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What is SMEFT and Why is it important now?

* Generically, we can search for new physics either directly through new resonance production or indirectly by measuring precisely
the SM interactions.

So far, no new Physics beyond the SM has been observed at the LHC, so what now?

do/dE
do/dE

New Physics might just be beyond the LHC reach and when integrated out, this SM »
would lead to indirect effects in deviations of couplings involving the Higgs and the
gauge bosons, for new non-resonant Physics effects at the LHC.

4 4
E E

* An Effective Field Theory is a field theory that describes the low energy phenomena of an underlying UV sector in terms of only the
light particles.

SMEFT = Effective Field Theory of SM fields + SM symmetries but allows for d > 4 operators.

Fundamental assumption: new physics nearly decoupled: A > (v E) .

| dimension-6
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EFT Expansion and Going Beyond the Dim-6 SMEFT

EFT Expansion: ) E 2
pom (E, M) ~ E4N <ao+a1]‘—4 +a2m +) , E<M
SM SM SM
o g—zw_i 1_|_p2_|_p4_|_
p2_M2 i M?2 M?2 M4 T
U
i ERPERCI SP PRV 8 ugt Vgt 5
L ~g(¢ ¢)‘sz(¢ ¢) +W(¢ ¢)(d" ¢ )(8u¢)+ﬁ(8 ¢")(0u)(@ 9" )(dve)+...
A SM S = p2 < M? : EFT validity criterion Y S

g not too large: perturbative UV completion.
Is the EFT interpretation valid?

(6)
Theoretical framework :  .@/gMErFT = Psm + Z C/l\_z ,Q{l.(@ +
l. :

We measure cross-sections:  OsMprT < | “smperT|” = |Asm|” + 2Re[ A\ D im-6) + | Him-6 >+ 2Re[%*\%m—8] +..
Ideally, we would be sensitive enough to neglect A=*, but in practice, not always the case.
¢(A~*): When might it matter?
 Data are not very sensitive: ¢;/ A? poorly constrained (e.g., 4-top production).
* Dim-6 interference term is suppressed at high energy: helicity selection [Azatov et al., PRD 95 (2017) no.6, 065014].

* Sensitivity from energy-growing effects. Some effects only arise at dim-8 (e.g., neutral triple gauge interactions: ZZZ, ... ).

* Global fits, UV model interpretations, validity, unique dim-8 effects, . ..
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Bottom-up vs Top-down Approach

EFT serves as an interface between UV physics and ‘low energy’ phenomena.

Many UV Models \

'\'\T/‘/'

Matching ‘
EFT
Prediction ‘

Data (low energy)
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Bottom-Up Approach

Exact nature of new physics need not be known.

WCs are free parameters without origin

(n)

(")
ZSMEFT = -ZsMm +Z e 7
SM SM SM SM
>&Mw<
S M o SM
ZsMm

SM

SM
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Top-Down Approach
WCs determined in terms of BSM parameters

UV-complete Lagrangian must be known

LBSM

SM SM

|

SM

(n)

(n)
ZSMEFT = “ZsM +Z =il
SM M SM SM
>w<
s Mo sm SM




New eflects at dimension-8 & EFT validity

‘Disentangling’ effects

Anomalous QGC independent from TGC: beyond Ow =
1.0 K
SIJKW‘LIL,VWV’pr nu“

h* independent from #>: (¢7¢)3 and (¢7¢)*

Higher dimensional operators = new Lorentz structures

More derivatives = higher energy growth

New gauge self-interactions emerge
FyuvF*PF,cF°Y  (Light-by-light)

Gy G VPV, V=Z7y,W*" (gg— VV)
i¢"ByyWHP{D,,D"}¢ (Neutral TGC)

Much is left to study
* Non-redundant basis is known [Murphy, JHEP 10 (2020) 174],Li et al.; PRD 104 (2020) 015026]
a) Model independent: study effects of dim-8 operators
* Understand where these could be relevant [Boughezal et. al; PRD 104 (2021) 9, 095022]
* Global analyses up to dimension-8 (not yet...) [Boughezal et. al; PRD 104 (2021) 1, 016005]

 Identify processes/observables that are uniquely sensitive, . . .

b) Model dependent: predict effects of dim-8 operators

* Apply results of (a) by making some assumptions about cl(g) [Hays et al.; JHEP 02 (2019) 123]
[Hays et al.; JHEP 11 (2020) 087]

* Study classes of explicit UV models up to dimension-8:

2HDM [Dawson et al.; PRD 106 (2022) 5, 055012]
Triplet scalar & dark photon [Corbett et al.; JHEP 06 (2021) 076]
Vector-like quarks [Dawson, Homiller & Sullivan; PRD 104 (2021) 11, 115013]
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Heat Kernel Method

Let us the part of the UV Lagrangian that is bilinear in ®:
L= (D’ +U+M*)® =" (A)D
The Heat-Kernel for an operator A can be written as,
K(t,2,9,A) = (xle™y)
The Heat-Kernel satisfies the heat equation,
(d+A)K(t,x,y,A) =0 with initial condition K(0,x,y,A) =6(x—y)

The HK for the operator A,
K(t,x,y,A) = Ko(txyH

7y7

bi(x,y)

Here, by (x,y) : Heat-Kernel coefficients [A.A. Bel’kov et al., hep-ph/9606307, L.G. Avramidi, Nucl.Phys.B, 355(1991)]

Obtaining one-loop effective action in terms of Heat-Kernel coeflicients:

Zeff 1-10op = cstrlog(—P> 4+ U —|—M2) = cstr [y Te A = cgtr %K(f x,x,A)

e LM 2 CU Pl — d/2)telby )

= cstr [ 4 (4p) 4/ 2 tM v, i tr[b]

T

(47
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One-loop effective action and relevant coeflicients

Obtaining one-loop effective action in terms of Heat-Kernel coefficients:

c = o (— 1K
geff,l—loop: W%Md 2k( k!) F[k—d/2]tr[bk]

For k < d/2, the Gamma function has simple poles. Assuming d = 4 — €, the divergent part of the one-loop effective action:

div Cs Md—2k(—1)k (€/2—3+k)!

R T (e (/e v+ o)y

and we renormalise the one-loop effective action.

Relevant coeflicients for higher dimensional operators:

tr:b(): = trl,
tr|by] = tr[U],

1 . 1
tI'_bz_ = '[I'_U2 + 6 (G'uv)z],

tlbs] = 0% — S ()2 — 5U (Guv)? — <5 ()2 + 7 Gy Gp Gip]
trlbg] = ...,

trlbg| =

trlbg] = ...

[U. Banerjee, J. Chakrabortty, S. U. Rahaman and K. Ramkumar, Eur. Phys. J. Plus 139 (2024) no.2, 159].

Tisa Biswas Mapping New Physics to Observables in the SMEFT Paradigm



Universal One-loop Effective Lagrangian up to DS

2] 2
d<8 Cgs 4 1 Cg 2 M
=8 M* =< [In|= | =2 adM? |—|In|=|-1]U
e (an)? [2(“[#2 2) +<47r>2r{ (H )
1 M2 1. [m?
M | —In| = |U?——In| = | (Guv)?
+ 2 [ n i ‘uz 6 n ‘uz ( [JV)
11 1 1 1 1
3o | U = S (BuU)? = SU(Guv)* = 7 ()* + = G*V Gyp Gy
M2 6 2 2 10 15 o1 [ ol ] , 12,
+ 7 5 U4—U2(P2U)+§U2(Guv)2+g(UGuv)2+§(P2U)2 I ! o
+ 5 (PuP U (PuU)(PU) + - (PuPyU) (P U) (P U + (PuU)?(PyU)?
2 2 2 1
—2UPuU)J* + ZU ) = = (PPU)(Gpo)* + 7z (Pvdp)’ 9 17 8
50 VK T Pe/| T s VIR -|-§U(PHPVU)U(PVP,JU)+ﬁ((PuU)(PvU))Z—I-§U3GMVUG,,W
4 8 16
——UG* Gyp Gy — — (PuP'U)GP* Gpy + — G*V I, J 5 18 9
15 P s PV 05 T TR + ZUH(Guv)® + — Guv (PuU)U* (B U) + 7 (UG )?
16 1
+—— (P 1y)G % Gop + — (GuvGpo)? 18 18
105 420 + = GuvU (PuU) (PyU)U + = (PuPyU) (PuU)U (PyU)
17 5 5 2 i 11 .
+—(G G + — (GuvG + —G*"GypGPOG 8 26
210 (Onv)"(Gpo )™+ 55 (GuvGvp)™+ 53 i e | 5 GuvU (PuU)U (V) + = Gy (PuU)U (RU)U
S —U5+2U3(P2U)-I—U2(PuU)2—gUzGuvUGuv—U3(Guv)2 24 2
M6 60 3 +<7GMV(PMU)(PVU)U2—7GuvU2(PuU)(PvU)>
1 1 1
+§U2(P“U)Ju—§U(PMU)(PVU)GW—§U2Ju(PuU) T 9
1 ] | + 2710 310 —U7—5U4(PVU)2—8U3(P“U)U(PNU)—E(UZ(P“U))Z
— 3 UGy (PuU)(PvU) ~U(PU)* - g(PZU)(PvU)2 T 7((PuU)Gua)2 i
11
2 8 4 3 ELERELE RS
+§U2GquvaGau+ﬁUGuvUGvaGau—§U2(Ju)2—§(Ufu)2 +M12 336 }
4 0 2, 4.0 2 2
+ 2 U(PTU)(Guv)” + = (PTU)U(Guy)” = Z U (PuU)Jv Gy
2 4 4
— 5 (PuU)U Guyly = S U (PuU)Guvdy — = (PuU)U Jv Gy
4 11 10
+ ﬁUGuv(PZU)Guv + 5 (PoU)?*(Guy)? — 57 (PuU)VU Gy
10 2 10
— 57 BuU)GuvU Iy = 5 (PuU)(BU)GaGay + 57 (B U)(PuU)GuaGav
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Complex Scalar Triplet upto Dimension-eight...

UV L '
agrangian Functional

[ Ly [¢L, CI)H] } Evaluation

> U;i =

. 62$UV
J = 5%,00,

HK method

SMEFT in Warsaw & Murphy Basis

Integration by parts,
EOMSs, Fierz identities,
Bianchi identities, etc.

"g/ﬂESFdTim_8 (73

Y

|dentification and
Evaluation of operators

Y

92”]5112‘%8 in Green’s Basis

SM + complex, triplet scalar, A : Full Lagrangian for a complex scalar triplet with hypercharge Y = 1 is then given by

Lo = Zsw + (1(Du8) (DHA)] —m}[ATA] + % —V(H,4) ).

where the scalar potential 1s

V(H,A) = 1 (HTH> Tr[ATA] + Ay (Tr[ATA])z +A3Tr [(ATA> 2}

Y (HTAATH) i [;,LA (HTiGZATH) —I—h.c.] |

where C represents the charge conjugation matrix, and a,b = e, 11, T denote the flavor indices.
[TB, Chakrabortty, Englert , Spannowsky (in prep)]

Ly =Ya, LI Cic*AL, +h.c.,

Tisa Biswas Mapping New Physics to Observables in the SMEFT Paradigm



Complex Scalar Triplet upto Dimension-eight...

Integrating out the heavy complex triplet up to one loop

08 : (979"
\4
Higgs trilinear &
quartic couplings
Higgs pair &
triple Higgs production

ol : (979)2(Dy9)! (D)

v
All Higgs couplings &
Higgs ZZ/WW
Single Higgs production &
decay

X2X'? classes

l

anomalous quartic
gauge self-couplings

EFT operators

Matching results at scale Ma(>> v)

o = (979" Cos = mlzr gg]] o 32%“1( ) EJ;ZH %lnz E[bl‘/ : + 3841171'2 ‘;[ij :
Oy = (976)X(Du9 D) O = el L ool
Oy = (9'9)(0709) (DO DY) | D 1 D]
ﬁlﬁ) = (070)2(0TD% +h.c.) (Cfp? A l(,',[chi)'ﬂuﬂ . (‘;33,[[(&1/)3]] _ 3ginch;>36)‘[[uz(P2U>ﬂ
i L R
ﬁ$2¢4 = (¢To! ¢)(¢T01¢)W1 Wy C‘(;gw _ 195::3 L_s;zg[f/(ﬁGp»)Zﬂ i 480”2 cwl(ffj (Guv)’] 4 1920”2 CS)(ngGn V1
ﬁl(?%“ = (070)*BuyBH” Cz(alz)w =~ ‘i;li)(z;gwcm = 0 Cz<32)¢gu (o)1 5307 Cz(az)q)g(UGp C Se0m=¢ BZqEU ol
ﬁé‘/lBtP‘ = (979)(07 ol 9)Wy B C‘%w = J50m C%&yz(c‘l ke 9207 Ci/v;ggucp Gk
o) = (D*97Dy9)(D¥6'Dy9) € = e ) [Pyl
04 = Dy DH9)(9TD?9 +hec.) VIR C S - [Puy]
ﬁq()ﬁi) = ((D*079)(D*$7¢) +h.c.) (Cfﬁ,) — 1617[ Y 8).0ul 19207:2 ;84) [PPu]
ﬁ<1‘0):(D2¢TD2¢)(¢*¢) (cl(;o); Lo o]j]) I, e 5;40) 1PPu)?]
ﬁ¢4 =(¢D?¢)(D?*¢79) (c;{,”: ]61”2%141>.[[lﬂ+ 19207!2651)141)[[@20)2]}
Opie = (070)DYW!HY (D 9Ti6"9 +hic.) ML
O = €7K (D97 510)(97 07 Dy g)WHHY € e = 55 Y ; W04

AUl
8

RONUEED)

¢6

LU (PPU)]

¢6

RONUEEI

¢6

LDIUGw)]

W2¢4
(3),[(UGuy)]
W2¢4
(1,[UGuv)*]
BZ¢4
(1,[(UGuy)]
WBo*

LB IPPUP]

¢4

ORGSR

4

RONGEOR

M+ 3NN+ BAIAZ + A + A

3/13+ /12/14+1mlz.}+51/x63
zlzf + 4

3/13 +9;LZ;L4 s 15,11,1} +93/123
—zg (2114-/14)

—gzlf

— 3843 — 387 2 + M)
—2g8' A4 (21 + A4)

647 + 61 Aa+ 327
647 +6A1 Ay + JA}
A7+ 3hA+ 34
2

3A7 +3M A+ 1A7

Matching results for dimension-eight operators in the SMEFT for the complex triplet model with the heavy triplet integrated up to one loop.
The terms in blue, magenta, black and green denote the contributions from lower dimensional terms: MA_4,MA_2,M 0 and M7, respectively.
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Complex Scalar Triplet upto Dimension-eight...

Incorporating the effect of fermionic interactions with the heavy scalar :

D3, D7 operators
\d
contribute to v
masses:
Type-II seesaw-mechanism

D6, D8 operators
\d
Strong constraints
from lepton flavour
violating decays

Dim-8 EFT operators

Matching results at scale Ma (> v)

2
Opge = &iZm(ECE)079"(9"0) | €11}, = gttty + i}
2
ﬁl(zl(;z _ 8U€mn(£zcgm)¢]¢ (¢T¢) Cl(f(;z —+ 327:21,1 1(43)2[[U | + 161712 C§4q)) [U]
05y = DY EpPt)DyEpty) | i)y = sl

AD? — l6x? " 14D?

Dim-7 EFT operators

Matching results at scale Ma (> v)

ﬁgp)D = £ Eml'C(D*47) ™ (Dy ¢")

1 1),[U

~ 16x2"L¢D
2 i i\ n )
OLop = Em€nl’C(D* )" (Dy9") | €3 = 1 Lacy!
ﬁLq) = gijgmn(gicgm)(qu)n((p”r(p) (Cup — 321”2 lnMQCEZ H

Dim-6 EFT operators

Matching results at scale M (> v)

On = (ZLX Yu€€y>i (ZEB YMZ&)

Dim-5 EFT operators

Matching results at scale M (> v)

Oparr = €€ 9™ ()T CL

1 HU]]

Corpz = 150 Co2p2

DIVl
l4¢2
(2),[u]
l4¢2
A1
€jap2

2
N

2
(21

1),[U

{0

2).Iul
CLoD

U
(U1

c

U]
Cl[[l

Y1
¢2L2

e VY3, (10003 + 6212+ 5Aa A4 + 34324

216 YArtY>I< <6)Ll Ay +2A A4 + 323 )«4)

= s ¥a, Y5 (20241223

4M6

Ya,Yi ( zlx3+gzgx4+2xlzz+zz/x4)
Y0, Y2 Ak
— (412)/,LAYA. .
S5 (422) aYa,,

{W.UAYA,M (1214 — 3 (M4 2A3) A + (24 + )

+3 (A +A3) (24 + M))

ﬁ YAP‘I YA*rs (42'2 + 313 )2

T MaYa,, (422 +323)

Matching for relevant dimension-eight, -seven, -six, -five operators in the SMEFT for the complex triplet model
with the heavy triplet integrated up to one loop. The terms in blue, magenta, black and green denote the
contributions from lower dimensional terms: MA_4,MA_2,M O and Mi, respectively.
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Complex Scalar Doublet upto Dimension-eight...

The full Lagrangian is given by:
gjfg = Zsm+ |Du<}iﬂ2|2 — m?%’é |<%ﬂ2|2 + Vscalar + Lyuk

where Vi a4 refers to the scalar potential part:

A ~ - -
Vieatar = = =22 | AB]* = (AP + 516 ) (A5 + 5 )
o VAPIAB = Mg | B~ Do 3 |(BF B + (A5 )|
and Ly, 1s the Yukawa interactions of the fermions with the heavy scalar:

Lyu = — {Yg@%ﬂz@e + Y%) 7L A UR +Y%)QL%dR +h-C.}

Exploring impact of dim-8 operators : Dawson. Giardino. Homiller:

PRD 103 (2021) 7, 075016
Dawson et al.; PRD 106 (2022)

» Difficult to assess relevance when
treated freely (e.g., in fits).

5, 055012
] » when matched to specific models Jiang et al.; JHEP 02 (2019) 031
et 2R DM clarifies their natural scale and ef- Haisch et al.; JHEP 04 (2020)
Dim—-6, A2 164
fects.
i — Dim-6, A™
Type-1 2HDM — Dim-8
S S | Y
206 -04  -02 00 0.2 0.4 0.6

Dawson, Fontes, Homiller, Sullivan 2205.01561
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Complex Scalar Doublet upto Dimension-eight...

Integrating out the heavy doublet up to one loop

Dim-8 EFT operators Matching results at scale M 4 (> v)
Ops = (979)* C 1oy 1753 B TN (5 B I (7 Ul AA¢ 48P A0 + 124207 + 1924247 + 8A1 A3 + 9641 MaAT + 2A5 + 4847 A7 +32A4
9= oot T B2 Cps ~ T oom2Cp8 T 3gam2 g8 3 [U2(PU
SO 423 — 62200 — 6M1A3 — 1604 A3 — 23 — 82043
1 T UGy )?
Oy = (070)(Duo'D4e) | cll) - _ wgnch;g-ﬂwwfﬂ g g (A7 4+ Mida+ 1A3)
(1a),[U*(Guv)’] 2 (9324 32
0% = (70)2(9TD*p+he) | B _ 1BVl 1 BUAERU 1 (L) Cfff’EUz(G #)zﬂ A
¢ ¢6 — 16n2‘¢( ~ 19272 €0  384m2 C g0 WEFE— T —8g8' M As
j DG L 2(h32 132
Ol = @OPWWIT | 1 G OG0 i B
W2t = 100w W 0w w2 192072 w29 chans O g (837 — 243 — 82 )
Th)2 wv 1),JU(Guv)? 1),[U%(Guy)? 1),[(UGuy)? (l)[[UGv)Z]] _
32‘7’4 = (070)°BuB C1(912)¢4 =~ 0532)¢E P P 01(92)¢E[‘ el 5302 Ci;z)zp[z[t( )l WB«lJ4 ’ 4gg' i
" APV 8 (422 + 4220+ A2)
= (of ol I BHY (1) 1 1.[U(Guv )’ 1 (D,IU%(Guv)’] 1 (D[UGW)]
ﬁWB¢4 (979)(¢7o"0)Wy\ B CWB¢4 192 WB¢4 U mom Cwpet T e Cwpe 1 B0 2(4A7 + 402 +23)
(. [r*uy] 2 2
05 = (D*9Dy9)(D¥9'Dy9) | cO) — 1 L] g 1 4(4A2 443 20 + A2)
ot 16w ¢ APAEOT 8 (42 4200+ A2)
0\ = (D9™D ) (97D +h @) _ 1 @] RONDg (61 e’] 4¢2 (20 + A
i i e R (Cdf‘ - 16]71:2 €t 19207:2 ‘o G =g (24 4+ ;)
. el 42201+ )
= ((D*¢" 2ot .C. ®) _ 1 .(3).00] OB [(PU)l )2
O, =((D°97¢)(D°¢"¢) +h.c.) Ci = Ty |+ To205Cph xow[%gm Vol Cagens
(13),[U ()] _o2(20 L A
@()3‘0) — (D20TD¢)(¢79) (C((Pﬂo) _ #C&o),ﬂuﬂ W2g2p2 &2 +4)
o4 = (0'D%¢)(D*979) CUP = DVl

Matching results for relevant dimension-eight operators in the SMEFT for the complex triplet model with the heavy
triplet integrated up to one loop The terms 1n blue, magenta, black and green denote the contributions from lower
dimensional terms: M, ,M ,M and M? 2> respectively.
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To Dimension-8

Dim-8 EFT operators Matching results at scale M 4 (> v)
(©)
8 . (4t 4 . ; [v°] T (181, A2+ 36T A+ 165 A2 + 12251105 (A + A
O :(979) Oregs = (0102(5e19) | Cpys = sl — L VT4 1 101 U IMZ((EA " Y(j?) 160323 #1023 B+ o)
Cl03D2 b7l 1 +402)Nm Y,
 / n ¥ ] 1 1 (1),[U? My Ju? U P, " o
H' .1. & ﬁl@(])?’Dz I (D”d) D'uq))(lper¢) Cl(e(?53D2 — ﬁC.l(();é[[D’)ﬂ T 32_17[2 nu_);zcl(e(?)S[[ ]] + ﬁ ;e;}HDzﬂ Cl(jq)b’?’ﬂl()lz)ul]) ]] # ((6&1 +4A’2)n}fzy( >)
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- : (1) 1 winy W _ 1 (v i oy ||
Higgs pair & O g = (per) WL, W €y =Sty (oG] | 1 (n%gg v)
triple Higgs production ﬁl%% — (1e,)0BuyB" Cl%% _ Elgﬂ(;pﬂ D] ((6|Y )85 + Y5 (M1 — A2) + 3Y ¥ (21 + 22)
= : 3|V (A +12)+3YJ(2YS(M11%A,¢2)
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Matching results for relevant dimension-eight and dimension-six operators in the SMEFT for the complex triplet
model with the heavy triplet integrated up to one loop. The terms in blue, magenta, black and green denote the
contributions from lower dimensional terms: M _j,M ,M 0 ;> and M%, respectively.
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Summary and Outlook

» The SMEFT is a well-defined, general framework to parametrize BSM eflects.

» Given the prowess and potential of LHC as a precision machine, matching EFT with the UV-model is imperative especially if the new
physics 1s lurking outside the LHC reach.

v

Matching mismatch sometimes require the introduction of higher order operators.

UOLEA up to dimension 8 It is universal, i.e., does not depend on the specific form of the UV theory as well as IR DoFs.

Equally applicable for SMEFT or any other effective theory at any scale

We performed matching for complex triplet scalar and doublet scalar models.

v v vy

Will be implemented in matching tools like CoDEx to get the WCs.

v

Dimension-8 effects are phenomenologically interesting.

v

NTGC searches provide important tests for the gauge structure of the SM, clean channel that improves with higher luminosity.

» Identify regions where the EFT expansion may be breaking down.

» We have lots to do to enable discovery of new Physics, by improving analysis techniques,
looking for unconventional signatures, increasing precision and assessing validity.

§
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