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How do we proceed ?

Part C: lmpact of the effectlve operators V




Aim: To understand the dvnamics and interactions of the subatomic particle

Q. What will be the starting point?

A. Lagrangian!

But Lagrangian is more like a “building”. So it’s better to start with “bricks”
Q. What are our “bricks”?
A. Quantum fields that represent the particles and the underlying symmetry.
Q. Then, how do we construct a Lagrangian (up to any mass dimension)?

A. I hope by the end of this talk we will have the answer.
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Initial restriction : space-time is 3+1 dimensional for this talk.

Action:| & :/ d*z L

In natural units:| [L] = [T] = [M]™*

Mass dimensions: | [£] =4, [D,|=1 = [¢|=[A. =1, W|= 2 Fuw] = 2.

[ = a(l)O(l) + a(2)0(2) + Oz(3)0(3) + Oz(4)0(4) + a(5)0(5) -+ a(6)0(6) + ...

n N C(-i)

L = Lrenorm Z Z Ai]_4 OJ(Z)

i=5 j=1




S :/ d*z [ Role of Symmetry

“Action” is invariant under the symmetry of the system, so does the “measure”.

Thus the Lagrangian(density) must be invariant under the symmetry.

Lagrangian of a real scalar field:| ¢, = %(Buq‘))((?“gb) —-V(¢),  V(¢)=M3¢p— %mzqﬁ? + %q’)?’ + %¢4.

. . . A
Lagrangian of a real scalar field with discrete Z, symmetry:| c, = %(aup)(a“p) —V(p), V(p) = —%m2p2 +ht

Lagrangian of a complex scalar field: o=¢1+1ids, &7 =1 —id; b —e’e,  ¢*— e

Lgp+ = (0u07)(0"0) = V(9), V(¢) = —m*(¢7¢) + A(4"¢)".

In the same spirit one can construct the SM Lagrangian.

5



1

M Lagrangian: ;

A 1
Lsu = (D) (D"¢) + 5m™(8) = 11(9'9)° = 1 B By — 3G Gy, -
—i (LLPLL, + QLPQY + upPuy, + dpPdy, + epPek)
— (w*Li ek + v Quodi + yi" QL dui) + huc.

1 1 Tuvyxsr1
1 4W Wi

Category Constitution Operators (for SM)
Scalar Potential ", n<4 (pT9), (¢T¢)2
Scalar Kinetic Term ¢ D? (Do)t (DH¢)
Fermion Kinetic Term V*D LEPLE, QY PQY, ahDub,, dipdy, ebDel
Gauge Kinetic Term (Fuv)? B¥Buy, GGy, WIF“’WJ,,
Yukawa Interaction Term Y2 I_Lz¢e§2, Q"igbds , Q"I"Jq;u%

Table 1: Operator classification for the renormalizable Lagrangian composed of scalars, spinors,
gauge field strength tensors, and covariant derivatives.
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Figure 1: Diagrammatic representation of operator classes at mass dimension-4 (for 3 + 1 space-
time dimensions) or less constituted by combining spin-0 (¢), spin-1/2 (1)) and Field Strength
Tensor (X) of spin-1 fields and the covariant derivative (D). Of these, (i) does not appear in the
case of SM hence we have highlighted its caption in colour. Also, the last two structures being total
derivative terms are excluded from the Lagrangian.



Invariant operator structures:
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Figure 2: Diagrammatic representation of mass dimension-5 (for 3 + 1 space-time dimensions)
operator classes constituted by combining spin-0 (¢), spin-1/2 () and Field Strength Tensor (X)
of spin-1 fields and the covariant derivative (D). Only one of these (diagram (i:)) appears in the
case of SM. The other structures with red captions (), (¢i7), (<v) and (v) may appear for other
models with different particle content and symmetry.

Figure 3: Diagrammatic representation of mass dimension-6 (for 3+ 1 space-time dimensions) SM
operators classes constituted by combining spin-0 (¢), spin-1/2 (1) and Field Strength Tensor (X)
of spin-1 fields and the covariant derivative (D). Operators described by (iz) and (z) are related
to (vi) and (viii) respectively through the equation of motion of the gauge fields. Based on which
terms are included in the operator set we have two popular operator bases. The Warsaw basis [6]
7 includes the operator classes (i) — (viii) and forms a complete set. While, the SILH [7] basis trades
off (i7), (vi) — (viit) (the operators composed of fermionic fields) in favour of (iz) and (z), This
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forms an under-complete set.



Part A: Underlying Mathematics to construct the algorithm.
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Conformal Representation Theory

Cartan Subalgebra

(Roots, Weights, Dynkin Indices) (Primaries, Descendants, Scaling Dimension, Verma Module

Characters)

Lorentz Group
Characters

Weyl Integration

Haar Measures

Gauge Group
Characters

Characters

Plethystic Exponential

Hilbert Series

Figure 1: Flow chart depicting the Hilbert Series construction.



n
Hilbert Series:| 7t1# = H /g a5 PElp, R] ’
g=17 Haar Measure Plethystic Exponential
=R " XR is the character of representation R
Z
PE|¢, R] = exp Z ? X};( i) : .
o Lr=1 . . * d ; . 5”& |
PE[),R] = —1)"+1 2, . .
W, B| = exp ;( ) ro @, are spurion variables that tag the fields
Haar Measure : KRR S = | [1—£<Zm>"] in terms of +ve roots !
[ e T sy
SU(N) (27s) N —1 NI zi|=1 ;7 2

N
1 dEl -1
d = f —A(e) A (€ :

1 N del
du = —A(e)A (e71).

du = ?{ —A(e) A (e .




Character of irreducible representation “R”

SU(N)

. . . ™1 9 N —1
Character of irreducible representation M (¢) (M (€)) € ,€e %€ , 1]
Xrla'rZa yI'N —1 CN—l €N—2 € 1‘7
r1,T2, - ,TN—1 areintegersand 71 > 72 > - >1rny_1 >0 ) y ety
N
Heazl, l€q | : a=1,2,..,.N
a=1
Numerator
67"1 67"2 GTN—l . .
1€ | Vandermonde determinant (denominator)
egl 622 ezN_l
€l,e?,..,e N-1 1| = N1 Neo .
. ) G}V 1 ejlv I e% €1 1
: : €5 €, ... €5 € 1
Ty T2 N—-1 GN_laeN_za 7691| — ; 2. 2 2 — H (€a — Gb)
6%_1 e%_2 6?\/ en 1
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Realisation of 7 through )

The r;’s are related to the A;’s through the following equation:

#=X+7 where p;=N-—i, i=12 . N.

Since Ay = 0and py = N—N = 0, therefore rny = 0.

Figure 5: A schematic form of the Young diagram corresponding to an arbitrary repre-
sentation of SU(N). \; is equal to the number of boxes in the i-th row of the diagram.
From here one can immediately infer that Ay = 0.



Realisation of 7 through )

The r;’s are related to the \;’s through the following equation:

F:X-I-ﬁ' where p; = N — 1, 1 =1,2,..,N.

Since Ay = 0 and py = N—N = 0, therefore ry = 0.

Weight Tree of LDF

. The weight tree corresponding to the LDF representation of SU(N) is
Cartan Matrix for SU(N)
L1 = (1,0,0,...,0,0),
/2 1 0 0O 0 O (N—lruple)
( ::Z;:: \ 192-1.-.-00 0\ Lo=L1 —a1 = (_1a130,“'3030),
Asu(ny = | =1 .
\——CYN—Z__/ 000 ----12 -1 Ly =Lk —ak—1 = (0,.,-1,1,.,0),
T TOeN-1 T \0 0 0 --- 0 -1 2)(N—1)><(N—1)
Ly_1=Lny_2—an_2 = (0707“'7_131)3
Ly=LN_1—an-1 = (0,0,...,0,-1).
Dynkin label (ai,as2,.....,an_1)
AN = 0,
N-1 N—2
AN—_1 = AN_1 = a; | — a; 9
(al,az,...,a,N_l):/\1(1,0,...,0,0)+)\2(—1,1,0,...,O)+~--—|—)\N_1(O,...,O,—1,1)+)\N(O,0,...,O,—1). N—1 N-1 (; ) J:Zl J
N—-1 k—1
. Ak=ak+ak+1+..-+aN_1=(zai)— Sa ).
1=1 71=1




Maximal Torus of SU(N)

A torus in a compact Lie group G is a compact, connected, abelian Lie subgroup of G

A maximal torus is one which is maximal among such subgroups.

et?1 0 0 0

0 ei(92‘91) 0 0

N _ 0 0 i(03-02) ... 0
I 1'=U1)U()--- @ U(1) TN-1 . e

. . . | -i9. _
O O 0 N N—1 Nx N
N
Here, e 6292‘ and €a — €a (21722,...,21\]_11 1:[1€a:1, lea| =1, a=1,2,...,N.

The weight tree corresponding to the LDF representation of SU(N) is

L1 = (1,0,0,...,0,0),
(N-ltuple)
L2 — L1 — 1] = (—1, 1,0,...,0, O),

Then, if the (IV — 1) tuple L; is denoted as (lz(l), l,§2) : l§3), ey lgN_l) ), a general formula for
€, can be written in terms of z;’s as:

A 1S A 1 S AS

€ =2 Xz Xzt X..xXzp .o, (2.13)
which enables us to write: Lk =Lg-1 - ak-1 = (0,.,-1,1,.,0),
€1 = z% xzzong x...xz?\,_lzzl, ezzzl_l xz% ngx...xz?\,_lzzflzz,
0 —-1 1 0 ~1 0, ,0. .0 —1 —1
€k = 2] X 2y X 2 X oo X ZN_1 = 2p 12k, EN = 2] X 25 X 23 X .. X 21 1 = 25N 1- 1 (2.14) Ly-1=Ln_2—an_s = (0,0,...,—1,1),

LN — LN_1 —ON—-1 = (0,0, ...,O,—l).




Torus coordinates:

Vandermonde determinant:

€1 1 ei(zj)\ 1
= (€1 — €2) > Z1_Z

A (e) =

The Adjoint Representation: 3 = (2) =
et 1 1 €2 1‘ € — €
x(ewe2) = le, 1| (€1 —e€2) |65 1| €1 — e

o 1
CLX(SU@2))s(21) = 21 + 1+ ok
1

SU(2)

| —

)

—

X = (2,0)

2 2
— €] + €1€2 + €5.

— Xf X Xaf = Xadj T Xsingl-

fundamental ® anti-fundamental = adjoint & singlet

. Xadj = Xf X Xaf — 1.

Haar measure:

The r;’s are related to the \;’s through the following equation:

i=1,2,.,N.

T —————

The (Anti-)Fundamental Representation: 2 =2 = (1) =

—

j=(1,00 X=(1,0
r=A+p=(2,0)
e, 1 1 e 1| - 1
xler €2) = le, 1] (e1 — €2) e2 1 = €1+ €2 — X(SU(2))2(§)(21) =AaT Z

The Quadruplet Representation: 4 = (3)
We obtain XA = (3,0) and 7= X + g = (4,0) and the character is obtained as:

e, 1] 1 e2 1| _ei—€ 3 o 2, 3

€1,€2) = = = = €7 + €7€2 + €1€5 + €5.

x (€1, €2) e, 1| (€1 — €2) €z21 1 €1 — €9 1 1¢€2 1€2 2
3 1 1
SoX(sU@).(71) = 2+t — + .
Z1 z3
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Curious case of space-time symmetry and derivatives

We are interested in a complete set of operators, and that includes operators
involving derivatives.

Since the derivatives transform under space-time symmetry, we need to
understand their transformation properties along with the internal symmetries.

Due to the intrinsic properties of derivatives, additional constraints might appear
in the form of Equations of Motion (EOMs), and Integration by Parts (IBPs).

It leads to the over counting of the operators.

Thus we should carefully identify the redundancy in the operator set to construct
only independent operators, so that they can form a basis. Now we will discuss
how the HS construction can automatically take care of this issue, which is one of
the most significant merits of this program.




Inclusion of “dynamic variables”

Q. What will happen if the “variables” are dynamic in nature?

Q. What do | mean by the “dynamic variables”?

A. “variables” which respect some Equations of Motion (EOM).

D i), j = q Here [ ) is the “differential” operator

EOM behaves more like a constraint in our construction.

Don’t forget about IBP.

Q. Why? A. These lead to some sort of constraints.

Thus the “invariants” at a given order of polynomial
may not be independent to each other




Curious case of space-time symmetry and derivatives

1. We are interested in a complete set of operators, and that includes operators. involving derivatives.

2. Since the derivatives transform under space-time symmetry, we need to understand their transformation properties along with the internal symmetries.

3. Due to the intrinsic properties of derivatives, additional constraints might appear in the form of Equations of Motion (EOMs), and Integration by Parts (IBPs).

4. It leads to the over counting of the operators.

S. Thus we should carefully identify the redundancy in the operator set to construct only independent operators, so that they can form a basis. Now we will
discuss how the HS construction can automatically take care of this issue, which is one of the most significant merits of this program.

conformal group SO(4,2)|

We are working within 3+1 dimensional framework

1. The extra two dimensions (+2) increase the rank of the conformal group by one unit which appears as a *“Scaling’’ dimension

2. In our analysis, “Scaling’ dimension is the mass dimension of the operator/fields, e.g., 1 for boson, 3/2 for fermions,

D is the covariant derivative operatorn]

A 1s the scaling dimension
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Curious case of space-time symmetry

We are working within 3+1 dimension: Lorentz Group

D is the spurion variable symbolizing the covariant derivative operator.

SO(4, (') character with highest weight (11,[5) = XE;? ZQ)(xl, To)

SU(2)r, character with highest weight (ji) = x ;) (¥1)

/2, 1/2 1/2 —1/2

. . . . 2
l1=]1+32,l2=31—]2,5131=y% y; , and T2 = y;’ "y

SU(2)r character with highest weight (j2) = x(;,)(¥2)

(4) _
X1, 1,)(@1, T2) = X5y (Y1) * Xz (¥2),
Xfi)((),())](paaa 5) — DP(4)(D7 aalB) X [1 o DZ])
. 4 (D,a,B) =D:PY(D,a, _ _|_l_p _|_l-,
ij1)+j2+2;j1,jz](s’y1’yz) = g7 toet? (Xj1 (y1)X52 (y2) — Sle_%(yl)ij_%(yz)) P(4)(s,y1,y2), X[i’(?o)]( @ F) (Dy e B) “ o (6 5)-
. (4) - % i 1 1\"
(s 91,2) = 1 (3 00) = 35,3 003 (02) + 525-1(00)) PO, w0), | | Xy (Do B) = DEPO(D, ) x |5+ 5 = D(a+ ),
Xf;3+1;j2](87y17y2) = g2t (ij (y2) — Sij_%(w)X%(yl) + 32Xj2—1(y2)) P (s,y1,92), Xg;)(l’o)](p,a,ﬁ) — pD2p) (D, o, B) x :a2 4+ é 41— D(a + é) (5 + %) +D2:
- 1 1 1 -
XS;)(O,I)](DaO‘a B) = D*PY (D, a, f) x _52 + 32 +1 - D(Oé + a) (5 + B) + DZ_
P (s,y1,y2) is the momentum generating function for SO(4, C) : . . psy ]~
prmn[o-mn(s-2) 1-3)(-2)
19 : -




Inclusion of “derivative” operators and modifications..

PE[$,D, R] = exp Z (D(Zd))r XR(Zg,raT’ﬁr) |
Modified Plethystics: b= _ |
PE[y,D, R] = exp r:l(_l)m (Dﬁ) XR(%] © Lol

. 1
Modified Haar measure: [ duiorenes = [ Gy agdsve x dusuey

p<4>(;,a,5) § [2(21m') do(j (1=0%) (1_ é)] [2(21m) dff (1-F£°) (1_ ;_QM

Modified Hilbert Series: | #[o] = /L i dpsu(2) X disu(2) B (D o L H / dp; PE[p,D,R),

20



Connected Representations

Lorentz Group

N .

(Non-Compact) Compact Groups under the Conformal
[G: SU(N),U(1)] Group
Direct Product of two Irreducible Representations !

Compact Groups (For U(1), consider the Charge (q))

Extracting out the
SU(2) ® SU(2)

Scaling Dimension

JSURURD R "y GO GO GO LD U GG s NS A‘vﬁ
' - ~ N
d AN
/ \
, \ /
Il M ) to the Maximal Dynkin Labels corresponding \
1 apping o:- o the Maxima to the Representation \| Verma Module Characters of
! orus P—— : S0(4) as a linear combination
! TVN-1=U(1)®UQ)---QU(1) (01,02, -+ N 1) !
: B - S : of product of two SU(2)
" (Coordinates = ¢€; ) / | Characters
| |
| |
| . - |
| / \ Highest Weight State |
1
| Parameterizing the (A1s Ags -+ An) :
1 - - - |
| Coordinates Using the Weight »
: Tree of the Lowest :
| Dimensional Fundamental I PoeTTTTT. ~,
: Representation [ ri=XA+N—i ] ! Souri ™
| - I purions N
I € = €j(zi) L -
| / L denoting (Super) -!
: (Y Fields, Covariant /=
I \ ’
| ) | Derivative D -
I Schur Functions / Weyl "
! . Character Formula ! e T -
: Vandermonde Determinant :
! Ae) = eN_l,eN_Q......e.l le™, €™, ..., e™N-1 1| !
\\ ( ) | . B | x({e:} {r}) = JeNE N2 e | /I

Representation
of the Fields

Characters for Lorentz Characters ‘
Representations of G { X(D,a,B)
x(2:) \ (Accounts for EOM /.f’
o Redundancy) i
(For U(1), Character = z9) Sl e

/ Plethystic Exponential \

For integer spin fields:

PE[6,D] = exp [i ( ¢ ) M- xj(s;‘)r\*(Dr.ar.,sf)]

Haar Measure NP
N-1
1 dz; i in fields:
dy = g ?{ —ZA(G)A(FI) For half-integer spin fields:
mi)"  NlJjg=1 2 % & b \" [Ty x5(25) %(D7, am, BT
( l ) mFl gy (E [¢, D] = exp |:Tz=:l(_1)1+1 (DLTL) H] 1X6( )r\( @ ):|/
Momentum A
Generating Function
{ P“)(D.Q,B)
"\.\ (Accounts for IBP
Redundancy)

HILBERT SERIES R

. :
_ dju du; PE[¢,D,R] ————
Ml JI:[l/w e /g #j PELp. D, F] PO(D,a, )’




Field | SU3)c | SU(2)rL | U(1)y | Spin | Lorentz Group
b1 1 2 1/2 0 Scalar
b2 1 2 1/2 0 Scalar
QL 3 2 1/6 1/2 Spinor

(u®) L 3 1 2/3 1/2 Spinor

(d°) L 3 1 -1/3 | 1/2 Spinor
Ly 1 2 -1/2 | 1/2 Spinor

()L 1 1 -1 1/2 Spinor
Gﬁ 8 1 0 1 Vector
Wi 1 3 0 1 Vector
B, 1 1 0 1 Vector

Table 1: 2HDM: Quantum numbers of the fields.

Two Higgs Doublet Model (2HDM) : an example

D, = (0, + g3

TA
2

I
. T .
Gﬁ -+ ZQEWJ —+ Zg,YBM).

4
‘Cgh)IDM —

Ly

1

1

G, = 0,Gf — 8,Gf + g3 f*PCGLGY,
W, = 0,W, —0,W, + g "W WL,
B,, = 0,B, —0,B,.

1

_ZTT[GMVG“V] — ZTT[WMVWMV] — ZB;LVB”V

+ (Dyu1)"(Dpdr) + (D) (Dpp2) — V(g1, ¢2)

+i(Ly*D,L + Qy*D,Q + ey*D e + uy*D,u + dy*D,d) + Ly + h.c.,

= —yfLpre — y5Lpse — yiQd1d — y5Qdad — yi' Qdru — y3 Qdou + h.c.,

V(p1, ¢2) = m31(d] 1) + m3y(dha) — mig(Bla + dhd1) + Ai(pld1)? + Ao (d)2)?
FA(8181)(BL62) + Ma(6192) (9)) + 5 Xsl(8162)? + (8161)”
+(N6(@] 1) + A7(Bh2)) (P12 + Ph1).




Bl
Wi
Gl
b1
b2

—

I o (4)
;Bl X(10) (P
1 (4)

-Wir D",
- X(1,0) (

1 (4)
(1,0)

—-GIl" x
r

1 (4)

;(ﬁ?{ X(0,0) (Dr)

1 (4)

;¢5 X(0,0) (D",

(1)t

(D",

(4)
¢ X(o,1)

ar’ﬂr),

a”",B") x(su(2))s(21),

a”,B") X(su(2)), (21) 22

(D7,

2HDM Fields | SU(3)¢ | SU(2)L U(l)y | Spin

1 1 2 1/2 0
$2 1 2 1/2 0
QY 3 2 1/6 1/2
ul, 3 1 2/3 1/2
d% 3 1 -1/3 1/2
L? 1 2 -1/2 1/2
el 1 1 -1 1/2
B,y 1 1 0 1

Wi, 1 3 0 1
GL. 8 1 0 1
Dy Covariant Derivative

Table 2: 2HDM: Quantum numbers of fields under the gauge groups and their spins under
the Lorentz group. I = 1,2,3 and a = 1,2,.....,8 correspond to SU(2) and SU(3) gauge indices
respectively, and p = 1,...,Ns denotes the flavor index. The color and isospin indices have been
suppressed. L and R denote the chirality, i.e., the left or right handedness of the field.

Arguments of Plethystics

1

Br — ;B,’,.T' X(O 1) (’Dr ’/Br) )

1

1

Wr — ;W’T‘r X(O 1) (Dr ,Br) X(SU(Z))g(Z{)a

1 ™ 4 ™ ™ T ™
¢l — ;(¢J{) XEO?O) (D", a",B") X(su(2))5(21) 2

T QT r r 1 T T r T
o, BT) X(su@), (21) 272, 6L — r(%) X(o oy (D", 2", B") X(su(2))5(21) 2
-1 r+1
Odr,,Br) z—r, 61' — ( (eT)'r' X(%,O) (D'r"

a’f‘, 67‘) ZT"

a",B") xsu@)s(#1,22), Gr— ;GTT X(O 1 (D70, B") x(su(s))s (21, 22),

—r/2

)

—r/2
)

(=)™ @)

T T (A 2r/3
u” X(O )(D ,,B ) X(SU(B)) (22’23) z / ’

u —

—1 r+1
ul —>( )

()7 () gy (P70, B7) Xcsu @ (5, 25) 2277,
(-1

d — d" XE?»(DT a”,B") X(su(3))s (25, 28) 27,

(_1)7"—{—1

at - (@) XY 0 (P77, 87) x(su(@))y (25, 28) =772

—1 r+1 .
L — U™ (4)0 (D", 2", B") X(su(2)), (21) z77/3,
r (2 )

(~1)7+!

Lt — (Lh" (4)2) (D", a",B") x(su(),(#1) 272,

r (0
—1)7+! 4 r .r AQr r o_r r -
( 3 Q" XE; 0) (D7, 0", B") X(sU(3))s (5, 25) X(su(2)), (1) 276,

(_ )r—{—l

QR —

—'r'/6'

Ql — (@M x Eﬁ)%) (D", 2", B") x(su(3));(22,23) X(su(2))5(21) 2



Dictionary for translating HS output to covariant forms of operators

Q — QY u

Ql o QY ul

L — LYy e

Lt o le)/ el
(Wi, Wr) —  (W.,,W.,) | (G,Gr)

— ul d —
— ' dt —
— el 1,2, ¢I,2 —
- el D >
- (Gg,. Gy, (BL, Br) —

2HDM: example

Mass Dimension-2

Operator Type HS Output Covariant Form No. of Operators
(including h.c.)
Pure SM ¢J{¢1 ¢J1r¢1 1
Pure BSM ¢S b2 bL b2 1
Mixed ¢1¢2 12 2
Mass Dimension-4
Operator Type HS Output Covariant Form No. of Operators
(including h.c.)
Bl? + Br?, BHYB,,, BHMVYB,,,
GI? + Gr?, Ggervae ,, GHYGe
Pure SM Wi+ wr?, WIMUW:;V’ WIMVW‘{V, 11N? + 8
N2LT¢1e, N3QTp1d, N2QTg]u, L ¢1eh, QLé1dy, QLbr1uf,
*N2QTQD, NfuluD, N}dldD, *QLPQT, WpPul, drPdhy,
N2LTLD, N2eteD, ¢1¢1D2, (61¢1)? | LLPLY, exPeh, (Dud1)t(DHo1), (6]¢1)3
Pure BSM ¢S b2 D2, (65 b2)2 (D)t (DF¢2), (6)¢2)? 2
NZLY¢se, N2QT¢rd, N2QT¢)u, L] ¢oes, QF¢2d%, QFdau,
Mixed (61)2(92)°, (#1)0182, (83)% 162 (¢192)%, (#161)(8102), (#161)(s102) 6N + 10

201 b1 03 b0, ¢1paD?

(1 d1) (L d2), (61d2) (8L 01), (Dusd1)t(DH62)




2HDM: example

HS output

Mass Dimension-5

Operator Class

Operators (in non-covariant form)
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3(N?+Np)¢iL?,  J(N7+Njp)¢5L%, N3p1¢oL?

Mass Dimension-6

Operator Class

Operators (in non-covariant form)

X3

wid, wr3, Gi3, Gr3

<I>6

(6161)3, (p1¢2)3, 262(¢1)2¢20), 2616163 (61)2, (61)%63, ¢2(61)362, 1(41)3¢2,
(6126305, ole3(61)2, 261(41)2036)

2 x2

G2l ¢1, GI2elda, GI2elda, GI2¢16), Wieler, Witelss, Witeles, WiZeel,
B¢l ¢y, Bi%¢l¢a, Bi2¢l¢a, Bl2¢14), BIWigl¢:, BIWigléa, BIWIigl¢a, BIWid, bl

U2p X

(NPGIeldTQ, (NPGIshdTQ, (NP)GIg1ulQ, (N})GieulQ, (NPWisldTQ, (NHWigldlQ,
(NHWip1ulQ, (NHWigu'Q, (NHYWiglefL, (WHwiglelL, (N?)BigpldtQ, (N?)BleldlQ,
(N} Big1utQ, (N?)BlgaulQ, (N?)Bigle'L, (N})BlolelL

U2p2D

(N?)ddt¢161D, (N})dd'¢205D, (NP)eelp16ID, (N}eefoaolD, (2N?)LLT¢14]D,
@NPHLL ¢20iD, 2ND)QQT616{D, 2N})QQTe20]D, (NP uule16]D, (NP)uulezelD,
(N?)ddt ¢l gD, (N3)eefoloaD, (NPuutelgaD, (@N?)LLT¢]42D, (2N2)QQT¢I 42D,
(NP)udl (¢1)?D, (N])ud'(6])?D, (N})ud'(6])(¢])D
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(NH)¢1(#1)2eTL, (N3)pa(s)2eTL, (NF)p1(6))2eTL, (N2)(¢])2¢2eTL, (2N%)g10]dlelL,
2N2)pldadleL, (N})41(0])2dTQ, (NP)o2(05)2dTQ, (N})o1(e5)2dTQ, (N%)(4])%02dTQ,
N orolotdTQ, @NPeleaeldTQ, (NPsislulQ, (NPe3elutQ, (NPeiselulq,

(N} ¢lo3utQ, (2NF)¢16]d2u’Q, (2NF)d16205ulQ

d4p2

262 (61)2D2, 242(¢5)2D?, 4¢1¢2016ID2, 262(41)2D2, 24162(65)2D?, 241(¢])2¢2D?

(Neelwul, (FNF 4+ ZNHLA(LT)?, (N7 +NHQ*(QN?2, (2N7)LLTQQT,

(NfleelddT, (FNF+ N7+ §Npe®(eN)?, (3NF+ 3Npa?@h)?, (3NF + 3Npu?(uh)?,
@eN7)ddTuu®, (Nf)ee'LLT, (NHuulLLT, (N})ddTLLT, (N})eeTQQT, (2N} uu'QQT,
2NHddTQQT, (NpeLld'Q, (@NHud(Q")?, @NPeLTuQl, (IN7+ 2NHLQ?,
(3N7 + 3NfleuQ?, (Np)eu?d, (NF)LudQ

EFT Operator classification

N 9 o , X
N /
N\ /
N
¢ \-_/ / ¢ ¢ ¢
/ N\ ;
¢ / AN 1/1
/ g (a) ¢° A \ (b) ¢* X*
/ N %
\ /
N9 ¢ / N N9 o 7 g
\ / \ /
\ / \ /
\
.-.‘-'":‘ ::15 |
D . S D .
- A (Hv* e ¢
(8) ¢4 D2 I
|
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Figure 2: Effective operators in “Warsaw”-like basis representing the following class of
operators: (a) ¢ [6 + 7x2 = 20|, (b) ¢2X? [32], (c) ¥?¢*D [14 + 10x2 = 34], (d) »* [20
+ 5x2 = 30] (Baryon Number Conserving) + [4x2 = 8| (Baryon Number Violating), (e)
¢*D? [8 + 6x2 = 20], (f) 2¢3 [24x2 = 48], (g) ¥?¢pX [16x2 = 32|, (h) X3 [4].




Ol (LTCima¢r) (1 L) + h.c. 0% (LT Citad) (G L) + h.c. 02 (LT Cirad1)(dha L) + h.c.
Table 3: 2HDM: ¢?L? [3x2 = 6] class of operators.

0(1)‘11111 (¢I¢1)3 0322222 (¢’£¢2)3

05122 ($161)*(#262) 0§22 | ($¢1)(52)”

O | (#192)(9361)(9161) | OF'% | ($162)(51)(¢502)

OF | (¢lgo)*(¢l¢1) + hc. | 0222 | (¢]60)%(¢h¢a) + hoc.

OFM12 | (gld1)%($ld2) + hc. | OF2222 | (3]dh2)(g52)? + huc.

0(1521221 (¢I¢2)2(¢£¢1) + h.c. 0(1521212 (¢’{¢2)3 + h.c.

OF12212 | (¢1¢1)(¢52)(#]2) + hoc.

Table 4: 2HDM: ¢° [6 + 7x2 = 20] class of operators.

Ot | (#161)GLGHM | O | (1¢1)GH,G4 | O | (5¢2)Git, G
Oy | (dloywiwim | ol | (plg)WL Wi | 02 | (5¢s)Git,GA#
O | (#1é1)BuwB* | O | ($161)BuwB™ | OFy | (dhd2) Wi, W
0% | (9h42)BuB™ | O | (45d2)BuB™ | O | ($ha)W, W'k
Ohws | (SIT" o)Wy, BH | O o | (S1T'01) Wi, B | Ofiyp | (837" ¢2)W,i, B
0% o | (B3’ o)W, B | O | (4162)GL,GH | O | (4]¢)Gl, GAY
O3 | (ho)GLGHM | O3 | (9h0)GLGH™ | OFy | (91¢2)W, W
O | (Gloa)WL, Wi | OFy | (Gho)WL,W | O | (b)) Wi, W'
O | (#162)BwB* | OF | (162)BuwB* | OFp | ()61)Bu B
0% | (Glo0BuB" | Ofyp | (BIr'62)WiB"™ | Oy o | (817" 62) W, B
OZw B (¢£TI¢1)W;{VBW 03,%,3 (¢;TI¢1)WJVBW

Table 5: 2HDM: ¢2X? [32] class of operators.

Ow

fABCG'ZluGEpGgu

fABCG'ZlVGEpGgu

LIKyy vy Jejiy K e
€ p v Yo
LIK 7 vy J ey K i
€ p v Yo

2HDM: dim-6 effective operators in covariant form

_a“”TAd)qﬁlGﬁy

(
Qo TA G
(
(

(Qo*T4d)$2G1,
(QuH* TAu)sGf,
(Qod)T!po W1,
(ot u)T! oW !
(Qo*”d)¢2 B
(Qo**u) 2B,y
(Lo e)Tip Wi
(EU“V6)¢2BMV

Table 7: 2HDM: ?¢X [16x2 = 32| class of operators. Each of these operators also has
a distinct Hermitian Conjugate.

Table 6: 2HDM: X? [4] class of operators.
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0}

o}
2(11
03"
1(12)
(’)Qu
i\

o2

1(22
0p”

2(21)
Oou

(Legn)(¢her) | 012 | (Lega)(992)
(Legr)(dle2) | O5TY | (Qdr) (b
(Qde2)(81¢1) | Ops” | (Qde)(#1¢:
(Qué)(#ie2) | 0221 | (Que) (e
(Leg)(¢1¢1) | 012 | (Lego)(#]2)
Legs)(8501) | Ogq” | (Qde1) (4]0
Qdg1)(dhes) | Opa” | (Qdgr) ()
Juds)(ph1) (929(32) (Quor)(ph2

02D | (Lego) (¢l
Oga” | (Qd) ¢
022 | (Quén)
023(31) (Qugn)
012 | (Legr)
Oga” | (Qdo2)
O, | (@ u¢~1)
023(32) (Que2) (o]

Table 8: 2HDM: 42¢3 [24x2 = 48] class of operators. Each of these operators also has a

distinct Hermitian Conjugate.




M: dim-6 effective operators in covariant form

- - - Oqqq | € emern[(QY)TCQPF[(Q™)TCL"
Onp | 6D IrL) | OFf) | ieiDas)TrL) | ORf) | (6] Diga) Iy L) +he. Oqqu | €ei[(Q*)TCQ][(w)TCel
0&% i(ﬂﬁim)(@’y“é)) Oézcj[)ll]) i(@ﬁ%)@v’@) Oéﬂ% i((b{ﬁ)(bz)( 7*Q) + h.c. O €87 [(d)TCuf] [(u?)TCe]
Océp i(¢} Dyg1) (e7ve) O%p i($D,2) (B7"e) Ocip i(¢] D) (@r"€) + hoc. Ot B, :( d*)TCuP] [(QV)T CL¥]
Oip | iDug))(dy d) | OBp | #iDuga)(dy d) | ORp | i(d1D,o)(dr"d) + hec. =
Onop i(ﬂﬁ%)(ﬂv“w 0220 i(@ﬁfﬁz)(ﬂ’Y“U) Ouip i(¢J{E>¢2)(a7“u)+h.c. Table 12: 2HDM: Baryon Number Violating 1* [4x2 = 8| class of operators. Each
(gﬁ?g z‘(¢ID<_’;¢1)( LriyrL) Oﬁ% i ;ﬁ“¢2)(E717u L) Oﬁ% i((,ql(ﬁgbz)(fnfy%) + h.c. operator has a distinct Hermitian Conjugate. Here, C = iy?y" in Dirac representation.
0;21% i(¢J{D(_£¢1)(QTI'7MQ) O;zﬁ]) ’i(¢§D<_’;¢2)(QTI’Y“Q) O;zfg Z.(gb{l(ﬁ%)@ﬂw@ the. Here a, 3, are SU(3) indices and j, k are SU(2) indices.
Oyp | i(d1' Dug) @y d) + he. | 02,1, | i(da Duda)ayd) + he. | Oy, | il D) (iyd) + hc.
Table 9: 2HDM: ¢2¢%D [14 + 10x2 = 20] class of operators. Oud (0_17“d)(d7“d) Ouu (Q:Lfy“u)('ﬂq“u)
OLe (L'YML)(E'YIL@) OQe (Q’YMQ)(E'YM‘?)
Oee (evue)(er'e) | OrLr (LyuL)(Ly*L)
Ocu | (Evue)(@r*u) | Oea (€vue)(dr*d)
(’)[1]1(11) (6101)0(d1 1) Oéz(zz) (¢Lpo)(PL o) o (I uL)(a ) | O (I ' L)(dyd)
oue (6161)0(8162) OB (6162)0(¢1 1) 0 | Lo | e,
o) T oo | o 2P Oro | IML)@ Q) | Of | (Lt L)(@Qy*'Q)
b\ (D ~ ~
0(11:])11(1) (¢2¢1)D(¢2¢11) e 0((]521))22(2) ($162) (D $1)!(D sz)] the OS]Q (Q7.Q) (@Y Q) 08]62 Q' Q) (@1 Q)
Qo1 (D#¢1)161] [91(Dudn)] | Ogp [(D*62)"95] [43(Duta)] Oy | @)@y d) | OF | (@yT4u) @y T4)
oS [(D"¢1) 2] [85(D,u1)] o [(D#¢) 1] [¢] (D, 62)] ol | (@@ @) | 08 | (Qv,T4Q) @y T4w)
O | [(DF2) ] [#4(Dyudr)] + he. | ODFD | [(DH1) 2] [91(Dpg1)] + hec. Oy | (QuQ)(dy*d) | Og, | (QVuTAQ)(dy*T*d)
OL | ($461)[(D#62) 1 ((Dy2))] + hc. | OusDD | (8162) [(D*61)! (Dyush1))] + hec. Ogha ejk(QIu) (Q*d) + hec.
1(21) O 0 €k (QIT4w) (Q*TAd) + h.c.
Table 10: 2HDM: ¢*D? [8 + 6x2 = 20| class of operators. Note the presence of Og ol en(Lie)(GFu) + hc
2(12) (1)21(2) LeQu ’ o
operator instead of operators (Q and Q,p ) as given in [112]. o, . (LI e) Qo) + hoc
OrLedQ (Lie)(dQ?) + h.c.

Table 11: 2HDM: Baryon Number Conserving ¥* [20 + 5x2 = 30] class of operators.
2] Here j,k are SU(2) indices.
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Introduction to “GrIP”

“GrIP”’ is a Mathematica based scientific package that automatizes the computation of Gl'oup lnvariant Eolynomials

Download from: https:/teamgrip.github.io/GrlP/

Package contains:

GrIP.m : main program
Grplnfo.m : representations of SU(N)

MODEL - folder containing example model input files

CHaar.m : sub-program to compute characters of representations

and Haar measure of any connected compact groups.

Example SM, Example_MSSM, Example_CHaar : example Mathematica Notebooks.


https://teamgrip.github.io/GrIP/
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Paving the path to prepare the “input” model file

SM Fields SU(3) ¢ SU(2)p, U(l)y Lorentz Group (SU(2); ® SU(2),)
H 1 2 1/2 Scalar (0,0)
Q7 3 2 1/6 Spinor (1/2,0)
uP 3 1 2/3 Spinor (0,1/2)
dP 3 1 -1/3 Spinor (0,1/2)
L} 1 2 -1/2 Spinor (1/2,0)
eb 1 1 -1 Spinor (0,1/2)
Bl 1 1 0 Vector (1,0)
Wil 1 3 0 Vector (1,0)
Gl 8 1 0 Vector (1,0)

Covariant Derivative Dpu Bi-spinor (1/2,1/2)

Table 16: Quantum numbers of fields under the SM gauge groups and Lorentz group. I =1,2,3; a

=1,2,.....,8; p = 1,2,3 denotes the flavor index. The color and isospin indices have been suppressed.
[ and r denote the chirality, i.e., the left or right handedness of the field.

Alternate provision: Providing Dynkin labels instead of dimension of the representation.

Field[2]={
"FieldName"-> (), "Self-Conjugate"-> False,
"Baryon Number"-> 1/3,

"Lorentz Behaviour"-> "FERMION",
"SU3Dyn"-> {1,0}, "SU2Dyn"-> {1},

"Chirality"-> "1",

"Lepton Number"-> 0, "UiDyn"-> 1/6},

ModelName="StandardModel"

SymmetryGroupClass ={

Group [1]={"GroupName"->"SU3",
Group [2]={"GroupName"->"SU2",

Group [3]={"GroupName"->"U1",

FieldClass={

Field[1]={

"FieldName"-> H, "Self-Conjugate"-> False,
"Baryon Number"-> 0, "Lepton Number"-> O,

Field[2]={
"FieldName"-> (), "Self-Conjugate"-> False,

"Baryon Number"-> 1/3, "Lepton Number"-> O,

FieldTensorClass={

TensorField[1]={

"FieldName"-> Bl, "Self-Conjugate"-> False,
"Baryon Number"-> 0, "Lepton Number"-> O,

TensorField[2]={
"FieldName"-> W1,
"Baryon Number"-> O,

"Self-Conjugate"-> False,
"Lepton Number"-> O,

TensorField[3]={
"FieldName"-> (GIl, "Self-Conjugate"-> False,
"Baryon Number"-> 0, "Lepton Number"-> O,

"Lorentz Behaviour"-> "SCALAR",
" SUSRep n _> n 1 " ,

"Lorentz Behaviour"-> "FERMION",
n SUSRep"_> "3" s

"Lorentz Behaviour"-> "VECTOR",

n SUBRep n _> n 1 n s

"Lorentz Behaviour"-> "VECTOR",
n SUSRep n _> n 1 n ,

"Lorentz Behaviour"-> "VECTOR",
n SUSRep " _> n 8 n ,

"N"->3},
"N"->2},
"N"->1} };

"Chirality"-> "NA",

"SU2Rep"-> n2n’ "U1Rep"-> 1/2}’

"Chirality"-> "1",

"SUQRGP"‘> n2n’ "U1Rep"-> 1/6},

"Chirality"-> "1",

nSU2Repn_> "1" , "U1Rep"—> 0}’

"Chirality"-> "1",

nSU2Repn_> o|3n , "U1Rep"—> 0}’

"Chirality"-> "1",

nSU2Repn_> "1", "U1Rep"—> 0} };



(($-

Warnings to remember while preparing the “input” model file

Field[3]={ Field[3]={ Field[3]={ Field[3]={
"FieldName"-> A2, "FieldName"-> A2, "FieldName"-> A2, "FieldName"-> A2,
"Self-Conjugate"-> False, "Self-Conjugate"-> False, "Self-Conjugate"-> False, "Self-Conjugate"-> False,
"Lorentz Behaviour"-> "SCALAR", "Lorentz Behaviour"-> "SCALAR", "Lorentz Behaviour"-> "SCALAR", "Lorentz Behaviour"-> "SCALAR",
"Chirality"-> "NA", "Chirality"-> "NA", "Chirality"-> "NA", "Chirality"-> "NA",
"Baryon Number"-> 0, "Baryon Number"-> 0, "Baryon Number"-> 0, e "Baryon Number"-> 0,
"Lepton Number"-> 0, "Lepton Number"-> 0, "Lepton Number"-> 0, gﬁggxgim'Lepton Number"-> 0,
mSU3Rep")> "1, ("SU3Dyn'D> {0,013}, [ Multiple instances m5U3Rep”—\f ", / ; be distingushed 'SU3Rep"-> "1",
"SU2LRep"}> "1", "SU2LRQyn"L 85 gf;;‘gfygmul“s "SU2LRep"-;"l", /b’i{lﬁilz "SUZRep"j> mym
"SU2RRep"}>\!'3", "SU2RPyn" distinguished "SU2RRep"{> "3", ththzgtﬁné "SU2Rep"J> "3", x
\'UlRep"->) 2}, \'UlDyn"_;/ 2}, \'ULRep"->)2}, consistently. "UlRep"-> 2},

Field[4]={ Field[3]={

“Rep” 1S usedJ Field [4]=1

“Dyn” iS used F1 e-[.d [41 :{
consistently "FieldName"-> Q1,

consistentl .
Y "FieldName"-> Q1,

"FieldName"-> Q1, "FieldName"-> A2,

"Self-Conjugate"/> False, "Self-Conjugate)-> False, "Self-Conjugate"-> EAL: "Self-Conjugate"-> False,
"Lorentz Behavfour"-> "FERMION", "Lorentz Behayiour"-> "FERMION", "Lorentz Behaviou "Lorentz Behaviour"-> "SCALAR",
"Chirality"-/ "1", "Chirality"-£# "1", "Chirality"-> " "Chirality"-> "NA",

"Baryon Number"-> 1/3, "Baryon Nupfber"-> 1/3, "Baryon Numb "Baryon Number"-> 0,

"Lepton Nymber"-> 0, "Lepton hamber"-> 0, "Lepton N "Lepton Number"-> 0,
GSUBRep")» n3n, ("SU3Dyn"\—> {1,0}, ("'su3Dyn"-} (1,0}, "SU3Dyn" {0,0},
"SU2LRep"{> "2", "Su2LDyn'f-> {1}, "SU2LDyn"}> {1}, "SU2LRep"-> "1",
"SU2RRep"> "1", V "SU2RDyn'{-> {0}, v "SU2RDyn"}> {0}, x "SU2RRep"-> "3", x
\'UlRep"->/1/3}, \uibyn"_} 1/3}, \"U1lDyn"-3/ 1/3}, "UlRep"-> 2},
Tensorfield(2]={ TensorField[2] :{ x
"FieldName"-> W11,
"SelffConjugate"—> Fa'Lse, " ‘F-ie-l.dName"—> Wll, P }

"Lorentz Behaviour"-> "VECTOR",

"Chirality"-> "l",

"Baryon Number"-> 0, TensorField[2]={ x
"Lepton Number"-> 0, "FieldName"-> Wly,...}
"SU3Dyn"-> (0,0},

"SU2LDyn"-> {2}, .

1SU2RDYN"_> (0} | TensorField[2]={ x

"UlDyn"-> 0}, " \F‘ie-l.dName"—> WlL, ¢« o e }



Details of the user interface for the Standard Model

Here, we provide an illustration of how to run GrIP and utilize its various commands
to obtain specific outputs based on the Standard Model and how to further modify those
results.

In[1]:= SetDirectory["/home"]

In[2]:= Get ["MODEL/SM_Rep.m"]

Model Name: Standard Model

Authors: Upalaparna Banerjee, Joydeep Chakrabortty, Suraj Prakash, Shakeel
Ur Rahaman

Institutes: Indian Institute of Technology Kanpur, India

Emails: upalab, joydeep, surajprk, shakel@iitk.ac.in

In[3]:= Get ["GrIP.m"]

GrIP-V.1.0.0

Authors: Upalaparna Banerjee, Joydeep Chakrabortty, Suraj Prakash,
Shakeel Ur Rahaman
Indian Institute of Technology Kanpur, India

"GrIP is successfully loaded and ready to compute!

A folder, named [StandardModel] has been created in your working
directory and all the output will be saved in that folder.

Thank You!!"




In[4]:= DisplayUserInputTable

SM Fields SU(3) ¢ SU(2)p, U(l)y Lorentz Group (SU(2); ® SU(2),) Out[4]:=
H 1 2 1/2 Scalar (0,0)
Qf 3 2 1/6 Spinor (1/2,0) Field Self Lorentz Chirality Baryon Lepton SU3Rep SU2Rep UlRep
p . Name Conjugate Behaviour Number Number
u, 3 1 2/3 Spinor (0,1/2)
H False SCALAR NA 0 0 1 2 1/2
dP 3 1 -1/3 Spinor (0,1/2)
Q False FERMION 1 1/3 0 3 2 1/6
P .
Ly 1 2 -1/2 Spinor (1/2,0) w False FERMION r 1/3 0 3 1 2/3
ey 1 1 -1 Spinor (0,1/2) d False FERMION r 1/3 0 3 1 -1/3
Bl 1 1 0 Vector (1,0) L False FERMION 1 0 -1 1 2 -1/2
Wil 1 3 0 Vector (1,0) el False FERMION r 0 -1 1 1 -1
Bl Fal VECTOR 1 0 0 1 1 0
Gl 8 1 0 Vector (1,0) e
Wi False VECTOR 1 0 0 1 3 0
Covariant Derivative Dpu Bi-spinor (1/2,1/2) Gl False VECTOR 1 0 0 8 1 0

Table 16: Quantum numbers of fields under the SM gauge groups and Lorentz group. I = 1,2,3; a

=1,2,......8; p = 1,2,3 denotes the flavor index. The color and isospin indices have been suppressed. Usel' in pUt baSEd on minimal l(ﬂOWlEdge:

[ and r denote the chirality, i.e., the left or right handedness of the field.

In[5]:= DisplayWorkingInputTable

Out[5]:=
Field Self Lorentz Chirality Baryon Lepton SU3Dyn SU2Dyn UlDyn
Name Conjugate Behaviour Number Number
H False SCALAR NA 0 0 {0,0} {1} 1/2
pos ° 2 ° Q False FERMION 1 1/3 0 {1,0} {1} 1/6
yniucate” fields are nrevared internallv anc v | me | eemon | s | o | am | @ |
— d False FERMION r 1/3 0 {1,0} {0} -1/3
L False FERMION 1 0 -1 {0,0} {1} -1/2
Returns the “complete” the set: wSl Il vl RN IR IR o IR B
—Q HT False SCALAR NA 0 0 {0,0} {1} -1/2
Qf False FERMION r -1/3 0 {0,1} {1} -1/6
ul False FERMION 1 -1/3 0 {0,1} {0} -2/3
df False FERMION 1 -1/3 0 {0,1} {0} 1/3
Lt False FERMION r 0 1 {0,0} {1} 1/2
ell False FERMION 1 0 1 {0,0} {0} 1
Bl False VECTOR 1 0 0 {0,0} {0} 0
Wl False VECTOR 1 0 0 {0,0} {2} 0
Gl False VECTOR 1 0 0 {1,1} {0} 0
34 Br False VECTOR r 0 0 {0,0} {0} 0
Wr False VECTOR r 0 0 {0,0} {2} 0
Gr False VECTOR r 0 0 {1,1} {0} 0




SM Fields SU(3) ¢ SU(2)r, U(l)y Lorentz Group (SU(2); ® SU(2),)
H 1 2 1/2 Scalar (0,0)
Q7 3 2 1/6 Spinor (1/2,0)
ub 3 1 2/3 Spinor (0,1/2)
dP 3 1 -1/3 Spinor (0,1/2)
Ly 1 2 -1/2 Spinor (1/2,0)
eP 1 1 1 Spinor (0,1/2)
Bl 1 1 0 Vector (1,0)
Wi 1 3 0 Vector (1,0)
Gl 8 1 0 Vector (1,0)

Covariant Derivative Dy Bi-spinor (1/2,1/2)

Table 16: Quantum numbers of fields under the SM gauge groups and Lorentz group. I = 1,2,3; a
=1,2,.....,8; p = 1,2,3 denotes the flavor index. The color and isospin indices have been suppressed.
[ and r denote the chirality, i.e., the left or right handedness of the field.

SU3)®SU((2) @ U(1)

Characters of SM fields and their conjugates:

Haar measures of gauge groups:

Invariant operators having mass dimension 4 :

In[6]:= DisplayCharacterTable

Out[6]:=
Dyn SU3 SU2 U1l
{{0’0}’{1}91/2} 1 + G2z1 GBz
G2Z1
1 Glz 1 1/6
{{1,0},{1},1/6} Glz, + . + G1zf G2z; T G221 G321/
1 0122 .
1,0},{0},2/3 Glz, + 1 G3,2/3
{{1,0},{0},2/3} 1+ et Gia
{{1,0},{0},-1/3} Gl + —— 4 S22 1 1
’ ’ »- z .
' Glzy | Glz G321/3
1 1
{{0’0},{1},‘1/2} 1 '@E + G221 LT
1
0,0},{0},-1 1 1
{{0,0},{0},-1} .
1
070 ’ 1 ,'1 2 1 +G22 —————
{{0,0},{1},-1/2} Gont 1 N
1 G1 1
{{0,1},{1},-1/6} 4 Gz, + G2z,
Glzy  Glzy G2z G3z1/6
1 G1 1
{{0,1},{0},-2/3} "L | Glzy 1 _
Glzq Glzo G3z2/3
1 G1
{{0,1},{0},1/3} ot o+ Gz 1 G3:1/3
1 2
{{0,0},{1},1/2} 1 + G2z, G3z
G221
{{030}3{0})1} 1 1 G3z
{{0,0},{0},0} 1 1 1
{{030}:{2})0} 1 1 + 2z2 + G2z§ 1
1
Glz, 1 G1z2 Glzy G1z%
{{1,1},{0},0} 2+ : + G1z1Glzy + 1 1
Glzé Glz1Glzq Glzg Glzf 1z
{{0,0},{0},0} 1 1 1
{{0,0},{2},0} 1 1+ 5+ G222 1
1
({1.1}.{0}.0} Glz, 1 Glzy Glz, . Glzj . .
) ) ) P z ze
Glz% G1z1Glzq Glzo Glz% ! 2 1z
In[7]:= DisplayHaarMeasure
Out[7]:=
SU3 SU2 U1l

('Glz‘fclzz + G123 4+ G123 (1 + Glzg) — Gl1z, (G1z2 + Glzg))z

6G123G1z;

) (-1+ Gzzf)z

2G2z3 G3z

In[8]:= DisplayHSOutput ["MassDim"—4, "OnlyMassDimOutput"—True,

Out[8]:=
35

—BI?

"AB"—0, "AL"—0, "Flavours'"—1]

~HQu' +uDul —D4

—Br2 —GI2-Gr2-—WI2—-Wr2—-BIlD?>?—-BrD?>+dDd +elDell + HD? Hf
2
—Qdf Hf — L et Hf — H? (HT) — el HL'+LDL' —dH QT+ QD Qf —uw HT Qf




Searching for “specific” operators:

“Operators” are multiplied by suitable

couplings to form the “Lagrangian”

Counting total number of operators:

In[9]:= DisplayBLviolatingOperators["HighestMassDim"—10, "AB"— +1(-1),
"AL"— —1(41), "Flavours"—1]

Out[9]:= L Q®+dLQu+elQ%u+delu? (corresponding hermitian conjugates)

In[10]:= DisplayLagOutput ["MassDim"—4, "OnlyMassDimOutput"—False,
"AB"—)"NA" ’ "AL"—)"NA", "Flavours"— Nf]
Out[10]:= —BI> = Br? —GI> —=Gr* - WI*> = Wr?> + d Ny Dd' + el Ny Del' + H D*H" — N7 Qy1 d' H'
—H? )\ (HT)2+LN,’DLT —el HN? y2L" + Ny QDQT —d H N7 y3 Q" = Nf uys H' QT +

NyuDu' —HN} Qusul —L Njyg el H'

In[11]:= DisplayLagOutput ["MassDim"—4, "OnlyMassDimQOutput"—False,
"AB"—0, "AL"—0, "Flavours"— 1]

Out[i1]:= —BI2 —=Br?+dDd —Quid' H —dHys QT + Delell — L yp el H' —el H y3 L1
2
+D2H HY — Hm2HT — u ys HTQT—HQ)\(HT) —HQuu +DLLT+DQQ + Duwl
—GI?2 - Gr? —WI? —Wwr?

In[12]:= PolyA=SaveHSOutput ["MassDim"—4, "AB"—0, "AL"—O0,
"Flavours"—1];

In[13]:= OpCounter [PolyA]
Out[13]:= 22

In[14]:= PolyB=SaveHSOutput ["MassDim"—4, "AB"—"NA", "AL"—"NA",
"Flavours"— Nyl;

36 In[15]:= OpCounter [PolyB]

Out[15]:= 11N+11N?



Baryon and Lepton Number violating rare processes in the SM

Lowest
AB AL Operators
Dimension
- 272
In[1]:= DisplayBLviolatingOperators["HighestMassDim"—10, "AB"— 0, ’ ’ ° HoE
"AL"— -2, "Flavours"— Ny]
+1 -1 6 LQ3, LQdu, eluQ?, elu?d
Out[1]:= First instance of AB=0 and AL=-2 occurs at mass dimension 5,
t43 t 042 trtao?. HY LT wd?
Operators: LH2L?N? + LH2L’N; o ! e'd"D, L'Qd'D, H'L'dQ", H L ud
In[2]:= DisplayBLviolatingOperators["HighestMassDim"—10, "AB"— 1, +2 | 0 9 d2Q*, d®uQ@?, 2u2ad*
"AL"— -1, "Flavours"— Ny]
+1 -3 9 L3Qu2, L2elu3
Out[2]:= First instance of AB=1 and AL=-1 occurs at mass dimension 6,
Operators: del N{u? +dL N} Qu+ jel Nf Q* u+ 3el N3 Q*u+ 5 LN} Q*+ 3L N7 Q? +1 | +3 10 HT(LT)%d®
0 —4 10 H*L*

External U(1)g Global Symmetry and extended MSSM

Superpotential with U(1)r charge = 0
Superflelds | SUB)c | SU@), | Uy | UMk Canonical Dim. Operators No. of Operators
Hy, 1 2 1/2 0
1 S 1
Hy 1 2 -1/2 0
Qi 3 2 1/6 1 2 82) T2, 02, HqHy 4
Ut 3 1 -2/3 1 3 S3, 8T2, 802, ©3, HyH,S, HyH, T 6
Dt 3 1 1/3 1
. Superpotential with U(1 charge = 2
Li 1 2 -1/2 2 perp Dr g
Et 1 1 1 0 Canonical Dim. Operators No. of Operators
Ry 1 B 1/2 2 2 HyL, HyRyg, HyRuy 3
Ry 1 2 -1/2 2
3 LEH,;, QDH,, QUH,, EH4Ry, HyR4S, H,LS, HyR,S, H,LT, HyRyT, HyR,T 10
S 1 1 0 0
T 1 3 0 0 Superpotential with U(1)z charge = 4
o 8 1 0 0 Canonical Dim. Operators No. of Operators
Table 26: MSSM + Global U(1)g: Quantum numbers of superfields under the gauge groups.
Internal symmetry indices have been suppressed. ¢ = 1,2, .., N is the flavour index. 3 QLD, LER4, QDR4, QURy, LR, T, Rq4R,T, LR,S, RqR,S 8




Focussing on the utility of “GrIP”

For a complicated framework, manual computation of group invariant operators
can be tedious and error prone. Having an automatised tool would be relaxing :)

It can take care of over- and(or) under-estimation of invariants very easily.

Based on the current situation of particle physics, it’s time to look for a “method”
which can smell the “unusual” things even without knowing the exact “source” of it.

Effective Field Theory !

It’s a tool to reveal the hidden things without unfolding it

High Energy Theory

1k
B




Renormalizable Lagrangians of UV Theories

CoDEXx: Wilson coefficient calculator connecting SMEFT to UV theory
Supratim Das Bakshi, Joydeep Chakrabortty, Sunando Kumar Patra
. ® Eur.Phys.J.C 79 (2019) 1, 21 - e-Print: 1808.04403 [hep-ph]

“CoDDEx

Integratlng Out heavy degrees of freedom <I>( ))
(and / or)
Symmetry Breaking (G — )

Available at https://effexteam.github.io/CoDEx/
With “CoDEXx” and “GrIP” in arsenal one can
use effective field theory to connect UV and IR

GrIP theories very easily and of course automatically.
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https://arxiv.org/search/hep-ph?searchtype=author&query=Bakshi%2C+S+D
https://arxiv.org/search/hep-ph?searchtype=author&query=Chakrabortty%2C+J
https://arxiv.org/search/hep-ph?searchtype=author&query=Patra%2C+S+K
https://arxiv.org/abs/1808.04403

Paving the path to

BSM-EFT

SM extended by other IR DOFs

Model No. Extra Particle SU(3)c SU(2)yp U(l)y Spin
1 &t 1 1 1 0
2 st 1 1 2 0
3 1 3 1 0
4 1 4 3/2 0

1

0

1

1/2

ZzM|2|0 b

1

1/2

Table 28: Quantum numbers of various BSM fields under the SM gauge groups and their spins.

Model No. Lepto-quark SU(3)c SU(2)y, U(l)y Spin Baryon No. Lepton No.
1 X1 3 2 1/6 0 1/3 -1
2 X2 3 2 7/6 0 1/3 -1
3 B 3 1 2/3 0 1/3 -1
4 P 3 1 -1/3 0 1/3 -1

Table 36: Quantum numbers of various lepto-quark fields under the SM gauge groups, their spins

and baryon and lepton numbers.




BSM-EFT: examples

Right handed fermion singlet (V)

A couple of vector-like fermions (XE, X~)
A scalar (®)

No. of Operators: |‘/\\\/// t No. of Operators:

87TN? 103N 413N2  3N? 397N
= I QAT f IS I f - f

Figure 11: Pie-chart showing number of operators including their conjugates for 3 distinct

scenarios.

Mass Dimension-6

Operator Class Operators (in non-covariant form)
6 HHT§2(6T)2, H2(H)2587, 53(51)3

&2 x2 B128sT, qi2ss8T, wi2sst
1

w23 X . (N7 = Ny) (eh)?s" B

w232 (Nj?)QQT&ST'D, (N})uufaaTD, (N})dd“&sT'D, (N})LLT&STD, (N})ezezfaaTD, (N?)sH'elLD
N2)ssTHLVel, (N2)66THAQT, (N2)s6THTuQT, L (N2 + N,;) L25(HT)?,

w23 f i) f 2 f I
1 2 2¢2 1 2 2
L (N? + Np)er?s26t, L (N} + Ny)et?sHET

ptp? §2(6")2D2%, 2HHs5TD?

Table 30: SM + Doubly Charged Scalar (§t+): Operators of mass dimension-6 excluding pure

SM operators. There are no mass dimension-5 operators except pure SM operators. Here, § — §+7
and 6T — 6.

Mass Dimension-5
Operator Class Operators (in non-covariant form)
0252 (NHLQx3I, (NPeluxi, (NPud(x])?, (N7 + Np)Q*(x])?, (2N})LQHX], (N})eluHx],
1
(Nf)udHTx1, (NHQ*Hxa, | Z(N} — Ny)d*Hx
Mass Dimension-6
Operator Class Operators (in non-covariant form)
@6 2x3(xD)3, 3x2(x)2HHT, 2x1 x| H?(HT)?
2 X2 Bi2xIx1, 2G1%xIx1, BiGixIx1, BiwixIxi, Giwixix,, wiZxIx,
U2 X (N7)BiLd'x1, (N7)GILdTx1, (N7)WiLd'x:
232D (2Nf)uuTX1xI’D, (2N}?)ddelx{D, (4N}")QQTX1XID, (2N?)LLTX1XID,
(N})elel“xlx{'p, (N#)eld' Hx, D, (2N3)LQTHx,D
0203 (aNPHQTdHx1x], (ANHQTuH X 1x], (NH)QTdx}, (N)QuTx3, (NH)QTetH?x,,
2N LtetHx1x], @N)LTdx]HHT, (N})LTdH ], (2N})LTd(x])?x1, (N?)LulH?x,
24 D2 axi(x})?D?, 4HH x1x]D?, Xx{H'D?
Table 37: Lepto-Quark Model 1 (x1): Operators of mass dimensions-5 and -6 excluding pure SM
operators.
P 41




List of example models encoded in “GrIP”

MSSM and extended by :
SM and extended by : ® MSSM:
® Singly Charged Scalar; “NMSSM;
® Doubly Charged Scalar: ® Supersymmetric Pati-Salam;
| ’ ® Minimal Supersymmetric Left-Right models.
® Complex Triplet Scalar;
®SU(2) Quadruplet Scalar; Models below electro-weak scale.
" SU(2) Quintuplet Scalar, SU(3)c ® U(1)em and extended by additional :
® Left-Handed Triplet Fermion; ®Scalar Dark Matter:

®Right-Handed Singlet Fermion;

® Vector-like Fermion Dark Matter.

® Scalar Lepto-Quarks;
®SU(2) Doublet Scalar (with different hypercharge); | UV models:
®Real Triplet Scalar;

® Two Higgs doublet;
® Color Triplet Scalars and Sterile Neutrino;

®SU(2) Triplet and Quadruplet Fermions.

® Minimal Left-Right Symmetric;

® Pati-Salam:;

® SU(5) Grand Unified models.




o o - - - 1
Part C: Impact of the effective operators |
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Impact of the effective operators

Scalar field redefinition Gauge field redefinition
o emme s
T n‘ S
. o™ R
) :
Z Y(¢ W) Zz k’”(d) A )
V(@)
|
| .
' .:'
.
‘s """"
. _ Gauge |a"
* Scalar Fermion Boson |e..
,* " Mass Mass Mass | e .
't
Y 4
' :
’ .
! ¢4b2
! 2 43
h6 WP

44
¢', A’ are redefined scalar and gauge fields



Effective operators and their impact on observables

Observables

Effective lagrangian terms

Weak mixing angle (6y)

Fermi constant (G )

p parameter

L5, A}) + 3z [¥?¢*D + *]

Oblique parameters (S, T, U)

Lhin(AL) + LEn(¢/, AL) + 5 [#4D? + $2X7

Magnetic moment

C}\/{[ajo'r'ana (¢/7 w) + # [sz(ZSX]

Lepton Flavor Violating (LFV) and

Lepton Number Violating (LNV) processes

ﬁ}\/lajorana(qb,’ w) + El;}zn (¢/7 A:,l,) + % [¢4D2 + ¢2¢3]

Scalar Quartic couplings

V(¢) + azl0°]

Table 26: Low energy observables and their origin in effective lagrangian.
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Weinberg’s angle Fermi constant and rho-parameter S, T, U parameters

1 N Py 2

2
g M . ) 74 . | N Y . ljl v
%% A W

Iy,v, (p*) = [o + M2p® + Iup* + O(p°)]v,v; -

(a) ()

Rare pr :Liv n LEV

A, i 7
fr
N\ IF LT
i > - P - L m
Pi 5FF
fi

(a) Y?¢pX: effective magnetic moment vertex

Amplitude = \;jx ; N

l'm (V)

(b) l; — lj~: singly and doubly charged scalars (c) li = ln: dollbly charged scalars
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gExample§: priduction and c}egziy f ar

How does the collider phenomenology get affected ?

—

—

(a)

(b)

7/
7
\ 7
7/
7/
7
7/
Z,’)’ = ~
q DR
~
~
~
~
o
production @ LHC
q1 q q qs3
W Z,7,W -~
- TETH(HY)
REErEE o 6 (H)
W=(2) Z, v, WF T~ o -
q2 q q qa
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— ‘v

+
ars,

decay modes

5::
(b) 6% — 1= — [
~
~
S
~
0Tt (HT) . W+, Z,~
~ Z,y
~
~ AVAVAVAVAVAVAVAVAVAVAV: ¢
- N
”
”
//
0~ (H") - W=, Z,~
”
”
-~
(c) " (HY) =6~ (H")-W" Zy-W",Z,y (d) Z,y—=6""(H") -6 (H")




Formalism

What else...

1.

2.
3.
4.

Scattering amplitudes and invariant structures.
Implementation of space-time symmetry beyond 3+1.

Application in GR-EFTT.

Methods for invariant polynomial computation apart from HS.

Phenomenology

1. Covariant formulation of BSM-EFT.

2. EWPO and Low energy observables in the light of effective
operators.

3. Readdressing the exclusion limits of BSM parter space in presence
of effective operators.

4. Addressing “semi-inverse” problem using “CoDEx” and “GrIP”.




