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H — yy decay channel

e Small branching fraction: ~0.2%
e Clean final state, Higgs decay
products (diphoton) fully
reconstructable

e Excellent diphoton invariant
mass resolution (1-2%)

e Sensitive to all the principal Higgs

boson production modes

o  With data collected by the CMS detector
during LHC Run 2 (137fb™)

One of the most important channels
for precision measurements of Higgs
boson properties


https://twitter.com/M_Horn_Chalets/status/1164072157850345474
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More details in talks by Sergio Sanchez Cruz
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and Savvas Kyriacou later today
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H — yy cross section measurements in Run 2
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This talk will present a more comprehensive measurement of the Higgs boson properties

with H — yy channel (signal strength, STXS stage 1.2, coupling modifier) with the full Run %
dataset (2016 + 2017 + 2018)


https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP11%25282018%2529185&v=d3395f3e
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Photon energy

e Correct photon energy with a multivariate regression technique to account for reconstruction effect
o Also predicts its uncertainty
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e UseZ — ee events to derive

additional corrections (with electrons
reconstructed as photons)

Correct drift of energy scale in data
over time as a function of LHC fill
Correct energy scale (resolution) in
data (simulation)
By aligning dielectron mass
distribution between data and
simulation



Events/0.07

Photon identification

e Use a ID BDT to separate genuine photons from jets mimicking a photon
e Trained on y+jet simulation, input variables include:

o Shower shape/isolation variables, photon energy and n, variables sensitive to pileup
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STXS & Analysis strategy

e STXS framework provides a coherent approach to perform precision Higgs boson measurements

Measure cross sections in mutually exclusive
regions of phase space (bins), which are defined
based upon Higgs boson production modes
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An example of bin definition for ggH at stage 1.2




STXS & Analysis strategy

e STXS framework provides a coherent approach to perform precision Higgs boson measurements

Measure cross sections in mutually exclusive
regions of phase space (bins), which are defined
based upon Higgs boson production modes
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An example of bin definition for ggH at stage 1.2

Analysis strategy

Build analysis categories targeting as many
different stage 1.2 STXS bins as possible
Allows measurements to be performed across
all the major Higgs production modes:

o ggH, VBF, VH, tH, ttH
Also provides sensitivity to measure signal
strength modifiers («) and coupling modifiers
(k) in the k-framework

Extract cross section, u and k by performing a
simultaneous fit to the m., distribution in each

category
9



STXS & Analysis strategy

e STXS framework provides a coherent approach to perform precision Higgs boson measurements
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Analysis strategy

Build analysis categories targeting as many
different stage 1.2 STXS bins as possible
Allows measurements to be performed across
all the major Higgs production modes:

o ggH, VBF, VH, tH, ttH
Also provides sensitivity to measure signal
strength modifiers («) and coupling modifiers
() in the k-framework

Extract cross section, u and k by performing a
simultaneous fit to the mYY distribution in each

category
10

* All measurements are performed with m,, fixed at 125.38 GeV, current best Higgs mass measurement (Phys. Lett. B 805 (2020) 135425)



Event categorization

An example of bin definition for ggH at stage 1.2
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Phase spaces that target different Higgs
production mode (ggH, VBF, VH, tH, ttH) are
further divided to explore various STXS bins
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Event categorization

e Phase spaces that target different Higgs
production mode (ggH, VBF, VH, tH, ttH) are

An example of bin definition for ggH at stage 1.2

Stage 1.2 _ further divided to explore various STXS bins

e Certain STXS bins are merged in the analysis
] due to low statistics with current data

I T

[ =odget | | =17et |
pH
o

10
350

700

0.15

b
pr/pY

100
150

These bins are
These VBF-like bins (partially) merged in

are categorized with final measurement
VBF events 12




Event categorization

e Phase spaces that target different Higgs
production mode (ggH, VBF, VH, tH, ttH) are

An example of bin definition for ggH at stage 1.2

Stage 1.2 _ further divided to explore various STXS bins
) e Certain STXS bins are merged in the analysis
due to low statistics with current data
e Each considered STXS region is divided into
analysis categories using dedicated BDTs or
i e DNNs
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Event categorization

An example of bin definition for ggH at stage 1.2

Stage 1.2 _
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VBF events

These bins are
(partially) merged in
final measurement
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Phase spaces that target different Higgs
production mode (ggH, VBF, VH, tH, ttH) are
further divided to explore various STXS bins
Certain STXS bins are merged in the analysis
due to low statistics with current data
Each considered STXS region is divided into
analysis categories using dedicated BDTs or
DNNs
To reject background and maximize
expected sensitivity

81 analysis categories are
considered in this analysis!
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-015/CMS-PAS-HIG-19-015_Figure_013.pdf

Events /class

dggH event categorisation as an example

Use a multi-class BDT (9 classes)
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Other productlon modes (part of) ...
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To avoid ambiguity (one event passes selection criteria for > 1 analysis category)

the highest priority

e Define a priority: analysis category with lower expected signal yield has higher priority
Events that could enter more than one analysis category are assigned to the category with
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Events/0.03

Other production modes (part of) ...
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Other productlon modes (part of) ...
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The analysis of each production mode can easily be expanded to a full talk, more details

can be found in backup slides and | am happy to explain more details in the discussion
session

19



A tHq (H—vyy) candidate

CMS Experiment at the LHC, CERN
~ 4 Data recorded: 2018-Aug-04 19:53:53.824320 GMT

Run / Event/ LS: 320840 / 142108814 / 87
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Signal strength modifiers

Common signal strength modifier ()
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STXS minimal merging scheme

CMS Preliminary 137 o' (13 TeV)
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STXS minimal merging scheme

Stage 1.2 _ = VBF+V(—qq)H
CMS Preliminary 137 fb" (13 TeV)
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STXS minimal merging scheme

Stage 1.2 -VH = V(— leptons)H
CMS Preliminary 137 fb™' (13 TeV)
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STXS maximal merging scheme

17 parameters of interest
STXS bins merged until expected
uncertainty is <150% of SM

prediction

observed (expected) limit on tH

production at 95% CL.:

12 (9) times SM prediction
o(tH) * BR(H — yy): 0.8 +0.8/-0.7 fb

G,ps B [fb]

Ratio to SM
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Coupling modifiers

CMS Preliminary
o S I L I UL - =
K: parameterize potential deviations in  ~ | — < o
the coupling of Higgs boson to other 1sb L
N 1.2
SM particles s i
0.5; 1
For a given process in SM: o + Besti 68
r — 68% CL !
K? = U/O(SM) or K% = F/F(SI\/I) _Lo— 95% CL o
¥ ¢ SM

vl b b by b byw g 1o g
05 06 07 08 09 1 11 12
Ky

CMS Preliminary 137 b (13 TeV)

T IRgCN RRa R ERSA RASES ko R 25 _4
E_ + Best fit | =
8 —68% CL <
Fo s 95% CL 20 Y

¢ SM

[9)]

m,, = 125.38 GeV

0.6F

S T I P N NN SR N ST
06 07 08 09 1 11 12 13 14
Ky

e Resolved k model: scaling factors of the ggH and H — yy loops are resolved into their SM

components, in terms of the other kK parameters

o Perform 2D scans of k,, and k. : universal coupling modifiers to vector bosons/fermions

o Region with negative k. is observed (expected) to be excluded with
e Unresolved kK model: ggH and H — yy loops have their own effective s

a significance of 1.00 (2.30)
caling factors (Kg, KY) o7



Summary

Presented H — yy analysis based on 137fb" of data collected by the CMS
detector during LHC Run 2 (CMS-PAS-HIG-19-015)

e Inclusive signal strength measurement: 1.03 +0.11/-0.09
e Per-production mode signal strengths and coupling modifiers consistent with SM prediction
e Cross-section measurement in the STXS framework at stage 1.2

o Two bin merging scenarios considered (17 and 24 cross sections measured respectively)

o Exclusion limit on tH production at 95% CL is 12 x SM (first time in CMS H—yy result)

o First measurement of ttH cross section in 4 bins of the Higgs boson transverse momentum

More Higgs property measurements with H — yy decay are ongoing, stay tuned!
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Backup

30



Event categorisation for ggH

Events /class

wp EMS Preimnary . WSTR_(3TV)  OMS Preliminary 18R I(3TY) Jse a multi-class BDT (9 classes)
E [ Z— e*e simulation % 1 ggHx100 3 vy
ws:_ ; SDimmati"" Stat: ibsyst.. ung; ] E’ U jetjet B Background stat. unc. g ) .
z ate L Rt L t Data | e Predicts the probability that an
106 - .
g ; event belongs to a given ggH
el ] STXS bin
wh | e 1 ® 5% improvement on accuracy
] of bin assignment
e FEach class is divided into
10* e
: subcategories (different S/B)
: o  With a diphoton BDT
B S Yo 02 o1 o s 10 o Reduces background from
5 20 = 2 = A Diphoton BDT score . .
3 = % 8 3 % SM diphoton production

Predicted STXS class

Consider ggZH events with Z decays hadronically, VBF-like bins are
categorised separately 31



Events/0.03

Event categorisation for qqH (VBF)

FMS.PfeIiTiqa’X S 1'37|be‘1 '(13'Te’V)_ . 107;:I\IIISIPrIeIirIninIaryl — 1'37'be’1 '(13'1—?\2 Categorization iS based on a d|'_|et
= ? B f‘? BDT and diphoton BDT (Target 5
. 1= | STXS bins)

e Di-jet BDT: a 3-class BDT
' 7 e Predict the origin of an event
(VBF, ggH, or SM diphoton)
" _: %; S— ————_ o Diphoton background with
: TR AL . fake photon(s) is modeled

VBF probability score VBF probability score

m Defined by invert photon

. . . ID BDT score
Di-jets pre-selection: jet p. > 40 (30) GeV, |n| <4.7, m, > 350 GeV
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Events/0.04

Event categorisation for qqH (VH Hadronic)

e A Rmme A BT EMS Prelminery FB- BT Categorization is based on a
mmm-— VHx10? o % —- é [ Z— e*e simulation ]
I [ ggHx10° B Background stat. unc. 1 g 40000 |- Simulation stat. & syst. unc. ] VH-Hadronic (VH-Had) BDT and
r L_! Non-prompt ¢ Data o L ¢ Data ]
8000 |- _' i 1 diphoton BDT (Target 1 STXS bin)
- | 30000 i
6000 - 1 200} e VH-Had BDT: a 3-class BDT
. o] e Predict the origin of an event
4000 5
- i (VH, ggH, or SM diphoton)
2000 28 o Diphoton baCkground with
L5
- fake photon(s) is modeled
o ()!2 T ()f-l .' uf(i ' ()!s ' 1o 0'[()).:0 from data Control region
VH hadronic BDT score VH hadronic BDT score

m Same strategy as in VBF
Di-jets pre-selection: jet p. > 30 GeV, |n| < 2.4, 60 < m, < 120 GeV

Consider VH events where W/Z decays hadronically %3



Event categorisation for leptonic VH (2l or 0l)

Events/(0.05)

CMS Prfiminary 137 (13TeV)  _ CMS Prefimnay  137®7(13TeV)  \/H production (W or Z boson decays
I I —o—Dat;I, I—z(_,”)HIX50 ] 3 107 —oI—DaIta I I I—V\II(—->I*‘\})HX.“:00 l i . .
I [oiboson S " — ZvwHx500 [ Diboson leptonically), possible final states
W o W orelt-Yan % 4y — Drell_'Y tan data-driven :
Stat. Uncert. 4{ & EImries@raren 3 include 0, 1 or 2 leptons

e Foreach 3 channels, a dedicated
BDT is used to discriminate
between VH signal and background

e For events without lepton (VH

e e

E : ! : O 25 H H
%%}*“{i%f“”{ 20if mc*;i{i” MET), diphoton background with
QO.gg }—o.ft} Q—io.z 0 0.2 0.4 . 0043—5 08 06 04 02 0 02 04 06 08 1 fake photon(s) is modeled from data

ZH leptonic BDT score VH MET BDT score COﬂtI"Ol region
2 same-flavour lepton 0 selected lepton m Same strategy as used in CMS ttH
60 <m, <120 GeV MET > 50 GeV (H—yy) full Run 2 paper

(arXiv:2003.10866) 34


https://arxiv.org/abs/2003.10866

Event categorisation for leptonic VH (1l)

CMS Preliminary 137 fb (13 Tev) CMS Preliminary 137 fb (13 TeV)
L I ™ LB B LN
p;‘ <75 GeV g Data —W(—>IV)H x 100 10°E pH> 75 GeV - Data —W(—>1v)H x 100
. Y |:| Diboson . . Y D Diboson
[Jtop [ Drell-Yan 10* [Jtop  [@Drell-Yan

[Jy+jet  stat. Uncert. [y +jet = Stat Uncert.

Events/(0.05)
801
Events/(0.05)

5 3
—00.6 -04 -02 0 0.2 0.4 0.6 %6 04 02 0 0.2 0.4 0.6
WH leptonic BDT score WH leptonic BDT score

Select events with one lepton, with additional requirements on
photon ID BDT and events being incompatible with Drell--Yan

This phase space is sensitive to
WH production mode with W
decays leptonically

e To probe finer STXS bins
splitting, use pL(yy) = 75 GeV
threshold as a proxy of p_(V)
to divide events into two
categories

e Due to the presence of
neutrino, the W boson itself is
not fully reconstructable
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Event categorisation for tH

CMS Preliminary 137 b (13 TeV)
) O ttyy — tHq x 200
S Bty + jets —ttHx 10
o 5
=4 s vy +jets
2 1F  mmyy+2biets —+-Data
: v +jets Stat. Uncert.

e O, SR B LLAACNTII

0 01 02 03 04 05 06 07 08 09 1
top DNN

Events/(0.015)

=
o
w

II T llIIllll T llllllll T lllllll] T

102

10

CMS Preliminary 137 fo' (13 TeV)
I ttyy — tHqg x 200
[ tty + jets — ttH x 10
[Cyy +ets
B vy +2bjets —+-Data
[y +jets 7] Stat. Uncert.

0.3 -0.2 -0.1 0 0.1 0.2 0.3

BDT-bkg

Pre-selection: = 1 lepton, = 1 b-jet, = 1 additional jet

Construct a dedicated category
enriched in tHq events where t
quark decays leptonically

e Ultilizes a dedicated DNN and
a tHq leptonic BDT-bkg

e Atop DNN is trained to reject
ttH events, as final states of
tHqg and ttH production are
very similar

e ABDT-bkg is employed to
further reject other non-Higgs

SM backgrounds
36



Event categorisation for ttH

CMS Preliminary 137 b (13 TeV)
& 10 ! P 4 Data [JtH(125)]
= ; By +jetsPlly +jets
£ : Wt + vy t+y
Q 10k g tt+jets 1V +y
w . : [l Other
10° =
102 =
10 =
1
2
15
05
[ | stat. Unc. [ ] Stat. ® Syst. Unc.

1 2 3

Events /0.32

CMS Prellmmary

10°E

137 fb™' (13 TeV)

10°

10*

10°

102

10

+ Data
Wy +jets
Wt +yy

tt + jets
[l Other

OttH( 125)
(v) + jets]
tt+y
V+y

IlI 1 IIIIIIlI 1 IIlIIIlI IR

5
[Stat. Unc. [ ] Stat. @ Syst. Unc.

1 2 3

5 5 7 8

O

Same techniques in recent
CMS Run 2 ttH (H—vy)
paper (arXiv:2003.10866)
for event categorisation
Further requirement on top
DNN score to reduce
contamination from tHq
Construct additional
categories to probe
individual STXS bins

Finer STXS bin splitting

using p(yy)
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Vertex identification

CMS Preliminary 137 b (13 TeV) CMS simulation Preliminary 137 fb' (13 TeV)
E T T T T I T T T T l T T T T I T T T T E [ T T T T l T T T T I T T T T I T T T T I T T T T
S 1"_ _________________________________________ B = - H— yy (m, =125GeV) -
= I et 2 r Data pileup scenario
\Y L == \Y e e R R R R SRR SR S e a R g B R s =]
= | . 3 | I
N° 0.8~ = = N ]
o - 1
2 2 -
s [ oB
N6l - N
‘.5 [~ el Y -
et s}
9 L 7 g 5 ]
8 o4l Zhp - B
e s = D_ata ) E —}— True vertex efficiency ]
[ —— Simulation
B 1 Average vertex probabili
02 2 b
o [ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 0 5 B 1 1 1 1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
0 50 100 150 ) 200 K0) 50 100 150 200 250
p." (Gev) P’ (GeV)

Use a BDT for vertex identification, if vertex position is true within 1
cm then myy resolution is dominated by photon energy resolution

e true for ~79% events in simulation Vertex
e |ID BDT validated with Z—uu events

Vertex probability BDT

Estimates probability of
assigned vertex position
being true within 1 cm
One of the input to the
diphoton BDT

38



STXS maximal merging scheme

Stage 1.2 _ _ CMS Preliminary 137 fb”' (13 TeV)
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STXS maximal merging scheme
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e 17 parameters of interest

e STXS bins merged until expected
uncertainty is <150% of SM prediction
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STXS maximal merging scheme
Stage 1.2 — V(= leptons) H

o] |aiim | CMS Preliminary 137 o' (13 TeV)
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e observed (expected) limit on tH production at 95% CL: 12 (9) tims SM prediction

e o(tH) * BR(H — yy) = 0.8 +0.8/-0.7 fb (best to-date) "



Uncertainty

Integrated luminosity

Photon identification

Photon energy scale and smearing
Per photon energy resolution estimate
Jet energy scale and resolution
Lepton ID and reconstruction

B Tagging

MET

Other experimental uncertainties
Branching ratio

ggH QCD scale

ggH p:' modelling

ggH jet multiplicity

ggH VBF region and m,

qqH QCD scale

qqH migration

Other processes QCD scale

PDF and og normalisation

QCD scale, PDF and o shape

Underlying event and parton shower

CMS Preliminary 137 fb™ (13 TeV)

lJ'VH < = top

Observed [CJExpected
1 1

L 1 L 1 " N M L
0.01  0.02 0.05 0.1 0.1

Uncertainty in W



Signal models

CMS Simulation Preliminary 13 TeV CMS Simulation Preliminary 13 TeV
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Correlations

Maximal merging

ggH 0J low p:'

ggH 0J high p: 0.

ggH 1J low p;'
ggH 1J med p:
ggH 1J high p:
agH >2J low p’T‘

ggH >2J med p;'
ggH >2J high p;'
ggH BSM

ggH VBF-like
qqH VBF-like
qqH BSM

qqH VH-like
WH lep

ZH lep

ttH

tH

Figure 19: Observed correlations between the 17 parameters considered in the maximal merg-
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ggH 0Jlow !
ggH 0J high p:

ggH1.||uwp"‘

CMS Preliminary |, s

n ggH 1J med p?' 0.01-0.00-04 -1
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Figure 21: Observed correlations between the 24 parameters considered in the minimal merg-
ing fit. The size of the correlations is indicated by the colour scale.
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Correlation for per-production mode
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Observed correlations between the parameters
in the per-production-mode signal strengths fit.
The size of the correlations is indicated by the
colour scale
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Stage 0 STXS

STXS stage 0
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