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Renormalizable Lagrangians of UV Theories
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- - Integrating Out heavy degrees of freedom (2!
(and / or) |
Symmetry Breaking (6" — G)

Question that we want to address!
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O Talk is based on:
Methodologies l

EFT Diagrammatica: UV Roots of the CP-conserving SMEFT
Supratim Das Bakshi, Joydeep Chakrabortty, Suraj Prakash, Michael Spannowsky, Shakeel Ur Rahaman.
JHEP 06 (2021) 033 * e-Print: 2103.11593 [hep-ph].

Classifying Standard Model Extensions Effectively with Precision Observables
Supratim Das Bakshi, Joydeep Chakrabortty, Michael Spannowsky.
Phys.Rev.D 103 (2021) 5, 056019 -« e-Print: 2012.03839 [hep-ph].

Effective Operator Bases for Beyond Standard Model Scenarios: An EFT compendium for discoveries
Upalaparna Banerjee, Joydeep Chakrabortty, Suraj Prakash, Shakeel Ur Rahaman, Michael Spannowsky:.
JHEP 01 (2021) 028 * e-Print: 2008.11512 [hep-ph].

Characters and group invariant polynomials of (super)fields: road to “Lagrangian”
Upalaparna Banerjee, Joydeep Chakrabortty, Suraj Prakash, Shakeel Ur Rahaman.
Eur.Phys.dJ.C 80 (2020) 10, 938 * e-Print: 2004.12830 [hep-ph].

. Hilbert Series and Plethystics: Paving the path towards 2HDM- and MLRSM-EFT
Anisha, Supratim Das Bakshi, Joydeep Chakrabortty, Suraj Prakash.
JHEP 09 (2019) 035 - e-Print: 1905.11047 [hep-ph].

. 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].
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https://arxiv.org/abs/2012.03839
https://arxiv.org/abs/2008.11512
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Talk is based on:
Analysis
1. Effective limits on single scalar extensions in the light of recent LHC data
Anisha, Supratim Das Bakshi, Shankha Banerjee, Anke Biekotter, Joydeep Chakrabortty, Michael Spannowsky.

Sunando Kumar Patra; e-Print: 2111.05876 [hep-ph].

2. Effective connections of ap, Higgs physics, and the collider frontier
Anisha, Upalaparna Banerjee, Joydeep Chakrabortty, Christoph Englert, Michael Spannowsky, Panagiotis Stylianou.

Phys.Rev.D 105 (2022) 1, 016019 « e-Print: 2108.07683 [hep-ph].

3. Landscaping CP-violating BSM scenarios
Supratim Das Bakshi, Joydeep Chakrabortty, Christoph Englert, Michael Spannowsky, Panagiotis Stylianou.
Nucl.Phys.B 975 (2022) 115676 * e-Print: 2103.15861 [hep-ph].

4. Extended Higgs boson sectors, effective field theory, and Higgs boson phenomenology
Anisha, Upalaparna Banerjee, Joydeep Chakrabortty, Christoph Englert, Michael Spannowsky.
Phys.Rev.D 103 (2021) 9, 096009 + e-Print: 2103.01810 [hep-ph].

5. A Step Toward Model Comparison: Connecting Electroweak-Scale Observables to BSM through EFT and Bayesian Statistics
Anisha, Supratim Das Bakshi, Joydeep Chakrabortty, Sunando Kumar Patra.
Phys.Rev.D 103 (2021) 7, 076007 + e-Print: 2010.04088 [hep-ph].


https://arxiv.org/abs/2111.05876
https://arxiv.org/abs/2108.07683
https://arxiv.org/abs/2103.15861
https://arxiv.org/abs/2103.01810
https://arxiv.org/abs/2010.04088

Points to note...

> Bottom-Up vs Top-Down

% BSMs as Effective Theories
o Observables (set of operators) as “Response Screen”

% Classifications of BSMs
o Future directions: Relying on the presence of new particle(s)
o Operator driven BSM construction: Reverse engineering

o CP-violation in SMEFT
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Bottom-Up approach: SMEFT

Knowledge of exact nature of new physics is not required

Wilson coefficients are free parameters: origin-less

|Effective operators|

|Effective operators|

SM SM
SM

SM SM

SMEFT

Low Energy
Theory



Top-Down approach: SMEFT

% The Wilson coefficients known in terms of BSM parameters

oo The UV complete Lagrangian must be known

- -+ pure NP processes
UV theory L *
BSM
+

CODEX

|Effective operators|

y |Effective operators|




CoDEx : Wilson coefficient calculator

Complete 1-loop Wilson coefficients within seconds !
Manually matching BSMs to SMEFT is involved.
Package for automization is much needed.

coO

Tree processes

1-loop processes

CoDEXx: Wilson coefficient calculator connecting SMEFT to UV theory
Supratim Das Bakshi, JC, S K Patra

Eur.Phys.J.C 79 (2019) 1, 21 - e-Print: 1808.04403 Wilson coefficient
calculation
CoDEX
RG running of Low scale
Wilson coefficients Wilson coefficients

https://effexteam.qgithub.io/CoDEX/



https://effexteam.github.io/CoDEx/
https://arxiv.org/abs/1808.04403

Current Status|
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1. Can integrate out heavy scalar particles: SM extended by single and(or) multiple heavy scalars

2. Can deal with Heavy-Light mixing for scalar particles

3. Different identities, EOMs, IBPs are incorporated l

—— p— —— E— —

]

1. Mixed statistics: loops with mixed fermion a sclar propagators
2. Heavy-Light mixing for fermions R HITIIII~.,
Keep an eye on Shakeel

s talk :

3. Dimension-8: tree + 1-loop




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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Renormalizable Lagrangians of UV Theories

“CoDEx” ]

Integratlng Out heavy degrees of freedom (& ))
(and / or)
Symmetry Breaking (6 — G)

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]

Available at: hitps://effexteam.github.io/CoDEX/

With “CoDEX’ and “GrIP” in arsenal one can
use effective field theory to connect UV and IR

theories very easily and of course automatically.

SMEFT-basis

GrIP

Characters and Group Invariant Polynomials of (Super)fields: Road to
"Lagrangian”
Upalaparna Banerjee, Joydeep Chakrabortty, Suraj Prakash, Shakeel Ur Rahaman

Eur.Phys.J.C 80 (2020) 10, 938; e-print: 2004.12830[hep-ph]

Available at: https://teamgrip.qgithub.io/GrlP/
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https://arxiv.org/abs/1808.04403
https://effexteam.github.io/CoDEx/
https://teamgrip.github.io/GrIP/

Observable-Operator correspondence

EWPO-LO : {Qrp,Qaws, QSZ,, Qgé, QSL QSQ, Qe Qru, Qud, Qu}

EWPO-NLO-1: {Qup,Quw,Qno}

Higgs Signal Strength (HSS) : EWPO-LO + EWPO-NLO-1 4+ {Qw, Qur, Qaim, Qer, Qc, Qua}

EWPO-NLO-II : {Qeda Qeea Qeua Qlua Qlda Qlea Ql(;)a Ql Qqea QuB QuW QWa qu ; Qqq ; Qqq ) Qqu ) Qud ; Quu; Qdd}

Additional Operators (AdOps) : {Q o qd ,Qqu , Qéuqd, Qlequ’ Q(uqd, Qledq }

B, L violating Operators :  {Qqqq> @duu> Qqqus Qdug )

S Dawson, P P Giardino
arXiv:1909.02000

B Grzadkowski, M Iskrzynski, M Misiak, J Rosiek J Ellis, C Murphy, V Sanz, T You

arXiv:1008.4884 arXiv:1803.03252



BSM Classifications SM

_|_
Heavy Scalars

14



SM

SM

Unfurling the Effective Vertex

SM SM
>—< T — Tree-level effective operators
v
7 sm SM

7

SM

SM

SM

SM

NP
NP

NP NP
NP
NP
NP

SM

SM

SM

SM

HH — Only heavy field propagator in the loop

HL —

Both heavy and light field propagators
in the loop



_ Higgs signal strengths ﬂ
« EWPO-LO »

1 2 3 4 D 6 7 8 9 10 11 12 13 14 | 15 16 17 13 19

Heavy | GUz21 | Qup | Qu | Quu | QHa | QHe Qg; e QSZI Quwsp || Quo | Que | Quw || Qu | Q¢ | Que | Qe | Qui | Qan
BSM

fields

S (1,,0) | HL | X | x | X | x | x | x | x | X HL T | HL | HL || T | ¥ | X | HL | HL | HL
Sy (1,1,2) | HH |HH| HH | HH | HH | HH | HH | X | X X HH | HH | X ||HH| x | X X | X | X
A (1,3,0) T |HH| x | X | X | X | X |HH | HH | HL T |HL | HH | T | x | X | T | T | T
M, |(1,2-1)| HH |HH| HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | T | x | x | T | T | T
Ay | (1,3,1) T | T |HH | HH | HH | HH | HH | HH | HH | HH T | HH | HH | T | X | X | T | T | T
3 (1,4,) | HH |HH | HH | HH | HH | HH | HH | HH | HH | HH || HH | HH | HH |HH| x | X | HH | HH | HH
o1 (3,1,—3)| HH |HH| HH | HH | HH | HH | HH | X | X X HH | HH | Xx || HH|HH | HH
po (3,1,—2)| HH |HH | HH | HH | HH | HH | HH | X | X X HH | HH | X || HH|HH | HH
© |(32)) | HH |HH| HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH |HH |HH | HH | HH | HH | HH
® |(32I) | HH |HH| HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH |HH |HH | HH | HH | HH | HH
0 (33-%) | HH |HH | HH | HH | HH | HH | HH | HH | HH | HH || HH | HH | HH | HH |HH | HH | HH | HH | HH

(

(

(

(

X, 6,3,) | HH |HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH || HH |HH | HH | HH | HH | HH
X, 6,1, | HH |HH| HH | HH | HH | HH | HH | X | X X HH | HH | X | HH |HH| HH | X X

X 6,1-2) | HH |HH | HH | HH | HH | HH | HH | X | X X HH | HH | X || HH |HH | HH

X, 6,1,) | HH |HH| HH | HH | HH | HH | HH | X | X X HH | HH | X | HH | HH | HH




AdOps

BLV

20 21 22 | 23 24 20 20 27 28 | 29 | 30 | 31 | 32 33 34 30 30 37 38 39 40 41 42 43 44 45 46 47
Heory i | Qi | Quu | Qur | QL | Q| Qe | Qe | Qe | Que | Quu | Qua | Que | QI | QL1 Q) | Qi | QU | QU | Q5 | QLo | @l | Qo | Qe | Quaa | Qe | Quon | Qutg
fields
S X X X X X X X X X X X X X X X X X X X X X X X X X X X X
So HH X HH (HH| HH | HH | T | HH | HH | HH | HH | HH | HH | HH X X X X X X X X X X X X X X
A X HH X X X X X X X X X X X X X HH | X X X X X X X X X X X X
Ho HH HH | HH {HH | HH | HH | HH | HH HH | T |HH | HH HH | T T HH | HH X X X T T X T X X X X
Ay HH  HH | HH |HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH X X X X X X X X X X X
> HH  HH | HH {HH | HH | HH | HH | HH 1 HH |HH | HH | HH | HH | HH | HH | HH | HH X X X X X X X X X X X
01 HH  HH | HH |HH | HH | HH { HH| T | HH |HH | HH | HH | HH | HH | HH T X HH | HH | HH X X X X T T T T
9 HH HH | HH {HH| HH | HH | HH | HH | T |HH | HH | HH | HH | HH | HH | HH X HH | HH | HH X X X X X T X X
©4 HH  HH | HH |HH| HH | HH | HH | HH HH HH | HH | T |HH | HH | HH | HH | HH | HH | HH | HH X X X X X X X X
O, HH | HH | HH |HH| HH | HH | HH | HH HH (HH| T |HH| T | HH | HH | HH | HH | HH | HH | HH X X X X X X X X
Y/ HH | HH | HH | HH | HH T |HH | HH | HH {HH | HH | HH | HH | HH | HH T HH | HH | HH | HH X X X X T X X X
X, T T HH (HH| HH | HH |HH | HH | HH \HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH X X X X X X X X
X, HH | HH T HH| HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH X X HH | HH | HH X X X X X X X X
X HH HH | HH | T | HH | HH | HH | HH 1 HH | HH | HH | HH | HH | HH | HH X X HH | HH | HH X X X X X X X X
X, T T HH HH| T HH  HH |  HH | HH | HH | HH | HH | HH | HH | HH X X T HH | HH T X T X X X X X




BSM Classification based on Observables

{ Class-I )

Class-II

Class-lll

Class-IV

Class-X

Class-Y

Class-Z

Class-S

Class-T

Class-U
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{CIass-Hl]

CIass-HZ]

{CIass-HB]

Class-H4

Class-H5

Class-H6

Class-J1

Class-J2

Class-J3

Class-J4




BSM Classification based on Observables




Tag match: {BSMj}vs Bottom-Up

0.015

0.010

0.005

CHB

0.000

—0.005

—0.010

-l

—

l SM + #> (1 ,2,-1/2]
BN SM+X (1,4,1/2)
. SM +A1 (1 ,3,1)

9 operators

............ ............ __________ ~ Model Independent

_10 -05 00 05 10 15 20

BSM (Fit)
Parameters
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Anisha, S D Bakshi, JC, S K Patra
arXiv:2010.04088

0.015:°

0.010

0.005

0.000

—0.005

-0.010
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W SM+0; (3,2,1/6)
o SM + 6, (3,2,7/6)
- SM +0 (3,3,-1/3)

.............. Modellndependent

—0.5

0.0 0.5

1.0 1.5

BSM (Fit)
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*  New particle and BSMEFT

Effective Operator Bases for Beyond Standard Model Scenarios: An EFT compendium for discoveries

Upalaparna Banerjee, Joydeep Chakrabortty, Suraj Prakash, Shakeel Ur Rahaman, Michael Spannowsky.
arXiv:2008.11512 [hep-ph]. JHEP 2101 (2021) 028.
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% SM extended by multiple heavy fields

Renormalizable Lagrangians of UV Theories

. !“CoDEx—g”
\

% Integrate-out heavy field according to spectrum hierarchy: CoDEx

% BSMEFT for desired symmetry and particle content: GrIP

SM+ A (1,3,0)

\ s
Integrating Out hz?]\éy/%?grees of freedom (cI>§.”)
Symrﬁletry Breaking (6" — G) SM -+ Sl (1'1'1)
' Keepaneyeon |
SM+ 32 (11.2) || Upalaparna’s talk |
_— e
SM +H2(1,2,-1/2)

U Banerjee, JC, S Prakash, S U Rahaman, M Spannowsky
2 JHEP 01 (2021) 028, arXiv:2008.11512




Renormalizable Lagrangians of UV Theories

---------------------------

Pati-Salam Model

SU(4) ® SU(2) @ SU(2)

Integrating Out heavy degrees of freedom (q>§i)) *
(and / or) yrmmmmm-- seemmetenn.. REELILEEE
Symmetry Breaking (GY — G) ' Left-Right Symmetric Model

. SU(3) ® SU(2) © SU) @ U(1) !

------------------------------

ﬁ
@ Vector-like leptons

BSMEFT -basis f—

GrIP

JHEP 01 (2021) 028, arXiv:2008.11512
U Banerjee, JC, S Prakash, S U Rahaman, M Spannowsky

23




List of example models encoded in “GrIP”
MSSM and extended by :

SM and extended by : ¥NMSSM:

¥Supersymmetric Pati-Salam;

¥Singly Charged Scalar:
9 J | ¥Minimal Supersymmetric Left-Right model

¥Doubly Charged Scalar;
¥Complex Triplet Scalar,

¥SU(2) Quadruplet Scalar; Models below electro-weak scale.

¥SU(2) Quintuplet Scalar; SUB)c ! U(1)em and extended by additional :

¥ eft-Handed Triplet Fermion;
¥Scalar Dark Matter;

¥?ight-Handed Singlet Fermion; _ |
¥scalar L epto-Quarks: ¥ector-like Fermion Dark Matte

¥SU(2) Doublet Scalar (with different hypercharde UV models:

q

¥Real Triplet Scalar; ¥Two Higgs doublet:
¥Color Triplet Scalars and Sterile Neutrino; ¥\ linimal Left-Right Symmetric;
¥SU(2) Triplet and Quadruplet Fermions. ¥ooti-Salam:

¥SU(5) Grand Uriked models.
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*  Operator driven Heavy Fields

EFT Diagrammatica: UV Roots of the CP-conserving SMEFT

Supratim Das Bakshi, Joydeep Chakrabortty, Suraj Prakash, Michael Spannowsky, Shakeel Ur Rahaman.
JHEP 06 (2021) 033 * e-Print: 2103.11593 [hep-ph]
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https://arxiv.org/abs/2103.11593

: . . Operators &
Effective Lorentz invariant Single heavy field extensions Heavy fields

Operator structures of the SM representations
SUB)c® SU2), ® U(1)y

|
O 1273 1,1,0],




%

CP-violation in SMEFT
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Dimension-6 Gauge-Higgs SMEL'T operators

CP-odd CP-even
Qe fABC | ., GA™ GB'GCSH Oc FABC GAH GB! G
Qi K e W W w K SH Ow 3Kt
Qu & R !H H" GA# GAR! Quc !|_| H"Gu!aGa’U!
Qy v R !H H"W|"#W'“! Qnw !|_| HIIWu!aWa,p!
Quea R !H H"B"# BH Qng !|_| H"BH!B“!
Qe | lars H TH W' Ba Owm | H "aH Wy 2B

Grzadkowski JHEP10(2010)085

I Is the anti-symmetric (Levi-Civita) tensor.

< Heavy fermions : CP violation in Yukawa sector of the renormalizable Lagrangian

Integrating out heavy fermions generates the CPV operators at 1-loop except Qw and Qg

28



CPV operator diagrams S Das Bakshi, JC, C. Englert, M Spannowsky, P. Stylianou

Phys.Rev.D 103 (2021) 5, 055008; 2009.13394[hep-ph]
Nucl.Phys.B 975 (2022) 115676; 2103.15861 [hep-ph]

9
1
. - | I
operators operators
b #
5
9,
a
CP-odd e ! ective .
operators CP-odd e ! ective
operators
b# gx1
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https://arxiv.org/abs/2009.13394
https://arxiv.org/abs/2103.15861

SM extended by heavy fermions

S Das Bakshi, JC, C. Englert, M Spannowsky, P. Stylianou

Phys.Rev.D 103 (2021) 5, 055008; 2009.13394[hep-ph]
Nucl.Phys.B 975 (2022) 115676; 2103.15861 [hep-ph]

Vector-like lepton (VLL) model study

1 1 1
R = . (1,2Y), 'ir i (L,LY+ D), "r:(1LY! D).
R ’ 2 ’ 2

ILDS = !@(iD! l'm, ) + a(iD, ! m!)!!+ a(iD . | m")"!

L PH(Y, PL+ Y, Pr)l'+ BH(Y. P+ Y. PR)" +h..
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https://arxiv.org/abs/2009.13394
https://arxiv.org/abs/2103.15861

I-loop matching result

- \I) — -l—l- \IJ - bl

Operators Wilson Coe! cients G ! 161!2
111 gz 4 111 $
Qs & @+6Y+12Y2)Im[Y- Y--!R ]+ (1 " 6Y +12 Y2)Im[Y#L Y#ER ]
. 9y | |
Quy S Im[Y- Y. Yy Y#R] A
Quive M (1+6Y)Im[Y: Y. ]+(1 ©eY)Im[ Yy Y ]
R
Qw gW/18O
2R MEYS 3 WRPXINTR 3 3
0 ! 0
+|2 IR |2+§#§4§#§2 +2/°| IZ|" ]4+§ gzﬁ gd
040, ! 0 ! !
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% & %% &
3 leze 8,8 ey pzs 8,8 2 |
QH i "%/gl#gzl' |2+§#§2|""|2 1 i)' |2|""|2+§#§2§#§2
: % . % % !
v a8 B g2 20 278 & 2 2
. 5 # | | ' 30/ # | | '
QHp +%/§#§2I!'I2+§-#§2I" 2 "2 g2 I2+§-#§§2§¢a§§2
% . % % ! :
2 2 wnl 2 I 202 nlypln I'n n |
tg e e o b T3 tay! LT
2
0 %((" 7+40Y " 8OY2)|! 4|2+ (" 7" 40Y " 80Y?)|! - |?
HB
+(5 " MN+80Y%rﬂ2+@+40Y+80Y%rq9
792 % o2 % T
Qrw 0 | e I i A i A
Sw Oy (3 20Y)|1 4|2 +(3+20 Y)|! - |2
QrHwa )
+5(" 1+4Y)|" 42" 5@ +4Y)|"|?

1 e 1 e e e i
Qe | ! iRe, YSM#CBCF+ L YSM#CBCF+2'H ve©ove G
1 u’ 1 u u# u
QuH sRe YSM#q;CF' Im YSM#CBG: *2ln Yg, "YSM#Q4
Qd IRe Y47 G +Lim Yo' & +2 YOI vd "G
H 2 SM U 2 1n M, Z SM SM 4
ag
Yé vd +h.c
Q!id : O SNy #Q” &
u d
Q?f)qd oo su ,, Jow  Kathe
e u
Qlequ YE YﬁM" Ge 4+ h.C
1 ye = ye
Q(Ile) | 2 YSM-I—I- " SM ++CK4
1 u Yy u
Q?lu) | 2 YSM-I—I- n_ SM #Q<4
1 d d
qu | 2 YSM YSM G4
P = G VP Y P Y Y+ Y Y
1 11
n 12 — 2 2 ! !
| || _ Z |Y|L| + |Y|R| l YI|_Y|F\’I YILYIR ]
e B T A T L T e e M e
! "9l
F2 |22 2] * 3 IR
FAT 2t 2 ez 2t 2 AT e et
1° 1# $
Ga= ¢ [N+ + S22
| 1%! , 2" % ' & | , 2" % | &&
G=3 M PP+ Imeoyv Y b Y 1Y dme e Y
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+* Take home messages

Aim: To pin down correct nature of UV theory
Complementarity of Bottom-Up and Top-Down approaches are important

Observables as sets of Effective Operators: Adjudging BSMs

Identification of Heavy Fields for individual SMEFT Operators: guide for model building

How to extend our existing knowledge if a new particle is discovered: BSMEFT
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