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Role of scale in physical problems

Some distribution

: Far
of electric charges Near

observer observer
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Near observer , L~R, needs to know the position of every charge to describe electric field in her proximity
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Higher order terms in the multipole expansion are suppressed by powers of the small parameter (R/r).
One can truncate the expansion at some order depending on the value of (R/r) and experimental precision

Far observer is able to describe electric field in his vicinity using just a few parameters:
the total electric charge, eventually the dipole moment E.

Ear observer , r >> R, can instead use multipole expansion: V(r) =

On the other hand, far observer can only guess the "fundamental” distributions of the charges,
as many distinct distributions lead to the same brst few moments

Far observer, like Moliere's Mr. Jourdain,
discovers that he has been using EFT all his life



Scale i1n quantum field theory

Consider a theory of a light particle !
Interacting with a heavy particle H

Heavy particle H propagator in coordinate space:

At small distance scales, [x 1-X2| << 1/mu,
the heavy particle H propagates.
Force acting between light particles !
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At large distance scales, |x 1-X2| >> 1/mn,
propagation of the heavy particle H suppressed.
Interaction looks like a delta function potential
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Scale i1n quantum field theory

Consider a theory of a light particle !
Interacting with a heavy particle H

Heavy particle H propagator in momentum space:
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At large momentum scales, p 2 >> mu2,
we see propagation of the heavy particle H.
Long range force acting between light particles !
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At small momentum scales, p 2 << mu2,
propagation of the heavy particle H
effectively leads to a contact interaction
between light particles !



Scale 1in particle theory

¥ Processes probing distance scales >> 1/my, equivalently energies scales << m,
cannot resolve the propagation of H!

¥ Then, intuitively, exchange of heavy particle H between light particles © should be
Indistinguishable from a contact interaction of ¢ !

¥ In other words, the effective theory describing « interactions should be well
approximated by a local Lagrangian, that is, by a polynomial in ¢ and its derivatives

This is the generic way how the effective theory description arise in particle physics,
which will be repeated in many examples that follow
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Elementary particles we know today

\‘ 17/
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All these particles are propagating degrees of freedom right above the electroweak scale,
thatisat E# 100 GeV -1 TeV




SMEFT

SMEFT is an e%ective theory for these degrees of freedom
Incorporating certain physical assumptions:

a H 1. Locality, unitarity, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &

o at or below the electroweak scale
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
QE a@ strictly respected by all interactions and spontaneously&

broken to SU(3)xU(1) by a VEV of the Higgs pbeld

G Wlk B, 1

SU(3)c SUR)w U(L)y
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SMEFT

1.
2.

3.

£
Locality, unitarity, PoincarZ symmetry ; s N
Mass gap: absence of non-SM degrees of freedom & d
at or below the electroweak scale 4 E ?

Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions

If these assumptions are true we can organize the EFT as an expansion in 1/,

where - is identiPed with the mass scale of the UV completion of the SMEFT,

and each term is a linear combination of SU(3)xSU(2)xU(1) invariant operators
of a given canonical dimension D

, SMEFT— » D=2% pD=3T D=4%, p=5t, D=6t D=7 D=

SM Lagrangian

Higher-dimensional
SU(3)c x SU(2). x U(1)yinvariant
Interactions added to the SM

In the spirit of EFT, each , p should include a complete and non-redundant set of interactions




D=2~ | ﬁH H Experiment: Iy # 100 GeV

Unsolved mystery why ! El & -2
which is called the hierarchy problem

y D=3 =0 Simply, no gauge invariant operators made of SM Pelds
exist at canonical dimension D=3
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Experiment: all interactions at D=2 and D=4 above have been observed, except for v

Strictly speaking, I has not been observed directly. Its value is known within SM hypothesis, but not within SMEFT, without additional assumptions. !
Observation of double Higgs production (receiving contribution from cubic Higgs coupling) will be a direct proof that & is there in the Lagrangian.

Note that %B, «B; . is not physical, while %, WK WK. can be eliminated by chiral rotation



SMEFT at dimension-5

, SMEFT— » D=2T D:4+’ p=6t, p=7t, p=gtE

Weinberg (1979)&
Phys. Rev. Lett. 43, 1566
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¥ At dimension 5, the only gauge-invariant operators one can construct are the so-
called Weinberg operators, which break the lepton number!

¥ After electroweak symmetry breaking they give rise to Majorana mass terms for
the SM (left-handed) neutrinos!

¥ Neutrino oscillation experiments strongly suggest that these operators are present
(unless neutrino masses are of the Dirac type)

This is a huge success of the SMEFT paradigm: &
corrections to the SM Lagrangian predicted at the next order in the EFT expansion, are
Indeed observed in experiment!



SMEFT at dimension-5

V2
. SMEFT 2 Gj—

It follows that _ # 10 Gev

Gij

» SMEFT— » D=2 D

Naively: , p-g# —andthen , p_g# — D=7 #

)

Neutrino masses or most likely in the 0.01 eV - 0.1 eV ballpark &
(while the lightest neutrino may even be massless)
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One problem now:
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——. and so on

If this is really the correct estimate, then we will never see any other e%ects &
of higher-dimensional operators, except possibly of baryon-number violating ones :/
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SMEFT at dimension-5

? m? m2
THRT - v,
vy SMEFT 2 C” | J T h . C. Normal ™= Y| TInverted
B R | solar~7x10) 5cV3-_m‘
Neutrino masses or most likely in the 0.01 eV - 0.1 eV ballpark & atmospheric i
(while the lightest neutrino may even be massless) ~2x107%eV? T
_ _ m,> ~2x1073eV?
It follows that — # 101“ GeV One prob|em now: m,> I ——— /1!
Gi :
0 : 0
, SMEFT= s D=2% D=4t p=5*, p=6t, p=7t, p=gtE
| 1 1
Naively: , p-g# —andthen , p_g# — 11 D=7 # — and so on
It is however possible that - is not far from TeV, butinstead ~ G; & 1

Alternatively, it is possible (and likely) that there is more than one mass scale of new physics

Dimension-5 interactions are special because they violate lepton number L. &
If we assume that the mass scale of new particles with L-violating interactions is - L&
and there is also L-conserving new physics at the scale - & - |, then the estimate is
1 1 1 1
y D:5# 7 Y D:6# D y ) D=7# 3, y D=8# _4, and SO 0N

- L L



SMEFT at dimension-6

» SMEFT— » D=2% pD=4aT, p=5T +, p=7t, p=gtE

Grzadkowski et al

* " .
— e arXiv:1008.4884(
At dimension-6 all hell breaks loose R e
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Table 2.3: Two-fermionD=6 operators in the Warsaw basis. The 3avor indice
denoted byl,J . For complex operators Oy,q and all Yukawa and dipole opera
the corresponding complex conjugate operator is implicitly included.

(RR)(RR) (BL)(RR)
"’ Oce | !(e™ &)(e™ &) O | (B#(e &)
’:‘ Ouw | (U™ ue)(u™ 0 Ou | (Ash(u* o)
Oqa | !(d™ &)(d &) Oy | (Aa#(d &)

Onwo | (H H)U(H H)
Ohp |H DyH|’

Ou | (@)U 8) O (€ ,8) (@)
OH G H H ( a O | (", @)  Op| (dH0(u,0)
My Ouw| (@)@ Ol | ([@T (", To0)

Ol | (U, T2@%)(d" ,T2F) Oqa (g8.q)(d°" &)
Ol | (T a)(¢™", T*)

Onw | H HW],

(BL)(e) (BR)(BR)
. Ou | (A (Aah) Oqua | (U )Sc (cdf)
* Ouq | ! (a1,0)(f81,0) Olua | (UT2d )G (T2t
OH B H H B V8% B V8% : Ol | ! (" 'c)(e" ) Oucau | (€)% (uek)
Oq | (A#(dp.0) Olequ | (€ #)$ (uB" )

Oy | (A" '#(an."'0) Otecg (#)(d9)

i i i /'vi ““
OH W B H O- H [ [ u vV Bu 14 O \A7 H O- H [ [ “‘ v Bu 174 Table 2%: Four-fermionD=6 operators in the Warsaw basis. Flavor indices
suppresség here to reduce the clutter. The factdris equal to 22 when all 3a
ik 11/i :
O € 1% W € . R
W 7 pU W 4 Oung =(d°)(Q1)
Dggu =(qq) (")

indices are'gqual (e.g. iNQeel1111), and ! = 1 otherwise. For each complex oper:
O fach C N fach C
V G V way —(49)(¢F]
G P P pi O 0

- the complex €onjugate should be included.
ik 117 ‘
Odﬂuu Z(dcuc) :’w:cc)




. b =
e e




" "$ %&"()(8(&* ")+

SMEFT at higher dimensions

SMEFT— 1 D=2%: p=4t, p=s*, p=6*, p=7t, p=gtE

&t HiH HHE HitHE
($$("%" %!

& HHH Tt HHHH

QA HHH HHH

& HitH Bt

$*(* &(#

& HitH Hit

QA HiHH

&H# Hit#H

QA -
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- For complex operators" Henning et al

_ complex conjugates counted" arXiv:1512.03433( -
=1 as separate operators

$ % ( ) ' &# && &! &" &* &$
"4 $%& (H9%0)(

Exponential growth of the number of operators with the canonical dimension D



SMEFT at higher dimensions

., SMEFT— +» D=2% D=4t D=5t p=6t, p=7t, p=gt E

Number of baryon-number-conserving operators as function of D and number of generations N,

Dimension-5

Dimension-6

Dimension-7

Dimension-8




SMEFT at higher dimensions

SMEFT at dimension-5: Weinberg (1979)&
Phys. Rev. Lett. 43, 1566

Grzadkowski et al

SMEFT at dimension-6: arXiv: 1008.4884(
SMEFT at dimension-7: arXivﬁe{‘ﬂ?ﬂllgg
SMEFT at dimension-8: arXiv:LZiOe(;; loooog

SMEFT at dimension-9: arXiV:in(i; |09188(

Code to generate a basis at arbitrary dimension in SMEFT: arXiV;‘;,tl"’_‘g4639(
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SMEFT

But are !"e a#umptions true?

a E 1. Locality, unitarity, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &

0 at or below the electroweak scale
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
QE a@ strictly respected by all interactions and spontaneously&

broken to SU(3)xU(1) by a VEV of the Higgs pbeld

G Wlk B, 1

SU(3)c SUR)w U(L)y




SMEFT

But are !"e a#umptions true?

\ﬂ 1. Unitarity, locality, PoincarZ symmetry
2

h’@ . Mass gap: absence of non-SM degrees of freedom &
‘“ iq at or below the electroweak scale

3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
%»@ strictly respected by all interactions and spontaneously&

broken to SU(3)xU(1) by a VEV of the Higgs Peld

G Wlk B, 1

SU(3)c SUR)w U(L)y




But are !"e a#umptions true?

Unitarity, locality, PoincarZ symmetry

Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale

. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions and spontaneously&
broken to SU(3)xU(1) by a VEV of the Higgs Peld




SMEFT

But are !"e a#umptions true?

0 1. Unitarity, locality, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &
@ at or below the electroweak scale
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions and spontaneously&
broken to SU(3)xU(1) by a VEV of the Higgs Peld

2
b

G Wlk B, 1

SU(3)c SUR)w U(L)y




But are !"e a#umptions true?

Unitarity, locality, PoincarZ symmetry
Mass gap: absence of non-SM degrees of freedom &
at or below the electroweak scale

. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions and spontaneously&
broken to SU(3)xU(1) by a VEV of the Higgs Peld

G|a V\/,k B| 1
.......... Cesainly not,
3 5 1 i 213 i 1/2
3 1 1/3 1/2
I N N .- .. because gravity ex%its !
1 5 1 5 -1 1/2
1 2 1/2 0




GR-SMEFT

In principle, the relevant e%ective theory at the electroweak scale is GR-SMEFT rather than SMEFT

First of all, Einstein's GR can be generalised to an e%ective theory: GR-EFT

1
» GRSEFT — \/$ { C 2 PIanc R} +_ C]_CI ()C() &C* 4+ C‘QC| ()C() &CL* }

GR EFT corrections Ruhdorfer et al&
R,.=C,, arXiv:1908.08050
Weyl tensor C,uxgis 1', r . . -
+ gﬂ S * B _gm“' 7 _g,, 5:7;'
the (2,0) 4 (0,2 partin A wooA

decomposition of Riemann tensor: _%( £ e~ Gy IR
Furthermore, one can consider the EFT of SM degrees of freedom coupled to gravity: GR-SMEFT.
At lowest order, graviton couples to the energy-momentum tensor of matter, without any free
parameters. At higher order one can construct e%ective operators with arbitrary Wilson coe)cients,
for example at dimension 6 in the gauge-gravity sector one has:
C1 ~
L po Yuvaf po (Yuvap
1 D=6 A2 UV C Ca Bpo + A2 1% C Cozﬁpa

+ 2 i 2 HHC,,,, " +

+ A2 BWBWC pvpo +

N 2 HTHC,,yp0CHP°

8 B By + L GGy + LI G Clpp

A
W Cy + ~

A
DWW Cypr
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But are !"e a#umptions true?

Unitarity, locality, PoincarZ symmetry

Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale

Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions and spontaneously&
broken to SU(3)xU(1) by a VEV of the Higgs pbeld

However, unless something weird happens

at the level of higher-dimensional operators, &
1 we expect graviton couplings to matter to be&
very suppressed, likely by powers of  Mp3cl

In such a case, the GR- part of GR-SMEFT
has tiny impact on collider or low-energy experiments.

--------- ii --------- For the sake of these applications, we can safely

e ignore the graviton and focus on the SMEFT.

— e On the other hand, for applications like black hole&
1/2 scattering/inspiral, weak gravity conjecture,

0 early cosmology, etc. GR-SMEFT remains relevant




SMEFT

But are !"e a#umptions true?

o
h

o 1. Unitarity, locality, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &
@ at or below the electroweak scale
n 3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions and spontaneously&

broken to SU(3)xU(1) by a VEV of the Higgs Peld

A

G* WK B, 1
: _ Maybe not, because
SU3)c SUQ2)w U(1)v Spin
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y R$SMEFT —

R-SMEFT

D=2T,

+

D=3 )

E%ective theory should include all interactions with singlet neutrinos:

y D=2 -

| 2H H

y D=3 — $ MN(NN)+ h.c.

1 I 11}
- os =y GLH)LH)+ GNNH Ho+ (NG .N)B", +h.c.
23 I?HD T2AX(+ h.c)
Ownn(+h.c) | (BN)H(H H) Ohn (M"HN)(H iDyH) | Ong (#,sN)HBHS
Oune(t h.c) | (N"He)(H iDyH) | Onw (B#,gN) 9BHW!'HE
(RR(RR (AL (RR (ER)(ER)(+ h.c)
Onn (M"EN)(MR",N) OLn (B"HL)(R",N) OLnLe (EN) & 2e)
y D=6 — Oen (&'He)(M",N) Oaqn (@F'HQ)(M"uN) | OLnod (EN) & @d))
Oun (@'Hu)(M";N) OLdon (d) & @N)
Oun (PHd)(M";N)
Ogund+ h.c) | (PHu)(M",€)
(BR) (R ([#B)(* h) ([#B)(* h.c)
Oqun(+ h.c) (Gu)(ML) ONNNN (NCN)(NCN) Oqadn | & & (Q CQ%)(d#CN)
Oudan | & (U Cdy)(d#CN)

1 D=4

p=4% p=5T, p=6t, D
1 ’
— $_ " Vl "V! + n
4 V. BW G2 f. qu,d.L,eN

+

8D, f

$ (@ QH+ FyH Q+ e H L+ MY HL+ h.c.)
+DHD'H$ §(H H)2+ 963G

Liao, Ma
arxiv:1612.04527



SMEFT

But are !"e a#umptions true?

o
h

0 . at or below the electroweak scale
‘n . Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions and spontaneously&

broken to SU(3)xU(1) by a VEV of the Higgs Peld

1. Unitarity, locality, PoincarZ symmetry
@ 2. Mass gap: absence of non-SM degrees of freedom &
3

G? WK B 1
: _ Maybe not, because
SU3)c SUQ2)w U(1)v Spin
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SMEFT

But are !"e a#umptions true?

N4/
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at or below the electroweak scale
. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions and spontaneously&

broken to SU(3)xU(1) by a VEV of the Higgs Peld

1. Unitarity, locality, PoincarZ symmetry
@ 2. Mass gap: absence of non-SM degrees of freedom &
3

G* WK B, 1
: _ Maybe not, because
SU3)c SUQ2)w U(1)v Spin

__________ 3 i...2 i e i 12

3 1 213 1/2 _
""""" 3 1 sz e light dark ma(er
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SMEFT

But are !"e a#umptions true?

N4/
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at or below the electroweak scale
. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions and spontaneously&

broken to SU(3)xU(1) by a VEV of the Higgs Peld

1. Unitarity, locality, PoincarZ symmetry
@ 2. Mass gap: absence of non-SM degrees of freedom &
3

G* WK B, 1 .
' _ A In a
SU3)c SUQ2)w U(1)v Spin

__________ 3 i...2 i e i 12

3 1 213 1/2 _
""""" T a#umption #2 % reasonable,
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SMEFT

‘“"‘ But are !"e at#umptions true?
h’ “ 1. Unitarity, locality, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &

‘ q at or below the electroweak scale
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
‘n strictly respected by all interactions and spontaneously&
broken to SU(3)xU(1) by a VEV of the Higgs Peld
G? \le B, 1
SU3)c SU@2)w U(L)y




SMEFT

‘“% But are !"e at#umptions true?
h’ \ﬂ 1. Unitarity, locality, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &

‘ q at or below the electroweak scale
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions and spontaneously&
broken to SU(3)xU(1) by a VEV of the Higgs Peld
Gy \le B, 1
SU(3)c ; SU(2)w i U(1)y i ' Why *)Id +ysics beyond SM

"pect , SM gau- symmetry?




Gauge symmetry

H# Gauge symmetries are not real symmetries, in the sense that they
do not relate distinct physical states (unlike global symmetries) "

# Instead, gauge symmetries are now understood as a redundancy
of our theoretical description of fundamental interactions"

# As explained e.g. in Weinberg's QFT vol 1 sec 5.9, this redundancy
IS Inevitable If one wants to write down a Lagrangian containing
massless gauge bosons in a manifestly Lorentz-invariant way"

# Since we need a gauge symmetry for each massless gauge
bosons, thus the EFT for SM degrees of freedom must have at
least SU(3)xU(1) symmetry



HEFT

“% But are !"e a#umptions true?
h’ \ﬂ 1. Unitarity, locality, PoincarZ symmetry
o 2. Mass gap: absence of non-SM degrees of freedom &
q at or below the electroweak scale
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
n strictly respected by all interactions and spontaneously&
broken to SU(3)xU(1) by a VEV of the Higgs pbeld

A

We can work wil HEFT

where only SU(3)xU(1)

% linearly realized



LInear vs non-linear

Two mathematical formulations for e%ective theories with SM spectrum

L Non-linearly realized |

L Linearly realized 3 |
jelectroweak symmetry {

electroweak symmety | \GA

SU(3)c x SU(2)L x U(1)y SU@3)c X U(L)em

L. U@, R. UQ),

H1 LH Ul LUR hl h

_ 125 GeV Higgs boson/
1 16 TG}< .
H=— . Goldstone bosons *,l +a&a

\/z (v+h% IGS)< eaten by W and Z U= eXp(

Expansion
parameter
v o 246 GeV

Higgs VEV
vS 246 GeV




Linear vs non-linear: Higgs self-couplings

In the SM , oM 2 m2IH!%$ $IH!I*
self-coupling 1 5 5
completely bxedE
pletely 1 $=nPh?$ —"h3$ — 1
2 2V 8v2
Ebut they can be deformed by BSM e%ects
SMEFT HEFT
— $&|Hl6+6(-$4) M sg o M pag Spsg Bp6,
» SMEFT — * SM ot ’HEFT2$CGEh $C4@h $7h $$h+E
2 2
ouerr2 $ N1+ NS (14 8ntS o s
, = 2cev* ¢ = 12cev* 8 = 3ceV* & = CoV*
-2 27 42770 g2

SMEFT: Predicts correlations between self-couplings&
aslongas'>>v

HEFT: no correlations between self-couplings



Linear vs non-linear

# SMEFT and HEFT lead to a vastly di$erent AA, Rattazzia
phenomenology at the electroweak scale” arxiv:1902.05936(

H# Choosing SMEFT or HEFT implicitly entails an
assumption about a class of BSM theories that we want
to characterize"

H SMEFT is appropriate to describe BSM theories which
can be parametrically decoupled, that Is to say, where the
mass scale of the new particles depends on a free
parameter(s) that can be taken to inPnity"

H# Conversely, HEFT is appropriate to describe non-
decoupling BSM theories, where the masses of the new
particles vanish in the limit v —0



Example: cubic Higgs deformation

Consider a toy EFT model where Higgs cubic (and only that) deviates from the SM

my;
y -, $O/ _h3
smP 7% oV

2
(1+ %) h® + Th

V(h) = "

2 2
2 2V

This EFT belongs to the HEFT but not SMEFT parameter space



HEFT = Non-analytic Higgs potential

2 2 2
V(h) = i hZ + ﬂ (1+ %3) hs + ﬂh4 (1)
2 2V 8v?2
Given a Lagrangian for Higgs boson h, one can always uplift
It to a manifestly SU(2)xU(1) invariant form by replacing h 1 \/ZH H $ V

After this replacement, Higgs potential contains terms non-analytic at H=0

_ mﬁ 2 2 mﬁ 3
V(H) = = (2H H$ v +%3§(\/2H H$ vy (2)

(1) and (2) are equal in the unitary gauge H1l —

V/§(v+h)

Thus, (1) and (2) describe the same physics




Non-analytic Higgs potential

3

my;
V(H) =
(H) =27

(2H H$ v3) "+ %3—(\/2H H'$ vy

In the unitary gauge, the Higgs potential looks totally healthy and renormalizableE

Going away from the unitary gauge:

mﬁ 3
» V2 %E(\/(h+v)2+62$v)

Away from the unitary gauge, it becomes clear that the Higgs potential contains &
non-renormalizable interactions suppressed only by the EW scale v

1 1G; + G,
ﬁ( v+ h+iGy)

H =

3m? G2h? . 3m? 27 sh " .
Sav h+v (G7) =%, 4 n:2( v ) (G7)




Multi-Higgs production

Consider VBF production of n * 2 Higgs bosons: VLVL 1 N 8 h
wthigh energies e same.as. GG 1 N8N -
Expanded potential contains interactions ‘/lbi - ’ nxh
2 7 IR
V2= ooz 3N n e T
4~ (v)

leading to interaction vertices with
arbitrary number of Higgs bosons

n'mg
Vn

) (GG1 hE h)# %,
!
n
Amplitudes for multi-Higgs production in W/Z boson fusion are only

suppressed by the scale v and do not decay with growing energy,
leading to unitarity loss at some scale right above v



Unitarity primer

symmetry factor

S matrix unitarity S f S =1 for n-body Pnal state

Implies relation between forward scattering amplitude,
and elastic and inelastic production cross sections

2Im) (Pl pipy) = S5, d9,!) ©pip, 1 kiky) 1P+ S, d9,1) i, 1 KE k)!?

Equation is OdiagonalizedO after &
Initial and Pnal 2-body state are projected into partial waves

) .
2 1

a(s) = i 1# am* d cos$P,(cosH)M (s, cos9),
16 S 31

2ima = a’+ . §, d9,!) |’

This can be rewritten as the Argand circle equation

(Rea)?+ (Ima$ 1?=R?%,  RE=1$. S, d9,!) jrelasta?



Unitarity primer

Argand circle equation

(Rea)?+ (Ima$ 1= R%,  R?=1$. § d9,!) |reestia?

Implies constraints on both &
elastic and inelastic amplitudes Often used

7

. A Argand circle shrinks
IReg! : 1 - :

in the presence of
inelastic channels

" Sh! do . !) :nelastic!Z: 1

Re(au) >

/

Often forgotten




Unitarity constraints on inelastic channels

Unitarity (strong coupling) constraint on inelastic multi-Higgs production

[ T
. W'dgnl) (GG1 h")1“=, — (/9)!) (GG1 hM!“; 6(1)

n=2 n=2

Sn$ 2 Sn$ 2

Volume of phase space& _ _
in the massless limit: V“(\/g) o a9, =

#
2Nn$ D!I(n$ 2)!(4H)2n33  (nl)2(4+)2n
In a fundamental theory, &
2! namplitude must decay as 1/s n/2-1
In order to maintain unitarity up to arbitrary high scales

Process Unitarity limit
21 2 1
2! 3 1/s1/2
21 4 1/s

E E




Unitarity constraints on HEFT

.
L . 1
Unitarity equation "_ZH n(\/§)|) (GG 1 hn)!Z; 6 (1)
| 2
Our amplitude ) (GG1 hE h) # 0/03n'mn
| vh
n
7 1 ) 4 1 Sn$2 (n!)Z 4 0/ 4 S
6(1) < .._Zm (V/9)!) (GG1 h")1*# "—z”! (n!)2(4+)2n0/‘§ V2nm‘ # (ig“ exp @]

In model with deformed Higgs cubic, multi-Higgs amplitude do not decay with energy
leading to unitarity loss at a pnite value of energy

Unless + 3 iIs unobservably small, unitarity loss happens at the scale 4 ,v ~ 3 TeV !



Perspective on HEFT

Example of UV model leading to non-analytic terms in low-energy e%ective theory

v = sud 'E!: “+12(= H+ h.c)
1/3
Eqgs of motion: — = | 2 H
( -HH)
3| 8/3
E%ective Lagrangian: CET 5 ’ S|\/| e (H H)

Non-analyticity appears because of integrating out particle
that would be massless in the absence of EW symmetry breaking



Perspective on HEFT

More familiar example is integrating out 4th chiral generation at one loop,
which produces Log|H|2 terms in the Coleman-Weinberg potential

Below a similar example with scalar instead of fermion: Cohen et al

1 " arXiv:2008.08597

|
Loy = [#H|* + pd [H|?! !H|H|4+§S | #21 m?! "|H|* S

Integrating out the scalar S at one produces the CW potential:
T I n
H |

i !
d*X Leg 1100p(H) = 5 log dets | 24 m2 4"

E%ective Lagrangian at zero and two derivative levels:

| n WP IJ.Z 3"/0
LO = 2 [H21 #4|H]*+ "m2+ "HI? ? In + 2
£ = Mg [H] HH| 5152 IH| m2 s HE | 2
1 n? I ||2
L® = 1 H2+ LIHI? °.
E! | | 384$2 m2 + T} |H |2 | |

For m* (- Vv?we can expand in powers if 1/m?, which leads to analytic SMEFT Lagrangian
For m? & -V? we cannot expand, and e%ective Lagrangian is non-analytic, which corresponds to HEFT



Linear vs non-linear summary

# EFT with non-linearly realized electroweak symmetry (aka HEFT) is
equivalent to EFT with linearly realized electroweak symmetry but
whose Lagrangian is a non-polynomial function of the Higgs peld that
IS non-analytic at H=0 "

# This non-analyticity leads to explosion of multi-Higgs amplitudes at
the scale 4 % v . For this reason, the validity regime of HEFT Is limited
below the scale of order 4 % v ~3 TeV "

H HEFT is useful to approximate BSM theories where new particlesO
masses vanish in the imitv — 0, e.g. SM + a 4th generation of chiral
fermions or when most of the new particle mass comes from EW
symmetry breaking"

H# On the other hand, an EFT with linearly realized electroweak symmetry
and the Lagrangian polynomial in the Higgs Peld (aka SMEFT) Is useful
to approximate BSM theories where new particlesO masses do not
vanish in the limit v = 0, and are parametrically larger than the
electroweak scale, e.g. SM + vector-like fermions



SMEFT

But are !"e a#umptions true?

1. Unitarity, locality, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &
at or below the electroweak scale

i@! 3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

N4/
g

strictly respected by all interactions and spontaneously&
broken to SU(3)xU(1) by a VEV of the Higgs Peld

A

G? W B 1

SU3)c SUQ2)w U(L)y : % % a very reasonable a#umption,

SOOI D DO SO NS D given we haven't seen non-SM pa$icl"
3 ’ 1 ’ 1/3 1/2
1 2 1/2 1/2

P B P e ar)nd , EW scale

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




SMEFT

‘“% But are !"e at#umptions true?
h’ \ﬂ 1. Unitarity, locality, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &
‘ q at or below the electroweak scale
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions and spontaneously&
broken to SU(3)xU(1) by a VEV of the Higgs Peld
Gy W'k B, 1 In a#umptions #2 and #3 are related
SU3)c SUR2)w U(L)y

#3 means lat , ma# gap % such !at

- <4+v # 3 TeV




‘Bases cf SMEFT



Bases of EFT

# Quantum beld theories formulated in terms of belds and Lagrangians have an important
redundancy, in addition to the gauge symmetry redundancy"

# The point is that quantum Pelds are not physical observables, but merely tools in our
computations, akin to integration variables under the integral”

# Continuing with this analogy, changing variables, that is beld redebnitions, do not
change the physical content of the theory. However they do change the Lagrangian!"

# Therefore Lagrangian parameters are "measurable"” only after (redundant) operators in
the same equivalence classes are eliminated. This can be done in practice by
eliminating certain terms using equations of motion for the EFT Pelds, as this is
equivalent to using beld redepPnitions. "

# Since the elimination of redundant operators can be performed in many di$erent
manners, a single EFT corresponds to an inPnite number of Lagrangians that lead to
equivalent results. For a given canonical dimension, these di$erent Lagrangians are
called bases. "

# Thus, the SMEFT has an inbnite number of equivalent bases, at each canonical
dimension. They are multi-dimensional, e.g. at dimension 6 each basis has 3045
di$erent interaction terms"

# To illustrate the concept of the basis, let us brst consider a simpler toy example, where
the dimension-6 basis has one element



Toy model EFT Lagrangian

Consider an EFT of a single real scalar beld. with Z2 symmetry . 1 $ . "
By general arguments, the EFT Lagrangian must have the following form

6

| (/I )2$m2 2 $C4 $ _|_6(_$4)
[ ] 226!
In this discussion we truncate the Lagrangian at order - >4
ignoring all operators with dimension higher than six

Operators with odd dimensions do not appear in this EFT
because of the Z2 symmetry

What about other dimension-6 operators, e.g.
OZ0(?.)% G,0.72.5 O@.2%?.2 Oo@®.4,./,., E

These are all redundant , that is to say, &

they can be expressed by the operators already present in , gET DY using &
equations of motion, belds redePnitions, and integration by parts




Redundant operators
6

1
, EFTZE[(/!.)2$ m?. 2]$ 4 $ 26' 6(- $4)

0;0.°% Og0(?2.)5 Gz0.32 ., O@.%?.% O@.4%,./,., E

Use Leibniz rule + integration by parts:

1 1
4
022 222 (. )=2.832 . +2.4,.)2 O 205 + 20@ O
C
Use equations of motion: 2 . = $me. $ —4 3+ 6 (- $2)
This is relevant only if
C C we want to keep track
66 0 . 3? . =9 m2_ 4$ €4 6 — $ m204$ ?406 of dimension-8 operators
2 2 2 2
O>O (’) )2 m4 2_|_ j 4_|_ C4 6: m402_|_ m C4O4+ &(36 OZO
3 36 3 36



Bases of operators

6

We can equivalently use an EFT Lagrangian where O

26'

+6(- %9

6 IS absent, &

0,0 . 2
0,0 .4
0,0 . 8

and replaced by another equivalent operator
C 6 6m?
0;0.3?2 . =$mP0,$—0y' O;=$—.3? . $—O0
6 4% "6 6 6 C, C, 4
/ 2$m22$c $C MY
) EFT__[(I ) ] Al (_ )
— C6
5= $——
Map between & 5C4
the Wilson coe)cients & m2 C
In the two bases: C, = C4$ 6
- 2 5C,
M= m




Bases of operators

OUnbox basis(

1 6

2 2 2 $4

y EET — [(/I ) $ m-. ]$C4 $ 26' +6(' )
We can equivalently use an EFT Lagrangian where O ¢ is absent, & ,

and replaced by another equivalent operators 0,0 .
m*C Cz 36 m? 36m*
020 (?.)2=m* 2+ —= 4+ 2.6+  QOy= —02$12—0,+ O

(?.)°=m 3 6 6~ 2 65 c, *T T 2 0,0 . °

4 C2(?.)°

1 .
== )PS B 4 $C—$ +6(- ¥
. . Co
Map between the Wilson coe)cients Ce=$——
In the two bases 10C;
2C
C>=C,$ tnz 5cj
m* C
— m2 6
me=m'$ — 30C7

0,0 .4



Bases of operators

Every EFT has an inPnite number of equivalent bases

Double-
2]0)%
Basis

Physics is independent of which basis we use, &
but the Lagrangian and intermediate calculations look di%erent in di%erent bases!

In our toy example, a basis of dimension-6 operators is one dimensional”
(to be compared e.g. with the -dimensional basis of dimension-6 operators in the SMEFT)



@ P
. - Bases of operators
\"-\__\ Vad
%
d
A \*\ Consider 2-to-2 scattering in the box and unbox bases
A \
© @
OUnbox basisC L [,.)2% 22$C'4$(:6'6+6 $4
X | = — -
» EFT 2[(!-) M= TR (- %)

Lé?:l%ox: $C4+ 6 (- $4)
4 C 3n
= S PSR S CLs 6 (- %Y
C,

T2 (PE+ pE+ pE+ pf) + 6(- *)

box — :
err = $C,

2
=$C,+ (?6%+ 6 (- %%

Co
=5 —
6
o5C unbox — box _ %4
Map . * err =) ger T 6(-77)
C,=GC$ S
M2 5C, on-shell




SMEFT at dimension-6

» SMEFT— » D=2% pD=4aT, p=5T +, p=7t, p=gtE
Grzadkowski et al
arXiv:1008.4884(

Yukawa
. . . . [Oglia | H HefH 1y
Warsaw basis of B-conserving dimension-6 operators oo |1t o
[Ogul | H HAPH g
Vertex Dipole

O | iA5H DyH Ogyls | " H "W

R . [OS?]IJ I’Z{ bu'JH D H [Ogglis ey H 3By

Bosonic CP-even Bosonic CP-odd Ouls | @b Ok TH 0 G

Ol | i@BaH DA Ol | uf" e H " ey Wi

[Ofghs | ia" BuapH 'bH Oply | uf"wM g By

3 [Onulis iuf ulaiCH D H [Ogcls | df"w T2H @ G-

OH (H H) [Onalis idg™ ud’H D H [Ogwla | A"y ¥ "oy W

[OHud iz iuf" &/ DyH [Ogglis df" e H oy By

Table 2.3: Two-fermionD=6 operators in the Warsaw basis. The 3avor indice
H |:| Z i Z i D l i l i denoted byl,J . For complex operators Oy,q and all Yukawa and dipole opera
the corresponding complex conjugate operator is implicitly included.

2 (RR)(RR) (AL)(RR)
Oce | (™" &) (™€) Oie (o, # (e )
Oub H Dy H| or| et on| oo

Ou | (8" #) O | (A, #)

a a ~ a a O | (e ,&) (U ,0°) Ocq | (™€) (aR,0)
O G O - G O | (" ,@)(c ) Oq|  (@C)(U™ ,0)
HG H H My~ Uv HG H H VN7 VI % Ouw| (@)@ Ol | ([@T (", To0)

Ol | (U, T2@%)(d" ,T2F) Oqa (g8.q)(d°" &)

i i . 117 i Oly | (@ To0)(¢ . T*#)
OHW H HWHV My OHW H HWLU/ My (CB:D) (BR)(ER)

Oy | (Aan(#H) Oquga | (u°d)$c (d°cf)

Oup H H Bu, By O,g H H Bj, By i P ol
Oq | (#(9.0) Olequ | (€7 #) % (U8 f)
i i
O 6 IJ k I WJ W k ON |J k W W the complex conjugate should be included.
W w "V rp Y pn

abc C abc/~ C
O f G Vp pU G / G vp pU

Olq | (A" '#(a,"'0) Otecg (#)(d9)

- T~ -
H O- H [ [ l‘l v Bu 14 Table 2.4: Four-fermionD=6 operators in the Warsaw basis. Flavor indices

suppressed here to reduce the clutter. The factdris equal to Z2 when all Ba
indices are equal (e.g. inQeel1111), and ! =1 otherwise. For each complex oper:




SMEFT at dimension-6

HTH) (DMHTD“H - why itCs not in Warsaw basis?

Integration by parts

H'H)(D,H'D,H)= -(H'H)[O(H'H) - H'OH -OH'H

IOy ,, ¥
|7H DH ! gy,

!!W!iu+ %(gLW!jW!ku — D!W!ip. _ igLH #%UH I gLJH’

1B,
|

SM equations of motion _
D! Glap_ - I gSJ 31

D,D,H = p5H —2X\(H'H)H — f°y;F

SM
H'H)D,H'D,H) = (HfH)D(HTH) ui(HTH)? +2A(HTH)3




V2 $$u(H H)O/@
s> H DyH
$>(H H)®

FQ%H HG2. Ga.
"

r$2N H HB By

oy DuH $--Bu--
& _ v
93— D,H %D-H W,|.
& '

9 DyH D-H By
ﬁDHW&.. DsW¢.
Hlvzv_$u Bu" $$B$"
WlaDqu}.. DsG§

W i Wig W,
facha Gb c

FH H 2. G2.
W
2-H H BB,

m#, &U
-9~ DuH D-H

3 ik . . K
o 8 W Wi W,

3
Os abcfa b
Hvzv_f @un Gn$

+

SMEFT at dimension-6

Giudice et al

Co

p=7t, p=gt E

hep-ph/0703164 !

ntino et al

1303.3876

Table 98: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the Warsaw basis

that the operatorfOy 1111, [0}, ]11 are absent by debnition. We deBne = i[",,"

-]/ 2. In this table,e, u,d

are always right-handed fermions, whitendq are left-handed. For complex operators the complex conjt

operator is implicit.

Yukawa and Dipole

Vertex

Owl | A H D,H [0l

OhJi | A "u#H ! ;buH [Ouls

[Ohel; =@ g H ,,b“H [Oqli

[Onq i JTQH uG H b#H [Oew Ji

[Ohali | c=@!*"uaH ! “byH [Oes ]y

Onu li Le",uH DH

II::OHd:]li: \\ITiZ(,i" dlJ H DHH e

[Onua Ji 78 "udi H DyH ol
[Ous Ii
[Oda i
[Oaw I
[Oas I

2me;

# m

7 IH HfHeg
2my. my.

™ H g
2’"“ "o HgHd,

lﬂ'kHl qu
2m (Me

SAH! By
u--Tan Gﬁ--

#

N

mulmuj

ng# v qH'

My o kg Wk
v ! “H! e uy W

2muimui

mw# \

gH! Ui By-
H!T2d Gﬁ--

k
QUL

e qH! By

Table 99: Four-fermion operators in the SILH basis. They are the same as in the WarsawchdkiexXcept that

the operatorfOy J1221, [On J1122, [Ouu ]3333 are absent by debnition. In this tabéep, d are always right-handec
fermions, while! andq are left-handed. A Ravour index is implicit for each fermion beld. For complex opere
the complex conjugate operator is implicit.

(BL)(BL) and(ER)(ER)

(RR)(RR)

(BL)(RR)

Ou G C:IND)
Ouaq (@' .0)(g" u0)
Ohy | (@ .#a)(g .#a)
Oiq = (P u)(E 9
0Ol L@ #)(g #'q)
Oquqd 2 (d u)$i (dd)
Ofuqd | o2 (d T2U)$ik (4 T2d)
Otequ | (A )k (du)
Olequ | w2 (F#u )%k (d# )
Oredq L(Pe)()

E(2 (e )
& (" ,u) (=" wu)
(& d)(& ,d)
(8 ue)(a" uu)
F(e ue)(# ,d)
L (" u)(# )

L (g", T2u)(# ,T2d)

Ore # (P )8 e
Oy GG D)
Oug Z(@ (@ d)
Oeq (@ .a)(8" ue)
Oqu (g u (=" yu)
Ohu | v=(@' uT2a)(=", T2u)
Oqd (@ .a)(& ud)
Oad L(q'  T2o) (&, T2d)



http://arxiv.org/abs/hep-ph/0703164
http://arxiv.org/abs/arXiv:1303.3876

CRunning in SMEFT



Back to toy model example

4 6
,EW:%NPy$m2ﬁ$qmsf€a /f£\
In this EFT, there is a single diagram & \ /
contributing to . mass at one loop — = —
P P
M=% G d% |

2 1 299 Kk2$ m?

5 T 1/'90 1/" + # + log(4+)

m> |1 | 2

= C —+log — +1
32+2 | '@ ( m?)

Note that we use dimensional regularization, which is very convenient in the EFT context,
as it does not introduce new mass scale, so it does not mess up the EFT power counting

1
Furthermore, we will use the MSbar renormalization, simply dropping all — poles
a

The physical . mass in the EFT at one loop:

m? | 2

3242 | 7 ( m2)

MGys= M*$ C,




Running of the mass parameter

2
The physical mass is an observable in this model, & dmphys B
therefore it cannot depend on the arbitrary parameter # dlog! B

This means that the Lagrangian mass parameter, up to higher-loop corrections, must satisfy

dm? m?
— C4
dlog! 16+2
The solution is m2(! ) = m2(_ )( !_) B

We can interpret # as the renormalization group scale

This also shows that naive scaling of EFT parameters with - Is modibed by loop e%ects&
therefore the exponent is called the anomalous dimension

Note that, within the EFT , there is no hierarchy problem, that is to say,
if M°(- ) & - “then M?(!) & - “atall scales




Running of the quartic coupling

We move to one-loop matching of the quartic coupling

1 4 C 6
| - = 2¢ m2 2 ' 6

EFT calculation EFTT S [(/!- )°$ m”. ] $C Al $ -2 @l
(8\ .-Ep / fp < T 7 o : B fo ? /Cp
P v A s \ d >\‘\‘:/\/ \\‘ - N
?\ K cpf\ 1‘ 0;0,;‘\ Y p >(~ 2.

/‘/ - 7 \*\ ~ / ~ L /\* p. \%\

N N o o - \ B

® ® @ ® @ » @ @

2 2m?

M1 =$C,+ 3(2312 (f(s,m) + f(t, m) + f(u, m)]

( ) ( )

3CZ |1 |2 Cim? |1 12
—+log — +2]|+ —+log — +1

32+2 \'ﬂ ( m?) ) 32+2- 2 \'ﬂ ( m?) )

Answer 2 [
/ 2 2m’$ s+ 4/s(s$ m?)
f(ssm) 0 1$4%Iog[ ]

+




Running of the EFT quartic coupling

C? 3C2 | 2 C.m? | 2
MEFT = $C, + 3212 [F(s,m) + f(t, m) + f(u, m)y + —— [Iog + 2] ° [Iog + 1)

32+2 ( m2) 32+2- 2 ( m2)

ME i where IS wave

The observable is SO > | ' o

(1+,) function renormalization
SEFT can be related to the cross section, so it must not depend on #
One can show that , = O at one loop in the unbox basis
EFT - . dMs
Therefore M 4 cannot depend on the arbitrary parameter #: —
dlog!

This means that the Lagrangian parameters, up to higher-loop corrections, must satisfy

dc, 3C? . Csm?
dlog! 16+2 16+2- 2

Note that higher-order Wilson coe)cients a%ect the running of lower-order Wilson
coe)cients, but not vice versa



Running in EFT f(s,m)o\/:bglzm2$S+ S(S$m2J

EFT — | C‘% BC‘% i
Mt =$C) (1) + 3017 [f(s, m) + f(t,m) + f(u, m)] + log 32+2 > ( m2)

322 | 9 me)
dC, _ 3G | G C) 5 Cm)+ S jog L+ Mg
dlog! 16+2 16+2- 2 ()5 M+ 762199 ) T 16022 °% )
Cz Cgm?

MEFT = $ C,(m) + iz (s, m) + f(t,m) + f(u, m) + 6] +

32+2- 2

No large logarithms in the EFT if we use &
the couplings evolve down to the characteristic mass scale

The potentially problematic IOg(! /- )terms are all hidden (resummed)
In the running Wilson coe)cient C  4(m)



Running in SMEFT

Running of dimension-6 Wilson coe)cients

G
Sioar = G

C, is a vector of all dimension-6 Wilson coe)cients in a given basis
|# is the matrix of anomalous dimensions

For Warsaw basis complete matrix |# & Jenkine ot a
. . . enkins et a
written down in series of papers: arXiv: 1308.2627, 1310.4838,1312.2014(

_ _ Elias-Miro et al
For results in the SILH basis see 1308.1879



Running in SMEFT

Example: running of SILH operators most relevant for Higgs physics Elias-Miro et a

1308.1879
— l(! HIH |2 2 1680 2", =  ANgy? +24#! g(3g2+2g!2) Ccy + 12Ny | (54
: ! 2 I
_ 1 '
Or=35 HDyH 162", = 6 Ngy?+18#! 2(3gz+ g?) #Hes + 2(40# ! 3q))#c,
Os = "[HI°, O BN VG $ 5t
Ow = 9 H #D"H, D'WJ | 107, = @Nc+9)yt+24#1 265+ g% o+ 3f+2#! o o
: |
Og = % H DMH !'By H2yP+4#! 37! g% ! 207 + 24k 207)c
______________________ +4(! Noy? +3#+ g9)a” +8(y2! #) or + CeGRn (56
Oow = ! l(D“W )? | . 5
O = ! (! “Bu!)z 1627, = 2AN+1)yP+24#1 @BF+ 7 o+ 241 ¢ o +(@N! Dy,
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OGG — 92|H |ZGA GApl! P tYb
S |
 Opw = _ig_(_DT*I_—lj_#au(_D_! H)wsa | ; ©ow s
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Running in SMEFT

Example: running of SILH operators most relevant for Higgs physics:

Oyu = yulH |2@LHUR

Og = (iH P H)(ar! Yur)

Of = (iH DuH)(@.!*Qu)
O %= (iH "2D,H)(@ "' 2Q.)
Ok = (@, 1"Q.)(ar! uUR)
0% = (@1 "TAQL)(=r! T UR)
Oggr = (@r! Pur)(Er! LUR)
OfL = (@LI*Qu)(@L!,.Qu)
O = (G TAQU(@ LT Q)
Off = (@ '"QU)(B ! uLy)
Oﬁ) T= (@ 1maQ )@, ! u8lL)
Ofr = (@ *QL)(er! uer)
Ol = (B! "L )(=R! LUR)
Ord = (mr! “ur)(dk! ,dRr)
OB = (@R! *TAUR)(&L! ,TAdR)

O = (Br! "ur)(&Rr! L€R)

Oyd = Yd|H 1@ Hdr

OER = (@L!HQL)(Ak! wdr)
089 = (@ 1HTAQL)(dk! . TAdR)
Ofr = (k! "dr) (k! ,dR)

Ok = (B! ML )(&L! ydR)

ORk = (&&! "dr)(8R! ,€r)

Og = (iH D uH)(er! Her)
O! =(iH D H)(B.!"L,)
OP' = (iH "aD H)(B 1" L)

OFx = (BL1FLL (8R! uer)

Ogr = (®r!"er)(8R! u€R)
Ol = (BLIHL ) (B! ,Ly)

O = y,ya(ith DyH)(Er! Hdr)
Oy,ys = YUYd(@r UR)#’s(@st)
OBy, = yuya(@ TAUR)#%s (@ TAdR)

= YuYe(@ Ur)#s (B €r)

yuye
Oyuye_yuye( ' er)#s (9] uR)
Oyeys = YeVq(PLer)(dRQL)

Ofs = Yu@."" ur Mg By
Obw = Yu@L"" ur" aHgWS..
OBG = yu@L" lJH-I-'A\UR I-!-IgSGﬁ"

Ofs = Ya@."" dr HG'B»
OdDW = yd@L " dR "aH ngl
OdDG = yd@L " u" TAdR Hgseﬁ

Ofs = Ve """ er Hg'B-
OB = YeBL" ¥ e " “HGW3

Elias-Miro et al
1308.1879



fxcmjats from
SMEFT Joﬁenomenofogy



From operators to observables

Two main kinds of‘
of higher-dimensional!
SMEFT operators
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Newmteractlons' - Correctionsto!
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 SM Lagrangian |  SMinteractions



New Interactions

1. New "harder" vertices he,

L hisq h® +3vh5+E )
e.g. 'HP1 o=+ = e

\
\

1 h? vh ,
or —!HI°GAGA 1 ﬁGﬁ.Gﬁ. + —GAGR + E

These examples do not lead to new processes compared to the SM, Diagrams borrowed from
but they introduce "harder" contributions to amplitudes, . Harlanders web page
leading to di%erent energy/pT dependence




New Interactions

2. New Lorentz structures

1 2V Si? % ,
e.g. —!HI’B.B. 1 ~hz,.z,.+ E
in addition to —MmeZ, Z present in the SM

hZZ vertex 2l CHBV

—(P P+ PP, $ 2pip) )]

The presence of the new structure a%ects e.g. the CM energy depends of Zh productions

But most cleanly it can be extracted from angular distributions in hl ZZ*1 070*070® decays
™S BTEsTey)
— Observed, fix others
102k

--- Expected, fix others

— Observed, float others

---- Expected, float others /
! [ \Q‘n ] ‘/"I
g SUBELEMEE e Baa AassnsanyaNsy i

2" InL
3

CMS

108060402 002 O 002 02040608 1 210412152
fZ

a




New Interactions

3. Violation of accidental symmetries of the SM

Lepton number violation, e.g.  —(HL)(HL) -> neutrino oscillations probing - # 10™ GeV &
: : 1 CACy (CAC : c
Baryon number violation, e.g. —2u d“u“e® -> proton decay probing - # 10" Geve
&
Individual lepton number violation, e.g. —Zelc&! H L,B,+->! 1 erdecayprobing - # 10° GeV

The characteristic feature of these processes is that they probe scales
far above TeV, sometime even close to the GUT scale



New Interactions

4. Violation of approximate symmetries of the SM

1
Flavour changing neutral currents, e.g. —2(# b)(!% ! ) probes - # 3C Tev&

1 ’
CP violation, e.g. —zeh&! HLF, . with complex Wilson coe)cient probes - # 10° Tev

Hr—— EDM State Preparation pou.acgyy, -tWtE Readout

Beam Saurce ; F 3§ NogrercFadColk
— Rotetiona! W 1 Decine Fuld Pates
Ay . 4 '
% T, Tyt ] Canling \

\ ¥ vans e “ravier | . -‘.u
TON theckbocy S de P '3"3"""’0"'4""0 ] Detaction
\

R ————— O |
o
LT . { ' AR G
| htdd &
- ' o B S =n ' TIT, v v N
. 1 ! --‘ l'
. o 4 . )
L] . kY 3 L IS ¥ », 2 1 < B LS Y O Y LR ety L
3 / » | % % AR-A T Dl e A J
. A\ 5 - 35 A AP Wy |
. - - o
" { "

et ﬂl'.“u Gas

Piloamd Nty b
Ahiat e Lasws

' Mapnztk: thicdng

These often probe - far above TeV as well



From operators to observables

Two main kinds of‘
of higher-dimensional!
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Modibed interaction strength

There are 3 ways higher-dimensional operators may modify SM interaction strength

1. Directly: after electroweak symmetry breaking, an operator contributes to a
gauge or Yukawa interaction already present in the SM&

2. Indirectly: after electroweak symmetry breaking, an operator contributes to the
Kinetic term of a SM Peld, thus e%ectively shifting the strength of all
Interactions of that Peld&

3. Stealthily: after electroweak symmetry breaking, an operator contributes to an
experimental observable from which some SM parameter is extracted



ModiPed interaction strength: directly

Example: I—Zﬁh#! eR(H D! H $ D! H H)

2
After electroweak symmetry breaking I(HDHSDHH)1 $ V?\/gf + g7 + E

ICie

-2

e exs(HDHSDHH)1 $cy

AR+ o
5. 2 R €4

This adds up to the &

weak interaction in the SM \/QE + g$(Tf3 $ sin? %0+, ng) 125 fZ

2
\Y
Ze — $ - Thus c 1e can be constrained, e.g.,
' OR CHe 2.2 form LEP-1 Z-pole data




ModiPed interaction strength: directly

05°= % Ge

V2
2. 2

We
(o0
Observable Experimental value | SM prediction Definition 1) g\LNll
T, [GeV] | 2.4955+0.0023 [4, 28] 2.4941 S T(Z — []) SqW!
121 D(Z—et e )T(Z—4qq) gL
Ohaa [nb] | 41.4802 +0.0325 [4, 28] | 41.4842 Lploere, 502
z | z
R. 20.804 + 0.050 [4] 20.734 _al75a0) L
) 5g-H
R 20.785 & 0.033 [4] 20.734 SRS i L
’ ) 592!
R, 20.764+0.045 [4] | 20.781 LY e 9L
A% 0.0145+0.0025 [4] |  0.0162 342 6958
AQt 0.0169 & 0.0013 [4] 0.0162 SAA, 5gZu
A% 0.0188 £ 0.0017 [4] 0.0162 3A.A, g
Ry 0.21629 £ 0.00066 [4] |  0.21581 s ogR
4y Zu
R, 0.1721 4+ 0.0030  [4] 0.17222 L2 ogf
ApB 0.0996 + 0.0016 [4, 29] 0.1032 SAA, 5g§”
AFB 0.0707 £ 0.0035  [4] 0.0736 3AA: 59 Zd
A, 0.1516 +0.0021 [4] | 0.1470 [epe)) L ener) 5g|2d
T(Z—pfp,)-T(Z—pfng) R
A, 0.142 +0.015 [4] 0.1470 T 5025
A, 0.136 +0.015 [4] | 0.1470 e 5 L
A, 0.1498 +0.0049 [4] | 0.1470 L epel )T een) 9r
T ) =T(Z—=1E75) 5gZC
A, 0.1439 + 0.0043 [4] 0.1470 DL L
C
Ay 0.923 +0.020 [4] 0.935 F(Z%”Llﬁgjlfgﬁ@bm o0R
T(Z—cper)—T(Z—creR) Zb
A, 0.670 & 0.027 [4] 0.668 F(Z: Lﬁ?}c& : R_R) oy
A, 0.895 £ 0.091 [30] 0.936 F(ZLFﬁZ):FSf)Z :R 5gZP
Ul —cC
Ruye 0.166 + 0.009 [9] 0.1722 7 7@ \ dmyy
It follows 2 S 5.6 TeV

I Cye!

1.2+ 3.2
127+ 2.6
1.5+ 4.0
1'0.20+ 0.28
0.1+ 1.2
10.09% 0.59
1043+ 0.27
0.0+ 14
0.62 %+ 0.62
I'12+ 23
I 4+ 31
' 19+ 36
30+ 130
11+ 28
32+ 48
'1.5% 3.6
' 3.3+ 5.3
3.1+ 1.7
21.9% 8.8

\ 0.29+ 0.16

Breso-Pla et al
2103.12074

" 10" 3,



Modibed interaction strength: indirectly

Example: (H H)’7 (H H)

This contributes to the kinetic term of the Higgs boson

CH—(H H)? (H H) 1 $C“ v (/)

Together with the SM kinetic term:

1 2G4, V°
’ SMEFT2 E(/Ih)z( 1$ i )

To restore canonical normalization, we need to rescale the Higgs boson beld:

Cyr V7
hl h 1+
( -2 )

This restore canonical normalization of the Higgs boson beld,
up to terms of order 1/ 4, which we ignore here




Modibed interaction strength: indirectly

hl h 1+ CH? v After this rescaling, the dimension-6 contribution
( _2 ) vanishes from the Higgs boson kinetic term

However, it resurfaces in all Higgs boson couplings present in the SM |

V2

g[Zm%vWﬁV\W mZ 2] 1 D1

Cy»
v ( 2 )
h h C|-|'>V2

[ZH\NW+\/\/$ + rnZZI ZI]

Hence, the Higgs boson interaction strength predicted by the SM is universally shifted

LHC measurements of the Higgs signal strength provide a bound on the Wilson coe)cient

2
= s Biad CH?ZV - 0.09% 0.11
or, equivalently CH2 — 1 + 1

-2 (820GeV)2  (740GeV)2

Higgs measurements only probe new physics scale of order a TeV



Modibed interaction strength: stealthily

Consider the dimension-6 operator I'H D! H !2

After electroweak symmetry breaking:

2 (A2 + A2)2
Y + gv)V .
EIH D|H|21 CHp (gL gY) Z|Z|+E
_ 2 - 2.2 1~
2 + a2)2 V2
Thus it modibes the Z boson mass: m% = (G + 97 1+ al®

4 ( 2-2)

We have this very precise O(10 -4) measurement of the Z boson mass

m, = (91.1876¢ 0.002) GeV

From which we Pnd the very stringent constraint

'CGp! 1
-2 (26 TeV)?




Modibed interaction strength: stealthily

Consider the dimension-6 operator I'H D! H !2

After electroweak symmetry breaking:

S b HIZ 1 oV~ (9 * g$)sz,z. + E
5 | 5. 2 | &
Thus it modibes the Z boson mass: m% = (QE " g%)vz 1 + C;_D\f)
We have Wis vgW/ precise O(1 rement of@e Z
m, = (9 + 0.002
No! rom which we bnd tg¥ very stringent corraint Ni!
| . 1

(26 TeV)2

Nein! Nie!

Non!



Modibed interaction strength: stealthily

Consider the dimension-6 operator I'H D! H !2

After electroweak symmetry breaking:

2 (A2 + A2)2
Y + gv)V .
EIH D|H|21 CHp (gL gY) Z|Z|+E
_ 2 - 2.2 1~
2 + a2)2 V2
Thus it modibes the Z boson mass: m% = (G + 97 1+ al®

We cannot use the Z-boson mass measurement to constrain new physics
because, it is one of the Inputs to determine the electroweak parameters of the SM

1
Inthe SM: G = v g = 0.6485
L gy = 0.3580
4+(gf + 97) v = 246.22GeV

o (@2 + go)v°
Ty A with very small errors




Modibed interaction strength: stealthily

| H DI H ! 12 Inthe presence of our dimension-6 operators, the relation between&
electroweak couplings and observables is disrupted

(gf + 9\2()V2 CHDV
4 ( 2-2)

1 oY 2
G- = = =
"2V e

Now we cannot assign numerical values to the electroweak parameters, because they depend on c

A useful trick is to get rid of the dimension-6 pollution in the input equations&
by redebPning the SM electroweak parameters

Chp 9V CHpGYV*
1 1 1 1
e agsw %M Ags gy )
For the twiddle electroweak parameter, we can now assign numerical values
1
G =
Vv g = 0.6485
(- 9 g = 0.3580
4+(ef + &) _
’ Vv = 246.22GeV
a0
4 same as in the SM



Modibed interaction strength: stealthily

Z mass cannot be used to constrain new physics, because it was already used to set &
numerical values for the twiddle electroweak parameter

But new physics emerges now in other observables, e.g. in the W mass

_ _ CqpgV? _ gV CpBFV-
my, = == (1$ == (1$

AR S 99)- 2) AR $ R)- 2)

We can now use the experimental measurement of the W mass

my = (80.379* 0.013 GeV

to constrain the Wilson coe)cients

1 Go. g 1
(7 TEV)Z -2 (12 Te\/)2 at 1 sigma

Numerically very di%erent constraint than what one would (incorrectly) obtain from Z mass!

$




Modibed interaction strength: stealthily

Flavor observables are another class of experiments that depends on
a priori unknown parameters

. smert2 Vyq@# PLd + h.c.

CKM matrix:
| Via Vis W ?
" ud us ub(g0
V = # Vcd Vcs Vcb
Via Vs Vi
|
' 11 L2y 1y4 | AL3(L+ 319! iy
- 21 5(1 ) i 112, 1,4 2 2 zo | 6
= # 11 +A2531 p i® 1! 2121 L141+4A9) Al + O(! °)
Al3(1! B! iB) LAIZ+ ALY(S! B! i) 1! ZA214

The 4 Wolfenstein parameters need to be taken from experiment

PDG says:
' =0.22650+ 0.00048, A =0.790%%1, o '
#=0.14770,016 6=0.357+ 0,011 But you cannot use it in the SMEFT !

Measurements from which Wolfenstein parameters are normally extracted depend on the CKM parameters,
and at the same time on many Wilson coe)cients of dimension-6 operators



Modibed interaction strength: stealthily

Much as for electroweak parameters, & Descotes-Genon
In the SMEFT one needs and input scheme for the CKM parameters arxiv:1812.08163(

Example, extracting the Cabibbo angle 3 from pseudoscalar decays

Known radiative corrections
Decay constant

N £2 2\ 2 ¢
_ _ >[5 mpm; my
NP~ = {1y) = ‘qu’ 6 ( - — ) (14 9pe) (1 + Apgp)
SMEFT corrections
True CKM element depending on dimension-6 Wilson coe)cient

AKL M) $# f2m (1S m/ng)°
AFL 1) 1$$f2m, (15 mA/m2)2(

1+ ,09% ' +0) ( 1+ %, 9 °/Q+02)

. $°
Introduce polluted Cabibbo angle ~ $debned by 15 52 1+ %003 (quz) = — * $= K1+ %y

AKL ") & fem (1S3 mzlnfk)2 :
AGL 1) 1s@fzm (18 memeR( Ko )

—verything in this equation is known (experimentally or theoretically) except for $&
thus we can use it to assign a numerical value to $




Modibed interaction strength: stealthily

Continuing this procedure, polluted Wolfenstein parameters can be extracted
e.g. from the following 4 observables

NK — pv,) /(= pv,), T'(B—71v:), AMg AM,.

)\ = 0.22537 4 0.00046

A = 0.828 + 0.021

5= 0.194 %+ 0.024

7 = 0.391 & 0.048

All other [3avor observables can then be use for constraining dimension-6 SMEFT operators
after replacing:

() (ﬂl+ (VQB)\
A A1+ %,)
L2 1+ %)

2, K1+ %)

where % are know linear combinations
of SMEFT Wilson coe)cients




‘Exercise in
UV matching of SMEFT



Matching new physics to D=6 Lagrangian
Example: Vector Triplet Resonance

Why vector triplet?

@ Predicted by technicolor and composite Higgs models!

@ Nice simple model leading to higher-derivative Higgs
boson couplings at tree level



Vector Triplet Resonance

A new SU(2) triplet of heavy vector bosons,
coupled to SM SU(2) Higgs and fermionic currents:

1 . . m_ ..
L=— VoV +=-VaVs

4 [T Y Y

2 : ; 1 ; & e
—I—inHV;HTa <D_:H + §f;qu Z fo'a, f

For, simplicity, couplings to fermions assumed universal.!
Thus, model has 3 free parameters: mV, «H, and «F. !
This time we identify mV with EFT expansion parameter A.
Solving equations of motions to leading order in 1/ A:

)

. W 1 — =
2&{.I[HTU‘EZH + 5KF Z foto,f

fek.q

Effective Lagrangian

'{:RHHTUiﬁ;H—I—RF Z faic'ruf
felq




Vector Triplet Resonance

Effective Lagrangian can also be obtained another way by 1st shifting: If’f; —> Wi 2

1 i Y/t
AL = — Z‘//Luvy':.v +

17}

L

ms
2
) . :

+§(ff.1_r — H.F)V;HszmH a0

Y7L
ViV

Iy

Note that the new vector Peld does not couple to fermions anymore.
Solving equations of motions to leading order in 1/ A, and plugging back, !
we obtain the effective Lagrangian:

'{:K,IIH]‘Ui(D_;H—I—fiF Z fJiC_Tuf
felq

Which one is right? Answer: both! !
The equivalence can be proven by using the SM equations of motion:




Vector Triplet Resonance

Bosonic CP-even Bosonic CP-odd

H DA
H HG3,G3, H HG3,G3,
H HW,, W\, H HW,, W\,
H H By, By, H H By By,
H o' HW},Byu, H o' HW},By,
e Wi, wh,wk, e Wi, wh,wk,

abc,a b C abc,ya b C
GGG GGG

Table 2.2: BosonicD=6 operators in the Warsaw basis.

'irmH‘tai(D—;H—l—r;F Z ‘]Faia'uf

fEl,q




Bosonic CP-even

B DyH|’

H HG8,G3,

H HW, W,

H H By, By
H o' HW,, By,
el Wi, Wi, Wk,

abc,ya b C
f GHVGVPGPM

Table 2.2: BosonicD =6 operators in the Warsaw basis.

Vector Triplet Resonance

Bosonic CP-odd

H HG3,G3,

H HW), Wi,

H H By, By,
H o HW}, By,
e Wi, Wi, Wk,

abcsya b c
FGH GG

HUHY(D,H'D,H) —~(H'HO(H H — uZ (HYH)? + 2X(HTH)?
M K 2 7§

+‘£(H*H) [fey;H'F + h.c.]

'irmH‘tai(D—;H—l—r;F Z ‘]Faia'uf

fEl,q




Vector Triplet Resonance

Bosonic CP-even Bosonic CP-odd

ﬂ[ H Yukawa

[OeH]IJ H HEFH Iy
)D( [Oylls | H HufM o
[Ogulis | H HAfH

Vertex Dipole
[O,(_H]u i9%,!5H buH [Oewls | " H "W,
H HW), W), [0y (T Bl H "D [Oegls | €"wH LiBy
~ [Otielis ie¢" ,H D,H [Oyclis | uf"wT2H gy G2
"l . .
H HBU-VBUV [Ol(j()q]u igo,qyH DyH [Ouw i3 u|°"u"l!1 " W;'x"
H O'iH/W;ii By [kl (T8 B H "ibl‘D [Oupls | Uf"wH By
V 1]
T j K [Onulis iuf"e5H DyH Oyl | d/"p T3H @y G-
| I . "l . .
EJ W“VWVprlJ' [OHd]|J |dfllu&JH DHH [Odw]lJ d|c“ u"w " IQJ W[}l"

abcoya b c abcya b c [Orualis | iuf"u&H DyH [Oggls | dF"wH @By
FGH GGy FGH GG

H HGR,G3,

. . . Table 2.3: Two-fermionD =6 operators in the Warsaw basis. The 3avor indices ai
Table 2.2: BosonicD =6 operators In the Warsaw basis. denoted byl,J . For complex operators Qn,g and all Yukawa and dipole operators)

the corresponding complex conjugate operator is implicitly included.

Matching:

‘iRI[HTJimH—I—h’,F Z ‘]FO'ic_Tuf

felq




Vector Triplet Resonance

SILH Basis

Yukawa

Table 97: BosonicD =6 operators in the SILH basis. [Ogylis | H HefH 1,
[Oyydis | H HufH q
Bosonic CP-even Bosonic CP-odd [Ogylis | H HAPH

m Vertex Dipole

%f H DyH 03113 G, H | [Oewls | " urH "W
<$ \j_Z(H H)? > [Oﬁf]u il [Ogglis e"urH 3By
% H HGE Gl 6, : .G, Orels | ief" & H I [Oyel | Uf"u T2H o G
%7“ HB By op By Ofhs | g . Oyl | uf" e "oy W
2y o R Ly
igﬁ- H% H $B Hu 1 o . daclid |"u ".qJ u
|_2m H [Onalis [Ogwlis | dF" "oy W

o & , :
'9‘ D H %D- H D HW . ' ' [Onualiy | iuf" &H DH [Ogly | df"wH @By

Table 2.3: Two-fermionD =6 operators in the Warsaw basis. The 3avor indices ai
denoted byl,J . For complex operators Oy and all Yukawa and dipole operators)
the corresponding complex conjugate operator is implicitly included.

gs fabcéa Gb c

W
gs facha Gb




Vector Triplet Resonance

Bosonic CP-even Bosonic CP-odd
(H H)’
(H H)O(H H)
H DyH

H HG3,G, H HG3,G,
H HW, Wi, H HW, Wi,
H H By, By, H H By, By,
H o HW}, By, H o' HW,, By,
e Wi, wh,wk, el Wi, Wi, Wk,
fachﬁVGb GiC fabcéﬁbe GiC

vp™~' plt vp~T pld

Table 2.2: BosonicD=6 operators in the Warsaw basis.

'irmH‘tai(D—;H—l—r;F Z ‘]Faia'uf

fEl,q




Vector Triplet Resonance

Yukawa

[Oﬂl?]u 14! ey H "i!JWLil..
[Of_ﬂ]u g ef" p"H Iy BH"
[Onelis ief" e ut - T2H gy G2

m
oDl | igH | uf el W
[OS()J]IJ ig"" . U e H g By
[Onuliz iuy" ) df"p TeH oy G-
[Onalis iy df" e M " Ty W

[OHud 1y u " ' d¢"  H oy By

Table 2.3: Two-fermionD =6 operators in the Warsaw basis. The Ravor indices ai

Y

denoted byl,J . For complex operators QOn.¢ and all Yukawa and dipole operators)
the corresponding complex conjugate operator is implicitly included.

Matching:

'{:K,HH]‘OJﬁ;H—I—RF Z ‘]FU":C_T”f

f€lq




Vector Triplet Resonance

Lessons learned:

@ A subset of all possible dimension-6 operators appear in the low-energy EFT
for vector triplet model at tree-level !

o But different models would give different subset of operators!

@ Therefore, to be model independent, one should simulkaneously constrain *all*
dimension-6 operators !

@ Matching to dimension-6 operators to UV theory is not always trivial. One
needs to use equations of motion and other trick to reduce to operator set in
given basis!

@ However, SM EFT approach is basis independent - results can always be
transformed from one basis to another, provided all independent operators
are taken into account Predictions for physical observable do not depend on
which bases you use



Thank You




