QCD corrections to the neutralino decay
to an antisbottom and a bottom quark

within MSSM

supervisor: Mgr. Karol Kovarik, Phd

work submited to: COMENIUS UNIVERSITY IN BRATISLAVA
FACULTY OF MATHEMATICS, PHYSICS AND INFORMATICS




Outline

derivation of the lagrangian of the MSSM theory

¢ notation
o supersymmetry algebra
o formalism of superspace and superfields
x derivation of the supersymmetric generators, chiral and vector superfields, field
strength superfields (abelian and non-abelian case)
o lagrangian

calculation of the neutralino decay

particle spectrum of the MSSM), superpotential, L. - lagrangian
couplings - relevant to the process

renormalization of the MSSM (sfermions, fermions)

QCD corrections: vertex, wave function and counterterm corrections
by-hand calculation of generic diagrams

use of Mathematica and LoopTools programs

graphs

R R R C R R R

Hana Hlucha, Vienna, November 2007 2



Notation, Weyl spinors

We use the metric 7, = diag(1,—-1,—1,—1)

0

The Pauli matrices and the matrix o* are defined as

1 0 0 1 0 —i 1 0
0._ 1. 2 . _ 3.

In the Weyl representation, the Dirac matrices v* are given by
0 ot
Ho—
"= ( 7))
where o := (0%, 0") , and 6# := (o', —0?)
Dirac bispinor: ¢ = VL
VR

The two-component objects 17, and i are called left-handed and right-handed
Weyl spinors. Their transformation laws under rotations & and boosts 3 are

Y, — AYr where A = exp(—%@’&’-%ﬁ&’)
Yvr — (A DT Yr where (AT)"! = eXp(_%o‘g(}’ %
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Notation, Weyl spinors

two inequivalent spinor representations of SL(2,C)

1. self-representation:
2. complex conjugate self-representation: 7, — A*abﬁb & pi(A-H)T abﬁb

summation convention: x7n = Xa77a, XN = Xdﬁd

structure of Dirac spinor: ¥ < ( 3 .d )
R

two dimensional antisymmetric metric tensor € — rising, lowering indices

index structure of sigma matrices: aud, g da
a

definition of o, gH":
(cta? — ovat)
(GHo? — a¥ot)

Q

T

|
o Ll L
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Supersymmetry algebra

e supersymmetry is a modern theory, that provides (partially) answers on the questions:
hierarchy problem, gauge coupling unification, electroweak symmetry breaking, dark
matter

o theorem of Coleman and Mandula - the most general Lie algebra of symmetries of
S-matrix: and finite number of Lorentz scalar operators B;

e Haag, Lopuszanski and Sohnius theorem - extension of the Poincaré algebra —
superalgebra, introduction of the fermionic generators (), MSSM <« the simplest
superalgebra (one set of the generators Q)

= 0 = AP M7+t — e )
Qd = 7 = (AP =AY
Qi = 7 Qi = 7
{Qm@b} = 7 @] -
{Qa, Q;} = 7 {Qu, @y} =

o MSSM « 2 Higgs doublets (minimal choice)
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Supersymmetry algebra

J ()| = 0 since translations act only on the argument of a spinor field

o {Q,. Q" = s(o)} Cbut {Q,, Q") commutes with /7, = 5 =0

e since (), is a Weyl spinor its transformations with respect to the Lorentz group are

already determined
' | . 1
A = e 39 M o0 ts representation S(A) = e~ 2Wmzs

QZL = (1 + %W,uuo-uy)abe = U(A)TQaU(A) = (), + %W,uu[ 7@@] =

= [ 7@@] — _Z‘(O-W/)abe

o {Qq, Qb} = tasb no restriction on ¢, convention: t = 2
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Supersymmetry algebra

e superalgebra’s (anti)commutation relations

= 0 = (P M+t — e )
Qd = 0 = i(pM =t
Qa] = 0 Qu = —i(a"), Qs
{Qa; @} = 0 QY = —i(a")* Q"
{Qa, Q) = 0 {Qa. Q) = 207

e internal symmetry group
e irreducible representations

o squared momentum P2 is a Casimir operator
o the squared of the Pauli-Ljubanski vector WH# = %5“”p0MVpPJ is not a Casimir
operator, [W?2,Q] # 0
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Representations of the Super-Poincare algebra
e construction of an invariant operator

1. define a pseudovector X, := %Q%L%Q
2. define a new vector B,, := W, + iX

e irreps are characterized by eigenvalues of P? and C*:

rest frame
S3 = J3 1€2)
Jj3 =17 s3 = Js+ 3 Qi|Q>
. j3=J+3 S3=Js— 3 Q2|Q>
) 53 = Js Q'Q* )
J3 = —J T

spin eigenstates
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Further properties

e an irrep has equal number of bosonic and fermionic states
proof:  Qu(=1)VF [ ) = (=) Qq| ) — 0=Tr[(-1)""{Q4, Q;}]
{Qa, @y} =207, P, — 0= QUZBPMTr[(—l)NF]

Y
0 = Tr[(—1)NF]

o the particles and its superpartners poses equal masses

proof: it follows from the zero commutator [P, Q]
not observed —
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Superspace and superfields

o superspace coordinates: (z#,604,0;), a=12 a=1,2

o superfield: function on the superspace; expansion in the parameters  a 6:

aX"(2) + (09)m(z) + (00)n(z)
Ou\"(2) + (00)0V, () + (00)(60)d(x)

®(z,0,0) f(x) + 6% () +

— + 6,
+  (00"0)V.(x) + (69)

e element of the supergroup:

G(z,0,0) = expli(—z"P, + 0Q + 0Q)]

o product of the group elements induce a motion in the parametric space (z, 6, 0):

G(z,0,0)G(a,&,€) = G(B): (x,0,0) — B (right action)

B =zt 4 a* 4+ i(EoH0) — i(00HE),0 +£,0 + &
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Superspace and superfields

action of the Susy algebra on a superfield is generated by P, @, @

®(B) = O(x,0,0)+ (a“+z§a“9—290“§) 0P §a

= (1—ia“PN+'L§Q+Z§Q+---) (337979)

O
aea +apg

linear representation of the Susy algebra in terms of diff. operators

P, = 10,
o .
Qo = Y i(0") 130°0,
- Ad 0 C—UNG
Q¢ = . +i(6")* 0,0,

the commutator relations for P, Q, Q are fulfilled

sypersymmetric transformation: ® — ® 4+ §5®; g = i(£Q + £Q)
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Superspace and superfields

general superfield does not provide an irreducible representation of Susy algebra —
further constraints on superfield that are covariant under Susy algebra

these constraints provide covariant derivatives which commute with dg

we differentiate three types of superfields:

o left-handed chiral superfields:  D;,® = 0
o right-handed chiral superfields: D,®T = 0
o vector supefields: o = Pl
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Superspace and superfields

o it is convenient to switch to new variables: (z,6’,60") — (y,0,0) where
yt =t —i0ct0,0! =0,,0. =0,
o the covariant derivative becomes simple: D, = —% 0

o in these new variables: ®(y,0) = ¢(y) + V201 (y) + (00)F (1)

o H =t +i0ch0.  DBT(2,0) = ¢*(2) + V200(2) + (00)F*(2)
o product of left-(right-) handed superfields is again left-(right-)handed superfield

e susy-transformation of component fields

0sd = V280 |
Ostha = V2l —iV20" €00
> OgF = iV29,(o"E)
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Superspace and superfields

V(z,0,0) = Clx)+60x(z)+0x(z)+ (00) M () + (00)M " (x)
0

05V () + (09)01A () — 55" Dy ()]

(@801 (1) — 20" By ()] + (06 BB) 5D () — 70,0"C ()

+ o+

e gauge transformation: V(z,0,0) — V(x,0,0) + ®(x,0,0) + &T(z,0,0)

(BT + @) = i00100,,(¢p* — @) + ...

o Wess-Zumino gauge: fields C', v, M are gauged away; A, DD are invariant,
imaginary part of ¢ is not fixed

Vivz(z,0,0) = 0510V, (z) + i(00)0\(x) — i(60)0)(x) + 1(06)(00) D(x)
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Superspace and superfields

W, = —i(DD)DaV
W, = —i(DD)DaV
e component expansion
Wa(y) = —ida(y) +0aD(y) = (6"70)aV),(y) = (00)(0"0u\(y))a
Wea(2) = +idg(2) +0,D(2) +.:(6"0)V,,(2) — (00)(9)\(2)0™)a
o (abelian case): L =Lg + Lw

1 1
i 0055 + [(§mijq)iq)j + gbijkq)iq)jq)k + cz-CI)?;) .y + h.c}

Lo = O

1 .
Lw = Z(WGWCJ@@—I—WC'LW&‘@)
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Supersymmetric non-abelian gauge theories

supersymmetric local gauge invariant lagrangian:

L= o 2Tr(

local gauge:

|, +Wall 99) +<I>Te2gV<I>) n (W+h.c.)

0000

D' = ¢—i200(2) P, o290V () — o—i2gAT(2) 29V (2) pi29A()
V= V(a)Tig?)

W, = —-DDe 2Dy
a 4 a

W, = —iDD(Dde29V)6_29V
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Lagrangian in components

r o~ i@gng A<a>——F,§a>F<a> w1 1 pla) pla)
T >

i D) + TR+ (2,60 (2760
+ Z\/_QT( )[ i (A (a)@bj) (A (a)wi)¢j] T QD(G)T(G)ﬁb ?;j
where the covariant derivatives and the field strength tensor are:

DA = 9A@ _ gpebey RO
F(a) aluvy(a) o ayvﬂ(a) o gfabcvlu(b)vy(c)
Nw 0, +1gV,
2,0 = 0,0+1gV,0
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Particle content

Superfield Particle Spin G Superpartner Spin
Vi B, 1 | (1, 1,0) B y
Vs Wi 1 | (1,3 0) W !
vy as, 1 | (810 3 >
Q Q= (ug,dr) 5 | (3,23 | Q=(ag,d) 0
Ue U =g Lo (3513 Ue = a 0
De D¢ =dpg 134, 1,2) D¢ = d5, 0
L L= (vp,er) Lol @2-1) | L=(i,ér) 0
E° E¢ =ép (11,2 Ee=é5 0
H, Hy=(H),H) 0 | (1,2-1)| H = (H),H) 3
H, Hy=(Hf,HY) 0 | (1L21) | Hy=(HS,H)) 3

Hana Hlucha, Vienna, November 2007



AAAAAAAAAA

W = ey |h HL LT B° + halT}Q7D* + hy Q"0 — jUH{HZ| + b

—Lo = miy |Hi|* +mi, | Ho|* — miye;;(HiHS + H{'HY)
1 1 1
- imgg v + 2]\4VVZVVZ + 2M BB

MZ|qel? + MEag|* + ME|dR|* + MZ|IL* + ME|eg )
sij(he HiLIE® + hy A HIQID + h, H§@’L’(70+h.c.)

_|_

e having all these, one can analyze Higgs sector, mass matrices, particle mass eigenstates,

derive vertices, ...
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Neutralino

raises up as a combination of (B, WY, HY, HY)

mass lagrangian

L=—2@")TYy? +he

with neutralino mass matrix

M’ 0 —myzswcosS  mygswsin(

v _ 0 M mycwcos3  —mycysing
—mzswcosS  mgcycos 0 —
myzswsind  —mygcysin — I 0

diagonalization of the mass matrix: ZYZ~1 — D

0
J

neutralino is a Majorana spinor

neutralino fields
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Sfermion

sfermion mass matrix

m2 afrm
2 _ fr JrHey
Mf < afmy m2 )

fr
m?;L = M{2Q i (I — epspy)cos2Bmy + m?«
m?;R = M{QU p.Ey T e psyycos28mz, + m?
3L
a; = Aj— p(tang) s

diagonalization - introducing mixing angle
2 2
e [ M ( Rf)* my 0 (r7)
f armg m?; 0 m2
R

; cosf:  sinf;
where the mixing matrix is (Rf> = ( f ! )

—Sinﬁf 0089];
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Couplings

important couplings for my calculation

o neutralino - fermion - sfermion
o gluon - fermion - fermion

o gluon - sfermion - sfermion

o gluino - fermion - sfermion

o 4 sfermions

T J
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Neutralino-Sfermion-Fermion coupling

the whole lagrangian reads

L=Ff (a{kPR + bkaL) Xofi + X (a{kPL + b{kPR) ff:

where i i i
a,{k = hkaxRZf? + gf{kR,f;
bsz = hkaszfl + gf]J;kszQ
lJ'jk — ﬂ((@f — I?L)tanﬁkal + IJ%LZ]{;Q)
j;k — —\@eftanekal

where x takes the values {3, 4} for {down, up} - type case, respectively
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Tree |level

Feynman's diagram for the neutralino decay to fermion and antisfermion:
(X = fi+ f) < (ps = p1 + p2)

Mo = iu(p2) (@kaPR + b{kPL)u(pzs)

decay width - unpolarized case (in CMS system):

P — 2
Lo = LMo
™M=,
Xk
T2 1 i i “f “f
Mol” = S| + my)(alPr+ bl Po) s+ mg) (0] Pr + b Pr)
= P2 ,pg(‘aszﬁ + ‘b{k ?) + mfmxg(a{kbfg + a:,fb{k)
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Renormalization

multiplicative renormalization :

Yo = N Zpp = J14+0Zu

mog = Lpym = m—+ om
on - shell renormalization: m - physical mass (pole of propagator)

renormalization condition for the wave function: residuum of the propagator by

p? = m? equals one

Feynman's rules: "old" Feyn. rules + "new" Feyn. rules for the counterterms

L= Llyg—y +0L
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Renormalization of fermions (without mixing)

e splitting of the bare parameters
1 1
fo — (1—|—§(SZLfL—|—§5ZRFR)f

_ _ "1 1
fo — f(+ 5(SZLTPR + 5(SZRT Pr)

mog — m-+om

e mass renormalization condition RNef(p)u(p) = () yields

2,02

P m

5m = 3Re (mIT (m?) + mIT(m?) + 1155 (m?) + 152 (m?))

e wave function renorm. condition lim
p —>m2ﬂ_

§ZLIR — _TIL/R(m )_i_L(HS,L/R(mQ)_HS,R/L(m2)>
_ai;ﬂ{mQ(HL/R(p) HR/L( ))—l—m(HSL/R( )—i—HS’R/L(p2)>]

Rel'(p)u(p) = u(p) yields
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Renormalization of sfermions

e splitting of the bare parameters

~

1 3
fi = (03 + 50Z5) f;

m? — m,? — 5mz2
L L. SR (2 . ' Rel.. (12) —
e renormalization conditions Rel’;;(p”) =0, lim Rel';(p®) =1
p2:m? k2—>m22
2 - 2 . .
5Z7;j = mz2 — m? ReHij(mj), (4 # J
~ 0
R

e mixing matrix counterterm is set to cancel the anti- hermitian part of the wave function

correction ,

~ 1 ~
SRL =) 7 (0Z3, - 5 Z1i) Ry,
k=1
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Mixing matrix (angle) renormalization

e two possible ways

o renormalization after rotation
o renormalization before rotation

e renormalization after rotation

we start with the following lagrangian:

~

_ ZL o (L . ]fL ! 2~< JfL )
£_(fR)k<fR) (fR)Mf R
which after rotation is

_ f1 of 1\ fj1 2 fi
E_(fé) k(f2> (f2>5]f fU (f2>

"~

f

renormalization: f — f+%5Z, Dy — DJ;+5DJ;; leads to renorm £ —self energies
from RCs we obtain dm, 62
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Mixing matrix (angle) renormalization

e now consider following interaction lagrangian

L~ C(X(XffCX)v OJE{L, R}

field is first rotated to mass-eigenstate: ~a — (U us ~Z and then renormalized
5 i

but we have to also renormalize mixing matrix: Uz — Uz + oUs

we obtain: ]:xff — C (05i + %5Zfi — (i02);ji - 59f)

e renormalization before rotation

at first, fields are renormalized: fL/R — fL/R + 5Z£/R

and then rotation is performed: ( fl ) o ( 1+ %52{: 0 )
J

f2 0 1—|—%5Z};

. 1—|—%5Z£ 0 - (fj)
0 1+ 157, 2

Hana Hlucha, Vienna, November 2007
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Mixing matrix (angle) renormalization

non-diagonal mass matrix: U 5M2U+ (U 5U+) dJ;;+ 5Dj:+ Df' (5(]];[];;)

we thus obtain renormalized £ from which we can calculate renormalized self-energies

counterterms in this second method are denoted by tilde:

_ i R 2 2 ~ 9 > f
Hf—>9f—|—59, mf—>mf—|—5mf, 5Zij

: . = 1¢5f
analogously to first scheme: F .z — C(d;; + §5Zfi)
counteterm to 0 is absent because the renormalization was done before rotation
comparison of both methods

the unrenormalized self-energies are scheme-independent therefore the divergent parts
of renormalized self energies in both methods equal. This leads to following relation

607 =1(02{, - 623,)
F ;7 also method independent: %52{; — (i09); - 507 = 15Zf

we are left with equality of divergent parts of mixing angles: 59J;§ 59~f
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1-loop level

e bare lagrangian

Lo = f (akaR + bkaL) DF (fixed i, k)
— JFO([ Zk:cRi; + gfz]ij{ﬂPR + [hkaszfl + gfzéquj:;]PL) X%ﬁ:,o

e under QCD corrections goes into

_ 1 1 F f
£ = 497 Prt 552"y (1 Zir(R}y + 0RY)

-0, - 1. N ;
+ gfi(R] i1t (5R )]PR>X2((5.M + 5(523'@)]21 +...(b], Pr)

(v) = (f, f) ~ N
W) + F([07"65+ 507, )alPa) X8 + ... (0] )
() + f( ZkgRiQ—|—hka35R{2—|—gf£k5R{1)PR)~<kﬁ' +...(FPp)
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1-loop level

amplitude at one loop level:

My = iu(p2)(APr + BPp)u(ps)

A = a4 g 4 g4
B () 4 p(w) 4 ple)
o (v) - vertex corrections
o (w) - wave function corrections )
o (¢) - counterterm corrections: dhy <> dmy, 5R{j

"total" decay width:

T = 3;7;?,’;3:20 (COUIMo|? 4+ C204|Mo|? + CL2Re[ MM, ])
XJ;
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e vertex corrections

//
- special treatment

o fermion and sfermion self-energies




vertex correction with gluino inside a loop
o/ .
G eg XSS 1
l
3 ~ F1=C Flr ~cC [
SUgflg hoferiferaxer .

discontinuous fermion number flow — continuous fermion number flow

Ne)!

=CIC~t=nl' C' is the charge conjugation operator

d’p .
vw) = [ 5 ﬁzau T4 b (p)e )

zpa:_i_bs 5( ) —'Lpa:)

/% JaE, L
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Passarino-Veltman integrals

general one loop integral

(2mp)t P

12

N —
T,ul...,uM(pla +oy DN -1, T, °°°amN—1) —

/qu Quy---Aupy
[¢> — mg +i][(q 4+ p1)? — m7 +ic]..[(¢ + pn_1)? — mF_; + €]

convention for the momenta

Tl — Ao(m%)
T2 = BO(p% mga m%)
T3 = Co(p% (pl — p2)27p%7 m%: m%? m%)

other tensor integrals B*, B*Y, C'*, CH*" etc.
through tensor reduction procedure
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divergent parts of P-V integrals

UV divergent parts

Integral UV divergent part
Ag(m?) — m?A
By — A
B4 — —%A
Boo(k?,m3,mi) — —1(k*/3 —mi—mi)A
By - %A
Coo — iA
where A = % —~vg +In4drw
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divergent parts of P-V integrals

IR divergent parts

Integral IR divergent part
Bo(mz, A2, m?) = BO(mQ,mQ, ) — —%
Bl(m2,m2, A\?) — %
Bi1(m?, A2, m?) o 0
Re[Co(m¥, m3, m3, A\, m?,m3)] — —00 1 )2
where ko= (mdmi,m3) =\ A(m3.m3,m3)

2 2

2

2m1m2

Hana Hlucha, Vienna, November 2007
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DREG vs. DRED

in DREG, vector fields become D-dimensional — contradiction with equality of
fermionic and bosonic degrees of freedom — need of a new regul. scheme, DRED

in DREG, vector field has D — 2 degrees of freedom, its superpartner has 2.

missing degrees of freedom (DD = 4 — ¢) are taken into account through e-scalar field

o (1) e (3 )on (§) oo

at one loop level, the difference is only in finite terms

example

HP7(p?) = 1229 Cr(29Br + 2(5 — 2m,) By
1

HDReg(p ) = B 2gSCF[QZ7/Bl + 2(y — 2my)(Bo — 5)]
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Generic diagrams

vertex corrections

M = Z5u(p2)(ArPr + A1 Pr)u(ps)

0: i(gt P+ gltPr)

ms @ '
— 1: 1g1(q — 2p1)*
p3 2. v (g5Pr + g5 PR)

IV = g959195'12C0(mT — m3) + Ca(2m3 4+ m3 — 2m3) 4+ C1(3mT — m3)
+ 4000 -+ Cllm% -+ Clg(m% -+ m% — m%) -+ ngm%]
+  gotg195mam3(2Cy + 2Co + C1) + g§' 9195 m2(2M2Cy + MaCy + MyCs)
+  masgy 9195 (—2M>Co — M>Ch)
ARFSV _ AgSV (L PR R)

~

a(v) — 4_711.2ARffG()‘7 mfz.a mf7 b{k;a asza —0s, —Js, _gs) + ﬁA%ff( )

Hana Hlucha, Vienna, November 2007 39



Soft gluon radiation

massles gluon in a loop — IR - divergence

P1

P2

soft gluon radiation: (dF) — (g_g) 53
soft 0

2
05 = % (Ip% - 21}?2191 + [p%)

result depends on the cut AFE on the energy of a radiated gluon

Hana Hlucha, Vienna, November 2007

40



Gluon bremsstrahlung

Bremsstrahlung integrals

Jlseejm _ 1 [ dop1dipad’

115--tn w2 J 2p1g2p20 290

po decays into p1, p2 and a gluon ¢

divergent integrals: Ioo, 111, L29, Lo1, o2, 112

Fbrems_ Ulyeeasbm = 21yeeesln

q)

(£2qpj,)---(£29pj,,)

(£2qpiq)---(£2qpiy,)

— 2m025 3 Z(Oh, ’ij]l, ’jm) x colour factor

independent result on the AFE, integration from 0 to E,,q.
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Numerical results
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Numerical results
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—
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Soft vs. Bremsstrahlung
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