, (tr)o Rrtr,  (br)o bR

e gauge parameters
&vo=Zg v, V=W.B or W5 ZA
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5.2 On-shell Renormalization

e Fermion
Identical to SM

e Tadpole (6730, 0T o)
Identical to SM

§Tho = Tho®, 0Ty = Tho?

o Gauge sector (§M3,, SM%, 6Zw, 6Zp, one constraint containing §Zp, etc )
Similar to SM
Ugm(1) gauge invariance — dZp = dZy
On-shell mass condition for W= and Z.
Residue condition for photon
Decoupling of A, and Z,, for on-shell photon(¢® = 0)
Recall that the residue coditions for W and Z propagator

§Zw = Wy (M)
Ao Zw + 8262 = Ty, (M2)

violates the gauge invariance (D.Ross and J.C.Taylor; J.P.Cole).

e Gauge fixing and ghost (6Z¢,,, 6Z¢,)
Identical to SM.
If we introduce the wavefunction renormalization constants to the gauge symmetric states:
SSB,
fW = fB =1, (5Z§W = (5ZV[/7 (5Z§B = 5ZB.

If we introduce them to the mass eigenstates,

£W = fZ = gA = 17 5Z§W = 5ZW7 6Z§Z = 5ZZZ7 6Z§A = 5ZAA-

e Higgs sector (6Zp,, 0Zm,, 5M12{i, J tan 3)
On-shell mass and residue conditions for H*
On-shell mass condition for H
Decoupling of W, and H * for on-shell H*.
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chargino sector (0, dMa, JA™, 6Zg, (5ZH2)
On-shell mass condition for both i and Y3
Residue condition for ¥ .

neutralino (6, d M)
On-shell mass condition and the residue condition for Y (lightest neutralino)

2 2 2
7~'L’éTnf'R’Tan )

TLR

slepton sector(6Z1,0Zg, dm

On-shell mass condition for U, 7y, 7o

Residue condition for 74

Decoupling condition between 7; and 79 for on-shell 7y.

squark sector (67, 624, 52%, 5mtgL, 5mth, 5mtgLR, ((5m%L), (5m%R, (5m%LR)
on-shell mass condition for tland bi, (i =1,2).

Residue condition on #; and b;

Decoupling conditions on ¢1-Ga2 (¢ = t,b) when ¢ is on-shell.

charge

. . 2
Thomson limit (g, — 0,¢*> — 0); & = m
Ward identity — no new constraint
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5.3 Input

e mass of the conventional fermions

e ¢, My, Mz, Mo, tan # (which fixes M%)

e 4, My ( which determine the two masses of charginos.)
e M; (which determies all the masses of neutralinos.)

o All sfermion masses ( which fix Ay)

e The following mass parameters are not independet from the input masses.

M = Mpo — /(M3 + M2)2 — AM3 M cos? 26,
Mfl = MIQJi - MI%Va

M. = &wMy,

Mo = (ciyéw + sivér) Mz,

Their pole masses are shifted from the above value by receiving radiative corrections.

e Three parameters p, M7 and Ms fix the masses of two charginos and four neutranilos.
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6 Other schemes

o Gauge sector
Wh = 2w
1/2 1/2
(7). = (2 2] (7))
ZnJo ZA/Z ZZ/Z Zu
Three more wavefunction renormalization constants.

—  Residue conditions for W+ and Z°,
—  Decoupling condition of A,-Z,, for on-shell Z,.

e Higgs sector
Use AY in place of H* to apply the on-shell mass condition.

e sfermion sector
First rotate

[J]%]O:[g; _cj‘f]o[j;;]o (Guasch et al)
[ ]J%L ] 0 - [ Z; _cjf ] [ é ] . (Boudjema et al)

Then introduce the wavefunction renormalization constants.
DY (&4 2 (4
[f2]o_ [Z211/2 Z212/2] [f2] '
Three more wavefunction renormalization constants (lepton)

— On-shell mass and residue conditions for 7, 71, 7.

— Decoupling of 75 - 7o transition when one of the external leg is on-shell.
and five more wavefunction renormalization constants (squark)

— On-shell mass and residue conditions for #;, 131, bo.
— Decoupling condition for ¢i1-Go (¢ = t,b) when ¢ or ¢ is on-shell.

1
5911 = 1(5212 — 5221), q = t,b
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7 Comments

e Difficult to find the best renormalization scheme. unless some SUSY particle is discovered.

e DR is simple as renormalization, but difficult to adjust the parameters in order to obtain
desired physical masses.
If SUSY particles will be discovered (which we expect), the on-shell renormalization is
more suitable than DR

e Process dependent renormalization conditions

e We need several interfaces, such as
physical mass — lagrangian parameter
unification value — law energy parameters (CMSSM)
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