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Scale of new physics?

Newest fundamental particle discovered: Last missing piece in standard model (SM)

CMS B2G-Resonances summary plofs
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Overview of CMS B2G Results July 2024
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Large new physics scale

No smoking gun signature of a heavy resonance yet from LHC data consistent with inclusive measurements

— Hint for a separation of new physics scale & electroweak scale?
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Standard model effective field theory (SMEFT)
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Deviations from SM « parameterized by effective field theory operators
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Lepton number violation Lepton & Baryon number violation

59 SMEF T operators @ dim=6  Grzadkowski, Iskrzyfiski, Misiak, Rosiek (2010)
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Higgstrahlung: small but important @

H production
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Cross section measurement of V associated H production @CMS

Phys.Rev.D 109 (2024) 9, 092011
Small production cross section

- H- bb decay - largest branching ratio

-V - leptons « clean signature Cross section reported in
simplified template cross section framework
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EFT effects in V associated H production @
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Number of events

EFT effects in V associated H production
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EFT effects:

Changing energy spectra
_|_
Modifying angular correlation
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Signal simulation strategy

Polynomial parameterization

Z c. o ~ | Msyerrl O is a quadratic
MsmerT = Msm + ) —5 Mg function
tA . ‘MS\I‘ + Z S QRE{MSMMQI + Z 4 ‘Mgl‘ ‘|—Z Z jji Yi MSJ of coefficients /

# of signal samples (for 'n’ coefficients): N(n) =1 + n + n(n+1)/2 « Sufficient SciPost Phys.Comm.Rep. (2024) 4
(13 TeV) (13 TeV)

%‘ ’\‘II|\‘||||||||\‘IIH‘IIH||||\||||\‘||H|||||’ E |\||||\|||‘\III‘IIII‘IIII‘IIII‘

. Ce . . © pp—>zh—>Iibb 7 o pp>zhollbb
Possible to encode SMEFT prediction in event weights g O =01 Weighted (Hol. aware) | 00w =1 L eighted (Hel. aware) |
. 1'2 i —— Weighted (Hel. ignore) : —— Weighted (Hel. ignore) :

_ ‘MSﬂfEFT(C — Cl)lz © 047 _|_ Generated ; L —|— Generated i

IMsyerr(c = co)l?

do 1 | I
w(z|e) ~ o Const(z) + LIN,(z)c, + ﬁQUADﬁb(z)c&cb - ]
az | . ,
n_\‘llH‘IIII‘IIHIM”“”“'"‘|""_ 0 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 I‘
. :' 2:\‘III\‘Illlllll\‘III\‘II\\llll\|||I\‘II\\|IIII: :' 2:| T T | T T ‘ T T ‘ T T TT ‘ T T TT ‘ T T 1T ‘:
Store N(n) weights per event & sf i 8 5 E
H H H H - : T s e —— —— = - ;._ ’;ﬁw
— obtain EFT prediction for any coefficient value g T g e :
o 05F = o 05F =
é} ()E\‘III\‘Illlllll\‘III\‘II\\llll\|||I\‘II\\|IIIIE é} OE| 1111 | 1111 ‘ 1111 ‘ L 111 ‘ L 111 ‘ 1111 ‘E
50 100 150 200 250 300 350 400 450 500 -3 -2 —1 0 1 2 3
LHE Zp_(GeV) LHE ¢

9


https://inspirehep.net/literature/2801212

Observable: likelihood-free inference

Likelihood ratio trick in classification Optimal test statistic:
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(6) Likelihood-free / simulation-based inference

Boosted information tree (BIT)
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Events / bin

Data/MC

Learning SMEFT likelihood ratio

SC, S. Roshap, R. Schoefbeck, D. Schwarz (2022)
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Event selection & categorization
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BIT training & template optimization

arXiv: 2411.16907

ki

Space of WC to be constrained

Objective: Inputs: Template optimization W 4 e
SMEFT effects vs - Object kinematics Optimal performance guaranteed 0,
- SM VH - Jet tagging scores if binning is chosen at each point in EFT space
- Background - Angular variables very challenging . .
6, wh
No EFT effects considered in background Template is chosen minimizing [| 20 intervals (profiled)
< Find the point in EFT space
o, CMS simulation . 138 fb~" (13 TeV) 415107 (13 TeV) 41517 (13 TeV)
= SR 2-lepton (Resolved) ] g AL L2 L. T T T T T
3 ;ZCT(nro enS: e v c % . CMS ¢ Data [ Z+bb . @ CMS ¢ Data [CJVV+HF
> grou Hq Hd 1 2000+ 2-lepton (u) - T 1-lepton () m W+b mW+bb
o jd l [Jz+b  [Z+c _ i i
— SMsignal  ____ P g3 " SR (resolved) - ] 3000 SR (resolved) ~ EWW+c B W-+udsg
> s — Total EFT na 2z [ [ Z+udsg It I Z+bb Cz+b ]
glot T e Chu T 9i - B VV+LF [l Singlet [Z+c [ Z+udsg
o 1500 it B VV+LF
c [JVV+HF [l ggZH B Single t %2 Unc.
E x¥eUnc.  — SM VH (x20) 2000 — SM VH (x20)
103; 1 .
H
10% ; A
1()l_l 1 1 L E

20
BIT score

BIT score

BIT score

13


https://inspirehep.net/literature/2852160

Objective:

SMEFT effects vs
- SM VH
- Background

BIT training & template optimization

Inputs:

- Object kinematics
- Jet tagging scores
- Angular variables

No EFT effects considered in background

CMS simulation

138 fb~! (13 TeV)

Template optimization

Optimal performance guaranteed
if binning is chosen at each point in EFT space

very challenging

arXiv: 2411.16907
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With linear or
full quadratic

EFT interpretation: Wilson coefficients
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EFT interpretation: energy scale

Three BSM scenarios:

2
o ~ [MsmErT|

With linear or 2
_ 1 2 < F oA €2 CiCj - weakly coupled model (¢=0.01)
full quadratic [Mgnl” + Zi A2 2Re(MgyMe,) +Zi AL M, +Zizj’j>i Al Mg i Mg - no assumption (CZl)
expansion - Strongly—c.ogphr%g . 2
perturbativity limit (c=16TT")
Lower bound on A
v arXiv: 2411.16907/
. 138 fb~! (13 TeV) _ 138 fb~! (13 TeV)
¢ |CMS Linear SMEFT ] ¢ | CMS Quadratic SMEFT ’
é_m?; BN c=0.01 W c=1 Ci=(4'n)2—; émz; {- ci=0.01 WM =1 ci=(4'n)2_;
< :
10"} 10"}
100} 100}
10_1? 10_1?
10_2? 10_2?
7 (1) CHu CHd g5? 7 C(H1<; cﬁ; CHu CHd g5

Sensitivity: ~ few TeV for c=1
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EFT interpretation: Wilson coefficients in 2D

2
o~ |MSMEFT|

With 2

. L 2 Ci i _ i A2 S M M. —
full quadratic (Meul* +) %.A22RJ6(MSMM6,J+ > %.A4|Msyll +> @E jmi A Mg ;M ; N=1TeV
expansion

Other coefficients profiled Other coefficients fixed at 0 SiXiv: 2411 16007

Vector coupling
138 fo" (13 TeV) VS. 138 fo" (13 TeV)

L T T T -8 [y H T T T T -8 [y

F T Vector couplin 3 -

0.06 CMS = PIN9 006 CMS =

C £ C =

0.04 :— < 0.04 :— <

0.02f o 0.02f o
oF oF
-0.02 -0.02
of of
O -0.04- O -0.04-
-0.06 |- -0.06 |-
-0.08 - -0.08 -
-0.1F -0.1F
-0.12}F -0.12}F
014 01
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With
full quadratic
expansion

EFT interpretation:

2
o~ |MSMEFT|

Wilson coefficients in 2D

b]

2
Ci C; 7
WMl + ) HReMhMe) + 3 S5 IMei +D 00—

C;C.

Mg ;M ;

N=1TeV

Other coefficients profiled

138 fb™ (13 TeV)
. CMS ]
i ]
0.5F ]
No of ]
o> Or ]
L 4 SM ]
_1[ * Best Fit _
[ ~-Q<23 ]
L —Qq<5.99 .
—014—012—01—00&00&034;002 0
ch

2Aln (L)

Vector coupling
Vs.
Gauge coupling

0.5

138 fb™ (13 TeV)

_"'|"'|"'|"'|"'|"'|"'|"'|"'|"'|'_ -8 j
. CMS i =
L i [
B 4 47 =
I ] <
= . o\
i 18
i 15
- 10,
i 183
L 4 SM | B
| 4 Best Fit _

[ -Q<23 ] 1
—Qq<5.99 .
0.140.12-0.1-0.08-0.06.0.04.0.02 0 0.02 004006 °
ch)1

Other coefficients fixed at 0

arXiv: 2411.16907
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Highlights

Available on the CERN CDS information server CMS PAS HIG-23-016

ATLAS CONF Note

In K. Cranmer’s DESY Colloguium ATLAS ATLAS-CONF-2024-015 <7
FAPERIMENT ‘28th0cl()bcr2(}24 ‘

CMS Physics Analysis Summary

Contact: ems-pag-conveners-higgs@cern.ch 2024,/09/20

An implementation of Neural Simulation-Based

Inference for Parameter Estimation in ATLAS Constraints on standard model effective field theory effects

with Higgs bosons produced in association with W or Z
The ATLAS Collaboration bosons in the H—bb decay channel in proton-proton
collisions at /s = 13 TeV

Neural Simulation-Based Inference (NSBI) 1s a powerful class of machine learning (ML)-based
methods for statistical inference that naturally handles high-dimensional parameter estimation The CMS Collaboration
without the need to bin data into low-dimensional summary histograms. Such methods are
promising for a range of measurements, including at the Large Hadron Collider (LHC), where
no single observable may be optimal to scan over the entire theoretical phase space under
consideration, or where binning data into histograms could result in a loss of sensitivity.

This work develops an NSBI framework for statistical inference, using neural networks to Abstract

estimate probability density ratios, which enables the application of NSBI to a full-scale LHC

analysis. It incorporates a large number of systematic uncertainties, quantifies the uncertainty A standard model effective field theory (SMEFT) analysis with dimension-six opera-
coming from finite training statistics, develops a method to construct confidence intervals, tors is performed in the Higgsstrahlung process, where the Higgs boson is produced
and demonstrates a series of intermediate diagnostic checks that can be performed to validate in association with a W or Z boson, in proton-proton collisions at a center-of-mass

energy of 13 TeV. The final states where the W or Z boson decay leptonically and the
Higgs boson decays to a pair of bottom quarks are considered. The analyzed data
were collected by the CMS experiment between 2016 and 2018 and correspond to an
integrated luminosity of 138 fb ! An approach targeted to optimize simultaneously
the sensitivity to Wilson coefficients of multiple SMEFT operators is employed. The
observed results are consistent with the predictions of the standard model.

the robustness of the method. As an example, the power and feasibility of the method are
demonstrated on simulated data for a simplified version of an off-shell Higgs boson couplings
measurement in the four-leptons final states. This NSBI framework is an extension of the
standard statistical framework used by LHC experiments and can benefit a large number of
physics analyses.

| ATLAS-CONF-2024-015
28 October 2024

1

&

ATLAS used simulation-based inference for off-shell H production
Neural network-based approach: arXiv: 2412.01548
19


https://physikseminar.desy.de/hamburg/colloquia_in_2025/18_february_2025/
https://arxiv.org/pdf/2412.01548

Summary

Detailed effective field theory analysis in Higgs production in association with W/Z boson with full Run 2 data
- Follow-up & complementary to cross section measurements

Documentation

Probed effects of both vector and gauge coupling operators arkiv: 2411.16907/
(Accepted in JHEP)

First application of likelihood-free/simulation-based inference at colliders
- Developed outside collaboration & technology available for any EFT analysis

--- Road towards fully unbinned EFT analysis using optimal observables [see Schofbeck (2024)]

Results reported as constraints on Wilson coefficients
- in 1D with other coefficients profiled or set to SM values
- in 2D with other coefficients profiled or set to SM values

— findings consistent with SM

Best SMEFT sensitivity reported in VH(bb) channel till date
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Extra Material
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Learning SMEFT likelihood with decision trees (1)

x: Feature vectors phase-space partitioning Training phase
icti F(x 1,.(x)F; Ji Terminal nodes e
Tree prediction (x) = ezj () a, : Requirements on x for node X2 [ Py
J f \ FJ : Prediction for node J E ] T g ......... —
Phase space partitioning  Prediction 8 . - ' g CUTOMXing
o . Fo | Fs| ’ F
Minimization of loss function w.r.t. a and Fj H e S E '
F‘ Fz F3 /\ cut on X,
Linear term in SMEFT expansion % F, F3
s Naw "*cut on X, again etc.
MSE|[F, Zzu = Wi+ > Y ;. o
JjeT 1€y i=1 Jjedg 163 iedJ sy
Integral replaced by summation . . .
Jralrer J = w Quadratic term in SMEFT expansion
1o} . ici Wi,a Ja N\ i€]
Z MSE[F,] =0 —» FJZZEJ = %X = 0, log \j !
aF, ST Vil 0o
J =¥ 0 0 r Z-ﬁej Wy ab 9,0 ).J-
2 iT P } :
. (ZI-EJ wy (,;) [:BUAJ)Q (/\} Ziéj wy A_} 6—0,
MSE[F,] = =) =y = — ) I™) Fisher information for measurement of 8
JET Diej Wi JET Aj ) jed ?
=60 . (Efe y 'u,-'.i',ab) (8,0, Aj)z
Fisher information = Variance of score (= derivative of log-likelihood) MSE[Fu] = — Z Y e Z .
JET iej Tt JET J =6,
Cramér-Rao bound: Variance(f) > Tlg) wiki

Node-split criterion maximizes Fisher information — Optimal in precision
0s,; -
°J

Starting point of SC, N. Frohner, L. Lechner, R. Schoefbeck, D. Schwarz (2021)
b; + 99
J

(OpA;)* 22
L= *Zj )\; = *Zj b + 9@ HQZ )\JP = Z Ajp(l— Gini index implemented in TMVA for classification



https://en.wikipedia.org/wiki/Cram%C3%A9r%E2%80%93Rao_bound
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202107.10859

Learning SMEFT likelihood with decision trees (2)

Boosting: Provides a strong learner by iteratively training an ensemble of weak learners to pseudo-residuals of previous iteration

b b Fab—1
F(z) = f(x) + nF" () Minimize loss function loss w.r.t. f(x) < Goes on till a pre-defined number B - - .
Wi,a 1, | w0 —nF @, ’ .
MSE[F,] =YY w, —f' () =l )| =) w | — — f(x) o .,
JjeJ igj JET icj k o« °
. e, {
Weak learner needs to fit w - NF « Target needs to be updated in each iteration . Ge I

Final outcome of algorithm R(x)0,80) =1+ (6 — 60)uF P (z) + (9 00)al@ — Bo)s Faf)(m) Boosted information tree (BIT)
SC, S. Roshap, R. Schoefbeck, D. Schwarz (2022)

Separate training for each linear (‘a’) & quadratic terms (‘ab’) — Total # of trainings =n + n(n+1)/2

LLR to achieve LLR obtained

"'Vobs -"\"robs

2(D(Nobs: )[61,8p) = —2 | L(0(8;) — () — Z In R(x|0y, 6)) (in large sample limit) d(D(Nobs: )[04, 8p) = =2 | L(o(81) — (b)) — Z In ﬁ’.(l’|91, 6o)
i=1 i=1
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Area normalized

Ratio to TT (OS)

Simulation strategy for SMEFT

0 — )2
Possible to encode SMEFT prediction in event weights ¢ = Msmprr(c pl)l‘ . o M (zp, h
I Msrerr(c = cp)|? Helicity-aware reweighting W =

_ c1)|?
IM(zp, hleo)|?

w(z|e) ~ (j—z = Const(z) + LIN,(2)c, + %QUADﬂ_b(z)cuc,gj
(
Needs careful choice of reference point
Store N(n) weights per event — obtain EFT prediction for any coefficient value

2
. . M(z,, h|lc;
q W Helicity-ignorant reweighting w = 2n [ M(zp. )|2
EFT operator changes helicity configuration > [M(zp. hleo)|
SM: 4/ — y Robust option

q Dt/ /-

4 Z SC & others (2024)
pPp—>wz (13 TeV) pPp—>wz (13Tev) pPp—>wz (13 TeV) pp > Wz (13 TeV)
EIl\II\|III\‘III\IIII\II\IIIIHIII\II|IIII|\III_ § I‘\III|III\lllHIIII\II\IIII\IIII\II|I\II|IIII 3 %‘ :Il\II\|III\‘III\IIIIIIIHIIIHIII\II'IIII'\III %“ I‘III\‘IIII‘II\IIII\III\\IIII\IlIIIIlHIIlHII

+TT(0S) —+TT(SS) = 1f +TT(0S) —+TT(SS) 7 0} - —+— SM 1] —— SM
—+LT —+LL E +LT —+LL a 10°F —— Weighted (Hel. aware) < o 10%F —— Weighted (Hel. aware)
10™ SM E g 11 % E —t— Weighted (Hel. ignore) % —— Weighted (Hel. ignore)
g ] g GwCq =1 g —+— Simulated c,,c. = 1,1 g —+— Simulated c,,.c_ = 1,1
| < 107" E 1025- Reference point: (CW, cﬁ=0, 0) 3 E 102 Reference point: ((:W, (:W=0.5, 0.5) E
1072 3 3
- 10 10
L 10»2 i
1073 , E
3 f 3 1k 3 F 3
f ]
107 | 3 10°F E 10—1:— 4 10'F 4
:Il\ll\llll\‘lll\llll\I\IIIIHIII\IIIIIIIII\III: l‘\|||||||\lll\\llll\ll\llll ] Ly | Ell\II\llll\‘III\IIIIIIIHIIIHIII\IIIIIII|\III7 I‘III\‘IIII‘II\IIII\III\\IIII\IlIIIIlHIIIHII’
2 T T T T a 2 T T T T T ?_J 2 T T T T "qu 2 T T T T
15 <y E« 15 v g 15 5 15
1L+ = : o 1_.-. == _.__g,_ ; L f % 1 % 1 e
0.5F ++ —t— © 05k~ 2 osf 2 o5} —
1 I++ 1 1 1 1 E L 1 1 Il Il 1 1 1 Il 'g 1 1 1 \_F_|_ " " i -g Il L Il 1 | e —— L L 1
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