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Motivation




Motivation

Operator combination
Unitary limitation
(Possible) cancellation

Specific NP structure?




Long before Higgs discovery, unitary already told us very useful information about
new physics scale my

x O(E?)

o o -
=A(M—) + B(—)"+ C, Gauge principle = A = 0;

W My
nggs Involved = (B O) & (C < #)




Long before Higgs discovery, unitary already told us very useful information about
new physics scale my

o= +
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x O(E% x O(E%) x O(E*)
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x O(E?) x O(E?)

E E
a’ = A(M—)4 + B(—)*+ C, Gauge principle = A = 0;

W My, :
Higgs Involved = (B =0) & (C < #)

' Unitarity constrain the mass of Higgs|
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Without any new states discovery on LHC (up to now), SMEFT is a suitable tools to
describe NP




Without any new states discovery on LHC (up to now), SMEFT is a suitable tools to
describe NP

E ~ Ayp Ly UV complete theory,
probably containing new particles

All SM particles presented,
with SU(3),. x SU(2); x U(1)y imposed

E~(vgy) 0 ZSMEFT=ZLsm+ 2 2+

Only some SM particles presented,

Zw=ZocptZoEDt 34][ with SU(3).. X Uy imposed
=




Without any new states discovery on LHC (up to now), SMEFT is a suitable tools to
describe NP

00 Ci
ZSMEFT = ZsM+ 2. ZE@

pp = W*W*J'j

! ! ! !

Explicit
unitary violation

Possible

_FHDZZZﬂ)TbV;2
SM

cancellation

Fso = 480 TeV™*

10—4 | 1 1 | | | | i
200 400 600 800 1000 1200 1400 1600 1800 2000

M(WHW*)[GeV]
Phys.Rev. D91 (2015) 096007




Without any new states discovery on LHC (up to now), SMEFT is a suitable tools to
describe NP

00 Ci
ZLSMEFT = ZsMm+ 2, 2. 7.0

Question:

s it still a valid tool for the anticipated c.m.s energy \/Eeff ~ 4-5TeV?

——— — —— —_ _— R ——

i‘ If no unitary violation were found in the future, |
| . .
W possible cancellation?
| : S o :

= =S T p——




Operator Basis
Warsaw basis v.s. HISZ basis

Operators constrained by unitary condition (Warsaw basis)

G I s e Vi (¢'0)O (1) Opp (@*D“w)*(wTDw)
T 1 Ipv T [137% 'k 137
o'W, W ©'pBu,B O.wa| ¢ % goW B
aSa—p - S -
(oh D o) (lpr"l) (ol D i)l || O (o1 £ u0)(Epy*er)
(¢'i D 1) (807" ar) ("4 D 1) (@7 v"¢r) || Opu |(#'i D wo)(@py ur)
(‘PTi D MSO)(CZP’Y“d ) (SAO’TiDuSO)(ﬂp’YudT)
(lpo*’er)T W, oo e B Qo o| (Goot" U )T W oy
(gpo""ur )9 By (Gp0™” dr)T oWy, || Oap | (30" dr)pBuv

Four fermion operator: they play with themselves, almost no combination occurs.

With universal flavor assumption

1008.4884
hep-ph/9612268




Operator Basis
Warsaw basis v.s. HISZ basis

Operators constrained by unitary condition (HISZ basis)

Using EOM | 1 3 g’
HISZ 2 - — = el "
20W = Zg Oq)W 3 Zglqu)WB 7 Zg OCDIZI = = 4 IO(PI) g Oé)q]

1 1 1 o] 1 ) 1
HISZ- = 0 Gas 2 = 2es ol b S ) (1) e I
20! 76 0,5 - 2180,wp + & (0(,,,) - 0¢D> = [ > Ot - —0{) -0, + : 0, - oq,d‘

Trade {0;1), 05;)} forligiba pgod)

0jf = (D)’ < e ) 2

0 = (D) ( %B’“’) (D)

With universal flavor assumption

1008.4884
hep-ph/9612268




Operator Basis
Warsaw basis v.s. HISZ basis

Question:

.~ Theoretically equivalent; |

|
|

'How about phenomenology?

S 7 i —




Unitary condition & SMEFT

For scattering matrix S,
1=8S"S=0+iT'Q+iT)=>-i(T-TH=T'T

Partial wave unitarity

1
: = Ty T J
(i|T|f) ]E 2J + 1)d’(0)a’ = |Re(a’) | S—Z

SM & SMEFT interference terms for (v;,,) <1/s <A :

afocsi+0(sl/2) = |s£| <f
A? A2




Unitary condition

ﬂ Procedure: |

1. Calculate all relevant partial wave helicity amplitudes with condition

(Ven) < \/E <A

2. Using couple channel method to strength the unitary constraint
3. Analytically or numerically solve the couple channel system, require
each eigenvalue smaller than some constants (e.g. 1/2 for VV — VV

scattering) then marginalize the unitary bounds to individual operators.




Dealing with Identical Particles

TNy =ABLITICD,,) ~ Iidenz (27 + l)dgﬂ(e)a;ﬂ
J

Where the identical-particle factor reads

Ligen = \/ Oaz,B1, T 1\/ Oca,pi, T 1




Dealing with Identical Particles

TNy =ABLITICD,,) ~ Iidenz (27 + l)déﬂ(e)a;ﬂ
J

Where the identical-particle factor reads

It has nothing to ’
Laen = 1/Oan+ 11 /0cp + 1 do with helicity

of particles

For those identical particles with different helicities, a factor \/5 is missing.

I,;., stems from two different sources:

one is to account for the phase space double counting for the case 4; = A,
the other is to account for the wrong normalization of the identical two
particle states for the case 1; # 4,

Verified also by e.g. 1610.08420




Unitary condition

ﬂ Procedure: |

1. Calculate all relevant partial wave helicity amplitudes with condition

(Ven) < \/E <A

2. Using couple channel method to strength the unitary constraint
3. Analytically or numerically solve the couple channel system, require
each eigenvalue smaller than some constants (e.g. 1/2 for VV — VV

scattering) then marginalize the unitary bounds to individual operators.




Couple Channel Analysis — VV — VV process

WW~ - WW-, WtW~ - ZZ, W"W~ - Zy, WW~ - Zh
WW~ = yy, WtW™ - yh, WTW™ - hh

Combine these scattering processes B and classified by (Q,J)

e (=0

(W*W~= ZZ Zy Zh yy yh hh)
Wrw-
77 Ay Aqp As3 \
Zy Azq
Zh

144
ZZ k471 e / A;j: 9X9 matrix (helicity partial wave amplitudes)

Benjamin W. Lee, et al. Phys.Rev. D16 (1977) 1519




Couple Channel Analysis — ff — VV process

ete: > WW . eve >7Z7Z un— W W ua—> 77, ...

Combine initial fermion pair i} and classified by (Q,J)

e g. (00 =0
|Z(e—l +l+l/ l/+l>_)W—|_WO

1 da a—a W+W—
l+l+y D+l+z( l+l+u N +l ==

\/2Ng(1 +N,) | =y

N, : generations

U. Baur and D. Zeppenfeld, Phys. Lett. B201, 383 (1988)




Couple Channel Analysis — ff — VV process

ete: > WW . eve >7Z7Z un— W W ua—> 77, ...
e.g. 0—0

(W*W~- ZZ Zy Zh .. ... - hot contribute at order of O(s)

A1y A1z A1z Agg ..

Ardos - Aos Aoa

A3y Azx Aszz Azg ..

Ayy Asy Auz Ags .../ AjjinX9 matrix (helicity partial wave amplitudes)
n: particle dependent

| s ——
Comblnatlon of VV states; Slngular Value Decomposmon ‘l

A factor of \/m is missing, with m being the number of different final states




Helicity amplitudes: combination of operators

WWWWwW

WWWwW

WWWWwW

WZWZ

WZWZ
WZWZ
WZWZ
WZWZ
WZWZ
WZwa

WZwa

wzwa

wzwh
wzwh

wawa
WWWWwW
WWWWwW

WWWwW

WWZZ
WWZZ
WWZZ

WWZZ

Wwza

( Process Helicity

———+
—0+0

Warsaw basis
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Cng + 2C<plj
Y 39> Cw (cos(6)—1)
9%+9;
39%Cw cos(0)—2C,w B g1
2v/9%+g?

Cyow (cos(8) — 1)
3(cos(0)—3)Cw g* +2(cos(0)+1)C,w g1
4y/g%+g?
(COS(Q)—1)(C¢WQ2—C¢WBQIQ+C¢Bgf>
9*+9i
(icch — Cyn)(cos(f) — 1)
g(2C,w B+3Cw cos(6)g1)
2v/92+9?
_9(2C,wr(cos(0)+1)—3Cw (cos(8)—3)g1)

44/9%+g3
sinz(%)(—C¢W392+2(C¢B—C¢W)919+C¢W89f)

HISZ basis - Warsaw basis
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Why do O(s") (n > 1) terms vanish?

1.Field & parameter redefinition
2

-
e.g. O,y : (@ )W, W = 7W/§,,WW
=> W, - (1+v20,,)W., g - (1 =v20,y)8"

2.Gauge symmetry protection (inferred)




Why do O(s") (n > 1) terms vanish?

1.Field & parameter redefinition
2

-
e.g. O,y : (gﬂgp)wijlﬂv = 7W/§,,WW

=> W, - (1+v20,,)W., g - (1 =v20,y)8"

Wrong example: w/o redefinition (and using original propagators & vertices):
52 O, (12 cos(0) + cos(20) — 5)

MWW~ WW7) :
( > ) A2 4mw?2




Why do O(s") (n > 1) terms vanish?

1.Field & parameter redefinition
2

’
e.g. O,y : (@'@)W, W = TWLW’””
= Wlﬁ — (1 + vz@pw)W/ﬁ’r,g — (1 - vzﬁww)g”

Wrong example: w/o redefinition (and using original propagators & vertices):
O,w(12cos(0) + cos(20) — 5)

4mw?
New terms in SM results, induced by redefinition (O(s?)):

MWW~ > WTW7) .

9%52(12 cos(0)+cos(20)—5) T 32mw4

3 4
5?5352 cos(6)

(14 4v*Opw + 2+

91 97 +g 4mw4(g2—|—gf)

 4mw4 g2+
g452<cos(99) )
4mw4 <92+gf>
g°g3s® sin (%)(cos(@)—}—B)
8mw4 (gQ—i—gf)
g*s? sin2(§)(cos(0)+3)
8mw4 (gQ—I—g%)
(added up)

(14 4v*Opw — 2
(1+ 4’02(99014/ - 2 4

(14 4v*O,w

2
2
1 91 +921) O‘PWB)

2
—27:52v"OuwB)

2 D U2O<pWB) [_

g%g?s2 cos(6) ]

et L 9°0O,w B) [—

929%32 sin?

g*s? cos(6) ]

Amw4 2+g )

)(cos(9)+3)

(added up) |}

520w (12 cos(0)+cos(20) -

4Amw?2

|




Why do O(s") (n > 1) terms vanish?

1.Field & parameter redefinition
2.Gauge symmetry protection (inferred)

Take €achZvaprpCu as an example:

Naive counting:

Oy = C3p = — C31 = C41 = Cyp = Cy3

b c
p p
/ \ A4
b c ig?C
B8 A g—A2m [fabefcde (0417:11 + cy0Typ + C437:13)

igCA’_zfabc (0317?31 ax 6327:32) Here) PSR diet bidse O

What if C; are arbitrary? A




Why do O(s") (n > 1) terms vanish?

1.Field & parameter redefinition
2.Gauge symmetry protection (inferred)

Take €abCW;’yWyprpCﬂ as an example:

Oy = C3p = — C31 = €41 = Cyp = Cy3

b c
b p b
B4 A A
b c
3 A

What if C; are arbitrary? A G [ fapeFede (a1 Tar + €asTaz + €45Tas)

igCA’_zfabc (@55 Taict o5 ) wbone) Flos dib-tlides ol

For WtW~ — WtW, the helicity amplitudes read as

M (4440, (+4,40), (44— = () 8 S+ #) @)+ #H) s+ Es +

| | | |
0 0 0 0




Why do O(s") (n > 1) terms vanish?

2.Gauge symmetry protection (inferred)
Take €, Wi, W) WS, as an example:

Oy = C3p = — C31 = C41 = Cyp = Cy3

b c
b 2 b
B4 A A
b c
3 A

What if C; are arbitrary? A G [ fapeFede (a1 Tar + €asTaz + €45Tas)

igCA’_zfabc (@55 Taict o5 ) wbone) Flos dib-tlides ol

For WtW~ — WtW~, the helicity amplitudes read as

Miri sty eii0) bty = BTN 2+ #) s* + #) s +@#H)s + . ..

| | | |
0 0 0 0

| Gauge structure restored!
Spurious high energy terms disappear!




Hard to get analytical bounds for all operators

+

Numerical method

MultiNest program = numerically get the unitary bounds for
each operators (with other operators non-vanishing)

However, very unlikely to make random test points sit just onto
the boundary

= very inefficient

We have to turn on 20

;\
!

m operators simultaneously |

= — —_—




Hard to get analytical bounds for all operators

+

Numerical method

MultiNest program = numerically get the unitary bounds for
each operators (with other operators non-vanishing)

However, very unlikely to make random test points sit just onto
the boundary
= very inefficient

A
Eigen values ~ Fﬂci)' with f(c;) being homogeneous linear functions

= rescale all operators to make the test point just sit onto the unitary boundary.

7/
5




'“ Main results |

Numerical results on unitary bounds

One-at-a-time Bounds Couple Channel Bound on Wilson coefficients C;

Operator Name

on Wilson coefficients C; | Numerical results (Warsaw) | Numerical results (HISZ)

6.27

6.27 (5%)

B

16.76

16.76

55.22

00.27

67.02

99.74

10.26

10.26

17.95

K671

e 7

18.35

25.13

25.13

58.18

80.80

/

137.96(842T)

378.87

/

978.23( 180
1

12507

12.57(4)

12.57(4m)

21277

21.77(4+/37)

21.767(4y/37)

7.26

7.26( %)

7.26( %)

12.57

12.57(4)

12.57(47

7.26

7.26( %)

250,(;

12.57(4r)

15.39

15.39(21/67)

15.39

15.39(2v/67)

208 £

21.76(4/37)

37.70(12m)

8.89

8.88(2v/27)

10.26 4\[

8.89

8.88(2v/27)

8. 88(2\/_7r

12.57

12.56(4)

12.57

12.56(47)

16.22(4,/3)

Ocpud

| W57

17.77(4v/27)

17.77(4/27)

ab flavor universality is assumed

parentheses: partial analytical results.




w/ v.s. w/o couple-channel analysis
In two operator basis

mm \Varsaw basis

mm HI|SZ basis

" 2.0;
ax
CCou ple

Max
Cl—at—a—time

1.5}

0.0
OW Och 0¢D 0‘pw 0(,,3 O¢w30w520?'sz Oew OeB OuW OuB OdW OdB O((p}) 0((:;) O(pe Ofpz) 0%) Ogou O(pd 0<pud

The Warsaw basis seems more “independent” than HISZ basis




Operator Basis
Warsaw basis v.s. HISZ basis

Question:

. Theoretically equivalent; |
|

'How about phenomenology? |

== — —




Combine with global fit results

. C; o C
Unitary bounds: |Sﬁ| <f Global fit: lﬁl <g

If C, takes global fit boundary value: /s < Ji
8i




Combine with global fit results — HISZ basis

Operator Names

Operator Names

Operator Names

0.7

O(pl]

O,

3.7

©OPs

OgoWB

2.6

OEISZ

/

OuW

/

/

s

0.3

OFM

29.2

Possible unitary violation on LHC (with anticipated \/geff go up to 4-5 TeV)

\/Emax = 1.46 TeV old results 2.1 TeV
\/Emax = 3.7 TeV old results 5.2 TeV

: \/Emax = 2.64 TeV old results 4.7 TeV
\/Emax =2.4TeV old results 2.7 TeV

\/Emax =2.9 TeV old results 3.5 TeV

EWPD constrains from

1705.09294




Combine with global fit results — HISZ basis

Operator Names

Operator Names

Operator Names

0.7

O(pl]

O,

3.7

©OPs

OgoWB

26 O
/ Ouw
/
/ Oge
53 O
29.2

Possible unitary violation on LHC (with anticipated \/geff go up to 4-5 TeV)

| \/Emax = 1.46 TeV old results 2.1 TeV
\/Emax = 3.7 TeV old results 5.2 TeV
4 \/Emax =2.64 TeV old results 4.7 TeV

| Take care of these
operators on LHC | |

[\
|

future analysis in
ECMEET ook %( | \/Emax = 2.4 TeV old results 2.7 TeV

EWPD constrains from
1705.09294

= = ] \/Emax =29 TeV old results 3.5 TeV




Combine with global fit results — Warsaw basis

13 operators in common

Operator Name

Unitary Bound

O;
P

Global Fit within

95%. CL, 28" ~ C"

Global Fit In Our

Convention % (%

The upper bound on +/s(TeV)

6.270

—0.05 = 0.06

—(0.826 = 0.991

1.86

16.76

0.90 £ 0.27

8.26 = 4.46

1.15

67.02

—0.001 = 0.014

—0.0165 = 0.231

16.46

10.26

—0.002 = 0.014

—0.0330 £ 0.231

6.23

. 7

0.003 £ 0.005

0.0496 + 0.0826

11.59

25.13

0.006 £ 0.007

0.0991 £0.116

10.81

15.39

0.002 £+ 0.003

0.0330 =+ 0.0496

13.65

15.39

=015 =="0.01:

—0.248 1 0.182

5.98

PG

0.002 £ 0.007

0.0330 £ 0.116

12.08

8.88

—0.002 £ 0.003

—0.0330 = 0.0496

10.37

3.88

—0.017 =0.013

e 0h 2 oY B o A5

4.23

12.56

0.000 £+ 0.011

0.000 £ 0.182

8.31

12.56

—0.036 = 0.017

0.595 £ 0.281

3.79

Possible unitary violation on LHC (wit

Oy Vs =186TeV

Oy Vs =115TeV

3)
O(Pq -

Opp Vs =379TeV

n anticipated \/geff go up to 4-5 TeV)
Vs =423TeV

Global fits from
1803.03252

With LHC Run2 data used




Without any new states discovery on LHC (up to now), SMEFT is a suitable tools to
describe NP

00 Ci
ZSMEFT = ZsM+ 2. ZE@

Question:

s it still a valid tool for the anticipated c.m.s energy \/Eeff ~ 4-5TeV?

e — — e

I no unitary violation were found in the future, |
1 . .
| possible cancellation?
| : S o :

—— 1 Ongoing...




Summary

* Unitary constraints on 20 dim-6 operators in SMEFT is re-obtained
» With identical particle issues corrected
* Couple-channel analysis for ff - VV are presented
* The results are reached for 20 operators simultaneously
* The Wilson coefficients are constrained tighter now
The Warsaw basis is less sensitive to operator combinations comparing
with HISZ basis
Global fit results are tight, thus still safe to use SMEFT in LHC scenario for
most operators

Operator combinations may be our new blind direction in boosted region




Outlooks

The tail of distribution is sensible to high dimensional operators, helpful to

discriminate combinations = phenomenology study (ongoing);

The low energy experiments constrain flavor-dependent operators very tight,

needed to taken into account with RGE

The CPV operators may also be constrained by unitary condition
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Where to find?
—Tail effects

Operators contribute to observables in combinations, e.g.

Observable 00 /Osm
E2

WfWL_ [(CW + Cgw — CQW)T;’ (CB + CuB — CzB) w} A2y Cf Az
2 4

drrr— m
WT WT C3w A‘;V + C3W AL CTWWA

+ E2
WL ZL (CW + Ccgw — Cow + 4C(L )q) A2

+ my 2 E E*
WT ZT(V) C3w A‘éV +C3WF’ CTWBF

Wih (ew + cow — cow +4¢1) £
E? E?

Zh [(CW + CHW — CzW)T_,§ — (cB + cyp — C2B)th2] AZy Cf Az

4

ZrZr (crww + tocrep — 2132 crwi) %

3 E*

VY (crww + crpp + 2T crwp) k7
2

S (CW + CB)W;\—%L
UNY 2
h — Z~ (caw — cuB) (4A2)

h— WTW~— (CW + CHW)A—W

1804.08688




Where to find?
—Tail effects

pp - WV(IVJJ) @ LHC14, c<3> =1,ey = 0.3, nyeq = s
o eL = 0.75, cT =0.5

L=3ab™", Agys = 51'@,

e
-
=

-
-
-
-
-

_ |
-~ L=300fb", Ay = 5%

500 1000 1500 2000 2500 3000
myy [GeV]

1804.08688




Where to find?
—Tail effects

Bound at LHC14, Ag € [3%,10%], c¢; =1

T T T

~

Bounds from other measurements
= === Ow + Og, LEP S-parameter

c® =1,L=2300fb"

T OHw—OHB,HL—LHCh%ZY

- - -1
_Cim‘ = 1I L - 300 fb —— e — o£3)q LEP 6ga|_b|_

chg =1, L =300 fb™’

WV(vjj) Wh(vbb) Zh(vvbb) Zh(11bb)

1804.08688
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Identical particle issues

*ref: Part. Phys. Nucl. Phys. Cosmol. 15, pp.76 (2011)

Symmetrized two particle states* for identical particle pair:

L0 oy
00; Cx, (k3) D, (ks)) = (%) [186; Cg (k3) D, (ka)) + (—=1)2724 (7 — 8)$; C, (k3) Dy, (k)] (C = D)

Thus the symmetrized helicity amplitudes are (A # B, C = D)

1 Bshdaia ), 1 1+0x324
(ﬁ) [1 5B (_1)28PC<—>D] fcd,ab(0> ¢) a (ﬁ) [fcd,ab(ev ¢) 0 (_1)_>\fd6,ab(7r & 9’ ¢)]

Where

21
)50k + kg = ks = K 6 ) = =) *olks + g = ky = k(045 | T|00; ab)
C

(Ve 1K)V, k) | T |V, ) (k)V 5, (k)
e (h=ah=b..)

and following equation is used

PC(—)Dde,CLb(97 ¢) 3 (_1)_28—>\6_2i¢>\/fdc,ab(7r > 97 Qb)
s: spin of particle C

s=ec —d =g b




Identical particle issues

Thus the symmetrized helicity amplitudes are (A # B, C = D)

1 Txhdna N4 1 1+0x504
<ﬁ> 1+ (=1)**Pcop] feaan(8,d) = ('ﬁ) [fod,en(0:0) + (51) 7 fac,an (7 — 6, )]

Then

2

/|M|2dQD /dﬂ <%)1+5A3A4 [fed,ab(8; ) + (=1) 7 fac,an(m — 6, 8)]| ~

1+0xa320,
/dQ (%) |(6¢; cd| T100; ab) + (~1)*=% ((x — 8)¢; de| T |00; ab)|”

140506 \y 9
— /dQ (%) | ((09; cd| + (=1)°~ (7.~ B)¢; de]) T |00; ab)|

Note that (0¢; cd| and ((¢ — 0)¢;dc| do not interference if A; # 4,

We have to discuss separately




Identical particle issues

1.C S d, i.e. /13 — 14

1 1 i
- / (M0 = /dQ [|<0¢; ed| T 1005 ab)|* + | (1)~ ((x — 6)¢; de| T 00; ab) |
+2Re((—1)P=* (8¢; cd| T |00; ab)* ((mr — 0)¢; de| T |00; ab))]

1 il
:§/dﬂ|<9¢; cd| T |00; ab)|® ~ §/dQ|fcd,ab(9>¢)|2°

2c#d, i.e. A3 # 1y

/|M|2dﬂ 3% /dQ 1(0¢; cd| T 00; ab)|? + |(—1)>=* ((r — 6)¢; de| T |00; ab>ﬂ

X _
:§/dﬂ (06; cd| T |00; ab)|* + |(0¢; dc| T |00; ab), } -

: : 2
:§/dQ _lde,ab(97¢)|2 s |fdc,ab(07¢)|2_ .




Identical particle issues

1.C S d, i.e. 13 — 14 .
> stz FuO D)

2.c#d, i.e. A3 # 1y

1
5 JdQ [ |fcd,ab(97 ¢) | + |fdc,ab(9’ ¢) | ]

While in our convention,

i.e. the symmetry factor ., should have nothing to do with helicities:

den

<%>5CD/|M|2 3(%)5@/@ §;|fcd,ab(97¢)‘2:|

: /dQ|fcd,ab(97 O)|? +dcp(1 = be) df2 [|fcd,ab(9> $)|° + |fdc,ab(9a¢)|2]

= 0cDOcd 5

+(1 — 5CD)/dQ [|de ab(0; gb)l + | fac,an(0, ¢)|2 Consist
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Using EOM to transform from one basis to another

)

For a seriese of operators Z C.0;

l

(in] » " C;0;|fi) =) Cim,

Thus we can use Z am; = 0 to transform from one basis to another
i
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WWWWwW

WWWwW

WWWw

WZWZ

WZWZ
WZWZ
WZWZ
WZWZ
WZWZ
WZwa

WZwa

wzwa

wzwh
wzwh

wawa
WWWWwW
WWWWwW

WWWwW

WWZZ
WWZZ
WWZZ

WWZZ

Wwza

( Process Helicity

———+
—0+0

Helicity amplitudes

Warsaw basis
69Cw
~Cow + 29 4 (Cow + 252 cos(6)

Y 39> Cw (cos(6)—1)
9%+gf
3¢°Cw cos(0)—2C, wBg1
2v/9%+g?

Cyow (cos(8) — 1)
3(COS(9)—3)CWg2+2(COS(0)+1)C¢WBgl
4y/g%+g?
(005(9)—1)(C¢wg2—C¢waglg+C¢Bgf)
92+g3

1 A
(3Cep — Cypn)(cos(f) — 1)
g(2C,w B+3Cw cos(6)g1)
2/92+g?
_9(2C,wr(cos(0)+1)—3Cw (cos(8)—3)g1)
4/ g% +g?
sin®(4)(=CowB9*+2(Co8—Cow)919+Cow BY7 )

gg1 sinz( )

HISZ basis - Warsaw basis
0

CHISZ sin (g)

(CHISZgQ +Cglszg%)
0
—g(CgISZ+CVI-‘I/ISZ)g'f
8\/9 +97
g2 HISZ )

C HIbeln ggg 2
(C05(9)+1) (Ch +CW )97
164/92+g?

(CHIbZ CHIbZ)blIl (9)9 (g _91)
4(9%+41)

6) QCHISZbln ( )

0
4
(CHI.SZ+CHI.SZ)glg%

8v/ 9% +9?
92(Cglbz+cvlé152)gl COS2(%)

8v/92+9?

9%+9i
T‘;gCW(cos(H) + 3)
4C¢D(COS(0) + 3)
(COS(O)—1)(C¢Bg2+C¢WBglg+C¢W9f)
92+g7
2 gCw cos(8) — 2C,w
=T oWk <C¢W — LW fw> cos(f) — SW

1 w
—(3C¢D + Cypn)(cos(f) + 1)
2_20¢W -
_2(Cupwg —C¢W3919+C¢Bgl)
9%+93
2C,w B (cos(0)—1)g1 —39° Cw (cos(8)+3)
4y/9%+g?
1
2§(C<pD oy 4C¢D) :
—CowBg"+2(CoB—Cow)g19+CowBg)
9%+9g%

o
2
8(92+g3)

8(g2 +92)

2) CHISZ | (g% X

0
—sCH15Z(cos(0) + 3)g7

9 ?mzig)j‘h (CHISZ > C&I/ISZ)
g_CHISZ

20HISZ sin (g)

%(Cglszg% e C{{,Iszgz)cos2( )
_giCHISZ

ﬂg _91) (CHISZ 2

(3¢ — g 3¢9%) %)

CHISZg2)




Helicity amplitudes

_9(2(cos(0)+1)C,w B+3(cos(8)—3)Cwg1)
44/9%+97
2 gCw cos(6)

2Cy,p cos(6)
2(C¢392+C¢WBQI g+C¢ng)
9%+97
2(Cow 9> +CowB919+Cy 9} )
9%+g37
(cos(0)—1)(Cow 9°+CowB919+CyB9})
9%+gi
Cowp9>+2(C5—Cow)919—Cow B9}
9%+g3
(cos(0)+1)(—CyowB9g*+2(Cow —CyB)919+Cow B9}

2(92+92)
2(C¢BQ2—C¢W13919+C¢ng)
g2+97
(008(9)—1)(C¢1392—Ccpw13919+C¢wgf)
92+937

- -y

_ g°g1cos’(%) (CHISZ | cHISZ)
8/ 92+g? 4 g

0

—1CE15% cos(0) g3

2. .2
__2(5211(]%)(CEIISZ+C‘§‘I/ISZ)
: .(CVP‘I/ISZ+CgISZ)q2
on . -
%(cos(@) - 1)(0&’/5292 -+ Cglszgf)

%ggl(CgISZ . C‘I/iI/ISZ)

%991 0082 (g_) (C‘I/iI/ISZ i CgISZ)

0
0




( Process Helicity

€NwzZ

€eNnwz
€eNnwz

€eNnwz

enwa

duwz

duwz

duwz
duwz

duwz

duwz

duwa

duwa

ceeww
CEWW
€CZZ

€CZa

Helicity amplitudes

Warsaw basis
_3g°Cw sin(h)

V2sin()CL)
V2sin(0)Coyy
v25in(0)(g1Ce—9gCew)

92492
_ V25in(0)(9CeB+91Cew)
92+g?
3v/2 sin(6)Cyw
_ 3V25in(8)(91CuB+9Cuw)

i

!

V)
+
Q

=

g
3v/2sin(6)C

0)
3v/2 sin(6)Caw
3v/2sin(0)(g1Cap—9Caw)

g
_ 3Cyuasin(8)
V2
3v2 sin(0)(gCuB—91Cuw)

N

3)
q

©

¥
+
Q

=N

Q
¥
j‘
Q
o

- 3v2sin(0)(gCas+91Caw)

AQQ
N

I

Q
Y ey

sin(6)(CY + )

l pl
sin(0)Cpe
sin(€0)(g1CeB+9Cew)

gatgs
sin(0)(g1Cew —9CeB)
ek

(731 2\

T

i

:

HISZ basis
_ 3g°Cw sin(6)
V2y/92+gi
& 920{/‘{11592 sii(@)
42
\/§Sin(9)CeW
v25in(0)(g1Ce—9gCew)
92 +g2
X} V25in(0)(gCe+91Cew)
92+g2
3v/2 sin(6)Cyw
_ 3V2sin(8)(91CuB+9Cuw)
9%+g7

. 3 L s )
3\/§sm(9)C§,q) — =4 s ©

3v/2 sin(6)Caw
3v/2sin(6)(g1Can—9gCaw)
) BCcpud Sln(e)

V2
3v/25in(0)(9CuB—91Cuw)

V92+9g2
", 3v2sin(0)(gCas+91Caw)
9%+g?

§ sin(0) (CH152 g% + O 157 7)

1CE15%Z 5in(0) g3 + sin(0) Cpe
sin(0)(g1Ce+9Cew)

sin(0)(g1Cew —9CeB)




Helicity amplitudes

sin(6)(C) — ¢

3sin(0)(C% — )
3sin(0)C.,,

3sin(0)(gCuw —91CuB)

\/ 9%+9?%
3sin(0)(gCuB+91Cuw)

V92 +g7
35in(8)(CS + CE)
3sin(0)Cyq
3 sin(0)(gl CuB +ngW)

V92492

3sin(0)(91Caw —9CaB)

sm(@)(CHISZ
3sm(9)(C(1) C(3)) % 31n(9)( CHISZg2 1 CHISZgl)

3sin(0)Cyy, — 3CE 5% sin(0) g3
3sm(0)(gC’uW 91CuB)

VI +91
3sin(0)(gCuB+91Cuw)

9%+g3
3Sin(9)(C(1) AR C(B)) £ sin(0)(3CH %% g% —
LYOH!5Z sin(0) g7 + 3sin(0)Cpa
3sin(0)(g1Cyus+9Caw)
92+g2
3sin(0)(g1Caw —9Can)
V g2+91
Lsin(9) (g2CHISZ — gt)
| sin(H) (CHISZg2 + CHI52 g2)
8 sm(O) (CHISZgl CV}[I/ISZQQ)

—3sin(0)(CS) — C&)) +
“3sin(6)(C) + C) + Lsin(0) (CHI9%g3 + 3°CHYI7) |

1 CHISZ 2)

CHISZgl)

CHISZ
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Tensor Structure

Ts1 = ppLpG — PEP DS,
i a¥ b c b’ a [ a b G Cr~.a, b
T32 = 9ap 02’ - p* )= 02, (0% 1°)| — 9oy lpl (B° =0 =05 (0% p7)]
+95, [P2(0" - p°) — 05 (p* - P)]

Ta1 = Yos [PEP2 + D502 — 9o [PEDS + D5PE] + 9., [PSD2 + D5PE] — 985 [PEPE — PEDPS]
Taz = 9ap [P2D3 — P§P2] + 95 [P5P% — PEPL]
7213 = (gafyg[i'(s o gacsgﬁ'y) (pa 'pb _|_pc y pd) 9




Helicity amplitudes

M™ |5 o< (&° + 32) (fadgeSoce — faceSode)(Ca1 + €30 — 2¢41 + €49 + C43)
et — 3)(fauefoee T+ Fatadoas) €5y +Gag~— 20+ g5 F'Cas);
M™ |2 < 28°(fogefrce — faceSode)(Ca1 + C30 — 2¢41 + €40 + C43)
Tt (fogo o cor T Taeed bae) (Tes) +TCsp —8CHT~F 8Cq3)
+ 22(fodefoce — Sacefode)(2€31 + 2¢35 — 10cyy + 5cyp + 5cy3)
= (Jagedveeit Facelbde (1€t o TCsp—16¢,1 + 12¢458+4c,5 ),

M osrs TS paeFoos= Focefoae) (Cai + Cig = 20,7 FCqp + €43)
AL (e i s Sl pad (i)
3 Sfate vt Sacs v (Coni d2C35" = Cat f Cagds
M™ 372 < 227 (fogeSoce — FaceSpde) (€31 + €33 — 2¢41 + €49 + C43)
+ 2 (fadgeSoce T FaceSode(OCs1 +4C30 —4Ca + Cho o 4Cas)
+ (fadeSoce = facefoae)(13¢31 + 1030 — 8¢4; + ¢4 + 10¢43).




