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Introduction

@ The Standard Model (SM) of particle physics is highly successful
theory which describe the governing principle of elementary
constituents of matter and their interactions.

@ However, the SM has issues within the theoretical framework ( the
hierarchy of mass, strong CP problem) and also the inability to
address neutrino oscillation, dark matter, baryogenesis and many
more.

@ New physics has been postulated to cure those, predicting new
particles and symmetry.

@ Sadly, nothing found beyond the SM at the current reach of energy
(0(10) TeV).
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Introduction

@ One could expect that the new physics scale is too heavy to be
directly explored at the LHC at the current energy range.

@ They may leave footprints in the available energy range. They will
modify the structure of SM interactions or bring some new
interactions.

@ These can be modelled by effective filed theory (EFT) through higher

dimensional operators,

¢ ¢
zeft:ogSM‘FZﬁﬁi +Zﬁﬁ’- =+ ...
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Anomalous triple gauge boson couplings (aTGC)

e
IV

@ Possible triple gauge boson self interactions in electro weak (EW)
theory:

Present in the SM = WWZ, WW~ (WWV),
Not present in the SM @ ZZZ, ZZ~, Z~r~ (ZVV).
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aTGC operators

@ The operators contributing to WWYV couplings are

Ovww = Tr{Wo, WP W], O i = T W WP WY,
Ow = (2,0) W (2,0), O = (2,9)' W (2,0).

Op = (2,9)'B"(2,9),

K. Hagiwara, Nucl. Phys. B282 (1987) 253-307
@ The operator for ZVV couplings are.

Opw = 0B, WH{9, 2"}0,
Oww = iOTW,, W {9, 7"},
Opg = i®'B,,B"{D, 9"},
Ogy = 0B, WH{, 2"}0.
i i
Dy = Ou+ 5gT’Wli + Eng"
i
W[Ll/ - Eng(a,u Wlf - al’ W;i + g€k W[Lj Wf)a
B, = ég'(@uBy —8,B,), VI =127V,

Gounaris et al. Phys. Rev. D 61, 073013 (20@9)18



BSM contribution to anomalous couplings

Contribution can arise from MSSM, Little Higgs model, 2HDM, NCSM,
UED, Georgi-Machacek model.
Toy model :

e

Lyrp = —eQp A F~, F — 5 Z"F (v.8vF — v 158aF) F

w~w

F v F v F 4
Z fxﬂvAv<<:i::J:E£::: W’fxﬂv~v<<:i::J:EZ::: Z f»ﬂv~v<<::::J:EZ:::
F z E z E z
Gounaris et al. Phys. Rev. D 61, 073013 (2000)
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BSM contribution to anomalous couplings — 2HDM

o Hi\ [ cosB sinB\ (¢ B B
Gz = (¢?>7 (l"é) N (—Sinﬂ cosﬁ) (qﬁ:) tanf = v% V= \/m

—iG* H*
Hy = , Hy = ,
! (;5 (v+h+ IGO)> P (} (R+ ,/))

N

h] AN Z hj , Z
Z ~oo, Y h/G Z ~oo, Z
hi "N~ 7 h; Z
hj w- hj AW
,"l,/ ,’\ - E
Z NN %% Z /\/\/\,«\ Y G /h™
h; * wH+ hi “NA~~ Wt

Corbett et al. Phys. Rev. D97 no. 11, (2018) 115040,

Grzadkowski et al. JHEP 05 (2016) 025, Bélusca-Maito et al. JHEP 04 (2018) 002 2718
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Spin density matrix and polarization parameters

1 IR
p12(\ ) = 5 [lox2 + p- 7],

1 3., = 3
pr(A X)) =< |Iaxs + SP S+ \/;Tij(sisj + 515,')]

3
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Spin density matrix and polarization parameters

1 IR
p12(\ ) = 5 [lox2 + p- 7],

1 3., = 3
p1(A,N) 3 I3x3 + SP S+ \/;Tij(sisj + 515,')]
X‘p 111 — i
Pra(AX) =5 | TP Py
2 |pxtipy l—p;
1, p, Tu px—ipy | Ta—iTyz Too—Tyy—2iTsy
A SV S V6
Pl()\, )\I) — px+ipy + Toz+iTy; 1 2T, px—ipy  Txz—iTy,
2V2 V3 3 NG 2V2 V3
Txx_Tyy+2iTxy px+ipy _ sz+iTyz 1 _ pz 4 T,
L V6 2v2 V3 32 Ve

F. Boudjema and R. K. Singh JHEP 0907, 028 (2009)
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Angular distribution of decayed fermion (spin-1)

1 2 1
do _ 25+ D7 P A N) x T1(A ),
——

AN Production Decay

T, 3
" 1- - z (11— Tzz 2
<3 (1-130) \/6> +ap c050+\/;( 39) cos” 6

8
+ (a pX+2 1 —39) szc059> sinf cos¢
l

apy—|—2 1—35) Tyzcosé?> sinf sin¢
Txx - T .
39) ( 7 yy) sin2 0 cos(2¢)

+ \/3(1—35) T,y sin®6 sin(2¢>)]

F. Boudjema and R. K. Singh JHEP 0907, 028 (2009)
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Polarization parameters from asymmetry

3apx
ML e [ ]
[90 dQ " Jomo oz dQT 4

o(cos¢p > 0) — 0(cos¢> < 0) _ Green Region — Red Region
o(cos¢ > 0) + o(cos¢ < 0) ~ Green Region + Red Region

Rahaman, Singh, Eur. Phys. J. C76 no. 10, (2016) 539
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Polarization parameters from asymmetry

A = o(sing > 0) —o(sing <0)  3ap,
Y7 o(sing>0)+o(singp<0) 47
A = o(cosf > 0) —o(cosf <0)  3ap,
* 7 o(cosf >0)+o(cosf <0) 4’
o(sin2¢ > 0) —o(sin2¢ <0) 2 /2
= = 221 -30)T,,
Ay = Cen2es 0 to@Enae<0) 7V 31730 Ty
o(cosfcos¢p > 0) —o(cosfcosp <0) 2 [2
= = 2 /5(1-30) T,
A o(cosfcos¢p > 0)+ o(cosfcosp <0) 7 3( )
o(cosBsin ¢ > 0) — o(cosfsing < 0) 2 /2
- — 221 =38)T,,
Az o(cosfsing > 0) + o(cosfsing < 0) 3( )Ty
0(cos24 > 0) — o(cos2¢p < 0) 1 \F
2 2 = = — —(1— (5 Txx — T 5
Ay o(cos2¢ > 0) + o(cos2¢ <0) 7 3( 30)( w)
o(sin30 > 0) —o(sin30 <0) 3 /3
= =-1/=(1—=30)T,.
Azz o(sin30 > 0)+o(sin30 <0) 8 2( 39)

Rahaman, Singh, Eur. Phys. J. C76 no. 10, (2016) 539
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@ The role of polarizations in probing aTGC



CP-even and CP-odd distinction



et ————

Lrw =

AVAVAVAVASR VAN

e

VAV VS A Z

V=2/y

~ |n@F+ ff(auz“ﬁ)} Z.(0°25)

+ |07 Fop) + £7(0°Z,,)| 2" Z5

— | M (07 Fop) + h{ (97 Zoy) | Zs P

— | h(0,F7) + hZ(8,2°°)| Z°F e |-

Gounaris et al. Phys. Rev. D 61, 073013 (2000)
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Sensitivity

35

3

Sensitivity
b N
(S Y

o
o

Rahaman, Singh, Eur. Phys. J. C76 no. 10, (2016) 539
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Constraining aT GC



SVAVAVAVA /anliNca

Ve

Lwwy = igwwy

ANNNN- €

+ 4+

+

V=2/y

Agl‘/(wjy Wr — WHw, v

igd WIW, (9"VY + 9" Vi)

ig enro ( Wro,W, — 0,W,f W, )V,
AV AV _
—WIW PV 4+ W WV
myy myy

ARV WEW v VW v,
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A (1072)

ete” > WTW™ = " g7
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Rahaman, Singh, Phys. Rev. D 101 no. 7, (2020) 075044
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ete” = WHW~ = 79§, /s = 500 GeV, . =100 fb~!

2 | | |
95% C.L. T 00.00)
L N — (£0.2,70.2)
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Rahaman, Singh, Phys. Rev. D 101 no. 7, (2020) 075044

16/18



Extraction of parameters



Figure: pp — 3/ + ET(W*Z), \/s = 13 TeV, . = 100 fb~!
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Rahaman, Singh, JHEP 04 (2020) 075
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© Summary



@ The polarization observables help to distinguish between CP-even and
CP-odd couplings.

@ They help to constrain anomalous couplings.

@ Beam polarization at eTe™ collider improve limits on anomalous
couplings.

@ Polarization observables are instrumental in extracting the values of
anomalous couplings if a deviation from the SM is observed at the
LHC.

@ Spin-spin correlations can be added to further improve the limits.
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Relation of form factors with SU(2) x U(1) operators

2

z _ mz
Agl - 2/\2 )
g = & =N0gl =0,
3g2 M3
. \Z _\V _ w
AT = X=X = cwww A2
. . . 3g2M2
_ Z _\V — w
AT = Af=A = S A2
M2
Ak = (ew +cB) =~ TV
M2
AKJZ = (CW — CB tan? GW)T/{/‘; s
— M2
K = W 2/\2 R
— 2,
KZ = —c~tan O —% 2/\2

Aglz = Ar? +tan? Oy Ar”

kZ +tan? 0wk =0 .
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Relation of form factors with SU(2) x U(1) operators

fSZ = 0,
- Vzm% C§
5 4c,s, N7
fZ _ m%vz (CW2CWW +2¢cwsw Caw + 4SW2CBB)
4 2C, Sw\* ’
oo m2ZV2 (—CWSW Cww + Caw (CW2 — SW2) + 4CWSWCBB)
4 4c,saNt
h3Z _ Vzm% C§ ’
4c,5, N4
hf = h]=h] =hf=h]=0,
Wz mzzv2 (—cwsWCWW + Caw (CW2 — sw2) + 4CWSWCBB)
! 4c,, 5, N\ ’
b m%vz (SW2CWW —2¢cuSw Caw + 4CW2CBB)
1 4¢p s, N ’

f =h and  hf =-f].
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Production density matrix and polarization parameters
3, = 3
hx3 + 5 p- S+ 5 T (5,'5_,' + S_,'S,') ,

0o -1 o0 1 0 O
1 0 -1 ) sz - 0 0 0 )
0 1 0 0 0 -1

Ty Ty ) > Ti=o.
i

pl()‘7 )‘/) =

TZZ
Ly py Tz Px—ipy | Tz—iTy, To— Ty —2iTyy
3727 V6 2v2 3 NG
P()\, A,) = px+ipy + Toz+iTy, 1 2T, px—ipy B Tee—iTyz
2v2 V3 3 Ve 22 V3
Tox— Tyy+2iTyy pxtipy  TatiTy: 1_p Ty
L V6 2V2 V3 3 NG

F. Boudjema and R. K. Singh JHEP 0907, 028 (2009)
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The decay density matrix of a spin-1 particle

rl()‘a )‘,) =
1+64(1—-30) 2052 0+2ccos®  sin 0(a+(21\;§35) cos 0) oi® (1 . 35) (1—1:‘1)52 0) ei2¢
sin 0(a+(21\}235)c050) e—i® 5+ (1 . 35) sin220 sin G(a—(zl\;ifié) cos 0) ei®
(1—cos20) _jog sinO(a—(1—38)cosd) _jp 146+(1—368)cos? h—2 0
_(1—35) c:s e—i2¢ sinf(a 0 cost) —i¢ Zos o cos |

F. Boudjema and R. K. Singh JHEP 0907, 028 (2009)

(1—s5) (1+75)>_

2

+ Cf, 5

()~ (<)
(G + (L)

° fo’:’y“(C[
@ 0 —~0forms—0and a —
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Lab frame and rest frame momentum configuration

Y
r _~— [ \
99%':(15 ! \\
ﬁV \ Pf’ /,X
v s
o
Lab frame

Rest frame
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Sensitivity of observables to aTGC

Sensitivity of an observable & dependent on parameter f is defined as

56 = \/(50utat ) + (6055 )?

For Asymmetry the error is

1— A2
0A = 2
Jy + €4,
% being the integrated luminosity.
For the cross section the error is
5o =/ — + (e00)?.

<z

Here €4 and €, are the systematic fractional errors in A and o, respectively.
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Observables with parametric dependence

ete” — 77
Observables | Linear terms Quadratic terms
o ARG G A A
o X Ay f', fSZ —
Tx A | G -
0% Ay FZ,£] FZE £ £ FZFZ
ox Az o LA P (B G
cx A | @RGP R PG RE
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MCMC algorithm

1. 1% point in chain: = Uniform[ﬁ,,,-,,, anaX] and calculate likelihood,
Z(h).
2. Set Standard deviation §f = fmang'”"".

-

3. Generate 2" point in chain: % € Gaus[fi,6f] and calculate Z(f).
4. Accept nearby points:

DO S
. H
IF Uniform{0, 1] < 2
h="h
Write w, g(é) 57 ﬁi(é)-
w=1.
ELSEw =w+1
..... Continue.

= =

5. GetDist chain: w, —log[.Z(f)], f, Oi(F)
6. Obtain correlations, BClI, etc.
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