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What Is the I\/I?

SM iIs Consister(t.e. closed under radiative corrections and no pathology, except maybe hypercharge Landau

We certainly know that the SM is not *complete* and it should be considered as low energ
therefore there is no reason to stop at dim-4 operators. A better debnition Is then

~

NSM = SMEFTN
(.e. particle content and gauge symmetries debne

N But this new view on the SM brings in new challenges/poses new questions N
Qall SM couplings known, inPnite interactions of the SM totally unknown.Which organising princ
@Which symmetry? If is not >136GeV, B and L cannot be accidental symmetries anymore, but 1
cannot exact symmetries of Nature either (Qquantum gravity forbids exact continuous global symi
Similarly, other structures of Sivhow calls for further explanation®ustodial protection/GIM-FCNCE)
@and donOt let neutrino physicists tell you that neutrino masses are BSM!
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~ Higgs Now

Many thanks to J. De Blas et al. (HEPPt)
for the analysis of current data (work in progress)
and to A. Paul for plotting the results

EW known at 0.1%
GC known at 1%
Higgs known at 10%
This hierarchy limits the correlations
between the 3 sectors

low solid Is this picture?
What are the (hidden) assumptions?
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Higgs Couplings: Kappa vs EFT

Complementarity between the two approaches

¥ Close connection to exp. measurements

¥ Widely used

¥ Exploration tool (very much like epsilons for LEP)

¥ DoesnOt require BSM theoretical computations

¥ Could still valid even with light new physics, i.e. exotic decays

¥ Captures leading effects of UV motivated scenarios (SUSY, composite)
¥ Main drawbacks: focused on inclusive quantities, not general

~__

¥ Allows to put Higgs measurements in perspective with other measurements (EW, diboson, RavourE
¥ Connects measurements at different scales (particularly relevant for high-energy colliders CLIC, F
¥ Fully exploits more exclusive observables (polarisation, angular distributionsE)
¥ Can accommodate subleading effects (loops, dim-8E)
¥ Fully QFT consistent framework
¥ Assumptions about symmetries more transparent
¥ Valid only if heavy new physics
¥ Main drawbacks: assume mass gap with New Physics, not general (no new particle with a Higgs-g
mass)
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Higgs Couplings: Kappa vs EFT

Complementarity between the two approaches

ST NPT ————————e e eet——— e

Why performing a -pt Is always a good idea? it can be more eas

' compared to the bts often performed by the various collaboration

I validation of the procedure/code (in particular the treatment of

uncertainties and correlations and the combination of ATLAS-CN
data/projections)

h

T
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Kappa Fits for ECFA Report

10+2 parameters: ! w,z g, $, 32, t, ¢, b, %u + BRinv + BRunt

¥!sque only weakly constrained from very rare decays/productions and not
iIncluded In the fits

¥!. 1.7 14 are treated as independent effective coupling modifiers
" alone, low energy colliders, below ttH/tH threshold, are not sensitive to ! top

" no sensitivity to the signs of ! Os (single top + h could provide such a sensitivity, but not
Included in our fits)

¥ Usual framework extended to accommodate Invisible and Untagged decays

. - . . . . | SM 4l 2 ! | 21 SM
" Invisible width : experimentally directly |y = 'H % H A

: : ! v T N B
constrained at all future colliders (ZH, 11 (BRinv + BRun) jooH

VBF H" inV_iSiDIe) Scenario BRjy BR unt include HL-LHC
untagged width : h(125)->_??. BSM, but kappa-0 bxed at0 bxed at 0 5
also rare SM decays not directly probed kappa-1 measured  bxed at 0 no
by searches kappa-2 measured measured no

" #yand untagged are 100% correlated kappa-3 measured measured yes
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Global EFT Fit for ECFA Report

iInclude not only Higgs but also top, di-boson and EWK precision observables

¥ No 4 fermion operators (except the one that contributes to muon decay and then
affects Gr) since they are better constrained outside Higgs processes

¥ No dipole operators (chiral suppression in production, contribution only to 3-body
decays). Top dipoles could be relevant but neglected in our analyses.

¥ Flavour assumptions
BRI\ IV MV \YZEICEUIWA 19 Independent parameters + 5 SM Inputs
R Vel @ [EETe[els EUIWA 31 Independent parameters + 5 SM Iinputs

working at linear-level in the EFT effects
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Effectlve Higgs Couplings from EFT Fits

bts can be performed Iin different bagkscult to compare results among different analyses)

and seldom the meaning on the sensitivity on the various Wilson coefbcients is transpal

N Practical approach (to report results) N

and information in correlation amongWCs is too often totally lost

perform the bt in any basis you like and project the resultetiective/pseudo couplings

Christophe Grojean

(need a special care for top coupling and self-coupling)

05y ° ! X E! ective Higgs couplings

H! X

Similar debnition as # modibers, but di ! erent interpretation, e.g.

|
» 27"

Only these are described in  #-framework

Not enough to match EFT d.o.f: Add also aTGC

Similarly, for EW interactions, project results into e ! ective Zff couplings
debned from EWPO, e.g."

_ I My e |2 e |2 _ gt 1% 19§ I
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Effectlve Higgs Couplings from EFT Fits

bts can be performed Iin different bagkscult to compare results among different analyses)
and seldom the meaning on the sensitivity on the various Wilson coefbcients Is transpat

Effective couplings are used only for front-end report.
Back-end analysis is performed in terms of operators (in whatever | |
IS more convenient).

Effective couplings are rather clear for on-shell Higgs measureme
Still need to be developed for more differential ones, especially the
| in the tails (OHiggs couplings without a HiggsO) expected to play & |
and more important role in the future.

—
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Flavour Hypotheses

Among the many new Iinteractions of $Mhe majority are linked to [3avour.
Within SM,, classically all generations are different enough from each other (no tree-level F

This is no longer true in full SM
Rich Ravour data could be exploited to explore the [3avour structure of 8t remains largely unknow

e.g. K[ ),Bd (A),Bs (V) mixings give stringent bounds even on [3avour diagonal operators from R

Silvestrini, Valli 018 Isidori, LHCEFTWG 020
G =) P'4.56%.$("#$*++'C<.>PREL
- Y | < '%#&-('&60
1) Yp diag Yy diag R
IBPRELLLELLLLEEN - 7 7 b
11 o {417 103 (H'i D . H)(%p"ar)
12 | (899 380y 19-4 | (g B 5 GH 14 (H'i DLH)(g,m'"q,)
A6 3= (F 6L 103
;2 Vi 5 U0 ) I { .",—-4 1D"§()i3{) ° (_B<>$<(|$_77|4($L/+||%$EF9
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These bounds can be alleviated in particular Ravour scenarios
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https://arxiv.org/abs/1812.10913
https://indico.cern.ch/event/943996/contributions/4041519/attachments/2126231/3579814/EFT-LHC-2020.pdf

Flavour Hypotheses

Among the many new Interactions of $Mhe majority are linked to [3avour.
Within SM,, classically all generations are different enough from each other (no tree-level F
This is no longer true in full SM
Flavour assumptions matter in a global bt even for operators that donOt involve fermio

Grojean, Montull, Riembau O18
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TGC dominanceb Flavour Universaédo Minimal Flavour Violation Scenarios
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https://arxiv.org/abs/1810.05149

Can validity of (truncated) B&T
established model-independent|

Problem: Expansion Validity €l
Experimentally: better access to leaBihg?

Zs Truncation depends-oni/ ! 4 (6) 8

- Lo =Lsm+ D 4500 +Y 707+
S O i j

S =

IR, . -

v I Na EFT validity dependswonad) BSM hypotheses on @l

S 3 -

E Exampid-ermi theory\%!@iu"“! T PR Is it valid up to v=246 Ge

*% — — Q | 6—8—

s No,onlyttE = my = SV ! 81 GeV Go==¢

* Weak couplings reduce the validity range of the EFT (as naively

* Strong couplings extend it (fot d=edmi theory ok up t@HeV!)
et ————tEmEREERNTTTT
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https://indico.cern.ch/event/407347/contributions/975948/attachments/1211910/1767855/EFTvalidity_v2.pdf
https://arxiv.org/abs/1604.06444

EFT Validity

EFT have an intrinsic cutoff scale that represents the mass scale of the particles integrat:
Better to consider partonic energies below that cutoff.

The problem is that experimentally, measurements have only accesis4o c/
(at best, assuming you can uniquely determine the EFT parameters from exp. data)

Practical simple recipe in simple EFTs

report the EFT bounds as a function of sliding cut&on(or equivalent)

ot Il >y Constraints
T T T T -~ 1 onobligue corrections

7*_'./0'.* *12/(3'4( - frOm Dre”'Ya.n
5-%/6748( :

' 0% *12/(3'4( y oL
5-*/6748( ]

Farina+ 016
Ricci+ 020

"t x$%
I x$%

______________________________________ b regions where
— ] A | the coupling of NP
gl HHSI% &S0 - TR T SN  UHEEHSI% & 'S() - would be larger than 4 |
T 019% 12'$() +324- " TS T 0% 12'$() +324- /o - | expansion not reliable
T 14.5$1% 12'$() 24- ! ) T 14.5$1% 12'$() 24- fol R i.e. large uncertainty
0& o | T & o | | ] from neglecting
# $" e " $ # $ e " $m higher dimensional operators

&8 ool #" Y

The larger the cut, the stronger the constraints. But if it is taken too large, no consistent EFT interpre

One cannot exclude that for some measurements, there is simply no possible consistent EFT interp
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https://arxiv.org/abs/1609.08157
https://arxiv.org/abs/1609.08157

Structural Hypotheses

Dimensional arguments impose

n=number of Pelds in operatad "’

C.(D) I .
I (independant of D)

(coupling)"i’ 2
A

L ) ;) (8)
) 6 9 8
La= Lo+ Y 5500 + 3 200
@ J
Examples of symmetries leading to different selection
Operator Naive (maximal) | Symmetry/Selection Rule
scaling with g | and corresponding suppression
Oy, = [H|?¥M H!R o Chiral: y; /g
I
P 2
Or=(1/2) H DyH of Custodial: (gg1)?, y2/ 16" ?
Shift symmetry: (yi/g:)?
Oce = |H[|*G}, G2™ , Elementary Vectors: (gs/g:)? (for Ogg)
g
Ogp = |H |ZBH! BH (g#/g')z (fOI' OBB)
Minimal Coupling: g?/ 16" 2
Og = |H|® o Shift symmetry: #/g?
On = (1/2)($H[H]?)? of Coset Curvature: %
Og = (il 2). H [")uH $' B Elementary Vectors: gg, (for Og)
! . J g/g: (for Ow)
Ow =(i/2) H &DMH $'WJ
- A
Ous = (il 2) #D“H D' H$Bu! Elementary Vectors: g7g, (for Oyg )
” $ o] g/g: (for Onw )
= (i/ 2) DMH &D'H W3
Onw =(1/°2) & W Minimal Coupling: g?/ 16" 2

Contino+ 016

Christophe Grojean

See also, recent HXSWG note 2019-006

EFT Interpretation: BSM

NIz

generically, (coupling ~)gcoupling of New Physics to SM
but there might exist Oselection rulesO that lead to other scali

These selection rules follow from dynamical principles
that debPne broad classes of UV models

In all these classes of models, the interpretation of the exp. data
will be different and the validity of the EFT bounds change

The theoretical uncertainty/error induced by dropping dim.8, 10E
scales differently in the different classes of models.

There is no meaning to a model-independent OEFT uncertain
(if by EFT uncertainty, you mean the effect of the truncation to dim.

Beware that the scaling might be basis-dependent (e.g. SILH vs Wars
but the suppression applies to physical quantity, §(. h, and is robust.
In some bases, the selection rules therefore translate into correlation
among operators rather than in direct scaling of the operators
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https://arxiv.org/abs/1604.06444
https://arxiv.org/abs/2009.01249

|[dim-6| 2 ?

Formally |dim-&]~ (dim4)*(dim-8) ~ 1V 4
But there are cases where you can/should |digt&ims while keep the EFT expansion valic

Contino+ 016

: 2 . 4
A= g2 + » E + » E +
= Osm T8O - @0 -
%! e! O(1)
' ) , M H 4 -
Al2= A2 1+ 2 - s 4
Oéwm Oéwm |

Still possible to neglect dim-8 in a consistent way provided o ! gswm

There Is value in doing an analysis with and without |dim-6]
If they differ, it means that the results can only be interpreted/valid for strongly coupled n
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https://arxiv.org/abs/1604.06444

dim-6] 2?2

»—BSM can be > 1 for g*lgE>>!
Nyt

2
Al 9 EFT vali
) Small Deviations from SM Large Deviations from <
o
7
| | Interpretation possible
I Interpretation possible for ONLYfor strong couplin
small or large coupling (EFT expansion still vé
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https://indico.cern.ch/event/407347/contributions/975948/attachments/1211910/1767855/EFTvalidity_v2.pdf

|[dim-6| 2 ?

There can be (many) exceptions to the simple general scaling rule

¥ SM had accidental/structural cancellation: |dizde®h dominate over SM*dim-8 even for weakly coupled UV

model, e.g. [Ravour physics
¥ there is no interference between SM and dim-6 operators, e.g. non-interference theorem, or observable too

Inclusive: Azatov+ O16
LLLL LLTT TTTT
gsmf gsmf A gsm'drT
4rf ‘ 47Tt ‘ 4rtf ‘
LO: BSM,?
9 LO: SM g 9 LO: SM
NLO: BSM;
__________________________________________________________ NLO: BSMg® "~ NLO: BSMs! BSM;?
gsm IsMI"NLO: BSM;  NLO: BSMy g o
0 mw A O Mw  JAmw A 0 my A
E E E

FIG. 2. A schematic representation of the relative size of di! erent contributions to the V V V V scattering cross sections,
with polarization LLLL (left panel), LLTT (central panel) and TTTT (right panel). LO/NLO denote the leading/next-
to-leading contributions to the cross section. In the white region the SM dominates and the leading BSM correction
comes from the BSMs-SM interference (denoted as BSM ). BSM non-interference is responsible for the light-shaded
blue and orange regions, where the BSM, although it is only a small perturbation around the SM, is dominated by terms
of order E*#/! #, either from (BSM )? or from the BSM-SM interference (denoted as BSM g).
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https://arxiv.org/abs/1607.05236

EFT: signal vs background

We are looking for channels that show a strong dependence on Wilson coefpbcients
the distinction between signal and background is not always easy.

Think of ZHwith H (( & Z! ))
The high pT distribution singles out 4 dim-6 operators that have an effect growing

'

I
Off = Qu"™¥QL iH
#
O1y = (Tr!MuR)
. "

F. Bishara+, to appear

I_ "t !
Ofy = Qu!'"QL H DuH .

|
llaDuH
! $
H DuH |
$

P

$

L !
O q= dr!tdgr iH DuH

with the energy relative to SM

Z polarization | SM O!(S(% Og(l(% Oy O ¢
3] 5] (S [S)
$ =0 L 2 = 2 1
I _ I _ I _ I _
= 41 I}/Iz SM M~ SM~ SM~
’ - § I 2 I 2 I 2 ! 2

WH with H! (( &W! [) where the lepton is missed is an interesting background that actu

shows a strong dependence cnﬁ?
In general other backgrounds have a very mild dependence on WCs and can be treated a

backgrounds evaluated at the SM point.

Christophe Grojean

. So this ObackgroundO should be included in the back

17 HXSWG, Nov. 9, 2020
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SMEFT vs HEFT

SMEFT assumes the Higgs boson is part of SU(2) doublet and that SU(2)xU(1) is linearly ree
l.e. that all the heavy particles integrated out have a mass independent of the Higgs vev.
This Is a reasonable assumption given the fact for instance that 4th family or chiral extension of
In general are ruled out/highly constrained.
But data should be used to established that SMEFT Is a correct description of Nature.
HEFT = EFT Lagrangian non-analytic 18 |Hr.owski rattazzi 019

Simple examples of models matched to HEFT: Cohen+ 020
¥ massless scalar with a portal coupling to the Higgs ,
¥ models with additional sources of EWSB (2HDM, Higgs tripletsE)

How to probe it experimentally? Which channels are b

0-Higgs vertices 1-Higgs vertices 2-Higgs vertices

Higgs ReggeOs plot is a prime example test of the Ginzburg-LandauOs model
Also correlation between diboson channels and Higgs couplings test of PGB nature of the Higgs (VVh vsVVhh)
OHiggs couplings w/o the HiggsO

Be aware that doing a global bt in HEFT is much more complicated than in SMEF

because of lack of correlations with non-Higgs sectors (& Higgs data are scarcer than E
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Future Directions: CPV

Is CP a good symmetry of Nature? 2 CP-violating couplings in the SM
SM has many more CPV couplings: 1149 CPV couplings (incl. 1014 Four-Fermi one:
LHC Is getting sensitive to them |< 43 &', =@ = 17y ), but not competitive with EDM

operators with ! : By 1B, " 10 4
already severely constrainec :
X by e and g EDMs
°  McKeen, Pospelov, Ritz 012

| cpv> 25 TeV

e,q €.q
© operators with top: ! g ! 0.01
. already severely constrainec ;
Py e and 4 EDMs ez | cpy> 2.5TeV
Brod, Haisch, Zupan 013 ——— -

Caveats: h couplings to light particles can be signibcantly re

Not mature topic vet: next step is e.g. to develop STXS that are CP-odd
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Future Directions: CPV

Is CP a good symmetry of Nature? 2 CP-violating couplings in the SM
SM has many more CPV couplings: 1149 CPV couplings (incl. 1014 Four-Fermi one:
LHC Is getting sensitive to them |< 43 &', =@ = 17y ), but not competitive with EDM

Despite tighter and tighter constraints, CPV Yukawa could still be the source of EW baryoc

- 0.3 T source
Fuchs et al. 020 A su" cient baryon
oo als 0.2 hot | asymmetry within
de Vries et al. 017 LHC & EDM limits?
0.1 l . yes
0.0 ; b, "#\t\&o
~ :
- <
1 EDM " (H "06<1.7 EFT Cut-o# scaleA/\/XR,I | |
-0.1 Minimal scaled maximally allowed T (collider, EDM
|, b:1-3TeV;t 1TeV (LHC), 9 TeV (EDM)
-0.2 "110D 12 TeV
| Maximal scaled minimally required TEWBG)
-0.3 | A//XT <18 TeV (0.01/T7)Y/2
-0.6 -0.5 -0.4 -0.3 -02 -0.1 0.0 0.1

Tr

N continue the exploration, especially in the tau sector N
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Future Directions: CPV

Is CP a good symmetry of Nature? 2 CP-violating couplings in the SM
SM has many more CPV couplings: 1149 CPV couplings (incl. 1014 Four-Fermi one:

EFT analysis at high pT more difPcult for CP-odd operators because of non-interferen

W polarization | SM O!(?’% Orw O w
§ . 1 =0 1 .32 '\I/'—\ZV 0
: Tail of WH .
.E—_ﬂ T "B | 2 | 2 | 2
m
L
Need a double-differential distributions Ty
to catch effects growing with energy R
4 =
2ReM syM L, = gzlcgw ?'\;IW (1" cos! cos!y)sin! sin!w sin"w l[l\)/lvalz

need to develop STXS that are CP-odd
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https://arxiv.org/abs/2004.06122

Future Directions: BR ey

Exotic (Higgs) decays require new light degrees of freedom.
This should require extra caution when using EFT.
Not necessarily a problem: SMEFT doesnOt care about massless graviton.
Fine to perform a SMEFT+BR bt,
but interpretation in terms of actual UV models should be examined case by case.

Scalar Higgs Por
SZ‘H ‘2
¥ h! ssif 2mg <my I.e. exotic decay

¥ hBs mixing when "H#$0,"S#3$0

the mixing is an effect that is not directly captured by-BR
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Conclusions

» organising our knowledge

EFTs are good 109 ', harametrising our ignoranc

EFT analyses are not as-model-independent as they looked like or more precisely the
Interpretation of the bounds & the question of the validity are model-dependent,

which is good because they can be used to probe different hypotheses
so we can learn about the structure of BSM rather than measuring parameters.

All projects ofHiggs factories have a rich potential:
» Legacy measurements that will go into textbooks
«» RePnements in our understanding of NatyF&/ phase transition, naturalnessk)

But we have to be careful and be aware of our hypotheses. ,
It can well be that the real potential of these projects is mis-estimated (LLP, exoticsE).
So we should stay open-minded and keéemking different.
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