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OUTLINE

® Why should we study interactions involving arbitrary spin particles?

® How can we decompose the amplitudes of these interactions?

® \What relevant information can we get from these amplitudes?
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ARBITRARY SPIN STATES

® Elementary particles have spin 0, 1/2 and 1.
® Composite systems can have higher spin [P. Data Group]:

¢ Fermions with spin up to 15/2.

¢ Bosons with spin up to 6.

® Particles of higher spin are theorised in physics beyond the Standard Model (graviton
and gravitino with spin 2 and 3/2, respectively).
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PARAMETRISATION OF CURRENTS

® We calculate the matrix elements of rank k operators:

< p, A OMH(0) | p, A > = ii(p’, A)OM HFp(p, A),

where p and 4 (p’ and A') are the initial (final) momentum and helicity of a massive on-shell
particle of arbitrary spinj .7 and 1 are generalised polarisation tensors (GPTs) that satisfy
subsidiary conditions to account for 2j + 1 degrees of freedom.

¢ We impose Hermicity
< p A1 OMH0) | p, A > = < p, A| O H(0) | p', A >*

and 7 and P discrete symmetries.
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PARAMETRISATION OF CURRENTS

® The general amplitude can be written as

< p M| OM (0 | p, A > = i(p, A)OM (P, A)p(p, A) .
® Whenj = nis integer, we have

(P, A1 OMH(0) | p, A) = (=)' &% (pl, ) O\ 8P A) e, o (p, ).

P=((p +p)2
® Whenj =n+ 1/2is half-integer, we have A=p —p

(P X107 H0) | p, A) = (= 1) ... (p', 4) OF B G(P A) ty g (P 2)
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PARAMETRIZATION OF CURRENTS (GENERALISED POLARISATION TENSGRS)

® The integer GTPs are given by

k m—k n
w2 Qg [H1=18a9»<z>(p a 1)] [H1=k+18agv<z>(p ’O)] [Hl=m—k+1€0€@(1)(p > T 1)]
k=0 2=m2 |\ (m = 2k) ! (n —m+ k) /CP

where & stands for a permutation of {1,...,n} andm =n — A.

® The half-integer GPTs can be built as

j+ A = A
ual...an<p,z>=\/ > U(P+3)E g (P A= 3) =\/ —1(P,—3)e g (P AH7).
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VECTOR CURRENT

® Let us consider the interaction between a vector particle and an on-shell particle of arbitrary
spin j and mass M through the matrix elements

L4

JH=<p X O)p,A>.

® When j = nisinteger:

Jrian (P A) = PHYFY (1) = ("A% — ghA%) Y Fy (1)
(k,n) (k,n—1)

® Whenj=n+ 1/2is half-integer:

Jraieaea(p Ay = PH Y FY k(t)+—0”‘”A D F ). _ N _
(k I/l) (k n) Z - Z H (— AQJ; l> H ga,iai

® The coefficients F(7) are called form factors (FFs). () k=0 | i=1
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VECTOR CURRENT

® Forj=0wefind

<P X1 JH0) | p, A > = PAFY(0).

® Forj=1/2 we find "ﬁ}/ﬂu"
<L A1IHO) p, 4> = a(p', ') | PUFY (1) + éa’“’Asz‘fO(t) u(p.2) .
. | 3
® We recover the well established results for j = 0, 5 1, 5 2.

(L. L. Foldy (1952), R. G. Arnold et al. (1980), S. Nozawa et al. (1990), V.
Pascalutsa et al. (2007), etc).
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TENSOR CURRENT

® | et us study the energy-momentum tensor (EMT) T+.

® The EMT allows us to study a great variety of observables in particle interactions.

® It can be decomposed by using the metric g, ., the Levi-Civita symbol ¢, ,,, and the four-
vectors of the problem : the average momentum P* and the momentum transfer A¥, and

others.
® On-shell identities reduce the number of independent structures.

® \We consider the most general case where the EMT has non conserved terms (for composite
particles) and is asymmetric.
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TENSOR CURRENT (ASYMMETRIC CONTRIBUTIONS)

® The total angular momentum tensor is given by

— AJHLP Uvp
MHPP(x) = Mo AM()c) + Mspm(x) .

where

Spin Field transformation

MHP (x) = x¥*TH(x) — xPTH (x),

OAM 0 ()7 =0
o 1/2 | (2); = 4o™);
M*P(x) = — i (Z7)p5(x)
spin 0@,45,») 1 \(ZW)Q — z’((%ﬁg”ﬁ — 51(;9“5)
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TENSOR CURRENT (ASYMMETRIC CONTRIBUTIONS)
® The conservation of the total angular momentum implies
6ﬂM””p(x) = (.

® Then, we have

Spin Field transformation

0 (YH)s = ()

I""(x) — T7"(x) = — 9, M*""(x) . 12 | (zm)

spin

();

N | —

1 (20 = i(okg¥P — ok gHP)

® The spin of the particle introduces an antisymmetric part in the EMT.
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TENSOR CURRENT (EXAMPLE)

® Let us parametrise the EMT of a scalar (j = 0 ) particle:  {p’| ]A’/“/(()) |p) =7

M = 0 = no antisymmetric part.

® \What tensor structures can we have? These do not fulfil the conditions!

1% 12 12 LVpo
M PHPY, AAY, and gH*. P{ﬂAV}, cHvP Pme
® The most general decomposition is given by

(p'| T*™(0) | p) = A(t)P*P* + B(t)(A*AY — Ag") + C(t)g" .

® The decomposition is not unique.
And for arbitrary spin? ...
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TENSOR CURRENT

® Whenj = n we find: ® Whenj=n+ 1/2 we find:

Tﬂy,ai...al;al...an(P, A) — ZPMPU Z Flz:k(t) Tﬂy,ai---a’flal..-an(P, A) — ZPMPI/ Z FlTk(t)

(k,n) (k,n)
+2 (AFAY — g A%) N FT (1) +2 (A*AY — gh*A?) Z FT (9
(k,n) (k,n)
2 T
+2M%g" N FI (1) +2M%g N FI (1)
(k,n) (k,n)
T .
_P{Mgv}[a A% Z F4,k(t) +P{”éﬁy}pAp 2 F4Tk(t)
(k,n—1) (k,n) |
_ (A{ﬂgv}{agAan} _ gﬂVAaéAan _ ga,é{//tgv}anAZ) Z FST,k(t) B (A{”g”}{“';Aan} _ g,uyAa,;Aan {ugv}a A2 Z
(k,n—1) (k,n—1)
2,0{p,vVia, T
+Mg 8 Z F6k(t) +M2g n{ﬂgl/}a Z F6Tk(t)
(k,n—1)
[, ok oV g A ] fen=h
+Alsgallugila i an N FT (1) FAlsigallighlionpad 3 ET
(k,n—2) a{,ubv} — a*b? + a*bH o 7.k
J—
_ plugvilo, Aol T
Pre=ma Z Feul0 +PlHlghiP A ZFT (7)
(k,n—1) a[,ubl/] — a*b¥ — a’bH ) p 8,k
—A['”g”]{a A% Z F9Tk(t) (k,n)
1) — Alrgrlia A} Z F9T,k(t).
(k,n—1)
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TENSOR CURRENT

e Without operator constraints the number of independent structures grows substantially.

® The same happens if we do not use subsidiary conditions, tensor identities, and on-shell
identities.

j elVPT g‘r/l + [ePOT gy/l + [ePOTH GV g + [T THY gp/l + [eTHVP govl 0

1= ﬁ, 0= A9 . pPaAd . pPad
24 ie?" My 1ys = PYyP — MgP?, i€’y = PYYPys,
Ys = 2_Ms, 0= Pys, ie” oy ays = A%y, ie” My, = A%yPys — 2MgP%ys,
y“ . E ) [oHA 0= AH +zo—-"P i PAaA,y Y5 = MA" i PAar,l,y/l - _2Mpa75,
= , Y a/P a/P
11\‘14‘75 z?frﬂP 2 iocHAys Tlyays = PTy7 - Mg”” Ty = PTyys,
yhys = =+ T, 0= Phys + ——==, eﬂ’ ATy ys = ATy, 6"’ Arlyr = A%y ys — 2Mg” Tys,
ioH = Ay + e yays 0= —pleyl 4 i€ yays ie” PAy, ys = -MA” ie” PAy, = 2MP”ys,
oM M B 2 , , , _
] iy ] lfa/PaIl'y,!')'S = _Mga’a’ léa/ Pa/l'y,{ = (),
oty = TS 1€ Y 0= A5V | ewvpa o’Aad o Aad o
BETTTM M -T2 T ie” 2 yys = 0, je¥haty, = oMYl
_g[a’{piea]v}PA,yS - — g[a/{p (Aa]lev}PA,l AV} ealPAA _ Azlea]v}lo,z)y”5 7 o
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TENSOR CURRENT

1 3
® We recover the well established results for j = 0, 5 1, >y 2. (l. Kobzarev et al. (1962), H.

Pagels (1966), J. Donoghue et al. (1991), S. Taneja (2012), etc.).

® |etusconsider j = 1:

~ I / Aa’Aa
(p, A T*(0)|p,A) = — e¥(p’, ") [2P*P* (g““FlT,o(t) Ve FlT,l(t)>

a/

A% A? A% A?
+2(A”A”—g””A2)< ““FT (D Ve FzT, 1(t)> +2M2g/"”( ““FT (0 Ve F{ 1(t)>

—P{”g”}[“lA“]FélT,O(t) _ (A{Mgv}{a’Aa} _ g””A“’A“ _ ga’{ﬂgv}aA2) FST,O(t)

+M?g@ gV T (1) — PgN e AAET (1) — Altg M ADET (1) e,(p, ).
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TENSOR CURRENT

® The FFs describe many interesting quantities.

® Energy density:
— 1 71 700 _ 1 T 1 T
U = <p, AT |p, A >= (— 1o(0) —— 3,O(O)> M

2M 2 4
® Pressure-volume work:
5,‘j g 1
W=— <p2ITH0)|p.2 > = 5F37:O(O) + FL0) | M

® Other observables such as < r* > , L% J'. 1Y can also be expressed as simple linear
combinations of FFs.

e Additionally, FFs also account for non-perturbative QCD effects.

Manuel Morales (Cambridge) - Covariant multipole expansion of local currents for massive states of any spin

16



SUMMARY

@ Itis important to have a framework to describe arbitrary spin states within the
SM and beyond.

@ We have a general decomposition of (scalar), vector and tensor currents for
particles of any spin. Itis given in terms of tensor structures, GPTs, and FFs.

@ The FFs of these decompositions give us valuable information about the
system.
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THANK YOU FOR YOUR ATTENTION
ANY QUESTIONS?
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