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7.

INfroduction
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b Motivation

Complete list of beyond the standard model discoveries at LHC:
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E Motivation

Complete list of beyond the standard model discoveries at LHC:

= Not a surprise that effective field theory has received
a lot of aftention recently ...
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Effective field theory

Basic idea of EFT:

New physics exists, but the mass scale involved is /s < A:

LsmerT = L&y + D Ok
2

Ad—4

= “Integrating out” the heavy resonances "generates” a tower of operators

= d is The dimension of Oy,
= A is the energy scale of new physics
= the Wilson coefficient, free parameters in SMEFT

= Since suppressed by higher powers of A larger d operators become quickly
irrelevant phenomenologically
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Effective field theory

Basic idea of EFT;
New physics exists, but the mass scale involved is /s < A:

LsmerT = L&y + D Ok
2

Ad—4

= “Integrating out” the heavy resonances "generates” a tower of operators

= d is The dimension of Oy,
= A is the energy scale of new physics
= the Wilson coefficient, free parameters in SMEFT

= Since suppressed by higher powers of A larger d operators become quickly
irrelevant phenomenologically

= At d = 5in SMEFT only one operator: Weinberg operator with 6 complex
parameters for 3 generations of leptons

= At d = 6 already order O(60) operators, with
2499 independent parameters
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SMEFT @ d =5

Weinberg, 1979

In SMEFT at d = 5 only one operator (structure):

Ong — TL_(CXLBHH

= complex symmetric, 6 complex parameters

= Violates lepton number by two units
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SMEFT @ d =5

Weinberg, 1979

In SMEFT at d = 5 only one operator (structure):

Ong = TLgLﬁHH

= complex symmetric, 6 complex parameters

= Violates lepton number by two units

= After EWSB, replace H — vgs

Owbg — (Mv)asg = T’U%M

= Owne generates Majorana neutrino masses
= Suppressed by large scale A (!!l) - Seesaw mechanism
— For ~ 1, A ~1014-15) GegV
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h Deconstruct Owy,: Tree-level

Consider first only tree-level:

/
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E Deconstruct Owy,: Tree-level

Consider first only tree-level:

/ \ / 1 - topology with
:> O - loops
/ \ 4 - external legs
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Deconsfruct Owy,. lree-level

Consider first only tree-level:

N\

Fixing outside fields yields 3 diagrams:

(H) (H) (H) (H)
'l' + —k\ /-1|—
\\ vr II \: /
\ E E { : A

seesaw type-| seesaw type-ll

1 - topology with
O - loops
4 - external legs

(H) (H)
0 k)
\\\ ZO ,I

seesaw type-lli
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Deconsfruct Owy,. lree-level

Consider first only tree-level:

/

1 - topology with

m— 0 - loops

4 - external legs

Fixing outside fields yields 3 diagrams:

(H) (H) <P2_ _ﬁl ) (H) (H)
-l- I+ A S . , 4 -l- +
\ / N \ /I
\ VR / . \ 20 /
\ I A \
v v
o Fi1.0 " : 51,31 ) o F1 .30 o
seesaw type-| seesaw type-ll seesaw type-lli
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Owne af 1-loop

H H
—— - - < — T - - — =
| |
Y A
| |
= | = | =
L T1-1 L
H L

R <} i =
|
| \
|
I R B
L T1-ii H
H__ ) .. H
A 4 A
L T1-iii L

Only 4 genuine diagrams!
Bonnet et al.; arXiv:1204.5862
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Owne af 1-loop

H H
—— - - < — T - - — =
| |
Y A
| |
= | = | =
L T1-1 L
H L

R <} i =
|
| \
|
I R B
L T1-ii H
H__ ) .. H
A 4 A
L T1-iii L

Only 4 genuine diagrams!
Bonnet et al.; arXiv:1204.5862

BUT ... many models!
Arbeldez et al.; arXiv:2205.13063 count:

- 318 models with Dark Matter
- 406 models with “exit” particles

(Considering only scalars & fermions)
(+ similar numbers with vectors)
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b SMEFT@ d = 6

X0 HS and H'D? MENZE *Warsaw basis”
o JABCG GBI GYT 0, (HTH)3 0., (H'H)(lye, H)
) ABC FAv Bp O T i T
& f G, Gorar Oug (HTH)O(H™H) O.u (HTH)( puTH) : .
on | cmwhwiwion || oy, | (ipm) (D) | Ou (T E) (g, H) Grzadkowski et al.;
Ow | eTEWIWIewr arXiv:1008.4884
X2H? VPXH WTH?D
One | HUHGLGA | O | (ot e )r HW, | Ol | (H'iD, H)(p0"L) Eliminating alll
Oua HYH G4,GAmv 0. (Il,o"e,)HB,, o (HTzD H)(,mIy#1,) .
OHW HTH Wl{ywluy Ou,G (qu'MUTA’U,T)ﬁ Gﬁy OHe (HT’LDM H)( ,yueT) redundOnT OpS VIO-
Ouw HTHWJUWI“” Ouw ((ij“”ur)TIﬁW/fy 0y (HTzD H)(Gpy"qr) |BP, EOM, Fierz
Ous H'H B, B* O.x (Gpo™u,)H By, oe (HTzD H)(Gym'v"q,)
Ous H'H B,,B" Ows | (G0 T4, )H Gy, || O <H“D H)(apy'ur)
Ouwe H't"H W, B" Ouw (oo d, )T H W], O (HTzD H)(dpy"d,)
OHWB HTTIH W;{UBI‘LV O(iB (QPUMVd”’)HBMV OHud (HTD,U'H>( pfy”d )
L)L) (RR)(RR) ZL(RR) In total:
(@ (p'yu )( S'YHlt) O.. (ép'Yuer)(és’Yuet) O.. (lp'Yu )(esvuet) '
o (%’Yﬂ%)(%V Qt) O, (Upypuur) (UsyHue) O (lp'Yu r) (s us) 2499
oF) (QP'YMT @) (@77 qr) Oua (dpvudr)(dsy*dy) O (lp’Yu ) (dsyHdy) ,
(’),(;) (p'Yu »)(q S'qut) O.. (ép'YuerxquMUt) O, (@pyuar)(€sy*er) |ndependenT
05y (p%ﬂ- L)@y qr) O. (ép'Yuer)(df'Vudt) o) (Tpyuar) sy ue)
Oild) (ﬂpwur)(@ﬂ“dt) 0(8) (QPVMTAQT)(USVNTAUt) pOrOmeTerS
08 | (wpyu T u,)(dey" T4dy) Of;? (@pyu4r)(d s’Y“dt)
sz? (QPVHTAQT)( AT dy)
(LR)(RL) and (LR)(LR) B-violating
Oreaq (lher)(dsq)) Ot e*Megy [(dy)" Culll [(q37)" Cly]
Ofilga (@ur)en(qsde) Oyu e*ejn [(g57) TCQBK] [W Tcet]
Oplua | (@T ur)ejn(@TAdr) || O, e¥VE jnEhm [ NTCq ] [(@rm)TCry]
Ot | (er)ejn(@hue) Ot P [(da)TCUB] [(u ()TCGt]
Ol | Goywer)ejn(@io”uy)
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E SMEFT@ d = 6

X0 HS and H'D? MENZE *Warsaw basis”
o FABCGAVGBA GO 0, (HTH)3 0., (H'H)(lye, H)

: fABCGAz/GBchu 0.5 (HYH)O(HTH) Oun (H'H)(gyu,H) : .
OW IJK%{VWJPWK/J' OHD (HTDH’H)* (HTDHH) OdH (HTH)(qu H) GrZOdkOWSkI e.l- Oll[
Ow | eNWirwlew arXiv:1008.4884

X2H? VPXH WTH?D
One | HUHGWGW ) Oar | (o er MW, || Ot | (1D D)E"l) Eliminating all
Oue H'H G, G4 O.5 (l,o" e, )H B, 0% (HTzD H)(l,my"1,.) .
OHW HTH W;{VWIHV OuG (ijO'MUTA’U,T)ﬁ Gﬁy OHe (HT,&DM H)( ,yueT) redundOnT Ops VIO-
Onw H'H W,{UWIW Ouw (‘YPJMVUT)TI&WJV Ol (HTZD H)(qp7"qr) |BP, EOM, FIeI’Z
O H'H B,,B" O, (Gpo™u,)H By, o) (HTzD H)(q,m'v"q.)
OHE HTHE;U/BMV OdG (QPUW/TACZT)HG;?V OHu (HTZD H)( p’yuuT)
Ouws Hir'H H/J{UB”” O (oo d, )T H W], O (HTzD H)(dpyy*d,)
OHWB HTTIH W;{UBI‘LV O(iB (QPUMVd”’)HBMV OHud (HTD,U'H>( p’y”d )
LD BR)(RR) TR In total:
Oy (LpYulr ) (7" 1e) O.. (Epyuer)(€srter) O (Lpyplr) (€57 er) '
o (%’Yﬂ%)(%’y Qt) O.u (Upyputir) (s ur) O (ZP’YM r) (s uy) 2499
o (Qp’YuT @) (@77 qr) Oua (dpyudy)(dsy"dy) O (lp’Yu ) (dsy*dy) ,
(’),(;) (p'Yu »)(q S'qut) O.. (ép'YueT)(z_fsVMUt) O, (@pyuar)(€sy*er) |ndependenT
O | (" L)@y ' ar) || O (@pyuer)(dsytdy) oL (@) (Tsy"uy)
o) (Upyuur)(dsydy) (’)(8) (@Y T qr ) (usy" T uy) pCIrCImeTerS
0% | (@ Thu)(d'TAdy) || O (@pVuar)(d sv“dt)
Ofl? (QpVNTAQT)( szuT dt)
Oreaq (_l_%er)(czs%) Ot e g, [(da)TCuﬂ] [(g37)"Cly]
Ol | (@ur)ejn(@hdy) Oy e*Preji [(ap7) TCq‘”“] [u” [ Cel] automatize model
Ot(zi)qd ((LJJT_AUT>€J7€( kTAdt) quq 604,376],”6% [ ch k] [ TCln] '
O | (en)en(@du) O coBY [(da)TcuB] [(u ()TCet] construction?
Off;u (lgauver)fjk( Uwut)
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17T.

Diagrammatica:
Deconstruction of EFT operators

Four fermion operators:
Cepedello et al.; 2207.13714 & 230T1.xxxxx
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Diagrammartica basics

Consider 4-fermion operator:

J o
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h Diagrammatica basics

Consider 4-fermion operator:

/

() find all fopologies
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E Diagrammatica basics

Consider 4-fermion operator:

(111)
1-loop

(1)
+:[>—< +>—Q—< +

(V) (V) (VD)
> XX X
(VII) (VIII)

ek X
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Diagrammartica basics

Consider 4-fermion operator:

/ Tree-level I + ><RO

1-loop

]>—<>O<

() find all fopologies

= For a UV complete §_< >O< :[>< "

model consider only NRO NRO
renormalizable interactions (VII) (VITI)
NRO
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h Diagrammatica basics

Consider 4-fermion operator:

/

(i) find all diagrams
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Diagrammartica basics

Consider 4-fermion operator:

~ N
Tree-level + I
AN

(i) find all diagrams 1-l00p \: :/ : : : :
§ i + i + +

.- other (non-box) diagrams - - -
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Diagrammartica basics

Consider 4-fermion operator:

/

(i) insert all possible
representations
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Diagrammartica basics

Consider 4-fermion operator:

/

On = (1a7"15) (11 y,ls)

[ [ [ [
N

Tree-level :
YSm S131 + Vi, Viso
z‘//\z‘ z ]
(i) insert all possible
representations
V - vector 1-loop AN !
7’L
S - scalar )
F - fermion Syc ey + ASl (conny+1)
Subscripts:

SU(3),SU(2)L,U(1)y AP 1)
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h ModGen

All the process can be automated via
“generalised” adjacency matrices:

the entries are the quantum numbers of ° .

the particles in the diagram with every L T
column and row invariant under the T =0
symmetries. v -3

Vertex7\l k] :\:_17' Fl_! Ricnic )
vertex 7 vertex 2 vertex 2 07 \

| | .
" o

e ] e o 0 0 ] 13, 2 ;,FL,I}
e ] 0 0 o} ] 3,2, FL, 1| e
@ 5} 0 0 ] 3, 2 ; FR, 1 0 ]
] 0 0 ] } Fo BT BT ) 0 0

$ ] ] e 3,2 E,FLI ] 3,1,-2,5,8 2] 1,2, 2,FL, 8}
] e 32§,FL,1! @ T ] 5,0 ] 3.3, kL, B ]

e 3, 2 é,rn 1 0 0 0 3,2, 2, R, 8| ] 1-3,1,-2,5,86
3.2 ;FRl 2] 0 0 (1,2, -2,FR, 0 0 31;,50 ¢}

Mathematica: Can easily deal with, manipulate and store all necessary info

HEP-2023, Valparaiso, Chile, Jan 12,2023 - p.14/25



How many loop models?

Consider a very simple, symmetric example operator: Oy

At 1-loop level consider box diagram:

TSy |
Ty

Fl (C}:’a ﬂ}:, y)

Sl(cs,ng,ynL %)Y Sl(csansay_'_ %)

llll)lll

FQ(C%H “I’L%, y)

For SU(3): cs@ch =1 Renato Fonseca
For SU(2): ns®ny, =26¢ - arXiv:2011.01764

ForU(1)y: ly| =0,1,2,--- (forcg = 1) GroupMath
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How many loop models?

Consider a very simple, symmetric example operator: Oy

At 1-loop level consider box diagram: Infinite series
of models?

TSy |
T~

Fl (C}:’a ﬂ}:, y)

Sl(cs,ng,ynL %)Y Sl(csansay_'_ %)

llll)lll

FQ(C%H “I’L%, y)

For SU(3): cs@ch =1 Renato Fonseca
For SU(2): ns®ny, =26¢ - arXiv:2011.01764

ForU(1)y: ly| =0,1,2,--- (forcg = 1) GroupMath
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How many loop models?

Consider a very simple, symmetric example operator: Oy

At 1-loop level consider box diagram: Infinite series
of models?
[ [ Cutoffs!
Fl (C}:’a ﬂ}:, y)
Sl(csansay_'_ %)Y Asl(csansay_'_ %)

FQ (C%’a “I’L%, y) _

[ [
For SU(3): cs@ch =1 Renato Fonseca
For SU(2): ns®ny, =26¢ - arXiv:2011.01764

ForU(1)y: ly| =0,1,2,--- (forcg = 1) GroupMath
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LLL.

1-loop models for 4F operators
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k Selection criteria

(i) Phenomenological constraint:

(i) Theoretical arguments:
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E Selection criteria

(i) Phenomenological constraint:

No stable charged particles PDG: No stable, charged relics observed
in mass range M ~ (1 — 10%) GeV

(i) Theoretical arguments:

HEP-2023, Valparaiso, Chile, Jan 12, 2023 - p.17/25



b Selection criteria

() Phenomenological constraint:
No stable charged particles PDG: No stable, charged relics observed
in mass range M ~ (1 — 10%) GeV

J. de Blas et al.
Any particle with linear coupling 1711.10391
to two or more SM fields

S. Bottaro et al.
Any multiplet with neutral 2107.09688 & 2205.04486
state (must be lightest member)

(i) Theoretical arguments:
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Selection criteria

(i) Phenomenological constraint:

No stable charged particles PDG: No stable, charged relics observed
in mass range M ~ (1 — 10%) GeV

J. de Blas et al.
Any particle with linear coupling 1711.10391
to two or more SM fields

S. Bottaro et al.
Any multiplet with neutral 2107.09688 & 2205.04486
state (must be lightest member)

(i) Theoretical arguments:

No Landau poles Adding large multiplets to SM field content
one (or more) «; goes to infinity below Mg

.- others - --
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h ‘Exit’ m
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odels; Statistics

‘Overlap matrix’:

Excluding “exits’ that
generate 4F at tree
SU3) <3.5U(2) <4

How to read:

On the diagonal:
number of models for O;;
Max: 571

Entry 7, 7 (row, column):
number of models for O,
generatfing also O;

Entry is zero:
Not generated for
SM: Vgl‘, 3/@ — 0
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‘Overlap matrix’:

Excluding “exits’ that
generate 4F at tree
SU3) <3.5U(2) <2

How to read:

On the diagonal:
number of models for O;;
Max: 40

Entry ¢, j (row, column);
number of models for O,
generatfing also O;

Entry is zero:
Not generated for
SM: Vg@', Y, — 0
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Dark maftfter models

e $csziSeivsianaus
O000 0000000000000 O0
o, IR R R R R R 70 ‘Overlap matrix’:
O;emao g | 0|0 ig | e e B Bl e 00 ie a0 Dark matter
0 0 0 0 0 0 0 0 0 0 0 - COndIdOTe
[ [ R & R 0O el 0 O 0 0 0 S1,3,0 OrF1,3,0
0 0 0 0 0 OHB 8
i s 8 . 50 How fo read:
48 12E 12 [ 1215.1 On _I_he dlCIgOhCIl
° “8“3 B - FURY - . humber of models for O;;
0 gy 8 0 23 0 8 0 8 0 0 MOX 72
0 0 e 4 0 0 0 14 4 4
il c Bl o 6 o 0 ¢ o BB 30 Entry 4, 5 (row, column);
o 0o o o oEdo number of models for O;

HE generatfing also O;
16 [l 16 16 16 % E , .
niry is zero:

Not generated for
iR 4 SM: Vg;,Y; — 0

16 16 @M 16 16 @sia

B
5
B
1.9
u
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V.

A minimal example model:
Phenomenology
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Toy model

Lagrangian:

L= —)\EELHT — )\UﬁQH + h.c. — mEEE — mUﬁU

E=F11,-10ndU = F319/3- vector-like fermions
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Toy model

Lagrangian:

L= —)\EELHT — )\UﬁQH + h.c. — mEEE — mUﬁU

E=F1,-10ndU = F319/3- vector-like fermions

Matching:
Oy Oi1q
l ) l l [
AN N A
Hr ‘H Hy VH

In the limit:

mg =my = A
and g7M — 0

2 Cc(z?z)
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Toy model

Lagrangian:

L= —)\EELHT — )\UﬁQH + h.c. — mEEE — mUﬁU

E=F1,-10ndU = F319/3- vector-like fermions

Matching:
Oy Oi1q
l ) l l [
AN N A
Hr ‘H Hy VH

In the limit:

A = Ay & cy = —cl(;) = Cl(;)) = QC(%) = 20((1%)

mg =my = A
and g7M — 0

Exact matching done
using MatchmakerkeFT
Carmona et al.
arXiv:2112.10787
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Higgs-fermion operarors

In the “exit’ class of models, unavoidably:

Operator | General expression
(1) L Tree-level generated operators:
i 4 mE O, and O,
C(S) _ l |)‘E |2
¢l 4 m?2 | |
XEY Ik stringent constraints from O,
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summary: I-loop exits

Loop-suppressed 4F models
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Conclusions

= Effective field theory has gained a lot of attention
= What types of UV models are possible? How many are there?

= Different UV models contribute to different operators
Exclude some (or identify!) model fromm measured operators (if any)?
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Conclusions

= Effective field theory has gained a lot of attention
= What types of UV models are possible? How many are there?

= Different UV models contribute to different operators
Exclude some (or identify!) model frorn measured operators (if any)?

= Automatization of finding UV models is possible!
= Discussed here 4-fermion operators at 1-loop level
= Applicable in principle to any operator ...

= Not included yet: Vectors

= Not tested yet d > 6 or more than 1-loop
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