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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

/N

How to pinpoint
—  the most appropriate
UV completion!?

Multiple models offering similar
predictions

4

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 Standard Model (SM) of Elementary Particles
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The EFT paradigm

SM + EFT = SMEFT
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Mass of the lightest “heavy field”
beyond the low energy Lagrangian

] SMEFT High energy Wilson Effective
agranglan scale Coefficients || Operators
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Parametrize the signatures of
individual operators




Renormalizable Lagrangians of UV Theories (Minimal Extensions of the Standard Model)

Integrating out heavy degrees of freedom (! j(i)) . 3 5
(and / or) Symmetry breaking (G ! G) Exploiting the “Top-Down
and “Bottom-Up” machinery
| in tandem
Top - Down
Subsets ovaperato S
(The SMEFT Operator basis)
Complete set of effective operators v

A platform for conducting comparative
T analyses on the BSM proposals
Bottom - Up

(The Standard Model)

Renormalizable Lagrangian of IR Theory



Renormalizable Lagrangians of UV Theories (Minimal Extensions of the Standard Model)

Top - down analysis

Integrating out heavy degrees of freedom (! ") facilitated by
(and / or) Symmetry breaking (G"! © v
CoDEX CoDEXx: https://effexteam.qgithub.io/CoDEX/

SD Bakshi, ] Chakrabortty, SK Patra
Eur.Phys.J.C 79 (2019) 1, 21

Subsets ovaperato S
(The SMEFT Operator basis)

Complete set of effective operators Bottom - up construction
T automated through
GriP v
GrlIP: https://teamagrip.github.io/GrlP
(The Standard Model) U Banerjee, ] Chakrabortty, S PrakashSU Rahaman

Eur.Phys.J.C 80 (2020) 10, 938

Renormalizable Lagrangian of IR Theory
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Assembling EFT Lagrangians

Effective
Operators

Operator
basis

Mass Dimension
(>5)




Assembling EFT Lagrangians

Effective
Operators

Operator
basis

Mass Dimension
(>5)

—

LN R

(scalars)

S=  d'*XL s dimensionless

4
["1! 32, AZ ! 1, [D]! 1
(spinors)  (vector bosons)  (derivatives)



Assembling EFT Lagrangians

Effective
Operators

Operator
basis

Of the same mass
dimension

Mass Dimension
(>5)

Define an order in
the EFT expansion

Orders of the
EFT expansion
characterised by
the powers of

1




Assembling EFT Lagrangians

Of the same mass

Define an order in
the EFT expansion

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

Mass Dimension

(>3)

Orders of the
EFT expansion
characterised by
the powers of

1




Questions...

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

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
OcovariantO
transformation

l

defines the
transformation law of
the gauge fields

o —U(x)p, Ux)eqG

. A’ - gauge fields
_ a rma u
D, =0, —1igA, T

T4 - 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

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

QL(B,Q,%)
uR(Salv%) Bi(1,1,0) I=1.9.3
I =y~
dR(;g,l,_%) Wz(1,3,0) H(1,2’%) A=1,..8.
G \ } =0.1.,2
ZL(172,_%) \ /L(S,].,O) | Y 19/ O, ] ,3
| spin-0
CR(1,1,—1) 1
spin-1/2 Spin assigned based on the transformation

property of the field under the Lorentz
group SO(3,1)
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Symmetry
. ,
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Building + Cataloguing
. y,

Model building and cataloguing

Space-time symmetries Internal symmetries Accidental symmetries

{(0,0)(0"¢), (Vy"'Dyp), Tr(FH*Fy)} —> |

—
1415 -— {14 1Y —> |
-

!
I
(1,12, 13
I
I
11 ! 1]
(B g, GIg", Q# g FL—> {9 1R !
I
I
2 n?2 4 21 2 4 2 2
e Ry POV R)E ——> ! = {!r, 'R}

| I
: ' specibc operators, e.gl. vy
I

1 can be further bltered ou



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

: 0
Transformation 0 Y
property: | @ 7 €70, 97 = e TN h =D ca(¢79)" = 1+ (0°9) + (¢°9)* + (¢7¢)° +
: n=1
Possible (¢*¢)n An infinite series containing all possible invariants
Invariants: :
5 1 [ d6 1 dz 1
Number of invariants foreach n=1 h = — —

2w Jo (1 —¢e?)(1 —¢*e ) 2mi z|=1 % (1—gbz)(1——)

T —

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

r=1 r=1

4
. dz e (02)" = [ o "1
ooy =f 5 RS (T)
Hilbert Series 2= Haax?n:;sure _r=1 r=1 _

Plethystic exponential



Hilbert Series: a prescription for constructing invariants

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

. 1
Integration measure Generating function z and —
| | °
dz & (2)" ¢* 1 T T “Characters” corresponding
@.0) = T e (= ) !
N , 2|=1 > 7; z:: r to +1,-1 charges of U(I)

Hilbert Series

Haar measure . .
Plethystic exponential

/

General case

PE . R] = exp (i a ><7;<Z5>) Fe) = Y axita) [ dux)ng(a) = &

r=1 7

for a spurion! transforming under representation R of a Lie groug characters of compact Lie groups form an
orthonormal set of basis functions on z

Underlying principle

zi | variables parametrizing the characte | ! rank of the group

L. Lehman, A. Martin (2015), arxiv: 1503.07537



Building blocks

For SU(N)
71 1
X(M(€>) |€ ,E .oy ,1‘
T1.T79ee s TN —1 _
1472, I N —1 ‘EN EN 2, .,67].‘
(character formula)
71 N-—-1
€1 €1 E%N 1
T1 —1
€5 € € 1
€t e e N | =
numerator .
T1 N-—-1
€N €N €N 1
611\7—1 eiv_2 e% €1
N—1 N—2 2
€ € € €9
N—1 N-—2 2 2 2
€ , € sy €, 1] = , , ,
N—1 N—2 2
denominator €N €N €n €N

related to co-ordinates
of the maximal torus

M(E) — diag(el, €2,y ..uy

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

obtained from the Dynkin labels of the representation.
\ )

-

Cartan subalgebra

en) denotes a particular representation of SU(NV)

1 gl 1dz
l —1
dpsu(N) = = ]{ — A (e -
/SU(N) ) (2m’)N LV z]=1 ] th ( )
I |
(formula for Haar measure)
1 Vandermonde
= H (Ga—Eb) determinant
: 1<a<b<N
1
Vandermonde

determinant




Building blocks

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

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

ISsues:

I 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.

' SO(3,1) is a hon-compact group on account of the Minkowskian metric and the Haar measure is 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 it as the tensor product SU(2) L X SU(2)R

l

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

(Once again, by exploiting character orthonormality)




Characters under the
conformal group for fields
with spin-0, ! and 1.

Full Hilbert Series

Building blocks

X(110.0) (D>, 8) =D PP (D, 8) x [1 - D]
X(%)' | (D (Y 8) :D% p(4)(D o ‘.3) % — o + l —D |3+ l -
[%(_.13.0)] y Sy . Lk, - ¥ o ﬁ -
(4) i PO w (82D (e L)
X[%;(U’%)](D,O,.J) =Dz P (’Da3) X -<J -1 3) D (Q - (};)-
(4) 2\ 72 p(4) - 2 1 1 1 2
X[Q;(._I?O)](D,a’,,d) =D* P (’D,a',,d) X a4+ 1+ —5 | = D |a+ o B+ 3 + D

(orete) o
& (Dyaf) =D PI(D,a.8) x |(F+1+~)-D ) (54 1) + D2
X2:(0,1)) (P> @, B) = (D, 8) x (|7 +1+ 5 ) =D (a+— ]|/ Tt

PY(D,a,p) = {(1 —Dap) (1 -

1
H = / PO(D. . B) X dinsu(2yxsu2) (@, B) X dususy (21, 22) X dusue)(y) X dugay(x) 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

Mathematica based package with a user friendly interface:

.m |
® Model info (symmetry information, field content) read through an input file GriP.m
oo ® Commands entered through a notebook file ackage Grpinfo.m
> o , |
r Results displayed on the same notebook file — > % Example.nb
® Familiarity with the Group-theoretic backbone is not required 7] MODEL
o

Input files for a plethora of popular models are available with the tarball



Automation

Mathematica based package with a user friendly interface:

® Model info (symmetry information, field content) read through an input file
® Commands entered through a notebook file package
GrlP > @ Results displayed on the same notebook file
contents
®  Familiarity with the Group-theoretic backbone is not required
® Input files for a plethora of popular models are available with the tarball
SM extended by Below electro-weak scale models
Scalars Fermions Light DM candidates

Real singlet scalar Sterile Neutrino

Singly and Doubly charged scalars Left-handed SU(2) triplet fermion

SU(2) N-plet scalars with various hypercharges Right-handed singlet fermion

Scalar Lepto-quarks (with non-trivial color charges)

GriP.m
Grplinfo.m
# Example.nb
"] MODEL

Symmetries
containing SM

Singlet Scalar

Vector-like fermion pair

Pati-Salam model

Georgi-Glashow SU(5) model
Minimal Left-Right Symmetric model



FieldClass={
Field[1]={

Inl !Ut "FieldName"-> H, "Self-Conjugate"-> False, "Lorentz Behaviour"-> "SCALAR", "Chirality"-> "NA",
; "Baryon Number"-> O, "Lepton Number"-> 0, "SU3Rep"-> "1", "SU2Rep"-> "2", "UlRep"-> 1/2},

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

Field[3]={
; "FieldName"-> u, "Self-Conjugate"-> False, "Lorentz Behaviour"-> "FERMION", "Chirality"-> "r",
ModelName="StandardModel" § "Baryon Number"-> 1/3, "Lepton Number"-> 0, "SU3Rep"-> "3", "SU2Rep"-> "1", "UlRep"-> 2/3},
Field[4]={

SymmetryGroupClass ={

Group[1]={"GroupName"->"SU3", "N"->3},
Group [2]={"GroupName"->"SU2", "N"->2}, :
Group [3]={"GroupName"->"U1", "N"->1} }; ; Field[5]={

"FieldName"-> d, "Self-Conjugate"-> False, "Lorentz Behaviour"-> "FERMION", "Chirality"-> "r",
"Baryon Number"-> 1/3, "Lepton Number"-> 0, "SU3Rep"-> "3", "SU2Rep"-> "1", "UlRep"-> -1/3},

"FieldName"-> L, "Self-Conjugate"-> False, "Lorentz Behaviour"-> "FERMION", "Chirality"-> "1",
"Baryon Number"-> 0, "Lepton Number"-> -1, "SU3Rep"-> "1", "SU2Rep"-> "2", "UlRep"-> -1/2},

Field[6]={
"FieldName"-> el,
"Self-Conjugate"-> False, "Lorentz Behaviour"-> "FERMION", "Chirality"-> "r",
"Baryon Number"-> 0, "Lepton Number"-> -1, "SU3Rep"-> "1", "SU2Rep"-> "1", "UlRep"-> -1}};
FieldTensorClass={
TensorField[1]={

"FieldName"-> Bl, "Self-Conjugate"-> False, "Lorentz Behaviour"-> "VECTOR", "Chirality"-> "1",
"Baryon Number"-> O, "Lepton Number"-> O, "SU3Rep"-> "1", "SU2Rep"-> "1", "UlRep"-> 0},

1 .
Fl:-—(F“”+4FWV)
TensorField[2]={ 2
"FieldName"-> W[, "Self-Conjugate"-> False, "Lorentz Behaviour"-> "VECTOR", "Chirality"-> "1", 1 Wy B
"Baryon Number"-> O, "Lepton Number"-> 0, "SU3Rep"-> "1", "SU2Rep"-> "3", "UlRep"-> 0}, PW'::Q'(F1 — )

TensorField[3]={

"FieldName"-> (GIl, "Self-Conjugate"-> False, "Lorentz Behaviour"-> "VECTOR", "Chirality"-> "1",
"Baryon Number"-> O, "Lepton Number"-> O, "SU3Rep"-> "8", "SU2Rep"-> "1", "UlRep"-> O} };



Interface

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

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

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

In[4]:= DisplayUserInputTable

Out[4]:=
Field Self Lorentz Chirality Baryon Lepton SU3Rep SU2Rep UlRep
Name Conjugate Behaviour Number Number
H False SCALAR NA 0 0 1 2 1/2
Q False FERMION 1 1/3 0 3 2 1/6
U False FERMION r 1/3 0 3 1 2/3
False FERMION r 1/3 0 3 1 -1/3
L False FERMION 1 0 -1 1 2 -1/2
el False FERMION r 0 -1 1 1 -1
Bl False VECTOR 1 0 0 1 1 0
Wil False VECTOR 1 0 0 1 3 0
Gl False VECTOR 1 0 0 8 1 0

In[8]:= DisplayHSOutput["MassDim"—4, "OnlyMassDimOutput"—True,
"AB"—0, "AL"—0, "Flavours"—1]

In[9]:= DisplayBLviolatingOperators["HighestMassDim"—10, "AB"— +1(—1),
"AL"— —1(+4+1), "Flavours"—1]



o8 — (Hf)3H3
o*D?* — 2(H")?H*D?
Limitations X35 G 4+ G+ WP W
W2o® — e H2HY + ¢td H2HT + ¢Tu H (H)?

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

. . i / 2X2 HTH G2 HTH G2 H‘I'H ‘1'2 HTH Itr‘z
2 Only reports operators in a complete and independent basis, no oA § u f T LT RT
provisions for Green’s basis H'H B} + H'H B}, + H'HB W, + H'H BRWr

% Results are reported in “raw” form V2d*D — ele HTHD + 2U'IH'HD + w'uH'HD + d'd H'HD +

2¢'¢gH'HD + u'd H*D

V2oX s lle HBr + le HWR + ¢'dHBr + q'dHWg + ¢'d HGRr +
JuH Br + ¢ uH'"Wx + ¢'uH Gp

v = 2(g")%q% + 2¢Tq U + (I + (e)?e? + (u')?u? + (dV)%d* +

eleuwlu + e'ed'd + 2ulud'd + U'le'e + TNlu'u + "ldTd+
g'gete + 2¢'quiu + 2¢'qd'd + lTed'q + 21Teq'u + 2(¢")*ud+
lg° + g°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

EWPO - NLO
ST r Weak mixing angle - 6y, ) EWPO - LO Que » Quw » Qur .
|| w ¢ D \ (1) (3) (1) (3) QW1 QUW ) QUB ) QUU1 Qdd
"“ ¢4 o — i Fermi Constant - GF ) QHD ’ QHWB ] QHq’ 2 QH| | ! Qee, QEd! QGU! Qqe, Q|81 Q|d1 Q|U )
QHe, QHu» Qna, Qi 1.6) ~AD).0) AL AL AD
— p _parameter Q|q ’ Qqq ) qu ) Qqu ) Qud '
. F— [ Oblique parameters — S, T, U ] Higgs Signal Strength
¢2x2
T EWPO - Lol + Que » Quw » Qu1 » Qs Qs ., Qa,
QUH ) QdH ) QeH
| ¢2¢X ‘ : - [ Magnetic Moment ]
H ¢6 —— [ Scalar Quartic Coupling(s)
- : At the level of individual operator
At the level of operator class or groups of operators
SMEFT: W Buchmuller, D Wyler Nucl.Phys.B 268 (1986) 621-653 SD Bakshi, ] Chakrabortty, M Spannowsky
Grzadkowski, Iskrzynski, Misiak, Rosiek JHEP 10 (2010) 085 Phys.Rev.D 103 (2021) 5, 056019

2HDMEFT: Anisha, SD Bakshi, ] Chakrabortty, S PrakashJHEP 09 (2019) 035



Model discrimination

Popular approach

Integrate out Higher (>4 p | connect to look for Judge the
Choose a UV model ————— Igher mass dimensionai. _, _— . 4.
heavy fields SMEFT operators I validity of the

chosen model



Model discrimination

Popular approach

Integrate out Higher (>4 p | connect to look for Judge the
Choose a UY model ~——urbo—uouousuouou-—-o>p igher e, e bl _— Y
heavy fields SMEFT operators Y o, Yalidity of the

chosen model

NN

Arbitrariness in choice

Intricate procedure
Repeating this step - not
preferable




Model discrimination

Popular approach

Integrate out Higher (>4 p | connect to look for Judge the
Choose a UV model —) IghEer mdass aimensionar - _ —_— . g
heavy fields SMEFT operators I validity of the

chosen model

Our proposed approach:

' ity : Identify heav
Observable showing identi | Relevant SMEF’ Unfold . ) Using symmetry y heavy
° —
anomalous behaviour operators . Eynman diagrams field

arguments propagators



Model discrimination

Popular approach

Integrate out Higher (>4 p | connect to look for Judge the
Choose a UV model —) IghEer mdass aimensionar - _ —_— . g
heavy fields SMEFT operators I validity of the

chosen model

Our proposed approach:

identify Relevant SME Unfold Using symmetry Identify heavy

Observable showing l F di
° # —
anomalous behaviour operators . €ynman alagrams field

arguments propagators

SD Bakshi, ] Chakrabortty, S Prakash , SU Rahaman, M Spannowsky (2021), JHEP 06 (2021) 033



Observation of
anomalies

Data driven approach towards model discrimination

identify

Unfold

> Relevant SMEFT operators ————————»

into

Feynman
diagrams

Using symmetry

—_—

Identify heavy
field propagators

arguments
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The building blocks: Tree-level diagrams

Lorentz invariant unfolding (simple examples

n3

Fermion



Lorentz invariant unfolding (simple examples
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The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (scalar sector)

V1

_____

V2

/<I> ¢1\ /(134 ¢1\ /<I>4
N\ /7 N\ /
N\ /7 N\ /7
X X
/ \ // \\
/7 N\
s S 2y \ s P2s \ 03
V3 V4

Assumption ! all incoming fields at each vertex



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (scalar sector)

V1 V2

131 {(1,3,1),(1,1,1)}
131 {(1,3,0),(1,10)}

V4



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (scalar sector)

BN 0 ¢1\ /434 91 , P
N / \ / \ /
N b / N/ N7
e * SYp—— < X X
/ \ / \ /7 \
/
O » \\<I> ¢2// \\¢3 ¢2// \\q)s
V1 V2 V3 V4
l;,=HorH, !'>! (Re,,RL,,Y2), !3! (Rc;,RL;,Y3)
with

Rcchszl, R|_!R|_3:2, Y, + Yz = |

2 2

NI



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (scalar sector)

\ L@ d’l\ , O ¢1\ , O
N / N / N Y,
N b / N/ N7
> - : Pl — = — — < X X
/ \ / \ /7 N\
/ \ / \
Oy » N\ D b2 d N « b3 b2 4 \ D3
V1 V2 V3 V4

(iY!,=!,=13=HorH !4!{(1,4,"2),(1,2,"2)}
(ii)!';=1,=H, !'3=H | 14! {(1,4," %),(1,2," %)}



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (scalar sector)

o1 0 ¢1\ , 24 91 , P
A Y \ y \ y
N o / N/ N/
e * SYp—— < X X
/ \ /7 N\ /7 N\
6252// \\<I> ¢2// \\¢3 ¢2// \\q)s
V1 V2 V3 V4
(1)!'1=H, I,=H ! 3! (Re,RL,Y), Ta=13,
ii)!'1=12,=HorH 3! (Rcs,RL,;,Y3), tal (Re,,Ru,, Ya),
with

Re,! Re, =1, R, ! R, =1o0r3, Ys+ Y4=11,



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (Yukawa sector)

(1 v X, vy

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

V5 V6 V7 V3

Assumption ! all incoming fields at each vertex,

arrows not shown explicitly



The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (Yukawa sector)

(I) l,=15,= €1,10 1) ! I (1,1, 2)
w () 'i=to=lgzr2y + 11 (1,10r31)
(ii)!1=t2=dgri 2yt | | (30r612)
o0 . 3
§ (Iv) 1 =15= Uz 1,2) ! 1 (3or§1," g)
V5 (V)!1="15= Os2yy ¢ 11 (Borglor3" %)
Vi) (11, 12) = (Be) + 11 (1,27)
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1
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The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (Yukawa sector)

(IX)('1,!'2) =(q, ) 1 (8,1 o0r 3 %)
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V5 7
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The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (Yukawa sector)
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The building blocks: fixing quantum numbers

Possible SM - BSM field interactions (Yukawa sector)

/
/

' (Re,,RL,, Y>2)

41
RC1 | Rcz =1
I I
¢_ o _ | — H OrH | I 1 I (2C11§L11¥1) Wlth RLl | RL2 — 2
2! (Re, R, Y2) Yy + Y, = |
Wy
V8

)
Rc, ! Rc
, | ' 1 (Re,,RL,.Y ! ’
¢_\ — (i) ! =fsu " (Rc,RL)Y) # (Rey, Riyn Y1) with R, Ry,
v
V7

Y1 + Y5

NI



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
iInformation can be encoded in the way we unfold operators.

¢1\ { , ¢3} wll 0 , —— ¢3 5
\ . /® ,(/)2_L , / \ . ®/ WJ ) , 9
PN Wz bs = B ¥y N/ - _<\ = I I
// \\ /(//‘\\ @// \\(;):1 ¢4// \\¢2
oy \ ¢ b1 \ b :
(H H)( D?H) Qe+ Quui  Quri

related to Q. , through IBP | 2n3



Atypical cases

Multi-loop diagrams or multiple heavy fields

6:v?’XH + h.c.
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Q W ( Pif )T v (b N ¢1
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QuB (qpa“”u,.)f:[ B

Quc | (qpo"" T dr)H G, %
Qaw (cj,,o‘“’d,.)TIH wi

v

QdB (q_pauudr)H B;w

<«—— Multiple heavy fields in the loop

Magnetic moment interaction Mass dimension
11 ! — >
(!ﬂL L] ] R XF ) 4



Atypical cases

CP violating operators

4: X-H* _ 1 y
X-H! — é'“!"# X #

Dual of the Field strength tensor
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signature of CP-violation encoded
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Utility of the Prescription
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Utility of the Prescription
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Summary

Primary Aim:To pin down the correct nature of UV theory
® Formulation of a frame-work well-equipped for multi-scale theories
® Setting up a platform for conducting comparative analyses on BSM proposals

Most appropriate means N> Effective Field Theories
® Bottom-up approach extends low-energy Lagrangian to an Effective Lagrangian
® Top-down approach helps describe BSM physics in terms of higher order interactions of low energy degrees of freedom

The building blocks —> Operators

® Their construction automated through “GriP”

® Lays the foundation for constructing BSM, SMEFT, as well as Beyond SMEFT Lagrangians
® BSMEFT becomes pertinent when a new particle is discovered

To complete the link between BSM physics and observables - operator-observable as well as operator-BSM interrelations
must be catalogued

® An inverse approach via unfolding of contact interactions into Feynman diagrams facilitates the latter

® Such a catalogue informs a structured Top-down analysis on the most relevant BSM scenarios
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