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Fantastic Beasts and Where To Find Them
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o It is likely that mass scale A of BSM particles is beyond kinematic reach of the LHC

@ If that is true, effective field theory (EFT) approach may be only way to collect partial
information about BSM structure (much like Fermi theory taught us something about W
and Z before they could be produced)

@ Even if new particles can be reached directly, EFT is useful and compact framework for
practical calculations at E << A (much like we still use Fermi effective theory to
calculate weak decays of particles with m << mz)
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SM EFT
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SM EFT Approach to BSM

Basic assumptions

® Much as in SM, relativistic QFT with linearly realized SU(3)xSU(2)xU(1) local
symmetry spontaneously broken by VEV of Higgs doublet field

® Mass scale A of new particles separated from characteristic energy scale E of
experiment, A >> E, such that experimental observables can be expanded in
powers of E/A

SM EFT Lagrangian expanded in inverse powers of /A, equivalently in operator dimension D

By assumption,
subleading
to D=6

Lepton number or B-L violating,
hence too small to probed at present

and near-future colliders Generated by integrating out
heavy particle with mass scale A
In large class of BSM models,
describe leading effects of new physics
on collider observables at E << A
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Advantages of SM EFET

@ Framework general enough to describe leading effects of a large class (though not
all!) of BSM scenarios

@ Theoretical correlations between signal and background and different signal
channels ftaken into account

@ Very easy to recast SM EFT results as constraints on specific BSM models
@ SM EFT is consistent QFT, so that calculations and predictions can be systematically
improved (higher-loops, higher order terms in EFT expansion if needed). In

particular, SM EFT is renormalizable at each order in 1/A expansion

@ Some tools to assess validity of 1/A expansion
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Many possible D=6 operators!

One example of non-redundant set,
so-called SILH basis

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

Bosonic CP-even Bosonic CP-odd
; " Giudice et al hep-ph/0703164
H 502 o .
2 2 Contino et al 1303.3876
Oy Ly (HTE)H>
Og —~A(H'H)3
2 ~ g§ ~a a
0, WHL%V H'HGe,Ge, O, . H'HG,G4,
’ ~ /2 ~
O’y %HTHBW/BMV O'Y rgL_QWHTHBNVBMV
: ﬁ Table 98: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the Warsaw basis, except
Ow 2mw <H o'D,H ) D qu that the operators [Of¢]11, [O%,]11 are absent by definition. We define o, = i[7,,¥,]/2. In this table, e, u, d
Ogp 2 ( ot ﬁ H) 0, B, are always right-handed fermions, while ¢ and ¢ are left-handed. For complex operators the complex conjugate
3 i i i operator is implicit.
OHW z (D HTO'ZD H) Wz OHW m%V (DNHTO' D,/H) W;“,
OB g (DMHTDVH) B,., Onup % (DMHTD,,H) B Vertex Yukawa and Dipole
w
. . A/2Me, Me . —
02W ﬁDMW[iV‘DprV [OHé]ij L Ez’)/ué H ﬁH [Oe]ij %HTH&'H%‘
Os5 = 0u By 0 By Ol | welic*yul; HI* Dy H [Oulij VI g Hu,
Oac - DuGy, DG, ; [Onelis e HIDH [Odli; VI Fg
v . . 0 g_ijkNi J Wk i 2. Mo, —
Osw i zgsz Wj Wk Osw € W Wi W [OHq]ij 224V HTﬁH [OeW]ij g ugigkﬂawej W/If,,
mW A 93 abcya b e i = i mW/ i’n Me. -
on s ! oo i, Osc: 5 fabeGa, GY, G, [O)is | H@io*.q;H o ﬁ H Ously | LT e
: w
[OHu]zj W%EZVMUJHTEH - gs \/W* ] Ay, . (a
. . . . . [O’LLG]Z] -2 quUuuT UJG v
Table 99: Four-fermion operators in the SILH basis. They are the same as in the Warsaw basis [614], except that [Ondli g J"y d: Hfﬁ H mw 5 v »
the operators [Ogs]1221, [Oe]1122, [Ouu)3333 are absent by definition. In this table, e, u, d are always right-handed g ”‘2 v ~ " [Ouw]ij m% —Vm:lm“ qigk ﬁUWUj W,]f,,
fermions, while ¢ and g are left-handed. A flavour index is implicit for each fermion field. For complex operators [OH ud]i Jj vizﬂﬂ’u d i H "D wH V‘;, \/W -
the complex conjugate operator is implicit. [Ouslij m3, ———GiHouu By,
_ _ _ _ _ _ _ _ [Odg]ij n“;]TS—‘QMdmd HO’M,,TadeZU
[Oaw i #—J Lgio HadeWZfV
(@) L by, 0) (0,0 Oce .. Ove L (by,0) (e , Ma, M,
S plemellene) O e Ounliy | 7t = G0 B
Oyq 22 (@.9)(@9) Oy oz (W) (W) Oy -2 Ly ) (ary,u)
Oh | (@0 )(@wo’'a)  Ou | 22(dyud)(dy,d) Ou | g2 (07ut) (dyud)
qu v%(Z’YN )(7’}//,LQ) Oeu v%(éfyﬂe)(77ﬂu) Oeq #(77“q) (é’y“e)
Ol | =o' 0)(@1.0'q)  Oca % (eyue) (dy,d) Ogu | 2(qyuq) (@y,u)
L (2hoNe . (7 1 (= 7 / L (7in) TN (5im TGO . 2
Omat | wr(@uein(@d)  Our | i(wu)(dyud) O | (@ 70) (@ T*) Full set has 2499 distinct opera-l-orS,
Oé]uqd ful? (quau)Ejk? (qkTad) O:Ld LQ (a’)/HT u) (d ﬂTad) qu 02 ((T)/Hq)( ’Y,u'd) . I d . ﬂ + + d Cp . f
Ofequ v%(@e)ejk((jku) O;d U%(qyuTaq)(’,yﬂTad) |nC u lng avor S ruc ure an ConJ uga es
Oéequ U_lg (EJ UIU/e) €k (qk O-HVU)
Otedy 1 (Fe)(dg?) Alonso et al 1312.2014, Henning et al 1512.03433
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Observable effects of D=6 operators

@ Corrections to Higgs self-

m
: h
couplings 2 5 (1+0A3)h
@ Corrections fo SM Z and W
boson couplings to fermions J Y Fou-3Q 0N+ Y feou(~s3Qs +5gZ)F
(so-called vertex corrections) fEudiev So€us,de e

hvy =g[2(1 + 6cw)m%VW:Wﬂ_ + (1+dc.)m%2,2,
@ Corrections to SM Higgs
couplings to matter and new

tensor structures of these

interactions +¢:0097 200 Zyw + Cx0gLIY 210y Ay

500 22.G, G+ B A A + 00 2 7,0
+°99Z pv uu'*“"rvz pv :w+‘fz7£ pvdpy

2 2
g - 9 ir—
+Cuw fw;:,w,w + cwwfw;uww + cwngs (

2

€gL s JF
_ZpuApu + Cz2 Q ZpuZpu

2Co

g2 62
tCgg ZSGzVGZV + Cyy ZA#VA#V T Czy

@ Corrections to tfriple and

e =ie [((WELW, =W, W) A, + (1 +0k,) A WIW,,

quartic gauge couplings and +igreo [((140g1.) (WhEWL — W, W) Zy + (1 + 6k2) Zu W W, ]
new tensor structures of ¢

i - .91L.Co -
. : + A‘Y W:u WupAP# +1 2 Az W:u WupZPu
these interactions n
® Contact 4-fermion

. : Important: correlations
interactions

between different
parameters describing

@ .. and much more deviations from SM
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SM EFT 1n practice

o At first sight, working with a theory with 2499 parameters seems hopeless

@ However, typically a much smaller set of operators relevant for given process. This
is especially true if EFT corrections are calculated at tree level only

@ Moreover, using constraints from previous experiments (e.g. from low-energy
precision experiments) may further reduce number of parameters relevant for

given experimental observable

@ Less generally, imposing flavor symmetries greatly reduces (by O(100)) number of
independent dimension-6 coefficients

@ Importance of convenient parametrization of space of dimension-6 operators that
makes explicit directions that are very well constrained and those that are

poorly constrained

@ Importance of global fits fo make full use of experimental constraints
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contributes both

to Higgs couplings and
to W/Z mass difference
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EFT Primaries Gupta et al 1405.0181
To characterize dimension-6 parameter space, more transparent to rotate LHCHXSWG 1610.07922

basis and use linear combination of Wilson coefficients that map directly
to particular "measurable” couplings in mass eigenstate Lagrangian

Bosonic

2f Yukawa

Linear

2f Vertex negimatich

2f Dipole

4-fermion

SILH or Warsaw or another set Set of 2499 couplings in mass eigenstate
of 2499 Wilson coefficients of Lagrangian describing independent
dimension-6 operatfors deformations of SM Lagrangian
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Efrati,AA,Soreq

Pole observables - constraints o Tl

All diagonal vertex corrections except for dgWgR and 0gZ1R
simultaneously constrained in a completely model-independent way

W.ve, (I + 69y “)e + h.c.

Y Fou(T}-s3Qs+og )+ Y foou(—s3Qs+ 8957 )f
feu,d,e,u fceuc,dc’ec
—1.00 &= 0.64

—1.36+£0.59 | x 1072,
1.95+0.79

—0.26 + 0.28 —0.37 4 0.27
i = 0.141.1 x 107, [0g7°)u = 0.0+1.3 x 10772,

0.16 & 0.58 0.39 & 0.62
—0.8+3.1 1.345.1
Zuli =1 —0164£0.36 | x 1072, [6g5"]us = | —0.384+0.51 | x 1072,
—0.28 + 3.8 X
—1.0+4.4 2.9+ 16
09428 | x1077 [ =1 35£50 | x1072

0.33 £0.16 2.30 £0.82

@ Z coupling to charged leptons constrained at 0.1% level, W couplings to leptons
constrained at 1% level. Some couplings to quarks (bottom, charm) also constrained
at 1% level

@ Some couplings very weakly constrained in a model-independent way, in particular
Z couplings to light quarks (though their combination affecting *total* hadronic z-

width is strongly constrained)



. . Efrati,AA,Soreq
Pole constraints - flavor blind 1so03.07872

89" 7 ]i; = 6976

—0.89 + 0.84

—0.20 +0.23

—0.20 +0.24
~1.7+2.1 x 1073
—92.34+4.6
2.8+1.5
19.9+ 7.7

@ All leptonic couplings constrained at per-
mille level, all quark couplings constrained at
1% level or better
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Off-Pole constraints on 4-lepton observables

AA,Mimouni
1511.07434 One flavor (I =1...3) Two flavors (I < J =1...3)

Ocelrrir = 5(010,01)(£10,07)

Ocelrirr = (r5,01)(e§0,€5)

Ocelrirr = 5(€50,85)(€50,€5)

@ Theres 27 lepton-flavor conserving 4-lepton operators, 3 of which are complex,
however not all are currently probed by experiment

@ Using e+e- -> |l scattering in LEP-2, low-energy neutrino scattering on electrons,

W mass measurement, low-energy parity violating Moller scattering, and muon
and tau decays

@ All these observables depend also on leptonic vertex corrections, so combination
with previous pole constraints is necessary

_ 5gYe + 69, " [cer)iom

om

2 4
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Off-Pole + Pole constraints combined

Model-

Thursday, February 16, 17

dgr ¢ —0.37+£0.43
independent &) L4 2059
SgpT 1.46 + 0.70
sgZe —0.029 £ 0.028
sgir 0.01 £0.11
5947 0.016 = 0.058
Sg%e —0.035 + 0.027
Sgat 0.00 + 0.13
6927 0.037 £ 0.062
Sg7" —0.6+3.0
bgfc —0.16 + 0.36
sgZt —0.3+3.8
Sg4v 1.345.0
bgic —0.37 +£0.51
5g%d —1.0+3.7
sg9%= 12417
5gZb 0.33+0.16
sgZd 3+15
Sg4s 2.0+4.8
Sg&P 23408
dg1, —62 437
Oy —23+23
Az 65 4 40
[cee]1111 1.00 + 0.39
[ceel1111 —0.23 +£0.22
[cee]1111 0.23 +£0.39
[cee]1221 —3.7+1.4
[cee]1122 2.0+2.3
[ceel1122 1.0+23
[ceel2211 —09+22
[cee]1122 1.5+ 2.6
[cee]1331 1.8+1.3
[cee]1133 140 + 170
[ceel1133 + [ceelss11 —0.55 + 0.64
[cee]1133 —150 + 180
[cee]2332 1.9+21

x 1072,

® Full correlation matrix also calculated
Typical constraints at 1% level
Flat directions for electron-tau

operators: no additional observables
to break LEP-2 degeneracy

One-by-one
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. Higgs Basis - _parameters

-—'hl-'lﬂl—'...h.i.u-—u.. ' ]
! B
- 5
- ;

2 e Parameters along EWFPT unconstramed directions |
agecting S Higgs observables at leading order f 5
_Z_ | j ‘ I’ :
nggs COUP lngs to CPeven: Oc, CzO Czz Czy Cqyy Cgg I
= I gauge bosons CPodd: .z Coy Cyy Cgg o
o4 HI%\%’S COUPllﬂgS to CPeven: 0y, O0vg OYe J;.-.._
2% ,
o i fermions CPodd: ¢u_¢a_ oe
e :
 Higes cou lings to -
s | 16 CPeven: 0Mj e

| { tself =
; Lhselt = —(A + 5X3)vh.

| Assuming Minimal Flavor ViolationJ and that h A L
F Lhv ==[2(1 + dcy)my W, W, + (1 +dc.)mz2,Z,

p v
Parameters s’cronglg constrained at LO bg o Y ,
: +ewn g Wik Wi, + Euw e W Wi, + cungl, (W, ,W;, + hec.)
| EWPT can be gnored, g2 2 - g2
4 : +(” IC;IUCG +( A;UA;UJf_( ZTZIVAI"+( 11122 Z
] we have 10 CP-even and 6 CP-odd ’
S i. +c Lq,é dy A,,,+(,,[_(”t;y.d OvA,u
, 3
' parameters to be constrained bg |2y S8 +(”94 G2 + ry e A + 50 T Ty R + Lilfz‘ V7o)
i t
Higgs analgses h .
";‘! B + 1 zqs
- e e hff = — E mysf°(I + dyre’®’)f + h.c.
f=u,d,e
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LHCHXSWG 1610.07922

@ BSM corrections to Higgs couplings in mass eigenstate Lagrangian can be related
by linear transformation to Wilson coefficients of any basis of D=6 operators

@ Unexpected dependence of fermionic operators due to rescaling of SM couplings

@ Corrections to Higgs and other SM couplings are O(1/A"2) in EFT expansion.

1 1 2 12
~5%H = 3 [49'2(514/ + 25+ o + cow) — 29701 + 2 ;g [Eﬂqe]m]
1 3,
= TCH §[EH2]22' (1
Example: 4 /2 2
. . C + =—¢ — 4= sy¢ )
Higgs couplings 7+ g2 [CHW g P SQCW]
expressed by g 1 1

Cw + cgw + Cow + ?(EB + C¢up + C2B) — §5T + i[éﬂqe]m] :

SILH Wilson coefficients

1 ow + oo + L (5 + 025) — Len + L
— | C C —\C C — —C —|C
92 _ g,2 w 2W g2 B 2B 2 T 2 Hy122

- B g/2 ~ ~ 1_ 1 y
cw + Cow + g—Q(CB + CQB) — §CT + 5[61”]22 ,

See
LHCHXSWG-INT-2015-001

for full dictionary and other bases
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Higgs Run-2 results coming!

@ For Higgs analyses, the energy Channel | Production | Run-l _

I

gain from 8 fo 13 TeV is less
relevant than for heavy new
physics searches: cross section
increases only by factor of 2.
Therefore, progress with respect 3 13+8§;1 ST 09670 G
to run-1 is less spectacular. o1+11 3.8725 [4]

L 3*8?
5+
O5Jr

® Nevertheless, already enough data
analyzed fo rediscover the Higgs
boson at 13 TeV, and rates are
measured with similar precision as
in Run-1

@ So far, Higgs rediscovered in Yy
and ZZ decay channels, and
interesting results also available
for bb decays and tth PI'"OCIUC'HOFI _

] -

e e | T
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@ In SM EFT, assuming MFV, only 9 CP-even parameters unconstrained by LEP affect
Higgs signal strength observables at LO. CP-odd parameters enter only at
quadratic order and they are less relevant unless one studies certain differential
distributions

@ All these 9 parameters are already constrained in a non-trivial way by LHC Runl
and Run?2 results

@ Currently, some 2.5 sigma tension because of excess in observed tth production
rate and deficit in observed higgs decay to bottom quarks

|| Higgs Runl&2

+ full 9
correlation matrix

e S

E<EETD)

AA. HDR 0135013

ATLAS Run-2 | CMS Run-2
o}z’g 0.62539 [4] | 0.775035 [5]
r+0.35 y K -9

—oz
5 N N

113+3§11 134705 [4]

352 [

_ 39555 (8]

1. 0+05

Hoges

Ly > N0
|+ !
O
[CRS P

I [ -]

T oty I
—
RN T
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SM EFT
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Higgs boson in SM g
L8 ﬁ( v+ h+... )
Csv = D, H'D, H + m%HUH — NHTH)? + ( ZLHpip; + h.c. | +(00 Higgs)
SM — &y 7} +mH ( ) G \/5 ?,Dz% -+ h.Cesjuaan >
Cg\t;\fllngs 9 Self- Couplings
gauge Couplings to fermions
: bosons ; 5 5
h'' sk 5 m m -
(b v B pmb wiwy emszz) =Dhps_ MRy SRS, 7y
f
Ensures unitarity of
VV->hh scattering
Ensures unitarity of Ensures unitarity of
VV->VV scattering VV->ff scattering
~ b2

What are Higgs
self-couplings for?

m
h
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Triple Higgs coupling in SM EFT H___l_( )
/2 \sipbrbe By

Lsvm = D, H'D,H 4+ miHMH — \(H'H)¢+ (@H@%— £ h.c.> +(no Higgs)

Couplings to \/2_
EV\f agu : Self- Couplings
9949 Couplings to fermions
bosons

It is clear what goes wrong when
self-couplings are modified in
framework of SM EFT where SM

Lagrangian is extended by
higher-dimensional operators.
New scale M suppressing D>4

operators sets maximum validity
range N\ of SM EFT

E.g. hh—=3h, or hh—4h scattering
loses perturbative unitarity at scale A.

Important feature: in SM EFT with [0A3]<«<1 validity range
can be parametrically separated from TeV scale 4mv
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By SM gauge invariance, there are higher-point vertices with Goldstone
bosons, thus also scattering of longitudinal W and Z becomes non-unitary

Consider isospin-0 scattering VV—VVh, and VV—=VVhh
Unitarity limit on inelastic channels follows from

ImM (p1,p2 = p1,p2) = Sz [ dllo|Me(p1,p2 — k1, k2)[> + Y Sn [ dlla|Minel(p1,p2 = k1 ...k

Assuming VV—VV amplitude dominated by s-wave at high energy: nz

Actually, bounds from

VVh—=VVh better by

O(1) numerical factor

Demanding SM EFT valid
all the way up to M

6| =(g4)* < (g™

|\ /4
max . pm- s [
ge T (157r)

8 10 12 14
MITeVI
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h”3-deformed SM

Here I address a different question: what goes wrong in a theory where only triple Higgs
coupling is deformed away from SM and no other interactions are affected
(in particular, theres no h™5 or h"6 terms in the Lagrangian)

g

loses perturbative unitarity around the scale A~4mv~3 TeV

Consider V.VL.—hhh which depends on triple and other Higgs couplings.
Diagrams with one triple Higgs vertex contribute

/ I / I
! ;o 1 /o
! . ! P
/ / \ / / \
| / \ | / \
/ / \ / / \
/ / \ / / \

\};\/
/\\
/\
« \

\

hhWW

' ' Longitudinal
Ty Triple Higgs vertex g

polarization Propedier

I
[
|
SN
AN
/ N
o N
S N
AR \
\ \
N N

In SM, various contributions that go like E"0 cancel against each other
so that full amplitude behaves as 1/E at high energy,
consistently with perturbative unitarity

; However, as soon as dA3#0, cancellation is no longer happening,
N and then tree level Vi.Vi—hhh cross section explodes at high energies

Perturbative unitarity of V.V.—hhh is lost at scale

w
W ’
‘__.:/
w
wo Rl
w P
Wi
w /\/\(//
W
w
jﬁ?
o

-
-
-e
~
N
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h”3-deformed SM

Much as in SM EFT, one can derive this result via equivalence theorem

Given Lagrangian for Higgs boson h, one can always uplift m
it to manifestly gauge invariant form by replacing fary

Mhy2 | My 3, Mh 4
5 h ” (14+d6A3)h +8v2h

m2HTH + AN(HYH)? + 3A3v2(2HTH)Y? + A4

1+ 30A3 h® 30A3 h3
S 1

9 o2 [ 1 36A3 h  158\3 h?
4——mh(2G+G_+GZ) (8?_‘_7’0_3_ 16 ’U_4+

Consequence: in deformed SM with dA3#0, not only VV—3h, but also
VV—=n X h, VW= VV + n X h, ..., lose unitarity at some high-energy scale
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multi-Higgs production in h”3-deformed SM

High-energy limit of scattering amplitude of isospin-0
longitudinal gauge 2-body state into multi-Higgs state

Unitarity limit

4
= [ dmam(cato » w2 = ( : 20,

21n! (4mv)? 64mvd (n — 2)!

—3 _ Zn
For small enough dA3, stronger bound on A
may be obtained from scattering with n>3
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multi-Hiqgs production in h”3-deformed SM

Numerically, slightly better bounds from

- nh = i
scattering with longitudinal W and Z

For small [dA3], cutoff approximately

In practice, never parametrically above 4mv

RV Vi, — h" VL VL
|5)\3| A [TGV] MNbest ASMEFT [T@V]
0.01 4.5 9 160
0.1 3.9 6 50
1 3.1 4 16
10 2.0 2 5.0
20 1.6 1 2.8
40 1.1 1 1.4
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SM EFT vs NH EFT

More generally: NH EFT = SM + non-analytic ferms

NH EFT = lfh(h)a,ﬂl(?,/l —V(h) + f1(h)Tr[8uU"8pU] + v fo(h) (’I‘r[U“c‘),,Uag,])2 + ...

. a _a B 3
U—> 6szaL0' /2U€ zgyaya/

Question: what are conditions on functions f(h)
such that this Lagrangian is really SM EFT in disguise?

One can always lift non-linear symmetry H,H
to linearly realized SM gauge symmetry

by replacing

NH EFT Lagrangian belongs to SM EFT class when,
after this replacement, Lagrangian is analytic at v=0
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SM EFT vs NH EFT

Example: matching to dimension-6 EFT
1 v

NH EFT = = fh(h)0,h,h — V (k) + — f1(R)Tx[0, U0, U] + v fa2(h) ('I‘r[U“é?MUag,])2 +...

/.

NH EFT is dimension-6 SM EFT wheb f-functions have following form

2-parameter redundancy here,
as one can always redefine h
such that fh=l1

If f functions are different polynomials

(of the same order) then non-analytic

terms appear on the H-side, resulting
In unitarity loss at scale 4mv

This corresponds to dimension-6 Lagrangian

b
— (bo - 31) D, H|?

bo — 1 [0, (HTH)J?
; T Two-parameter redundancy on SM EFT,

as H can rescaled, and one operator can be
+ (2 — 2bo + b1)

_.|_

HYH|D,H|?

> eliminated by field redefinition
v

P — T 2
e (D, H'H 2H D,H)
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Summary

® SM EFT is currently a useful bookkeeping device to understand constraint on heavy
BSM physics. Many dimension-6 operators are constrained in a model-independent way
using low-energy, electroweak precision, LHC Higgs, and other experiments

® The h"3-deformed SM (the theory with the SM field content and interactions except
for the triple Higgs boson coupling deformed away from the SM value) is similar to
Higgsless theories in that it loses perturbative unitarity around the scale 4mv, even if
the deformation is small. Same conclusions if the quartic Higgs coupling is deformed

@ Such set-up does not belong to the SM EFT class, and is not an effective theory
obtained by integrating out heavy BSM particles. In fact, it corresponds to an effective
theory where masses of integrated-out particles vanish in the limit of no electroweak
symmetry breaking

@ Similar discussion applies for other Higgs couplings deformations that are not described
by SM EFT
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