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Introduction to EFT in particle physics

e Main ideas.
e Main strategies.
e Some examples: from Fermi theory to the SM to the SMEFT.

Constructing the SMEFT

e The SM: brief review, strengths and weaknesses.
e Adding SMEFT interactions, how and why.

Outline

e SMEFT effects on SM parameters and SM interactions.
e Calculating observables in the SMEFT.

e Global fits of collider observables (EW, Higgs, top), flavor
observables, low energy observables.

e Matching to UV models.




CO N St r'u Ctl N g * The SM: brief review, strengths and

weaknesses.

the S M E FT  Adding dim=6 SMEFT interactions. s



Adding SMEFT interations

 How to build the SMEFT Lagrangian order by order in the EFT expansion

e Explicit examples: LédMTE?T and Lé;l/;%



Th e S I\/I E FT fra m eWO rk Grzadkowski, Iskrzynski,

Misiak, Rosiek, 1008.4884
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Constructing SMEFT operators

Not having any information on the UV theory, use purely symmetry arguments dictated by phenomenological evidence

Main requirements

» Dimensionality (dim=5,6,...) We'll follow these principles in building the

» Lorentz invariance SMEFT dim=5,6 operators
» SM gauge symmetry

Additional optional requirements
» Global symmetry of the SM, exact or approximate: L, B, flavor, ...
> No additional CP violation

Build a basis of operators, i.e. reduce them to the minimal number required to generate all dim=6 interactions

Various technigues to eliminate redundant operators
» Integration by parts
> Field redefinition

» Fierzidentities We will discuss them in the following.
> Dirac structure reduction




SMEFT: dim=5

Due to both Lorentz and gauge invariance: Dimensionality of elementary building blocks:
3 v
[w]ziv [A'u]:la [8”]:1’ [X‘UJ ] =2, [qb]:l

> Scalars can only come as T — [(pTgo] =2

» Fermions can only come as bilinears — [§(... )] = 3 Gauge group transformation properties of SM fields:

But SM fermions are chiral: Yy = Y, Yr + Ypy; and ¢ e qu d|H|GW B
Yy*yYD, D,y = YD*P - not gauge invariant SU(3). representation| 1 1 33 3 [1[8 1 1
SU(2), representation| 2 1 21 1 (2|1 3 1

> Vectors can only come via the X*¥ tensor = [X*V] = 2 U(1)y charge —2 —15%2—-%/5/0 00

and Lorentz indices have to be saturated:

|x*a,0,] = [x*X,,| =4

Notice: work in the unbroken phase to easily use the SM
A dim=5 operator cannot be made of only scalars, only gauge symmetry constraint.

fermions, or only vectors

» Scalars + Vectors
» Fermion + Vectors
> Scalars + Fermions — dimensionally allowed, need to examine gauge properties

]- dimensionally not allowed, given above building blocks



SMEFT: dim=5

Three main further steps:

> @ and @1 have total Y = 0, but this would require to match with ¥y which is forbidden by gauge invariance.
Need to use ¢ ¢ — need two fermion doublets to obtain Y = 0 — to match Y, they need to be leptons

> To obtain an SU(2),; X U(1)y invariant object we need to combine them as (I e@) (@’ €l) since (pTep) = 0
[where € = ioy]

> Make it a Lorentz scalar using the charge conjugate operator C = iy?y?:

Q(5) — (lTCecp) (¢Tel) a.k.a. “Weinberg operator”

S. Weinberg, “Baryon and Lepton
Nonconserving Processes,”
Phys. Rev. Lett. 43, 1566—-1570

Important consequences for beyond SM physics:

> It violates lepton number (I = e™¥'1) by two units
» Upon SSB it generates a Majorana mass for left-handed neutrinos

() =(0,0)7T y: Set lower bound on scale of L violation
p— ,“U
2 Q"7 = = + VL Cvr m, ~1eV = A ~ 10" GeV




SMEFT: dim 6

Very similar considerations leads to identify a basis of
dim=6 SMEFT operators.

“Warsaw” or GIMR basis: most commonly used

Grzadkowski, Iskrzynski,
Misiak, Rosiek, 1008.4884

With respect to the dim=5 case, the problem arises of
identifying a minimal set of independent operators.

(59 operators excluding L- and B-violating ones and
suppressing flavor indices).

Considering the flavor structure of the operators:
2499 couplings out of which 1350 are CP-even and
1149 are CP-odd.
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Reducing to GIMR basis

Integration by parts: in QFT we assume that total derivatives in the action S vanish
For instance: scalar kinetic term can be written in two ways

/d%:D“(ngDMcp) =0 — can trade D*¢'D,p +— o' D?*p

Equation of motions (e.o.m.) relate different operators

For dim=6 operators, we can use SM e.o.m., derived from LSB, since we are cutting the EFT expansion at 0(1/A?)
(D*Dyupy = mPe’ — A(plp) ! — el + epd" Tou — dI¢,

(DPGW)A = g, ((jnyTAq + ﬂfyuTAu + J’yMTAd),

- » The same result can be achieved via field
g . = _ .
(DPW,,)" = > <¢T2D,f o + Iy, + Q’)/MTI(]) , redefinition | o |
- » Care must be taken in extending it beyond dim=6:
"By, = Y, 0liDio+g > Yyiyu need to take into account EFT effects in either the
ve{le,qu,d} e.o.m. or field redefinitions.

Example: there are no ¢2D*, 9?XD?,X?D? type of operators

< Used to reduce the number of derivative in the GIMR basis




Reducing to GIMR basis, ctd.

Fierz identities for spinor indices and Dirac structure reduction

/\Cncoeffs: determined by contracting with elements of {I'"}

X®Y =) Co(X,Y)I"®TL, + E(X,Y)

“Evanescent operators”: extra structures arising
when using Dimensional Regularization (d = 4 — €)
X,Y — generic Dirac structures defined by this equation. Relevant at loop level.

Basis in d=4, and its dual

1 — 5}
{Fn} — {PL’Pij},MPL’,-}/HPR’O-MV} PL;R: 2,)/ C Used t i
. . sed to separate
{I'n} = {Pr,Pr,7uPr,ymuPr,0,,/2} o — 1[ i lepton and quark
- . o170 fields in different
tr{l"", Ty, } = 260 fermion currents

Fierz identities for SU(3). indices [T%generators of the fundamental representation of SU(3)]

1 1
(1) (T ) g = 3 <5il5kj — N(Sij(skl)



Global symmetries

“Accidental” symmetries:
symmetries arising in the lowest-dimensional theory as an indirect consequence of the symmetries explicitly
imposed on the theory (ex.: in the SM B and L conservation is a consequence of the gauge symmetry)

see discussion about
dim=5 operator

» Lepton number L, together with Le_y and L, - (or individual L, Ly, L;)
Strong bound fromm, - A > 103 GeV

» Baryon number B
Strong bound from proton decay — A > 10'°GeV

If allowed, SMEFT effects would be tiny.
Retain both symmetries in the SMEFT
and envision a multi-scale EFT

“Approximate” symmetries:
Symmetries that are only mildly violated by tiny parameters in the Lagrangian of the lowest-dimensional theory

» Flavor symmetry, mildly broken in the SM by Yukawa coupling for the light generations and off-diagonal CKM
matrix elements
Strong bounds from FCNC processes (such as B — B, K — K mixing)—» A > 108 GeV

Two commonly considered scenarios: U(3)%and U(2)®




e Effects of SMEFT interactions on SM parameters
Th e S M E FT and SM interactions.
h * Calculating observables in the SMEFT.
ands on



Effects of SMEFT interactions

= Effective operators at Ay, induce “direct” and “indirect” contributions of their
Wilson coefficients in physical observables.

Modify existent interactions
+

New EFT interactions

Shift fields and parameters from
the SM ones

——————————————————————————————————————————————————————————————————————————
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/ \
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:’ . R in || R effects. 0 EFT effects in |
EFT effects in Lagrangian | | EI;T effects in | EFTeffectsin | EFT effecft.s in L EFT Effe:ctsl, in 5
| @) L an (D) ields and | E> " interactions |/ probability |[)! physica
Esuprr = Lsu + 5301 | | parameters | | ! | amplitudes | | observables
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" EFT effectsin 5' \" EFTeffectsin EFTeffectsin-

| EFT effects in Lagrangian P T o\
@) ' fieldsand | §> Ei:;;fftcizsnl: §> . probability | §> . physical
- Lsmprr =Lsu + 5t Qs | j . parameters | | i | amplitudes | | observables
N LT R T

Ci

e ) 3

/ Often computed up to quadratic
“‘@' U‘Chm‘l@‘d . + WA \ +--- order to assure positivity

1
£
2

o o Yo Yo 4

ou/n) 0(1//\2 O(1/A%)

Careful: quadratic terms may also
arise from the expansion of
indirect SMEFT effects.

3
E
L

Osmerr = Osn + AOWY + AO@)
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EFT effects in Lagrangian EFT effects in 1 ERT effectsin | " EFT effects in )

PO .\ i EFT effectsin @ A\ ! PN
| (1) [)} fieldsand ¢> L : | ¢> . probability ([)! physical
L =L, + S, T . v i Interactions : 7 ! . A
i TSMEFT A i i parameters | ! i | amplitudes | | observables
T o, 2 R
C?; 02 ~2
A2 ,f

Necodion-levd «AA<+W\<+W\<+
M(Huée\auej w\<>/w W\<//\N+W\ AN+«AA<>/\N+

0(1/A° (9(1/1\2 0(1/1\4)

obwvaue-lwd . Osyerr = Ogpr + AO(U + AO(Z) +...

d



EFT effects in fields and parameters: Higgs sector

A A %k
L, = (Do) (Do) +m? (¢ o)== (7o) +C0u (0T 0)* +Con(¢’0)O(p ) +Cyup (" Dyp)* (¢ D)

______________________________________________________________________________________________

VEV identified from the minimization of V(¢):

_— 29,2 3m?C 63m*C2 E E — (@
V=19 "x (1+ ox T T e ) |:> 1 \/ih

______________________________________________________________________________________________

- ~

around the VEV and Higgs field

Expansion of SU(2) scalar doublet
)
(unitary gauge)

........................................................................................

o~ S

Shift on the Higgs field identified from the normalization of its kinetic-term:
—4

h=Znh= (1+§(C‘¢D—4O¢D) —3—2(6’@9—4O¢D)2+...)h

____________________________________________________________________________________________________________________________________________________________________________________________________________

____________________________________________________________________________________________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________________________________________________________________________________________



EFT effects in fields and parameters: Gauge sector

1 A 1
L:Gauge 5 — ZGﬁVGAMV + C(’OG(SOTSO)G;?VGAMV . _WI WI;LV
|

J \ 4 -

~ 1 ~
+ C‘PW(QOTSD)WJVWIMV - ZBMUBMU + C@B((PT(P)B,UVBMV

+ Cown (o' @)W, B* + (Do) (D"¢) + Cop (' D) (0! Dyuep)

————————————————————————————————————————————————————————————————————————————————————
- ~

Shift of gauge fields identified from the
normalization of their kinetic-terms:

Bu=ZyB, = (1-Copt® — 5C250" + .. ) B,

______________________________________________________________________________________

L=2,W) = (1= Cowt® = 3020t + .. ) W]

:> a=125'g

-~ SS

Shift of gauge couplings by requiring
{ invariance of the covariant derivative:

g’ = Z;lg’ gs = Zg_slgs E

(D =8, +igs G T +igW!IT! +ig'B,Y)

.
_______________________________________________________________________



EFT effects in fields and parameters: Gauge sector

| I I DU N o A ais B
EEW D) —§WJVW H |_ ZWEVWBM — ZBLWB“ |_ 5 @WB’U:Z(l + Cch’UZ + C(,OBUQ)W'S)VB’UJ
—2-2 _92-9 1. o 122 1. o — =2 1. -
I wiwr e L (14 2Cope? | WEWH 4+ L (14 ZC,pe? ) BB — L (14 G, p0? ) WEBH
8 8 2 8 2 4 2
l J
Transformation of basis:
Wi\ _xc(Zu) _ (1+35%/8  —5/2 cw sw (Zu
B, A, —S5/2  1+435?/8) \—sw ew ) \A,
—2,52 .
My, = g4 . with,
S = Cowpt*(1 + Cow® + Cypt?)
tan Our — : 4 CA’QDWB@’Q — g )0 CAfc,O‘WB [Q(O@B + O@W)g — OQDWBQ—](QZ —g")v 4
Yy 2g° 4g°

~
_______
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EFT effects in fields and parameters: Gauge sector

- =

The photon field A, remains massless, while the neutral boson Z,, acquires mass:

2 (gQ + g_,z)rljz 54 A —2 _/2 A - 1_]6 ~2 2 _/2 ~ ~ A A =
Mz = 1 t3 (Cch(g +9 )+4C¢WBQQ) 7 (C¢WB(9 +9 )+C¢WB(QC¢W—FQC'¢B+C¢D)99) + ..

_______________________________________________________________________________________________________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________________________________________________________________________________________

- ~

- ~
~,

The physical electromagnetic charge can be identified from the covariant derivative:

—/
D,u = u—f—z% (T+W+ + T_W_)—I—Z (g_,X21Y + §X11T3) ZM'HL (g_lXQQY + §X12T3) lzlu .

@, Q=T°+Y

¢

N, ’
~~~~~~~~
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EFT effects in fields and parameters: Fermion sector

LyD i (TLﬁl:L + é;%ﬁeja + @:LD/QJ’L + ﬁ:RJZU;% + ERDIdR)

- [ Teenp+ (soTsO)(l_'LC‘;w}:asO)" G Tuup® + (01 0)(@,CLpur®) — @ Tadpe + (010) (1,Cud ) + h.c.

-~ =~

. Shift of the fermion mass-matrices (gauge-basis) | ' Transformation to the mass-basis:
identified from the mass-terms of fermion fields: i

L ~

t Yy, =Uprtr ¢ = Uyrtr

' v 02 .
= — Ty — =
Mo=17 ( v %) My =Uy MyUyr
for, b fe.u.d) Cpe =U5, Cl Uyr

’
-
_________________________________________________________________________________________________________________________________________________________

-~ =~

’

- , L 1 (221 02112
E EFermi = _W ( ,u,L'Y,u:U‘L) (BL’Y”Ve,L) + h.c. :> GF = \/5_2 (1 -+ (0(3)22 Cg(osi)ll 4 —l— ) 02 + 0(3)11 3)22 _4) +...
! v

v gr SM/CS’Z) Cu
i’ e”= 1 e+ po e

___________________________________________________________________________________________________________________________________________________________________________________________________________________




EFT effects in interactions:

( X3 \ o5 and D2 f e \
Qe | fAEcarala || Q, (¢')? Qo | (R)Tere)
Qs | FPOGal i |Qe | (Plelnlefe) || |Qu | (Plo)@ud)
Qw | KWW W Qep | (9TDRe)" (¢ Dyg) (| (Qap (') (@)

QW EIJKWvajPWg(j

X2 WX 22D
Qi | oleGhG™ || Qv | Gorerrlowl, | Q) | (iDup) )
Qi | oG | Qi | @oe)eBu | QF (sDT@D’ ) (LT yM1)

Qew |  leWLW I Que | (@™ Tu)gGa, || Que | (p1iD, @) (@ e))
Qv | FeWLWH | Quy | (@orup)r'e W), || Q%) (soszM @)@y 1"a))
QB o' By B Qus | (q,0"u;)@ By Q%) (‘PT@D )@ " q))
Q.5 ¢l B, B Qac | (@o"' TAd)e G, || Quu | (ol uw)( ;)

Qows | @'l WiL,B™ | Qaw | (o™ d )t oW, | Qpa | (¢l Duo)d ;)

Qg | #TeWLBY | Qus | (@0"d)eBuw | Quua | i(F Dup) (@ d;)

___________________________________________________________________
” \\

~
-

Higgs-fermion interactions:
”QLIqu’lﬁ, haa

Direct — 2¢3

2

o e
N e e e i e

Indirect — @*D

.
_____________________________________________________________________

___________________________________________________________________
- .

Gauge-gauge interactions:
” X,U,VXHV”

Direct — X3

e e
N e e o e e

.
_____________________________________________________________________
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EFT effects in interactions: Charged/Neutral Current

Interactions
77?:77/;’E¢'n

X3 1106 and (p4D2 ’lf)Q 3
Qe | 1PeGral G || Q, (p10)® Qe | (do)ere)
Qg | GGG || Quo | (Wloolele) | Que | (We)(@ud)
Qw | EWIWWS N Qop | (61D40)" (¢1Du) | Que | (#T0)(Gdr)
QW EIJKWJVWI;’PWPKH
XZC,DQ I/JZX(p wz 2D
Qo | eeahem | Qv | Gereyrtowl, | Q) | (@liD oG )
Qi | #eGhe™ | Q| GoveleBu | (@Y | @liD] @)@rv)
Quw | eleWLWwm |l Que | (@™ T u)3Gl, [Qw (99“13#90)( yhel))
Qi loWlLwiw | Quw | (g ul )T W], W | (ohiD, ) @)
Qs | ¢eBuB™ | Qus | @o™u)EBw | Q% | (1D} )@ dl)
Qi | eeBuB™ | Qo | @e"TAL)eGh, fzm (@li Dy ) (@)
Quws | erieowl B | Quy | @omd)rewl, || | (oliDy o) @)
Qun| Wi | Qs | @o"d)eBu | Roa | i@ Do)y )

Gauge fields arising from covariant derivatives does not
introduce indirect contributions!

Both neutral and current interactions only have
direct contributions of effective operators.

Loo=— % (7L Wt en + upy Wi dy + h.c)
+ écpl(B) (@Tiﬁiﬂﬁ) (FLTI’Y“EIL) + écpq(S) (@Tiﬁiﬁo) (@LTI’Y“QIL)
+ Couai (9" Dyg) (w7441

= — iyLry“WJFUT (]_ + v Ctpl(3)) €r, — jiuLﬁy“"WJrK (]. -+ Uzctpq 3))

\/5
2\/_UR’Y“W+ (Cupud) dr, + h.c.
with, . —-LAi B i .
K = UTLUdL —» CKM-matrix |
U= U;LLUHL —> PMNS-matrix |

_________________________________________________________
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Change of input-scheme:

{g,9,0,\} = {a, MZ,éF,Mh}

—————————
”, ~

~. P s,
Seem N ot ~
’
! \

/" Write “barred” initial parameters " Write final input parameters
in terms of “barred” final (“tilded”) in terms of their

parameters: “barred” and shifts:

——————— -

{ ! |'l

| - Y I |

g=v8mra |1— 1_@ a=a(l+6,)

| G Mz i i 72— g2

: SOV B M3 = 113 (1+ 033 )

i - 2v/27a ; i ~ _ A

! "'=+V8ma |1+ l—i’ljg | : Gr=Gp(1+4dg,)

i GFMZ i l‘ )

i 1 | i i \\\ M2 = Mh (1 _I_ 5M2) ,,l
: V= —— L e
i V2Gp i

1 - 2 :

‘\ My, :"

\ )\ — 2 J

’
~ -
________



Change of input-scheme:

PETS

____________________________________________________________________________________________________________________________________________________________________________ LA&H2)
- Vima (| d L3 ((—& + 5GF+5M;)(2—35Q)+2§25M;)62W (=00 + 8c + 0ar2 ) (1053 — 3)chy
TS 2 73 1025, - 1) T 8(252, — 1)° T
- Vg |, 302 ((_5a +0Gp + 0z ) (=2 + da) —25GF5M§)§2W (—0a + 0, + 0ag2 )2(105%, — 7)1,
T ar ? TR T 4253, 1) " 8(252, — 1)° T
I 11y,
: with
oy o a2 (1 2 _ [ ’
\\\)\—\/iGFMh(l 5GF-|-5£—I-5GF 5GF5M,§+---) a, I_Mi& 1/2 ngi . 1_2\@1& 1/2
________________________________________________________________________________________________ W= 2 épﬂg \/i éFM%
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Change of input-scheme:

-

,,,,,

______

* Write “barred” initial parameters

in terms of “barred” final

para meters:
_ 4 —1/2
2\/§7r64
g=vV8ma |l—4]/l — ——
g GrM2
- L —1/2
_ - 2%%@
"=vV8ma [1+4/1 GFMQ
. 1 )
V= ——
VV2GE
M,>
A= =

N -
NNNNNNN

{g,9,0,\} = {a, MZ,éF,Mh}

»

l

e

ffff

‘‘‘‘‘‘

erte final input parameters
(“tilded”) in terms of their
“barred” and shifts:

a=a(l+dy)
M3 = 03 (1+ 643 )
Gr=Gr(1+dg,)

~~~~~~~

_____

————————————————————————————————————————

______

Obtain 6’5 from the
derived physical
parameters and express
|n terms of input- scheme

_______________________________________________
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Change of input-scheme:

________________________________________________________________________________________________________________
P

———————
i

\/icwwggwgw(l + 35(}'1?) éc,oWB (4éc,oW + 46'@3 + é@D)évWEW n

§o = — - -

GF 4éF
Oz = o~ (é D +4é WBEWEW) + = (é D +6O WBEWEW) oc
z 23/2GF ® ¥ 23/2GF P » F
CsoWB A A A ~ o~ A ~2 ~2
+ 4@2 [(4C@W + 40@3 + SC@D)SWcW + 2099WB(1 + 4SWCW)} + ...
F
A1 AB)22 L1/ a A
Sa, = Cél) 4 C:Dl) -5 ( 11.5221 n Olzlnz) o
1Cys - C o we (4C0 - Cup)?
Sppr = — 28— ¢D(1+5GF)—3C¢M,§—QC§M;§+( 40 — Cop) 4
g 2v2GF 8G2

-
~ -
____________________________________________________________________________________________________________________________
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Change of input-scheme:

{g,g_,’f(_)’)\} — {&7 MZaéFaﬂh} or {MW7MZ7€:F7Mh}

,,,,,

\-___________________*’

________________________ O N 2 3
/ Write relations among “barred” / erte final input parameters B . Obtain 5'5 from the
: ". ! : :
. parameters: | - (“tilded”) in terms of their | - derived physical
i : “barred” and shifts: - parameters and express
i - - —1/2 i 1 i i
i i ' : - in terms of input- scheme
g=V8ra [1— /1 2@3 | a=a(l+da) | R
1 F VA H i _ i
i ! I 172 — 2 i
i : ' | : M2 =12 (1 + 5M%) i .
E 7 — Sta |1 + 2\/_71'(; i ; GF = GF (]_ —|— 5GF) E ll,/ . \‘
i GFMZ i l‘\ T2 - 2 ,'I {\ 4 /}
i 1 - - | ‘\\\ M7 = M, h (1 + ) M;%) //’ ST M LOTTTTTIITTITTTTTTTTS \
: D= ———— i e o ! .
| V26, ; - Compute observables in
. M2 the SMEFT
\ i 2 2 Z%5 e gy S PR ———_

\s____________

~ -
~~~~~~~



The breadth of LHC measurements

Standard Model Total Production Cross Section Measurements Status: June 2024
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10° o Bl s 321400 . . Status: June 2024
ven Standard Model Production Cross Section Measurements
*o LHC pp V5 =8 TeV
Y — N 1 ——
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o © - BEl  0aa 0255031 o
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. - o 10° "o ke Bl 0ata 32- 14007
i-‘ totar B *ooo T it
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o L 10* o8 B oats 202-203f00
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1 =I o o g o LHC pp V5 =7 TeV
HyH B 10° G e mel s B Data 45-29f!
- 5 125GV oalc o -0 22; o : '
i I
107! H "I Ba it sy By a - LHC pp 5= 5 TeV
(0. b e ~chan o P P
N Tgi}u 10 v Ho o ,ﬂ‘{:: wﬂt'ﬁ“lﬁg_o_*ﬂ__ BEl  0ata 0.03-0310
(= m =3 L gy Wwe WE total
—2 £ 00 Gl >
10 et Ba chy"_sz tﬂ' FE* w
1':"1 - mad = oG z z B3
el lq mza med ' o Iotal
=5 o o 05 s-chan z, Hos - B
PP w 4 tE t Wt H ww wz ZZ t w1z tEE 1 .i n:.D'l_--! "%:'6 - el g - iy Iﬂ o |ﬂu\¢vm.
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tot i mET 10 Merr [y | B iz WO
1 'i . o ] oy e pam e e B I_ &Y Bg
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4 nze u ..H 2 o
h e H— oy 'Hﬂ ; 2 B wrr wai
i -2 LEN ) :xu-|r_-_| A = = - ]
Itera Y hundreds o1 ooservapnies that a ave | 10 R g 8= B
o e, 8 @ ga"
B s a W w

to agree on the same new physics pattern! | ] i LA IR ¥
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Ideally suited for EFT approach . - ww
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