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Analysis overview

Run 2 combinations

Combine multiple Higgs boson
decay channels

Interpret results in different
frameworks

138 fb! (13 TeV)

o Observed —— SM prediction
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Run 2 combinations
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Run 2 combinations: Measurements

 Idea: Combine measurements to get ultimate precision
— Full Run 2 data (138 fb'' @ 13 TeV)

« Two important legacy Run 2 cross section combinations
— Differential Higgs boson combination (CMS-HIG-23-013)
— Higgs boson combination (CMS-HIG-21-018)
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Run 2 combinations: Measurements

Model independence

Experimental sensitivity
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Fiducial Cross
Sections

« Remove detector
effects by
unfolding to the
fiducial phase
space
Minimal model
dependence
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Run 2 combinations: Measurements

« Signal Strength Modifiers CMS

Rep. Prog. Phys. 89 (2026) 087801
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©  Observed |  SM expected
my = 125.38 GeV I~ 68% CL (stat & syst) 68% CL (syst-only)
psm = 0.03 (per-prod. and decay) B p™®':68% CL (stat @ syst) I ':68% CL (stat @ syst)
vy 1.12:388 | 1.06%312 1.05:3-3 1.45:353 1.20:88 1 .3518;;3_3
1038 103313 038795 0.00°583 7317458 | 0.007558
2 Ko o 12
W 0.99°3%3 A 002 Hloez3 23843 RECL3E 145433
N A 08631 AR 08t REo 033342
1 _02:0.16 2_22t1.53 1 .SStO'TE 1 .28:0'3? 1.1 1t0'27
bb 0.15 1.3(% : 00.E4+ 0.36 0.26
1.15:844 0.40"38Z 1.45:088
MU o o o]
+1.00 +1.42 +3.10 .:
2.45159; | 3.6174 7 -3.36%305 %
“ ] T
*
II\\II\\l\\l\\II\II\‘II\Il\I\ \III‘II ’1 ..... B
0 1 2 0 1 2 0 1 2 0 1 2
Inclusive ggH VBF ttH +tH
W =1.017G58 uoeH = 0.99°56 WV =0.87"51F W=1.517% p =136 u = 0.93'317

ETHzirich

QCD@LHC2026 — Nico Harringer

07.09.2026



http://dx.doi.org/10.1088/1361-6633/ae72c4

Run 2 combinations: Measurements

 Signal Strength Modifiers
— Fully in agreement with SM
— Theory: Limiting uncertainty
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CMS Rep. Prog. Phys. 89 (2026) 087801
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Measurements

Run 2 combinations

138 tb~! (13 TeV)

125.38 GeV ]

68% CL in SM prediction |
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Run 2 combinations: EFT interpretation cms

* Interpret results using Effective Field Theories (EFT)
— Assuming new physics exists at £ > E; y¢

— Effects propagate down to lower energy scales
using effective interactions

— Consider CP conserving New Physics

operators 0; of mass dimension d = 6

b - — - - - — -

d)
N c .. E>E
. ] (d) Wilson ‘ — e
ESMEFT =L sM T+ Z Z Ad—4 Of coefficient (WC)
d ]EO(“')
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Run 2 combinations: EFT interpretation T s
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Run 2 combinations: EFT interpretation

CMS

» Large degeneracies between WCs
— Flat likelihood surfaces, difficult fit

* Principal Component Analysis (PCA) identifies
sensitive directions

138

* New physics might modify multiple WCs simultaneously

e Simultaneous fit to 17 linear combinations of WCs
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H - ZZ" — 4l. Description CMS

LT

CMS HIG-25-015

- 171 o' @ 13.6 TeV (2022-2024)

CMS Preliminary 171fb™"(13.6TeV)
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H - ZZ" — 4l. Description CMS

S

CMS HIG-25-015

- 171 o' @ 13.6 TeV (2022-2024)

« Same strategy as in the 2022 iteration CMS  Preliminary 171fb7'(13.6TeV)
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H — ZZ* - 41: Inclusive fiducial cross section

Cms
J \'1\\ \l
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H - ZZ* - 4l: Inclusive fiducial cross section CMS,

CMS HIG-25-015

CMS 171 b1 (13.6 TeV)
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H - ZZ* - 4l: Inclusive fiducial cross section CMS,

CMS HIG-25-015

- 171 o' @ 13.6 TeV (2022-2024)

* Same strategy as in the 2022 iteration
(JHEPO05(2025)079)

. . . . B — ggH (POWHEG + JHUGen + Pythia) + xH 1

* Inclusive fiducial cross section af- xH = ttH + VH + VBF (POWHEG + JHUGen + Pythia)

— Smallest systematic uncertainty for 4u sy ]

— Use J /¥ resonance for low p; u in TnP
instead of Z
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H — ZZ* - 41: Inclusive fiducial cross section

Cms
3 / ’1\\ \\

CMS HIG-25-015

- 171 o' @ 13.6 TeV (2022-2024)

GCMS 171 tb~' (13.6 TeV)
- Same strategy as in the 2022 iteration € [ pvae-0s6 I Data(stat@®sysunc) | | ]
2 I Systematic Uncertainty
(JHEPO5(2025)O79) © 5? — ggH (NNLOPS + JHUGen + Pythia) + xH R
. . ] . — ggH (POWHEG + JHUGen + Pythia) + xH ]
* Inclusive fiducial cross section 4l xH = ttH + VH + VBF (POWHEG + JHUGen + Pythia)
— Smallest systematic uncertainty for 4u s hs— i
— Use J /¥ resonance for low p; u in TnP
. 2 R
instead of Z [
: . +0.17 | ]
— SM expectation: 3.05 555 fb 1 R i
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H - ZZ* - 4l: Inclusive fiducial cross section CMS,

CMS HIG-25-015

- 171 o' @ 13.6 TeV (2022-2024)

6CMS 171 tb~' (13.6 TeV)
- Same strategy as in the 2022 iteration 8| pvave-096 I Data(stat@sysunc) | ]
2 I Systematic Uncertainty 1
(JHEPO5(2025)079) © 5 — ggH (NNLOPS + JHUGen + Pythia) + xH E
. . ] . i —— ggH (POWHEG + JHUGen + Pythia) + xH ]
* Inclusive fiducial cross section = XH = ttH + VH + VBF (POWHEG + JHUGen + Pythia) -
— Smallest systematic uncertainty for 4u as—b%— _:
— Use J /¥ resonance for low p; u in TnP It .
instead of Z ; e _
— SM expectation: 3.05%3-17 fb s B ST
0: | | } ! 1 :
82- | T
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H — Z7Z* — 4l: Differential fiducial cross section @ CMS,

— s

dose/dpl, (fb/GeV)

CMS 171 fo=' (13.6 TeV)
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Summary o=

* Run 2 combinations:
— First combined legacy Higgs boson measurement by CMS
— EFT interpretations
— [ In agreement with the predictions

e H—- 77" - 41
— Inclusive & differential cross sections

— [ In agreement with prediction
— New 2D differential measurements (e.g. Nj¢s VS ph)
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Backup
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The Higgs Boson

Almost every problem of the Standard Model originates from Higgs interactions

v,

L= yHynp + p?|H|* — AH|* -V,

FI//our

3
b
T
C
K s 2
d
u 1
e I

ETHzirich

QCD@LHC2026 — Nico Harringer

Naturlalness

Planck scale

Huge
energy
split

p )

Stability Cosmological
\ constant?
/ Higgs \

potential

Our Stable

vacuum
?
Metastable

Higgs \

\ field
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How to study the Higgs Boson? M5

Measuring cross sections is a portal to unveiling the fundamental aspects of how Nature works

Inclusive cross section

A
v

do /dFE

New Physics

E < Ernc " E > ELnc E

ETH:urich QCD@LHC2026 — Nico Harringer 07.09.2026
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How to study the Higgs Boson? CMS

Measuring cross sections is a portal to unveiling the fundamental aspects of how Nature works

ETHzirich

Differential cross sections

Wl — P

do /dFE

New Physics

E < Fruc " E> Fruc  E

QCD@LHC2026 — Nico Harringer 07.09.2026
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Run 2 combination: Backup
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Run 2 combination: Results CMS

Rep. Prog. Phys. 89 (2026) 087801 CMS R (13Teif)/
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Run 2 combination: STXS
Rep. Prog. Phys. 89 (2026) 087801

LT

» Simplified Template Cross Sections
(STXS)

= 0-jet

. . g w . roH = oo o 1
— Maximize sensitivity to isolate wi=T = sell 1se o Haalt
. . Py [0, 200 —
BSM effects while reducing .
theory dependence e L] -
. . 0 [mj; [0,350] | [mj; 350, 00] | . _
« Merged some bins to avoid 0 m "
. . 650
large uncertainties or large 00 .
correlations I o
— At the cost of model-independence V] = Viieptons)
|
y qq 'l)‘.\'Hl |qq — ZH : gg — ZHI
0
75 Jf}r]][
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http://dx.doi.org/10.1088/1361-6633/ae72c4

Run 2 combination: EFT interpretation

Rep. Prog. Phys. 89 (2026) 087801 and JHEP04(2026)093

— Assuming new physics exists at £ > E; y¢

— Effects propagate down to lower energy scales
using effective interactions

— Consider CP conserving
operators 0; of mass dimension d = 6

» Parametrize signal strength as a function of
Wilson coefficients (WCs)

u=1+ ZA]-c]- + Z Bircjcy
j jk
linear quadratic

* Individual constraints of WCs
— Rest set to SM expectation (c; = 0)

ETHzirich QCD@LHC2026 — Nico Harringer

* Interpret results using Effective Field Theories (EFT)

ChHa

Run 2 fiducial
differential combination |

CMS 138 fb~' (13 TeV)
! ! ! ! [ ! ! ! ! ] ! ! ! ! ! ! | ! ! ! !
0o0sll ° Exp. Combination best fit i
[| ™= Exp. Combination 68%
Exp. Combination 95%
0-06__ * Combination best fit N
-| — Combination 68%
0.04H -—= Combination 95% ]
0.02}- .
- \\|
0.00F i s
0.02 .
0.04F .
-0.06| .
-0.08- JHEP04(2026)093 .
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H - ZZ* - 4l. Backup
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Events selections

Z Candidates: any OS-SF pair that satisfies 12 < n1;(y)< 120 Gev/c?

ZZ Candidates: all possibile ZZs are built, defining Z, the candidate with m,(y) closest to the nominal Z
mass

- My > 40 Gev/c? Z
2 2 ;
-pr, > 20 Gev/c, pr, >10 Gevlc 0+ 2

« AR(n, @) > 0.02 between each of the four leptons
- my; > 4 GeV for OS pair

7 &
* Reject 4u and 4e candidates where the alternative pairing /7, satisfies .
2
|m(Z,) — my| < |my —my| ANDmy <12 Gev/c
. my; > 70 GeV ¢ e+
v
Z1: candidate with invariant mass closest to the PDG Z Z>

If multiple Z2s are present, the one with the largest pT sum of the leptons is retained

Martina Manoni | HIG-25-015 pre-approval | HZZ meeting - 16/01/2026



Fiducial phase space

* (Cross section is measured by unfolding experimental data to the fiducial

phase space at generator level
* The definition of the phase space is the same as in HIG-21-009

Total phase
space

Experimental
selections

Fiducial phase space

Model independent measurement \/
Easy re-interpretability \/

Requirements for the H — 4/ fiducial phase space

Lepton kinematics and isolation

Gen-level isolation

Z1: OSSF pair of
leptons closest to
the Z mass

leading lepton pt pr > 20 GeV
next-to-leading lepton py pr > 10 GeV
additional electrons (muons) p pr > 7(5) GeV
_Pseudorafidity of electrons (muons) In| <2.5(2.4)

pr sum of all stable particles within AR < 0.3 from lepton less than 0.35 - pt |

|, isincluded to
reduce the model
dependence on
the efficiency

Event topology

Z2: second OSSF pair
of leptons; in case of
more than a pair the
one with the highest
scalar pT is chosen

_—

east two SFOS lepton pairs, where leptons satisfy criteria above

e Z, lcandidate 40GeV < m(Z,)< 120GeV
¢ 12GeV < m(Z,)< 120GeV

distance betweeh selected four leptons AR(4;£;) > 0.02 for any i # j

inv. mass of‘any opposite sign lepton pair m(£{te7) > 4GeV

in ass of the selected four leptons 105GeV < my, < 160GeV

the selected four leptons must originate from the H — 4/ decay

Martina Manoni | HIG-25-015 pre-approval | HZZ meeting - 16/01/2026

23



	Folie 0: Higgs boson cross section measurements at CMS
	Folie 1: Analysis overview
	Folie 2: Run 2 combinations
	Folie 3: Run 2 combinations: Measurements
	Folie 4: Run 2 combinations: Measurements
	Folie 5: Run 2 combinations: Measurements
	Folie 6: Run 2 combinations: Measurements
	Folie 7: Run 2 combinations: Measurements 
	Folie 8: Run 2 combinations: EFT interpretation 
	Folie 9: Run 2 combinations: EFT interpretation 
	Folie 10: Run 2 combinations: EFT interpretation
	Folie 11: groß H gegen groß Z groß Z hoch Sternchen gegen 4 l 
	Folie 12: groß H gegen groß Z groß Z hoch Sternchen gegen 4 l : Description
	Folie 13: groß H gegen groß Z groß Z hoch Sternchen gegen 4 l : Description
	Folie 14: groß H gegen groß Z groß Z hoch Sternchen gegen 4 l : Inclusive fiducial cross section
	Folie 15: groß H gegen groß Z groß Z hoch Sternchen gegen 4 l : Inclusive fiducial cross section
	Folie 16: groß H gegen groß Z groß Z hoch Sternchen gegen 4 l : Inclusive fiducial cross section
	Folie 17: groß H gegen groß Z groß Z hoch Sternchen gegen 4 l : Inclusive fiducial cross section
	Folie 18: groß H gegen groß Z groß Z hoch Sternchen gegen 4 l : Inclusive fiducial cross section
	Folie 19: groß H gegen groß Z groß Z hoch Sternchen gegen 4 l : Differential fiducial cross section
	Folie 20: Conclusion
	Folie 21: Summary
	Folie 22: Thank you for listening!
	Folie 23: Backup
	Folie 24: The Higgs Boson
	Folie 25: How to study the Higgs Boson?
	Folie 26: How to study the Higgs Boson?
	Folie 27: Run , 2 , combination: Backup
	Folie 28: Run 2 combination: Results 
	Folie 29: Run 2 combination: STXS 
	Folie 30: Run 2 combination: EFT interpretation 
	Folie 31: groß H gegen groß Z groß Z hoch Sternchen gegen 4 l : Backup
	Folie 32
	Folie 33


  H → Z  Z ∗ → 4 l


  4 e


  4 𝜇


  2 e 2 𝜇


  Run 2 combinations


  Run 2 combinations


  Run 2 combinations


  N =   ∑ bin   [  𝜇  bin   ∙  𝜎 bin SM ∙    ( 𝜖 ∙  A SM ) bin ∙ B  R SM ∙ ℒ ] + bkg


  Run 2 combinations


  Run 2 combinations


  Run 2 combinations


  Run 2 combinations


  E >  E  L H C


   𝒪 j


  d = 6


  Run 2 combinations


  Run 2 combinations


  H → Z  Z ∗ → 4 l


  H → Z  Z ∗ → 4 l


  H → Z  Z ∗ → 4 l


  H → Z  Z ∗ → 4 l


  H → Z  Z ∗ → 4 l


  𝜇


  H → Z  Z ∗ → 4 l


  𝜇


   J / Ψ


   p T


  𝜇  


  H → Z  Z ∗ → 4 l


  𝜇


   J / Ψ


   p T


  𝜇  


    3 . 05  − 0 . 22  + 0 . 17   fb


  H → Z  Z ∗ → 4 l


  𝜇


   J / Ψ


   p T


  𝜇  


    3 . 05  − 0 . 22  + 0 . 17   fb


   𝜎  f i d  4 l =     3 . 11  − 0 . 21  + 0 . 22     (stat.)  − 0 . 12  + 0 . 14   (syst.) fb


  H → Z  Z ∗ → 4 l


  Run   2   combinations :


  First combined legacy Higgs boson measurement by CMS


  EFT interpretations


  H → Z  Z ∗ → 4 l


   N  J e t s


   p  4 l T


  Run   2   combination


  Run 2 combination


   𝜇  i n c l


   𝜇 i


   𝜇 f


   𝜇  i f


  Run 2 combination


  Run 2 combination


  E >  E  L H C


   𝒪 j


  d = 6


   c i = 0 )


  H → Z  Z ∗ → 4 l

