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® A scalar boson was seen the LHC in 2012, opening a brave

Precision Conclusion

new world: Higgs physics
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® How to search for physics Beyond the Standard Model (BSM) within Higgs physics?

@ The dream: direct detection! But if BSM physics is too heavy to be produced, we resort to

indirect methods — ideally, in a

® A usual approach is the kappa formalism:

Way

[David et al, 1209.0040]
[Heinemeyer et al, 1307.1347]

® A set of scale factors K; are defined, such that all decay channels and production x-section

of the SM Higgs are rescaled by a /4;12:
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® ATLAS and CMS have provided (and still provide) limits on the K; parameters:
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® But the kappa formalism was eXplicitly proposed as an interim solution:

® it deliberately ignores tensorial structures not present in the SM

(so that it becomes model dependent and cannot be used for kinematic distributions)

® it does not follow from a consistent Quantum Field Theory
(so that it does not allow higher order, different scales, etc.)

® it is not an Effective Field Theory (EFT)
(so that it does not represent an IR limit of an UV sector) [Brivio, Trott, 1706.08945]

@ The theoretical framework that should be used for a approach is an EFT
® General & consistent for heavy BSM

Two main EFT candidates for Higgs physics: ® It was not mature at LHC Run 1

SMEFT bl

@ In this talk:

@ What are these two candidates? How are they constrained from Higgs measurements?

@ How to relate them? Which one is preferred? T
@ How important are higher orders of the EFT expansion? am> S era e SO
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i St > Standard Model Effective Field Theory
® The SMEFT is an EFT that takes the SM before SSB and includes hlgher -order terms:

---% Wilson coefficients
ng (d) j
LsMmerT = Lsm + Z Ad—1 Q( ) d>4 ® Higgs belongs to a SU(2) doublet

'-» is even if lepton and baryon

® dof’s and symmetries of the SM

1=
number are conserved ® clear power—counting in 1 / A

® The Warsaw basis is a complete basis for dim-6 operators... which can be divided into sectors

top EW
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v T C —
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[Grzadkowski et al, 1008.4884]
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® Generality comes at a cost: at dim-6, there are in general 2499 operators!

The Higgs sector cani

® This can be reduced assuming flavor symmetries: e.g. U(3)° or top specific | then be described |

with ~30 operators

® Ok. Then, how to use Higgs measurements to constrain dim-6 Wilson coefficients?

r--» prod. modes: ggh, VBF, Wh, Zh, tth

@ Calculate all channels of Higgs production and decay in SMEFT at 1/A”
i L » final states: Y7, bb, 7'+7'_> W+W—7 7
> C(6) C®)
% ® Indeed, for an amplitude A < ag gsm + alv + CI/QF + ..., the amplitude square is:
EEI] 2 1
E |.A|2 X |ag gsm|® + FRe[ao a1 gsm 0(6)] + e { lay 0(6)|2 + 2 Relag a2 gsm C(s)]} +...
® Treelevel results can be obtained with SMEFTsim, whereas loop ones with SMEFT@NLO
- [Brivio, 2012.11343] [Degrande et al, 2008.11743]
P
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® Additional sensitivity contrains 3 new WCs

Motivation SMEFT HEFT Which EFT
@ Performing fits, we find:
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® All WCs are compatible with the SM...
...but with different hierarchies of errors,

® and with some of them exhibiting strong correlations
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® Besides with signal strengths, one can also compare with Simplified Template X-Sections (STXS),

which are kinematicaﬂy richer

® Example: gluon fusion Higgs production

® Without STXS, one would be restricted to

the ‘O-jet’ entry

® In that case, there would be a degeneracy

of the 4 relevant WCs

® The use of STXS, by introducing jets,
allows to break that degeneracy, and
thus better constrain the different WCs

[Andersen et al, 1605.04692]

[Berger et al, 1906.02754]

[
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I

| = Ojets |

‘ = 1jets |

mj; < 350 GeV

0-jet, p? <10 GeV

0O-jet, 10 < p’;’ <200 GeV

1-jet, p’; <60 GeV

1-jet, 60 < p'f < 120 GeV
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@ Without flavor assumptions, there are simply too many operators...

@ Still, a recent study suggests that flavor matters:
[Bellafronte, Dawson, Giardino, 2304.00029]

UB)’ Lo

UB3)’ NLO
MFV LO
MFV NLO

d . .
L 3" generation centric LO

d . .
3" generation centric NLO

................................ ||u|..........".‘.I.........“"|,........,.A
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(Coefficients are not all independent)

(3) e
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9
CI122]] e ——
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D —_—
e
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49
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rd . .
3" generation specific

=1 room T IR T
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131

@ The study focused on Electroweak Precision Observables (EWPO)

@ The impact of flavor on Higgs measurements is still to be investigated
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e St > Higgs Effective Field T fzeozy
B BRI o s ion o chiral perturbation theory (XPT) (in the scalar sector) with SMEFT (in

the fermion and gauge sector). Just as in XPT:

@ The 3 Goldstone bosons are independent of the Higgs, which is a gauge singlet
WI) b e A (ZT 7TI/U) h (instead of part of an SU(2) doublet)

@ There is an expansion in the number of (covariant) derivatives. At LO:

Lugrr D L F(R)Tr {D,U'D,U} + 1(8,h)2 — V(h)
with: e R W ST R R O i gy FIFa > HEFT coefficients
' N L R 2
Fh)=1+2a— +b— + ..., VA — - (R ds =S

(such that the SM corresponds foRar— 10— d3 = d4 = 1)

® Because the Higgs isea gauge singlet, it has arbitrary couplings: e.g. ds and d4 are independent
(whereas in the SMEFT they are related,

since A is contained in a doublet)

® The organization of HEFT is subtle, since ¥PT and SMEFT have different organizations
@ One sometimes includes the NLO term, since the LO one has a poor structure

@ But there is no agreement in the literature on what is LO and what is NLQO [Brivio et al, 1604.06801]
[Buchalla, Cata, Krause, 1307,5017]
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® Does the LHC use Higgs measurements to constrain HEFT couplings?
o S e i > The LHC was recently able to

® Recently, yes: in searches for Higgs Paii‘ production [ATL-PHYS-PUB-2022-019]  put bounds on this channel

e » albeit in a primitive form, with no reference to

basis, Lagrangian or EFT order
@ Tt thus exploits the fact that, in the HEFT, couplings to 1 or 2 Higgs are treated separately

g H g H
nghh,// ,/,
Examples of diagrams considered:
g CH e “H

@ In the end, then, the ‘HEFT’ parameters Ctthh and Cggnh are constrained:

&

o) o)
= [ —— Observed limit (95% CL) = [ —— Observed limit (95% CL)
4l 4l
= 10 ATLAS Preliminary ~-- Expected limit (95% CL) = 10 ATLAS Preliminary ~-= Expected limit (95% CL)
ey C Vs=13 _TeV, 139 fo-! [ Expected limit +10 sy E Vs=13TeV, 139 b 3 Expected limit +10
"'g I HH-bbt* T~ +bbyy [ Expected limit +20 "é [ HH-bbt*T~ +bbyy [ Expected limit +20
<} - —— Theory prediction o - —— Theory prediction
107 ¥ SM prediction 107k Y%  SM prediction
102 102
- _E \T—ﬁ--
| Observed: cggnn €[—0.3,0.4] | Observed: cypp € [—0.2, 0.6]
10° = Expected: Cggnn € [—0.3,0.3] 10' = Expected: Cenn € [—0.2, 0.6]
: 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 : | | | | | | | | 1 | 1 |
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Cgghh Ctthh

[ATL-PHYS-PUB-2022-019]
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® We may then ask: given SMEFT and HEFT, which one should be used?

® This question has been addressed several times (from a rather theoretical perspective)

[Brivio et al, 1311.1823] [Brivio, PhD thesis, 2016] [Cohen et al, 2008.08597]  [Banta et al, 2110.02967] [Ambrosio et al, 2204.01763]
[Alonso et al, 1409.1589]  [Brivio, Trott, 1706.08945] [Cohen et al, 2108.03240] [Kanemura, Nagai, 2111.12585] [Ambrosio et al, 2207.09848]
[Brivio et al, 1604.06801] [Falkowski, Rattazzi, 1902.05936] [Alonso, West, 2109.13290] [Banta, 2202.04608] [Graf et al, 2211.06275]
® As an intro:
SMEFT HEFT
X 4 olynomial dependence in (v + h)", totally arbitra
Higgs couplings bl P Y vy
determined by the SUL(2) doublet functions F(h)
Power counting simple: canonical mass dimensions complex!
Number of terms 76 at dim-6 148 at NLO
(flavor blind) A .
[Brivio, PhD thesis, 2016]

® Jt seems clear that, by allowing the Higgs to have arbitrary couplings, the HEFT is more general

® The distinction SMEFT vs. HEFT is usually: linear vs. nonlinear realization of the symmetry
[Brivio et al, 1311.1823] [Alonso et al, 1409.1589] [Brivio et al, 1604.06801]
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But more physical descriptions are preferred: analytic vs. non-analytic, or geometrical descriptions
[Falkowski, Rattazzi, 1902.05936] [Alonso, Jenkins, Manohar, 1511.00724]

Very interesting... but also quite theoretical. Is there a more phenomenological answer to the
question ‘Which EFT?’? Specifically:
The LHC Higgs measurements should constrain the couplings of an EFT. Which one?

A strategy was proposed by Alonso et al and perfected by Brivio et al

[Alonso et al, 1212.3305] [Brivio et al, 1311.1823]

But can we look at particular UV models? [ Check Samuel Homiller’s
talk on Thursday]

@ EFTS are , model-independent -——----- > (bottom'up approach)

@ Still, by matching to particular UV models, one may gain insight about the approach

(topfdown approach)
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---------- > 2 Higgs Doublet Model
® et s tokel the 2HDM to compare SMEFT and HEFT. The 2HDM in (very) short:

@ Start with the SM and add an extra scalar doublet. The potential reads:
i f f Uile s SN e ; ;
T B Y, H (Y3H H, —|—h.c.> + 5 (HlHl) + 2 (H H2> s (H1H1> (HQHZ)
Z
7, (HIHQ) (Hng) i { e (HTH2) - (HlTHl) (HIH2) iy (H§H2) (HIHQ) i h.c.}

@ To diagonalize the states in {1 and H2 , introduce two mixing angles: B and B — «

@ In the end, 4 scalars: h is the (SM) scalar found at the LHC, and H, A, H " are BSM scalars

® In order to build an EFT from the 2HDM, this model needs separated scales: A > v = 246 GeV

@ We thus assume that the BSM scalars decouple: mp >~ ma >~ mg+ > mp ~ v

@ But we do not want the couplings constants too large: we want perturbativity

2 2
m2 & Cﬁ—a Y2 i 2 (C/B_ e 1)Zl g Cﬁ aZS45 2 m2 & 2345 e 225 U2
G 2c3_, —1 o2 =0 ’ Al E 2 :
2 2
X 5w — Y Cs_ (221 + Z345) — Z3as 5 Z3 o
“ o IR ? TeH 2

with Zsus = 23+ Z4 + Zsx
® Keeping the Z’s fixed, we have decoupling if Y2 is large and ¢g—q is small
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@ Then, the decoupling limit mpg ~ ma ~ mg+ > my can be obtained in a way consistent

with perturbativity if, for a small £, we have: v?/Ys ~ O(£), cg_o ~ O(€)
® We can use this to perform an EFT expansion!

® Both the SMEFT and the HEFT matchings to the 2HDM will follow this expansion

® So, even if they are structurally different... ~-» integrate out the physical states H, A, H*

SMEFT/HEFT matching to the 2HDM:
. | integrate out the heavy dof’s before/after SSB

integrate out the doublet Hy <--

...they end up being very similar!
® In fact, for tree-level at O (52) , for both single/double Higgs production/decay, they are identical'!

® In sum: assuming decoupling and perturbativity in the 2HDM, we find no differences
between the SMEFT and the HEFT matchings [pawson et al, 2305.07689]
® Open questions:
@ How general is this identity between SMEFT and HEFT matchings in the UV models?
@ And what are the consequences for a comparison between the two?

@ Is it possible to have an EFT without decoupling? How much room for that?

07/10/2023 Duarte Fontes 16
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® Back to a

SMEFT

theory uncertainties:

LsmerT = Lsm + Z
P

&

&

&

©

HEFT Which EFT

Precision

Conclusion

approach. In an EFT like the SMEFT, there are several types of

from dependence on SM quantities (input schemes, PDFs, scales)

from higher orders in the loop expansion (both QCD and QED)

from running and mixing of the EFT coefficients

from higher orders in the EFT expansion:

ne 0(6) ns 0(8)

=1

i (6) i
Az AT

@

® When using Higgs measurements to constrain SMEFT coefficients, is 1/ A2 enough?

__BVN
__BVN
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[Dawson et al, 2205.01561 ]

® even if we stick to dim-6
terms, the 1/A* corrections

can be very relevant!

® then, and for consisten-
cy, we need to consider

dim-8 operators as well

Duarte Fontes
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[Dawson et al, 2205.01561 ]
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Which EFT

® Again, the cost of generality: 44807 operators at dim-8!

Precision Cortlias

@ Even if imposing assumptions, and even focusing on Higgs measurements, we still have

several dozens Of operators

1
Qbap

QPyip
Qiyp
QPyip
Qe2 H4D
Quan
QP uip
Q;:;)I-HD
QW yan
Qu2 H4D
de H4D

Quamap +hec.

iyl ) (B D L H) (HTH)

il 1) (VD L) (H H) + (0D ) (1))
i€ K Ly 11, (D H) (H % H)
Kyl (H v H)D W (H 75 H)

i(epyer)(HT D L H)(HTH)
i(a"qr) (H''D L H) (H'H)

i(gyr o) (Y D LH)(H'H) + (HD 1) (H'7 H))

i€ T (g7l ) (H D H) (< H)
IR (gl q,)(H'r? H) D, (H' e H)
i(upy ur ) (HT D W H) (HTH)
i(dpy*de)(HT D H)(HH)
i(upyd,)(H''D , H)(H'H)

QR hzps
Q% hzns
Q%2ns
Q%2 ps
QB2 s

Q%2 s

QP2 pa
QP pzpe
Q2o
QP e o
QWyzps
Q% s
Q%
QR 2o

Quanz2ps + h.c.

i(lpy* D1.)(D Dy H H)
iy D¥1;)(H' D, D,y H)
i(lpy" ' D"l,)(D(.DoyH' T H)
(lpy*7" D*I;)(H'7" D(,. D, H)
i(&py"* D" er)(D(. D, H' H)
i(epy* D"e,)(H' D, D) H)
(g D"¢-) (D D,y H'H)
i(@py" D" qr) (H' D, D, H)
#(@py" 7" D ¢:)(D( D,y HY T H)
i(gpy*r' D*q.)(H'r' DD,y H)
i(Upy* D u,) (D, D,y H H)
i(ﬁp'y“D”ur)(HTD(”D,,)H)
i(dpy* D" dr)(D(uDyy H'H)
i(dpy" D" dy) (H'\D(“D,,)H)
i(@yy" D*d,)(H' D, D, H)

@ Fitting them all seems too daring!

® Is an EFT the best strategy?

@ QOne can always focus on a subset:

07/10/2023

Q(l‘gH‘l (HTH)zG;lVGA/,w
Qs (H'H)* G}, G2
Qo (H"H)* W, W'
QP | (WL
Qs | (H'TE)EH T HYW, W
Q;)W (H'r'H)(H' ! H)W], W /»
Qo | (HE)H'T H)W,, B
Qi/f/)BHél (HTH)(HTTIH)W;{VBW
Q) (H'H)*B,,, B*
Q% (H'H)*B,., B""

Qi (H'H)*(D,H'D"H)
2| (HtH)(H'7'H)(D,H'r! D*H)

95% CL Single Parameter limits

DImension-8 coefficients occuring in 2HDM

[Murphy, 2005.00059]
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® In the case of the SMEFT matched to the 2HDM, there are regions where dim-8 really matters!

10— x
)
T
1)
0.57 ,
i — Exact 2HDM |
— Dim-6, A2
— Dim-6, A™
Type-1 2HDM — Dim-8
0.1 S | S S T | S T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

[Dawson et al, 2205.01561]
cos(f—a)
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® But is it possible that even dim-8 operators are not enough?

SMEFT

HEFT

Which EFT

Precision

Conclusion

@ Using again the 2HDM as probe, Higgs pair production can give some clues:

do WW—hh
@‘e:eo
14+

1.2+

1.0¢

\ 0.8¢

0.6 ¢

0.4
0.2}

(pb)

-0.10 -0.05 0.00

0.05

; Cp_
010

hh—hh
O |ose (D)
80
: Vs = 260 GeV, f = /8
60 - ; A=T750GeV, tg=12
\ AN =125 GeV
£ — 2HDM
HEFT,0(¢%) < dim-10
i — HEFT,0(¢%) < dim-8
| | ‘ T — HEFT,0(¢') <> dim-6
BNt S 2005 0.00 0.05 0.10

[Dawson et al, 2305.07689]

@ In WW — hh, dim-8 operators properly replicate the full model

@ In hh — hh, however, there are regions where dim-8 operators are not enough

® Is an EFT the best strategy?

07/10/2023
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Motivation SMEFT HEFT Which EFT Precision COI’ICIUSiOI‘l
Higgs measurements were inaugurated in 2012 and have been spectacularly improved ever since

If they are to be used in a way, an EFT should be used

The SMEFT has the Higgs as part of the SU(2) doublet, with a simple power-counting. It is

the preferred EFT at the LHC, and immense progress has been done to contrain its couplings

The HEFT has the Higgs as a gauge singlet, with a not-so-simple power-counting. Only recently

have its couplings been constrained at the LHC via Higgs measurements
Which EFT should be used, given the Higgs measurements?

@ One way to address this question is by looking at particular UV models

@ In the 2HDM with decoupling, there seems to be no difference between the two approaches

And is the leading order of the EFT expansion enough, given the Higgs measurements?
@ Not really. A huge progress has been done into dim-8 SMEFT operators

¢ But the amount of operators is also huge... and in some cases even dim-8 is not enough!

All in all, is an EFT the best strategy? Thank ygu
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