
Higgs	Worshop

SÃO 	PAU LO 	RES EARCH 	 AND 	ANA LY S I S 	 C ENT ER



EFT	-	What	is	it?

Let	us	look	at	the	muon	decay:												 																																																			





From	an	effective	field	theory	(Four	Fermion	Interaction):
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BSM Searches at Present and Future Colliders

SM SM
New Physics

[S
ou

rc
e:

 h
tt

ps
:/

/a
tl

as
-p

ub
lic

.w
eb

.c
er

n.
ch

]

Ideal case, detect new particles directly … Otherwise detect “heavy” new physics 
indirectly ...

… like the Higgs.

... through small deviations in couplings, 
shapes of distributions, …

… but indirect measurements are 
not model independent!
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E�ective Theories (EFT) as Tools for BSM Searches

● EFT’s can be a great tool to parametrize such heavy e8ects systematically 9 in the following 
Standard Model E8ective Theory (SMEFT)

● Only assumptions in SMEFT: i) new operators respect SM gauge symmetries, and ii) no new 
light particles 9 renormalizable order-by-order in scale of new physics 1/⇤ 

SM SM
New Physics

at scales ⇤ ⇧ 1 TeV
EFT

Scale of new physics

E8ective operators 
for SM particles

Wilson coe<cients that depend on unknown UV model parameters

SM particles
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Precise Measurements  ⇔ Precise Predictions

● Precise measurement can be an important source of information on New Physics

● In SMEFT, BSM contributions need to be Btted

● Higher orders in the perturbative expansion might allow …

… the study of operators not present at LO
… more reliable bounds on operators present at LO

SM prediction

Precise experimental data:
     HL-LHC, future e+e-     
        collider, ... BSM

computed perturbatively

[Giulia Zanderighi]

Asteriadis

https://indico.cern.ch/event/1411765/contributions/6236113/attachments/2978106/5243015/asteriadis_8th_eft_wg_meeting_2_12_24.pdf


Is	EFT	renormalisable?
•A	theory	with	operators	of	higher	order	is	non	renormalisable.

• In	what	sense	we	can	compute	higher	order	terms?

•Toy	model:
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Non-renormalizable	terms
Higher	orders	terms


If	we	keep	up	to	order		 
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However,	going	to	second	order:


We	need	the	8	point	function	to	renormalize	it!
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Eleni Vryonidou LHC EFT WG 2/12/24

EFT pathway to new physics

2

SM Effective Field Theory

Leff = L(4) +
∑

D>4

∑

i

c
(D)
i

ΛD−4
O(D)

i

• Most general Lagrangian with the SM gauge symmetries

SU(3)C ⊗ SU(2)L ⊗ U(1)Y

• Light (m! Λ ≡ ΛNP) SM fields only

• The SM Lagrangian corresponds to D=4

• c(D)
i contain information on the underlying dynamics:

L
NP

=̇ g
X
(q̄Lγ

µqL)Xµ

g 2
X

M2
X

(q̄Lγ
µqL) (q̄LγµqL)

• Assumes that H(125) belongs to an SU(2)L doublet

EFT A. Pich – 2020 19

Processes and observables

Sensitivity Measurements

Constraints on WC

UV physics
Huge effort to improve each one of these steps!

ΔObsn = ObsEXPn − ObsSMn = 1
Λ2 ∑

i
c6

i (μ)a6
n,i(μ) + $ ( 1

Λ4 )
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Future of global fits
How can we improve fits?

5

Better EFT predictions
Higher Orders in 1/Λ4 

• squared dim-6 contributions 
• double insertions of dim-6 
• dim-8 contributions 

Higher Orders in QCD and EW 
EFT is a QFT, renormalisable order-by order in 1/Λ2 

More observables:
• Particle level observables 
• New final states 
• Better description: EFT in backgrounds

More/less/different operators:
• Different flavour assumptions 
• UV inspired scenarios

!(αs, αew) + ! ( 1
Λ2 ) + ! ( αs

Λ2 ) + ! ( αew

Λ2 )
Elemi

https://indico.cern.ch/event/1411765/contributions/6236112/attachments/2978182/5243184/EFTWG_Dec.pdf


EFT	Truncation
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The Problem

<latexit sha1_base64="0cuIMJrLel54KA3uqoFPBAislvM=">AAABqnicZY/LTsJAFIbP4A3xVnXppoGNiYa0LmCjCdGNGxO8FDCUNNPhgBOml8xMjaTpa7j1AYxv4FafQd/GCmyAf/XlO+ck//FjwZW2rF9SWFldW98obpa2tnd294z9g5aKEsnQYZGIZMenCgUP0dFcC+zEEmngC2z7o6v/efsZpeJR+KDHMfYCOgz5gDOqc+UZlquYTG8y88KckedqfNHpfe5OFtxlLj2jYlWtScxlsGdQaZQH3s/H+1vTM5jbj1gSYKiZoEp1bSvWvZRKzZnArOQmCmPKRnSIKQt8yYdPes52cwxpgKqXTv6dPxGJHmelvJW92GEZWmdVu1at3eb1zmGaIhxBGY7Bhjo04Bqa4ACDV/iEL/gmp+SOPJLudLVAZjeHMBfS/wO2x3iX</latexit>

M =MSM +MBSM

<latexit sha1_base64="ZwPJdk3jcZnB2PsbTD34Qane4So=">AAABrXicZY/LSsNAGIX/qbdab1GXbkK7EYSaKFQXCkU3bgoVTVtoaphM/8ahkwuZiVhCHsSVDyA+g1t9A30b04tC9aw+zv8fOMeNBJfKML5IYWFxaXmluFpaW9/Y3NK2d1oyTGKGFgtFGHdcKlHwAC3FlcBOFCP1XYFtd3g5vrcfMJY8DG7VKMKeT72ADzijKrcc7diWLE4bmWMrfFTpxU0j08/1H7OmH/zy6ZhZP1TS0SpG1ZhI/w/mDCr18sD5fH15bjoas/shS3wMFBNUyq5pRKqX0lhxJjAr2YnEiLIh9TBlvhtz717Nud0cA+qj7KWTyfMRkahRVspbmX87/IfWUdWsVWvXeb0zmKoIe1CGfTDhBOpwBU2wgMETvME7fJBDYhGb3E1fC2SW2YU5Ee8bTPN4rQ==</latexit>

MBSM =M6 +M8 + · · ·
<latexit sha1_base64="nFaDHFiIUzgYjTsAeEp1fT84iyA=">AAABmnicZY/NSsNAFIXvtP7U+hd1qYtiN65KIlJduCiKoKhQoX/Q1DAZb9uhk0mYmQglZOvTCK7UZ/EJxLcwtt3Uns39OPceONePBNfGtr9ILr+0vLJaWCuub2xubVs7uy0dxophk4UiVB2fahRcYtNwI7ATKaSBL7Dtjy7/9u1nVJqHsmHGEfYCOpC8zxk1meVZJVczldynnsyIByW3ryhLrh5lmrh3NBueVbYr9kSlRXBmUK6dnXzn3z5/6p7F3KeQxQFKwwTVuuvYkeklVBnOBKZFN9YYUTaiA0xY4Cs+GJo5t5uhpAHqXjL5bz4iYjNOi1kr53+HRWgdV5xqpfqQ1TuHqQqwD4dwBA6cQg2uoQ5NYPACr/AOH+SAXJAbcjs9zZFZZg/mRBq/T1VyOg==</latexit>

Mn ∼
En

Λn

<latexit sha1_base64="WtcYQI0lMl3y0RgaDYZv2pLBpSQ=">AAAB23icZZDLSsNAFIZP6q3GW7zs3ATbhauQFK0bhYIoLiu0tdCEMjM9xqGTSUgmaglZuRO3PpPP4EO41a3pBaT2X32cy39+Do0ET5Rtf2qlpeWV1bXyur6xubW9Y+zudZIwjRm2WSjCuEtJgoJLbCuuBHajGElABd7R4eW4f/eIccJD2VKjCL2A+JLfc0ZUUeobxKXoc5kFXPKI+Jj3lJedWKdc5nrVpakQqKrm1XXLvDBF+GSixNgfmfgcETk21V0Z0uLgMCuAywFKlbsoB3+GfaNiW/ZE5iI4M6g0DmCiZt9g7iBkaVBYMUGSpOfYURGKxIozgbnupglGhA0L84wFNOb+g5qr9gqUJMDEyyYPml8RqRrlepHK+Z9hETo1y6lb9dtapXE+jQdlOIQjOAYHzqABN9CENjD4gC/4hh/N0160V+1tOlrSZjv7MCft/ReuJIl0</latexit>

• EFT = low energy expansion

<latexit sha1_base64="BJmGl9GhXzSJHPdy0OTIwjhtdUQ=">AAAB53icZZC7TsMwFIbtlksJt3DZWCKagalKEJSFoYKFpVIR9CI1VeS4h9Sq40S2Q6miPAMbYuWZmHgUNkJbCZX+06dz+c+vEyScKe04X7hUXlvf2KxsGds7u3v75sFhR8WppNCmMY9lLyAKOBPQ1kxz6CUSSBRw6Abj299+9xmkYrF41NMEBhEJBXtilOii5JuRF0DIRBYxwRISQt7Xg+yidslEbthekHIO2rZsT1GZNXPf0/Cis5uHZm5boYwnypowPbJAgAynhifioDg+zgpgYghC5x6I4Z+5b1admjOTtQruAqqNYzRTyzepN4xpGhVWlBOl+q6TFAGJ1IxyyA0vVZAQOi7MMxoFkoUjvVTtFyhIBGqQzZ61vMJTPc2NIpX7P8MqdM5rbr1Wvz+vNq7n8VAFnaBTdIZcdIUa6A61UBtR9Im+cQmXMcOv+A2/z0dLeLFzhJaEP34AixWNBA==</latexit>

• MBSM grows with energy
<latexit sha1_base64="uGEAvwYULpcEBr03fLmh8fKIRh8=">AAAB23icZZA7T8MwFIVvyquEV3hsLBHtwFQlFZSFoRILY0H0ITVV5biX1KrjRLYLqqJMbIiV38Rv4Eewwor7kFDpmY6O7z3+dMOUM6U979MqrK1vbG4Vt+2d3b39A+fwqKWSsaTYpAlPZCckCjkT2NRMc+ykEkkccmyHo5vpe/sJpWKJeNCTFHsxiQR7ZJRoE/UdEoQYMZHFTLCURJh3dS+7qFwykdvl4J5FQ02kTJ7LrmKRIFy5RLtDE7soUEYTOxBJaD4cZcYwMUCh8wDF4K+w75S8ijeTu2r8hSnVT2CmRt+hwSCh49hUUU6U6vpeaqCI1IxyzO1grDAldGTKMxqHcsq4lHaNFSRG1ctmB1pe4WM9yW1D5f9nWDWtasWvVWp31VL9eo4HRTiFMzgHH66gDrfQgCZQ+IAv+IYfq2e9WK/W23y0YC12jmFJ1vsvi1aKGA==</latexit>

� signals at high energy
<latexit sha1_base64="htSldXS4pYNephxLAL2b0bxUY+o=">AAAB43icZZBLS8NAFIVv6qvGV3zs3ATbhauSFK0bFwVRXFbpC5pSJtNrOjSZhJmppYT8Anfi1t/k2h/iVp0+QGrP6uOeew+H6ychk8pxPo3c2vrG5lZ+29zZ3ds/sA6PmjIeCYoNGoexaPtEYsg4NhRTIbYTgSTyQ2z5w5up33pGIVnM62qSYDciAWdPjBKlRz2LeT4GjKcR4ywhAWYd1U0vSpeMZ2bRe2TBQBEh4nHRvr2r276OHkq7H4+5TZQ90LaNHEUwMT0ez9xUA+N95CrzkPf/gntWwSk5M9mr4C6gUD2BmWo9i3r9mI4iHUVDImXHdRJdjgjFaIiZ6Y0kJoQOdXhKI19Muy5NOxo5iVB209mjlk/CkZpkpm7l/u+wCs1yya2UKg/lQvV6Xg/ycApncA4uXEEV7qEGDaDwAV/wDT8GGi/Gq/E2X80Zi5tjWJLx/gtMxYzG</latexit>

� EFT breaks down at high energy

<latexit sha1_base64="7L8sXy5hw+CpB9keEJEIu+kRfEU=">AAAB5nicZZA7T8MwFIXt8irhFR4bS0Q7MFVJBWVhqNSlA0JFog+pqSrbuaRWHSeKHaQqyl9gQ6z8Jjb+CSPuQ0KlZzo6vvf406WJ4Eq77jcubW3v7O6V962Dw6PjE/v0rKfiLGXQZbGI0wElCgSX0NVcCxgkKZCICujTaWv+3n+FVPFYPutZAqOIhJK/cEa0ica28CmEXOYRlzwhIRRDPcpvardcFlbVp5kQoKvOY+yEGUmJ1ACBoxgR4ChITDJvcYh2Htoty5cxNX9Pc2O4DEDqwgcZ/HWP7YpbcxdyNo23MpXmBVqoM7aZH8Qsi0wVE0Spoecmho+kmjMBheVncwo2NeU5i2jKw4leS4fGShKBGuWLW62viEzPCstQef8ZNk2vXvMatcZTvdK8X+KhMrpEV+gaeegONVEbdVAXMfSFfjDGJTzBb/gdfyxHS3i1c47WhD9/ARWvi/4=</latexit>

• No guaranteed scale separation at LHC
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Fig. 9. Unitarity violating scales given values of �t1 and �V 1. The solid line

represents the 95% C.L. at the LHC [30] and the dashed line is the HL-LHC

projection for ATLAS [33].

As discussed previously in §2.2, we can also consider tth interactions with additional deriva-

tives, but again we expect these will give a parametrically lower scale of unitarity violation,

and therefore in terms of new physics bounds, it is conservative to interpret a tth coupling

deviation in terms of the coupling with no derivatives. We can then determine the schematic

form for the following model-independent amplitudes:

M̂(q̄q ! VLVL) ⇠ yt (�t1 + �V 1 + �t1�V 1)
E

v
,

M̂(q̄q ! VLh) ⇠ yt (�t1 + �V 1)
E

v
,

M̂(q̄q ! VLVLVL) ⇠ yt
�
�t1 + �V 1 + �t1�V 1 + �2V 1

� E2

v2
,

(4.5)

where q = t, b. For the b̄t initial state processes, the first process vanishes. Amplitudes

related to these by crossing have the same scaling. The terms depending on �V 1 arise from

diagrams with propagators (see Eq. (3.7)). The 2 derivatives in vertices from �V 1 cancel

the energy suppression of the extra propagators, so these contributions are the same order.

For contributions with a propagator, there is a possibility of log(E/m) terms arising from

the phase space integrals in the amplitudes. By direct calculation, we show that these are

absent in all of the terms in Eq. (4.5), except possibly for the �2V 1 term in the last line. This

contribution is numerically small even if a log is present, and so we will neglect all quadratic

contributions.
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<latexit sha1_base64="NwSSQVVWPinurJJmhnL+1frnuvQ=">AAAB2HicdVBNT8JAEN0qKtavqkcvFS6YYLMlol5MIFw8aIKJfChFsl3GstJum+7WhDRNvBmv/iIP/gn/glf9ARaBGA6+y7y8mXlvMnbgMiEx/lAWFjNLyyvZVXVtfWNzS9veaQo/Cik0qO/6YdsmAlzGoSGZdKEdhEA824WWPayN+61HCAXz+bUcBdD1iMPZPaNEplJPu7NscBiPPcZZQBxIOrIbHzGeqFU7Oqw+EI/BoKjXBoQ74wK8qF9e6IUSLuED1eK+naYN45Qw3gcuEwt4/8+tp+WxUcZj6NjAMzJVzKmSr+TOeObtZr/e06jV92nkpVbUJUJ0TBykF5FQMupColqRgIDQYWoeU88OmTOQc2onpZx4ILrx73fmV9xIjhI1vWoWrf9PmiXDPDbKV2a+coomyKI9lEMFZKITVEHnqI4aiKJ39Im+0Ldyqzwpz8rLZHRBme7sojkorz86I4ha</latexit>

Abu-Ajamieh, Chang, Chen, ML (2020)

<latexit sha1_base64="Bo3BBWIIOlChHU6cjBQhnNWa+x8=">AAABgXicZY9LT4NAFIXvtD4QX6hLN0Y2uiHQmLpwQ+LGZU2E1hRChum1nXR4hBlMGsKvcKs/zH8jIhvsWX05957knDgXXCrb/iaD4c7u3r52oB8eHZ+cGmfnvszKgqHHMpEVs5hKFDxFT3ElcJYXSJNY4DReP/7ep+9YSJ6lL2qTY5jQZcrfOKOqsV6DBUbVyvfryDBty251tQ1OB6arQatJZLBgkbEywVQxQaWcO3auwooWijOBtR6UEnPK1nSJFUvigi9XqufOG0xpgjKs2hn9iCjVptabVs7/DtvgjyxnbI2f70x39FcPNLiEa7gBB+7BhSeYgAcMEviAT/giQ3JLbNL9DkiXuYCeyMMPC8xkpw==</latexit>

�hV V

<latexit sha1_base64="vXVxhwdhoWr+FhFQDGwGFvBpOc8=">AAABgXicZY9LT4NAFIXvtD4QX6hLN0Y2uiHQmLpwQ+LGZU2krSmEDNMrnXR4hBlMGsKvcKs/zH8jIhvsWX05957knCgXXCrb/iaD4c7u3r52oB8eHZ+cGmfnU5mVBUOPZSIr5hGVKHiKnuJK4DwvkCaRwFm0fvy9z96xkDxLX9QmxyChccrfOKOqsV79JYbVSqk6NEzbsltdbYPTgelq0GoSGsxfZqxMMFVMUCkXjp2roKKF4kxgrfulxJyyNY2xYklU8Hileu6iwZQmKIOqndGPiFJtar1p5fzvsA3TkeWMrfHznemO/uqBBpdwDTfgwD248AQT8IBBAh/wCV9kSG6JTbrfAekyF9ATefgBTRJk4w==</latexit>

�htt
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Statement of Principles

<latexit sha1_base64="zrWRKvEx3Ry1FIVz3h0mj+FDNjk=">AAACAHicZZC7TsMwFIZt7oRbuWwwRJSBqUoQl4WhEgtjkVpAaqrKdg6tVceO7BOkKsrCwLOwIVbehHfgITAtEir806f/+D/nl3mupMMo+qBz8wuLS8srq8Ha+sbmVm1759aZwgroCKOMvefMgZIaOihRwX1ugWVcwR0fXX3P7x7BOml0G8c59DI20PJBCobe6teeEw4DqctMapmzAVRd7JWnjTOpq+Ao4YVSgEdh2xZ6mgjBWmMD6UIW4hCMHYd+BBaZ1Dj2FsPADU2h0pBDiL4KQhok2nCPo9KD1ClorBLQ6e/Vfq0eNaKJwv8Q/0C9uUcmavVrIkmNKDK/SijmXDeOct+cWZRCQRUkhYOciZFfXoqMWzkY4ozb9ahZBq5XTn5xNqIKHFeBbxX/7fAfbk8a8Xnj/Oak3ryc1iMrZJ8ckmMSkwvSJNekRTpEkE+6Q/fpAX2iL/SVvk2fztGfzC6ZEX3/AprFll8=</latexit>

• Truncation error is a theory uncertainty that should be treated
<latexit sha1_base64="hjCQJsOhk05uYalYcvzIE2TFr6U=">AAABxXicZZBLS8NAFIXv1FeNr/jYuRG7cRWSonXjouBCwU0F+4CmlJnpNQ6dTGJmUigh+Jv8NeJO/4ljW5Das/q4c8+5h2GpFNr4/ieprK1vbG5Vt52d3b39A/fwqKOTPOPY5olMsh6jGqVQ2DbCSOylGdKYSeyy8e3ve3eCmRaJejLTFAcxjZR4FpwaOxq6DyHDSKgiFkqkNMKybwbFpXclVOm85lTZSLs5QTl1QpUwGz0uLAg1QmXKENXozzp0a77nz3S2CsECas0TmKk1dHk4Snge2yguqdb9wE/teZoZwSWWTphrTCkf2/CCxywT0YtZmvYtKhqjHhSzr1i2yNxMS8e2Cv53WIVO3QsaXuOxXmvezOtBFU7hHC4ggGtowj20oA0c3uEDvuCb3JGYGDKZr1bIwnMMSyJvP/KcggM=</latexit>

quantitatively

<latexit sha1_base64="Jh6rvK/Cixkzo3Nz1hWG+KvyEis=">AAAB/HicZZC7TsMwFIZtriVAKTCAxGLRDkxVgrgsDJVYGItES6WmqmznkFp1nMh2EFUUBp6FDbHyLrwBj4EplVDpP3069vn9ySyTwljf/8RLyyura+uVDW9za7u6U9vd65o01xw6PJWp7jFqQAoFHSushF6mgSZMwj0bX/+c3z+CNiJVd3aSwSChsRIPglPrRsPaS8ggFqpIhBIZjaHs20Fx1jwXqvQaIculBNsgbS1SbYgZpbmMCAMCT06OC0uoisiIPgKhhEugmmSjiXHtkiRAlVCxF6qUOaNx4UCoCJQtQ1DR34vDWt1v+tOQRQhmUG9V0DTtYY2HUcrzxFVxSY3pB37mrKm2wjmUXpgbyCgfu/KCJ0yLeGTnpn2HiiZgBsX0B+dXZG4npeesgv8Oi9A9bQYXzYvb03rr6lcPVdAROkYnKECXqIVuUBt1EEdfuIoP8CF+xq/4Db//Xl3Cs519NBf88Q37u5Q6</latexit>

• Priors should be explicit and have a clear physical meaning

<latexit sha1_base64="AvjtON6EDhnTHZLv2ECCSIdTPek=">AAAB2HicZZC5TsNAEIbH4QrmMkdHY5GGyrIjCA1FJBrKIJFDxCFaryfOKutdy7tGCpYlOkTLM/ESvAItPAAmQUIhf/Vpjn9+TZBwprTrvhuVldW19Y3qprm1vbO7Z+0fdJTMUoptKrlMewFRyJnAtmaaYy9JkcQBx24wufrpdx8wVUyKWz1NcBCTSLARo0SXpaF17wcYMZHHTLCERFj09SA/c86ZKEwSyEzbeoy2Yo9oy5EtMOJINYa2xjRWpi9kUF6b5CUwEaLQhY8i/HMbWjXXcWeyl8H7hVrzCGZqDS3qh5JmcWlFOVGq77lJmYikmlGOhelnChNCJ6V5TuMgZdFYL1T7JQoSoxrks+8srvBMTwuzTOX9z7AMnbrjNZzGTb3WvJzHgyocwwmcggcX0IRraEEbKLzBB3zCl3FnPBnPxst8tGL87hzCgozXb9IyiR8=</latexit>

about the size of neglected terms

<latexit sha1_base64="bYpj62fpzHMwdnTWkX94eTmOfvs=">AAACCHicZVC7TsMwFLXLq4RXgA2WiHRgqpIKysJQqQtjkehDaqrKcW+DVccJtoOoovwAA9/Chlj5C/6DD8B9SKj0TEf3cc65N0w5U9rzvnFpY3Nre6e8a+3tHxwe2ccnHZVkkkKbJjyRvZAo4ExAWzPNoZdKIHHIoRtOmrN+9xmkYol40NMUBjGJBBszSrQpDe23IISIiTxmgqUkgqKvB/lV9ZqJwqoEYcY56IrTTITSkpgZETk0gbERYCC0cphwiKNlJowgjBx4SYmYmVkSnjImQTlEqSxOZ27KCkQSmnST3BAmRkahCECM/tyHtutVvTmcdeIvidsoozlaQ5sGo4RmsZGi3Fj1fS81FxCpGeVQWEGmICV0YsRzGoeSRY96pdo3VJAY1CCff3N1hWd6Wlgmlf8/wzrp1Kp+vVq/r7mN20U8VEbn6AJdIh/doAa6Qy3URhT94DPs4gp+xe/4A38uRkt4uXOKVoC/fgHTcZqY</latexit>

• Constraining coe�cients in a truncated expansion requires assumptions
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Form Factors

<latexit sha1_base64="M6pDQjMPB6CasIC/9cV38pocmio=">AAABg3icZY/NSsNAFIXvVKs1/kVdugl2UxBCUqR1UygI4rKC/YEklMl4jUMnP8xMhBLyDK7c6rv4Fj6Iro1tN7Vn9XHuPXBOmAmutON8kdrWdn1nt7Fn7B8cHh2bJ6cjleaS4ZClIpWTkCoUPMGh5lrgJJNI41DgOJzd/N3HLygVT5MHPc8wiGmU8CfOqK4sz1dMFrel1bPcqdl0bGchaxPcFTT7je/PV7/1M5iazH9MWR5jopmgSnmuk+mgoFJzJrA0/FxhRtmMRliwOJQ8etZrrldhQmNUQbEYsh4RuZ6XRtXK/d9hE0Zt2+3Ynfuq3jUs1YBzuIAWuNCFPtzBAIbAIIU3eIcPUieXpE2ulq81ssqcwZpI7xfFfWh9</latexit>

F = 1

<latexit sha1_base64="CJcG26CTI6nz/6FD3nyiLDVG6Io=">AAABmHicZY9LS8NAFIXvVKu1vqLuKkixG1clcVHFVVDwsShUax/QlDAZr3Ho5MHMRCwhO3+Bf8GdW/0zLv0nxrab2rP6OPceOMeLBVfaNL9JYWm5uLJaWiuvb2xubRs7u10VJZJhh0Uikn2PKhQ8xI7mWmA/lkgDT2DPG1383XvPKBWPwns9jnEYUD/kj5xRnVuuceAoJtNm5joaX3R63m5mjk/j6sS+zFyjZtbNiaqLYM2gZld+zt7ei+2WazDnIWJJgKFmgio1sMxYD1MqNWcCs7KTKIwpG1EfUxZ4kvtPes4d5BjSANUwnaybj4hEj7Ny3sr632ERusd1q1Fv3Ob1TmGqEuzDIRyBBSdgwzW0oAMMXuEDPuGLVIhNrsjN9LVAZpk9mBO5+wWMvnCv</latexit>

MBSMF

<latexit sha1_base64="7a+MqKC5yn0D9YCG55f7ZzOQae0=">AAABinicZY/NTsJAFIXvICoiatWlG4WNq9qyQI0xIdGFGxNM5MfQppmOV5gwndaZKQlp+iZu9Tl8Dd/GCmyQs/py7j3JOWEiuDaO80NKG+XNre3KTnW3trd/YB0e9XScKoZdFotYDUKqUXCJXcONwEGikEahwH44ufu796eoNI/ls5kl6Ed0JPkbZ9QUVmBZnn5XJvPG1GQ6zy8eA6vh2M5cp+vgLqHRrt/K8vfLWSewmPcaszRCaZigWg9dJzF+RpXhTGBe9VKNCWUTOsKMRaHio7FZcYcFShqh9rP5ntWISM0srxat3P8d1qHXtN2W3Xoq6l3BQhU4gTqcgwuX0IYH6EAXGEzhAz7hi9RIk1yTm8VriSwzx7Aicv8LvmZqMQ==</latexit>p
ŝ/M

<latexit sha1_base64="vUu/nVyXbksKp0pWKFVRP/e2qAc=">AAAB4nicjZDLSsNAFIZPvNZ4i5edm2BdtFBK4qJuXBQF7aZQ0V6gKWEyHdOhkwuZibSGeQF34tZn8FHcu/Qd3CqmaTe1G//F4eM//4Gf44SMcmEYH8rS8srq2npuQ93c2t7Z1fb2WzyII0yaOGBB1HEQJ4z6pCmoYKQTRgR5DiNtZ3g52bcfSMRp4N+JcUh6HnJ9ek8xEqllawOL4yipS9sSZCSSi9u6LFgDJBIuS3oGQlouCouqJQL9v2F9MtUsfSULo5I+Ltpa3igbmfRFMGeQr55cvx0+ftYatoatfoBjj/gCM8R51zRC0UtQJChmRKpWzEmI8BC5JMGeE1F3IObcboo+8gjvJdmf5k9YLMZSTVuZfzssQuu0bFbKlZu03jlMlYMjOIYCmHAGVahBA5qA4R2+4Bt+lL7ypDwrL9PokjK7OYA5Ka+/ijKOXQ==</latexit>

MBSM(ŝ , t̂ )!MBSM(ŝ , t̂ )F(x, y)
<latexit sha1_base64="/MEwN1Llpt6z8UKaS2ExyqP0H5Y=">AAABkXicZY/LSsNAGIX/qbdab9EuXLgpFsRVSbpoERSKbgQRKtgLNDVMxr/t0MmFmYlYwjyNW30EH8R38BUEY9tN7Fl9nP8/cI4fC660bX+Rwtr6xuZWcbu0s7u3f2AdHnVVlEiGHRaJSPZ9qlDwEDuaa4H9WCINfIE9f3rzd++9oFQ8Ch/1LMZhQMchH3FGdWZ51vFr5arijiRlqTuhOlXGpPdPdeNZVbtmz1VZBWcJ1Vaj//lzZn+3PYu5zxFLAgw1E1SpgWPHephSqTkTaEpuojCmbErHmLLAl3w80Tl3kGFIA1TDdD4rHxGJnplS1sr532EVuvWa06g1HrJ6l7BQEU7gFM7BgSa04Bba0AEGBt7gHT5ImVyQFrlevBbIMlOGnMjdL5DCbho=</latexit>

x =
ŝ

M2

<latexit sha1_base64="yntzq6uui07Px7aZPoGhUpBqQ3s=">AAABkXicZY/LSsNAGIX/qbdab9EuXLgJFsRVSbqoCApBN4IIFewFmhom49906OTCzEQoIU/jVh/BB/EdfAXB2HYTe1Yf5/8PnOMngittWV+ksra+sblV3a7t7O7tHxiHRz0Vp5Jhl8UilgOfKhQ8wq7mWuAgkUhDX2Dfn97+3fuvKBWPoyc9S3AU0iDiY86oLizPOJ6Z16Y7lpRl7oTqTOd59vDcyj2jYTWtucxVsJfQcNqDz58z67vjGcx9iVkaYqSZoEoNbSvRo4xKzZnAvOamChPKpjTAjIW+5MFEl9xhgRENUY2y+axyRKR6lteKVvb/DqvQazXtdrP9WNS7goWqcAKncA42XIADd9CBLjDI4Q3e4YPUySVxyM3itUKWmTqURO5/AZMJbhw=</latexit>

y =
t̂

M2

<latexit sha1_base64="gUJdZw0oP6bMRVbIelWPJCg8yUE=">AAABkXicZY/LSsNAGIX/qbdab9EuXLgpFsRVSbpoERSKbgQRKtgLNDVMxr/t0MmFmYlQhzyNW30EH8R38BUEY9tN7Fl9nP8/cI4fC660bX+Rwtr6xuZWcbu0s7u3f2AdHnVVlEiGHRaJSPZ9qlDwEDuaa4H9WCINfIE9f3rzd++9oFQ8Ch/1LMZhQMchH3FGdWZ51vFr5arijiRlxp1QbZI0NfdP9dSzqnbNnquyCs4Sqq1G//PnzP5uexZznyOWBBhqJqhSA8eO9dBQqTkTmJbcRGFM2ZSO0bDAl3w80Tl3kGFIA1RDM5+Vj4hEz9JS1sr532EVuvWa06g1HrJ6l7BQEU7gFM7BgSa04Bba0AEGKbzBO3yQMrkgLXK9eC2QZaYMOZG7X5VQbh4=</latexit>

z =
û

M2

<latexit sha1_base64="3SjGK5AWqX/SfN/1+ZajYRwSEMg=">AAABrXicZY/LTsJAFIZP8Yb1Vi87NxNxgdFgCwluNCExUZaYWCCh2EyHsU6YXtKZmtaGB/ElfAW3+ggufRNLYYP8m//Lf85J/uOEnAmp6z9KaWV1bX2jvKlube/s7mn7B10RxBGhJgl4EPUdLChnPjUlk5z2w4hiz+G054xvp/PeK40EC/xHmYZ06GHXZ8+MYJlHttawBImyu0k1uUDpmXqDDHSOiG2gpPA6SgtvoGQKFhkFUthaRa/phdAyGHOotE7vP47eftsdWyPWKCCxR31JOBZiYOihHGY4koxwOlGtWNAQkzF2aUY8J2Lui1xIBzn62KNimBUvL57wWKYTNW9l/O+wDN16zWjWmg95vWuYqQzHcAJVMOAKWtCGDphA4B0+4Qu+lUvFVCzlabZaUuY3h7Agxf0D+kB0BQ==</latexit>

F(x, y) = 1 + c1x + c2y + c3xy + · · ·

<latexit sha1_base64="vtfyH6xA855soBWQy0/aUsrlKQc=">AAAB23icZZDLSsNAFIYn9VbjLerSTbRZCJaSiFbQLgpuXFawF2hCmUyOdehkEjITsYas3Ilb38U3cOvWh3DjQreObUFq/9XHufzn5/gxo0La9rtWmJtfWFwqLusrq2vrG8bmVktEaUKgSSIWJR0fC2CUQ1NSyaATJ4BDn0HbH5z/9tu3kAga8Ss5jMELcZ/Ta0qwVKWegV0f+pRnIeU0xn3Iu9LLjirHlOe65fopYyAt07orD8v3psuY6VinegCCAA8wl0J3eeSrg4NMAeUBcJm7qvdn2DNKdsUeyZwFZwKl+u7B2Uvt863RM4gbRCQNlRVhWIiuY8cqFE4kJQxy3U0FxJgMlHlGQj+h/Rs5Ve0q5DgE4WWjB02vsFQOc12lcv5nmIXWYcWpVqqXTqleQ2MV0Q7aQ/vIQSeoji5QAzURQa/oA32hb83THrRH7Wk8WtAmO9toStrzD4lui88=</latexit>

• x, y , z ⌧ 1: descendants

<latexit sha1_base64="uWMqKqxGp6LE1GEpVptc88hFiEg="></latexit>

• x, y , z � 1: MBSMF ! constant (scale invariant)

<latexit sha1_base64="iwBQBHw1Qkt9ui6MGX8X3X/HeLU=">AAAB6HicZZBLSwMxFIUTW7WOr/rYuQm2C1dlpvjYiBREcSNUaKvQKSWTuW1jk8wwyQgyzH9wJ279TW78K65MHyC1Z/Vxc8/J4Qax4Nq47jdeKRRX19ZLG87m1vbObnlvv6OjNGHQZpGIkqeAahBcQdtwI+ApToDKQMBjML6evD++QKJ5pFrmNYaepEPFB5xRY0f9svIDGHKVSa54TIeQd00vO62dcZU7N7ctIqMQBJGpNkTSMRAbHnI28WoyiBJS9UfUZDonV+S+6vgqCuzv48wCVyEok/ugwr/0frni1typyDJ4c6g0DtFUzX6Z+WHEUmmjmKBadz03tg1pYjgTkDt+qiGmbGzDMyaDhA9HZmHataioBN3LptdatIjUvOaObeX977AMnXrNO6+dP9QrjctZPVRCR+gYnSAPXaAGukNN1EYMfaEfXMBF/Izf8Dv+mK2u4LnnAC0If/4CEhaMeA==</latexit>

EFT model must make predictions for ŝ > M

<latexit sha1_base64="MifR/c/kuLpHtujp/qJ2rRenGms=">AAAB4XicZZDLSsNAFIYn9VbjLerSTbRZCJaSiFbQLgpuXFawF2hKmZke06GTSchMijXkAdyJW1/ElxDc+hq6VTC2Ban9Vx/n8p+fQ0LOpLLtdy23sLi0vJJf1dfWNza3jO2dhgziiEKdBjyIWgRL4ExAXTHFoRVGgH3CoUkGl7/95hAiyQJxo0YhdHzsCXbLKFZZqWt4LgGPicRngoXYg7StOslJ6ZSJVLdcEnMOyjKtu+KoeG+6kvmmY53rHgiIMDcJ9PGQBZHuioBkZwdJBkz0QKjUBdH7s+0aBbtkj2XOgzOFQnX/6OKl8vFW6xrU7QU09jMryrGUbccOs2g4UoxySHU3lhBiOsjME+qTiHl9NVNtZyiwD7KTjN80u8JjNUr1LJXzP8M8NI5LTrlUvnYK1QqaKI/20AE6RA46Q1V0hWqojih6RZ/oC31rVHvQHrWnyWhOm+7sohlpzz+flY4+</latexit>

• x, y , z ⇠ 1: general behavior

<latexit sha1_base64="L2OwAveqJgg6uJ+RFZD8u0AX+Yg=">AAAB43icZZDLSsNAFIYn9VbjLerSTbQbQSiJaAXtouDGlVSwF2hKmZkc49BkEmYmlRLyBO7Ere/hW+jW1xDcqtMLSO2/+jhz/n9+DklCJpXjfBiFhcWl5ZXiqrm2vrG5ZW3vNGWcCgoNGoexaBMsIWQcGoqpENqJAByREFqkfzl6bw1ASBbzWzVMoBvhgLM7RrHSo57FPAIB41nEOEtwAHlHdbOT8injuXkdKzi3YQBcSZtibhOwA+AgsALfJkNbwAOw4F4xHpgej4n+uJ9pYNzXntwD7v8F96ySU3bGsufBnUKptn908Vr9fK/3LOr5MU0jHUVDLGXHdRJdDgvFaAi56aUSEkz7OjyjERGjJjPTjkaOI5DdbHyoWUuYqmFu6lbu/w7z0Dwuu5Vy5cYt1apooiLaQwfoELnoDNXQFaqjBqLoDX2hb/RjgPFoPBnPk9WCMfXsohkZL78DaZCY</latexit>

Note: events can be generated by reweighting
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Comparison with UV Models
<latexit sha1_base64="wc+JnyY0UBTQ/hbtTMkqlF5saMU=">AAABz3icZZDLSsNAFIZPvNZ4i7p0U+zGVUikVhAXBTcuWzRtoSllMjnGIZOZOJkoJUTc+kw+iUu3+hLGtiC1/+rjXP7zc4KUs0w7zoexsrq2vrFZ2zK3d3b39q2Dw14mc0XRo5JLNQhIhpwJ9DTTHAepQpIEHPtBfP3b7z+hypgUd3qS4ighkWD3jBJdlcaW5wcYMVEkTLCURFgO9aho2udMlOYtJZyoOsdUy8ecqLieyBD5pekLGVRH4qICJkIUuvRRhH8mY6vh2M5U9WVw59Bo12CqztiifihpnlRWlJMsG7pOWgUhSjPKsTT9PMOU0LgyL2gSKBY96IXqsEJBEsxGxfQpiys815PSrFK5/zMsQ+/Mdlt2q9tstK9m8aAGx3ACp+DCBbThBjrgAYV3+IQv+Da6xrPxYrzORleM+c4RLMh4+wHXw4WC</latexit>

Scalar leptoquark model:

<latexit sha1_base64="G+QSVDafDhTyk8Zd2M8zk/Vb2VU=">AAAB7HicZZDLSgMxFIaTemkdb6Mu3Qy2C1dlRmrduCiI4rJCb9ApJZMe29BMMiSZShnmLdyJW59JX0aMbUFq/9XHSc6fj0QJZ9r4/hcubG3v7BZLe87+weHRsXty2tEyVRTaVHKpehHRwJmAtmGGQy9RQOKIQzea3v2ed2egNJOiZeYJDGIyFuyZUWLsaOiqMIIxE1nMBEvIGPK+GWS16jUTuVMJo5RzMBXv/qHlvTAz8cwEpJp7oJRU2mPaiaUCj0qhQc1s5QycUMjIGkwzC0yMQJg8BDH6e2Holv2qv4i3CcEKyo0SWqQ5dGk4kjSNbRXlROt+4CfWkijDKIfcCVMNCaFTW57ROFJsPDFr075FQWLQg2zxY+srPDXz3LFWwX+HTehcVYN6tf5UKzdul3qohM7RBbpEAbpBDfSImqiNKPpE37iIS1jgV/yG35dXC3i1c4bWgj9+AN+Nju4=</latexit>

• EFT with theory errors is more conservative
<latexit sha1_base64="+0Fa7bR4PWD+/mnkiu++VdvL/cY=">AAAB8nicZZDPTgIxEIdbRMVVEPXopREOnsiuQbxoQuLFgyYQ5U/CEtLtDtDQbTfbroFs9kW8Ga++kBefxRVIDPI7fZnOTL+MFwqujW1/4dxOfndvv3BgHR4VS8flk9OuVnHEoMOUUFHfoxoEl9Ax3AjohxHQwBPQ82b3v++9V4g0V/LFLEIYBnQi+ZgzarLSqDx3PZhwmQRc8pBOIB2YYVKvXXOZWjQMI0XZFDTpdEmgfBDEU7H0rbGKSPWJ3JFg5BqYm+T5sZ0S1yjicjk2i6rlSuVlHrMkAy59kCZ1Qfp//4zKFbtmL0O2wVlDpVlAy7RGZeb6isVBtooJqvXAscPMlUaGMwGp5cYaQspm2fKEBV7EJ1OzUR1kKGkAepgs77Y5ImKzSK3MyvnvsA3dq5rTqDXa9UrzdqWHCugcXaBL5KAb1EQPqIU6iKFvnMdFXMIGv+F3/LFqzeH1zBnaCP78Adndj3E=</latexit>

approaches UV model bound for M = mSLQ !1

<latexit sha1_base64="41ui+oJdNco2KlhN1aH7TT3TAqU=">AAABwnicZZBLS8NAFIVv6qvGV9Slm2ILugqJtBXERUEXXVawD2xKmUyucexkEjMTocT8JX+NGxf6WxzbgtSe1cede84crp9wJpXjfBqltfWNza3ytrmzu7d/YB0e9WScpRS7NOZxOvCJRM4EdhVTHAdJiiTyOfb9yc3ve/8VU8lica+mCY4iEgr2yChRejS22p6PIRN5xARLSIjFUI3yut1gojBrD2e1ShQHyK9MT8S+zp3kGpgIUKjCQxH8+cZW1bGdmSqr4C6g2irDTJ2xRb0gplmkoygnUg5dJ9F/k1QxyrEwvUxiQuhEh+c08lMWPqml6VCjIBHKUT67w7KFZ2pamLqV+7/DKvQubLdpN+/q1db1vB6U4QRO4RxcuIQWtKEDXaDwDh/wBd/GrfFsvBhyvloyFp5jWJLx9gPV3n8L</latexit>

Z0 model:

<latexit sha1_base64="65KgCsCh+HMVrZBD9yI8gReTpe8=">AAAB+XicZZDLTgIxFIZbrzh4wdvKzURY4IbMEMSNCxI3LlxAlEvCIOmUw9Aw05m0RSXNxGdxZ9z6ND6A72EFEoP8qy+nPX+/1E9CJpXjfOG19Y3Nre3MjpXd3ds/yB0etWQ8ERSaNA5j0fGJhJBxaCqmQugkAkjkh9D2xze/5+0nEJLF/EFNE+hFJOBsyChRZtTPvXo+BIzriHGWkADSrurpSumS8dQqmqYBo0raIxaMbOAggqkdiPhZjaxhLOyCNyJKy9T2AskiO3os97Wn4EXp+7tGmhYuLI/HvtEZawOMD4Cr1AM++Huun8s7JWcWexXcBeRrGTRLvZ+j3iCmk8hU0ZBI2XWdxCgToRgNIbW8iYSE0LEp1zTyhTFXS9OuQU4ikD09+77llXCipqllrNz/DqvQKpfcaqnaqORr13M9lEFn6BwVkYuuUA3dojpqIoq+cRaf4FOs8Rt+xx/zq2t4sXOMloI/fwAlEZM6</latexit>

(predicts high energy growth for ŝ >⇠ m
2
SLQ)

<latexit sha1_base64="qcymzyhlDzFfI/TNkItymrB1XZA=">AAACA3icZZDNSgMxEMcTP+v6VRVPgi7Wg6eyK1UvHgqieJIKthW6pSTZ6TY0m6xJVijLHj34LN7Eqw/iU/gKrq0gtf/Tj5nMzI/QRHBjPe8Tz80vLC4tl1ac1bX1jc3y1nbLqFQzaDIllH6gxIDgEpqWWwEPiQYSUwFtOrz86befQBuu5L0dJdCNSSR5nzNii1Kv/BJQiLjMYi55QiLIO7ab1aqnXObOUUBTIcAeubeEP4F7dX3vUpXK0OHGDSBOBpmxWskIdO7aAZGTrttX2hGQWPWYEj10YxWCcAKpaCE2zArgMgRp8wBk+He4V654VW8cdxb8X6jUS2icRq/MglCxNC5WMUGM6fheUsgTbTkTkDtBaiAhbFgsz1hMNY8GdqraKVCSGEw3G3/k9IhI7Sh3Civ/v8MstE6q/ln17K5WqV9M9FAJ7aFDdIx8dI7q6AY1UBMx9IV38T4+wM/4Fb/h98nTOfw7s4Omgj++AUdYlz8=</latexit>

• Naive EFT bound is stronger than bound for leptoquark model

 

 

0.2 Plot 2

Figure 2: Plot 2

2

<latexit sha1_base64="XHeMzNGa9m1nQ8pRxM6mnOPCOc0=">AAABiXicZY9LS8NAFIXv1Fdt1cbHzk0xm7oJSSlVXAW60I1QwaSFJoTJeK1DJw8yE7GE/BK3+qP8N8a2m9iz+jj3HjgnTAWXyjR/SGNnd2//oHnYah8dn3S00zNXJnnG0GGJSLJpSCUKHqOjuBI4TTOkUShwEi5Gf/fJO2aSJ/GzWqboR3Qe81fOqKqsQOs8dj2FH6ro9u7RvS4DTTcNc6XuNlgb0O0LWGkcaMx7SVgeYayYoFLOLDNVfkEzxZnAsuXlElPKFnSOBYvCjM/fVM2dVRjTCKVfrObUIyJXy7JVtbL+d9gGt29YQ2P4NNDt/roeNOESrqAHFtyADQ8wBgcY5PAJX/BN2sQit+Ru/dogm8w51ERGv/gNZok=</latexit>

M (GeV)

<latexit sha1_base64="PJr4oQB5hU2Z9svLRlFHc5m5hZo=">AAABjnicZY9LT8JAFIXv4KvWV33s3Bi7wYWkJQRXxiZuWGJCgYTWZjpeccL0kc7UiE39LW71H/lvrIUNclZfzr0nOSdMBZfKsn5IY2Nza3tH29X39g8Oj4zjk6FM8oyhyxKRZOOQShQ8RldxJXCcZkijUOAonN3/3UevmEmexAM1T9GP6DTmz5xRVVmBcda0rQ9P4ZsqBjgsrx6L63YZGKbVsmpdrIO9BNPRoFY/MJj3lLA8wlgxQaWc2Faq/IJmijOBpe7lElPKZnSKBYvCjE9f1Io7qTCmEUq/qDetRkSu5qVetbL/d1iHYbtld1vdh47ptBf1QINzuIQm2HADDvSgDy4weIdP+IJvYpAuuSV3i9cGWWZOYUWk9wsC12jD</latexit>

(10 TeV)�2

<latexit sha1_base64="NQ0+NB8BxdDes1Wtx9GyitPfDhA=">AAABenicZY7LSsNAFIbP1FuMt6hLN9JsFDEkpdRtwIUuq5i20IYyGU/j0MmFmYlQQt/Arb6b7+LCmHYT+68+/nN++KJccKVd95u0trZ3dveMffPg8Oj4xDo9G6iskAwDlolMjiKqUPAUA821wFEukSaRwGE0v/+7D99RKp6lL3qRY5jQOOUzzqiuqufbh6llu45b53ITvDXYvgF1+lOLTV4zViSYaiaoUmPPzXVYUqk5E7g0J4XCnLI5jbFkSSR5/KYb7bjClCaowrL2b05EoRdLs7Ly/jtswqDjeD2n99S1/c5KDwy4gDZcgQd34MMj9CEABjP4gE/4gh/SJtfkZvXaIuvNOTRCur/H1GJE</latexit>

�G
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Travelling through the SMEFT

G. Guedes @ LHC EFT Working Group                         1/21

Data points to IR pattern

Which UV models?

Which low-energy pheno?

From the EFTFrom the EFT

To the UV To the UV 

And backAnd back

https://indico.cern.ch/event/1411765/contributions/6220819/attachments/2978633/5244086/LHC_EFT_WorkingGroup.pdf
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Bottom-up approach: UV/IR dictionaries

 What is the data telling us?

 UV/IR dictionaries tell us all 
SM extensions which can 
contribute to a particular 
experimental observable (at a 
given order in the EFT 
expansion)

G. Guedes @ LHC EFT Working Group                         3/21
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Dictionary at tree-level

 Tree-level dictionary to the 
SMEFT @ dim-6 already exists, 
with all possible extensions 
which can generate WCs and 
their explicity contribution.

 Some operators can be 
generated at one-loop

● Considering weakly coupled 
renormalizable UV

C. Arzt, M. B. Einhorn, and J. Wudka, hep-ph/9405214

Craig, Jiang, Li, Sutherland 2001.00017
De Blas, Criado, Perez-Victoria, Santiago, 1711.10391

G. Guedes @ LHC EFT Working Group                         6/21
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(a) qq̄ LO (b) qq̄ NLO QCD (c) gg LO box (d) gg LO triange

FIG. 4: ZH sample diagrams for leading order qq̄ and gg initial states, including higher order contributions.

B. O↵-shell simulation of the H boson in electroweak production and a second scalar resonance

Similar to the gluon fusion process, we extend our previous calculation of vector boson fusion qq ! qq + H(!
V V ! 4f) and associated production qq ! V +H(! V V ! 4f), and allow the full kinematic range for m4f . The
SM implementation in MCFM [8] includes the s- and t-channel H boson amplitudes, the continuum background
amplitudes, and their interference, as illustrated in Fig. 3. We supplement the necessary contributions for the most
general anomalous coupling structure. In particular, this a↵ects the H boson amplitudes but also the triple and
quartic gauge boson couplings. We also add amplitudes for the intermediate states ZZ/Z�⇤/�⇤�⇤ in place of ZZ
in both decay and production with the most general anomalous coupling structure, which are not present in the
original MCFM implementation. It is interesting to note that the o↵-shell VBF process qq ! qq+H(! 4f) includes
contributions of the qq̄ ! V H(! 4f) process for the case of hadronic decays of the V boson. As in the case of
gluon fusion, we also allow the study of a second H-like resonance X with mass mX , width �X , and the same set of
couplings and decay modes.

C. Higher-order contributions to VH production

We calculate the NLO QCD corrections to the associated H boson production process qq̄ ! V H where V = Z,W, �,
shown in Fig. 4. We use standard techniques and implement the results in JHUGen, relying on the COLLIER [101]
loop integral library. This improves the physics simulation of previous studies at LO and allows demonstrating the
robustness of previous matrix element method studies. We also calculate the loop-induced gluon fusion contribution
gg ! ZH, which is parameterically of next-to-next-to-leading order but receives an enhancement from the large
gluon flux, making it numerically relevant for studies at NLO precision. In contrast to the qq̄ ! V H process which
is sensitive to HV V couplings, the gg ! ZH process is additionally sensitive to the Yukawa-type Hqq̄ couplings. In
both cases we allow for the most general CP-even and CP-odd couplings. Strong destructive interference between
triangle and box amplitudes in the SM leads to interesting physics e↵ects that enhance sensitivity to anomalous Htt̄
couplings, as we demonstrate in Section VIII.

D. Multidimensional likelihoods and machine learning

We extend the multivariate maximum likelihood fitting framework to describe the data in an optimal way and
provide the multi-parameter results in both the EFT and the generic approaches. The main challenge in this analysis
is the fast growth of both the number of observable dimensions and the number of contributing components in the
likelihood description of a single process with the increasing number of parameters of interest. We present a practical
approach to accommodate both challenges, while keeping the approach generic enough for further extensions. This
approach relies on the MC simulation, reweighting tools, and optimal observables constructed from matrix element
calculations. We extend the matrix element approach by incorporating the machine learning procedure to account for
parton shower and detector e↵ects when these e↵ects become sizable. Some of these techniques are illustrated with
examples below.

V. LHC EVENT KINEMATICS AND THE MATRIX ELEMENT TECHNIQUE

Kinematic distributions of particles produced in association with the H boson or in its decay are sensitive to the
quantum numbers and anomalous couplings of the H boson. In the 1 ! 4 process of the H ! V V ! 4f decay,
six observables ⌦decay = {✓1, ✓2,�,m1,m2,m4f} fully characterize kinematics of the decay products, while two other
angles ⌦prod = {✓⇤,�1} orient the decay frame with respect to the production axis, as described in Ref. [1] and

g

g

H*
e+

e−

μ+

μ−

Z

2mZ

Z
H → ZZ* → 4ℓ

H* → ZZ → 4ℓ
vs.

gg → 4ℓ

Off-shell Higgs boson data

2Andrei Gritsan, JHU December 5, 2024
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(a) Signal (b) Interfering background (c) Non-interfering background

Gluon
fusion

Vector
boson
fusion

FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

with respect to the an coupling scale convention. For example, the fan value is identical for either the cn or gn
couplings related in Eq. (8). Fifth, in the experimental measurements of fan most systematic uncertainties cancel in
the ratios, making it a clean measurement to report. Sixth, the fan are convenient parameters for presenting results as
their full range is bounded between �1 and +1, while the couplings and their ratios are not bounded. Finally, the fan
have an intuitive interpretation, as their values indicate the fractional contribution to the measurable cross section,
while there is no convention-invariant interpretation of the coupling measurements. In the end, the measurements in
individual processes can be combined, and at that point their interpretation in terms of couplings becomes natural.
However, this becomes feasible only when the number of measurements is at least equal to, or preferably exceeds, the
number of couplings.

IV. JHUGEN/MELA FRAMEWORK

The JHUGen (or JHU generator) and MELA (or Matrix Element Likelihood Approach) framework is designed
for the study of a generic bosonic resonance decaying into SM particles. JHUGen is a stand-alone event generator
that generates either weighted events into pre-defined histograms or unweighted events into a Les Houches Events
(LHE) file. A subsequent parton shower simulation as well as full detector simulation can be added using other
programs compatible with the LHE format. The MELA package is a library of probability distributions based on
first-principle matrix elements. It can be used for Monte Carlo re-weighting techniques and the construction of
kinematic discriminants for an optimal analysis. The packages are based on developments reported in this work and
Refs. [1–4]. It can be freely downloaded at [87]. The package has been employed in the Run-I and Run-II analyses of
LHC data for the H boson property measurements [59–76].
Our framework supports a wide range of production processes for spin-zero, spin-one, and spin-two resonances and

their decays into SM particles. All interaction vertices can have the most general Lorentz-invariant structure with
CP-conserving or CP-violating degrees of freedom. We put a special emphasis on spin-zero resonances H, for which
we allow production through gluon fusion, associated production with one or two jets, associated production with a
weak vector boson (Z/�⇤H,WH, �H), weak vector boson fusion (V V jj ! Hjj), and production in association with
heavy flavor quarks, such as tt̄H, tH and bb̄H at the LHC. The supported decay modes include H ! ZZ / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects from
identical particles.
To extend the capabilities of our framework, JHUGen also allows interfacing the decay of a spin-zero particle after

its production has been simulated by other MC programs (or by JHUGen itself) through the LHE file format. As an
example, this allows production of a spin-zero H boson through NLO QCD accuracy with POWHEG [98] and further
decay with the JHUGen. Higher-order QCD contributions are discussed in Ref. [4] for the tt̄H process and below
for the ZH process. Another interface with the MCFM Monte Carlo generator [5–9] allows accessing background
processes and o↵-shell H⇤ boson production, including interference with the continuum.

In the following we briefly outline new key features in our JHUGen/MELA framework that become available with
this publication. In the subsequent Sections, we apply these new features and demonstrate how they can be used
for LHC physics analyses. In the simulation, the values of s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].

Figure 3.7: Example Feynman diagrams for electroweak o↵-shell Higgs production and corre-
sponding background with EFT insertions.

3.2 Studies with the JHUGen+MCFM framework
The JHUGen implementation of o↵-shell Higgs boson production with subsequent decay to
V V ! 4f includes interference with background and supports both gluon fusion and electroweak
(VBF and V H) processes [46,47]. Building on the transparent implementation of standard model
matrix elements in MCFM [6,48], the JHUGen framework incorporates the general scalar and
gauge couplings of the Higgs boson, as well as additional possible states. The JHUGenLexicon
interface allows for parameterization of EFT e↵ects either in the Higgs (mass eigenstate) or
Warsaw (weak eigenstate) bases, or directly as modifications of the Higgs boson anomalous
interactions with either fermions or vector bosons.

3.2.1 Relevant Operators

Several types of EFT operators a↵ecting Higgs boson physics, which appear in Eq. (2.6) and
are later listed in Eq. (4.4), are considered. The typical Feynman diagrams with these operators
contributing to the gluons fusion process are presented in Fig. 3.1, and typical ones contributing
to the electroweak o↵-shell Higgs boson production and corresponding background are shown in
Fig. 3.7. Therefore, the operators a↵ecting the Higgs boson signal can be classified as follows:

• Operators a↵ecting the HV V vertex either in the H ! V V decay or in electroweak pro-
duction of the Higgs boson (V V ! H, V ! V H): �cz, cz⇤, czz, c�� , cz� , cgg, c̃zz, c̃�� , c̃z�

• Operators a↵ecting the Hgg vertex in gluon fusion (point-like interactions): cgg, c̃gg

• Operators a↵ecting Yukawa interaction in the gluon fusion loop: CP-odd ̃t, ̃b, and CP-
even t,b, where the latter are equivalent to �yu, �yd in Eq. (4.4)

• Operators with a new heavy fermion Q in the gluon fusion loop, which reproduce cgg and
c̃gg in the limit of mQ ! 1

Moreover, both gluon fusion and electroweak production of the Higgs boson in the o↵-shell regime
require modeling of the background processes and their interference with the Higgs boson signal.
These background processes may be modified by EFT e↵ects. Therefore, the following types of
EFT operators can also be considered:

• Operators which allow for modification of the vector and axial-vector Zff couplings, either
in the Z decay to fermions or through the connection of the Z to the fermion in the gluon
fusion loop in the gg ! V V ! 4f background process

• Operators a↵ecting the triple (d�WW , dZWW , d�
i
, dZ

i
) and quartic (d��WW , d�ZWW , dZZWW ,

dWWWW ) boson couplings in the electroweak background production of the V V ! 4f final
state in association with jets

The former set of operators are not considered in the gluon fusion continuum process yet [47].
In the latter case, the triple and quartic electroweak boson couplings, with an example shown
in the middle digram of Fig. 3.7, are related to the HV V vertices through SMEFT symmetry
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10 ∼ σonhell
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∝ 1
Γtot CMS Run1: arXiv:1405.3455: ΓH = 1.8+7.7

−1.8 × 10−3 GeV
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 framework:μ
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tools MCFM+JHUGen: arXiv:2002.09888
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Summary / Conclusion
Test off-shell  in new regime: both CMS and ATLAS observe   in Run-2H* ∼ 4σ

December 5, 2024

Introduce off-shell  in  framework (for Run-2 combination)H* κ

—  model any heavy particles in the loop
    in addition to    (  equivalent to )

κQ
κt, κb κQ κg

—  model  couplings κZ, κW HVV
— application to CMS data:  stable results ΓH

Introduce off-shell  in EFT fits (Run-2 & 3)H*
— naturally a part of VBS process 

— CMS data: ( ) with  stable results  δcz, cz□, czz, c̃zz ΓH

— expand to CP-odd and CP-even operators  

— more details: talk at the 20th Workshop of the LHC Higgs Working Group (2023)  

— best direct constraint on  from  line shape across wide energy rangeΓH H
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21
st
 Workshop of LHC HWG 

5 December 2024

Offshell Status 2

Introduction

● Focus on Higgs boson produced at high invariant masses 

● E.g: gg → H→VV  :

10% of events above the 2 mV threshold.

● Large offshell rates also in EW production.

[Kauer, Passarino ‘12]

● Contrary to expectations from narrow width approximation:

→ Expect a very narrow resonance and hence offshell cross section highly suppressed.

[Campbell, Ellis ‘15; Gritsan et al. ‘20]

● Due to Higgs boson restoring unitarity in massive scattering amplitudes

     offshell Higgs production allows us to probe unitarization behavior.

✔ Indirect constraints on Higgs width by comparing onshell and offshell Higgs rates.

✔ Probe Higgs in a different kinematic regime.

[Caola, Melnikov (2013)]

raoul

https://indico.cern.ch/event/1389221/contributions/6192573/attachments/2981027/5249173/roentsch_HXSWG_20241205.pdf
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21
st
 Workshop of LHC HWG 

5 December 2024

Offshell Status 3

Offshell Calculations

● Need to consider:

– Signal                   

– Background

– Interference

– Full (physical) result SBI

Large destructive interference at high energies 

– sign of Higgs unitarizing massive scattering 

amplitudes.

[Campbell, Ellis, Williams (2013)]
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Modelling additional radiation

● Going beyond NLO is very demanding →include additional radiation through parton showers.

● Combine with fixed-order either through merging or jet matching.

Tuned comparison of merged NLO+PS  (POWHEG) vs. LO 0+1 jet matching 

(MadGraph and Sherpa).

Compare results at LO (no PS) to tune parameters: any difference beyond LO due to additional QCD 

radiation.

Talk by Matteo Lazzeretti

See also [Li et al (2020)]
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K. Mimasu - 05/02/2024 LHCHWG Workshop, CERN

Higgs gateway to BSM

3

Light

Heavy

ΛBSM

strategyDirect Indirect

Higgs couplings

Higgs mixing

BSM in loops

Exotics

Exotic Higgs production

Resonant : X → hh/Vh
Cascades: A → Zh

|H |2

Exotic Higgs decays

BSM EFTs
ALPs, DM, …

h → XX/XY/X + Emiss
T

EFT
High energy/multiplicity

SMEFT/HEFT

https://indico.cern.ch/event/1389221/contributions/6203150/attachments/2981239/5249188/Mimasu_HWG.pdf
https://indico.cern.ch/event/1389221/contributions/6203150/attachments/2981239/5249188/Mimasu_HWG.pdf
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Effective Field Theory for Beyond the Standard Model 

❖ Lack of experimental evidence of new physics indicate a mass gap between SM 
and BSM scales

❖ BSM physics influencing the Higgs sector, two common EFTs: SMEFT and HEFT

❖ SMEFT Lagrangian 

❖ In  HEFT, Electroweak-symmetry is non-linearly realized; the Higgs and the 
three electroweak Goldstone bosons (GBs) are considered independent and not 
part of a SU(2) doublet. 

https://indico.cern.ch/event/1389221/contributions/6203151/attachments/2981303/5249503/Akanksha_WG2_Higgs_CP.pdf

