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The Higgs boson at CMS
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Higgs — from olbservation to precision
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c M S I LHC delivered: 533.56 fb™'
[ CMS recorded: 490.98 fb™
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» Approaching 15 years since
discovery, with ~25x discovery

Integrated luminosity already
recorded in Run 3
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have moved into the precision era |

o » Several outstanding

| guestions about the Higgs
sector remain and all
require precise
measurements
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https://arxiv.org/abs/2103.06956

Higgs — from observatio

» Approaching 15 years since
discovery, with ~25x discovery
Integrated luminosity already

recorded in Run 3

» Accordingly, measurements
have moved into the precision era
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Higgs —why H — yy?

Private work (CMS data/simulation) 62.3fb~" (13.6 TeV)

> BOE__H Yy RECO_ggH_0J_PTH_GT10_wbbH ]
» Small B(H = yy) = 0.23%, but D oo b s :
experimentally clean final state R i -
. . . = F -~ preEE: o, = 2.28 GeV .
yielding very good resolution § SO o,z E
. 40 ---- postBPix: o ;=261 GeV -
and precise measurements - :
- o = 247 GeV —
_ 20, =
O =247 GeV | ¢ |
CMS 138 fb~! (13 TeV) = LN .
o Observed e 55% CL (stal) ? FEISEFgRNRARSS==S== = __,..::::=====:=
— 68% CL (stat & t) [ 68% CL ( )
— 95%CL (tht @ :;zt) . 68% CL (tth;o) m,, (GeV)
my = 125.38 GeV i 68% CL (stat @ syst) | SM expected
psu = 0.33 Total Stat Exp Theo
vy a% 9 4
u# psv = 0.33 Total  Stat
HWW
u ! uvyy r-«— 1.12:009  +0.06
IJbb
ppp 1 Il | 1 Il Il 1 1 Il | I1-1\5:‘\g:? |r8\ggl 1 rl\alll Il Igé:7 Il I
0.5 1.0 1.5 2.0 2.5 3.0 3.5
o ] — e
1 2 3 4 5 6 7 8

2602.18611



https://arxiv.org/abs/2602.18611

Higgs — how H — yy?

» CMS is a general-purpose detector, and for precision
Mmeasurements we need every part of it

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 ym) ~1m? ~66M channels
Overall length :28.7m Microstrips (80x180 um) ~200m? ~9,6M channels
Magnetic field :38T ‘
SUPERCONDUCTING SOLENOID
p——— —

Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

ECAL: Photons deposit

~all their energy here

PRESHOWER
—  Silicon strips ~16m* ~137,000 channels

| y ‘ , | i | FORWARD CALORIMETER
4 ) / .""‘? f | j | Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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Higgs — how H — yy?

» Since 2022, CMS has collected a dataset with £ > 300fb~1!
» ~15 million events with a Higgs boson (~40k H — yy) to analyse!

» An opportunity to try new analysis techniques, increase
granularity and use this wealth of data to better understand
the Higgs boson 600
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STXSH - yyIn Run 3

ggH = goH + gg — Z(qq)H + bbH qqH = VBF + qq — V(qq)H
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Simplified Template Cross Sections

» So, we want to measure the Higgs with better precision
and potentially discover new physics

» If the inclusive oy agrees with the SM, deviations could still occur in rarer
regions of phase space (e.g., high p#)

|77

» Construct a few “particle-level” regions of phase space
(split by production mode) and measure the cross-section in each

ggH = ggH + g — Z(q@)H + bbH = VBF + 4 — V(q@)H
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Simplified Template Cross Sections

» Use simulation to relate the observed events to these underlying
categories

» Complementary to differential measurements

|"

» Unfolding to “particle-level” allows the results to remain long-term useful

» Fixed binning scheme useful
fOI’ ComblﬂatIOﬂS' _fggHJrgg%quHHJbH = VBF +qq — V(q@)H
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Analysis strategy

» Run 2 analysis used a complicated
= sequence of selection cuts + BDTs
to categorise events into analysis
categories (~STXS regions)

ZH leptonic | ZHleptonic |
||| lection J BDT . Tag 1 J

| » Define “tag sequence’” to prioritise
L e R rare production modes

» Each BDT optimised sensitivity to
just a few STXS regions

Dijet BD

J“—J » No global view of how categorising
an event affects the other “out-of-
scope” regions

Ipredicts one of P
nine § 1K classrs) gl

p—p——
— 2
5]

P Fp 4l .
sl Tag -1

2103.06956



https://arxiv.org/abs/2103.06956

Analysis strategy

» Goal for Run 3 is to use classification
technigues which maintain a global view

Multi-
classifier

Background




Analysis strategy

» Goal for Run 3 is to use classification
technigues which maintain a global view

» Current implementation has two steps

STXS 1

XGBoost Inference ‘ STXS 2

aware” classifier

CMS Preliminary
w T T
background
GG2H

62.41 o', 2022 + 2023 (13.6 TeV)
T T T

QQ2HQQ_GE2J_MJJ_GT350_PTH_0_200 TTH
QQ2HQQ (rest)

Loss is a direct
estimate of the
final sensitvity

P(STXS) per-event Background Background
1806.04743



https://arxiv.org/abs/1806.04743

Current performance

» Approaching Run 2 sensitivity when scaled to the same

luminosity

Pr:vate work (CMS data/s.'mulat.'on) . o
----- SM expected | Stat only - Run 2 | . | | > S I g n Ifl Ca nt

o Bestfit — Stat. @ syst. Current Totalstat. Syst .
ggH 0J low pt —— o o I I I l p rove I I l e n tS
—— Toodls 97 mo

ggH 0J high pY

— expected soon from:

ggH 1J low pt

b 10085 5% 2R

— > Splitting categories
o0 43 38 by reSO|UtiOn

ggH 1J med pff

ggH 1J high p¥

ggH 22J low pY

1.007063 063 008
—_—e—— 005062 ‘06 “0.03

ggH 2 2J med pf

1.00+054 +0.52 +0.14
p—— +052 +051 0.0

» Splitting categories

ggH 2 2J high p#

ggH VBF-like

— A like Z(lep)H into

e Z(I*17)H and Z(vw)H
R oo S » Including data from
- 2024 (~110fb7")

Signal strength




Statistical procedure

N. Morange


https://indico.cern.ch/event/1467014/contributions/6242398/attachments/2975092/5236959/2024-11-27_JobMatching.pdf

Statistical model

» Eventually, we fit to the m,, distribution

C B
L= 1_[ 1_[ POISS ncbr Cbp(.ur V) 1_[ De (Ve Ve)

Signal and background modelling Nu15ance parameters }

eXP Z .up cb (.ur V) + Bcb (.ur V)

where we have c categories with bins b, processes p and nuisances e

» Can get large quickly —the STXS combination in Run 2 had 0(10%)
parameters!




Statistical model

» Eventually, we fit to the m,, distribution

C B
L= 1_[ 1_[ POISS ncbr Cbp(.u: V) 1_[ De (Ve Ve)

Signal and background modelling Nu15ance parameters }

eXP Z .up cb (.ur V) + Bcb (.ur V)

where we have c categories with bins b, processes p and nuisances e

» Can get large quickly —the STXS combination in Run 2 had 0(10%)
parameters!
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Automatic Differentiation in Combine

» Combine is the most widely-used
statistical analysis tool within CMS,

providing a command-line interface

to many statistical techniques ‘ M\S
» Originally developed during Run T

for the Higgs search, now used by

the majority of analyses

combine @ RooFit/RooStats @ other

From Statistics Committee Questionnaires

2021-2022 2404.0661 4



https://arxiv.org/abs/2404.06614

Automatic Differentiation in Combine

» Many choices for which specific optimizer to use within
Combine, but almost exclusively the defaults are used:
MINUIT with the MIGRAD optimizer

» At its core, MIGRAD is a gradient-descent algorithm, where
parameters x are iteratively updated according to

D_C)n+1 — fn — CZVf(.')_C)n)

m/

Gradient of

target function

2404.06614



https://arxiv.org/abs/2404.06614

Automatic Differentiation in Combine

» Many choices for which specific optimizer to use within
Combine, but almost exclusively the defaults are used:
MINUIT with the MIGRAD optimizer

» At its core, MIGRAD is a gradient-descent algorithm, where
parameters x are iteratively updated according to

Xn1 = Xn — aVf(Xy)

» At present, Combine differentiates
numerically, where for each x} in x,,
we need to calculate

P of _fGyn+he)—fGn)

Z. Wolffs 2404.06614



https://arxiv.org/abs/2404.06614
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Automatic Differentiation in Combine

» For the past ~4 years, the RooFit team have worked to
provide an automatic differentiation backend

» Implemented using Clad, a source-code transformation
plugin for the Clang compiler

double absFunc darg0 (double x) {
double absFunc (doubkle x) { -

clad: :differentiate (absFunc) double d x = 1;

if (x < 0) return —-x; -

if (x < 0) return - d x;
else return x; - =

}

else return _d._x;

}

» Source-code transformation allows for compiler
optimisation of the gradient code, in principle faster than
operator overloading (c.f. PyTorch, TensorFlow, JAX)




Time (s)

Automatic

Differentiation iIn Combine

» Preliminary results look promising, with ~5x faster fits!
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Evaluation backend
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Summary

» Run 3 H —» yy STXS measurement progressing well \

» Improved, global categorisation strategy with clear avenues |
to Improve

» Computational advances underway to enable the most
precise measurements in the future

ggH = ggH + gg — Z(qq)H + bbH qqH = VBF +qq — V(qq)H

(et io,200] | I I I
Hner] [ow =]

| I
G =0t | [ =15et ] 200
2 [y 10,350] | [my; 1350, 00] | | |300 i

] i )
ij
10 ] my 450 4 o [ Pl 0,200 H (200,
0 350 60 Iy
| I | 60 | I | | :-L-( | 700 %650 qaH rest I:::l :
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Automatic Differentiation example

» Consider some general f(x) = ?’:Ogi(xi)

» Cost to evaluate the function is Ty = ¥iL; ¢;, where ¢; is the

cost to evaluate g;(x;)




Automatic Differentiation example

» Consider some general f(x) = ?’:Ogi(xi)

» Cost to evaluate the function is Ty = ¥iL; ¢;, where ¢; is the
cost to evaluate g;(x;)

» The gradient is V£ (%) = (g1(x1), -, gn(xn))




Automatic Differentiation example

» The gradient is V£ (%) = (g1 (x1), -, gn(xn))

» Numerically:
vFC) = (f(f the) = /() G+ hew - f(f)>

» Already evaluated f(x) and the cost of f(x + he;) is the same
as that of f(x)

» Total cost for the gradient is N lots of T¢: Opym (N - Tf)

» For function + gradient, cost is
d
Ogum (N - Tr) + Ofum(Ty) = OR8N - Ty)




Automatic Differentiation example

» The gradient is V£ (%) = (g1 (x1), -, gn(xn))

» With AD: When we evaluate f(x), we store the intermediate
values

Xi “store Vi *— gi(xi) —store | = 2 Vi
. i
so we are left with a “tape”: {xq, ..., xn, V1, .. VN, f }.

» When we come to compute the gradients, we go back through
the tape, applying the chain rule

0
Vv, = —f —3W O(1) per node
avi

=V -g;(x)=1-g;(x)
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Automatic Differentiation example

» The gradient is V£ (%) = (g1 (x1), -, gn(xn))

» With AD: When we evaluate f(x), we store the intermediate
values

Xi “store Vi *— gi(xi) —store | = 2 Vi

so we are left with a “tape”: {xq, ..., xy, V1, ... Vn, f }-

» When we come to compute the gradients, we go back through
the tape, applying the chain rule

v; = :—i = 1 RN =L
x; =V;-9;(x;) =1-g;(x;) Total cost:

082N - 1) + 04, (Tf) = 05%(Ty)

0(1) per node, since we have

g; (x;) from our AD tool




Current approach Inference-aware loss
Likelihood = Product of Poisson terms over categories, k
21 XGBoost probabilities L(@) = ] e @ xi(@)™ /i
Category weights applied for these studies P

QO OQOLUOQOOC OO0 LU0 adO0 Q0 Signal + background yields from MC in [120, 130] GeV,
where index i labels STXS region to be measured
X

M) =) pisic+ be k= Milg=1 = Zslk + by

Asimov

Initialised ~ O

Q layer | | NLL(Z) = —InL(Z) = Y _ Ak() — nk In A() + In !
F(x) | identity .

Analytic expression for Hessian matrix, H

layer
aNLL(,LL Ny Sik 82NLL(,LL nks,ksjk
Zsfk— : Z
Ak () OpiOp; Ak (£)
x —I— F(x) lstdenvatlve 2nd derlvatlve
82NLL([5) SikSik
: H: = - ]
Softmax with temp, i B, - ; N \
OCO0OO0O0OO0OO0OO0O0OOO0OO0OO0O00O00O0O0O0 Loss functional of covariance matrix Cov=7-l_1

21 analysis categories L[Cov] = Tr(Cov) = ZVar(,u,-) L

1
Jonathon Langford Inference Aware Learning 711252




Loss vs epoch

e \astimprovement on category weights approach used in July

/w\ F I | | I I I I I I I I I I I I . I I I l I I 1 1 I I 1 1 I I I m q)
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: : —— Test loss GL) 70 00104 ccjj
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= - --= Train penalty: True ] = | 8
g I -—- Test penalty: True -10.008 li’ B
@ i — Cat. weights loss (argmax, drop pen) _
% 251~ --- Cat. weights penalty | -10.00102
o | |
g 20 - 0.006 1
03) I —0.00100
19 |
: 0.004 |
10} _ 0.00098
T R :
i 0.002 —10.00096
of e |
—I I | | | | | | | | | l | | | Il | | Il Il | | | | | | | | | | | | | -
0 5 10 15 20 25 30
Epoch

Jonathon Langford Inference Aware Learning



