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Exploring H production differentially

Definition offiducial phase spaces to measure F€ross section

Largely model independentmeasurements
Factorizationof theoretical and experimentaluncertainties
Resultseasilyreproducible for future comparisons

+ Test SM predictions FULL PHASE SPACE

for the fullspectra of
observables of interest

+ Probe for the perturbative
QCD modelling of the H

production

+ Sensitive probes for BSM
effects and for new heavy
particles contributing to the ggF
loop
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Exploring H production differentially

Definition offiducial phase spaces to measure Fross section

Different models are provided by theorists to describe the shape distortions due to BSM physics

+ Test SM predictions A Shape distortion
for the full spectra of due to

observables of interest couplings modification
+ Probe for the perturbative
QCD modelling of the H

production A Handle to set

limits on coupling modifiers

+ Sensitive probes for BSM
effects and for new heavy
particles contributing to the ggF
loop

O
()]
)
X
L
M
=
-
)
| -
D
Y
=
A

Differential H cross sectionas a function of g



arXiv:1606.09253

EXpIOring H prOdUCtiOn dlfferentlally arxiv:1612.00283

Definition offiducial phase spaces to measure F€ross section

Different models are provided by theorists to describe the shape distortions due to BSM physics
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sensitive to light quark Yukawa couplingsll¢, and Il ) sensitive to effective coupling to gluon with dir® operator

Full Run 2: Higgs precision measurements era

Differential H cross sectionas a function of g


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801
https://link.springer.com/article/10.1007%2FJHEP03%282017%29115
https://indico.cern.ch/event/900384/contributions/3796010/attachments/2129283/3585497/deflorian-higgs2020.pdf

Measurements: fiducial versus STXS

Two complementary differential measurements to explore H properties

FIDUCIAL DIFFERENTIAL CROSS SECTIONSIMPLIFIED TEMPLATE CROSS SECTIC

Fiducial phase space Granular description of the phase space:
to match as closely as possible the analysis selection Predefined bins to target H production|fy,| < 2.5)
Measurement largely model independent Reduction of theory dependence
of different decay modes (w.r.t. inclusive approach) maximizing experimental sensitivity
Extrapolation to the full phase space Common to different decay modes:
needed to combine measurements easy combination and comparison
Less sensitive to BSM couplings Enhancement of BSM sensitivity
Difficult to include multivariate technigues Large use of multivariate techniques

a many other observables! Relatedpresentations

(Dimitris®  a/nDao® &alks) Davide® walks tomorrow
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https://indico.cern.ch/event/900384/contributions/3796012/attachments/2129477/3586250/Dao_HIGGS2020.pdf

Overview of the analyses

Differential H cross sectionas a function of g



ATLAS

V H—4a
V H-a a
V Combination

Full Run 2 results
139 fb?
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ATLAS

V H—4a
V H-a a
V Combination

CMS

Full Run 2 results: V H—4a
139 fb? v H—WW
Y H—bb
Full Run 2 results:
137 fb1
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Eur. Phys. J. C 80 (2020) 941
CMS-PAS-HIG-19-001

Channel description

SmallB (~0.0124%)
Clean final state: S/B~2

Same flavor and opposite charge lepton pairs

Main backgrounds,
A Irreducible background: ZZ production from qg/gg
A Reduciblebackground: Z+X (misidentifiedleptons)

Fiducial differential measurement
1D maximumlikelihoodfit of the observed m,;
Fit done for each bin of the differentialobservable
Unfolding matrixinversion
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https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0
https://cds.cern.ch/record/2668684

Eur. Phys. J. C 80 (2020) 941
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Comparison with four theoretical predictions Good agreement with POWHEG and

NNLOPS theoretical predictions

Good compatibility between the measurement
and the SM prediction Precision around 2030% for all p* bins
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https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0
https://cds.cern.ch/record/2668684

Eur. Phys. J. C 80 (2020) 941

H —ZZ — 4uWwlinterpretation CHYS-PAS HIG-15:001

Limits on the Hcoupling to the charm quark
exploitingthe information of thep*“region
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https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0
https://cds.cern.ch/record/2668684

ATLAS CONF-2019-029

H—-a a

Clean final state topology and precise reconstruction of the diphoton invariant mass:
powerful channel for precision measurements of a large variety of observables

Channel descrlptlon E - ATLAS Prelimina lH—>yy, J§:13T(-|3V, 139 1o
Sma” B ( O 20/) E I + -¢- Data, tot. unc. . Syst. unc.
~ A _

' . z - == gg—H default MC + XH i

Lower S/B w.r.t. 4a(< 01) % " B NNLOUET ® SCETNNLO @ N°LL + XH?
gg ==+ XH = VBF+VH+{tH+bbH ]

Diphoton pairs. excellent mass resolution 101k n2compatibility: 44%
Main backgrounds. a &ontinuum (estimate E T
from data sideband), atjets, dijet 10-2F

Fiducial differential measurement

Fit to diphoton invariantmass
Unfolding bin-per-bin correction factor
Dominated by statistical uncertainty

Ratio to default pred.

0 50 100 150 200 250 300 _ 350
Pl [GeV]

Good agreement between SM expectation and experimental results
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https://inspirehep.net/literature/1743893

ATLAS CONF-2019-029

H —a dnterpretation

Light Yukawacouplings interpretation
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Finer binning at lower p? {o:

more statistics; i i

probe the charm Yukawacoupling; |

probe the region where resummation L —

effects are important.
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https://inspirehep.net/literature/1743893

arXiv:2007.0198419-029

—WW analysis strategy

First differential measurement in HWW with full Run 2 data

Motivation

Large B (H— WW, 21.4%): final state sensitivitycompetitive with @ and ZZ
The full p{* spectrum can be studied

137 b1 (13 TeV)
. . CMS — H(125) whw™ tT+HW I Nonprompt
Channeldescription Bt B Obrbuckgond 2 Unotaity = Obsseesd
0<p' <20GeV 1 20 < pl' <45 GeV ]

Fullyleptonic final state (B ~0.5%): e Y ¢ d

Good signal sensitivity

Large backgrounds. WW, top quark (tt, tW),
nonprompt leptons from single W

Poor resolutiondue to 4 pair

Events / GeV

Events / GeV

Statisticalanalysis

Two observables m*“tand m-"
Differenttemplate binnings
Signal extraction and unfolding
simultaneouslyperformed

Events / GeV
*

501 1+ .

20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
m! (GeV)
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https://arxiv.org/abs/2007.01984

arXiv:2007.0198419-029

H — WW differential cross section

Bin widths at lower g values dictated by the resolution op,™ss
that affects the resolution of p"
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Two theoretical predictions:
POWHEGand Madgraph

Regularizationprocedure:

unfolding highly sensitiveto the statistical
fluctuationsin the observeddistributions,
especiallyfor the p;* measurement

Uncertaintiesaround 20% at low p"

Good agreement with the theoretical
predictions in all bins
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https://arxiv.org/abs/2007.01984

arXiv:2006.13251

H—bb

Differential exploration of the high p' region at 13 TeV relying on boosted Higgs

Motivation 187 (13 Te
Largest B (58.1%) E 25000 clMs | | '___W | |
Alternative way to study the H-t coupling ~ 450 <p, < 1200 GeV oz

o . . H ~ 20000 Deep double-b tagger R’l Hiiet
SenS|t|V|ty_to BSM coupllngs at hlgh Pt 12 Passing region £ Total background
(due to the increased statistics availablg © purivdiiett

Ll 15000

Channel description

| | 10000
Dominant production mode: ggH

(larger VH contribution increasing p;)

III|IIII|IIII|IIII|II\I-I—V

IIII|IIII|IIIB|IIII|II\I|_

. . . 5000
Poor kinematic resolution
Large background rates )
| AP .
Analysis strategy ik ot !
5
Boosted AKS jets (two prong substructure) —i_ t 4 ]
Soft-drop (SD) mass algorithm T80 80 100 120 140 160 180 200
Search for peak in jet mass spectrum Mgp (GeV)

Large effort by theory community toprovide precise predictions for boosted H production
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https://arxiv.org/abs/2006.13251
https://arxiv.org/abs/2005.07762

H — bb: differential cross section
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Differential cross section for a higlp+ Higgs produced throughgluon fusiorn
maximum likelihood unfolding technique
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ggH splitting in three particle level p;-
bins following STXSrecommendations

300 - 450, 450 - 650 and > 650 GeV
(designedto target BSM effects)

SM rates assumed for other production
modes

Local si gni foverexpected SM productior rate for pt* 0650 GeV
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https://arxiv.org/abs/2006.13251

ATLAS-CONF-2019-032

First Run 2 combination

Combination ofHZZ4aand Ha differentialcross section
as a function of pH
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http://cdsweb.cern.ch/record/2682844/files/ATLAS-CONF-2019-032.pdf

Summary

Differential cross section measurements
as a keyto further explore the Hphysics
and search for BSMeffects:
large interest on p-

Rich set of differential measurements based on full Run 2 statistics
by ATLAS and CMS:
all measurements have beeriound to be consisteniwith the SM expectation

Work ongoing on other analyses andmproved set of results expected from
full Run 2 combinations

Thank youl!
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Simplified Tremplate Cross-Sections(1.2)
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| -framework

Parametrization based on the coupling strength modifiers
used for the interpretation of most of the LHC results

Extensively used characterization of Higgs coupling properties in terms of individual
coupling modifiers, corresponding to tree-level Higgs boson couplings to each particle
(Mo Iy W, g, g, Ty Ty), @and three additional effective coupling modifiers(ll o, I, | ):

Simple way to parametrize potential deviations in the couplings of the Higgs to bosons
and fermionsaccording to the SM predictions

The ll-framework can be generalizedto incorporate a BSM width (invisibleand untagged
decays):

Differential H cross sectionas a function of p-H



H-ZZ—-4w

Dressed leptons. p;2 > 5 GeV,
T4 < 2.7, p;223 > 20, 15, 10 GeV,
dR@, § >0.01

Jets: p; > 30 GeV, dR(@ jet) > 0.01,
ly| < 4.4

Mass range:
m,s=[105, 160] GeV

Eur. Phys. J. C 80 (2020) 941
CMS-PAS-HIG-19-001

Dressed leptons. p£® > 7 (5) GeV,
ITeW| < 2.4 (2.5), p;22 > 20 (10) GeV,
| ¢<0.35,dR@ § >0.02

No event categorization and
kinematic discriminants

Mass range:
m,, = [105, 140] GeV

Fiducial differential measurement
1D maximum likelihood fit of the observe,;

Differential H cross sectiomas a function of p-H


https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0
https://cds.cern.ch/record/2668684

Eur. Phys. J. C 80 (2020) 941

H —ZZ — 4uwidifferential cross section
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https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0

Eur. Phys. J. C 80 (2020) 941

H —-ZZ — 4WATLAS interpretation

Limits on the Hcoupling to the charm quark
exploitingthe information of thep;*“region

Three different approaches adopted to constraii , and Il _:
pr*3shape only;
pr*adifferentialxsec;
both the predicted p;*@ cross section and modificationsto the B due to llb and I c.

go L L |\|||||‘|||| B zo :||||||\|||||||\||\‘\||||||\|‘||||||||:| MQ :IIII|I\II|IIII\\Illlll\lllll.ll\\\III-—I-
25:_ATLAS + Best Fit — _ATLAS + Best Fit . 12_—ATLAS + Best Fit E

e 68% CL. . ool 68% CL. 1 - ~--+ 68% CL.
oo-H = ZZ" — 4l — 95% CL. - rH—-ZZ" >4l — 95% CL. . 1oH = 22" — 4l — 95% CL.

- Ys=13TeV, 139 o™ * SM ] " Ys=13TeV, 139 fb™ * SM ] - {s=13TeV, 139 fb' * SM

15[ Best Fit p-value: 0.10 - 15[ Best Fit p-value: 0.09 - - Best Fit p-value: 0.10

10

= [11.7, 10. 5]@95% OL = [7.46, 927]@95% OL
||b_ £3.21, 450]@95%CL Ilb— [1.82, 334]@95%CL
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https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0

ATLAS CONF-2019-029

H—-a a

Clean final state topology and precise reconstruction of the diphoton invariant mass:
powerful channel for precision measurements

E 500001 ?:I”.AS IPlreIIimlinlarS/ | ¢ Data _:
g L Vs=13TeV, 139 fb" — Fit . : : :
2 40000, e Blackground _f Fiducial selection
i F E Photons |T| <2.37 andt p{/ p;°<0.05
- . (excluding1.37 < [T| < 1.52)

20000/ =

10000;— Hosyy. m. — 12509 GoV ; Jets: anti-ll;, R=0.4, p; > 30 GeV, |s| < 4.4
T s00E e : i
2 1000 Diphoton: N;> 2, p;2/ m; 2 0.35,
€ 500 P22/ m; > 0.25, m; =[105, 160] GeV
; 0
T -500E . . . .
a 110 120 130 140 150 160

m,, [GeV]
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https://inspirehep.net/literature/1743893

JHEP 01 (2019) 183

H —a acMS 2016 differential cross section

~_ CMms 35.9 fb" (13 TeV)
> 100 H—>vy
o 10 }
g 104 4 Data, stat @ syst unc. —‘HX=VBF+VH+ttH aMC@NLO
_ _ ) é 10° | Systematic uncertainty %gg: AMCENLO, N:;OPS+HX
Fiducial region S L, Lramener
- . %% ggH POWHEG + HX
pTallmé_ ngaZ/mé£> 1/3 (1/4) Sg 10 G, (H- ) from CYRM-17-002
| ER.S 3 !
. -1 . aan
Total  hadronic  energy b —_ =,

- 10 | 6,4 (P! >350 GeV)/150
(Is?;z\) sSmaller than 10 10° e aa—
GeVinaconeofd R=0.3 T e

0 50 100 150 200 250 300 350 400 450 500
2

pP-f Rmost precise measurement (~40% average uncertainty)
Largest number of bins

Good agreement with three different theoretical predictions
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https://link.springer.com/article/10.1007%2FJHEP01%282019%29183

JHEP 01 (2019) 183

H —a &ouble differentialdistributions (p* & Njet)

Cross section measured in 9 bins
with uncertainties ranging from ~35% to ~60%

CMS 359 fb™" (13 TeV) CMS 359 b (13 TeV) CMS 35.9fb" (13 TeV)
—_ C — C — 102 —
o H— vy _ 3 H— vy _ = 1 EH Sy _
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https://link.springer.com/article/10.1007%2FJHEP01%282019%29183

ATLAS-CONF-2019-029

H —a BATLAS EFTinterpretation
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Differential measurements of various observables can be used to constrain dimensionle:
Wilson coefficients of dimensiorsix anomalous interactions of EFTLagrangian

No BSM contributions observed
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https://inspirehep.net/literature/1743893

arXiv:2007.0198419-029

H — WW differential cross section

Correlation matrices among p" signal strength measurements

CMS 137 fb' (13 TeV)
z
Q >200 0.034 0.010 0.039 0.020 -0.083
g
NS
120-200 0.052 0.040 0.101 -0.176 -0.197
80—-120 0.114
45-80 -0.019
20-45 0.283 -0.076 0.026
0-20 -0.130 0.130 0.008

0-20 2045 45-80  80-120 120-200 >200
pH(GeV)

Regularization term tends to smooth out unphysical anticorrelations
and minimizes the global correlation coefficient.

Differential H cross sectionas a function of p-H


https://arxiv.org/abs/2007.01984

arXiv:2007.0198419-029

H — WW differential cross section

Binning of the differentiabasis observables and signal categorizations used in each bin

H
Pt

Binning (GeV): 0-20 2045 45-80 80-120 120-200 >200

Categorization: 4W 4W 4 3W 2W 2W

Z\]jet
Binning: 0 1 2 3 >4
Categorization: 4W 4W 2W 1DV 1W

Observed cross sections in fiducial g* bins
Regularized u

o
(GeV) (fb) Value stat exp signal bkg  lumi (b
0-20 2745 1374030 126+027 <£0.17 4019 +£0.01 =£0.10 £0.03 +0.00 34.6+7.5
2045 2476 0524042 0.734+036 4024 4025 +0.01 +£0.10 £0.03 —-0.12 182489
45-80 1528 155+041 1.30+0.33 =+0.24 4020 +0.03 =£0.09 +0.03 —-0.03 :19.9 +5.2

80-120 7.72 049+052 0794042 =£0.32 =£0.25 +0.02 +0.08 +£0.03 —-0.16 ;6.1+3.3

120-200 5.26 1.34f8:ié 1.14+041 =£0.29 =£0.27 40.04 =+£0.08 =+£0.03 +0.11 [6.0£2.2

>200 2.05 064708 073708  +038 +£042 fpp  £0.10 +0.03 +0.19 :1.5i1.2

H

Differential H cross sectionas a function of p-H


https://arxiv.org/abs/2007.01984

arXiv:2006.13251

H —Dbb

Differential exploration of the high p' region at 13 TeV relying on boosted Higgs

137 o' (13 TeV)
S25000F T T T T T T T T T T T T T T T
8 - CMS W ]
I~ — 450<pT<1200 Gev e E -
~— [ Deep double-b tagger o i ]
12/ 20000_ Passing region %gcl){[glﬁackground i
ity At i N 7 S B M H(bb), 1 =3.7 ]
i . . ! > = ¢ Data —
; Inclusive signal strength . W 15000} =
i gy S AA B AT A A (A E R - i
Yes=o% 1 pg (OOAQ (@WQO05 (OEAT | -
i o i 5000 -
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G 38U T 8 X A oL
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Ay ol ¢
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Large effort by theory community toprovide precise predictions for boosted H production

Differential H cross sectionas a function of g


https://arxiv.org/abs/2006.13251
https://arxiv.org/abs/2005.07762

H — bb: differential cross section

(GeV)

> 650

o

450-650

300-450

arXiv:2006.13251

Differential cross section for a higlp+ Higgs produced throughgluon fusiorn
maximum likelihood unfolding technique

CMS Simulation

(13 TeV)

ggH splitting in three particle level p"

| | | 7 2 . . .
| | £ bins following STXS recommedations
01 F05 e 6 ?_< 300 - 450, 450 - 650 and > 650 GeV
. I 5 T
, o Each p;" bin is considered as a separate
35 |« 27 | 20 @ 14 o S process with a freely floating signal
3 " strength in the likelihoodfunction;
- o I P other production modes are fixed to SM
03 i expectation.
e e Ry e el No regularization performed in the
p. (GeV) unfolding procedure
pH (GeV) 300-450 450-650 >650
Measured 580 £790 +43 29 +11
+720 (stat) == 350 (syst) +37 (stat) &£ 22 (syst) +9 (stat) £ 7 (syst)
LHCHXSWG — 160 )7 21 03
HJ-MINLO 89 *ao 135 30 19 +04
Ref. 152 +46 +10 7.6 +3.0

Differential H cross sectionas a function of p-H


https://arxiv.org/abs/2006.13251

arXiv:2006.13251

H—bb

Alternative fit: independent signal strength per ' category

137 b (13 TeV)

[800, 1200] GeV| CMS

+4.5 =
Ho= 9.1,] :

[675, 800] GeV
n,=8.77]

5 g 5 An independent |, is assigned to each
[600, 675] Ge . of the six reconstructed jet g bins:

+3.0
= 8.3,

550, 600] GeV . . :
[ ) =3_7L7e | | Y unconstrained in the fit and
500, 550] Gev| varied simultaneously |
b - 367 - all other parametersare profiled.
[450, 500] GeV : :
uH=—O.5j§;

10 -5 0 5 10 15
uH

Excess with respect to the SM expectation for categories with jetfabove 550 GeV.
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https://arxiv.org/abs/2006.13251

Phys. Lett. B 792 (2019) 369

Combination

o CMS 35.9 fb' (13 TeV)
%) ? Ac(p. > 600) / 250
Q 15—%} i 4 As(pl > 200) / 120
-8_ - %"'H"" i A(p!! > 600) / 250
~ 10 Ll o
T+ ¢ Combination ?%f Most preciselymeasuredwith 4a+ a a
% 102 Systune = Sensitivityat high p;improved by boosted
< -- HI bb
10° H— vy l
E H->2z2z s 1 Vl
1074 a i
3 fm:gf:;io'j::%zs { Probe p; modelingofggH up to 1 TeV
T T | Uncertaintiesin the high p;- region at the
S X level of 20 - 30% with full Run2 dataset
S 3F
ftl 21_?&-;? S S L 3 !
g
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https://www.sciencedirect.com/science/article/pii/S037026931930228X?via%3Dihub

Phys. Lett. B 792 (2019) 369

Combination

Possibility to constrain coupling modifiers fitting theoretical predictions for'p to data:
results are dependent on the assumptions o8 under coupling variation

Assuming B freely floating:
nuisance parameters with
no prior constraint

Differential H cross sectionas a function of p-H



