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Overview
Y Introduction: stepping beyond the SM

) The EFT paradigm: a bridge between the unknown and the observed
) Model building through invariant polynomials - The Hilbert Series program
Y The building blocks
> Automating the cumbersome
Y EFT Diagrammatica: Re-thinking Model Discrimination
) Assumptions (abiding by a notion of minimalism)
Y The building blocks
) Implementation for SMEFT

) Challenges



Stepping beyond the SM

New Physics




Stepping beyond the SM

Dark Matter, Dark Energy

Neutrino masses

Shortcomings of the / :
= New Physics

Standard Model

Matter - antimatter
Asymmetry



Stepping beyond the SM

Grand Unified Theories

Supersymmetry

Remedial Proposals

\ New Physics
RN

Minimal Extensions of the
Standard Model



Stepping beyond the SM

Mathematical elegance

Lack of direct detection — . .
alone is insufficient

New fields == New scales ,  Physics at the interface
(Characterised by particle masses) can be tricky

New Physics

/N

How to pinpoint
—  the most appropriate
UV completion?

Multiple models offering similar
bredictions

|

The aim

Formulation of a framework well - equipped to handle multi-scale theories, while also providing the
platform to conduct comparative analyses between multiple Beyond Standard Model (BSM) proposals.




Stepping beyond the SM

The aim

Formulation of a framework well - equipped to handle multi-scale theories, while also providing the
platform to conduct comparative analyses between multiple Beyond Standard Model (BSM) proposals.

Effective Field Theory

Only valid between two fixed energy scales Same predictions as the “full” high scale theory Dynamics encapsulated within higher order interactions
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The EFT paradigm

SM + EFT = SMEFT

1

o0 N
LsverT = LM + Z Z Al

n=>5 1=1

/

n—4)

/

SMEFT

Lagrangian

C; O;

High energy
scale

Wilson
Coefficients

Effective
Operators




The EFT paradigm

n=>5 1=1

oo N
Lsm + Z Z A(nl_4) C; O;

— Describe the propagation
of fields

Kinetic terms

Describes the interactions between all /
known particles and the agents of \

fundamental forces
Describe the interactions

Potential terms —>
among fields




The EFT paradigm

o0 N :
1
»CSM =+ Z Z A (n—4) C”L OZ How do we know which

n=>5 i=1 terms must be present
' in the Lagrangian ?

— Describe the propagation
of fields

Kinetic terms

Describes the interactions between all /
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among fields




The EFT paradigm

o0 N :
1
»CSM =+ Z Z A (n—4) C”L OZ How do we know which

n=>5 i=1 terms must be present
' in the Lagrangian ?

l

Observations

Kinetic terms —» Describe the propagation (Resonances, Decay patterns)
of fields l

Describes the interactions between all

known particles and the agents of \

How nature works must be

fundamental forces reflected in the Lagrangian

Describe the interactions

Potential terms —>
among fields




The EFT paradigm

o0 N :
1
»CSM =+ Z Z A (n—4) C”L OZ How do we know which

n=>5 i=1 terms must be present
' in the Lagrangian ?

— Describe the propagation
of fields

Kinetic terms

A first principle

: : . theoretical prescription
Describes the interactions between all P P

known particles and the agents of \

fundamental forces
Describe the interactions

Potential terms —>
among fields




The EFT paradigm

oo N
Lsm + Z Z A(nl_4) C; O;

n=>5 1=1

|

High energy scale




The EFT paradigm

oo N
Lsm + Z Z A(nl_4) C; O;

n=>5 1=1

|

High energy scale

/

Mass of the lightest “heavy field”
beyond the low energy Lagrangian

4 - Fermi theory mw

NREFTs (HQET, NRQCD) i "M@




The EFT paradigm

oo N
Lsm + Z Z A(nl_4) C; O;

n=>5 1=1

|

T

Mass of the lightest “heavy field”

High energy scale

beyond the low energy Lagrangian

4 - Fermi theory

NREFTs (HQET, NRQCD) :

SMEFT

7

LepT is valid between two scales Al, Ao with A <Ay

Up (246 GGV)

A (Unknown / Model dependent)




The EFT paradigm

co N
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oo N 1
Lsv + 25 Zl A(n—4)

The EFT paradigm

Effective
Operators

Wilson
Coefficients

/!
AN

Description of BSM physics
through SM d.o.f:s

Exhibit departures from | add
to the SM predictions

Parametrize the signatures of
individual operators
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The EFT paradigm

Effective
Operators

Wilson
Coefficients

/!
AN

Description of BSM physics
through SM d.o.f:s

Exhibit departures from | add
to the SM predictions

Parametrize the signatures of
individual operators

Encapsulation of BSM
bropagators within
contact interactions
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Lan + 25 Zl A(n—4)

The EFT paradigm

Effective
Operators

Wilson
Coefficients

/!
AN

Encapsulation of BSM
—_ bropagators within
contact interactions

Description of BSM physics
through SM d.o.f:s

,» Violation of flavour symmetry.
Exhibit departures from [ add accidental symmetries

to the SM predictions

> Novel interactions

Parametrize the signatures of
individual operators




The EFT paradigm

c© N 1 Model Independent | Model Dependent
»CSM + E E A(n—4) CZ Oz .....................................................
n=>5 1=1 3 In principle, an Specific subsets
T Effective exhaustive set of are relevant for
Operators operators must be specific BSM
taken into account. scenarios.
Exact origin of the Interrelations exist
operators remains between effective
unknown. operators and BSM
: interactions.
C V\;ﬂsc‘)n WCs - free parameters : WCs - functions of
OEIICICnts BSM parameters
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The EFT paradigm

Effective
Operators

Top-down

Wilson
Coefficients

Top-down

Complete set of effective
operators

Top-down

Bottom-up
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The EFT paradigm

Effective

Operators

Operator

basis

Mass Dimension

(>3)




The EFT paradigm

ESM ™ Z Z A(n 4)

n521

T Effective
Operators

Operator
basis

Mass I?>|ns1)en5|on —_— S = / d*z L is dimensionless

()
pl=1, [W]=3/2, [Al]=1 [D,)=1

(scalars) (spinors)  (vector bosons)  (derivatives)
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The EFT paradigm

Effective

Operators

Operator

basis

Of the same mass
dimension

Mass Dimension

(>3)

Define an order in
the EFT expansion

Orders of the
EFT expansion
characterised by
the powers of

1

A
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The EFT paradigm

Of the same mass

Define an order in
the EFT expansion

dimension
Effective q
Operators
Oper:iltor P
basis
Removal of
redundancies

Mass Dimension

(>3)

Orders of the
EFT expansion
characterised by
the powers of

1

A
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The EFT paradigm

Of the same mass

Define an order in
the EFT expansion

dimension
Effective q
Operators
Operator P
basis
Removal of
N = 2,84, 30,993, ... redundancies

Mass Dimension

(>3)

Orders of the
EFT expansion
characterised by
the powers of

1

A




Questions encountered thus far...

How do we know which terms must be present in the Lagrangian ?

How do we assemble the interactions /
construct operators for SM, BSM, SMEFT,

/ WET(LEFT), BSMEFT etc. at different orders of
EFT ?

Encapsulation of BSM propagators within contact interactions.

Which of these interactions / operators can be

Removal of redundancies » included in a complete and independent set ?




Symmetry

Model building and cataloguing



Symmetry

Model building and cataloguing

field transformation under
a local (gauge) symmetry
described by a Lie group

gauge invariance necessitates
the introduction of a
covariant derivative

the requirement of a
“covariant”
transformation

l

defines the
transformation law of
the gauge fields

¢ —U(x)p, Ux)eG

Aa ) .
— - a ma gauge fields

T'A - symmetry generators

D¢ = Ulz) (Duo,

AT =A, —-UA U +iU0, U




Symmetry

Model building and cataloguing

Conservation laws
(Invariant quantities)

Space-time symmetries

Internal symmetries

Accidental symmetries



Model building and cataloguing

Conservation laws
(Invariant quantities)

Space-time symmetries Internal symmetries Accidental symmetries
Symmetry

l

Described by the Poincare
group in 3+ | dimensions

for SM and SM-like proposals

l

Fields & representations of

SO(3,1) or SU(2) x SU(2)




Symmetry

Model building and cataloguing

Conservation laws
(Invariant quantities)

Space-time symmetries

Internal symmetries Accidental symmetries

l

Well-defined patterns followed
by a collection of fields

l

SUB)e ® SU(2)L @ U(l)y

(For the Standard Model)




Model building and cataloguing

Conservation laws
(Invariant quantities)

Space-time symmetries Internal symmetries Accidental symmetries
Symmetry

A hierarchy of such symmetries along with sequences of
symmetry breaking can unveil chapters in cosmic history

SU4)c ® SU(2);, @ SU2)r

v
SUB)c @ SU2)L @ SUR2)r® U(1)p_r

v
SUB3)c ® SU2)L ® U(l)y

v
SU(S)C’ X U(l)em



Symmetry

Model building and cataloguing

Conservation laws
(Invariant quantities)

Space-time symmetries

Internal symmetries Accidental symmetries

l

Baryon and Lepton number conservation in SM

(Need not be preserved in BSM extensions)



Symmetry

Model building and cataloguing

Conservation laws
(Invariant quantities)

Space-time symmetries Internal symmetries Accidental symmetries

The fields of SM and their transformation properties (codified in terms of quantum numbers):

1L(3,2,1)
U
R(3,1,2) B,i1,1,0) I=1,23
I B R
AR(za-y)  Weoso  Hipgoy A=1,..8.
G4 gy \ } =0,1,2
ZL(1727_%) | ,u(87 70) | Y 19/ O, ] ,3
| spin-0
CR(1,1,—1) .
\ } spin-1 \
\ -
spin-1/2 P Spin assigned based on the transformation

property of the field under the Lorentz
group SO(3,1)




( A
Symmetry

. ,

(" )

.

Building + Cataloguing

y,

Model building and cataloguing

|
|
|
|
| )
Space-time symmetries | Internal symmetries
|
|
|
|

i Accidental symmetries
{(0,0)(0"9), (@V”DW), Te(F* Fu)p —> \/ _:" \/
{6, %, ¢°, ¢*, ¢°} -~ {4 ¢") ™ v
{(Yr YR, YL YR O, Yo" YrEL Y= {Yr YR o} - v
(W2 62, Ub p 02 03) Y — (Y} n 2UR)

specific operators, e.g., I1, ¢3

can be further filtered out



Challenges associated with model building

Increase in number of fields \
Increase in complexity
\ remedy ?

/ Source of error > Automation
Increase in mass dimension T

Interrelations among /

operators: redundancies

v

algorithm ?



Hilbert Series: a prescription for constructing invariants

Complex scalar fields with U(1) symmetry — a toy example

Transformation i0 o 0 % = « I\ . . .
property: o —> e ¢, ¢ —e ¢ h:ZCn(¢¢) :1+(¢¢)+(¢¢)2+(¢¢)3+
: n=1
Possible ( ¢* ¢)n An infinite series containing all possible invariants
invariants: :
: 177 df 1 dz 1
Number of invariants for each n =1 h = % 0 (1 . ¢€z’0)(1 . ¢* 6—@'0) - 2—m =1 > (1 . ¢Z)(1 . @)
.................................................................................................... H/_/Z

:(1—gbz) (1—§>:_1 — exp :—log(l—gbz)—log (1_§>: ~ exp i (92 i <¢*>T% 4

r=1 r=1

X dz = (02)" = [(o*\" 1
hﬁ/—w ) = % 1 z eAp Z r | Z <? I
Hilbert Series #1= HaaI:n/e.;sure _r=1 r=1 ]

Plethystic exponential



Hilbert Series: a prescription for constructing invariants

Complex scalar fields with U(1) symmetry — a toy example

Integration measure Generating function 2 el 1
Z
' }
dz o0 (¢2)" 9 o*\" 1_ T T “Characters” corresponding
h (g, 0*) = 7{ i exp [ Y >3 (—) - to +1,-1 charges of U(1)
N 2|=1 2 — — \ Z T
Hilbert Series Haar - N - - .
Plethystic exponential
General case
" XR(Z;) Underlying principle
PE[p,R] = exp | )
r
r=1
for a spurion ¢ transforming under representation R of a Lie group f (Z]) — Z &) Xi(Zj)7 / dp xi(2) X; (2) = 0i)

z; — variables parametrizing the character 7 — rank of the group 2
characters of compact Lie groups form an

L. Lehman, A. Martin (2015), arxiv: 1503.07537 orthonormal set of basis functions on z;




Building blocks

For SU(N)
71 1
X(M<€)) - |€ , € .oy ,1‘
r1,72,...,’TN—-1 | .N N-2
T eV VT2 e 1
(character formula)
el € EiN_l 1
€5 €5° €5 1
€ e, e N | =
numerator : : :
1 9 N-—-1
En €N €N 1
611\7—1 eiv_2 e% €1
N—1 N—2 2
€ € € €9
N—1 N-2 2 2 2
€ , € e 61 =1 , ,
N—-1 N—2 2
denominator €N €N €n €N

M (e) = diag(eq, €2, ..., €x) denotes a particular representation of SU (V)

1,79, ....,TN_1 € Z,such that r{ >ry9 >---ry_1 >0,

obtained from the Dynkin labels of the representation.
\ )

—

Cartan subalgebra

N-—-1
1 dz
/ dprsu(ny = N1 ]{ _ZA Afe).
SU(N) (271) Nl Jiz|=1 ;27 & :

L (formula for Haar measure) ‘
1 Vandermonde
= H (Ea — Eb) determinant
: 1<a<b<N
1

Vandermonde

determinant

related to co-ordinates
of the maximal torus




Building blocks

Characters and Haar measures w.r.t. spacetime symmetry

Note: — The derivative is a singlet under the internal symmetry groups and only transforms under the Lorentz group.

Issues:

> Inclusion of derivatives brings into picture redundancies due to Equations of motion (EOM) of the fields and Integration by parts (IBP)
relations between different operators with identical composition.

> S0O(3,1) 1s a non-compact group on account of the Minkowskian metric and the Haar measure 1s only defined for connected, compact groups.

l remedy ?

we first shift to the Euclidean group SO(4) (more appropriately, the conformal group SO(4,2)) and we express 1t as the tensor product SU(2);, x SU2)r

l

Subtraction of EOM and IBP redundancies 1s automatically implemented when conformal characters are taken into account

(Once again, by exploiting character orthonormality)




Building blocks

X[l 0. 0)](’D a, ) =D PY(D,a, ) x [1 —DQ]

.. | 3, i 1 1\
Xisq1.0y(Ds@B) =D PY(D,a,B) x (a + —) -D (»3 + 7)
Characters under the 1 ! - B
conformal group for fields ,. ( 3 ¢ ,, e 1 1Y\
with spin-0, % and 1. Xg);((),%)](p’ a,3) =D> p4) (D, a, 3) X (J + 3) — D (0‘ + g)
@ (D) =D PI(D,a,8) x |(a? 41+ =) -D (a+~)(s+)+D
X[2;1,00\ 7 % ) = a2 a)\" B
) (D,a, B) =D* PY(D,a,B) x | A’32-i—1+i - D a-+l "3-!-1 + D?
X[?_;(_O,l)] » Sea f - P | .8'2 e " 3
—1
proan=[o-van(i-2)0-2)(0-%)
1
Full Hilbert Series H = / POD.a.5) " dusu2)xsu ) (@ B) X dusy ) (21, 22) X dpsy2)(y) X duga)(z) X PE[Y, ¢, X

PE[4, ¢, X] = PE[¢, R] x PE[$, R] x PE[X, R

B. Henning, X. Lu, T. Melia, H. Murayama (2015), arxiv: 1512.03433 -  For SMEFT
B. Henning, X. Lu, T. Melia, H. Murayama (2017), arxiv: 1706.08520 -  For explicit details on conformal characters



Automation

GrlP - acronym for Group Invariant Polynomials

Mathematica package available from

\4

https://TeamGrIP.github.10/GrIP/



Automation

GrlP - acronym for Group Invariant Polynomials

Mathematica package available from

\4

https://TeamGrIP.github.io/GrIP/ U Banerjee, ] Chakrabortty, S Prakash, SU Rahaman (2020), arxiv: 2004.12830

Functionality

User friendly interface:

¥ Model info (symmetry information, field content) read through an input file
» Commands entered through a notebook file

¥ Results displayed on the same notebook file

¥ Familiarity with characters, Haar measures and Hilbert series is not required
Additional capabilities:

> Filters based on the degree of baryon and lepton number violation
> Number of fermion flavour can be modified




GrlP - acronym for Group Invariant Polynomials

\4

https://TeamGrIP.github.10/GrIP/

Functionality

Automation

Mathematica package available from

User friendly interface:

¥ Model info (symmetry information, field content) read through an input file
» Commands entered through a notebook file

¥ Results displayed on the same notebook file

¥ Familiarity with characters, Haar measures and Hilbert series is not required

Additional capabilities:

> Filters based on the degree of baryon and lepton number violation
> Number of fermion flavour can be modified

ModelName="StandardModel"

User Input : Symmetry Groups

SymmetryGroupClass = {

Group[1l] = {"GroupName" -> "SU3",
"N oy 3

}s

Group[2] = {"GroupName" -> '"Su2",
NN Ly 2

}s

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

}

}s

User Input : Fields and their properties

FieldClass={

Field[1]={
"FieldName"-> H,
"Self-Conjugate"-> False,
"Lorentz Behaviour"-> "SCALAR",
"Chirality"-> "NA",
"Baryon Number"-> 0,
"Lepton Number"-> 0,
"SU3Rep"-> "1",
"SU2Rep"-> "2",
"UlRep"-> 1/2},

Field[2]={
"FieldName"-> Q,
"Self-Conjugate"-> False,
"Lorentz Behaviour"-> "FERMION",
"Chirality"-> "1",
"Baryon Number"-> 1/3,
"Lepton Number"-> 0,
"SU3Rep"-> "3",
"SU2Rep"-> "2",
"UlRep"-> 1/6},




Automation

GrlP - acronym for Group Invariant Polynomials

Mathematica package available from

\ 4
DisplayHSOutput["MassDim" » 4, "OnlyMassDimOutput" » True, "AB" - "NA", "AL" - "NA", "Flavours" -» Nf];

https://TeamGrIP.github.10/GrIP/ . : ] . .
DisplayBLviolatingOperators["HighestMassDim" -> 15, "AB" » 1, "AL" -> -1, "Flavours" -> Nf];

First instance of AB = 1 and AL = -1 occurs at mass dimension 6,

Operators:

Functionality

1 2 1 1
gLNf2Q3+ gLNf4Q3+dLNf4Qu+ 5ele3Qzu+Eele4Q2u+dele4u2

User friendly interface:
¥ Model info (symmetry information, field content) read through an input file

) Commands entered through a TlOtebOOkﬁle FieldName | Self-Conjugate | Lorentz Behaviour [Chirality |Baryon Number | Lepton Number | SU3Rep | SU2Rep | UlRep
H False SCALAR NA 0] 0] 1 2 ;
¥ Results displayed on the same notebook file 2 Fatse FERMTON T 3 ‘ T B
u False FERMION r 2 0 3 1 g
051 0 5 5 5 5 5 . d False FERMION r & 0 3 1 _1
2 Familiarity with characters, Haar measures and Hilbert series is not required - — —— - : — —
el False FERMION r 0 -1 1 1 —21
Bl False VECTOR 1 (0] (0] 1 1 (0]
Additional capabilities: T False VECTOR T 6 R Ll e e
Gl False VECTOR 1 0] 0] 8 1 0]

> Filters based on the degree of baryon and lepton number violation
> Number of fermion flavour can be modified




Automation

Limitations

> Only works for spin - 0, 1, 1/2 fields in 3+1
space time dimensions.

Mathematica package available from 2 Only reports operators in a complete and

v independent basis, no provisions for
Green’s basis

> Results are reported in “raw” form

GrlP - acronym for Group Invariant Polynomials

https://TeamGrIP.github.10/GrIP/

Functionality ¢° — (H')3H3 l
¢*D?* - 2(H")?H?D?
User friendly interface: X° = Gy + Gy + Wi + Wy
2 Model info (symmetry information, field content) read through an input file Y26’ = e H*H' + q'd H*H'" + q'uH (H")?

¢*X? 3 H'HG?2 + HYHG% + H'THW?2 + HHHW3Z +
H'HB? + H'HB? + H'HB,W + H'H BRWg
V20*D - ele HHHD + 2U'IH'HD + «'uH'HD + d'dH'HD +
2¢'¢H'HD + u'd H*D
V20X s> lleHBr + l'le HWgk + q'dHBr + ¢'d HWg + ¢'d HGR +
L . duH B + ¢uH" Wg + ¢'uH' Gy
Additional capabilities: o = 2(a1)2¢% + 2¢tqitl + (122 + (eD2e? + (whu? + (dh)2d? +
> Filters based on the degree of baryon and lepton number violation cteuty + etedtd + 2utudtd + iete + futu + ftdtd

) Number offermzonﬂavour can be mOdlfled ¢'qgele + 2¢'qulu + 2q¢'qd'd + lted'q + 2Ueq'u + 2 (¢")*ud+

» Commands entered through a notebook file
¥ Results displayed on the same notebook file

¥ Familiarity with characters, Haar measures and Hilbert series is not required

l¢° + ¢°eu + deu” + luqgd

(Dimension 6 SMEFT operator basis)




SMEFT (d = 6) operator basis

1§ X 2% H® 3: H*D- 5:9Y2H3 + h.c.
Qa | fAPCGLYGJPGE"  Qn | (H'H)*  Quo (HTH)O(H'H) Qe | (H'H)(lpe,H)
= | fAB0G G ra " Qup | (H'D,H)" (H'D,H) Quu | (HH)(gu,H)
Qw | VKWW ew i Qan | (H'H)(gyd, H)
QW/ GIJK/V‘\;;{VW{/],OWP}{;L
4: X2H? 6:v2XH +h.c. 7:2H2D
Que | H'HG,, G4 Qew | (lpo*e,)T' HW,, =) (HYD ) (I7"1,)
we | HHHGAGA Q. | (l,o"e,)HB,, 3) (H'i DL H)(T,7v#1,)
Quw | HYHWI W™ Qua | (qo"'T"u,)H G3, Qe (H'iD ,H)(Ey"er)
v | HHHWIL W Quu | (g0 u,)r! HW, Q%) (H'i'D ,H)(3,7"q,)
QHuB H'H BB QuB (Gpo* u,)H B, QQZ, (HT’i(BﬁH)(—pTI’Y“qT)
us | H'HBLB™  Quc | (@0™T4d,)H G2, Qma | (H'D . H)(@yy"u,)
Quws | HFTHWLB»™  Quw | (g0*d,)r T HW], Qua (H'i'D ,H)(d,~"d,)
Qg | HITTHW], B Qu | (G,0*d,)H B, QHua + hec. | i(HID,H)(a,y"d,)

B Grzadkowski, M Iskrzynski, M Misiak, ] Rosiek (2010), arXiv:1008.4884



SMEFT (d = 6 ) operator basis continued ...

8 : (LL)(LL) 8 : (RR)(RR) 8: (LL)(RR)
Qu (Lpyule) (Lsy*1e) Qee (Epyuer)(Esy*es) Qe (lpYulr) (Es7*et)
o (@pYpqr)(@s7"qe) Quu (Upypur) (s ue) Quu (LpYulr) (TsyHut)
w | @7t @) (@Y%) Qua (dpyudr)(dsy*ds) Qua (Lpvulr) (dsy*de)
QW | Gl @"e)  Qew | (Epyuer)(@sy ur) Que | (@wma)(E"er)
S Qi) | Gy )@ @) Qea (épwefr)({w“dt) - (Tpypgr) (Usy ur)
Conserving QY | (apyuur)(dinydy) & | (@ T A (@ T4 uy)
Q%) | (apyuThuy)(dy*TAd) QL) | (@ vugr)(dsndy)
Qi | (@ T¢r)(dy"TAdy)
8:(LR)(RL) + h.c. 8 : (LR)(LR) + h.c.
Queag | Ber)(dat;)  Quupa | (@ur)ejr(@hdy)
Qf,i)qd (GFT A )ej(GETdy)
Ql(;(),u (I er)ejn(qhue)
Ql‘?éu (D ower)en (@5 o u)

B Grzadkowski, M Iskrzynski, M Misiak, ] Rosiek (2010), arXiv:1008.4884



Operator - observable correspondence

[ ¢2¢2DJ ] - Weak mixing angle - 0, 1 ( EWPO-LO : ]
~ | [ Formi Constant - G {Qup, Quwn, Q). Q% Q4. Q%) Qrre, Qrrus Qrras Qu)
— p — parameter :
o ) - { EWPO-NLO-I : )
>¢2X21 — — | Oblique parameters- S, T, U | {Qup, Quw, Quo}

( Higgs Signal Strength (HSS) :)
EWPO-LO + EWPO-NLO-1 4+ {Qpu, Qur, Qin, Qen, Qc, Qua}

[ b2 X] S [ Magnetic Moment ]

—_— [ Scalar Quartic Coupling(s)

At the level of operator class At the level of individual operator

or groups of operators

W Buchmuller, D Wyler (1986) SD Bakshi, | Chakrabortty, M Spannowsky (2020), arxiv: 2012.03839
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Model discrimination

Popular approach

Integrate out igher (>4) mass connect to look for Judge the
Choose a UY mode] —mm ™ ——— > 'S Relevant _ )
heavy fields dimensional SMEFT operators — > Observables o malics validity of the

chosen model

Our proposed approach:

Observable identify Relevant SMEET Unfold Feymman disgrams Using symmetry i Iden‘l':yld
EEEEE— —— > heavy fie

showing anomalous EEE—

. operators
behaviour p

into
arguments propagators

SD Bakshi, ] Chakrabortty, S Prakash, SU Rahaman, M Spannowsky (2021), arxiv: 2103.11593



Effective Operators -> Feynman diagrams



The building blocks: Tree-level diagrams

Lorentz invariant unfolding (szmple examples)

¢4

Fermion



Lorentz invariant unfolding (szmple examples)

— E(

¢4

)(

/ \
\
__I___.I__

T
-4
I
;.

The building blocks: T-loop diagrams

-{
L -
]
\

— X U )

Fermion



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (scalar sector)

o1 0 ¢1\ , 24 91 , P
N / \ / N /
N b / N/ N7
e * SYp—— < X X
/ \ / \ /7 \
/
D2 4 \\<I> ¢2// \\¢3 ¢2// \\q)s
V1 V2 Vo va

Assumption - all incoming fields at each vertex



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (scalar sector)

o1 0 ¢1\ , 24 91 , P
\ / \ / \ /
\ o / N/ N7
- - * SYp—— < X X
/ \ / \ /7 N\
/
O » \\@ ¢2// \\¢; ¢2// \\q)s
V1 V& V3 V4



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (scalar sector)

o1 @ ¢1\ , 24 91 , P
N / N / N Y,
\ o / \ / N/
e * D X X
/ \ / \ /7 \
/ \ /7 \
02 4 N\ D3 ¢2// \\¢; P2 » \ @3
V1 V& V3 V4

¢1 — H or Ht b, € (RCQ,RLQ,YQ), by € (RC’37RL37Y3)
with
RCQ & RCg — ]-7 RL2 X RLS — 2, Yz —+ Y3 — O

DO | —




The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (scalar sector)

o1 0 ¢1\ , 24 91 , P
N / \ / \ /
N o / N\ 7 N7
- : Pl = = = — < X X
/ \ / \ /7 N\
/
O » \\@ ¢2// \\¢; ¢2// \\q)s
V1 Va V3 V4

(Z) qbl — ¢2 — ¢3 — H or I{]L —> (1)4 = {(1747 :_5)7 (1727:_5)}

(i) pr=¢2=H, ds=H' = P24c{(L4F5) (L27F5)}




The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (scalar sector)

o1 @ ¢1\ , 24 91 , P
N / N / \ Y,
\ o / \ / N/
- - -t % boe oo v X
/ \ / \ /7 \
/ \ /7 \
02 4 \ D3 d)g// \\¢; P2 » \ D3
V1 V& V& V4

(i) p1 =H, pop=H' = &3 € (Re,Rr,Y), 4=}
(ZZ) ¢1 :¢2 = H or HT — (1)3 - (RC;g)RLg)YB)) (1)4 - (RC47RL47Y4)7
with
Re, ® R, =1, Rp, ® Rp, = 1 or 3, Ys + Y4 = F1,




The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (Yukawa sector)

(1 v X, vy

\ /
/
e 0 v v O — — — —
/
/ \
() 0/ U Wy

VS V6 V7 V8

Assumption - all incoming fields at each vertex,

arrows not shown explicitly



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (Yukawa sector)

(%) Y1 = Y2 = e@,1,—1)
(1) Y1 =2 =115 1)

(119) Y1 = Yo = d(31, 1,
N S
" (1v) Y1 = P2 = Ye,1,2)

V5 (V) Y1 =P = 9(3,2,1)

¢ e (1,1,2)

¢ (1,1 Or3,1)
_ 2

b & (3 Of6,1,§)

_ 4
() -~ (3 or 6,1,—§)

L

® € (3or6,1or 3,—%)
(v)) (1, 92) = (Le) = @ € (1,2,7)
(vii) (1, 42) = (@ d) = ® € (lors 2, )

(wiid) (1, o) = (G q) = ® € (Lor$, 2 %)



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (Yukawa sector)

(ix) (01, ¥) = (1) = @ e (3,10r 3,%)

¢ () (. ¥) = (u,d) = € (3orb, 1,—§)
>____<1> —_—> (xz) (101, wZ) — (uv 6) = ¢ ¢ (37 17%)
%” (zii) (r, ¥o) = (d,e) = @ € (3, 1,%)
V5 7
(,CUZZZ) (%7 ?702) — (Cj, 6) — O < (3, 2,6)
(@iv) (1, 2) = (Lu) = ® € (3,2,—p)

(av) (Y1, ¥2) = (I, d) = © € (3,2 —)



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (Yukawa sector)

¢ = H ¢ = H'
y 1)y =1 = ¥ € (1,1 or 3, 0) (i)Y =1 = ¥ € (1,1o0r 3, 1)
\ (i)Y =e = U € (1,2, 1) (vie) Y = e = ¥ € (1, 2, §)

) T % 2 .
! (i) ) = q¢ = U & (3,10r3,—§) - (ai)y =q = ¥ e (3 1ors o)
h , _ 1

ve @)Y =u = Ve @2—y  (@We=u=Te@2-g
- D

6



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (Yukawa sector)

/
/

Wy
¢————< — % )=HorH =
Wy
V38

®
¢_/\ — (i) —(v) ¥ = fsm € (Re,Rp,Y) =
v
V7

\Ijl & (RclaRLle)
\IJQ ~ (RC27RL27Y2)

b & (RC’laRLUYl)
U & (RCQ,RLQ,YQ)

Re, ® Re,
with RLl 029 RL2

Yi + Y5

Re, ® Re,

with Rrp, & Rr,

Yi + Yo

|
OIS

DO | —



Operator Unfolding

Disclaimer on assumptions and ground rules

1. SM Gauge group not extended -> No heavy gauge boson propagators considered

2. Types of diagrams considered:

® For a given operator if a field appears at tree level, we have not drawn a 1-loop diagram for the same
heavy field in the context of the same operator.

® Diagrams with least variety of vertices are preferred.

® 1i-loop diagrams where the entire loop is composed of the same heavy field have been considered
® For light-heavy mixing in the loop, only a single propagator has been considered.

® Mixed statistics have been incorporated in the diagrams.

3. The considered diagrams do not form an exhaustive set.



Qur : (H'H) (3, d, H) Operator wise catalogue Qun s (HH) gy ur H)

Heavy fields Diagram Vertices Heavy fields Diagram Vertices

Q. : (H'H) (e, H)

Vi / ¢l wl / .él

(1, 2 % ) > N _e/_ . V5-(vii), V3-(ii) Heavy fields Diagram Vertices (1, 2. % ) > N _(_/_ . V- (viii), V3-(ii)
Uy ¥

\ \
\ 0 \ g

U ;0
(1, 2, %) > - .(./_ -0 V5-(Vi), V3-(ii)
Uy

\
\ Gy (3.2,7) | V5-(xiii), V5-(xiv)

V5-(v), Vo-(x) + | oo e,

V5-(v), V5-(x)

( 7) (3, 2, %) . V5-(xiii), V5-(xiv)
3,2, 5 V6-(iv) X
—————————— e _ e - ] (3v 2, _%) - — N V6-(X)
(3, 3, %) V6-(viii)
(3,2, %) V6—(x) (1a1v0)? (1a37 0) o ~ V6-(i)
) '“’ (3,1,-1), .
"""""" o NP I : o . V6-(viii)




¢4

(only a subset)

b, 15, t - generation indices

W (@p 7" qr ) (Us vy ut)

0 (@,7*" ar)(ds Y i)

e e e e e e e e e e e - w— w— ]

e e e e o e e e e e e e e -

b e e e e o e e e - m— — -]

e e o e e e - e e - - - -]

V5-(xiii), V5-(xiv)

- T e e e e e e e o o o m— m— — —

Heavy fields Diagram Vertices Heavy fields Diagram Vertices
v U2 h {1
(1, 2, %) > . < V5-(viii) (1, 2, %) > . < V5-(vii)
Us " Vs Uy
(3.1,2),(3,3,3) V6-(ii) (3,1,3),(3,3,3) V6- (i)
(3,1,-1),(3,3,-1) T V6-(viii) (3,1,-3).(3.3,-}) DN V6-(vii)
(3.2,7) o V6-(iv) (3.2,%) w V6-(v)
(3.2,%) V6-(ix) (3.2,-%) V6-(x)
V5-(ix), V5-(x) V5-(ix), V5-(x)
V5-(v), V5-(x) (3, 1, —%) V5-(v), V5-(x)
(31.-1) B ,

e —— e— — — e— e— e— — —

V5-(v), V5-(x)




77b4

(only a subset)

b, 15, t - generation indices

Vector - vector
interaction

Fierz

—_—
relations

Scalar - scalar
Interaction

W (@p 7" qr ) (Us vy ut)

Qc(;l) : (@7 ar) (ds Yy dt)

e e e e e e e e e e e - w— w— ]

e e e e o e e e e e e e e -

b e e e e o e e e - m— — -]

b e e - e e e e - - — w— -

V5-(xiii), V5-(xiv)

- T e e e e e e e o o o m— m— — —

Heavy fields Diagram Vertices Heavy fields Diagram Vertices
Uy Uy Y1 ()
(1, 2, %) > . < V5-(viii) (1, 2, %) > . < V5-(vii)
vs Uy ¥s s
(3.1,2),(3,3,3) V6- (i) (3,1,3),(3,3,3) V6- (i)
(31,-3),(33,-3) | N--1 V6-(viii) (31,-3),(33,-3) | N--1" V6-(viii)
(3, 2, g) e V6-(iv) (3, 2, %) e V6-(v)
(3.2,%) V6-(ix) (3.2,-%) V6-(x)
V5-(ix), V5-(x) V5-(ix), V5-(x)
V5-(v), V5-(x) (3, 1, —%) V5-(v), V5-(x)
(31.-1) B

b m— e e— e— — — — — — -




wll
(only a subset)

b, 15, t - generation indices

Vector - vector Fierz Scalar - scalar
interaction relations interaction
(Qp /V'LL QT) (as am ut)
=0 P &N (= =pfBB
= (@) Ona @ ) (Ug 50"77 ug )

=2(é§‘ut,5ﬂs,5q$‘)5§5@

«

= 2 (ij Ut) (ﬂs QT)

e e e e e e e e e e e - w— w— ]

e e e e o e e e e e e e e -

e e o e e e - e e - - - -]

b e e e e o e e e - m— — -]

V5-(xiii), V5-(xiv)

0 (@ ar) (Ts vy ue) Q')+ (7" ¢r) (ds vy )
Heavy fields Diagram Vertices Heavy fields Diagram Vertices
Uy Uy 1 ()
(1, 2. %) > . < V5-(viii) (1, 2, %) > . < V5-(vii)
¥s Uy vs Uy
(3.1,2),(3,3,3) V6- (i) (3,1,3),(3,3,3) V6- (i)
(3,1,-1),(3,3,-1) T V6-(viii) (3,1,-3).(3.3,-}) N V6-(vii)
(3, 2, g) o V6-(iv) (3, 2, %) s V6-(v)
(3,2, 3) V6-(ix) (3.2,-%) V6-(x)

-, — — — — e— — — — — — — — — -]

V5-(ix), V5-(x)

V5-(v), V5-(x)

b e e e e e e e e e— o




77b4

(only a subset)

b, % 5, t - generation indices

Vector - vector Fierz
. . —_—>
interaction relations
(@p 7" gr)(Us vy ut)

»_(—a H

Qp e qg) (ﬂ

b =2(q0 w, gy 5q°) 05 0L

Working in
Weyl basis

Scalar - scalar
Interaction

. =pBB

S,BO- utaﬂ)

«

= 2 (ij Ut) (ﬂs QT)

using  (0")aa (Ou)gg = 2€aBE44
(5_,u)ézoz _ 804[3 gdﬁ (O_,u)

Eag e’ = )

BB

W (@p 7" qr ) (Us vy ut)

0 (@,7*" ar)(ds Y i)

e e e e e e e e e e e = w— w—

e e e e o e e e e e e e e -

e e e e e e e e e e e

b e e w— e o - o e - w— o -

V5-(xiii), V5-(xiv)

Heavy fields Diagram Vertices Heavy fields Diagram Vertices
Uy Uy 1 ()
(1, 2, %) > . < V5-(viii) (1, 9, %) > . < V5-(vii)
¥s Uy Vs Uy
(3.1,2),(3,3,3) V6- (i) (3,1,3),(3,3,3) V6- (i)
(3,1,-1),(3,3,-3) j - ( V6-(vii) (3,1,-1),(3,3,-3) - ( V6- (viii)
(3,2,7) w”" O\ V6-(iv) (3.2,%) O\ V6-(v)
(3,2,%) V6-(ix) (3.2,-2) V6-(x)

- T e e e e e e e o o o m— m— — —

V5-(ix), V5-(x)

V5-(v), V5-(x)

e — — e e e— e— — — — -




QY+ (7" T4 q,)(ds 7, TA dy)

Qu, : (Zp Y1) (Us Yy ue) Qe : (qp Y qr)(€s Yy €t)
Heavy fields Diagram Vertices Heavy fields Diagram Vertices
¥ Uy U ()
(3.2,7) > .- < V5-(xiv) (3,2,7) > - - < V5-(xiv)
¥s3 Uy ¥s Uy
(1,3,0), (1, 1,0) V6-(i) (3, 1, %) , (3, 3, %) V6- (i)
(1,3,1),(1,1,1) - V6-(vi) (3,1,-1),(3,3,-1) - V6-(viii)
(327 | . T\ V6-(iv) (1,2,3) AN V6- (i)
(3.2,1) V6-(ix) (1,2,3) V6-(vii)
y V5-(ix), V5-(x) " V5-(ix), V5-(xi)

V5-(ix), V5-(xi)

P

f — — — — — — — — — —

Heavy fields Diagram Vertices
¥ V2
(8,2.3) > . < V5-(vii)
U P4
Q)+ (@7 T av) (@s 7 T we)
Heavy fields Diagram Vertices
3 ()
(82,3) > . < V5-(viii)
¥s (7
Q¥ @ T uy)eju(@t T4 dy)
Heavy fields Diagram Vertices

(8.2:3)

Y1 Uy
U > < 1y

V5-(vii), V5-(viii)




Qted : (I er)(ds 415)

Qe : (lp 7" 1;)(Es v €1) Qua : (lp 7" 1) (ds vy de) Heavy fields Diagram Vertices
Heavy fields Diagram Vertices Heavy fields Diagram Vertices
Vi ()
, . (1) 2a %) > - - < V5-(Vi), V5—(V11)
2 (1) () by |
3 iy
(1,2,3) > L < V5-(vi) (3.2,) > - < V5-(xvi)
3 Wy ¥s (U1
(1,3,0),(1,1,0) V6-(i) (1,3,0),(1,1,0) V6-(i)
----------- (3,1,-3) V5-(v), V5-(ix), V5-(x), V5-(xi)
(13 1) (111 . V6-(vi) (1,3,1),(1,1,1) - - V6-(vi) TN
(1, 2, %) ¢ V6- (i) (3, 2, %) AN V6-(v)
(1,2,3) V6-(vii) (3.2,-%) V6-(x) | |
Q,(Ti)qd 2 (@) ur)eji(qh dy)
(37 2, %) . " V5-(xiii), V5-(xiv) W " Heavy fields Diagram Vertices
___________ 5 (3,1,-3) V5-(ix), V5-(x)
G AN (1,2,3) V5-(vii), V5-(viii)
(3,1,-1) V5-(ix), V5-(xi)
U.z> < Uy
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Atypical cases

Operator classes containing derivatives

1. The covariant derivatives cannot be replaced with a gauge boson because electroweak
symmetry breaking has not occurred.

2. Equations of motion of the fields give relations between different operator classes, this
information can be encoded in the way we unfold operators.

o
01 { ¢3} |
\ / y o)
‘o e

EoM: D* g3 = 9y A
/7 N\ \ 1/( ‘

/ \
¢2/ \ ¢4 4)4/ \ d)z




Atypical cases

Operator classes containing derivatives

1. The covariant derivatives cannot be replaced with a gauge boson because electroweak
symmetry breaking has not occurred.

2. Equations of motion of the fields give relations between different operator classes, this
information can be encoded in the way we unfold operators.

2N { , (j)?,} 1/)1I ; ) -
e 8 A | 1
. W? (b3 — El 7#'52 \‘/ /)_ - - - _(\. ...... \ )_ o _</
At 4 ; \

/ \ p N G2y \ ¢y . N b

oy \ ¢ b1 \ b

(H'H)(H"D?H) Qers QuH, Qan
_ﬁ —~
related to Q y through IBP W2 p3
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Atypical cases

Multi-loop diagrams or multiple heavy fields

6: Y2 XH + h.c.

Qew (l_pa“”e,.)TIHW,{V

QeB (lpo’“’e,.)HBw,
2 X | _
w ¢ Qua (QPOJWTAU?')H Gﬁu

Quw | (G0 u, )T H WL,
QuB (cjpa“"u,.)f:l B

Qi | (G0 Td,)H G},
Qaw ((jp(f’“’d,,.)TIH wi

v

QdB (q_pauudr)H Buu




Atypical cases

Multi-loop diagrams or multiple heavy fields

pipX —

6:v?’XH + h.c.
Qew | (lpote, )T HW],
QeB (l_pa’“’e,.)HBW
Quc | (@™ TAu,)H G
Quw | (G0 u, )T H WL,
QuB ((jpa“”u,.)f:l B
Qi | (G0 T4d,)H G},
Qaw | (gpo*d,)T"H W),
Qie | (@po*d.)H By,




Multi-loop diagrams or multiple heavy fields

pipX —

Atypical cases

6:v?XH + h.c.
Qew (l_pcf“"e,.)TIHW,fu
Q.B (l_po’“’e,,.)HBW
Quc | (@™ TAu,)H G
Quw | (G0 u, )T H WL,
Q.B ((jpa“”u,.)j:[ B,
Quc | (Gpo*"Tdy)H G},
Qaw | (Gpovd,)T'HW},
Qas | (qpo*d,)H B,

1y

h

<«—— Multiple heavy fields in the loop




Atypical cases

Multi-loop diagrams or multiple heavy fields

6:v?XH + h.c.

Qe 4%

QeB
QuG

Qu %%

QuB
Qac
Qaw
QaB

(lyo*ve, )T HW!

v

(I,0" e, )HB,,
(§o0*TAu,)H GA

v

(Q‘pa"”u,.)rlfl WL,
(G,0"“u,)H B,
(gpo**T4d,)H G},
((jp(f’“’d,,.)'rIH wi

nz

(Gz0**dy)H By

¢\ "pl

<«—— Multiple heavy fields in the loop

1y

Magnetic moment interaction

(Y opw Yr XH)



Atypical cases

Multi-loop diagrams or multiple heavy fields

6: Y2 XH+ h.c.
] MV I |
Qew (lyo"Ve,)T HW;w ¢ . Wy
2 Q.B (l_p(f“”e,,.)HB,“, \
w ¢X ﬁ QUG (qpo.ul/TAuT)ﬁ’ G;ilu ﬁ Y

Quw (('jp(f""u,.)rlfl WL,
QuB (Gy0"*u,)H B,

Qac | (qpo™TAd,)H Gy, o
Qaw | (govd,)T'HW!

nz

QdB (q_paquT)H B;w

<«—— Multiple heavy fields in the loop

Magnetic moment interaction Mass dimension
i 5 -
(YL opy Yr XH) >4



Atypical cases

CP violating operators



Atypical cases

CP violating operators

4: X2H?

Que | HYHGAGAw

1§ X<

~A Anv

‘ Qus | HYHGAGA
I Iy

Quw | H'HW, W'

QG fABCG;:\uGl?pGg'p
N ABC Av ~BpC
Qz | £4PCGGBrGSH|
Qw | /AW W rw tH

nz

| Quw | HIHW], W

Qun H'H By BR*

e IIK vy Jew K p
Qs | 7KW ewEs]

‘ Qus | H'HB,,B"

QHWB HTTIHWI V- o

JLv

Iyl v
QHWB HTT HWuuB”




Atypical cases

CP violating operators

4 : X2H?
Que | HYHGH GAw ~ 1 o5
1 - X3 — X — — & X
‘ Qs | HTHGA,GAw mE g THERe
ABCGAVGB/)GC;L .
Qe | f w GG, Quw | HIHW! wimw Dual of the Field strength tensor

N ABC ~Av BpCu —
‘QG f G“ Gu Gp ‘ ‘QHW HTHVVI Wl/u/

nz

H'H B;;BF WAV A PAOTAOl —  As ~UVPO
Qun B Tr(y v vPy7~°] = —di e
‘ Qus | H'H BB

FJ K 7 § "] K
Qw | VEWIrw WKk

s TIK i/ IvyasJ ey K 1
Qs | 7KW ewEs]

w 1 signature of CP-violation encoded
Quwp | HT HW,, B through relation between

Iyl
QHWB HtT HVV;LVBHV /}/5 and 5/“/[)0-




Atypical cases

CP violating operators

4: X2H? - 1

_ po
QHG HTHG;?UGA/“’ X,ul/ - 2 5,LL1/,00' X

i 3
1:X Dual of the Field strength tensor

~A Anv
‘ Qus | HTHGAGH

ABC ~Av (1BpCpu

Qe | 777G G PG"
N ABC Y Av BpCu

Qg | ABOGHGBrGH |
1K 15/ Jpwi K

QVV € ‘/‘/[LVWV pr &

Quw | H'HW! wiw

JLv

| Quw | HIHW], W

nz

Tr[y#4YvPy77°) = —4ietvP?

QHB HTH BMVB”V

signature of CP-violation encoded

|Q | /KWW ew | 'H BB
Qup H'H B, B through relation between
| | LV
Quwp | H'T HLVWB’ ’75 and eHvPo
HW B Y W;L/BW

SD Bakshi, ] Chakrabortty, C Englert, M Spannowsky, P Stylianou (2020), arxiv: 2009.13394
W Naskar, S Prakash, SU Rahaman (2022), arxiv: 2205.00910
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Consider SM extended with
a lepto-quark scalar

Construct the BSM
Lagrangian

(GrIP)

Validation of results

1

© — (3, 2, —) Most ubiquitous heavy field representation among our results

6

Lo = Lsy + Dy O —mg|O)° —m (H'H)(©0) —ny (0'r'0)(H'r' H)

—A1 (B070)? = Xo(OT710)? — 2" (&;; O dpo 7 + h.c.).

U Banerjee, | Chakrabortty, S Prakash, SU Rahaman (2020), arxiv: 2004.12830



Validation of results

Consider SM extended with 0 — (3,2, )
a lepto-quark scalar

Most ubiquitous heavy field representation among our results

6

Construct the BSM L@ — LSM T |D,u @‘2 - m%‘@‘Q — (HTH)(@T@) — 1)2 (@TTI@)(HTTIH)

Lagrangian —\1 (070)% = X2(07770)* — 47" (€1 O dpa I + h.c.).
(GrIP)
Intehgrate f(‘)u|tdthe QHD7 Qll7 QHuy QHd7 QHGB? Qg?}’ QS?’ Qﬁ%’ QS?}’ QHWB’ QHD’ QHB’ QHW’
eavy fie
(C DE ) QH, QG, QHG; QeHa QuHa Qdf—b Q(gz)a Qé?])a QUU7 Qdda Qrggv Ql(q1)7
ovnrX
Qeea Qeua Q€d7 Ql67 Qlu; Qld7 Qqe7 Qérlu,)n Q((;i)a Ql((:j)’ QWa Qrfjii)v Qé?, Qéi)

SD Bakshi, ] Chakrabortty, SK Patra (2018), arxiv: 1808.04403



Consider SM extended with
a lepto-quark scalar

Construct the BSM
Lagrangian

(GrIP)

Integrate out the
heavy field

(CoDEx)

Validation of results

1

© — (3, 2, —) Most ubiquitous heavy field representation among our results

6

Lo = Lsy + Dy O —mg|O)° —m (H'H)(©0) —ny (0'r'0)(H'r' H)

—A1 (B070)? = Xo(OT710)? — 2" (&;; O dpo 7 + h.c.).

QHD’ Qll’ QHU’ QHd? QH@? Qg?p QS?? nggL Qg?p QHWB) QH|:|7 QH37 QHW?
QH, QG’ QHG’ QeH, QuH; QdH’ Q((J}J)’ Qf(l?? QUU7 Qdda Qfgial)v Q(l)

lg 7’

Qeea Qeua Q€d7 Ql€7 Qlu; Qld7 Qqe7 Qérlu,)a Q((;l)a Q(S) QWa Qggd)v Qé?j)a Qgi)

lg

These are the same effective operators which reveal this lepto-quark propagator upon unfolding



Summary
> Limitations of SM -> Motivation for stepping beyond SM

) Effective Field Theories: a capable platform for comparative analyses

) The vernacular: Operators (Contact interactions); the grammar: Symmetry
> Simplify model comparisons

) Model choice must not be arbitrary,

) Repetition of elaborate computation must be avoided
Y Diagrammatic unfolding of operators reveals BSM propagators

) Enables cataloguing of new physics with respect to EFT operators

) Completes the link between observables <-> operators <-> new physics models
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