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Higgs boson rare decays

e Measurements of Higgs couplings and properties in the main decay channel shows good _
compatibility with the SM predictions
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https://cds.cern.ch/record/2308127/files/HIG-17-031-pas.pdf
https://link.springer.com/article/10.1007/JHEP08(2016)045

Higgs to invisible searches

e [n the SM, Higgs decays to invisible particles (neutrinos) only via H —» ZZ* — 4v with BR of 0.1%

* We don’t know enough about the SM Higgs — plenty of room for couplings to a new hidden dark sector

All the Higgs production modes can be used to probe its coupling with “invisible” particles

VBF-tag VH-tag, V — €€ or qq’ ggH + jets tag
q WQQQQ, > QOQOQ,
> g g
A Y

CMS-HIG-17-023

All searches characterized by large ptmiss
The Higgs boson recoils against a visible system used to distinguish between production modes
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Higgs — Inv. sighatures

CMS Experiment at LHC, CERN
C S Data recorded: Mon Sep 17 04:50:40 2012 BST
Run/Event: 203002 / 1762672184
Lumi section: 1570

\ Orbit/Crossing: 411409864 / 423

\ MET =248.6 GeV
) . M(jj) = 3371.7 GeV

: eta(jj) = 6.41

phi(jj) = 0.96

PF Jet 2
pT =90.2 GeV

VBF + prmiss HIi%

PF Jet 1

pT =173.5 GeV
eta=-2.78
phi=0.21

MET = 248.6 GeV

Z(¢0) or V(qQq’) + prmiss

MET =777 GeV

JetSinvmass = 82 GeV

Y Jet pr| = 786 GeV

CMS CMS Experiment at LHC, CERN

Data recorded: Tue Nov 3 01:34:28 2015 CET
Run/Event: 260627 / 1739677912

Lumi section: 941

Signature: 2-jets with large An and m(jj)
e Large Eymiss > 250 GeV
e pt(j1) > 80 GeV, pt(j2) > 40 GeV,
* |AnQ))l > 1 and Ap(j)) < 1.5
* \eto leptons and b-tagged jets

03/07/18

Signature: prtmiss + 2-leptons from
Z-boson or high pr jets from V(qq’)

* V(qQq’) identified via substructure
techniques from AKS8 jet pt > 250 GeV

e Z(£€)H search uses a BDT to increase
the sensitivity against ZZ and WZ

MET = 1467 GeV

/ R
Jet pr= 1466 GeV

"MS CMS Experiment at LHC, CERN

( Data recorded: Sat Oct 3 06:58:12 2015 CEST
~\| Run/Event: 258159 / 550030997
- Lumi section: 434

Signature: large prt™iss + high pr central jet
e Large Etmiss > 250 GeV
* Atleast one jet pr > 100 GeV, |n| <2.4

e \eto leptons and b-tagged jets
e Overlap with VBF and V(gq)H removed

Raffaele Gerosa
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Higgs — Inv. signal extraction

35.9 fb™ (13 TeV)
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e Signal extracted by fitting the m(jj)
spectrum

e Main bkg: Z(vv)+jets and W+jets
from both QCD and EW productions

e Bkg estimation: via dedicated
control samples i.e. Z(uu), Z(ee),
W(uv) and W(ev)

e Signal extracted by fitting the output
of a BDT classifier

e Main bkg: ZZ, WZ and residuals
from WW and top backgrounds

 Bkg estimation: via dedicated
control samples i.e. ZZ(4l), WZ(3lv)

* Signal extracted by fitting the pymiss
spectrum

e Main bkg: Z(vv)+jets and W+jets

e Bkg estimation: via dedicated
control samples i.e. Z(uu), Z(ee),
W(uv), W(ev) and y+jets
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Upper limits on BR(H—inv)

35.9fb" (13 TeV) 35.9 fb' (13 TeV)
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Yd B o 7
.‘7) VH-tag’ V — ee or qq, 016: 35 — Combined E
G:J _ . 0.4 —qqHtag -
v 95% CL limits on BR(H—inv) : : —Z(l)Htag -
- ; 0.0 7 — Observed — V(qq')H-tag _:
O Z(€l)H —Obs (Exp) < 40 (42) % —> : N T-Elxpfcteid o Q?Hfagll -
S V(qq’)H —>ObS (‘EXP) < 50 (48) % 0 Combined l VBF-tag | Z(IH-tag |V(qq')H-tag | ggH-tag | o4 >0 BC;Z . inv;
O
S v The observed (exp.) 95% CL limit on BR(H—inv)
99 = (@assuming SM production rate) is < 0.24 (0.18)
95% CL limits on BR(H—Inv) /
Obs (Exp) < 64 (58) % Data are compatible with the SM predictions

From Higgs coupling measurements: BR(H—inv) < 0.22 driven by yp=1.17

Limits still two-order of magnitude weaker than BR(H—ZZ*—4v)
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https://cds.cern.ch/record/2308434/files/HIG-17-023-pas.pdf

Search for H — p*p-

* First channel that will provide evidence for coupling of the Higgs to the 2nd fermion generation

Experimental signature

Expected backgrounds Why is challenging?
e Clean: two oppositely charged
and isolated muons o ZIV* — UM e SM backgrounds are very large in
e Additional jet activity, b-jets and —> e 77 WZ and WW —> cross section compared to the signal
prmiss used to distinguish | e S/B around 0.01 @ 125 GeV
between production modes * ttbar and single-top

'

Analysis strategy

e Signal extracted by fitting the my, spectrum — tiny peak above a falling
background

e To increase S/B:

o Exploit at best kinematic differences between S and B

o Exploit at best the evolution of the my, resolution in the detector

03/07/18 Raffaele Gerosa



https://cds.cern.ch/record/2292159/files/HIG-17-019-pas.pdf

Event classification

Events are first categorized according to kinematic properties:

‘BDT discriminant\

* Input observables mostly uncorrelated with my,,

* Di-muon system: pr, An, Ap — separate ggH vs Z/y* \

e |f at least two jets: An(jj) and m;j — VBF-tag
e Other properties: Niets, Npjets, pt™Miss — suppress top bkg

7-BDT categories used to distinguish between
production modes — VBF is the most sensitive category

v

BDT categories are further breakdown according to
the n of the forward muon to gauge the peak resolution

* Muon pt resolution mostly evolve with n

e 3n-regions: In| <0.9,09<In|<19and1.9<n|<24

35.9 b (13 TeV)
= CMS Preliminary ¢ Data —ggH
10° & : DY =" CICIH
- Ctt+st - ZH
_ VvV --WH
10° = JTTX  --W'H
C JVVV ttH
10" &
- “’“*ML.]
10° = _'_I_I_l——|___.
f I_'—'|
102 - N ._I_I_'_l
10 =
= L — M
- -
1:;_:- I—I_I_I_-l—l_l_l_'—l. ------- LXL
_I i'-'l'-;l.r-l-f--'l'-'lj‘r-:-: I-JI -l.:_:_l._;._'l,._.;l.- I-l-l-l-l--l--l-l- rl-d;;-l-n--u-rr'l"u'f'u'i' .L-I-L_I..J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
transformed BDT
*
ttbar + s-top ZIy
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https://cds.cern.ch/record/2292159/files/HIG-17-019-pas.pdf

Upper limits on BR(H—pup)

In each of the 15 event categories
* No significant excess observed

e Signal is extracted by fitting the m,, spectrum » Combination of 7+8+13 TeV analyses performed

° Background fit functions vary per—category 5.0fb" (7 TeV) + 19.8 fb"' (8 TeV) + 35.9 fb™ (13 TeV)

e True form for the background is unknown CMS Preliminary —=— Observed
—————— Expected background only
* Functional form chosen in each category to B -
minimise the bias on the signal strength @l [E ‘& c20

- = = Expected (SM mn = 125 GeV)

95% CL Limit on ()'/O'SM

- DD W s~ O O N 00 O

CMS Preliminary 35.9 b (13TeV)
E - III%““M All categories
o 090 25 =0.7 for my=125 GeV S/(S+B) weighted
2 = ¢ Data
@ 8000[— S+B fit
§ - 0 =s=su== B component
LW 6000 — [ ] +To
3 =20 -
-%4000:_ EI||||||||||||||||||||||||||||||||||||||||||||||||
E 2000 — 120 121 122 123 124 125 126 127 128 129 13
I m, [GeV]
= 0 | ] | | | ] |
%
Obs. (Exp.) 95% CL Ilimit on B(H—uu)
(@assuming SM) is < 5.7 (5.1) x 104, 2.6 (1.9) x SM

Raffaele Gerosa
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https://cds.cern.ch/record/2292159/files/HIG-17-019-pas.pdf

Higgs — Zy, Y*y

* H— Zydecays are very similar to H = yyones: BR(H — Zy) =0.15%, BR(H — yy) = 0.22%

* Motivation: these rare decays can probe coupling to BSM particles in loops Z\(f

Search performed in leptonic channels — uuy or eey final states o+

v \

Contribution from H = y*yis At | o) onl h 1 I —
irreducible and interfere with H—Z2y Coc:]vsvi (;T;(rezjobneyéauuusvecd eaCnanye ! -
Separated via m(£f) selection products are collimated e
H — Zy — tty for m(tt) > 50 GeV Both J/y and Y regions -
H — y*y — %y for m(#) < 50 GeV are excludea

?
{ o
<—®—>v v’ vy | 7
z>‘ v ) — A

V/as

 Analysis strategy: signal extracted by fitting the m(ffy) spectrum — tiny peak above a falling background
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https://arxiv.org/abs/1806.05996v1

Event selection

* Events classified to distinguish between production modes and to follow the evolution of the peak resolution

H — y*y — €€y for m(€€) < 50 GeV H— Zy — €€y for m(€€) > 50 GeV

e VH categories: additional leptons to target

e VBF category: Nies= 2, Anj > 3.5, mj > 500 GeV, leptonic decays of W or Z boson

Aps, tty) > 2.4 o VBF category: Nijets2 2, An; > 3.5, m;j > 500
GeV, Ag(jj, Hy) > 2.4, no additional leptons

e Untagged categories: defined according to the
photon energy resolution evolution

* Boosted category: pt(Hty) > 60 GeV

H125 acceptance x efficiency ~ 26% _ | |
e Untagged categories: defined according to the

evolution of the photon, muon and electron
energy resolution

H125 acceptance x efficiency 22-29%

Gain in sensitivity from categorisation ~ 18%
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https://arxiv.org/abs/1806.05996v1

Upper limits on BR(H—€8y)

e Signal is extracted by fitting the meey spectrum

Background fit functions vary per-category

True form for the background is unknown

Functional form chosen to minimise the bias on the

signal strength

Events / GeV

35.9 fb' (13 TeV)
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=
"L I B B B B ]
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= -
0p)

H— y*y— nuy —e— Data
EB, High R9 Background model
- +1 st. dev.
+2 st. dev.

Expected signal x 10

—>

40 B +
20 :_ + ias [ by ;
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| | | | | | | | | | | | | | |
110 120 130 140 150
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* No significant deviations from b-only expectation
* Results obtained assuming mpy = 125 GeV

CMS
|
®* (Observed

35.9 b (13 TeV)
I I I I L |
- 68% expected

95% expected

© Expected (Background only)
© Expected (SM mH=125 GeV) — olog,=1

H—Zy—lly, Lepton tag
H—Zy—eey, Untagged 1 e
H—Zy—eey, Untagged 2 °
H—Zy—eey, Untagged 3
H—Zy—eey, Untagged 4
H—Zy—eey, Dijet tag
H—Zy—eey, Boosted
H—Zy—uuy , Untagged 1
H—Zy—uuy, Untagged 2
H—Zy—uuy, Untagged 3
H—Zy—uuy, Untagged 4
H—Zy—uuy, Dijet tag
H—Zy—uuy, Boosted
H—y*y—uuy, EE
H—y*y—uuy, Dijet tag
H—y* —uuy, EB Low R9
H—y*y—uuy, EB High R9
H—Zy—lly, Combined
H—y *y—uuy, Combined

H— Iy, Combined

i

L1 11 L1 11 |
1 10 10°
95% CL upper limit on o/og,,

Obs. (Exp.) 95% CL limit
BR(H — Zy — €€y) < 8.0 (5.8) x SM
BR(H — y*y — €€y) <4.0 (2.2) x SM

m,,, [GeV]
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https://arxiv.org/abs/1806.05996v1

Higgs — Jiry

* Motivation: search for H — J/ipy decays used to couplings to the second generation of quarks

Direct mechanism: Higgs coupled to c-quarks Indirect mechanism: J/i produced by y* conversion

8

interference

+-—)

Bsm(H — /¢ v) = (3.0103) x 10

e Cons: very small decay rate — few signal events expected given Run-I| statistics

Complementary with

* Pros: looking at J/y — pu provides clean signature w.r.t. searches for H —» cC m—lp “standard” H—cc searches

e Main backgrounds: Z/y* — pyyy and H—y*y — uuy
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https://cds.cern.ch/record/2624882?ln=en

Analysis strategy and results

e Selections: AR(u,y) > 1, AR(uM,Y) > 2, | Ap(py,y) | > 1.5 and 3.0 < m(ppu) < 3.2 GeV

e Analysis strategy: despite the m(upu) requirement, very similar to those of the H—y*y — uuy search

Event classification

Very low signal rate — production-mode or
resolution based categories are not introduced

H125 acceptance x efficiency ~ 22%

Decay Category | Data | Signal | Background
Production
goF 7.1 x 10 0.2
VBF 35x10° | 9.4 x107
H — ]/ v ZH 279 | 71 x10% | 23 x1073
WTH 6.0x10% | 1.0x 107
W H 45%x10% | 13x107
ttH 27x10% | 13x107

Background refers to only H—y*y — gy contribution

-

Signal is extracted by fitting the mee, distribution

* Bernstein polynomial used to model the continuum bkg

H—J/py—uuy 2016 35.9 fb™ (13TeV)

)
o

E - CMS -¢- Data

o~ . Preliminary — Background model

Z 40 B — Expected signalx100 7
.."E) a B 10 [ ]+20 -
o

>

L

“H NoO excess w.r.t.
b-only hypothesis

20

10k

- g T T

100 105 110 115 120 125 130 135 140 145 150
MW(GeV)

Obs. (Exp.) limit from 13 + 8 TeV combination
BH- J/yy) < 220 (160) x SM
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https://cds.cern.ch/record/2624882?ln=en
https://cds.cern.ch/record/2624882?ln=en

Summary

* Extensive, on-going program at CMS searching for Higgs rare decays:
O Probing couplings of the Higgs boson to 2nd generation of leptons and quarks

O Searching for couplings of the Higgs boson to invisible particles

O Searching for sign of BSM physics in loops (Z/y and J/Jry decays)

Y

No significant deviations from SM predictions observed

"4 v \

H — invisible H— uu H— 2y H-Jp y
* VBF Hinv Is the most sensitive channel | | . Approaching SM sensitivity, which » Sensitivity far from SM predictions,
» Upper limits aligned with Run-| should be reached by end of Run-l| wont’ be reached with Run-Il data
sensitivit
d e BR(Hy) < 2.6 (1.9) x SM e BR(Hz,) < 8.0 (5.8) x SM
® . o (o)
BR(Hiny) < 24% (18%) . BR(H.yu) < 220 (160) x SM
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Backup slides
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LFV in Higgs decays

e Search for lepton-flavour-violation in Higgs decays in the ez, yr channels

e Physics scenarios for LFV decays: composite Higgs, supers-symmetry, RS models, 2HDM ..eftc..

* BR of t-lepton to muons and electrons may be modified if LFV Higgs decays are predicted

O Present t-lepton decays measurements provide bounds on B(H—pt) and B(H—et) to be < 10%

O H—pe not interesting because constrained by BR(u—ey) to be < 10-°

* Final states explored: H—uwh, H—etn H—pute and H—et,. Same flavour lepton final-states are overwhelmed by Z+jets

e Event classification: according to the number of jets to distinguish between production modes

0-jet category 1-jet category 2-jet category m(jj) < 550 GeV 2-jet category m(jj) > 550 GeV
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http://dx.doi.org/10.1007/JHEP06(2018)001

Higgs LFV: final states

H — uthp H — pre H — eth H— ety
Main bkgs: Z(tt) as well as Main bkgs: Z(1T1) and Main bkgs: Z(11) as well as Main bkgs: Z(1T1) and
W+ijets and Z(££) where a jet top backgrounds W-+jets and Z(££) where a jet top backgrounds
IS mis-identified as a 1t IS mis-identified as a 1

35.9 fb™ (13 TeV)

2 -1
X 9fb’ (13 TeV
-E "JgM'S ' ' I ' ' ' ' I j ' ' ' I" C ms T T T l T T T 135)|9 lb l( 3l le )
O - - Observed| |Z—tr - = X -
>N 50 - Ut \:I — 4 LD 25 _CMS -¢-Observed| |Z—tt -
2 [ T h B z—ee/un [t t+jets = . .
e 2] ut N z—eer tt, t+jet
& | |Diboson [ |W+Jets,QCD 1 c [ e ee/uu LS
() - ’ - S - Bo .
LI>J 40 - - SM nggs — H—’MT (B=20cy°)_ S 20 "'_ Diboson W+Jets, QCD _"
[]Bkg.unc w [ sM Higgs — H-—>ut (B=20%)-
Bkg. unc.

30 -

0 100 200 300 0 100 20 300
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Higgs LFV: uncertainties

JHEP 06 (2018) 001

Systematic uncertainty H—uyg H-—opute H—en, H-—oer,
Muon trigger/identification/isolation 2% 2% — 2%
Electron trigger /identification/isolation — 2% 2% 2%
Hadronic tau lepton efficiency 5% — 5% —

b tagging veto 2.04.5%  2.04.5% — 2.0-4.5%
Z — uu,ee + jets background — 10%®5% — 10%®5%
Z — TT + jets background 10%®5%  10%®5%  10%®5%  10%B5%
W +4-jets background — 10% — 10%
QCD multijet background — 30% — 30%
WW, ZZ background 5%®5% 5%®5% 5%®5% 5%®5%
tt background 10%®5%  10%®5%  10%®B5%  10%B5%
W+ background — 10%®5% — 10%®5%
Single top quark background 5%®5% 5%®5% 5%®5% 5%D5%
u — T, background 25% — — —

e — T background — — 12% —
Jet — 1, 1, e background 30%P10% — 30%D10% —

Jet energy scale 3-20% 3-20% 3-20% 3-20%
T, energy scale 1.2% — 1.2% —
u,e — T, energy scale 1.5% — 3% —

e energy scale — 0.1-05% 01-05% 0.1-0.5%
1 energy scale 0.2% 0.2% — 0.2%
Unclustered energy scale +1lo +1o +1o +1o
Renorm./fact. scales (ggH) [? ] 3.9%

Renorm./fact. scales (VBF and VH) [? ] 0.4%

PDF + a; (ggH) [? ] 3.2%

PDF + a5 (VBF and VH) [? ] 2.1%

Renorm./fact. acceptance (ggH) —3.0% — +2.0%

Renorm./fact. acceptance (VBF and VH) —0.3% — +1.0%

PDF + a5 acceptance (ggH) —1.5% — +0.5%

PDF + a5 acceptance (VBF and VH) —1.5% - 4+1.0%

Integrated luminosity 2.5%
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H — ptn, PTe results

«10° 35.9 o' (13 TeV) »10° 35.9 fo (13 TeV) 10° 35.9 fo' (13 TeV) 35.9 fb' (13 TeV)
E 80F © 1T L L B E -__‘ rr - 1 &1+ T cC —_— 7T T cC 7 r—r—r— 77
O E CMS —-o- Observed \j Z_eﬂm; E 5 25 . CMS -¢- Observed \j Z_—>‘|;"|; -5 9 E_ CMS —¢- Observed \j y A .-5 700 CMS —¢- Observed \j y
@ 7OF wr,0jet B Z—ee/un [ tht+ets E B f wr,1jet B Z—ee/un [ tht+ets 5 8F ut,2jets ggH Ml Z—ee/un [t t+jets 5 600 ut, 2 jets VBF [l Z—ee/uy [ tit+ets
T 60 = (B0 Diboson [ |W+jets,QCD = T 20F [] Diboson [ |W+jets,QCD c E " [ Diboson [ ] W+jets,QCD = " [ Diboson [ ] W+jets,QCD
g : (B SM Higgs = H—ut (B=20%) 3 <1>> - [ SM Higgs = H—ut (B=20%) [0 - I SM Higgs = H—ut (B=20%) @ 500 I SM Higgs = H—ut (B=20%)
50 __ __ = > 6 :_ E!W‘-'EE!**E > FEsEstan
- : 15 - E L 400
20F 2 = : °F
30 E 10 N3 300
20 F- E : . 2 E 200
= - S5H i R e D - Y I A ~SN S A p R b T
10F = C - 100 —
: e | 1E
: %I @ -
O 0 O - - 1 O 1
5 <15
O
=
n
8 0.5
BDT discriminator BDT discriminator BDT discriminator BDT discriminator
«10° 35.9 fo”' (13 TeV) x10° 35.9 fb" (13 TeV) 107 35.9 fb' (13 TeV) 35.9 fb' (13 TeV)
C:_""l"'l"'l"'l' c O TrT//TTTTrr T T1T T T c [T T 7 71 C A T T T T T T T
o 25 CMS —4- Observed [] Z—> S 1o CMS —4- Observed [] Z—v 'S 5F CMS - Observed [ | Z—tr S 20F cms - Observed [ ] Z—tr E
) - ut, 0 jet [ Z—ee/un [t t+ets D - ut, 1jet [ Z—ee/un [t t+ets == - ut , 2 jets qgH I Z—ee/un [t t+jets A E ut , 2 jets VBF I Z—ee/un [t t+jets ]
2 L e . . 2 e . . %) [ ut, <Jets gg ) 300 YT <! -
C ook [] Diboson [ |W+jets,QCD c 10b [ Diboson [ |W+jets,QCD € 4F 7] Diboson [ ] W+jets,QCD = - [ Diboson [ ]W+jets,QCD 1
gJ N SM Higgs — H—urt (B=20%) gJ C [ SM Higgs =— H—ut (B=20%) @ - [ SM Higgs =— H—>ut (B=20%) O 250 I SM Higgs =— H—>ut (B=20%) =
L] - Bkg. unc. g 8k Lﬁ - Lﬁ - -
15 - 3F 200 - E
[ 6 . - -
- n - 150 | -
- “F " TT0] S <
C °F 3 50 R =
- - ; B 0 e 0 B -
5
-0.6 ~0.4 -0.2 0 0.2 0.0 0 0.0 0.4 0.2 0 0.
BDT discriminator BDT discriminator BDT discriminator BDT discriminator
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H — ptn, PTe results

CMS 35.9 fb"' (13 TeV)
MT:h,OJetS IIEIII|III|||||||||||||II|III|
Expected limits (%) 0.51% (0.43%) | h—ue: BDT fit B
O-jet 1-jet 2-jets VBF Combined ut , 1 Jet ® Observed
UTe <0.83 <1.19 <1.98 <1.62 <0.59 0.53% (0.56%) X Median expected
UThH <0.43 <0.56 <0.94 <0.58 <0.29 ut , 2 Jets B I 68% expected |
]’lT <025 h0_560/o (0.94%) 95% expected
Observed limits (%) ue VBF
O-jet 1-jet 2-jets VBEF Combined 0.51% (0.58%)
UTe <1.30 <1.34 <2.27 <1.79 <0.86 we, 0 Jets Io
UTh <0.51 <0.53 <O(.)5§5 <0.51 <0.27 1.30% (0.83%)
T <U. — —
# ut, 1 Jet
Best fit branching fractions (%) 1.34% (1.19%)
O-jet 1-jet 2-jets VBF Combined ut , 2 Jets B N
ut. 0.61+036 0221046 0.39 4+ 0.83 0.10 & 1.37 0.35 4+ 0.26 62_27% (1.98%) -
utg, 012+020 -0.05+025 —-0.72+£043 -0224+031 —-0.04+0.14 VBE — —
uT 0.00 £ 0.12 T, .
1.79% (1.62%)
H—ut
0.25% (0.25%) E | | | | | | |
0 2 4 6 8 10 12 14
95% CL limit on B(H—ur), %
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H — etn, ete results

«10° 35.9 o' (13 TeV) x10° 35.9 fo (13 TeV) 10° 35.9 fo' (13 TeV) 35.9 fb' (13 TeV)
C 1 ’ ’ ’ | ’ ’ ’ | ’ ’ ’ | ’ ’ ’ 1 ’ C __'- 1 ’ ' ' 1 ' ' ' 1 ' ' ' 1 ' ' ' 1 o T T T T T T T T T T T T T T T T T T T T T T T T T T
é 30 CMS —- Observed|[ | Z_em: o 12 CMS —- Observed[ ] Z_%*c'c - _CEJ 6 C|IV| S | - Obslervedm Zlem: | - _CE) 1(5)3 é_ C|IV|S | - Obslervedm Zlem I
%, ery, Ojet Bl Z—ee/un [thtets & F e tjet  EZ-eelun [tttsets 1|1 ev,, 2 jets ggH [l Z—ee/uy [ tht+jets 1 |15 E er, 2jets VBF Ml Z—ee/u [t t+ets
c 25 [ Diboson [ ]W+jets,QCD c 101 [] Diboson [ |W+jets,QCD - = 5 [ Diboson [ ]W+jets,QCD - + 350 - Diboson [ ]W+jets,QCD
(()) i o L . o/ \ - .- . c C \j J
2 [ SM Higgs — H—et (B=20%) 0>> oF [ SM Higgs — H—et (B=20 /o)_. c1>> I SM Higgs — H—et (B=20%) - g 300 E- I SM Higgs — H—et (B=20%
LLI LLI - - L1 4 Bkg. unc. " 1] 550 E_ Bkg. unc.
°F E ’ 1 (| 2F
4F - 2 = 150 F-
- _ o ) ] 100
e ..%5:1; | N : :
- ) : 50 -
ol—e L L = 0 —%— ; - 0 = ,
5 < 5
90
n
S
0.6 0.4 0.0 0 0.0 0.6 0.4 0.0 0 0.2
BDT discriminator BDT discriminator BDT discriminator BDT discriminator
x10° 35.9 fo™! (13 TeV) L 0° 35.9fb™ (13 TeV) 10° 35.9 fo'! (13 TeV) 35.9 fo'! (13 TeV)
c F T T T r 1 T T rTr1r T T TS cCc 12 - - r - 17 v 17T T - 1 = ey T
'_é o5 :_ CMS. —- Observed[ | Z_—>1:~c _: re) T CMS —- Observed[ ] Z_efm: i _% 9 5— CMS | - Cl)bservedmI Z—1t I _CE) 200 - CMS | - ('I)bservedmI Z—1t I
I - e, O jet [ Z—ee/uy [t t+jets . E 10| et 1jet B Z—ee/un [ tht+jets - »  8F e, 2jets ggH Ml Z—ee/un [t t+jets D e, 2 jets VBF Il Z—ee/un [ tht+jets
c ooF Bl Diboson []W+jets,QCD 1 - - Bl Diboson []W+jets,QCD 1 € E [ Diboson [ ] W+jets,QCD 'C 600 F [0l Diboson [ | W+jets,QCD
gJ - [ SM Higgs — H—ert (B=20%) ] g sl [ SM Higgs — H—et (B=20%)_] O = Il SM Higgs — H—et (B=20%) ) = I SM Higgs — H—et (B=20%)
LLJ - Bkg. unc. ] L1 - N = 6F => 500
15 — - ] LL] 5 = LL] - Bkg. unc.
- . 6 — 3 400 -
10 = n - 4E s00E-
C . 4 ] 3E L
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5 _ . . . :
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H — etn, ete results

JHEP 06 (2018) 001

Expected limits (%)

O-jet 1-jet 2-jets VBF Combined
eTy <0.90 <1.59 <2.54 <1.84 <0.64
eTh <0.79 <1.13 <1.59 <0.74 <0.49
eT <0.37

Observed limits (%)

O-jet 1jet 2-jets VBF Combined
eTy, <1.22 <1.66 <2.25 <1.10 <0.78
eTh <0.73 <0.81 <1.94 <1.49 <0.72
eT <0.61

Best fit branching fractions (%)

O-jet 1jet 2-jets VBF Combined
er, 0.47 042 0174+0.79 —-042+1.01 —-154+044 0.18£0.32
e, —0.13+£039 —-0634+040 0544053 0.70 £0.38 0.33 £0.24
et 0.30 = 0.18

03/07/18

CMS

35.9fb" (13 TeV)

et 0 Jets

0.73% (0.79%) h—et: BDT fit

et,, Jet I e Observed

0.81% (1.13%) X Median expected

. - 68% expected

95% expected

et , 2 Jets
1.94% (1.59%)

et,, VBF <o
1.49% (0.74%)

et,, 0 Jets l
1.22% (0.90%)

et,, 1 Jet
1.66% (1.59%)

et,, 2 Jets
2.25% (2.54%)

et,, VBF
M’
1.10% (1.84%) ..

H— et
0.61% (0.37%)

O 2 4 6 8 10 12 14
95% CL limit on B(H% er), %
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Higgs LFV: final result

Upper limits on BR(H—put) and BR(H—e1) Translation on sounds for LFV Yukawa couplings

ObsBe;)Vfcfi (expected)]\l/}mi’;s (%) Bes]; [f;:cf bfranching f1;(a/1ctiofn (%) BDT fit M., fit
1t ool fit 1t ool fit q > > 3 _3
H— ut <025(025% <051(049)% 0.00+0.12% 0.02+0.20 % ‘/\YMZ + \Yw\z < 1.43 ¥ 10_3 < 2.05 X 10_3
H—>er <0.61(0.37)% <0.72(0.56)% 0.30+0.18% 0.23+0.24 % VIYer|2 + [Yre|? <226 x 10 <245 %10

No excess compared to b-only prediction from SM
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VBF Hi, : additional material CMS-HIG-17-023

359 fb" (13 TeV) 359 fb' (13 TeV)
%103”|””|””| """" .----|----.----|----.----; %,103”“""””I """" Illll—
0] CMS —¢— Data ENG CMS —¢— Data
‘@ 102k Preliminary Post-it Z(uu)+jets J ‘& 10%F  Preliminary Post-fit Z(ee)+jets E
% DimuonCR Pre-fit Z(uu)+jets % Dielectron CR Pre-fit Z(ee)+jets ]
Lﬁ 10 ] Postit Z(uu)+jets (EW) Lﬁ 10 [ Postit Z(ee)+jets (EW)

I:l Other backgrounds I:l Other backgrounds

1 1
. g - o 35.9 fb' (13 TeV) 35.9 fb' (13 TeV)
____________________ >1O5 T | T B IR B A I I I >1O5 RN T B IR B L I I I

102 = EBE=—mmaas---or-- 102 ® ~+— Data - Z(vv)+ets (QCD) Q —+— Data - Z(vv)+ets (QCD)

O 10t CMS O 10'r CMS
______________________________________________ ~— L. ~ ..

10—3 10—3 _SB 1 03 Prellmlnary W(lv)+jets (QCD) - Z(vv)+ets (EW) _FL) 1 03 Prellmlnary W(lv)+jets (QCD) - Z(vv)+ets (EW)
-10_4--|----|----| e -10_4--|----|----|----|----|----|----|----|----|---- CICJ CR-onnyit -W(Iv)+jets(EW) -Topquark GC) B-onlyfit -W(Iv)+jets(EW) -Topquark
§ 1 $‘Pre-fit #Post-fit Uncertainty E 15 $‘Pre-fit #Post-fit Uncertainty Lﬁ 102 Lﬁ 102
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- E E - 3 E . L | ] I B ] |
GC) F Single-muon CR Pre-fit W(uv)+jets GC) - Single-electron CR Pre-fit W(ev)+jets 5 S . | T [T T | T
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VBF Hinv : additional material

Validation of the systematic uncertainties on the Z/W ratio

35.9 fb™" (13 TeV) 35.9 fb™" (13 TeV)
_.(20.25'|'|'|'|'|'|'|'|"|'|'|'|'|'|'|'|'|'|'|'|'I'I' _'(L)O.25'I'|'|'|'|'|'|'|"|'|'|'|'|'|'|'|'|'|'|'|'|'|'
Q i i D, I i
J}; : gMIS | + Z(uw) / W) Data é : gM? | + Z(ee) / W(ev) Data
= - reliiminar — = - reliiminar _
= 02r y — Z(uw) /W) MC ] = 04 Y —— Z(ee) / W(ev) MC
+ - +
= 015~ — ) _
=3 L
N
0.1 et T ] =
i o B
- —— . L .
0.05[- . 0.05[- | : Impact on the BR(Hinv) measurement
_|I|I|I|||I|I|I|I|||I|I|||I|||I|I|I|I|||I|||||I|_ i
O.I.I.I. R — 0 Source of uncertainty Ratios Uncertainty vs m;; Impact on B(H — inv)
3 LR R A S L 3 1.5 Theoretical uncertainties
- 1+++§§+a ........... = Ren. scale V-+ets (EW) | Z(vv)/W(¢v) (EW) 9-12% 48%
£ —— £ Ren. scale V+jets (QCD) | Z(vv)/W(4v) (QCD) 9-12% 23%
O 0.5t I R |.I ]]] I I | """"" I I"'.'"i"'."1 """ Y I IR NN I N AP A PN A 0O 0.5t 1 _ 00 00
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 EZE Zzﬁg xgzz Egvc\%) éé%%;%%i; ggl)D) %_;O; 4210;
m; [GeV] m; [GeV] PDF V+jets (QCD) Z(vv)/W(¢v) (QCD) 0.5-1% <1%
PDF V-Hets (EW) Z(vv)/W(tv) (EW) 0.5-1% < 1%
NLO EW corr. Z(vv)/W(4v) (QCD) 1-2% < 1%
Experimental uncertainties
Muon reco. eff. W(uv)/W(v), Z(up)/ Z(vv) ~ 1% (per leg) 8%
Ele. reco. eff. Wi(ev)/W(lv), Z(ee)/Z(vv) ~ 1% (per leg) 3%
Muon id. eff. W(uv)/W(v), Z(up)/ Z(vv) ~ 1% (per leg) 8%
Ele. id. eff. Wi(ev)/W(tv), Z(ee)/ Z(vv) ~ 1.5% (per leg) 4%
Muon veto W(CRs)/W(lv), Z(vv)/W(Llv) | ~2.5(2)% for EW (QCD) 7%
Ele. veto W(CRs)/W(Llv), Z(vv)/W(lv) | ~1.5(1)% for EW (QCD) 5%
T veto W(CRs)/W(tv), Z(vv)/W(lv) | =~ 3.5(3)% for EW (QCD) 13%
Jet energy scale Z(CRs)/Z(vv), W(CRs)/W(lv) | =1(2)% for Z/Z (W/W) 2%
Ele. trigger Wi(ev)/W(tv), Z(ee)/Z(vv) ~ 1% < 1%
piss trigoer All ratios ~ 2% 18%
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VBF Hiny :

additional material

Shape analysis based fitting the m(jj) spectrum

35.9 o (13 TeV)
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Other backgrounds
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Counting experiment + shapes from MC
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VBF Hi, : additional material

CMS-HIG-17-023

Shape analysis: background prediction from control-regions

Process my range in TeV
0.2-0.4 0.4-0.6 0.6-0.9 0.9-1.2 1.2-1.5 1.5-2.0 2.0-2.75 2.75-3.5 > 3.5

Z(vv) (QCD) 9367 =394 | 5716 =256 | 3925 =184 | 1665 x 84 675 = 43 406 =+ 26 151 =14 22.6 £ 3.6 7.0 2.1
Z(vv) (EW) 202 =8 230 = 10 278 =13 203 = 10 131 =8 115+ 8 71366 | 209x=34 | 11.6 =3.1
W(lv) (QCD) | 4786 +252 | 3046 £165 | 2122 £ 125 936 = 58 361 = 29 232 +19 | 79389 | 13428 43+ 1.5
W(lv) (EW) 101 =15 118 =16 135 =18 102 =13 614+79 | 622x79 | 39948 | 13313 5.6 =14
Top-quark 206 = 32 161 =25 124 =19 60793 | 3l6x6.1 | 18329 | 11.1 1.8 28 0.5 09 x0.2
Dibosons 219 + 39 158 = 28 119 =21 509 9.1 | 195x35 | 104 =18 | 28 =05 1403 0.4+ 0.1
Others 775195 | 51.5 =115 | 43.8=10.7 | 143 =29 69 £ 15 3.7 0.8 25x0.6 0.7=x0.3 0.3 x04
Total Bkg. 14960 =563 | 9482 =378 | 6738 =281 | 3032 =135 | 1286 =73 | 849 =48 358 = 28 75398 | 299x72
Data 16181 10035 7312 3154 1453 919 411 88 29
Signal 591 =+ 285 571 + 232 566 + 172 472 + 131 307 = 64 344 + 83 228 =40 | 903 =18.8 | 374 £9.1

Cut-and-count analysis: background prediction from control-regions

Process Signal Region | Dimuon CR | Dielectron CR | Single-Muon CR | Single-Electron CR
Z(vv) (QCD) 799 =72 - - - -
Z(vv) (EW) 275+ 34 - - - -
Z(¢40) (QCD) - 90.1+7.9 64.7 5.8 268 1.2 49+0.2
Z(40) (EW) - 32.7+£4.3 25034 59+0.3 24+0.2
W(¢v) (QCD) 497 £+ 33 02+0.2 0.8+0.6 891 £ 31 533 + 21
W(lv) (EW) 145+ 11 0.1+0.1 - 416 =16 260 =11
Top-quark 43.7 9.8 53+1.6 3.7xt11 126 + 22 83.1£15.4
Dibosons 199 +6.1 2613 0.9+0.5 23.5+49 16.1+4.1
Others 33+£26 - - 25.6 £20.7 29+29
Total Bkg. 1784 + 97 131 £8 952+£59 1515 434 902 =24
Data 2053 114 104 1512 914
Signal mp = 125 GeV 851 1= 148 - - - -

Raffaele Gerosa
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VBF Hiny :

additional material

CMS-HIG-17-023
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Higgs portal of DM interactions: limit on
the spin-independent DM-nucleon scattering
cross section given mpm < mu / 2
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ZHinv: additional material
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- - 359 Ifb'1 (13 TeV)
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S 7 =z - N, — WZ, VVV
2 100 = Wz cR VWV ] / >25/20GeV for electrons OCD
0 i \i\ﬁnprompt | PT >20GeV for muons
L I \ Bkg. une. ] Z boson mass requirement myg —mz| <15 (30) GeV WW, top quark
| Jet counting <1jet with pJ. > 30GeV Z/v* — ¢, top quark, VVV
50 pit >60 GeV Z/v* —
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https://link.springer.com/article/10.1140/epjc/s10052-018-5740-1

ZHi.: additional material [ Eur. Phys. 4. C 78 (2018) 201 ]

Effect (%) Impact on the
Signal ZZ WZ NRB DY exp. limit (%)
*VV EW corrections — 10 —4 — — 14 (12)
* Renorm. /fact. scales, VV — 9 4 — —
* Renorm./fact. scales, ZH 3.5 —  — — —
* Renorm. /fact. scales, DM 5 —  — — —
* PDF, WZ background — — 15 — —
* PDF, ZZ background — 1.5 —  — —
* PDF, Higgs boson signal 1.5 — - = —
* PDF, DM signal 12 @ - — — —
* MC sample size, NRB — —  — 5 —
* MC sample size, DY — — - — 30
* MC sample size, ZZ — 0.1 — — —
* MC sample size, WZ —
* MC sample size, ZH 1
* MC sample size, DM 3 — = — —
NRB extrapolation to the SR — — — 20 — <1
DY extrapolation to the SR — — - — 100 <1
Lepton efficiency (WZ CR) — — 3 — — <1
Nonprompt bkg. (WZ CR) — — - — 30 <1
Integrated luminosity 2.5 <1
* Electron efficiency 1.5
* Muon efficiency 1
* Electron energy scale 1-2
* Muon energy scale 1-2
* Jet energy scale 1-3 (typically anticorrelated w/ yield) 1(<1)
* Jet energy resolution 1 (typically anticorr.)
* Unclustered energy (p™iss) 14 (typically anticorr.), strong in DY
* Pileup 1 (typically anticorrelated)
*b tagging eff. & mistag rate 1
* BDT: electron energy scale 1.1 29 26 — —
* BDT: muon energy scale 1.5 43 27 — — —(2)
* BDT: p™s® scale 1.0 32 41 — —

Source of uncertainty

2(1)

03/07/18 Raffaele Gerosa
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ggHinv and V(qq)Hinv: additional material

Signal region selections 35.9 b (13 TeV)
-|CL) - I I | I I I | I I I | I I I | I I I | I I I :
Variable Selection Target background QO 0.22 - : : B
Muon (electron) veto pr > 10GeV, |y| < 2.4(2.5) Z(L0)+jets, W (Lv)+jets + ooC CMS . Z(ll)+jets /vy +jets Data =
T lepton veto pr > 18GeV, || < 2.3 Z(40)+jets, W(Lv)+jets i' 0 18:— monojet Z(Il)+jets / y +jets MC E
Photon veto pr > 15GeV, || < 2.5 Y-+jets on 9 ]
Bottom jet veto CSVv2 < 0.8484, pr > 15GeV, || < 24 Top quark © 0.16C -
pimiss >250 GeV QCD, top quark, Z(£/)+jets + 0.14F E
A¢(ﬁ¥t,ﬁ%niss >(.5 radians QCD g L :
Leading AK4 jet pr and 7 >100GeV and |y| < 2.4 All N 0.12 S —¢— .
n ° ]
0.1 % B
Leading AKS jet Mono-V selection 0.08E + E
pr and 7 >250GeV and || < 2.4 0,065 .
/T <0.6 0oak + 35.9 fb' (13 TeV)
Mass (m]-et) 65 < mjet < 105 CeV 0025_ % 022; I L Y Y IO O N IO B _f
or | | | | T oof CMS —e— Z(Il)+jets / W(lv)+jets Data ]
. O | | | | | | | | | | | | | | PLIg . :_ . _:
Z/y and Z/W ratio theoretical uncertainties g 150 | ) B g, 0.18f MONOle! Z(I)+jets / W(lv)+jets MC -
o - N ]
= I B S e — 0.161 —
Uncertainty source Process (magnitude) Correlation o 1 e —— + —~ N ]
Fact. & renorm. scales (QCD) Z —vv/W — fv (0.1-0.5%)  Correlated between processes; 8 0.5t ol ol Dl % 0.14 - e
' ' Z — vv/y+jets (0.2 - 0.5%) and in pr 400 600 800 1000 1 T 0.12F -
Z —vv/W — lv(04-0.1%) Correlated between processes; : I __ —@— ® _:
pr shape dependence (QCD) 7 — vv /et (0.1 — 02%) and in py Hadronic recoll Iﬁ 01% :
P d d D Z —vv/W — lv (04-15%) Correlated between processes; 0.08( ]
rocess dependence (QCD) Z — vv/y+jets (15-3.0%)  andin pr 0.06 C E
z W = v (0-05%)  Correlated b ; - ;
Effects of unknown Sudakov logs (EW) 7 : zz;'y —I—j_e>ts 1(/0(.1 1 5%; ar?crir;a;i etween processes 0.04F —
Z — vv (0.2 - 3.0%) , 0.02F —
Missing NNLO effects (EW) W — (v (0.4 - 4.5%) oneor relgt?d between processes; : | | | | | .
Y+iets (0.1 - 1.0%) correlated 1n pr . ] e L1 L1 L1 L1 L1
Z — vv (0.2 — 4.0%) U lated bet . 8 1.57 | | | | o
Effects of NLL Sudakov approx. (EW) W — v (0-1.0%) cor;igf;’ceeg fn CHVEEn processes, o
Y-+ets (0.1 -3.0%) P E L I e S S T
: : . Z — vv/W — fv (0.15-0.3%) Correlated between processes; © i | | | | | L —8— T
Unfactorized mixed QCD-EW corrections 7 = vv/y-Hets (<0.1%) and in pr O 0.5 4 (|) 0 6 O| 0 3 (|) 0 r O| 00 1 2' 00 1400
Z — vv/W — fv (0-0.3%) Correlated between processes; . .
PDF Z — vv/y+jets (0—-0.6%) and in pr Had ronic reCOII pT [GeV]
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ggHinv and V(qq)Hinv: additional material

35.9 b (13 TeV)
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H—pp: additional material |cMs-HIG-17-019]

Index  BDT quantle Max.muon|y| ggH VBF WH ZH  ttH  Signal Bkg./GeV FWHM  Bkg. functional S/VB

(%] (%] [%] (%]  [%] @125GeV  [GeV] fit form @ FWHM
0 0— 8% ] < 2.4 19 13 33 63 319 212 31505 12 mBW -B,q4 0.12
1 8 —39% 19<|y|<24 56 17 39 35 13 223 13275 7.3 mBW -Bjpps 0.16
2 8 — 39% 09<|gl<19 103 28 65 64 52 411 22222 mBW -Bjpps
3 8 — 39% ] < 0.9 32 08 19 21 35 127 775.9 2.9 mBW -Bjp04 0.17
4 39-61%  19<|g|<24 29 17 27 27 03 118 435.0 7.0 mBW B0 0.14
= 39-61%  09<|g|<19 72 33 61 52 13 292 955.9 mBW -Bj,04
6 39 — 61% ] < 0.9 36 11 26 22 09 145 479.3 2.8 mBW -Bjpps 0.26
7 61-76%  19<|y|<24 12 15 18 17 02 5.2 146.6 7.6 mBW -B,04 0.11
8 61 — 76% 09<|p<19 48 36 45 44 07 203 514.3 mBW -Bjees
9 61 — 76% ] < 0.9 32 16 23 21 06 131 319.7 3.0 mBW 0.28
10 76-91%  19<|gl<24 12 31 22 21 02 5.8 102.4 7.2 Sum Exp(n=2) 0.14
11 76-91%  09<|g|<19 44 87 62 60 11 203 363.3 mBW
12 76 — 91% 1l < 0.9 31 40 38 36 09 137 230.0 mBW -Bjjo0
13 91 — 95% 7l < 2.4 17 64 25 26 05 8.6 95.5 mBW
14 95 — 100% 7l < 2.4 20 194 15 14 07 137 82.4 . mBW
overall 501 611 518 523 492 2533 12961.5 3.9

At low BDT score — best categories are those for which the peak resolution is better (central muons)

At high BDT score — not eta-categories but sensitivity larger because of smaller background (VBF-tag)
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H—pu: additional material

=50.012—
< CMS preliminary Simulation 1 5.0fb" (7 TeV) + 19.8 fb™ (8 TeV) +35.9 fb™' (13 TeV)
B (D) — ..
0.01 S/(S+B) weighted c_:; = CMS Preliminary
- FWHM=3.9 GeV > —
: o
0.008_— C_U .................................................. [y 1 O
: S107:
0.006— B
0.004:— - 2 O
I 10° &
0.002— B Observation
- B Expected(125)
e im - Z_";'Expected ______________________________________________________ 3 &
:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
. . 120 121 122 123 124 125 126 127 128 129 130
Modelled with a sum-of-three Gaussians m., [GeV]
. N H
All categories summed by weighting for S/(S+B)

p-value of the b-only hypothesis given the observed data and
the possible presence of a signal at a given my

p-value obs. (exp.) is about 10 for my = 125 GeV
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H—-Zy— €8y: additional material

H — y*y — uuy categories

35.9 fb' (13 TeV) 35.9 fb' (13 TeV)
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> 100 L EB, High R9 Background model | > - EB, Low R9 —— Background model
% i B .1 st. dev. ] g 60— B .1 st dev. =
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H—-Zy— €8y: additional material

H — Zy — eey categories

arXiv:1806.05996v1

Category ete vy utu—v

Lepton tag Additional electron (pt > 7 GeV) or muon (pt > 5GeV)

Dijet tag At least 2 jets required At least 2 jets required

Boosted pr(eey) > 60GeV pr(puy) > 60GeV

Photon 0 < || < 1.4442 Photon 0 < || < 1.4442
Both leptons 0 < |57| < 1.4442 Both leptons 0 < |¢| < 2.1
Rg > 0.94 and one lepton 0 < |y| < 0.9
Rg > 0.94

Untagged 1

Photon 0 < |57] < 1.4442 Photon 0 < |57] < 1.4442
Both leptons 0 < || < 1.4442 Both leptons 0 < |¢| < 2.1
Rg < 0.94 and one lepton 0 < |#| < 0.9
Rg < 0.94

Untagged 2

Photon 0 < || < 1.4442
At least one lepton 1.4442 < |5| < 2.5 Both leptons in || > 0.9

Photon 0 < |57| < 1.4442

Untagged 3

No requirement on Rg or one lepton in 2.1 < || < 2.4

No requirement on Rg

Photon 1.566 < || < 2.5
Untagged 4 Both leptons 0 < |7| < 2.5
No recluirement on Rog

Photon 1.566 < || < 2.5
Both leptons 0 < || < 2.4
No recluirement on Rog
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H—-Zy— €8y: additional material

H — Zy — uuy categories

arXiv:1806.05996v1

Category ete vy utu—v
Lepton tag Additional electron (pt > 7 GeV) or muon (pt > 5GeV)
Dijet tag At least 2 jets required At least 2 jets required
Boosted pr(eey) > 60GeV pr(puy) > 60GeV
Photon 0 < || < 1.4442 Photon 0 < || < 1.4442
Both leptons 0 < |57| < 1.4442 Both leptons 0 < |¢| < 2.1
Untagged 1 Rg > 0.94 and one lepton 0 < |y| < 0.9
Rg > 0.94
Photon 0 < || < 1.4442 Photon 0 < || < 1.4442
Both leptons 0 < |5| < 1.4442 Both leptons 0 < |¢| < 2.1
Untagged 2 Rg < 0.94 and one lepton 0 < |r7]| < 0.9
Rg < 0.94
Photon 0 < |y| < 1.4442 Photon 0 < |y| < 1.4442
At least one lepton 1.4442 < |5| < R.5 Both leptons in || > 0.9
Untagged 3 No requirement on Rg or one lepton in 2.1 < || < 2.4
No requirement on Rg
Photon 1.566 < |y| < 2.5 Photon 1.566 < |y| < 2.5
Untagged 4 Both leptons 0 < |y| < 2.5 Both leptons 0 < |1| < 2.4

No requirement on Rg

No requirement on Rg

03/07/18
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H—-Zy— €ey: additional material

H — Zy — eey and uuy categories

Category ete vy utu—y y

Lepton tag Additional electron (pt > 7 GeV) or muon (pt > 5GeV) . 35.91b " (13 TeV)
—_ | | | | | | | | | | | | | | | | | | | | | | _—
Dijet tag At least 2 jets required At least 2 jets required \Dm 22 m CMS H— Zy— 1y —— Observed =
20— —
Boosted pr(eey) > 60GeV pr(puy) > 60GeV : - Expected Z
18— —
Photon 0 < || < 1.4442 Photon 0 < || < 1.4442 3 - [ 68% expected :
Untaeeed 1 Both leptons 0 < || < 1.4442 Both leptons 0 < |r] < 2.1 é 16— 95% expected g
&8¢ = - -
Ry > 0.94 and one lepton 0 < |r7]| < 0.9 = 4= B
Rg > 0.94 i = =
= 12 —
Photon 0 < |57| < 1.4442 Photon 0 < |57| < 1.4442 = : =
Both leptons 0 < |77| < 1.4442 Both leptons 0 < |77 < 2.1 - 10 —
Untagged 2 Rg < 0.94 and one lepton 0 < |r7]| < 0.9 O 8 = .
Rg < 0.94 § — _
un 6 [ ]
Photon 0 < || < 1.4442 Photon 0 < || < 1.4442 A - 7
At least one lepton 1.4442 < |5| < 2.5 Both leptons in || > 0.9 4 —
Untagged 3 No requirement on Rg or one lepton in 2.1 < || < 2.4 - .
No requirement on Rg 2 = =
I R A R T TN NN T N S AN NN NN SO AN SO SN T NN T MU N N N

Photon 1.566 < || < 2.5 Photon 1.566 < || < 2.5 0 120 122 124 126 128 130
Untagged 4 Both leptons 0 < |y| < 2.5 Both leptons 0 < |1| < 2.4 m,, [GeV]

. . H
No requirement on Rog No requirement on Rog
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