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Introduction & outline of the kalk

=) No evidence of New Physics at the LHC - direct searches of BSM effects continue
but focus is shifting to indirect exploration of Higgs sector

p increasing number of Higgs EFT measurements in CMS and ATLAS

m) EFT results focus in interpretation of unfolded spectrum in presence of EFT
effects or extract coef  bcients with dedicated analyses using optimal observables

p VHbb EFT analysis in CMS

Status of inclusive and STXS full Run 2 results in CMS and shortcomings for EFT interpretations
Theory on EFT inVH production - usage of angular moments and basis rotation

Analysis selection and process-specific corrections to simulation

Analysis strategy and optimisations for enhanced sensitivity to EFT effects

Results on constraints on Wilson coefficients

11111l

Wrapping-up and conclusions



VHPD @ Run 2 in CMS & shortcomings for SMEFT analyses °
m)» Final word on Run 2 inclusive/STXS in the VH(bb) Pnal state by ATLAS and CMS

) sensitivity to VH(bb) signal around 15-20%, discovery of VH(bb) process at the LHC by both
experiments and employment of Stage 1.2 STXS for legacy analyses

m» \/H measurements in STXS framework are sensitive to SMEFT, however several
limitations Phys. Rev. D 109, 092011

) no observable directly sensitive to CP

p need of ‘optimal observable’ analysis to be sensitive to SMEFT effects in VH(bb) final state
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092011

SM Effective Field Theory (SMEFT)

m) Experimental pro Ple of the Higgs boson with Run 1/ 2 data becoming very precise

) Precision measurement is key to look for deviations of SM couplings: achieved
using low-energy approximation (EFT) to UV complete theory

)

_ ph i 6 _
ZLsmerr = Ly + ZF@E '+ = Zpsu

l

=) Under the assumption that the theory cut-off is much larger than the energy,
SMEFT series can be truncated at dimension 6 (dimension 5 operators violates L

number conservation)

=) \NVarsaw basis often used to derive set of operators which can be accessed and
constrained by analyses

A A
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SMEFT effects in VH production

=) Signal simulated @ LO plus one additional jet (LO+1j)

) production cross-section rescaled to NLO and shape reweighting to NLO inVPT using Powheg +
NLO EWK corrections vsVPT

p  EFT effects using SMEFTSim UFO model with topU3l flavour scheme at LO with single-operator
Insertions without SMEFT corrections to the propagators

=) | O+1j generated for SM point, for each simulated events, weights are stored
according to p(X| !)

p corresponds toWC’s set 1,2 - weights are interpolated using a second-order polynomial
allowing to compute event weights for any combination of WC’s

Parton-level probability

pl0) =po(z)+ D pi(2) 5+ D P i+ D Pmai(2) g

A4
1<i<j<M

SM Mixed

=) Gluon-induced signal process (ZH) simulated at LO in SM and cross-section scaled
to NLO - no EFT effects associated to this process

m)» No EFT effects/weights associated to background processes



SMEFT effects in VH production (2) -
b
arXiv: 2411.16907 (submitted to JHEP) +/
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p gauge couplings defined in terms of physical mass eigenstates to remove degenerate directions
and reduce degrees of freedom
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m» \WCOs targeted for VH(bb) measurement: cHq(1), cHq(3), cHu, cHd, g 2(Z2), g 4(Z2)


https://arxiv.org/pdf/2411.16907

EFT effects for vector and gauge couplings 7
f1 = fr1 = sin” @sin* f

_ 1
m) EFT effects probed using 1.cross- fa = frr = cos @ cos
section (yields), 2. kinematic variables fs = fir = (1 + cos® ®)(1 + cos” §)

and 3. angular structure (CP) o= f1 — cos ¢ sin @sin
4 — JLT —

P cross-section energy grovyth - relevant for fs = ng = cos @ sin O sin f cos O cos f
vector couplings EFT WC’s (quadratic 1 . _ .
components) fe = fir = sing@sin®sin6

_ £2 __ 4 . .
p kinematics (e.q.VPT) - affected by changes f7 = fiT = sin ¢ sin ® sin 6 cos O cos O

of vector coupling EFT WC’s (quadratic fs = frp = cos” @sin” @sin’ 6

components) - N PN

f9 = frp = sin” @ sin“ O sin” 0,

p sensitivity to interference and CP structure
via angular observables - mostly gauge
couplings EFT WC’s

Complete event information (kinematics > +

+angles used to build optimal observables
for enhanced SMEFT sensitivity
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Event selection & SR/CR definition

m) Analysis selection structured along VHbb STXS measurement with updated b-
tagging for resolved (DeepJet) and boosted (ParticleNet) analyses

=) SR and 2 background-enriched control (V+HF, TT) regions (using b-tag scores and
bt to data to extract WC constraints

yields respectively) used for ML

p  V+LF CR used for extraction of object corrections but not included in the fit
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Analysis strategy: Likelihood free inference

L(D|6)
=) Neyman-Pearson lemma : largest discrimination power q9 = — log L(D|6,)
between two simple hypothesis is likelihood ratio 0

m) Goal: estimation of likelihood ratio for detector-level ratios of probabilities
to estimate EFT weights via regression

p detector-level ratio of probabilities intractable, but estimatable via minimisation using a
regression target as joint LLR detector (x)+parton (z) level configurations configurations

( x | 9 e p(x,z[0) p(z]0)
R (x| 9, 90) ‘ LIRS RS -' R(x, Z | 9, 90) —_ =
LLR Goh? X | 90} ) | Regression target k(x, i |00) P(Z|90)

) L|keI|hood ratio between EFT hypotheses estlmated via Boosted Informatlon Tree
(BIT) used as a test statistics to extract EFT effects

p  parton-level configurations (provided by SMEFTSIm) as target of regression (ratio of EFT weidhts) to
estimate detector-level LLR under hypothesis that EFT is negligible for shower and hadronisation

p using BDT to regress on likelihood ratio and learn EFT effects (linear, quadratic, mixed) via ratio of
EFT weights separately, given the polynomial dependency of the EFT weights

Likelihood ratio on detector-level probability Computer Physics Communications 277 (2022) 108385

1
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1<i<M 1<i<j<M



https://pdf.sciencedirectassets.com/271575/1-s2.0-S0010465522X00052/1-s2.0-S0010465522001047/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20241202T095602Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTY4TO35I47/20241202/us-east-1/s3/aws4_request&X-Amz-Signature=4dc29f4cda46a92bf6cc75a8a20d02bec66b071670e37c9ea04fafaf2c4f1e32&hash=19aad52f8915501c30b4532522f664d765766241f6ff20b26c382753b95eca8c&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0010465522001047&tid=spdf-45881528-984d-40f9-a761-e55de3035699&sid=4a1d534d14a9a94cef9a74f75adb1e1f25dagxrqb&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=131259030600555e0605&rr=8eba71da08f9ee69&cc=it

Analysis strategy: BIT trainings and m[m& features

m) [Features for BIT training: full kinematic
iInformation (all channels) as well as angular
moments (0- and 1-leptons)

p achieves two separate tasks: 1. SM vs EFT (EFT
sensitive features, angles) and 2. signal vs background

(e.g. H candidate mass, ..

.) separations

) Training performed inclusively in all Run 2 eras

m) SMEFT effects encoded as target of regression

p eachWC (M) associated with linear, quadratic and

mixed terms of EFT expansion -

individual BIT training

for each component: 2M+ 1/2*M(M-1) trainings

m) Validation of BIT regression with background-

free trainings

detector-level observables

EFT effects

validation applied on BIT

. excellent agreement of the regression
output from BIT and target (parton-level EFT weight) over

Background included in BIT training without

Hyper-parameter grid search and k-fold
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Analysis strategy: optimisation c:»f BI‘T‘ skayes i

m) || Hratio (R c1, Re2, Re3) estimated via regression:

CMS Simulation 138 fb~! (13 TeV) §
binned template for indirect inference I EFT "SR 2.lepton (Resolved)
extraction Background

[Q— SM signal
| —— Total EFT

1
R(x|9) =1+ 91Rc1(x) + 92Rc2(x) + 93Rc3(x) + EQ%RCL cl (x) + 9102Rc1, c2(x) T

Number of events

m) Goal: template shape optimisation to probe all EFT
coef bcients at the same time | one template

p unfeasible to have different BIT template shapes for each
point of the WC space for optimal SM vs EFT separation

0 ' | 15 20 )

p  objective is to find a point so that R carries good sensitivity .'~ BIT score §
to EFT effects for every point of the LLH ratio scan (i.e. i Arbitrary values of WC’s
floatlng all WC's at the same tImE) CMS simulation _138fb! (13 TeV) “

: SR 2-I|epton (Bolosted)
Background

- —— SM signal

- —— Total EFT

p using profiled expected sensitivity (2! interval) as figure of
merit for optimisation

%]
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) Bayesian optimisation to select optimal template
shape

— complexity increases with dimension: optimises on
subset of relevant WC'’s per channel (e.g. lessWC'’s
affecting Olep channel due to lack of angular information)

— point inWC space leading to cancellations avoided




Qesu&S' ‘SMEZPT conskraints 12

138 fb~! (13 TeV)

‘ SMEFT constralnts for I|near and up to ‘ CMsS Linear SMEFT
guadratic terms in the expansion % « Bestprofiled fit —— q < 1 (profiled) q < 4 (profiled)
e Best frozen fit q < 1 (frozen) ---- g < 4 (frozen)
. .. . 1 4
all Wilson coefficients allowed to float at each . | ams At
. . b ) X __T i -0.448,-0.05 -0. ,0.1
point of the scan to allow for correlations
[x10] —_0__—.+ S [-0.069,0.002]  [-0.105,0.039]
results also provided for all WC'’s, but the  } - _._._ 1026900731 1043002721
scanned POI set to thelr SM value (O) 3
& ; ol PO OO NG Yol bRty [x1] — __oo.- —t [-0.650,0.354]  [-1.263,0.800]
‘ For all but cHg(3) WC'’s quadratic component 957 | [x0.5] e (00731673 10947,2.547)
dominates: no significant degradation of sensitivity .- | ..., - . L sers20m (5077808
floating all WC'’s a the same time A S

Wilson coefficient value

m) Constraints on cHq(1) has two interval in
quadratic SMEFT: two minima due to interplay 138 fb~! (13 TeV)
between interference and pure NP term CMS Quadratic SMEFT
e Best profiled fit —— q < 1 (profiled) q < 4 (profiled)
m» P-value compatibility to SM expectations is 73% T Pestioren®t Tz T“fmze”) .
(lin-only EFT) and 84% (quad terms EFT) @ | s _) Y
m) Asymptotic approximation (WilkOs Chg | XS] = 0.059-0.007 10.0800.020}
theorem) not guaranteed cow | [x5] ——— (-0.050,0.036) (0.091,0.073]
) Vields have quadratic dependence on WC's: e e
ranges where test statistics (q) falls below 1 057 | bl == 02890402 HosT30 8
and 4 (coverage not guaranteed) 0?2 | 1] — 10.366.0.352] (0.601,0.615]
R S 04 08

Wilson coefficient value




Resulks: Limits on energy scale of new physics 19
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=) | ower limits on the new physics energy
scale also extracted

p linear and up to quadratic SMEFT expansion | §
m) Assumptions to extract limits under
three EFT realisations .—

p  weakly-coupled models

—Dm

P no assumptions on the couplings
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p  strong-coupling perturbativity limit
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Resullks: two-dimensional scans on SMEFT coefficienks 14

=) |n order to explore correlations across WCOs, two dimensional likelihood scans are
also provided

4

all other WC'’s set to SM expectations (0), our freely-floating them for each point of the scan

m» Observed correlation between different coef
on cross-term of SMEFT expansion

138 fo™ (13 Tev)

LN L LA BRI B L L L L L L R B 8
- CMS
1 17
-6
0.5 _
I -5
N of
S Un - 4
I 3
10.5 —
- 2
- ¢ SM
| 1| Best Fit i
' 1
- ---0q<2.3
—(q<5.99
.......................... [T L
10.140.12!0.1! 0.08! 0.06! 0. %J)o 02 O 0.02 0. 04 0. 06 0
CHq

Frozen scan

2" In (L)

pcients to various extents depending

- particularly significant for scans involving gauge couplings
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Wrapping-up % conclusions 15

m» SMEFT analysis in the VH(bb) bnal state with full Run 2 data by CMS
p concludes CMS Run 2 legacy results inVH (bb) after inclusive/STXS analysis

=) Targeting EFT current operators and gauge couplings with sensitivity in
VH(bb) Pnal state

=) Multivariate analysis strategy to probe effects of dimension-6 WCOs in the
VH(bb) channel

p  BIT using angular information and kinematics sensitive to SMEFT operators and CP effects

p analysis floats all WC'’s at the same time to account for correlations across them - no
sensitivity degradation when floating all coefficients

=) Results provided with simultaneous pts as 1D, 2D likelihood scans of
dimension-6 WCOs for linear and up to quadratic SMEFT expansions

p SMEFT WC extractions consistent with SM expectations
p lower limits on energy scales of new physics for different classes of EFT effects also provided

=) Nost comprehensive/sensitive SMEFT analysis in the VH(bb) channel to date
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Wilson coefficients & EFT Lagrangian expansion

=) FExpansion of SM lagrangian in 1/ | . observables EFT effects are parametrised

p  with linear term in WC'’s and a linear+quadratic term in WC'’s (both are dim-6 operators)

(6)) ©) .(6)
AN o A0 7 a0+ 3 R (A A"
| SMl +Z c SM ZT ; +Z A e
l 1<J
SM
Interference of SM and NP Pure NP

O-_O-SM-I_Z pz+z p21+z pz]

m» SMEFT [ link ] is a popular model for EFT interpretation using dim-6 operators

=) Some EFT contributions are CP-odd operators . access on those operators is
relevant as non vanishing components indicate CP violation



https://arxiv.org/abs/1706.08945
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