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Higgs channels In this talk
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» Include latest results from the high
resolution channels at CMS
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Branching Rat

€® H—>77*—40: CMS-PAS-HIG-16-041 and

CMS-PAS-HIG-17-011 (anomalous coupling) /DE_,/P—‘{/—

107 “ Branching fraction @ 125.09 GeV:=

- ZZ: 2.64%, yy: 0.23% ]

€ H—>yy: CMS-PAS-HIG-16-040 (New for vy .
LHCP2017!) and CMS-PAS-HIG-17-015 s e

. . . . . = Zy =
(differential fiducial cross-section) - -

» Will not cover results from 10926 121 122" 125 124 125 126 127 128 128 130
H—Z(—20)y (Run 1 result only) My [GeV]

and H_>uu rare decays https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

H— 77" — 4l

CMS-PAS-HIG-16-041
> Signal Signature C|MS|‘,TrF{I!|71i'r?|aplll [TTT T[T I T[T T [TITTIT |:|35.|9I|ﬂ|3-|1 |(1|3|T?\|/)

« 4 isolated leptons (e,M) with excellent E oF e Data E
momentum resolution: two pairs of same N gk eze 7
flavour, opposite sign leptons (4e, 4u, 2e2u Lt W 99-2Z,2y"
or 2u2e) S s0f X .

* Fully reconstructed mass peak Wt -

« Large S/B ratio (>2:1) 40 B

30 —
» Backgrounds - .

« SM ZZ* (main background, irreducible) estimated 201 -
from MC - .

e Z+X: fakes from Z+jets, Z+bb, ttbar, ... (reducible) 10;_
estimated from data-driven methods -
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m,, (GeV)



H — Z7" — 41 : Analysis strategy

CMS Preliminary 35917 (13 TeV)

» [Events are split into seven categories according to Higgs productions cdo e uniagged o Vrthad: fagged
. e . * 4 -4~ VBF-1j tagged e VH T tagae
modes to increase sensitivity, based on number of leptons, number of (b-) | *za = verames T itiges | e
jets, missing energy and selections on kinematic discriminants ( Dif} = ] DR |
0.8, —sty =
. i .. =t T b
» Additional dlscrlmlnants_ (Dyjets Dojer @and Dy = max (Dwus Dyy), >0.5) are e 2
calculated for the selection of VBF and VH-hadronic tagged events 4] ~ e
CMS Proiminay ssom! 13 Tew CMS Fraiimina B b [12TaV) 0.4 . &
§ ‘.Dmlalllﬁl 1\:{ - T ¥ - - v - - T v -QQH ‘tft - ‘“‘__— _._.__-=:_: —{0.4
oo ShEm el Untagged B VBF 0.2 bt o E
5 p B k VBF-1je B WH, W—X | S e
E ' 2 ) B WH, Wolv e T
E /*E‘“Ef“ ZH, Z—X foo 0120 130 140 180 160" 170"
: BF-2jet B ZH, L2 m,, (GeV)
;JF ] tagged fiH, fT—014+X "
L VH-had ronic B tH, i1+ X
% 0.1 02 03 04 05 06 0.7 08 c,% 1 tagged -ﬁH, =20+ X
- CMS Preliminary as.slb'usrll: I‘.I"H-I'E'Fltﬂnic § * ?MS‘I?‘EW - S “”,I ';ijlr?‘ FHT?\%’
?C:g‘ : ; 1084)?‘1306&\' 5:;125),\,3; E tﬂggﬂd é ;‘:;;J";«EHSU - EEEE%%NE
g S5l VH-MET N L
6 : tagged i i
5 I E
‘3‘ tiH tagged i .
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‘ signal fraction be 4

(=]
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2jet DVH

0

Events / bin



H — 727" — 41 : Signal strength

> Signal strength (u = aglogy) extracted with 2D " Lop (mae, Dl ) = L(1m14e) L(Disisy |mar)

CMS Preliminary 35.9fb7 (13 TeV) CMS Prefiminary 35.91b" (13 TeV) - 4 CMS Pren'i"minary ‘ ‘ 35.9 ft‘J" (13 TeV)
T L L L LN B I B B I T T T 1T | T T 1T | T T T | B — I T T T T I T | T 1771 T 177 T 1771 T 177 T 1T T 1T ]
> B ]
0.23 " * - B ]
untagged p= 1.17’;121 -L H—ZZ' > 4 b= 1_203;;2 . H— 22" — 4/ L 5 H— Z7* —s 4] E
m,, = 125.09 GeV oot m;; =125.09 GeV >35 - my = 125.09 GeV 1
VBF-1jet _0.97040 | & = C ]
tagged M7 4w _ +0.19 _ +0.19 3~ ___ aqo ]
99 In_ =105 103 I n_  =1054;; _ 68% C.L. ]
. | = 0.06"0 m - - —- .
VBF-2jet _ 0.63"05" Huer 008 n 95% CL 1
tagged M= ™os | ™ 2.50 + best fit -]
C ¢ SM ]
VH-hadronic +0.78 _ +2.85 r ]
tagged M~ 0.76 s | M\ had = 0.00% 4, W 2: .
VH-leptonic +2.09 1.5 =
tagged M~ 0-007; o5 e — 0.00727® C ]
I'l\the_x;:- 000 M 1E ]
VH-MET 1= 0.00"0%4 L - ]
tagged 000 X . - ]
seven event categories " production modes 0.5- =
ttH tagged p = 0. Dof'iT_ Fag = 70000 W : ‘ ‘ ]
- 1 PR I T T S N TR T T T TN ST ANNTR TN po b b b by b OO — 2 = |2 5| = 3

0 2 4 6 8 10 0 1 2 3 4 5 u
n 1} ggH,ttH

Measured signal strength with
fermions and bosons in 2D scan:

B 10.35
u=c/osym = 1.05701 (stat.) "0 (sys.) = 1.05701 PggH ttH = 1.2025753
L +1.37

CMS—PAS-HIG-16-041 pvprve = 0.00570 ¢

At my = 125.09 GeV, combined result:
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CMS H — 77" — 4] : Mass and Width

» Mass measurement is based on 3D fit : £(myy, Dmass,Dlg{%) » Width measurement using
invariant mass, expected uncertainty on mass and the discriminant on-shell production
* The on-shell Z is mass constrained
e Systematic uncertainty dominated by uncertainty in the lepton

momentum scale {55 5 0.20(stat.) £ 0.08(sys.) GeV|

If m, floated, I', < 1.1 GeV @ 95% CL

.. -1

CMS Preliminary 35910 (13 TeV) y CMS |P .re.'h.m."?a,ﬂf — 59 ﬂf. s ,T?,,l

_I [ T T T | T T T T I T T I'l T ] C | "‘_

= : < 10 1
p B m'y

< vis C}j - —— Observed ]

C'}I E T oMy D 8_— ------- Expected __

6 :_ - ml4l’ D s Dkblzang ." i i ]

51 g Do DL, (st o) Runl ATLAS+CMS combined | ]

45 ] 125.09 + 0.24 ( = 0.21 = 0.11) GeV I ]

35_ 4;_ ______________ 9 5_%31';
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1= - 68% CL |

0: 1 0_ -l"l“;“l. 111 ‘ I | L1 11 | 11 1 | | | ‘ | \_

154 5 0 0.5 1 15 2 25 3
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H — Z7Z" — 4l : Differential and fiducial

: e BBl TeV), 107 167 (8 ToV), 35,0167 (13 ToV)

C rOSS SeCt I O n % 6_ CMS Preliminary '

> Cross sections measured in fiducial phase space to maximize model & g 1 Peessme E
independence E \Systemallcuncartalmy E

4:_ @&andammmm (m, =125 GeV, N°LO gg— H) _:

» Signal extracted using a 1D m(4{) fit : \@L\\@\* ]
oL ]

. . . . . : \‘S‘?&%& .

» Differential cross sections measured for pT(H), N(jets), and pT(jet), £ - %““T g
compared with predictions from powheg (NLO) : ‘T pp > (H >4+ X |

U T T A I IR

CMS Pre!.«mmary 35.9 fo'' (13 TeV) CMS Preliminary 35.9 fb"' (13 TeV) CMS Preliminary 35.9 fo"' (13 TeV) 6 7 8 9 10 1112 13 14
I I

— T T T T | T T T T T T T T | T T T T I T T T T 4 — I — 10 E— T I T T T T I T T T T ‘ T T T T I T T T T _E ( )
> + o > ] E s (TeV
()] 1 Data (stat®sys. unc.) | o= 1 02 + Data (stat@sys. unc.) [0} - |‘ Data (stat:@sys. unc.) 1
o e Sysltemalic uncertainty E e Systematic uncertainty (D 1 I = Systemalic uncertainty
O G2 gg-sH (POWHEGHJHUGen) + XH = O G g oH (POWHEG+JHUGeN) + XH o) F G2 gg-sH (POWHEGHJHUGen) + XH E C
=2 = 1  CMS-PAS-HIG-16-041
— 10 [7] wH=VBE «VH 4 tH § E 10 [ %H=VBE «VH v tH — ; [77] XH=VBE .+ VH « tH .
_— _— -
g = 107F E
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“'-—T_ m < A | T Hae T
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H — Z7Z" — 4l : Anomalous couplings

> Same lepton selections as cross section measurement Scattering amplitude describing the interaction between
a spin-0 H boson and two spin 1 gauge bosons VV

SM leading momentum expanm}n higher order cp-even  cp-odd

» Three event categories because of less statistics : VBF @ % (fjf M N G I AT () ATREt
and VH selected using dedicated discriminators with CMS—PAS-HIC-17-011
production kinematics (New in Run 2), and untagged

CMS Freliminary 35.91b7' (13 TeV)
| r~r~ 7T T
» Discriminants to suppress background, to separate BSM é | —— Observed, ¢, =0or a':tggggs” of
and SM, and to isolate interference of BSM and SM ( Q - up " oo\ Expected, o~ 00rz | discriminant
to 13 observables) | { f| for CP-
Pean(Y) P () Dint (&) / [] violation
Dorg = ~ M _ Drery — sM D. SM-BSM | has small
P @+ P @) T Pu@ + P @) T Pau(@) + Pasu(D) | forward-
> Effective cross-section ratios f,; and coupling phases ¢,; : 10 backward
ai asymmetry,
allowed 68% CL (central values Wlth uncertainties) and 95% CL 1 which results
(ranges in square brackets) intervals f =0 (1) indicates pure SM (BSM) | in t?is
Parameter Observed Expected ) E{)eserence i
fa3 08 (¢a3) 0.307919 [—0.45,0.66] 0.00000171-0.32,0.32 ] S '
—0.21 ! —0.017 Y . -
faz cos(¢a2)  |0.04700; [—0.69, —0.64] U [—0.04,0.64] | 0.000"( ;5 [—0.08,0.29
fa1cos(Par) 0.0019% [—0.92,0.15] 0.000*301% [—0.79,0.15]
FZ7 cos(94T) 0.16+03¢ [~0.43,0.80) 00007992 [_0.49,0.80] Results consistent with SM -




H->vy

3 CMS Preliminary

3597 (13 Tev)

> X10 F T T T T | T T T T | T T T T | T T T T
. . K] [ Barrel-Barrel 4 Data N
> Signal signature s O Re> 00 B2 o (simutiony
* Two isolated and high ET photons g L [ simuiation stat. Uncert. 1

* Final state fully reconstructed with
high resolution

e Massresolution: o~ 1-2% m

» Large backgrounds
¢  Continuum yy (irreducible)
*  Fakes from y+jet/jet+jet (reducible)

100

80 85 90 95
Mgeg- (GeV)

» Photon energy: well calibrated and corrected, with Z-ee peak
used as reference

My = /2B Ea(1 — cos )

» Primary vertex: BDT for selection; Within 1cm — negligible
Impact on resolution. = \/2E, E>(1 cosh)

» Photon ID: BDT discriminates real/fake photons from jet

fragment
CMS—-PAS-HIG-16-040

selected Zm"el <10 mm

Fraction of |z

Events/0.04

11 CMS Simulation Preliminary ) 13 TeV .
F H— vy (m, —125GeV)
- Data PU scenarlo (35.9 fbo)
1} —————————————————————————————————————
0.9# t
E + “m_,_
0.8
0.7:— —+— True vertex efficiency +
0.6:— Average vertex probability
05:|||||||||||||||||||||||||||||||||||||||
0 5 10 15 20 25 30 35 40
Number of vertices
1of CMS pPreliminary 35.9f7' (13 TeV)
SRR RSN R RN R AR R RN
Simulation:
- H—yy (m,_ =125 GeV)x10*
10 E total background+stat.uncert.
— — ‘Y_‘-Y
10°
10°E
10%E
103§

11 11 111 11 111 111 111 1 11 9
-1 08 06 04 02 0 02 04 08 08 1
BDT score of the photon ID



H->vy : Analysis strategy

» Event tagging: events are sorted into 14 categories depending on Higgs production modes and kinematics, to
improve the analysis sensitivity

> Top fusion (ttH): cut-based leptonic and mva-based hadronic (2cats) CMS-PAS-HIG-16-040
CMS Preliminary 359" (13TeV)
» VH:new in 2017, cut-based and split into leptonic, hadronic, MET (5cats) & ? B . <ition background SM Horry, m o125 Gov
210 [ et et Mot
» VBF: dijet + diphoton BDTs with categories based on significance (3cats) %06 = =

MC stat. uncert. [_]ttH

» Untagged: split by diphoton BDT score, correspond to different S/B
and invariant mass resolutions (4cats)

Untagged i ' '
0 3

[ | | [ | | |i| (| | [ | [ | | Iil | | L1 | | ?—I—E_

0102 03 04 05 06 0.7 08 09 1

First time presenting VH results (in run2) Rejected Transformed score of the diphoton BDT

10



25000

| GeV

0000

Events|

15000

10000

5000

CMS

H->vy : Mass distributions

All categories
Preliminary 359" (13 TeV)

- Hoyy
:—FnH=125.4 GeV, n=1.16

All categories

¢ Data
— S+B fit
------ B component
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8000

) Weighted
S 3

S/(S+B
N

All categories (weighted by their sensitivity)
CMS Preiiminary 359" (13 TeV)

T T 17T | T T 1T | T 17T | T T 17T | L | T T 17T | T T 1T | L
- Hoyy
:_FnH=125.4 GeV, 1=1.16

All categories
S/(S+B) weighted

¢ Data
— S+B fit
------ B component
M +1o
[ ]2 ¢

B component subtracted 5

CMS-PAS-HIG-16-040
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H->vyy : Signal strength

=]

6CMS Preliminary o 359 1;;1’(13Te\/)

» Overall signal strength £ CHow Q=116 28 .

i 5 —— stat+syst _

0.15 0.11 0.09 0.06 h - — staton -

w=1.167 1 (stat +syst) =1.167 (stat.)’y s (syst.) ;o (theo.) s — st nly :

> Production mechanism signal strengths are SM-consistent E E

» Signal strengths measured in bosonic and fermionic parts i3 E

are also SM-consistent : ]

CMS_PAS_HIG_16_04O 8.; ' b.le.' = 'o_lgl = |1 R '1_|3‘ = '|‘4' = '1.|5' = ';

CMS Preliminary 35, 9 fo” (13TeV) CMS prefiminary 35.9 fo” (13 TeV) !
T 1T ' 3 S L R L R IR R R
H—yy - Combmed +1o é' - X o Best Fit ]
. ege = 25 ) # sm B

L —#- Perprocess £ 16 _| Significance 2; . E Mool tTH = 1194_‘8%g

Mogy | 11155 LT Observed(Expected) - = 1 - 0.57

- Heomprea= 116 018 7] 1sE - pvervH = 1.01753
Moge | 0552 m,, profiled VBF 1.10 (1.90) ' =
— _ . osE =
w | 221 Signal strength | tt4 3.30(1.50) - ]
- per process | o .
Moyl 23 s VH 2.40 (1.2 0') *0-5;— m,, profiled —;

N R I TP 2

ﬁ uggH,ﬂH



H->vyy : cross section

Cross section ratios measured for each process in the Higgs Simplified Template Cross Section
(STXS) framework, for profiled m,,, compared to the SM expectation and its uncertainties

CMS Preliminary 35.9 fo! (13 TeV)
T T T L L

I I I I I
H—yy —m— Per process + 1o
ggH [ 10577 .SIVI Prediction
+06 m,, profiled
VBF | oy " | CMS-PAS-HIG-16-040
ttH | 2202 —a—
WH leptonic | 3172 | _ :
ZH leptonic | 00?7’ w—
VH hadronic | 4.172° | = :
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H->vy : Coupling constants

Measurements of coupling modifiers to vector bosons and fermions (k,, k;) and to photons

and gluons (k , k . g
8 (ky, k) Compatible with SM CMS-PAS-HIG-16-040
SCMS Preliminary 35.9 fb” (’13TeV)m CMS Preliminary 359 b (‘13TeV)1D
o -
m,, profiled m,, profiled =
2. A P <
4 Best Fit O

—o
---20

05 4 4
0
2 2
05
- 0 0
02 04 06 08 1 12 14 16 1.8 2 04 06 08 1 12 14 16 1.8 2

14
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H->vy : Fiducial cross section

» 3 untagged event categories based on expected mass resolution

» Results: most precise fiducial measurement so far
CMS-PAS-HIG-17-015

19,710 (8 TeV) + 35.91b" (13 TeV)
IIIIIII|IIII|IIII|IIIIII

By .2 — | CMS Prelimi 35.9 fb" (13 TeV R
Uhduﬂal - 84 :i: 11 (Stat) :t7 (SySt) fb | 25_ i 'Fm”:agl T T Tt rrrrrrr |(| T |)_ ! 100:‘ Iclrldlsll [TPTTTTT | .
e [ \§ H-y, profiling m i -t Supplementary 1
< r ~ 13 . y 90 ]
N 5 N\ ‘\\ o= 847 5M 1 - .
theory 75+, Y 2- - [ Hoyy ]
Ufiducial — /°—4 "~ ...\ HXSWG YR4 : B0F ¢ Dataeestiimy
L « + aMC@NLO i - —sysl. uncertainty
AR N\ m,=125.09 GeV il 70F-  #5 SM (m.=125.09 GeV) B
15 N — - - norm. LHC Higgs XSWG YR4
L — o - ACC. AMC@NLO
C\ DA soL- =
Fiduaal volume: 1_ AN 505_ B
- W - | _
pri/my, < 1/3, pro/my, < 1/4 i \ N T F i
n i 40— —
Inia] <25 0.5 \ B - 1
L N . 30~ =
I50gen1,2 < 10 GeV ( AR=0.3) i X& \\\N i - §
0'7"“““;7&*‘*“"' e b = 200 1l b b b b L L
0 75 80 8 90 95 100 e IR R T S T e

04 (fD) Vs (TeV)
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H->yy : Differential fiducial cross section « &g

» Differential fiducial cross sections are measured for pT(yy) and N(jets), compared with
, ggH powheg + other modes (VBF+VH+ttH, “HX”)

predictions from

from MADGRAPH aMC@NLO

CMS Pre!.rmmary

35 9 fb (1 STEV)

— L | L I | I LI I |
= 10%F 3
8 E H— 1Y LHG HXSWG YR4, m =125.09 GeV
é 10 ;_ + Data ggH aMC@NLO + HX -
- - aoH POWHEG + HX -
% 1 é%L HX aMC@NLO ‘Q —
= S ﬁé% o 3
= N —E ]
o, - ¥
S10'F -
10%F
E,

Ralio 1o aMCENLD + HX =~ =k

do,/dN, (b)

Ralio 1o aMC@MNLO - HX

-
C'.‘I

—
o
[

CMS Prehmmary

CMS-PAS-HIG-17-015

Hovy

+ Dala

P —

LHG HXSWG YR4, m“-I25.0'9 Ge¥

|| ogH POWHEG + HX

| L ancaNw

35.9 fb” (13TeV)
| [ =

ggH aMCENLD + HX
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Summary and outlook

» Latest results of Higgs measurements with H—-ZZ*—>4{ and H—yy from Run 2
data (~36 fb!) collected by CMS detector at 13 TeV are presented

» Precision of its mass measured from H—ZZ —42 is a little better than the
combined ATLAS+CMS result in Runl

» Measurements of its properties are largely compatible with SM expectations
» Results are still statistically limited

» Expected > 100 fb-! to be delivered by the end of Run2
— Improve precision on the measurements

17
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Mass : Run 1 combination

ATLAS and CMS

Phys. Rev. Letter 114, 191803(2015)

—e— Total Stat. 1 Syst.
LHC Run 1 Total Stat. Syst.
ATLAS H—yy —e i 126.02 + 0.51 ( £ 0.43 = 0.27) GeV
CMS H—yy ————o{ 124.70 + 0.34 ( = 0.31+ 0.15) GeV
ATLAS H—2Z -4l I - i 124,51+ 0.52 ( + 0.52 + 0.04) GeV
CMS H—ZZ—4i —— | 125.59 £ 0.45 ( =+ 0.42 = 0.17) GeV
ATLAS+CMS yy I-—EI—-l 125.07 + 0.29 ( = 0.25 + 0.14) GeV
ATLAS+CMS 4] F—}E—l 125.15 + 0.40 ( = 0.37 = 0.15) GeV
ATLAS+CMS yy+4i I-?—I 125.09 + 0.24 ( = 0.21 = 0.11) GeV
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 | |. | L 1 1 I 1 1 | 1 I 1 1 1 1 I 1 1
123 124 126 126 127 128 129
m,, [GeV]
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Higgs production and decays at LHC

—10?
> Cross sections are increased %
by ~2.3 except for ttH 3.8 from E 0
8 TeV to 13 TeV 1
2
> More than 100 fblis expected =
in Run 2 : ~25fblin Run 1
107"
» We expect 10 times more the
BEH scalar eventsthan Run1 -
FEOEEEEE
@125.09 GeV
8TeV 21.39 1.600 0.701 04199 0.1326 0.2015
4850 3779 1369 08824 05065 0.4363
DT 27 236 195 2100 382 241

0 EW)

NL
p—H (N3LO oo
N

M(H)= 125 GeV =

LHC HIGGS XS WG 2016

-9 1__IIII|IIII TTTTTTTTTTTTTT T T TT I TTTT T TTTTIITTTT IIII__E
I E— Eg
X [ bb 1g
> T 8
£~ (4]
4 99 |3
210 =
© coTT =
o E ]
L cC ]
102 %4 Branching fraction at 125.09 GeV._
- ZZ: 2.64% .
C oy vy 0.23% .
_3/
10° 57, -
T _
104IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
120 121 122 123 124 125 126 127 128 129 130

M, [GeV]

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
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H — ZZ" — 4| : Observables

CMS Preliminary 35.9 fo”' (13 TeV) 0.05 CMS Ppreliminary 359 b (13 TeV)
* de e untagged —s— VH-hadr. tagged E Uo7 T 1 LI FU
- —&— VBF-1j tagged i En:ﬁgﬁ-tfa%%i% = -HFT.E .
® 2e2n  —=- VBF-2jtagged _. tiH tagged 12 *g l::E I « 7Z— e'e Data ) _ ]
= - 0.04 . ]
S o Z— p'u Data ‘
=1
@
3
B s 0.03- 2
- b 0.02]- -
._ ') B .-" 1
B & 'd'! —— o -4 —0.4
L -‘-_.-_ —— —  ap——]| | |
i ra N R g 0.0 @ g
LN S s e o -
2 .g._ ..‘_ o, o —.—
- -_‘5;_ P S . > -
_I Lola FI _|-_ |Tﬁr _ﬁ_ _T-.__ ‘.l_. J';—Cl D_ ".'- PRI IR S S N B T N T RS S NI ST
'PUU 110 12[] 130 140 150 160 170 0 0.01 0.02 0.03 0.04 0.05

Predicted o, /m,,

o M4 (G&V)  (\S-PAS-HIG-16-041
o 4 lepton invariant mass : m,

. Event-by-event mass uncertainty : D, ..=0d, /m,, , propagated from

individual lepton p resolution (Corrected in data/MC using Z = |l events)

: P (=4 myg) |
« Matrix element kinematic discriminant: Dy =

Pflg (QH—4/ \gy)
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H — Z7Z" — 4] : Lepton energy scale uncertainty

CMS Preliminary 3591 (13 TeV) CMS Preliminary 35.9 10 (13 TeV)
(_lj0_004_|||||||||||||||||||||||||||||||||||||||||||||||| g0.004_""|'|||||||l|llll|llllllll|llll|llll|llll|llll
(] L L
o - _ o - i
£ o.003F 1 £ ooosp 1
£ . _(IL 1 $o : 1 Difference between the
o - 1 &s3 C . " :
£ 00021 1 € 0002 1 Z—M mass peak positions in
g i ﬁlj I 1% g i ] i '
g 0.0010 i - % 8 ooo1l y - dataand simulation
£ e L 1 E i — 1 normalized by the nominal Z
] e S ] O e e S - boson mass obtained as a
C i C I i -
- 1 - = function of the pT and of
0001 L [ ~0.001F T P Inl
5 o 5 F ! b2 mooas 1 one of the leptons regardless
_0.002F #2, 0008 —j _0.002| eSS 1 of the second for electrons
: bzmosis 3 : pzmos14 1 (left) / muons (right).
—0.003 . ~0.003F -
- bz mi1525 | - 2 ml14-24
_||||||||||||||||||||||||||||||||||||||||||||_ — G b b b bona b bonan byana b biaa 4l
~0-0045=16"20 30 40 50 60 70 80 90 100 0% 10 20 80 40 50 60 70 80 90 100

Electron pT(GeV) Muon pT(GeV)

CMS-PAS-HIG-16-041
Events are separated into categories based on the p_and N of one of the two leptons in data/MC

Fit di-lepton mass distributions to a Breit-Wigner parameterization convolved with a double-sided
Crystal Ball (CB) function

Extract offset in the measured peak position with respect to the nominal Z-boson mass

Relative difference between data and simulation is propagated to the reconstructed four-lepton
mass from simulated Higgs-boson events

The uncertainty is determined to be 0.04% (0.3%) for the 4p (4e) channels, respectively >



H — Z7Z" — 4] : Mass resolution

With and without the kinematic refit using m(Z,) constraint

CMS Simulation Preliminary Vs=13 TeV CMS simulation Preliminary Vs=13TeV CMS Simulation Preliminary Vs=13TeV
> : L | T 17T I LI ‘ LI I 1T 1771 ‘ L | LI : > 1600 __l T T 7T I T 1T T 71 | T T T 7T | T T T T l T T 1771 | T T 1T 7T I UL |__ } [T T T 71T I T 1T 177 I L | L l LI l LB I T 17T
85000_* H—-ZZ - 4u 0;"(‘5“8-1.19(3er_ 8 [ H—>Z7Z > 4e Opie, =2.10 GeV ] 85000- H—ZZ — 2e2n :§§-166G6V-
& [ my=125GeV b oht=1.11GeV ] 3 14001 m,, = 125 GeV A oje=182GeV ] & [ my=125GeV # o =1.41 GeV
o - — = i ) = N ]
B4000 R . B 12000 7 :@4000 ! -
c I ] c i ) c - -
z 0 ] = 1000f 12 0 1
L i i L] 0 7 L B ]
30001~ 4 Simulation B - ¢ Simulation ] 3000 4 simulation ]
i ] 800F - i ]
- Parametric Model ] [ — Parametric Model ] | — Parametric Model )l
2000(- | ] 600} =R 8 E
i ] 400F . [ ]
1000 - s ' 1000 5
I ‘ 1 2001 — i _
I [ ‘ 11 1 I 11 | I i- - | : — L 11 | | | 111 1 I 1 1 11 1 - J I | I | | I - I 1 8 1 1 ]
f05 110 115 120 125 130 135 140 fos 110 115 120 125 130 135 140 P05 110 115 120 125 130 135 141
m,,(GeV) m,(GeV) Myeo,(GEV)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
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H— 727" —4l: categorization criteria

VBEF-2jet-tagged category requires exactly 4 leptons. In adchtlon there must be either
2 or 3 jets of which at most 1 is b-tagged, or at least 4 jets and no b-tagged jets. Finally,
Dsjer > 0.5 is required.

VH-hadronic-tagged category requires exactly 4 leptons. In addition there must be 2
or 3jets, or at least 4 jets and no b-tagged jets. Finally, Dyy = max(Dzn, Dwn) > 0.5
is required.

VH-leptonic-tagged category requires no more than 3 jets and no b-tagged jets in the
event, and exactly 1 additional lepton or 1 additional pair of opposite sign same fla-
vor leptons. This category also includes events with no jets and at least 1 additional
lepton.

ttH-tagged category requires at least 4 jets of which at least 1 is b-tagged, or at least
1 additional lepton.

VH-MET-tagged category requires exactly 4 leptons, no more than 1 jet and Efss
greater than 100 GeV.

VBF-1jet-tagged category requires exactly 4 leptons, exactly 1 jet and Dyje; > 0.5

Untagged category consists of the remaining events.

CMS Preiiminary 35.9 o' (13 TeV) CMS Preliminary 35.9 fb ' (13 TeV) CMS Preiiminary 359 fo! (137evp
T P [ T T e e > U e A A ds e EARAL A s A A At e
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m,, (GeV) m,, (GeV) m,, (GeV)

Events / 4 GeV

Events / 4 GeV

359 fb (13 TeV
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H — Z7Z" — 4l : Yields

Channel 4e 4u 2e2yu 4/

- 1856 +249 1326 689
qq — ZZ 192.7;'%% 1 360.2;5% 3 471'01%51'5 1023.9+_278690
gg — 27 41.2+_86£51 69.0“94:05 101.7+_2173:13 211.8+%;:8
Z+X 211755, | 344755 | 599755, | 115475,
Sum of backgrounds | 255.07527 | 46357337 | 632.61 07 | 1351.175>%
Signal (mp = 125 GeV) 12.0ﬂ:z 23.6+21 | 30.0+£26 | 65.7L£5.6
Total expected 267.015:7 | 487.173) | 662.67 % | 1416.875,3
Observed 293 505 681 1479

Event category
Untagged VBF-1j VBF-2j VH-hadr. VH-lept. VH-MET  ttH | Inclusive

gg — H 38.78 831  2.04 141 0.08 0.02 0.10 | 5074
VBF 1.08 114 2.09 0.09 0.02 <001 0.2 4.44
WH 0.43 0.14 0.5 0.30 0.21 0.03 0.02 1.18
ZH 0.41 011  0.04 0.24 0.04 0.07 0.02 0.93
tH 0.08 <001 002 0.03 0.02 <001 035 0.50
Signal 40.77 969 424 2.08 0.38 0.11 0.51 57.79
qq — ZZ 19.18 200 025 0.30 0.27 0.01 0.01 22.01
gg — ZZ 1.67 031 0.5 0.02 0.04 001 <001 | 209
Z+X 10.79 0.88 078 0.31 0.18 0.30 0.27 13.52
Total expected | 72.41 1288 532 2.71 0.86 0.43 0.79 | 9541

Observed 73 13 4 2 1 1 0 94

Mass>70 GeV

Mass range 118-130GeV

CMS-PAS-HIG-16-041
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H — 727" — 41 : Fiducial phase space

Requirements for the H — 4/ fiducial phase space

Lepton kinematics and isolation

Leading lepton pr pr > 20 GeV
Next-to-leading lepton pt pt > 10 GeV
Additional electrons (muons) prt pr > 7(5) GeV
Pseudorapidity of electrons (muons) 17| < 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 satisty criteria above
Inv. mass of the Z; candidate 40GeV < mz < 120GeV
Inv. mass of the Z, candidate 12GeV < myz, <120GeV
Distance between selected four leptons AR({;, £;) > 0.02 for any i # j
Inv. mass of any opposite sign lepton pair M+ p— > 4GeV
Inv. mass of the selected four leptons 105 GeV < myy < 140 GeV

CMS-PAS-HIG-16-041
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H->vyy : Photon energy

~ CMS Smulation Preliminary  13TeV CMS_simuiation Prefiminary ___ 13 Tev
m"}”}" — \/QEI EQ(]_ — COS 9) E 7; Hoyy Untaggedﬂé 3 5002— H-vy . é:l(gf;e)g\sg;ited_;
. ! ; 6; H%* Simulation é 400:_ 4+* Simulation E
> Electro-magnetic calorimeter response : . _..... E S
g . mode! ] 300 mod -
e corrected for Change in time N 45_ G4 =1.32 GeV _g : 0= 1.65 GeV
. . . . 3 - - ]
e inter-calibrated to be uniformin n/¢ b FwH-262Gev T ressoe
* adjustment of absolute scale E e " .
======= b o o T | Py - | T -y L g | 1
N . 105 110 115 120 125 130 135 140 105 110 11
> Energy and its uncertainty corrected for meee) T i ey
local and global shower containment: CMS_PAS_HIG_m_OfSSP . S
. . 10° =S Preliminary 359 (13TeV
regression targeting E,, ./E, .., § oo T oy
° i o [ ]z - ee (Simulation) |
] ] ] ] EU: 80:— EB+EB [ ] simulation Stat_Unoert__: R9 and n
> Scale vs time and resolution calibration: - high RO dependent
Z->ee peak used as reference ! scaling and
i MC smearing
40
» Corrected energies and resolutions used in o]
the analysis : | | |

80 85 %0 95 100 28



Events / GeV

Events / GeV

H->vy : Untagged

CMS preliminary 350" (13 TeV)
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CMS-PAS-HIG-16—-040
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Objects

e Jets:

A ak4PFCHS; pT=>25 GeV; |n|
<2.4

e Bjets:
Ao PF CSV v2 (medium WP)
e Muons:

A p>20 GeV; |n|<2.4; “tight
muon”; minilso<0.06

e Electrons:

A pr>20 GeV; |n|<2.5; 1.442<|n|
<1.566; loose EGM ID

- CMS Preliminary

leptonic

H->vyy : ttH

tt — blvybgq tt — blubl vy

® Selection

A

A

350" (13 TeV)
NI I I

(sub)leading photon
p+/M,,>0.5(.25)

At least 2 jets with
AR(j,yorl)>0.4

At least one b-tagged

jet

At least 1 lepton
AR(l,y)>0.35

For electron:
[Mg,-Mz[>5 GeV

diphoton mva > 0.107

CMS Preiminary 359 " (13 TeV)
T rrrrTTTT rprrrryrrrTrTTT T

T
1

Events / GeV

CMS-PAS-HIG-16-040 -
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IIIIII|III|I

Al N
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e Preselection:
A atleast 3 jets
A atleast 1 loose b-jet

e 2-d optimization of
diphoton MVA and ttH
MVA

a diphoton MVA > 0.577

A ttHMVA=>0.75

tt — E}gfjfgq'cfr

Cut-based strategy
replaced with mva to
improve pttH
sensitivity

CMS Preliminary 35.9fb " (13 TeV)
— 7000
o
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W [
I 6000: e Data sidebands
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H->vy: VH

3 VH leptonic categories w—ivor Zz—1l hadronic category w->jj or z->jj

7 e Photons
e Muons e WH leptonic: ¢ VH leptonic loose: s (sub)leading
A p;>20 GeV; |n|<2.4; A one lepton: A one lepton: pr/m,,>0.5(0.25)
“tight muon”; pf miss > miss < 45 Ge\/ A p¥/m,>1.0
isolation < 0.25 (loose 4 Pr 45 GeV 4 br PrMy
WP) A AR(y,1)>1.0 A AR(y,N)=>1.0 e Jets
e Electrons A diphoton mva>0.28 A diphoton mva>0.28 A Atleast two jets
A pr>20 GeV; |n|<2.5; A <=2jets A <=2jets A pr>40GeV
1.442<|n|<1.566; CMS Freiminary 35,9157 (13 TeV) .CMS Fretminay 35017 (13 TeV) 4 Inf<24
|Oose EGM ID i . % 3.:%:%?119544\/‘ ﬁ::16 ‘ZHLe:JtonlcT‘ug ‘ : % EE‘;W#ZYSAG;V.H:W‘ i IWHLe‘ptomc'lf:g ‘ é A 60<mﬂ < 120 GeV
g o 1 b L s [cos8| <05
e Photons 4 wotepons: £ : Diphoton MVA > 0.906
Ao 70<m,<110 GeV : P before flatten
i | 2 A erare tlattenin
A (sub)leading a AR(y, p(e)) >0.5(1.0) ; |||||||| | Mﬂﬂﬂﬂ][ i (0.7) CMS—PIQ\S—HIG—16—O4O
diphoton mva>0.107 £ B Compore subTaces: of
pT/mYV>0'375(0'25) S : 3 o CMS premnay 35917 (13TeV)
. _D‘ 2 MEMWH :g ; g L s '""" il “ § 30 ;_FTH\._F,F;Ed. GeV, i=1.16 WHHadronicTag _;
DIphOtOﬂ MVA cuts were tuned Commemm e ey R T R 3
CMS Preliminary 359 b’ (13 TeV) CMS Preliminary 359" (13 TeV) E E ] «=---- B cOmponent E
§ oot e e 3 R e i Em:lo
:2: Lj%:n'b-r X \ . Lgi‘g—'\m : é 12;mH=125.4 GeV, u=1.16 Lgfgjm :; 1 h |
MET category of ]D 10 ﬂ ] SR I
e W — [v (lepton out of acceptance) or Z — vv el g o s & I
. o I I (it ithe 0; ) i i E
A p mss > 85 GeV g .
& Ag(yy, pye) >2.4 A SIS B PRI 31
A diphoton MVA > 0.790 (0.6 before flattening) B I e S

my, (GeV)



H ew : VBF Tag CMS-PAS-HIG-16-040

> Preselection (ICHEP): Two jets with Proselectior R R |
ij1>3OGe\/’ pTJ2 >206e\/’ |n|<47’ E 1045—'_ i\?;f(idz?z:desew —i
m”>25OGeV 2 - - ggH (m =125GeV) -
10°e T— E

> Main Structure: two parts, the Dijet BDT o T 1o
& Combined BDT : i,
m e | Ty

> Dijet BDT: separates VBF dijet from BG e T ]
(incl. gluon fusion) using dijet kinematics - | | o :
10_10 I 0.2 - 0.4” | I0.6 = [].8II ) 1

> Comblned BDT: Separates SignaI/BG m Transformed score of the VBF Combined BDT
diphotons using diphoton BDT, dijet BDT

CMS primnay 3591 (3Tev) CMS preimnay 35915 (13TeV) CMS rreiminary 35.9 b (13 TeV)

and scaled diphoton pT ﬂ? I R B v R T $ e i W

I ] =l I E s

> 3 VBF-tagged categories using the | Fl] : g ] H]Tl 1 cihd

combined MVA with boundary i L K H Ty PRSI

optimisation: cuts on combined score are e T SRR A s
simultaneously optimised for max e ; {

significance across all categories E SEHNVSIRIRISREIRTIROE R it/CSohR STV R OO |

m,, (GeV) m,, (GeV) 32 m,, (GeV)



H->yy : signal efficiency and expected Nevt

» Kinematic selection

Leading photon : E; /m , >1/3
* Subleading photon : E; /m, >1/4
Photons |n] < 2.5

» Preselection to be tighter than HLT, selections on photon ID MVA and
diphoton BDT

CMS—-PAS-HIG-16-040

Event Categories SM 125 GeV Higgs boson expected signal Bkg
8 Total ggH VBF tH bbH tHq tHW [WHlep | ZHlep | WHhad | ZHhad | ceff | o | (GeV—1)
Untagged 0 | 45.83 | 80.19% | 11.75% | 1.83% | 0.40% | 0.47% | 0.22% | 041% | 0.19% 2.96 % 1.58% | 1.32 | 1.24 21.92
Untagged 1 | 480.56 | 86.81% | 7.73% | 0.56% | 1.15% | 0.13% | 0.02% | 047% | 027% | 181% | 1.04% | 147 | 1.32 | 924.21
Untagged 2 | 670.45 | 89.76 % | 548% | 0.44% | 1.18% | 0.08% | 0.01% | 051% | 034% | 140% | 0.81% | 1.94 | 1.68 | 2419.53
Untagged 3 | 610.07 | 91.13% | 451% | 0.48% | 1.07% | 0.07% | 0.01% | 055% | 030% | 121% | 0.69% | 2.62 | 2.28 | 4855.00
VBFO | 1001 |21.69% | 77.09% | 0.34% | 0.35% | 0.29% | 0.03% | 0.03% | 0.00 % 019% | -0.01% | 1.51 | 1.30 1.60
VBF1 | 864 |3358% |6464% | 039% | 052% |036% |0.04% | 013% | 0.03% | 024% | 007 % | 1..66 | 1.38 3.25
VBEF2 | 2776 |50.14% | 46.46% | 0.81% | 0.73% | 0.53% | 0.07% | 020% | 0.06% | 071% | 0.27% | 1.61 | 1.36 | 18.89
ttH Hadronic | 585 | 10.99% | 0.70% | 77.54% | 2.02% | 413% | 2.02% | 0.09% | 0.05% | 0.63% | 1.82% | 148 | 1.30 2.40
ttH Leptonic 3.81 190% | 0.05% | 87.48% | 0.08% | 473% | 3.04% | 1.53% | 1.15% 0.02 % 0.02% | 1.60 | 1.35 1.50
ZH Leptonic 0.49 0.00% | 0.00% | 2.56% | 0.00% | 0.02% | 0.13% | 0.00% | 97.30% | 0.00 % 0.00% | 1.65 | 1.43 0.12
WH Leptonic | 3.61 126% | 059% | 5.18% | 0.18% | 3.03% | 0.73% | 8448% | 4.33% | 012% | 0.09% | 1.64 | 1.43 2.09
VH LeptonicLoose | 2.75 9.16% | 270% | 2.34% |057% | 1.81% | 0.13% | 63.62% | 18.87% | 056% | 0.23% | 167 | 1.56 3.50
VH Hadronic | 9.69 | 57.38% | 3.68% | 3.61% | 0.35% | 1.39% | 0.27% | 0.17% | 0.42% | 20.47 % | 12.26 % | 1.38 | 1.31 7.22
VHMet | 425 |23.63% | 246% | 1445% | 041% | 2.00% | 1.14% | 25.17% | 28.60% | 1.32% | 0.82% | 155 | 1.38 3.49
Total | 1883.77 | 86.96% | 7.09% | 1.00% | 1.09% | 0.15% | 0.04% | 0.81% | 042% | 155% | 0.89% | 1.95 | 1.62 | 826473

Table 3: The expected number of signal events per category and the percentage breakdown per production mode in that category. The oy,
computed as the smallest interval containing 68.3% of the invariant mass distribution, and oy, computed as the width of the distribution
at half of its highest point divided by 2.35 are also shown as an estimate of the m,, resolution in that category. The expected number of
background events per GeV around 125 GeV is also listed.

Y B
B [43]

o
(58]

Efficiency x Acceptance (%)

39

38

37

CMS Simulation Preliminary 13 TeV

H—yy

— Signal model £ x A

+ 1o syst. uncertainty

L
121 122 123 124 125 126 127 128 129
m, (GeV)
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H->vy : signal fractions

CMS Preliminary H—yy CMS-PAS-HIG-16-040 35.9 b (13 TeV)

B ooH B ver ttH [ bbH B tHg B Hw
B wH hadronic

W,

Mo, B S/(S+B)

B zH teptonic

I wH ieptonic ZH hadronic

Untagged 0 QEEREENIETa T REVE )
hicLLELINE 480.6 expected events
Untagged 2 STV -V (olTa CloMAET S
Wil 610.1 expected events
U=l 10.0 expected events
"I-1oN 8.6 expected events
U=l 27.8 expected events

ttH Hadronic 58e

ttH Leptonic

ZH Leptonic

WH Leptonic expected events

VH LeptonicLoose

YH Hadronic

VH MET conc oo b

10 20 30 40 20 60 /M 80 9 1W00p o095 1 15 2 25 0 01 02 03 04 05 06

Signal Fraction (%) Width (GeV) S/(S+B)int o,

34



Rare decay

> SM: BR(H->Zy) = 0.1%

» Similarity with H=>yy

» Sensitivity limited by Z—2(

7+8 TeV (24.6 fb!)

H->Zy

Events / 2 GeV

» Search in Z(ee)+y and Z(pup)+ v final states

» 5 event cat’s (jets, leptons, photon)

» Use invariant mass m,,
» Exclusion limit at 125 GeV:

Observed: >9.5 x BR,; @95%CL

Expected: >10 x BRq,

95% CL limit on o/o,,

CMS (s=7TeV,L=5fb"\s=8TeV,L=19.6b"

1600~ ~e— Data H-Zy
K00 — Background Model

C - Signal m = 125 GeV x 75
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foo
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