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4 space-time translations generated by P#
3 spatial rotations generated by J; = € M/ /2
3 spatial boosts generated by Ki = Mo

Commutation relations are
[Jms Pn] = i€mnkPi s [Ji,Po)l =0, [Ki,P] = inwPo ,

[K,‘, PO] - —IP, 3 [JmaJn] - iemnk-/k 5
[Jma Kn] = i€mnk Kk 5 [Kma Kn] = —i€mnkJk s

Casimir operators are : P,P* = P2 and W, W" = W? where
W, = LeasM¥eP?

For particle of mass m and spin s we have P?|¢)) = m?|¢)) and
W2[p) = m* s(s + 1) )
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The Scalar Field

Spin-0 particle of mass m, either scalar of psudo-scalar, is described by
the Kleine-Gordan equation

0,0"¢ — m’p =0

» Typical self interactions are ¢3, ¢* etc.
> Interaction with fermions: 11)¢ etc.

> Interaction with gauge bosons: A" [(0,¢")¢ — ¢7(9,4)] and
A”AH(bT(b
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The Gauge Field

Spin-1 massless photon is described by the Maxwell equation

Du(O"AY — A" = e j

» Invatiant under local gauge transformations

» Gauge invarinace leads to minimal coupling of A* to charged
particles, scalar or fermions, through covariant derivative term

Dl = (0" + ieA")

The theory of particle interaction is a locally gauge invariant theory
involving scalars, fermions and gauge bosons.
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The Standard Model

» Spin 0: H

» Spin 1/2: u,d,c,s, t, b,
€, Vey [y Vyuy Ty Vr

» Spin 1: ~,g, W, Z

o = = = = 9acn
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Spin quantum number

» Spin is the only internal quantum number of a particle that is
related to the space-time transformation.

» Spin determines the Lorentz structure of the couplings of the
particles with other particles of known spins.

» i.e. the production and decay mechanisms are almost determined by
the spin of the particle.

Helicity amplitude for the decay |s, A} — |s1, h) + |s2, b) is

S 2$+1 Sk s
M (0.0) = /= D30, ~)Mi,

2s+1
4

d3,(0) is 2s degree polynomial in cos(6/2) and sin(6/2)

ei()\—l)qu)s\/(g)Mz’IZ’ | = /1 — l2.
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Determination of spin

The spin can be determined by

> exploiting the behaviour of the total cross-section at threshold for
pair production or the threshold behaviour in the off-shell decay of
the particle.

» distribution in the production angle relying on a known production
mechanism.

> extracting the (cos )2 polar angle dependence or cos2s¢ azimuthal
angle dependence of the decay distributions
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Polarized beam collision

Polarization density matrix for fermion:

1, ., 1 14n3
AMN) =276 =2 .
p(A ") 2T =5 0+ inn

Ritesh Singh Spin@Colliders
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Scattering and Cross-sections

N — 2
1-—ms
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Polarized beam collision

Polarization density matrix for fermion:

1 1 —
pON) = {””3 G

SiG=> .
2" 2| mtinp  1—13

With initial state et and e~ polarized the matrix element is given by

|M|2 = Z Pe-(Xe= Ae-) per(Xer Aot )
A )\g7 ,)\e+,)\;+ AL A

XM(Ne—, Aoty Aty Af) MF (AL, AL, ey Ag)

e~
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do = % l(227rl)4p()\, X)(s“(kgl + kg, — pa — (nzlp,))

FBY i
d3 n—1 3,
~ PA H d Pi
2Ea(2n)® L1 2E (2m)
L@ e d*ps d*pc
= (A, N)5*(pa — ps —
% {rA 2ma | ANIPa = Pe = Pe)3E 55 SR 2y
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The process

We look at the production process B1B, — A Ay ... A,_1 followed by the
decay of A as A — BC. The differential cross-section is given by

do = % l(227rl)4p()\, X)(s“(kgl + kg, — pa — (nzlp,))

1

3 n—1 3
~ d,DA H dP:
2Ex(2m)? L1 2E(2r)?
4
L[ en
FA 2mA

d’pg d*pc ]

l 54 _ _
(X, A)6%(pa — pB Pc)2EB(27T)3 2Ec(2n)

First bracket = o(\, ) =04 Pa(\,N)
BBC(2S + 1)

Second bracket = TFA()\,/\')dQB
7r
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1 do  2s+1

o dQg 4

D7 Pa(AN) Ta(dN),

AN
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() The density matrix
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The angular distribution

1 do 2s+1
- —= Pa(A, N) Ta(\, N
o dQg 4 )\2)\:/ A X) Ta(A ),

» o = Bgc 04 is the cross-section of production of A and its decay
into BC.

» Bpgc is the branching ration of A into BC.
> Pa(\, X)) =0(X\ X)/oa is the polarization density matrix.

» [a(\, X') is the normalized decay density matrix in the rest frame of
A.
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The decay density matrix

The decay density matrix for the decay proess A — BC is given by
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The decay density matrix

The decay density matrix for the decay proess A — BC is given by

s\ N) = ZI\/IMZ MY
h,k
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)
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The decay density matrix

The decay density matrix for the decay proess A — BC is given by

X)) = D MM

sk

25+ 1) o_w 3(0)d3 i
( > NIEE )¢Zd)\l(9)d/\,,(9) |M/1,/2|2

47
)

o 25+1 R
= ) ¢de )d3(0) [Z( o= >|M11,/1/2]

h
=22 ZdA/ )d5(6) af

k| < s, |h—=1 < s, [l] <sand Te(I"*(N\ X)) =5, a7 .
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The final distribution

The normalized decay density matrix is given by

)

: ’ d;s,(0)ds,,(0)a7 Oy )\
rA()H)\/) _ el()\*)\ )¢ Z/ )\I(Z:) a/; l( ) I el()\ Ao ,YA()\7 /\/;‘9)’
1<l
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The final distribution

The normalized decay density matrix is given by
Fa(\ V) = 3= Z/dil(;:)‘iif/(e)a/s = AN 0 V),
191

and the final distribution is given by
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The Collider Experiment

.ﬂ The density matrix
ISER KOLKATA

The final distribution

The normalized decay density matrix is given by
Fa(\ V) = 3= Z/dilg)‘iiu(e)a/s = AN 0 V),
191

and the final distribution is given by

1 do 2s+1

o dQs 4r Z\: Pa(AA) 7a(A, A)
+ Z RIPA(N, X)) va(A, A) cos((A— X)g)
AAN

3 SIPA )] 7a(AN) sin((A — N)e)

AEN
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The density matrix: s = 1/2

For [3,1) = |s1, k) +

Here o = (31/2

1/2
12

1/2

412

Ritesh Singh

|52, ko)
ltacosd asinfd Li¢
rl(A,)\/) = 2
2 asin® o—i¢p  l—acosd
2 2
1/2 1/2 1/2 1/2
/s /1/2)/(31;2 + 3_/1/2) and
M2
- ( ) Z' ll{ll 1/2 |h] < s1,
_ M2
N ( ) Z' /1,/1+1/2 |h| < s1,

Spin@Colliders

The Collider Experiment

Spin-1/2 case

|h —1/2] < s

|h+1/2| < s.
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Angular distribution: s = 1/2

Polarization density matrix:

1 1+ —i
P%(A,/\’):f o N2 7

m+in  1—m

Thus the angular distribution becomes:

1 d 1
— 9 _ 2 [1 4 ans cos @ + any sin 6 cos ¢ + anp sinfsin ¢ .
01dQg 47

The cos 6 averaged azimuthal distribution is given by

Ldo 1), amrm
o1 do 27 4

anpm
4

0s ¢ + sin¢} .
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Angular distribution: ete™ — tt

\ﬁ = 4OOGEV, m= 7075, m =~ 0,773 =-0.19

Cos(th_l0) Phi_I0

20000)

15000)

10000f

5000)

Cos(th_bo) Phi_bo
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Angular distribution: ete™ — tt

/5 = 400GeV, 5 = —0.75, 1 ~ 0,73 = —0.19

Phi_b

PH_D
Entries 1000000

04225
RMS 02838

g
NAE D D T

I —
Entries 1000000
Mean  0.4467
RMS 02861
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The density matrix: s =1

For |1,1) = |s1, h) + |2, k),

1+46+(1—38) cos? 6+2c cos 0 sin O(a+(1—368) cos 0) _igp s (1=cos? 0) _j2¢
T 22 e (1—38)—F— e

i - —i in2 in (a—(1—35)cos ) ;i

ro Y = sin 0(a+(1—38) cos 6) ib 54 (1— sin~ 6 sin O(a—( id
101 R +(1 - 35)sin; v e ,

(- 3(s)(l—c‘:;s 0) e—i2¢ sin 9(04—21—35) cos 6) e—id 14+6+(1—36) c:sz 6 —2c cos 6

where,
Ao, , A
a{+aé+al_1 ' 7a%+aé+al_1

and

3
1 1 2
a = — ) 20 IMy Il <s, Ih—1<s
2 1k
=)
1 3 12 )
o = — ) oMy g | || < min(sg, 52)
ax /g
1 3 1 2
1 = - 20 IMy sl Il <s1, I +1 <5
h
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Angular distribution: s =1

Polarization density matrix:

% + & Pz 4 h Px—le + Tz — :Ty, TXX—T\y/yE—2iTXy
N — Px+ip, sz+:Tz 1 27'2Z Px—ipy  Txz—iTyz
P AN = | Bty Tetile 1o L I
Tox— Ty +2iTxy, Pxtipy _ Txz+iTyz 1 _ pz + Tz
NG 22 V3 3 2 NG
The angular distribution is:
1 do 3 2 T, 3 2
- = — - —(1-30 - 0 \/j1—35 T, 0
o dQ 8 [(3 ( ) \/g)JrO‘p cosf+4/5( ) Taz cos

+ <a px + 2\/2(1 —39) T c059> sin@ cos¢
2 . .
+ (a py + 2\/;(1 —39) Ty, cos@) sin@ sin ¢

(1 - 39) (%) sin? 0 cos(26) + \E(l _35) T,y sin?6 sin(29)
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Polarization asymmetries: ete™ — ZZ

Define 1(0,¢) = (1/0)(do/d2), then we have

s

A = [/{:O/f_ﬂI(0,¢)sin(9)d0d¢—/eio /3_ 1(0, ) sin(8)d0d

2

3apx

4
o(cx > 0) —o(cx < 0)
o(cx > 0)+o(ce <0)

Here ¢, = sinfcos ¢ in the rest frame of the decaying particle.

Similarly one can define asymmetries for other polarization parameters as
well.

Ritesh Singh Spin@Colliders 31/41



()
NISER KOLKATA

Correlations
Cx = sinf cos ¢
¢, =sinfsing

¢, = cosf
Cxy = CxCy
Cxz = CxCz
Cyz = CyC;

— 2
Cx2—y2 = € — C

¢y, = sin 30

Ritesh Singh

2
Y

The Collider Experiment

Spin-1 case
Asymmetries
A, = 3
paA
z = 72

Ay =2\/3(1-30)T,,
Ae=2/301-30)T.
A =2\/301-30)T,.
Ayz = %\/g(l —30)(Tax — Tyy)
A =3/301-30) T,

Soin0Catiders o
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Polarization asymmetries: ete™ — ZZ
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Polarization asymmetries: ete™ — Z~
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Some of the Collider Studies

» Anomalous couplings in eTe™ — ZZ | Z7y R Rahaman, RKS EPICT6 (2016)]
including beam polarization [R. Rahaman, RKS EPJC77 (2017)]
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Some of the Collider Studies

» Anomalous couplings in eTe™ — ZZ | Z7y R Rahaman, RKS EPICT6 (2016)]
including beam polarization [R. Rahaman, RKS EPJC77 (2017)]

» Anomalous couplings in ete™ — W™ W™ including beam
polarizations [R. Rahaman, RKS PRD101 (2020)]

» Anomalous couplings in pp — ZZ (leptonic channels) at LHC

Rahaman, RKS NPB948 (2019)]
» Anomalous coulings in pp — ZWi at LHC [R. Rahaman, RKS JHEP04(2020)075]

> J. A. Aguilar—Saavedra et. al. proos (2016), EPICT7 (2017) €LC.

With two spin-full particles in the final state we can do more.
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Polarization and Correlations

For single particle spin-polarization we have:

1do

~ G [+ PS4 TS5+

For two particle spin-polarization we have:

1 d?%

29 TQT+PAS®I+ TASS @I
- T QI+ QL+ TS5 ®

+ 1oPBS+I0TESS
+ PAS@PBS4TASS © TESS
+ PAS@TESS + T{SS; ® PE.S

[R. Rahaman, RKS NPB984 (2022)]
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Asymmetries

» 80 asymmetries +
cross-section

» Asymmetries: 44 CP-even,
36 -odd

» 45 asymmetries require
flavor tagging, 35 dont.
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Spin-correlations @ Collider Studies

> ete™ — WTW~, anomalous couplings, light flavor tagging using
ANN and BDT [A. Subba, RKS, 2212.12973]
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Spin-correlations @ Collider Studies

> ete™ — WTW~, anomalous couplings, light flavor tagging using
ANN and BDT [A. Subba, RKS, 2212.12973]

> ete™ — WTW™, anomalous couplings, light flavor tagging using
ANN and BDT, using beam polarizations [A. Subba, RKS, 2305.15106]
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Beyond two-particle correlations

» J. A. Aguilar Saavedra et.al.: Quantum entanglement and Bells
inequalities in top pair [epics2 (2022, N H — ZZprowor 2023, In
H— WW[2209.14033]
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Spin-Spin Correlations

Beyond two-particle correlations

» J. A. Aguilar Saavedra et.al.: Quantum entanglement and Bells

Ritesh Singh

inequalities in top pair [epics2 (2022, N H — ZZprowor 2023, In
H— WW[2209.14033]

2302.00683, Fabbrichesi et.al (See references for the detailed list).

pp — ttZ, two-body and three-body spin correlations,
ftZ—anomanus couplings [R. Rahaman, JHEP03(2023)077]

Three-body entanglement in particle physics (saurai, spannowsky, 2310.01477]
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Conclusions

» Polarization and spin-correlation asymmetries are very useful in
probing anomalous couplings and BSM in general.

» Study of Bell inequalities and quantum entanglements at collider is a
hot topic in past two years.
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