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Outline

e A brief reminder on chiral symmetry
why are we doing this?

* Quarks to dileptons
* Pions to dileptons
 Resonance decays to dileptons

e Other processes



Outline

e Formulas
 More formulas

 Equations
 More equations

e Even more equations

 Physics?



—
o

<dN,/dm,>/<N,.>(100 MeV/c’)"
o

1
N

—
o 1
|

—A
o
L

8
10

Dilepton spectra

l
1/l |

CERES/NA45

Preliminary

S D UL L L L L L L 1t 1T T J T T 7T 1T T 7 1 4
: I l I | I I l l :

Pb-Au 158 A GeV

o./lo .~7T%

trig® tot

p,>200 MeV/c
O.>35 mrad

2.1<<2.65

@

b Lles gl kg el i

0

02 04 06

1.2 14 16 1.8

mee (GeV/c 2)




b

amcd
<
~J

<«dN, /dm >*1/<N,> [1/(100MeV)]

.\‘ (o :
% S N S 28 " f '
\ ’, \\
. / \
X i N\
WK W \
. (’ \
\ \
¢/ \ \
Y |\ \
I, I \ I \\ }
VO { v\ \
/ I \ ] \
/ - \ , /\ I'. \ |
/ | v/ \ \ N
/ . e \ | \ !
/I l _-/ \ | “ '\\'
f - - '
F nus TRVAV AN
/ | \ )
N | g \
04 0.6 0.8 1.0

,)0 direct
w direct
¢ direct

= (Dalitz)

- 17 (Dalitz)

n  (Dalitz)
A (Dalitz)
-

CERES data




107

10°°

I/N_, dN/dM,. [1/MeV/c’]

Dilepton spectra

T la—'—”'i

T T T T T T | T T !

°C+1°C 2AGeV

1

T T T I T T T

—— HADES data
— UrQMD (all ch.)

----- n¥ Dalitz
— 1 Dalitz
..... A4, Dalitz

| lllIlllI

o direct
- Dalitz

B A

| l 1
400

600

1 | 1 -
800 1000
M.. [MeV/c?]




C+C, 1.0 A GeV

free spectral function
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Chiral symmetry

Consider the Lagrangian of massless fermions
and the following transformations:

L = ith; i,

Ay : Yy — (figéw ~ (1 — zg(:))w
b — 3%~ (1+i26)¢
9 — P18 (ip L~ id)
= i) A
Vy, — %D%L? (0

The Lagrangian is invariant under this transformation.



Chiral symmetry

L = 1;);
Aa p — e 5E0y — (1 - ’ngé)lb
) — 6_7’7556@ ~ (1 — 2753(5)@5
iy —  ihip — iO (w 10" %—Ww%—@@w w)

a — T
A,u — w’YM'YS iw

The Lagrangian is invariant under this transformation.
Both transformations together are called
“Chiral Symmetry”



Chiral symmetry

What happens if we introduce a mass term?
0L = —m ()

Ay m () — m(ya) )
Ag: m () — mapth — 2im© (2#%75@&)

The mass term breaks the symmetry of the axial part, so it’s not a
good symmetry anymore. Yet, the quark masses are small compared
to the relevant energy scales of QCD (Aacp ~ 200 MeV), so one speaks
of an approximate symmetry.



Chiral symmetry

Let us consider a combination of quark fields with the correct
quantum numbers of some mesons:

T = iTys50 o= z?zb
P = &;VMD a1, = YTV Y59
Vector transformations:
T,

- - - T
WYY ——  wWTsY + O (¢Tﬂ5 gjw ¢—Tﬂ5¢)
= Wy 4 19,6k VY5 TR



Chiral symmetry

Axial transformations:

WTivsy — Ty + O, <¢Tz75%—¢ T w%—ﬂ%w)

= TP 4 Oy

T — T+ Oc

Pu — P

@xalu

Since chiral symmetry is supposed to be a
symmetry of the Lagrangian and the p state can be
rotated into the a4 state, both should have the same

eigenvalues, i.e. the same masses.

Yet m(p) = 770 MeV and m(a1) =1260 MeV.
The symmetry is broken.




Mexican hat

(y,mt) Broken Symmetry (excitations
in x-direction cost energy, not
in y-direction though)

=
(x,0)

/(y,n)

Restored symmetry, neither
movement into x-, nor in y-
direction cost energy

=
(x,0)

V. Koch, Int.J.Mod.Phys.E6:203-250,1997



Chiral symmetry

Restoration of chiral symmetry has effects on particle masses.

< qq >0
< qu >p,T

)

m* ~m(l — «a

Critical temperature
of ~170MeV (~101° K)

Properties of particles,
especially masses, change
with the temperature and
the density of the medium
they are put in!

W. Weise, Nucl.Phys.A690(2001) 98



Chiral symmetry

Chiral symmetry is broken in nature, which gives
particles their “real” (QCD) mass.

~99% of the mass of the light quarks originates from
chiral symmetry breaking.

Higgs quark mass (MeV)
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Chiral symmetry

Chiral symmetry...

is a symmetry of the QCD Lagrangian
is broken in nature
is related to the mass of particles

is expected to be restored at high temperatures and/or densities
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Understanding the vacuum :

We need to understand the vacuum and
kinematics before tackling ‘in medium’
physics!






Mandelstam variables

U = (pq ‘|‘pl_)2
q
2 4
s = (pq + Pg)
q




q [~

M = (pg+pg)* = (i +pp)* =5

calculation done in quark CMS



Kinematics




Differential cross section

Starting point:

qu qu

‘2d3pl my d3pl— my
4[(pgpq)? — m22mZ]

do —
‘ 213 Ep (2m)3 Ej

(27)*6*(pg + pg — p1 + DY)

1/2 T



Differential cross section

Starting point:

do_: ’Tf@‘Q P11y pl ml

4[(pgpq)* — mg2mg]'/? 2m? By (2m)° Ep

(27)*6*(pg + pg — p1 + DY)

incident fermions



Differential cross section

Starting point:

qu qu

‘2d3pl my d3pl— my
4[(pgpq)? — m22mZ]

do —
‘ 213 Ep (2m)3 Ej

(27)*6*(pg + pg — p1 + DY)

1/2 T

incident fermions



Differential cross section

Starting point:

? .|2d3pl my d°p; m;

om3 By (27)3 E; (277)454(17(1 +Pg — Pt T+ p7)

incident fermions

relative velocity factor



Differential cross section

Starting point:

qu qu

‘2d3pl my d3pl— my
4[(pgpq)? — m22mZ]

do —
‘ 213 Ep (2m)3 Ej

(27)*6*(pg + pg — p1 + DY)

1/2 T

incident fermions



Differential cross section

Starting point:

2Mg2mg o, my d3pr my
do = q4Mg 1@ (27464 (Do + pr — p1 + i)
4 (pgpg)? — mg2mg]1/ E, (2m)3 E; q q z

incident fermions

relative velocity factor

transition matrix element
(initial state i to final state f)



Differential cross section

Starting point:

qu qu

do =
4[(pgpg)? — m22mZ]

|2d3pl my dgpl— my

o3 I (QW)S E; (27)454(1961 +Pg — Pt T+ pl_)

1/2 T

incident fermions

relative velocity factor

transition matrix element
(initial state i to final state f)



Differential cross section

Starting point:

incident fermions

relative velocity factor phase space factors

transition matrix element
(initial state i to final state f)



Differential cross section

Starting point:

qu qu
4[(pgpg)? — m22mZ]

|2d3pl my d?’pl— my

do —
‘ 213 Ep (2m)3 Ej

73| Trs (2m)*6* (pq + pg — P1 + Pr)

incident fermions

relative velocity factor phase space factors

transition matrix element
(initial state i to final state f)



Differential cross section

Starting point:

2mg2mg , d>py my d’p; m;
do = 2 29,12 1/2’Tf’i| 3 37
4[(pgpq)* — mg2m;] 2ms By (2m)° B
energy-
incident fermions momentum

conservation

relative velocity factor phase space factors

transition matrix element
(initial state i to final state f)



Differential cross section

Starting point:

2mg2mg |2d3pl my d°p; m;

do = Ty; 27)4 54 L ]

7 4 (pgpg)? — m%ng—]l/Q Ty o3 E; (2m)3 El_( m)"0"(pq + pg — P1 + D7)
energy-

incident fermions momentum

conservation

relative velocity factor phase space factors

transition matrix element
(initial state i to final state f)



Integrating everything...

2mq 2mq

‘ZdBpl my dBpl— my
4[(pgpq)? — m22mZ]

do —
7 213 Ep (2m)3 Ej

(2m)*6% (pg + pg — 1 + pp)

1/2 Ty

(plenty of integrations,
using the delta function)

mgzmlg dtdad,

(2m)* s(s —4mg)

do = Tyl
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Tyi = u(pr, er)(tey”)v(pr, €7) (

Pq 1+ Dgq

|

)2 U(pg, eg)(iev")v(pg, €q)

(page 301-307, Wong)




Cross section

q




Cross section

6262

do = - 333—4m2)28m —m t—mq

l (integrating)

2 ml2)2

2 2)2]

(u —ms — m;

q

_ 47 I 2m2+ml2 I 4m3ml2
3 S 52




Cross section

q




Cross section







mm — [T

1 2 dPpymy dPpp my

do = T,
y 1/2‘ Jel 93 E; (2m)3 Ej

2 454 TC T 7
A[(prpz)? — m22mz] (2m)70" (pr + = — p1 + pp)

(the usual deal...)




[ G i) wh = ) 2m) 8 ok + pk —

_Z‘gw/
Pr _l_ Pr

qu;zﬂ(pz,ez)(iev”)v(pzysz—)( )2[ ie(ply — pk)]






Vector Meson Dominance

So far:

Photon propagator!







Form factor scaling

Solution: Scale with the respective absolute values!
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167 F(my)|?

(M? —4mz)  m;

myI'(p — mm)m,I'(




What about decays?

dN,_, / dydm

1 I I I I I I I I 1 1

n°,n Dalitz-decays

A
P,
d
DD JI
|
P
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Dilepton sources

P - %
\Y cd
» Dalitz decays ; %
*
e 1%, n,Nn’,w,A.. b g
Dalitz decay (vector meson) (pseudoscalar meson)

 Direct decays

e p,w, d... " .
- e (1)
- N eRGYINGY V
Na a0
mp E - -
| e (1)
+

Dalitz decay () Direct decay
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Feynman graphs




Decay rate

r— Number of decays per unit time

Numbers of particles present

(H IE= ZEf) MM = {pr})(2m)'6" (P =3 o)

Phase space:

H/dpf 22;],: (27) 454( pr)




Phase space

2 body phase space

1
/ dIl, — / i ‘ﬁ
1672

2 body decay rate

1
dl' = o MM — {py})|*dIL;




Phase space

2 body phase spz

2 body decay rate

1
dl' = o MM — {py})|*dIL;




Phase space

2 body phase sg

2 body decay rate

1
2



Pion decay

P.S




Second vertex

v ete”

P.S




Feynman graphs

[calculating, calculating...]

1
My = ete)]? = §62(4M3* + 8m?)



Phase space




Feynman graphs

[plugging it allin...]




Full process

dM?

dl'(A — Bete ) = dl'(A — By )MI'(y* — eTe™) Yz
-



Feynman graphs

Final results:

M.,

2
mwo

dl'(7¥ — vete™) _ (1 - M-

3
212 * —
Lm0 5 ) ) | Fro (M= )" M Ty* — eTe™)

4
7TM7*

Final mass spectrum:




3
Pseudoscalar mesons: @a—yete- o [ 4w (1+ ng) (1 _ %2)

Vector mesons:

Direct decays:

Dilepton sources

dM 3 M M?2

La
X |Fap(MP)P === (Na)

AN A Bete- 20y 4m?2 2m? N
= = 1— —2 1+ =2 ) |Fap(M T(N
dM 3 M Ve ( + o ) Fas(M7)] (Na)




A baryon:

Dilepton sources

dMa

dNe+e— / dNA—>Ne+e—

o dNA / 20 F(MA,M) dNA
dM dM

Mp)——2dMp =
(Ma) Taz, PMa 3rM Tl dMa

A2 (M2 m%,, M3)
D'(Ma, M) = T Msz A
TLVE A

mn 2My (M, Mp) + M (M, M)

A(mZ, mf,m3) = (m% — (m1 4+ m2)?)(m% — (m1 —ms)?)

2
™m
M = (€f9)29 2 M?4(ma —my — qo)
mn
2
My = (efg)” 52 [ad (5ma — 3(ao + m)) = M*(ma +my + o)

L.G. Landsberg, Phys.Rept.128:301-376,1985
P. Koch, Z. Phys. C57:283-304, 1993



Form factors

Hadrons are no point particles!

= Form Factors!

Important: no first principle calculations!
Huge model dependence.
Need to be adjusted experimentally!




Form factors
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Charm decays

g+g—c+c

q+q—g° —c+c

Huge mass, need lots of energy
= initial collisions




Bremsstrahlung

Long thought to be negligible.

Different treatment of proton and
neutrons might enhance
importance...

(see Tatyana?)
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Cocktail ingredients
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Cocktail ingredients
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Different results?




Take home messages

* Plenty of dilepton sources
* Disentangling them is hard (more by Hendrik tomorrow)

* Often model dependent — experimental input needed



Take home messages

* Plenty of dilepton sources
* Disentangling them is hard (more by Hendrik tomorrow)

* Often model dependent — experimental input needed

Thanks!



