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Role of scale in physical problems

Some distribution

F
of electric charges Near ar

observer observer

L r
+—>
R
Near observer, L~R, needs to know the position of every charge to describe electric field in her proximity
_)
| | | g d-T Qi

Far observer, r >> R, can instead use multipole expansion: V(r) = — + 3 + - + ...

r r r

~1/r ~R/r*2 ~RA2/rA3

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 ....

On the other hand, far observer can only guess the "fundamental" distributions of the charges,
as many distinct distributions lead to the same first 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, |x1-x2| << 1/mH,
the heavy particle H propagates.
Force acting between light particles ¢
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At large distance scales, |x1-x2| >> 1/mp,
propagation of the heavy particle H suppressed.
Interaction looks like a delta function potential
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Scale 1n quantum

Consider a theory of a light particle ¢
interacting with a heavy particle H

Heavy particle H propagator in momentum space:

At large momentum scales, p2 >> mu2,
we see propagation of the heavy particle H.
Long range force acting between light particles ¢

field theory
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At small momentum scales, p2 << mnx?,
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 << my,
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



100 GeV  V,9,W,Z,vi,e,l, T+ U, d,s,c,b,t+h

5 GeV Y,9,Vi,6,, T + U, d! S, G, b

2 GeV Y,9,Vi,e, I, T + U, ds S,C
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1 GeV V,vi,e,l + hadrons

100 MeV V,vi,e,l + pions and kaons
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Elementary particles we know today
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All these particles are propagating degrees of freedom right above the electroweak scale,
thatis at £ ~ 100 GeV - 1 TeV




SMEFT

SMEFT is an effective theory for these degrees of freedom
incorporating certain physical assumptions:

. Locality, unitarity, Poincaré 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 field
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SMEFT i
s

1. Locality, unitarity, Poincaré symmetry ‘ g J

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

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

where A is identified 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

Zsmerr = ZLp=2t Lp=3+ Lpyt+ Lps+ Lp+Lprt+Lpsgt ...

SM Lagrangian

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

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




Zsmerr <(ZLp=2t Lp3+ Lpsit Lps+ Lp¢t Lpg+Lpst ...

gD:2 — //tl—leTH EXPeriment: Ky ~ 100 GeV

Unsolved mystery why /41%1 < A
which is called the hierarchy problem

Z D=3 — Simply, no gauge invariant operators made of SM fields
exist at canonical dimension D=3
1 (0 o
L D=4 — —Z 2 VﬂyV + Z Ly Dﬂf Ve, =0,Vi—0,Vi+ gfabcvgvg
Ves,w.o" JEG.u.d.L.e D,f=0,f—igG,Tf - igLW/i%lf —igyB,Yf
7 IY.HO+ ey Hf
—(aY,QH + dY,H'Q +eY,H'L+h.c.
TDUEL _ TI7\2 Na a -
+D,H'D*H — A(H'H)* + 6G", G4, i = Lyt

Experiment: all interactions at D=2 and D=4 above have been observed, except for 0

Strictly speaking, A 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 4 is there in the Lagrangian.

Note that HBBWBW IS not physical, while HWWL‘VW/ij can be eliminated by chiral rotation



SMEFT at dimension-5

Zsmerr = ZLp=2t+ ZLp=y "‘ ZLpt+LpstLpsgt ...

Weinberg (1979)
Phys. Rev. Lett. 43, 1566

Cij v? o <V/i)/§>
X(LiH)(LjH) +h.c.— cljxvivj +h.c. . (Zj)

® 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
iIndeed observed in experiment!



SMEFT at dimension-5

N
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Neutrino masses or most likely in the 0.01 eV - 0.1 eV ballpark
(while the lightest neutrino may even be massless)

A 15
It follows that — ~ 10"° GeV
Cij

One problem now:
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Zsmerr = Lp=2t Lpy+ Lp_s+ Lps+ Lpg+ Lpg+ ...

1 |

Naively: £ _s ~ X and then & ,_, ~ VA

£~ ~—,and so on
D—7 A3,

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

2 n: : m2
V A - :c A
-V,
Zsmert O Cj——Viv;+h.c. Normal [=v] Inverted
A | — T 10 Sev2 |

Neutrino masses or most likely in the 0.01 eV - 0.1 eV ballpark atmospheric
~2x103eV2

(while the lightest neutrino may even be massless) atmospheric

~2x 0 3e V2

2
174~

It follows that — ~ 1015 GeV One problem now: m,>
Cij

-

0

Zsmerr = Lp=2t Lpy+ Lp_s+ Lps+ Lpg+ Lpg+ ...
1 1

Naively: £ _s ~ X and then &_, ~ ek L7 ~ 3 and so on

It is however possible that A is not far from TeV, but instead ¢; <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 /\;,

and there is also L-conserving new physics at the scale A < /A, , then the estimate is

1 1 1 1
QCZD=5NA—,3D=6NE,3D=7NF,3D=8NF, and so on
L L



SMEFT at dimension-6

ZLsmepr = Lp=n t+ Lpst Lp_s+HLpgt Lpg+ ZLpg+

Grzadkowski et al
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Table 2.4  Four-fermion D=6 operators in the Warsaw basis. Flavor indices a
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SMEFT at higher dimensions

Zsmerr = Lp=2 t ZLp=at ZLpst+ Lpst+ Lp7+ Lpsgt ...

T T T T T T T T T T T
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23 For complex operators Henning et al
1L complex conjugates counted arXiv:1512.03433
]Vf =1 as separate operators
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5 6 7 8 9 10 11 12 13 14 15
Mass dimension

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



SMEFT at higher dimensions

Zsmerr = Lp=2 t ZLp=at ZLpst+ Lpst+ Lp7+ Lpsgt ...

Number of baryon-number-conserving operators as function of D and number of generations ]\9

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: e s
SMEFT at dimension-8: v poon 00008
SMEFT at dimension-9: v po1a 00188

Code to generate a basis at arbitrary dimension in SMEFT: arXiv:_zizec;1&.]cl)4639
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SMEFT
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a H 1. Locality, unitarity, Poincaré 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 field




SMEFT

“% Bul ar @%216 Wm lrues
h’ \ﬂ 1. Unitarity, locality, Poincaré symmetry
2

0 . Mass gap: absence of non-SM degrees of freedom
‘ q at or below the electroweak scale
0 @ 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 field




SMEFT

“"‘ But ar &%%é Wm bued
h’ \ﬂ 1. Unitarity, locality, Poincaré symmetry

G 2. Mass gap: absence of non-SM degrees of freedom
‘“aq 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 field




But are %@:@ Wm trues
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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 field

1. Unitarity, locality, Poincaré symmetry
0 @ 2. Mass gap: absence of non-SM degrees of freedom




But are %@:@ Wm trues

. Unitarity, locality, Poincaré 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 field
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GR-SMEFT

In principle, the relevant effective theory at the electroweak scale is GR-SMEFT rather than SMEFT

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

1 1
gGR—EFT = V —8 { /\éc1 + EMlglanck V _gR} + F { ¢1 Cyvaﬁcaﬁpacpolw T CZC yaﬂcaﬂpdc ,uz/} T ...

GR EFT corrections Ruhdorfer et al
R =c arXiv:1908.08050
AN A
Weyl tensor C 1.
ppo S 8RB R~ B Ro — B Re |
the (2,0) @ (0,2) part in 2
decomposition of Riemann tensor: _!; (i s g R
6 o

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 effective operators with arbitrary Wilson coefficients,
for example at dimension 6 in the gauge-gravity sector one has:

Ppoe C — PUCMVaBCa Bpo T+ A2 Cuu PUC’Mva/?Caﬁpa

: HTHCWW CHrP? + — HTHCW,M CHvro

A

+ A2 BWBPUCWW +

A

2 BB paéw/pff T 3 GWGPJCWW + 2 GWGPGCW,OJ

A
W Cy + ~

A
SWHWECpr

A

A A
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Unitarity, locality, Poincaré 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 field

However, unless something weird happens
. . at the level of higher-dimensional operators,
G,u Wﬂ Bu 1 we expect graviton couplings to matter to be
very suppressed, likely by powers of Mp,,

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

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

---------- 2:21/;:;2 For the sake of these applications, we can safely

i S ignore the graviton and focus on the SMEFT.

IR - D - vz On the other hand, for applications like black hole
1 1 12 scattering/inspiral, weak gravity conjecture,

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

1 2 12 0 early cosmology, etc. GR-SMEFT remains relevant
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6 1. Unitarity, locality, Poincaré symmetry
2. Mass gap: absence of non-SM degrees of freedom
a»@ at or below the electroweak scale
3
strictly respected by all interactions and spontaneously
broken to SU(3)xU(1) by a VEV of the Higgs field

. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry
G* Wk B
. v . ! /’/lyé 1, W@

SU(3)c SU((2)w
__________ 3 .2 e . 2
__________ SN N T - N N7 - g - g W -
__________ s 1 am e :7 - newdrinds
1T 2 am 1/2
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R-SMEFT

Zr_smerr = Lp=2t+ Lps3t+ Lpy+ Lps+ Lpgt Lpg+t Lpsgt .-

Effective theory should include all interactions with singlet neutrinos:

fZD 2—//tHHH L 4——— Z V.,V + Z if}/”Dﬂf

VEB WG4 feq.u,d,L.e,N
—(aY,QH + dY,H'Q + eY,H'L + NYyHL +h.c.)

" DEE — A(HTH)? )
+D,H'D*H — W H'H)* + 0G4, G,

3D=3= —MN(NN)‘l‘h.C.

1
Lpes =+ { ¢;(LH)(LH) + c,(NN)H'H + c3(N%N)BW} +h.c.

Y’ H? Y?’H’D B Y?HX (+hc.)
Oivu(+he) | (LN)HH'H) Oun (Ny“N)(H'iD H) | Oyp (Lo, N)HB"
Opne(+he.)) | (Nyte)(A'iD,H) | Oyw (Lo N)T AW Liao, Ma
(RR)(RR) (LL)(RR) (LR)(LR)(+h..) arXiv:1612.04527
ONN (NY"N)(NyuN) 0N (Ly*L)(NYuN) | OLnre (LN)e(Le)
A D=6 — OeN (eye)(NyuN) Oon (Qr*Q)(NyuN) | Oinga (LN)e(Qd))
Oun (@y*u)(NyuN) OLagn (Ld)e(ON)
Oun (dy"d)(NyuN)
ﬁduNe(""h'C') (d}/‘uu) (NYMe)
(LR)(RL) (LNB)(+h.c.) (LNB)(+h.c.)
ﬁQuNL(—I—h.C.) (Qu) (NL) ﬁNNNN (NCN) (NCN) ﬁQQdN Eijeaﬁo(Q’éCQ;j)(dGCN)
ﬁuddN SQﬁG(uaCdﬁ)(dgCN)
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6 1. Unitarity, locality, Poincaré 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 field

SU(3)c SU(2)w
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6 1. Unitarity, locality, Poincaré 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 field

SU(3)c SU(2)w

Gl W, b 1 /I/lyé 1, W@

éﬁ Lk matfer
%g as W@% @@[Jf
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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 field

I T AL in all]

SU(3)c SU(2)w

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

“% Bt are %z@ Wm Luesd
h’ \ﬂ 1. Unitarity, locality, Poincaré symmetry
0 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
G» strictly respected by all interactions and spontaneously
broken to SU(3)xU(1) by a VEV of the Higgs field




SMEFT
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Unitarity, locality, Poincaré 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 field
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Gauge symmetry

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
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h’ \ﬂ 1. Unitarity, locality, Poincaré symmetry
6 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 field
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Linear vs non-linear

Two mathematical formulations for effective theories with SM spectrum

| Non-linearly realized |
jelectroweak symmetry|

nearyreaized | 40k

lelectroweak symmetry/| ‘ g &

SU(3)c x SU(2)L x U(1)y SU(3)c x U(1)em
LeSUQ2); ReUQ)y

H— LH U — LUR" h— h

1255 GeV Higge b /
( j Gl _IA_G%< eV Higgs boson
Goldstone bosons (. ir%c%
2 V+h+lG3 eaten by W and Z U:exp(> )

In general, the two formulations lead to two distinct effective theorles\

Expansion
parameter
v~ 246 GeV

Higgs VEV
v~ 246 GeV




Linear vs non-linear: Higgs self-couplings

In the SM Lo dm?|H|I*> = 1| H|”
self-coupling i 5 5
completely fixed... m m
i — ——mZh? — —Lp3 - it
2 2v 8v?2
...but they can be deformed by BSM effects
SMEFT HEFT
Lomerr = Ly — —= | H|* + 6(A) e Mg g g
SMEFT — SM A2 ZHEFT D — 632—h — ¢y @h — 7h - ﬁh + ...

m; m? A A

Lovirr D — —(1 + SA)h® — —(1 + 64 )h* = =h® — Z2pS
2v 8v2 % V2

2c v 12¢,v* 3cev? CeV*

5/13= ,5/14= ,/15= ,/16=_

mZA\? m?A\? 4A2 82

SMEFT: Predicts correlations between self-couplings
aslongasA>>v

HEFT: no correlations between self-couplings



Linear vs non-linear

e SMEFT and HEFT lead to a vastly different AA, Rattazzi
phenomenology at the electroweak scale arXiv:1902.05936

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

e 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 infinity

e 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

2

2V

2 m2 m2
Vi) = 252 4 20 (14 AL) B3 4 By
(") 2 2V< 3> 8v2

This EFT belongs to the HEFT but not SMEFT parameter space



HEFT = Non-analytic Higgs potential

2 2 2
mj, ., M, s My,
Vih) = —h+—(14+A,) h° 4 h (1)
() 2 v (1+4) Sv2

Given a Lagrangian for Higgs boson h, one can always uplift
it to a manifestly SU(2)xU(1) invariant form by replacing h—>\2H'H—v

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

5 2 3
m
V(H) = M (ZHTH V2) +A3 (\/ZHTH V) (2)
Qy2 2V
| | o 1 0
(1) and (2) are equal in the unitary gauge i \/5 v+ h

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




Non-analytic Higgs potential

2 2 3
(\/ YHH — v)
2V

m i o)
V(H) = —= (2H'H = v2)" + Ay—t
In the unitary gauge, the Higgs potential looks totally healthy and renormalizable...

Sv2

Going away from the unitary gauge:

1 G, + G,
H=—— ,
V+h+iGy

3
V> A3 <\/(h+v)2+G2 )
G252Gi2

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

3m? G*h? 3m2 & [/ —=h\"
VoA, i FO(GY) = A =162 (—) + 6(GY)
4 - \Y

4v h+v



Multi-Higgs production

Consider VBF production of n = 2 Higgs bosons: VLVL — n X h

By the equivalence theorem, '
at high energies the same as GG - nXh Vi s
- v —
Expanded potential contains interactions ‘/lbf - -
oo = o -

2 . n 5
Vo= A;%sz (—h) O -
\%
n=2

leading to interaction vertices with
arbitrary number of Higgs bosons

nlmg

M(GG = h..h) ~ A,

n

Vn

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 ~ §TqQ — 1 for n-body final state

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

2ImA(p1py = P1P2) = Sz[dnz | M (pypy — ki) 2 + Z SanHn | My py — k.. k) B

Equation is “diagonalized” after
initial and final 2-body state are projected into partial waves

S2

\/ A2 7 cos 0P (cos z
al(s):m—ﬂ 1—T/_1dcos P(cos 0) M(s,cosb),

2Ima; = af + ) S, | dIL,, | 4|

This can be rewritten as the Argand circle equation

(Rﬁdl)z + (Imal — 1)2 — Rz, R12 = 1 — Z Sannn ‘ %}nelastic ‘2



Unitarity primer

Argand circle equation

(Real)z ~+ (Imal — 1)2 = Rz, R12 — 1 — Z Snjdnn ‘ ﬂ}nelastic ‘2

iImplies constraints on both
elastic and inelastic amplitudes Often used

1 A Argancl circle shrinks

in the presence of

| Req, |

IA

inelastic channels

IN
W

Z S | 411 | %ilnelastic ‘2

Re(a)) >

/

Often forgotten




Unitarity constraints on inelastic channels

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

o0 o0

¥ [ 166~ P = ¥ —v,0/5)1G6 ~ i £ o)

n!

n=2 n=2
n—2 n—2
Volume of phase space . . S R
in the massless limit: V”(\/E) B Jdnﬂ B 2(n — D!(n—2)1(4n)2n=3  (n!)2(4x)n

In a fundamental theory,
2 = n amplitude must decay as 1/sn/2-1
in order to maintain unitarity up to arbitrary high scales

Process Unitarity limit
2 > 2 1
23 1/s1/2

24 1/s




Unitarity constraints on HEFT

— |
Unitarity equation Z gVn(\/E) | M(GG — ) |* < 6(1)
n=2
n!m?
Our amplitude MGG > h...h) ~ A—"
~ —— ~ Vn
n
— | — | s 2 (n)’m}  Asm) s
6(1)2 Y —V MGG — h")|* ~ A2 ~
()Nggn! (VOHGE — b gn!(n!)zmn)zn 3 2 eXp[(4nv)2]

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

Unless As is unobservably small, unitarity loss happens at the scale4 ntv ~ 3 TeV !



Perspective on HEFT

Example of UV model leading to non-analytic terms in low-energy effective theory

PLiv= Lo ——| D+ u2(PH+h.c)
UV SM > H . C.

ENYE
Eqgs of motion: (I):( '“T ) H
KkH'H
3 /3
| - - i
Effective Lagrangian gEFT ~ gSM -+ 2K1/3 ( 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|? terms in the Coleman-Weinberg potential

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

2 9 9 4 1 5 5 5 arXiv:2008.08597
Lov = 0H|" + pig | HI" = Au|H|" + 59 (=0" —=m” — s|H[|") S

Integrating out the scalar S at one produces the CW potential:
)
/d4x LEg 1-100p(H) = 5 log det5(€92 +m? + /@']HP)
Effective Lagrangian at zero and two derivative levels:

1 9 2\ 2 /Lz 3
HI*)" (1 i
g 7 RIHT) (nm2+/ﬁ;|H|2+2

1 K2

384 72 m?2 -+ /{‘H|

L = | H? = Ag|H* +

2
Lo = |0H| +

For m? > kv’ we can expand in powers if 1/ mz, which leads to analytic SMEFT Lagrangian

For m? < kv> we cannot expand, and effective 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 field that
IS non-analytic at H=0

This non-analyticity leads to explosion of multi-Higgs amplitudes at
the scale 4 1 v . For this reason, the validity regime of HEFT is limited
below the scale of order 4 v ~ 3 TeV

HEFT is useful to approximate BSM theories where new particles’
masses vanish in the limit v = 0, e.g. SM + a 4th generation of chiral
fermions or when most of the new particle mass comes from EW
symmetry breaking

On the other hand, an EFT with linearly realized electroweak symmetry
and the Lagrangian polynomial in the Higgs field (aka SMEFT) is useful
to approximate BSM theories where new particles’ 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 %@@ Wm lrues

h’ \ﬂ 1. Unitarity, locality, Poincaré symmetry
6 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
a» strictly respected by all interactions and spontaneously

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

This is « pere reasonable crsonption,
/éy@/@ we @% t seen non-S/V1 /Mwé
ar e EINV scale




SMEFT

But are %@@ Wm lrues

h’ \ﬂ 1. Unitarity, locality, Poincaré symmetry
6 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
a» strictly respected by all interactions and spontaneously

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

/i me 72 M/ S are Fﬁéfé/
A Wg/ﬂf %W%w Jmfﬁ/ﬁ

A2 4nv ~3 TeV




‘Bases cf SMEFT



Bases of EFT

Quantum field theories formulated in terms of fields and Lagrangians have an important
redundancy, in addition to the gauge symmetry redundancy

The point is that quantum fields 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 field redefinitions, 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 fields, as this is
equivalent to using field redefinitions.

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

Thus, the SMEFT has an infinite number of equivalent bases, at each canonical
dimension. They are multi-dimensional, e.g. at dimension 6 each basis has 3045
different interaction terms

To illustrate the concept of the basis, let us first 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 field ¢ with Z2 symmetry gb - — ¢
By general arguments, the EFT Lagrangian must have the following form

LT ' p*  Co ¢°
P = 2 242 —4
EFT = _(0ﬂ¢) m-¢ _ C44! A2 e + O(A™)

In this discussion we truncate the Lagrangian at order A_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.

A

Os = ([O¢)> Os=¢O¢>, Og=¢*0¢> O = ¢p*0,¢0,9,

These are all redundant, that is to say,

they can be expressed by the operators already present in QEFT by using
equations of motion, fields redefinitions, and integration by parts




Redundant operators

I ' ot Co ¢°

_ 2 242 —4
ZLErT = 5 _((),ﬁb) m-¢ | C44! oS + O(A™)

Os=¢°, Os=(0p). Og=¢*¢. Op=¢*e% Of = ¢0,40,0.
Use Leibniz rule + integration by parts:

- 1 |
$%0,40,$ = — 2¢0,49,0¢ — ¢° 1 ¢ = Og=-=¢’0¢ =——-0

2 2 _ 42 _ 3 2 2 Y — ) ”N_i“'
¢ O =20 6ﬂ(qbaﬂgb)—2gb O+ 20 (aﬂqb) = 06—206+206— Og

U . . . o) C4 3 )
se equations of motion: O=—m¢— ?¢ + O(A™7)

This is relevant only if

~ C C we want to keep track
O¢ = ¢3 P =— m2¢4 — ?4¢6 = — m204 _ 4 O of dimension-8 operators
2 2 2 2
A m-C m C
06 = ( ¢)2 — m4¢2 + 3 4¢4 + 3_2¢6 = m402 + 4 04 + 3_206 02 = gbz



A :
EFT — —
2

(0,0 — m*¢?

Bases of operators

¢4

Ce ¢°

T4

A% 6!

We can equivalently use an EFT Lagrangian where Og is absent,
and replaced by another equivalent operator

06E¢3

1

3EFT:5 _

Map between
the Wilson coefficients
in the two bases:

F O(A™)

Ozng2
0, = ¢*



Bases of operators

1 ' gt Co ¢°
Lerr = = |0,4)° — m*¢p*| — C, ; FO(A™)
2 1 - 4! A< 6]
We can equivalently use an EFT Lagrangian where Og is absent, ,
and replaced by another equivalent operators O,=¢
— 44
5. = s 4 mCy o, CP o 0 -5 _1 20 36m40 Oy=9¢
6 = (LIp)"=m"¢ +T¢ +¥¢ = 6 =0 a4 o O 0 = ¢

ZLppr = . -(5 h) — A2€b2 ¢4 Co @97
U

O(A™)

2 1 - 4 A2 2
: .. A Cs
Map between the Wilson coefficients Co = — >
in the two bases 10¢3
A m?2 2C
Cy=Cy
A% 5C,
4 C
w2 =m?— = °
A? 30C?




Bases of operators

Every EFT has an infinite number of equivalent bases

Double-
Box
Basis

Physics is independent of which basis we use,
but the Lagrangian and intermediate calculations look different in different 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)



@ @
. - Bases of operators
\"-\__\ /4
X,
d
A \*\ Consider 2-to-2 scattering in the box and unbox bases
e \
Q @
: 1 454 Cs ¢°
T ) —_ 2 2 2 _4
Lo = [@07 - m9?| - 5 - Lt oA

MEDX = —C,y + O(A™)

1] Pl _ 1 2 242 ~ ¢4 66 ¢3 ¢ —4

Lrrr =5 | = m?| = Cuo =S =m 4+ (A
box ~ C —4

My = =Cyt = (Pt +p3 + 5 +p3) + OA™

2
~ ~ m 4

S S

M 5C, on-shell

Map




SMEFT at dimension-6

ZLsmepr = Lp=n t+ Lp_st+ ZLp_s+Lp

H L+ Lpgt .

Warsaw basis of B-conserving dimension-6 operators

Bosonic CP-even

Bosonic CP-odd

TR, Wi, Wk

(HTH)?
(HTHYO(H'H)
HD,H|
H'H G%,G%,
HTHW. Wi,
H'H B, B,
H'o'HW/, By,

P

facha Gb ;e

vp ™~ pu

HYH GG,
H'H wiLW,
H'H B,,B,,

H'o'"HW}!,B,
iik117t Wi7J Tk
"W, WipoW 5,

facha Gb ;¢

vp T p

Grzadkowski et al
arXiv:1008.4884

Yukawa

(01,11 | HUHeSHT,

(Olylrs | HIHuGHYq,

[Olyls | HHASHg,

Vertex Dipole

Ol | ot H DLH Olwls | o H Wi,
[Og;]u iZIU"t’TMZJHTUiS;H [OGlrs | €owH B,
Oy | ie5o,eqH D H 01l | uSowTeHYgs G8,
[O ]IJ iQI[T;LQJHTF;LH (0811 w§o Hiolq, Wi,
0% My iqzai@QJHTffiﬁ;H O gl | wSouwH s B
Omdis | io,asH DLH Oy | dso,TeH g, G8,,
Ondis | idSo,dsHID,H Ollis | dsoHlaiq, Wi,
Owudrs | S0, d5H D, H 08 1 | dsouHlgs B,

Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices
denoted by I, J. For complex operators (Op,q and all Yukawa and dipole operat.
the corresponding complex conjugate operator is implicitly included.

(RR)(RR) (LL)(RR)
Oee n(e‘o,e)(e‘o,e%) Oe (5,0)(e°0,°)
Ouwu | n(u‘o,a®)(uo,uc) O, (5,0)(u¢o,ac)
Ou| W&o d)do,d) — Ou| (To)dod)
O, (e°0,e%)(uo,u) 0, (€°0,,€°)(q5,q)
Ou| (o@)dnd)  Op| (@0)uo,)
Ou|  (ro,a)dnd) O | @I 0 (weT"w)
0Ly | (¢, Teuc)(d°o, Td°) Oya (q0,q)(d°o,d)
04 | (q0,T°q)(d°0, T d°)
(LL)(LL) (LR)(LR)
Ow | n(l5,0)(la,.0) Oquga (uq?)ejn(d°q")
O | 1(30,9)(75,q) Ohga | (ueTq)ejp(d°TqY)
Oy, | 1(35,0°9)(G0,0'q) Otequ (e°t)egn(usq®)
Ogq (€5,6)(q0,q) Ofequ | (€00 e (ucar” qr)
Ol | (€5,0°0)(75,0"q) Oteaq (te7)(dq)

Table 2.4:  Four-fer

suppressed here to

indices are equal (e.

mion D=6 operators in the Warsaw basis. Flavor indices a
reduce the clutter. The factor 7 is equal to 1/2 when all flav
g. in [Ogel1111), and 7 = 1 otherwise. For each complex operat

the complex conjugate should be included.



SMEFT at dimension-6

HTH) (DMHTD”H ' why its not in Warsaw basis?
Integration by parts

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

Z%YHTﬁH gy]M

al/Bl/,u
(0, Wy, + €7 gt WIW,,) = D,W,, —§9LH o DyH ~ g1,

SM equations of motion |
DuGzM _gsjga

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




SMEFT at dimension-6

ZLsmerr = Lpn+ Lp_st+ Lp_s+

SILH basis of B-conserving dimension-6 operators

Zp

o [0, (HTH)]®
i ()’

—%(HTH)g’

o G v
v By
e (HTJ "DuH) D,
. QW (HIDuH) 0,B,,

(D H'o'D,H) W,

i (D H'D,H) By,

w

,LLVDPW;V
ﬁaﬂBlﬂ/apBPV

1 a a
m%v DMG,LWDPGpV

a_ciikyi Wi Wk
m2 vp'V pu

W

facha Gb G¢

vp~ pu

Onrw

Oup

gs HTHG“ G

uv
9 it
- —H'H B, B,

4 (D.H'o'D,H) W,
@%V (D,H'D,H) B,

9 'ij:W'L W_] Wk

mW PH

93 facha Gb Ge

vp pp

6

+ Lpq+ Lpg+

Giudice et al _hep-ph/0703164
Contino et al 1303.3876

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

that the operators [Ogr¢)11, [Oy,]11 are absent by definition. We define o, = [y, 7,]/2. In this table, e, u,d
are always right-handed fermions, while ¢ and ¢ are left-handed. For complex operators the complex conjugate

operator is implicit.

Vertex Yukawa and Dipole
[Onelis arlivuts HiD,H [Ocli; \/m;s’ime’H*H&Hej
iy 2Mmy, Moy, o~
[Ohdlis | Szlio™yulHio* FH [Oulij \/THTH%‘HW
[Oneli; e ’yuejHTH:H (Odlis \/WH‘LquHd
[Onqlij u% ’Yu(IjHTFuH [Oecw i ‘gr\/ie o HUWCJW
(Ol | i “qJHTUHjD_}H [Ocnlij HQ \/75 iHoue;B,
ulij R HT H i M
[Onuli; 07ty Oucliy | 2 \/W%HO'W,T 0y
[OHd]ij v%d HTﬁ)H v 2mey; My ;
omis | oo Ol | e o,
Hud]ij 22 WiV " , ST
[OuB]ij ,,32 \/viquo',uuu]BuV
w
2mg.m
[Oaclis | m%HUWT“dG“
2mg,m
[Oawlis %@-. FHo,d;WE,
[OaBli; \/m GiHo,,d; B,

Table 99: Four-fermion operators in the SILH basis. They are the same as in the Warsaw basis [614], except that
the operators [Og¢]1221, [Ose]1122, [Ouu]3333 are absent by definition. In this table, e, u, d are always right-handed
fermions, while £ and ¢ are left-handed. A flavour index is implicit for each fermion field. For complex operators

the complex conjugate operator is implicit.

(LL)(LL) and (LR)(LR) (RR)(RR) (LL)(RR)
Ou L (09 0) (Py,0) Oce S (@vue)(@ue) Ore 2= (Eyut)(@ve)
Oqq (079 (@.9) Ouwe | Z(uyuu)(uyuu) O L () ()
Ok | #(@wo'e)@wo'e)  Oaa | F(dyud)(dyud) Ow | 3 (0yu0)(drpd)
Oy & (00.0)(77.9) Ocu | H(Eyue)(@y,u) Ocq | 52 (@u9) (@)
o v%(fw O(@0'q)  Oca 25 (@yue) (dy,d) Ogu 25 (@9) ()
Oquqd (P u)ejn(q"d) Oud & (W) (dvd) Oh | 22(q7uT%q) (uy, Tu)
Ouga | (@Tw)ej(@Td) Oy | @y T*u)(dyTd)  Oga | 5 (G7u4)(dy,d)
Orequ & (Fe)ei(qu) Oba | 3@ T?q)(dn,T*d)
Oequ | (P oe)ejn(qior u)
Otedq H(fe)(dg’)



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

CRunning in SMEFT



Back to toy model example

1 ot Cg ¢S Pp
o =—[d 2 _ 2 2]—C _ g
BFT = 5 (,445) ¢ 1T A2 6 / \
In this EFT, there is a single diagram \ /
contributing to ¢) mass at one loop — = —
@ P
SA/EFT — C, [ dk ]
2 2 ] @n) k2 — m?
i 7 /e = 1/e + yr + log(4r)
e L g (22 ) 41
== —_— O —_—
3072 | & s m?2

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
€

The physical ¢) mass in the EFT at one loop:

2 2
> _ .2 s M Ll
Mipys = M = Gy 3972 log <m2> + 1




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 p d log u -

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

dm? m?

=C
dlog u " 1622

Cy

. . U 1672
The solution is m*(u) = m*(N) | —
A

We can interpret p as the renormalization group scale

This also shows that naive scaling of EFT parameters with A is modified by loop effects
therefore the exponent is called the anomalous dimension

Note that, within the EFT, there is no hierarchy problem, that is to say,
if m*(A) < A?then m?*(u) < A? at all scales




Running of the quartic coupling

We move to one-loop matching of the quartic coupling

4 6
EFT calculation ZLgrr = % [(5,,,45)2 — m2¢2] - C4Zi! - ig g6b!
4 ® yoe P e ¥ bt
AN \ i 2 \ 20N \”4 A -~
Y 3 P 4 2 X _ o
/«/ L 7 \\ \ -’ i \,.L.// \ o ‘;\—
& © ¢ o @ o @ o

Answer 2 / 2
2 2m* — s +14/s(s —m*)
f(s,m) = 14£10g[
V S

C? 2m?
MEFT = —C, + 3212 [£(s, m) + (2, m) + f(u, m)|

( \ ( \
+3C‘% Lotog (22 ) 42|+ G’ L otog (22 ) 41
22| o\ m? 32202 | T\ m2

\ ) \




Running of the EFT quartic coupling
2 2 2 m2 2
MfFT =—C,+ 3;;2 [f(s, m) + f(t,m) + f(u, m)] + 332(22 [log <%> + 2] + 35;2/\2 [log (%) + 1)

AJEFT _
The observable is S = : where 0 is wave
(1+06,) function renormalization

SfFT can be related to the cross section, so it must not depend on p

One can show that 5¢ = ( at one loop in the unbox basis

EFT
Therefore MfFT cannot depend on the arbitrary parameter p: dM, -0

d log u B

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

dc,  3C;  Cgn’

dlogu 1672 1672A2

Note that higher-order Wilson coefficients affect the running of lower-order Wilson
coefficients, but not vice versa



Running in EFT fuﬁ[ WJ

C’2 3C2 M2 C m2 MZ
A/EFT 4 1 ) 6 | i
4 3022 ’ S v ( 05 <m2> * ] HETETl I Wl

dc,  3C;  Cgm’ o m o 2 3CE <ﬁ>+ Com® <ﬁ>
dlogu 1672 16722 W Clm)+ o loe ) Temnz 25\
EFT | C2 Cm2
M = —Cy(m) 77 [f(s m) + f(t,m) + f(u, m) + 6] Y

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

The potentially problematic log (//t/ A)terms are all hidden (resummed)
in the running Wilson coefficient C4(m)



Running in SMEFT

Running of dimension-6 Wilson coefficients

dC, e
legﬂ_ Yk

C, is a vector of all dimension-6 Wilson coefficients in a given basis
[7] is the matrix of anomalous dimensions

For Warsaw basis complete matrix [y] Jenkine et al
] . . 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: Flias-Miro et al

1308.1879
3
Oy = %(au| H|?)? 1672y, = [4Ncyf + 240~ (3¢° + 29’2)] ey + 12N2¢ (54
PN 2
1 3
Or = 5 (HTDMH) 167m°Y5e, = 6 [Ncyf + 18\ — Z(3g2 + g’2)] Acg + 2(40) — 3g°) Aey
_ 6
Os = A\ H| —16N 2 + SN2 (A — y2)cy, (55
. <
Ow =% (H'e*DFH ) DYWC 2y, = 2 (3% + ¢ 2 4 oA— Sg?
W= 5 O "y 1677, = (AN. + 9)y; + 24\ — 5(39 + 97| ¢y + | 3y; + 2\ — ig cy
) <
Op = % (HTDMH) 0" B,, +(247 +4X = 3¢° — g")er — 2047 + 2X + 29)ey,
————— C/)_ - - - = _IZD'EWE 52— - T +4(_Ncyt2 +3>\+9/2)CS’) "‘8(%2 —A) [CLR + CFC(I?])%} 3 (56
2W — _5 uv
3 , 3
Osp = —%((%BW)Q 167°7e,, = [2(Nc +Dyi + 24X = 530" +g 2)] Cy, + (QA - 592) ci + (2N: — Dyjcy,
1 YA \2 2 3
O = —5 (D Guv) +202X + ¢P)er + 2 [(3 — 2N)y? + 6) + 9'2} i — 4% (yf +2X — 592) %
— 12 2 Uy *
Opp = g~| 1] By 5 +2y—t2(>\— ) [(2Ne + 1) ¢y, + Cpc®) | (57
Oaa = ¢2|H|*G? G g2 o e T Sl
266 T IS M
Onpw = ig(DMH)TUa(DVH)WSV 3 3
. 2 _ 2 2 r2 2 2 (3)
Oup = ig (D' HY (DY H)Byy | 107 = |2+ 200 360+ 9" e+ (20- 5 ) o+ 28afle, — 24
______ _ 1_____a;_7)__c_p,1;__ y2
O3W _13!g€abCWMA WVgWC _QQ_%NC(A — i) (20, + Céﬁ%) ) (58




Running in SMEFT

O% = (iHT D JH)(Upy* ur)
o7 (ZHTD H)(Qry*"Qr)
O(B)q (ZHTO'GD H)(Qry*0%Qy)
Ot r = (Qu*QL)(UrVuur)
O = (Quy"TAQr) (ary, T ur)
Okr = (ury"ur)(UrV,ur)
01, = (Quy"QL)(Qr.Qr)
| OR! = Q' T*Qu)(@ey T Q1)
0%, = (Quy"Qr)(Lrv,Ly)
0P = (Quy"0"QL)(L1v,0°Ly)
O%eR = (Quy"Qr)(Eryuer)
Of'p = (Ly*Li)(a WUR)
Ok = (ary*ur)(dryudr)
Oy = (apy"Tur)(dr %TAdm

O%%r = (UrY"ur)(€rVuer)

N—

\_/\_/
A/—\

Oyd = yd|H|2QLHdR

O = (Qry"Qr)(drVudr)
O = (Quy*T*Qr)(dry, T dR)
O%r = (dry*dg)(drvudr)

Oy = (Lpy* L) (dry,dr)
O%n = (dry"dR)(ErYueR)

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

Of = (i HID, wH)(€ry'er)
OlL == (ZHTDMH)(LL”Y“LL)

<~ —
' = (iH'0"D,H)(Lv"0"Ly)

Of g = (Ly*Li)(Eryuer)

O%r = (ery"er)(ErRVuCR)
O, = (Ly* L) (L, Lr)

Oy = ylya(iH D, H) (i dr)
Oyuya = Yula(QLur)ers(QdR)
Ofya = Yuya( Q1T ug)ers (QLTdR)
Oyuye = YuYe(Qrur)ers(Lier)

O;/uye = Yule( _EQBR)ETS(LLUR)

Oyeyd = yey:;([_fLeR> (dRQL)

Ol = Y QLo up Hqg'B,,
O% = yuQro*up o*HgWp,
0% = y,Qro* T ug Hgst,,

O = yaQro*dr Hg B,
04 = yaQrotdp oc"HgWp,
04 = y,QroTAdg HgsGﬁ‘V

Obp = ye Lo ep Hg'B,,
O%w = ye Lo er o"HgW},

Elias-Miro et al
1308.1879
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From operators to observables

Two main kinds of
of higher-dimensional
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- not present in | Ecoupling strength of

~ SM Lagrangian | ~ SM interactions



New interactions

1. New "harder" vertices h«
HS ho . 3vh? .
c.g. —— > ce L°
Sy S8A2  4A2 h

h2

1 2 ~a a a a vh a /a
or FlH °G,, G, — A2 GWGW+FGWGW+

These examples do not lead to new processes compared to the SM, Diagrams borrowed from
but they introduce "harder" contributions to amplitudes, . Harlander's web page
leading to different energy/pT dependence




New interactions

2. New Lorentz structures

1 ) 2v sin® 6y,
C.g2. F |H| BMVB,W/ > A2 hZ,m/Z,uI/ + ...

h

. .. ) .

in addition to —ms5Z 7 present in the SM
v LU Tu

hZZ vertex - 21 2, UL CHBV2 HoAU U H 17
h 7[’””‘2’7 A2 (p1 Py PPy = 2P1Pol )

The presence of the new structure affects e.g. the CM energy depends of Zh productions
But most cleanly it can be extracted from angular distributions in 7 — ZZ* — ¢~ ¢/~ decays

CMS 137 fb™ (13 TeV)
T T T T L L B I I I

— Observed, fix others
---- Expected, fix others

— Observed, float others

-~~~ Expected, float others /
o\ PN
A SUBELEMEE e Baa AassnsanyaNsy i

CMS
O 08060402 002 0 o002 ozo04060s 1 2104.12152
fa2




New interactions

3. Violation of accidental symmetries of the SM

Lepton number violation, e.g. X(HL)(HL) -> neutrino oscillations probing A ~ 101> GeV
Baryon number violation, e.g. ﬁucdcucec -> proton decay probing A ~ 10!° GeV

Individual lepton number violation, e.g. Fefa””H TLZBW -> u — ey decay probing A ~ 10° GeV

Lagalsonin dely* d¥en’
o o e

S, PIo v aQ coume
\ wa)

\ Nuon Yipp ng arpe!
Lymired aft demiy
0O

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. F(Ey“b)(ﬂywu) probes A ~ 30 TeV

CP violation, e.g. FERG'MV HLF,,, with complex Wilson coefficient probes A ~ 10° Tev

EDM State Preparation pou.acgyy, -tWtE Readout
]

3uifer Gas
Beam Source g F 8 NeoreccFoldColls
5 - Rotetiona! v ll: scine Frld P l.el
N nn, Tavt) Canling . |
XENY Vanu e Travies 1 i . }
O Chcbory e Ao | ONGAIFUNPTD - ~ <
- N SCnmpare> 'l | - ™~
LU o/ &%
= '3% A5
re T'_'] o
o5 + A
7 W N =
A:- .;B
STIRAS
Pulsad NE:YAG :‘[ "’:' L3

Ahiiat e Lases

' Mapnztk: thicdng

These often probe A far above TeV as well



From operators to observables
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of higher-dimensional
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Modified 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 field, thus effectively shifting the strength of all
interactions of that field

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



Modified interaction strength: directly

L
Example: FER}/”QR(HTD”H — DIMHTH)

2
After electroweak symmetry breaking (H TDﬂH -D,H "TH) - — V?\/ ng + g%ZM + ...

iCHe ) : : Vz\/glz, T 812/ o
v egyter(H'D,H— D H'H) — — cy, A2 ery erZ,

This adds up to the . _
weak interaction in the SM \/ g,% + g% (7}3 — sin® OwQr + 5g4 )f}//"fZﬂ

2
vV
Thus cHe can be constrained, e.g.,

S Ze — —Cyy ——
SR He A2 form LEP-1 Z-pole data




Modified interaction strength: directly

5g%¢ = — ¢y ——
gR H€2A2

(5g}j‘/e\ [ —1.2£3.2
Observable Experimental value | SM prediction Definition ) gg/,u —2.7+2.6 BreSO-PIa et al
Ty [GeV] | 2.4955+0.0023 [4, 28] 2.4941 2 N(Z 1) SaWVT 1.5+ 4.0 2103.12074
T(Z—ete U(Z gr.
Ohad [mb] | 41.4802 4 0.0325 [4, 28] 41.4842 Lop [(Zoem e 2 ed) e
z E F(Z—Z>q(7) 5gL _0.20 :I: 0.28
R. 20.804 = 0.050 [4] 20.734 s 52 01419
R 20.785 + 0.033 [4] 20.734 Ly [(7200) 9L ‘ '
) St 5g%T —0.09 + 0.59
R, 20.764 £ 0.045 [4] 20.781 P a— 9L : :
A% 0.0145 4 0.0025 [4] |  0.0162 3 42 Sg4e —0.43 +0.27
0,1 3
AOF]2 0.0169 £+ 0.0013 [4] 0.0162 %AGAH 59]%“ 0.0+ 1.4
AlT 0.0188 & 0.0017 [4] 0.0162 SAA, >
Ry 0.21629 + 0.00066 [4] 0.21581 % 09R 0.62 =+ 0.62
M Z—ce) SqZw —12 £+ 23
AFB 0.0996 + 0.0016 [4, 29] 0.1032 3AA dgp" -4+ 31
FB 3
AF 0.0707 £ 0.0035  [4] 0.0736 F(Z_M;_f;%é; o 5q fd 19 + 36
A, 0.1516 & 0.0021 [4] 0.1470 Lep) 7 cpey Zd
R 89% —30 £+ 130
A, 0.142 4+ 0.015 [4] 0.1470 Ry R 5075 11 4 98
A, 0.136 + 0.015 [4] 0.1470 Loy ry ) T2 y) gL
TS e T 5gZs 32 4 48
A, 0.1498 £ 0.0049 [4] 0.1470 LPL) " RO R
F(Z—)TES‘Z_T—CFFZLT-'_T_) 5ch —1.54+3.6
A, 0.1439 £ 0.0043 [4] 0.1470 e Ié
A, 0.923 +0.020 [4] 0.935 F(Z%”Llﬁgjlfgﬁ@bm 09R" —3.3£5.3
Ae 0.670 £ 0.027 [4] 0.668 T 5gZ° 3.1+£1.7
Ag 0.895 £ 0.091 [30] 0.936 a (ij;i;f_%—gf %Z)Z:SIT:M 5gZb 21.9+ 8.8
Ryc 0.166 == 0.009 [9] 0.1722 2 T (Z—ad) \ Oy ) \ 0.29 = 0.16 )

A
It follows 2 5.6 TeV

1/2
| CHe |




Modified interaction strength: indirectly

Example: (H TH Y] (H "H )

This contributes to the kinetic term of the Higgs boson

Cy ; ; Cy V2 )
F(H H[(HH) - e (9,h)
Together with the SM kinetic term:
1 ZCHDV2
< SMEFT 2 5(0,/1)2(1 By )

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

C V2
h—>h<1 | f )
A2

This restore canonical normalization of the Higgs boson field,
up to terms of order 1/A%, which we ignore here




Modified interaction strength: indirectly

2
h Ll 14 CanY After this rescaling, the dimension-6 contribution
— | vanishes from the Higgs boson kinetic term

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

2
—[ZmWW+W + m% ﬂ] — fl, (1 + CHEZV ) [ZmWW+W + m%Z Z]

2
CV

> mfff

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

— '_>ﬁ<1
meff \%

LHC measurements of the Higgs signal strength provide a bound on the Wilson coefficient

2
CyrV
p=1.09 = 0.11 HA2 —0.09+011
or, equivalently CH — I + 1

A?  (820GeV)?  (740GeV)?

Higgs measurements only probe new physics scale of order a TeV



Modified interaction strength: stealthily

Consider the dimension-6 operator | H TDIMH ‘2

After electroweak symmetry breaking:

\ cupV> (87 + 8PV’

CHD | 1yt 2
FlH D,,tHl v . 2,2,+ ...

(o2 + g2)v2 oo V2
Thus it modifies the Z boson mass: m% _ 5L 4gY 1+ ZD\Z

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

m, = (91.1876 + 0.0021) GeV

From which we find the very stringent constraint

C 1
| _

A2 T (26 TeV)?




Modified interaction strength: stealthily

Consider the dimension-6 operator | H TDIMH ‘2

After electroweak symmetry breaking:

CHDV2 (gl% + gI%)V2
5 Z /7 + ...
2A\2 8 woK

CHD | 17+ 2
FlH D H|

Thus it modifies the Z boson mass:

We haveWis v

No! Nil




Modified interaction strength: stealthily

Consider the dimension-6 operator | H TD”H ‘2

After electroweak symmetry breaking:

\ cupV> (87 + 8PV’

CHD | 1yt 2
FlH D,,tHl v . 2,2,+ ...

(o2 + g2)v2 oo V2
Thus it modifies the Z boson mass: m% = oL 4gY 1+ ZD\Z

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

In the SM: G =

\/EVZ gL — 06485
. ¢2g2 gy = 0.3580
4r(gt + &7) v = 246.22 GeV

, (g + gV’
My = A with very small errors




Modified interaction strength: stealthily

‘ H T D H |2 In the presence of our dimension-6 operators, the relation between
H electroweak couplings and observables is disrupted

1 g 878y 2 (87 + gy)V* <1 N CHDV2>
\V2v2 4n(g? + g7) g 4 2A2

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

GF=

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

g >3 <1 _ Crip8iV’ ) gy = <1 n CHp&YV’ >
L Y Y
5 4(g} — g3)\2 4(g? — g3\

For the twiddle electroweak parameter, we can now assign numerical values

Gy = :
Vv g, = 0.6485
__ &gy 3, = 0.3580
4@+ & '
@4 v =246.22 GeV
mZ =

4 same as in the SM



Modified 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

8LV _ 81V (1 Crip8iV” ) _ 81V (1 Crip8iV” )
A(8r — &N 481 — 8PN’

My, =

2

2 2
We can now use the experimental measurement of the W mass

my, = (80.379 £0.012) GeV

to constrain the Wilson coefficients

1 Crp 1

<—X
(7 TeV)2 A2 (12 TeV)2 at 1 sigma

Numerically very different constraint than what one would (incorrectly) obtain from Z mass!



Modified interaction strength: stealthily

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

gSMEFT D) Vukdll/_tk}/’uPLdl ~+ h .C.

CKM matrix:
Vud Vus Vub
Vo = Vea Ves Ve
Via Vis Vi
1— 132 Ly A AN (1+52%)(p — i)
= | ARG -p—in) 15— I (1 444?) AN +O()
AN (1 — p — in) — AN+ ANY(5 — p— i) — A2\

The 4 Wolfenstein parameters need to be taken from experiment

PDG says:
A = 0.22650 £ 0.00048, A =0.790+:917 o
5 = 0.141+0018 7= 0357+ 0.011 But you cannot use it in the SMEFT !
- Y —0.017 > - ¥ .

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



Modified 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 A from pseudoscalar decays

Known radiative corrections
Decay constant

N £2 2\ 2 A"
D(P~ — (") = \vqumeme ( —ﬂ> (14 6p¢) (1+ Appo) |

16704
SME{:T corrections
True CKM element depending on dimension-6 Wilson coefficient

A 2, 2\2
'K - uv) A2 fEm (1 —m;/mg)
= 1 +0g, =0, || 1+ Agpp — Aspn

[(r - pv) 1-=4% fz m, (1 —mz/mz)>

- A? A2 -
Introduce polluted Cabibbo angle /1 defined by T (1 + Appp— A, > . * A=A1+A4A)

LK —»w) P femg (L—milmg)’ 146 )
[(z— ) 1 —2f2my, (1 —m2/im2)> ke e

Everything in this equation is known (experimentally or theoretically) except for A
thus we can use it to assign a numerical value to A



Modified interaction strength: stealthily

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

DK — pvy,) /T (7 — pvy),

['(B—7v.), AM; AM,.

)\ = 0.22537 4 0.00046

A = 0.828 + 0.021

0.024

- 0.048

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

(J1+A)
A(l+A)
p(1+A4)

L+ A

where A, are know linear combinations
of SMEFT Wilson coefficients



‘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:

Loi erd Y s
AL =— =Vi Vi + —LV,aV,

4 [T Y Y

) : ; 1 i = o
—I—inHV;HTa <D_:H + §f;qu Z fo auf

For, simplicity, couplings fo fermions assumed universal.
Thus, model has 3 free parameters: mV, «kH, 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: I"f; — W’"‘; e

Y7L
ViV

17}

L

L. .. my
AE A ZV}:’UV;V T 9

, ; ; K.
+§(ff.1_r — H.F)V;HszmH + =

Note that the new vector field 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:




Bosonic CP-even
(HTH)?
HD,H|
H'HG4,G4,
HYHW], W,
H'H B, B,
H'o'HW,, By,
eIRWL Wi, WE,
fabCGZbe G¢

vp ™ pu

Vector Triplet Resonance

Bosonic CP-odd

HfHGe,Ga,

HIHW!, Wi,

H'H B,,B,,
Hic'HW!,B,,
eIRWL Wi, WE,

abc Ha b c
f GWG G

vp pu

Table 2.2: Bosonic D=6 operators in the Warsaw basis.

'irmH‘tai(D—;H—l—r;F Z ‘]Faia'uf

fEl,q




Vector Triplet Resonance

Bosonic CP-even Bosonic CP-odd

AT, H]

H'HGe,GY, H'HGe,GY,
HIHW], W, HIHW], W,
H'H B,, B,, H'H B,, B,,
Hig'H Wﬁ’/B Hv H'H)(D,H'D,H) :E(H*H)EI(HTH) — U (HYH)? + 20(HTH)?
I W, I, Wi W, .

P
N +=(H'H) [fy,H'F + h.c.
fachZVGb Ge fachZVGb Ge ( )[ S ]

vp™ pu vp™ pu

Table 2.2: Bosonic D=6 operators in the Warsaw basis.

'irmH‘tai(D—;H—l—r;F Z ‘]Faia'uf

fEl,q




Vector Triplet Resonance

Bosonic CP-even Bosonic CP-odd

Yukawa
(O ,1rs | HIHeSHTE,
(0! 11y | HTHuSH g,

[O},11 | HIHd5H gy

HTH Ga Ga HTH éa Ga Vertex Dipole
pv = v pv = v il15,0H D H 0%l | eSou oW1,
HYH WZWW&V H'H WZWW&V 0ol H o' DT> 0117 | €S0 H B,
HiH B,,B HiH B,,B i, S D Ough | i Hla Gy
pv Dy pv D py 1416 qs HI D, H 08 lis | uSo Hgiq, Wi,
HTO‘iH W/rin,uV HTO'iH /W/inuy @“qﬂﬁai@ [OLB]IJ “?qufﬁ‘ﬂ By
o o iu§o,ay H Dy H [Olglts | djow T Hlg; Gy,
eIkwi, Wi, Wk, eIkwi, Wi, Wk, idSo,ds H1 D, H Ol lis | 5o Hlaiq, W,

~ iuSo,dSHID, H Olplis | d§oumH s By
feeGs, Gl G5, feei, Gl G, o A

. . . Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices are
Table 2.2: Bosonic D=6 Operators in the Warsaw basis. denoted by I, J. For complex operators (Opy,q and all Yukawa and dipole operators)

the corresponding complex conjugate operator is implicitly included.

Matching:

‘L'K,I[H]‘O'iﬁ)uﬂ—l—fip E ]FO'ic_Tuf

felq




Vector Triplet Resonance
SILH Basis

Yukawa,
(O ,1rs | HIHeSHTE,
(0! 11y | HTHuSH g,
[O},11 | HIHd5H gy

Table 97: Bosonic D=6 operators in the SILH basis.

Bosonic CP-even Bosonic CP-odd

1 T
202 [8 (H H)D Vertex Dipole

1 4 = _ . .
502 (HTDMH) Zgla'ungTﬁ;H [Olw]IJ ego-p,z/HTo-ngWliy
T EE D TG LTS Ohs | ot B

> 2 ~ . —,
S HYHGo,Ge, O, % H'HG%,G%, ieSo,eSHiD, H
w

2
Mw

011y | o T HYqs GS,
/ =~ ’2 ~ L + ~ . .
9’ [HtH BBy Oy n%TWHTHBuuBuu idrasH Dy (Ouwlrs | wjouwHio"as Wy,

2
myy

74,06 zﬁ’ > i ¢y T7
2 (HTUiEH) DuWiy @“q‘ﬂ—ﬁa wl [Oupl1s | ufouwH s By
e (i ' iu§o 5 HT D, H Olehis | dsoToHlq, G2,
g9 _ _ . .
ﬂ?x (H uH) &/B/w _ y Ny . id?oudf]HTﬁH [OIIW]IJ d?am,HTquJ W/iy
' ‘ —~0 D, Hto' D, H) W' i
g (DD, H) W, D0 | 5 (Do D H) W, 50, d5 B D, H Olylrs | d5oHYqs B
. ~ ig T ~
s (D, HD,H)B,, Ons | i (DuH'DH)B,

m2 w

1 D W' D.Wi Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices are
my, R P pr denoted by I, J. For complex operators (Op,q and all Yukawa and dipole operators)
m%ﬁuBW@poy the corresponding complex conjugate operator is implicitly included.
w
1
w2 DuGlnDoG,

3 L~ .
g 17k Yyt J k
T AR W WE
m2, € pvVipYVpp e ~
w 9s facha Gb Ge¢
9s facha Gb G¢ m%/V v ~vp™~pu
mi, 2 A

(4

(mH—mp)HTJi e RFD,,W

)
v

gr



Vector Triplet Resonance

Bosonic CP-even Bosonic CP-odd
(HTH)?
(H'HO(HTH)
HiD, H
HYHGe,GY, HYHGe,Ga,
HYH W, Wi, H'HW,,W,,
H'H B,,B,, H'HB,,B,,
Hic'HW},B,, H'o'HW!,B,,
kW, Wi, WE, TR WL Wi, Wk,
fachaVGb Ge fabcéa,/Gb Ge

pv~Tvp™ pu pv~Tvp™ pu

Table 2.2: Bosonic D=6 operators in the Warsaw basis.

'irmH‘tai(D—;H—l—r;F Z ‘]Faia'uf

fEl,q




Vector Triplet Resonance

Yukawa
HYHeSHTE,
HTHu$H gy
HYHdSH'q,

1J (10 o f G?O'MUHTO'WJW

o
o4

]
]

Onelrs ef0,e5H U?OMVT‘L?ITQJG"
]

1)
He
3)
He

7 ( ilioio ‘D, €50, H 0 B,

[Og; IJ /10 " f uIa,WH alqy VVZ
(AN ‘ u§0, Hiqy By
Oyl zuI(fouHJr D, H f dfaw,T“HTqJ G
Ondry | ido,dsH EﬁH ! d50, Hioiq, Wi,
Onudlry | iu§o,d5HID,H , dso,Hqr B,

Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices are
denoted by I, J. For complex operators (Og,q and all Yukawa and dipole operators)
the corresponding complex conjugate operator is implicitly included.

Matching:

'{:PEHH]‘OJﬁ;H—I—hZF Z ‘]Faia'uf

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 free-level

@ But different models would give different subset of operators

@ Therefore, to be model independent, one should simultaneously 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




