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The H—>ZZ—4 leptons channel

» H—>ZZ(*)—>4 leptons (e, M):
= (Clean experimental signature, large S/B, excellent resolution, full reconstruction of final states
= Allows wide variety of precise measurements: mass, width, couplings (SM-like, BSM, on-shell,
off-shell), CP-violation studies, high mass searches, ...
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CMS-HIG-16-041

H—ZZ—4 leptons Run lI: Recent highlights

HIG-16-041, JHEP 1711 (2017) 047 -

= |nclusive and differential fiducial cross-sections
= 2016 data (35.9 fb)
= Most precise LHC measurement of m,, (1.7 per-mille!)
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HIG-18-002, Accepted by PRD:

= on-shell/off-shell properties.

= Combination of 2011 to 2017 data
= Most precise LHC constraints on T,
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ELLEL N LA L L I L LA LA IR B
. CMS
. — Observed
| --- Expected o
10 — Observed, 2016+2017 o
-~ Expected, 2016+2017 g
. g
-~ o
o E;
»
1
<
O
Parameter Observed Expected

I'y (MeV) 3.212510.08,9.16] 4.1137[0.0,13.7]

¢00-81-OIH-SVd-SINO



Full Run Il Analysis Strategy
This talk: measurements will full Run Il dataset (2016+2017+2018): 137.1 fb-1 )

> Select events with 4 primary isolated leptons (**) > Main Backgrounds:
* Muons (electrons) down to 5 (7) GeV » [rreducible (qg/gg—ZZ) from simulation
= 40<m,,<120 GeV, 12<m,,<120 GeV = Reducible (Ztjets, ttbar, ...) “Z+X": from data
= m,>70GeV

> Extensive usage of Matrix-Element Method (MEM)
= MEM-based kinematic discriminants
 Separation of Higgs vs background
 Separation of various Higgs production modes

» Measurements:
= Couplings
» Simplified Template Cross-Sections (STXS)
= Differential cross-sections

(*) Full analysis of 2018 data + re-categorization of 2017 (HIG-18-001) : ) .
: **) Details on exact ZZ choice algorithm in back-u
and 2016 (JHEP 1711 (2017) 047) public results &) J P 4




Simplified Template Cross-Section (STXS), Stage 1.1

> Slmpllfled Template Cross-Section (from LHC XS group):
Measure cross-sections in truth-level phase space regions
» separated into production modes
= Target maximal sensitivity while minimizing theory dependence

lyH|<2.5 at generator level

= Designed to be “easily” combined across channels & experiments _ = VBF+V(—aqq)H
= Results can be input to EFT interpretations [Com =]

» Measurement using “Stage 1.1” latest recommendation (*)
= Split modes into dominant kinematic regions:
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Experimental Categorization (1)

> First, separate Higgs production modes (7 categories)
= Events split according to N ictss Nigptons
= +cuts on dedicated MEM-based discriminants (D, Dyie, Dypy)

%\

VBF-2jets-t_agged VH-hadronic-tagged || VH-leptonic-tagged || VBF-1jet-tagged ttH-hadr-onic-tagged mtagged

—_

ttH-leptonic-tagged
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Experimental Categorization (2)

» Second, further split for STXS measurement (22 categories in total)

= Events split according to mjj, pT(H), N

-jetss

etc...

VBF-2jets-t_agged VH-hadronic-tagged || VH-leptonic-tagged || VBF-1jet-tagged ttH-hadr-onic-tagged mtagged

ttH-leptonic-tagged

VBF-27/pT>200: pr > 200 GeV and m;; > 350 GeV;

VBF-273/m3J[350,7001: py < 200GeV, pi¥ < 25GeV, and 350 < my; <

700 GeV;
VBF-23/mJJ>700:py < 200GeV, py” < 25GeV, mj; > 700 GeV;

VBF-33/mJJ>350:p) < 200GeV, py” > 25GeV, mj; > 350 GeV;

VBF-rest: if not above.

VH-1ep/pT[0-150]: pf < 150GeV;

VH-lep/pT>150: p > 150 GeV.

VH-had/mJJ[60-120]: 60 < nj; < 120GeV;

VH-rest: not above.

ggH/pT>200: the Higgs boson has p¥ > 200 GeV;

ggH-03/pT [0, 10]: Ojet reconstructed and 0 < p? < 10GeV;
ggH-03/pT[10-200]: 0jet reconstructed and 10 < p? < 200 GeV;
ggH-13/pT[0-60]: 1jet reconstructed and 0 < p? < 60GeV;
ggH-13/pT[60-120]: 1jet reconstructed and 60 < p? < 120 GeV;
ggH-13/pT[120-200]: 1 jet reconstructed and 120 < p? < 200GeV;
ggH-273/mJJ>350: 2 jets reconstructed and ;> 350 GeV,
ggH-23/pT[0-60]: 2jets reconstructed, 0 < p¥ < 60 GeV, and Mg < 350 GeV;

ggH-23/pT[60-120]: 2 jets reconstructed, 60 < p¥ < 120GeV, and ;i <
350 GeV;

ggH-23/pT[120-200]1: 2 jets reconstructed, 120 < p? < 200GeV, and mj; <
350 GeV.
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Events / 10 GeV

Results: m,, distribution (inclusive)

We’ve come a long way since the discovery...
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Events

Results: m,, distribution (22 categories)

Expected and Observed number of events in 118 < m4l < 130 GeV range,
for each of the 22 categories for STXS measurement

137.1 fo' (13 TeV)

CMS Preliminary 2016 + 2017 + 2018

—h
o
N
|

ggH-0j/pT[0,10]
ggH-0j/pT[10-200]

ggH-1j/pT[0-60]
ggH-1j/pT[60-120]
ggH-1j/pT[120-200]

l

ggH-tagged

ggH-2j/pT[0-60]
ggH-2j/pT[60-120]

S99
S8 4
Nl o T/
- T £
|—o):‘;
o 39
N o>
T (o))
[@)]

(@)]

VBF-1j
VBF-rest

VBF-2j/mJJ[350,700]

l

® Data
[ H(125), ggH
[ H(125), bbH
I H(125), VBF
[ H(125), VH

VBF-tagged

VBF-2j/mJJ>700
VBF-3j/mJJ>350

l

VBF-2j/pT>200
VH-had/mJJ[60-120]

I

[ H(125), ttH
[ H(125), tH
[ 9922, Zy*
I 9927, Zy*
B Z+X

(=)
R R
|"'_A
Io>§
>';'|—
= £
o g
a 2
< T
T =
>

ttH-had



Signal Extraction

Signal extraction in each category: 22 x 3 (4e, 4mu, 2e2mu)
2D fit, m4l vs MEM-based Kinematic Discriminant

Lop (myy, Dyiy) = L(mae) £(Dyieg ma).

D% 9gH vs qqZZ (decay information only) Dyr®e¢: VH vs ggH, SM bkg
for un-tagged, VBF-1 jet, VH-leptonic, ttH cat. (decay + production info)
for VH-hadronic-tagged cat.

MS Preliminary 59.7 fb" (2018 13 TeV)
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Measurement: Signal strength & STXS Stage 1.

CMS Preliminary 137.1fb" (13 TeV)
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Measurement: Fiducial Cross-Sections

» Unfold cross-section to truth-level fiducial volume, closely matches reconstruction level (see back-up)
» Experimentally: maximum likelihood fit of the signal and background parameterizations to the observed 4l

mass distribution in every bin to measure.

No categories used,
my=125.09 GeV assumed

Events / (2.33 GeV)

Example of mél fit in a given bin in pT
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Fiducial Cross-sections (inclusive)
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Fiducial Cross-sections (differential)

» Unfolding performed by including response matrix in the likelihood

» Comparisons to predictions from POWHEG and NNLOP§

do,, /de(H) (fb/GeV)

Ratio to NNLOPS
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Summary & Prospects
First CMS Higgs results with Full Run Il statistics.

> Several measurements reported: Total Uncertainty ~10%

= Overall signal strength: # = o /0, =0.9477 (systematics and statistics at the same level)
= 0.9477; (stat.) g7 (Syst.)

Vector boson and Fermions couplings modifiers:

HegH, (THbbH,tH = 0.96707; and pygpyy = 0.83753%:.

= First measurement of STXS Stage 1.1

Fiducial (total) cross-section:

Ora. = 2731539 = 27315 (stat.) Ty To(syst.) fb

* In perfect agreement with SM predictions:

ooy = ETE:I:{}Iribe
And differential cross-section: pT(H), Y(H), N(jets), pT (leading jet)

» Harvest of Run Il is just starting:
= Paper in the pipeline with improved reconstruction and calibrations and reduced systematics
=+ other measurements to come: mass, width, tensor structure
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Reminder: Higgs production & decay at colliders

Main production Modes Main decay Modes
(for mH=125 GeV, LHCXSWG 4)
Glusion fusion (ggH) Vector Boson Fusion (VBF)
48.58 pb 3.78 pb
(e
H
v = dgem = =
TR0
Associated Associated
production with production with
Vector Boson (VH) quarks (ttH, bbH)
1.373 pb (WH) 0.5071 pb (ttH)
0.8839 pb (ZH) 0.488 pb (bbH)

Wz



HZZAl: Selection

ZZ CANDIDATE SELECTION 17

Z candidate = any OS-SF pair that satisfy 12 < my,) < 120 GeV

Build all possible ZZ candidates, define Z1 candidate with my,,

closest to the PDG m(Z) mass 21
» mz1 > 40 GeV, pr(l11) > 20 GeV, p1(12) > 10 GeV
» AR>0.02 between each of the four leptons \/
» my > 4 GeV for OS pairs (regardless of flavour) za| -
» reject 4p and 4e candidates where the alternate pairing /\
7.7y satisfies |[m(Z.)-m(Z)|<|m(Z1)-m(Z)| and m(Z,)<12 GeV g,,,
» myg > 70 GeV 22

If more than one ZZ candidate is left, choose the one of highest DEL%
If Dﬁ% is the same, take the one with Z1 mass closest to m(Z)

FSR RECOVERY

FSR recovery steps
» Per-lepton FSR recovery

» y preselection: pr>2 GeV, || < 2.4

» photon relPFlso < 1.8

» Electron SC veto by PF reference

» Associate y to the closest loose lepton

» AR(y,l) < 0.5 and AR(y,l)/ET,?< 0.012,
choose photon with lowest AR(]/,I,’)/ET,},2

» Remove selected FSRs from lepton
isolation cone for all loose leptons




HZZAI: First Categorization

The VBF-2jet-tagged category requires exactly four leptons. In addition, there must
be either two or three jets of which at most one is b tagged, or four or more jets none
of which are b-tagged. Finally, Dyt > 0.5 is required.

The VH-hadronic-tagged category requires exactly four leptons. In addition, there
must be two or three jets, or four or more jets none of which are b-tagged. Dyy =
max(Dzy, Dwy) > 0.5 is required.

The VH-leptonic-tagged category requires no more than three jets and no b-tagged
jets in the event, and exactly one additional lepton or one additional pair of OS,
same-flavor leptons. This category also includes events with no jets and at least one
additional lepton.

The ttH-hadronic-tagged category requires at least four jets of which at least one is
b tagged and zero additional leptons.

The ttH-leptonic-tagged category requires at least one additional lepton.

The VBF-1jet-tagged category requires exactly four leptons, exactly one jet and

Untagged category consists of the remaining selected events.

19



Expected and Observed number of events (118<m4i<130 GeV)

Event Signal Total Background Total | Observed
category gegH VBF WH ZH ttH bbH tqH |signal | qq — Z2Z gg —Z7Z 7 +X | expected
ggH-0j/pT[0,10] 253 008 0.02 0.02 0.00 014 0.00| 256 26.5 0.97 1.19 54.2 61
ggH-0j/pT[10-200] 86.8 1.69 0.54 0.86 0.00 090 0.00 | 90.8 35.4 3.79 15.5 145 153
ggH-1j/pT[0-60] 262 143 050 045 0.01 043 0.01| 29.1 10.3 1.19 5.54 46.1 40
ggH-1j/pT[60-120] 124 124 045 047 0.01 010 0.01 | 14.6 2.76 0.16 3.21 20.8 17
ggH-1j/pT[120-200] 3.31 0.62 0.17 026 0.00 0.02 0.00 | 4.38 0.38 0.00 0.52 5.28 6
ggH-2j/pT[0-60] 368 029 014 014 006 0.09 0.02| 442 0.97 0.15 2.07 7.60 9
ggH-2j/pT[60-120] 5.17 0.54 022 022 0.09 004 002 ]| 6.30 0.84 0.07 1.86 9.06 12
ggH-2j/pT[120-200] 290 040 0.15 0.17 0.07 001 0.02 | 3.71 0.26 0.00 0.40 4.37 5
ggH/pT>200 272 065 021 024 006 0.01 0.02]| 391 0.16 0.00 0.21 4.28 2
ggH-2j/mJ]>350  0.82 0.17 0.06 005 004 001 0.01| 1.16 0.16 0.02 0.65 1.98 3
VBF-1j 142 294 020 018 000 012 0.01 | 17.6 2.37 0.43 1.05 21.5 20
VBF-2j/m]J[350,700] 0.80 1.11 0.01 0.01 0.00 0.01 0.00 | 1.95 0.08 0.02 0.04 2.09 2
VBF-2j/m]J>700 043 180 0.00 0.00 0.00 0.00 0.00 | 225 0.02 0.01 0.03 2.31 2
VBF-3j/m]J]>350 243 215 0.06 0.07 0.02 0.03 0.05]| 4.81 0.24 0.06 0.96 6.07 6
VBE-2j/pT>200 042 076 0.01 001 001 0.00 001 | 1.22 0.01 0.00 0.03 1.26 0
VBF-rest 240 087 011 010 0.03 0.04 0.01]| 3.56 0.34 0.06 0.74 4.70 2
VH-lep/pTV[0-150] 0.24 0.04 071 025 0.08 0.02 0.02| 1.37 0.82 0.14 0.40 2.72 5
VH-lep/pTV>150  0.02 0.01 0.21 0.08 0.04 0.00 0.01| 036 0.01 0.00 0.02 0.40 0
VH-had/m]JJ[60-120] 4.11 025 1.01 120 011 0.07 0.02 | 6.77 0.70 0.05 1.36 8.89 8
VH-rest 056 0.04 0.08 007 0.03 000 0.00| 0.77 0.08 0.00 0.15 1.01 1
ttH-had 019 005 0.03 0.06 082 001 0.03]| 1.19 0.01 0.00 0.45 1.66 2
ttH-lep 0.02 000 0.02 0.02 060 0.00 0.03]| 0.70 0.03 0.00 0.12 0.85 0
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Signal Purity

CMS simulation Preliminary 137.1 fb' (13 TeV)
] 9gH-0j/pT[0,10] ) 9gH-2j/pT[60-120] I qqH-2j/mJJ[60-120] __] VH/pTV[0-150]
B 99H-0j/pT[10-200] I ogH-2j/pT[120-200] [ qqH-2j/pT>200 [ VH/pTV>150
[ 9gH-1j/pT[0-60] I 99H/pT>200 I aqH-2j/mJJ[350,700] [ bbH Expected
[ 9gH-1j/pT[60-120] B ogH-2i/mJJ>350 [ aqH-2j/mJJ>700 [ ttH events
[ 9gH-1j/pT[120-200] [ aqH-3i/mJJ>350 o tH
2 ggH-2j/pT[0-60] I qqH-rest
S ggH-0j/pT(0,10] 25.6
o ggH-0j/pT[10-200] 90.8
D ggH-1ipTI0-60] 29.1
5 9gH-1/pTI60-120] 14.6
Q  ggH-1j/pT[120-200] 4.38
©  9gH-2i/pT[0-60] 4.42
D ggH-2/pT[60-120] 6.30
O ggH-2j/pT[120-200] 3.71
g ggH/pT>200 3.91
) ggH-2/mJJ>350 1.16
S VBF-1j 17.6
(@] VBF-rest 3.56
O VBF-2j/mJJ[350,700] 1.95
m VBF-2j/mJJ>700 2.25
VBF-3j/mJJ>350 4.81
VBF-2j/pT>200 1.22
VH-had/mJJ[60-120] 6.77
VH-rest 0.77
VH-lep/pTV[0-150] 1.37
VH-lep/pTV>150 0.36
ttH-lep 0.70
ttH-had [0 N D, 1.19

O 01 02 03 04 05 06 07 08 09 1
Signal fraction

Figure 5: Signal relative purity of the 22 event sub-categories in terms of the STXS Stage 1.1
Bins in a 118 < my, < 130 GeV mass window.



Fiducial phase space & Acceptance

Requirements for the H — 4/ fiducial phase space

Lepton kinematics and isolation

Leading lepton pr pr > 20 GeV
Next-to-leading lepton p pt > 10 GeV
Additional electrons (muons) p pr > 7(5) GeV
Pseudorapidity of electrons (muons) 1| < 2.5(2.4)
Sum of scalar pr of all stable particles within AR < 0.3 from lepton <035 pr

Event topology

Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above

Inv. mass of the Z; candidate 40GeV < mz, <120GeV
Inv. mass of the Z, candidate 12GeV < mz, <120GeV
Distance between selected four leptons AR(¢;,£;) > 0.02 for any i # j
Inv. mass of any opposite sign lepton pair My+pr— > 4 GeV

Inv. mass of the selected four leptons 105 GeV < myy < 140 GeV

Signal process Aﬁd € f nonfid (1 + f nonfid)e
Individual Higgs boson production modes

gg—H (POWHEG) 0.402 £+ 0.001 | 0.592 £+ 0.002 | 0.053 £+ 0.001 | 0.624 £ 0.002

VBF (POWHEG) 0.444 £+ 0.002 | 0.605 £ 0.003 | 0.043 £+ 0.001 | 0.631 £ 0.003

WH (POWHEG+MINLO) | 0.325 £0.002 | 0.588 £ 0.003 | 0.075 £ 0.002 | 0.632 £ 0.004

ZH (POWHEG+MINLO) | 0.340 £0.003 | 0.594 £ 0.005 | 0.081 £ 0.004 | 0.643 £ 0.006

ttH (POWHEG) 0.314 £ 0.003 | 0.585 4= 0.006 | 0.169 4= 0.006 | 0.684 4= 0.007
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Systematic Uncertainties

9 Systematic uncertainties

The experimental uncertainties common to all final states include the uncertainty in the inte-
grated luminosity (from 2.3% to 2.5%, depending on the year of data taking) and the uncer-
tainty in the lepton identification and reconstruction efficiency (ranging from 2.5 to 16.1% on
the overall event yield for the 4i and 4e channels, respectively), which affect both signal and
background. Experimental uncertainties in the reducible background estimation, described

The ggH cross section uncertainty scheme has been updated to the one proposed in Ref. [24].
This uncertainty scheme includes 9 nuisance parameters accounting for uncertainties in the
cross section prediction for exclusive jet bins (including the migration between the 0 and 1-jet,
as well as between the 1 and >2-jet bins), the 2 jet and >3 jet VBF phase spaces, different p+(H)
regions, and the uncertainty in the py(H) distribution due to missing higher order finite top
quark mass corrections.

All experimental and theoretical uncertainties which account for possible migration of signal
and background events between categories are included. The main theoretical sources of un-

certainty on the event categorization include the renormalization and the factorization scales,
the choice of the PDF set, and the modeling of hadronization and the underlying event. For
example, uncertainty on the renormalization and factorization scale for dominant ggH pro-
duction mode ranges from 0.1 to 6% and for VBF production mode from 0.1 to 12% depending
on the event category. The modeling of hadronization and the underlying event ranges from 1
to 50% in event categories with 2 jets, from 1 to 20% in event categories with 1 jet, and from 1

to 15% in event categories with no jets.

The main experimental sources of category migration come from the imprecise knowledge of
the jet energy scale and resolution, b-tagging efficiency, and light quarks (u, d, s, c) and gluon
jet mistag rate. For example, uncertainty on the jet energy scale ranges from 2 to 50% for
VBF production mode in event categories with jets and the uncertainty on b-tagging efficiency
ranges from 1 to 2% for ttH production and 1 to 10% for ggH production in the ttH-hadronic-
tagged category.

In the combination of the three data taking periods, the theoretical uncertainties as well as the
experimental ones related to leptons or jets are treated as correlated while all other ones from
experimental sources are taken as uncorrelated.



Signal Strength
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Differential cross-sections (1/2)

= Combination of H—yy and H—ZZ measurements (also boosted H—bb for high pT)

» Increasing luminosity of Run Il now allows precision measurement on differential cross-section.

Sensitive to perturbative QCD modelling,
production mode, yukawa couplings,...

pT(H)

CMS Preliminary  35.9 fo' (13 TeV)

Ac/AN,¢ (pb)

Ratio to prediction

Test of modelling QCD radiation,

N(jets)

production mechanism

10°
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|
.
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DT T
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Probes of PDFs, production mode,...
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Measurement largely dominated by statistics ! Great improvements to come
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HIG-18-001

CMS Preliminary 7747 (13 TeV)
IIIII_.I_III|IIII|IIII|IIII|IIII|IIII
0.18 :
. 1157, - H—ZZ* - 41
ggH.
m,, = 125.09 GeV
075 _ —k— 35.9f" 2016: JHEP 11 (2017} 047
+0.
“‘u'EIF = D-Eg_u_f.? —— —*— 41.5f0" 2017: CMS-PAS-HIG-18-001
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Table 4: Expected and observed signal-strength modifiers for combined 2016 and 2017 data.

Inclusive Mgt bbH HVBF My Hhad HyHiep M, tqH
Expected | 1.00+ 0.10(stat) " (e (exp. syst) Fhe(th.syst) | 1007077 100705 1o0's 100'75 100750

Observed | 1.06 = 0.10(stat) {0 (exp. syst) " h iz (th. syst) | 1155018 0,690 0,000 1257738 0.00755




Differential cross-sections (2/2)

- Bishara et al. K.=-10 |

| PRL 118 (2017) 121801
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» Higgs pT spectrum very sensitive to modifications of the couplings
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» Couplings to b, ¢ & top quarks in k-framework

3CMS Preliminary  35.9 fb™' (13 TeV)

I —| i L L I R— L L L | T—

0 20 40 60 80 100

2C|\I|S Preliminary ~ 35.9 fb™' (13 TeV)

,‘.ZO - | — Combination 7 _El < L |— Gombination i__:l pTrh [GEV]
1.5H—H-2z s & 2§—H%W s &
Fl—H - yy E—H—>ZZ
1C —5 —
Ny Results are dependant on the
o i assumptions about Branching Ratios
: P | (here, assume BR scaling with couplings)
—0.55— --------- |, A,
—1=
C b 1
_1.5?[+Bestfit SM --2¢6 —1o | I l 3:|"I"B§sltflitl - ‘S‘M‘ .“‘2.G| ‘71‘0‘ 1 N i
_8“I_6I”_4HI_2‘HOI“2HI4IIIGHIB _—3 -2 -1 0 1 2 3
Ke K

-09<k, <09 (—1.2<k,<1.2expected)
—-43<k. <43 (=54 <k, <35.3 expected)

27



Higgs width & anomalous couplings (1)

Higgs boson width (4.1 MeV @ 125 GeV) not directly measureable due to limitations from detector resolution (~1 GeV)
= (Can be probed by analysing on-shell & off-shell distributions: St e
p y y g ll ()! I\ Q‘ 14 l{
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PRESS

Jaroada 9%r0a95
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Anomalous couplings enhance off-shell

yield, change m4l & other kinematics
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Higgs width & anomalous couplings (2)
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. — Observed i i
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Luminosity vs Results

Run 1 \ _ Run 2

(s = 7-8 TeV /s =13 TeV
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>150 fb! delivered by LHC
~36-77 fb! analyse
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KIFERIMENT

19.7 167 (8 TeV) + 5.1 167 (7 TeV)

_@ CMS analysis: HVV couplings [

2 42 ] > LI A
ai v (K1Qy1 + K2G53) . e @ 1
A(HVV)N a; — g“f’ﬁQ —H — gifi’m Vi 5 = m-r?rfmfvz 0] ¢ :::emd 121.5<m, < 130.5 GeV |
AQ f"l- | o | f=1 - |
*(1) «(2),uv (1J (2),uv AT f, =05 .
+ a,f Ly f + ag f fr P |:|zaz~,r
5 - I Z+X
o | }
- Any anomalous coupling can be described with an '
" - " 5
effective on-shell cross sectional fraction and a -
phase defined for 2f2f" decay:
|(l- |20._ %0 60 80 100 120
. i l _ -1 Phys. Rev. D 92 (2015) 012004 m, (GeV)
. = . =tan “(a;/a 1
fal 2 ('bal ( 1/ 1) CMS 19.7 i (8 TeV) + 5.1 f" (7 TeV)
>,la] o, o M e
— 10+ ' —
s _g:fmeu 121.5 < m, < 130.5 GeV
« e f =
= faq observable only from off-shell. Otherscanbe ¢ ¢ 05
. > - ZLiTy*
measured from either on-shell or off-shell. w | EZH(T

— Formalisms used by ATLAS are equivalent with
different ways of parameterizing AC couplings
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CMS results: f,; cos(¢p ;)

Parameter Observed Expected

fzcos (¢p3)  —0.00017599% [—-0.16,0.09]  0.00001590%0 [—0.082, 0.082)]
farcos (¢a2)  0.0004 50055 [—0.006,0.025]  0.0000 §o0a9 [—0.021,0.035]
farcos (par)  0.0000799932 [—0.21,0.09]  0.0000T390912 [—0.059,0.032]
filcos (¢31) 00007033 [~0.17,0.61 0.00070299 10,10, 0.34]

On-shell results

On-shell + off-shell combination

Parameter Observed Expected
faacos (¢q3)  0.00007590% [~0.0067,0.0050]  0.0000F9901 [—0.0098, 0.0098]

fa2cos (¢a2)  0.0005700058 [—0.0029,0.0129]  0.0000" 00017 [—0.0100,0.0117]
fa1cos (¢pay)  0.0001700920 [—0.0150,0.0501]  0.0000700010 [—0.0152,0.0158]

Different HVV couplings

Parameter Unconstrained Parameter Observed Expected

['u (MeV) faz €05 (a3) 2.4+27 [0.02,8.38] 4.1737 [0.0,13.9]
I'y (MeV) faz cos (¢a2) 2.5+22 [0.02,876] 4.1134[0.0,139
['u (MeV) fa1cos (pa1) 24112 [0.06,7.84] 4.1137[0.0,13.9
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Imperial College

London MeGSU rements

Cross-sections __
T Differential

| ® Shape information;

| ® usually k framework
1 1all] i

- — e

Mostly stat-limited

Signal strengths

strongly stat-limited

Per process

o

| » Used for
discovery

i Only vy and ZZ contribute

Now Limited Also use Simplified

Template Cross-
Section (STXS)
framework

by systematics

| * Requires excellent understanding
of systematic uncertainties




_ Simplified Template Cross-Sections

Similarities to fiducial cross-sections:
* measure cross-sections in truth-level phase

space regions.
* Separate out regions to :

* Maximize sensitivity to SM or BSM effects
* Minimize sensitivity to theory uncert., models

Points of Difference:
* Split production modes/final states

* Partitions the entire phase space info non-overlapping regions

YR4 Secftion .2

o= 5y

I

Y
o
|
B
B

!

a(tH) |

EFT
coeffs

specific

BSM

* No strong matching between truth and reco-level selections: compromise between

* "complicated” reco selections (BDTs, etfc.)
* simple and well-defined theory selections

= Point of contact between theory and experiment

Complementary to diff. measurements: fully exclusive split along many variables

* No need for statistical correlations
* Coarser binning
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Simplified Template Cross-Section

ratios of I, Tzz Tww Ty T'rr  (Tzy Typ) * Results can then

m— ;o Mg N
T His be re-interpreted
I — [ with new theories
— 1]
— [ * Kinematic
—— o
regions isolate
o[ m2ge | BSM eftects
— S || EFT * And provide
[ high¢*BSM__ | coeffs
coherent
§ | low e ot framework for
- " Doh ey L. > ;%e;'f'c combination of
| very high oy channels &
(o(ttH) | o(bbH)| | o(tH) experiments

* Simplified Template Cross-section (STXS) framework aims to
minimise measurements’ dependence on theory

Latest CMS H—vy results 14 ICHEP, Seoul, 06.07.18
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Fiducial & Simplified template cross-section

Fiducial and Simplified template cross-section | I{_

- Simplified templates cross section
 Fiducial cross-section | ' «Target maximum sensitivity, while keeping
.I’ °Optlm|zed for maximal theoretical '! theoretical dependence as small as
{ independence ﬂ l possible
*Fiducial in Higgs decay +Cross section split by production mode |
*Smallest acceptance corrections {| +Cross section divided in exclusive regions
*Simple signal cuts of phase space (bins)
*"Exact” fiducial volume -Larger acceptance corrections
- Targeted object definitions « Abstracted fiducial volumes
* Agnostic to production mode -Inclusive in Higgs decay
Can be done with Single and differential *Allows Comp|ex event Se|ectionsj
distributions | Categorisation
Only feasible in HZZ Hyy, HWW } Common abstracted object definitions
Combination not straightforward || Can be done in all decay modes
Explicitly designed for combination
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Tools for discovery and measurements (2)

» Signal Extraction via Matrix Element Methods (MEM):
= Event-by-event discriminator built upon Matrix Elements. Combined with reco level info.

1 ) _ (x Xn, U X
win(@) = | f}b - o) I ‘”}” ) 1@@?) W (@b, )
1 k=2 Y
Phase Space Momentum LO ME from Transfer Function

. PDF’s
conservation Madgraph5_aMC@NLO (relates parton anc

reco quantities)
= MEM weights used in ttH—multileptons (see later) as input to BDT.

_ -1
. . . . q9 H—4/ .
= Matrix Element Likelihood Analysis (H—>ZZ—4l): pkin _ |14 Prieg (77 [m4)
- Simplified MEM. No integration, no transfer function Pkg Pflg(QH%ﬂmM)
g SMSPE RS MSteme L ewere
S 118 <m,, < 130 GeV ° 5311;5 VBF : 310 E 118 <m, <130 GeV * 31'25 W
 ME from JHUGen or MCFM %102 Niers) > 2 > - H(129), other ‘§ © Nets) 22 = 125, other -

[ q9—-Z2Z, 2y [ 99—2ZZ, 2y

« Several discriminants (see later) built to separate: CE S HS
< gg vs qq—4 leptons -

* ggH vs VBF or VH or ttH
% Different JP° hypothesis, ...

0 01 02 03 04 05 06 07 08 09 1 0 0102 03 04 05 06 07 08 09 1
DZJet
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Signal strengths

Signal Strength

-

Signal strengths, p

Parameters scale cross sections and
BRs relative to SM

[y = — ;_ BR/
. = ,LI = -
oM BR,,.
Scaling of generici = H — f process
f U_f - BRf f
M = PR = M; X
{U"; - BR )SM

Most immediate quantity: ratio of observed “rate” with respect
to the expected results

Production: ratio of cross-sections
Decay: ratio of branching fractions

Many systematic uncertainties and theory assumptions cancel
out in the ratio

- Easy to interpret

+ Deviation from SM immediately visible

- Can decouple production and decay mechanisms

+ Only effects modifying the absolute normalisation are

visible, no sensitivity to shapes

No immediate relation with the width, each signal strength is
independent from each other, but possible reinterpretation
in the k-framework
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