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Gluon fusion (gg—H) it the dominant production
mechanism at LHC but VBF, VH and ttH allow to

test H couplings/properties.
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SM H Boson Production and Decay at LHC

\s=8 TeV

LHC HIGGS XS WG 2012

vy, ZZ and WW decays continue to play a key role
to study H@125 GeV properties/couplings

Also studying the Zy mode.
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H->vy : Overview

O Fully reconstructed decay with excellent mass resolution (1-2%)
O Large continuum background from QCD yy and y+jet — Photon ID BDT to reject jet fakes
0 Analysis separated in several di-photon categories to exploit different S/B ratio
0 Dedicated VBF (di-jet BDT) as well as VH and ttH (event topology tags) categories

- In total 25 analysis categories (11 in 2011 and 14 in 2012)
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0 Background shape fitted from

- the data m_ invariant mass

{ - search f%r narrow peak

P resonance on top of smooth

S background

N \ 19.7 fb (8 TeV) + 5.1 fb (7 TeV)
o <107
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Phys. Rev. D89 (2014) 092007

= H—>77->41 : Overview
o CcMs Vs=7TeV,L=51fb";Vs=8TeV, L=19.7 fb"
] > asF ™+ Data ' R
Q Search for a narrow peak in 4-leptons 3 °°F Jmy=126 Gev :
(e,u) invariant mass D30 | gmzex E
Q Backgrounds: Z, ZZ and Z+jets £ o5l s
d High S/B ratio @ 20f- E
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categorization to enhance S/B separation i ]
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arxiv:1407.0558

H->vy & H>ZZ->4l: Signal strength

H-vYy:

Phys. Rev. D89 (2014) 092007

H->ZZ:

o /asm = 1.14753) (stat.) Tgg(th.)*
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o /osy = 0.93 055 (stat.) Fo s (sys. )
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- Compatible with SM Higgs (within ~23-30% uncertainty on total signal strength)
+ Talk on Higgs combination ATLAS+CMS this afternoon (K. Grimm)
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= H-2>vyy & H>ZZ->41: Mass

H>ZZ: m = 125.6 * 0.4 (stat.)
+ 0.2 (syst.) GeV
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H->vyy: my=124.70 £ 0.31 (stat.)

+ 0.15 (syst.) GeV

Phys. Rev. D89 (2014) 092007
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H->gg and H>ZZ Combination: arxiv:1412.8662
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7 +0.56 .
my, —my = —0.897022 GeV

- Mass Measured with ~0.25% uncertainty by CMS
- H->gg and H>>ZZ m, compatible within 1.6 o

- Direct width measurement limited by resolution
+ Talk on Mass and Width ATLAS+CMS this afternoon (l. Giotis)
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d Form, =125 GeV - I'; ~ 4 MeV

Width from on-shell H>ZZ->41 and H>vyy

arXiv:1412.8662

O Higgs width from H>ZZ->4l and H->yy resonance shapes @ ~125 GeV only with
reduced precision of ~GeV due to detector resolution for e/y/u p; measurements

19.7 0" (8 TeV) + 5.1 o' (7 TeV)
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@ m, =125 GeV:

H>ZZ: T, < 3.4 GeV @ 95% CL
H>yy: T, <2.4 GeV@ 95% CL

Z2Z+yy : T, <1.7 GeV @ 95% CL

>> ~4 MeV SM width theoretical

- Measurements mostly limited
already by resolution
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CMS .~ . . arXiv:1405.3455
v Higgs Width from off-shell H 2> Z.Z
Assuming Higgs boson is produced on-shell
is far from real Higgs mass lineshape
- Competing effects from BW in high mass
region and I, , cause plateau
- ~8% of total H—ZZ cross section found in

O H>ZZ->4l: Dedicated MELA
discriminant
d H>ZZ->212v: High mT region

S 9 . CMS 19.7fb ' (8 TeV) + 5.1 fb' (7 TeV)
mZZ mZ reglon _:' 10— 4! observed 4
z ------- 41 expected
—— 202v+ 4 observed
dggg—ilz-l—)ZZ o 82 Hg%{zz 5 F(;nzz) — o 8_ . 212v+41:"_hm expected
dm B8 m —m 2 +m I - Combined ZZ observed
Zz ( Zz H) HuH [ Combined ZZ expected
Which gives for on-pealg: 6|
on—peak o g ggng HZZ
ggHH—ZZ 'y a- 7 eswmeoL |
and for off-peak:
off—peak
Ugg—sH-2Z & sgHi8tizz 2
88% CL
- i iti - -l T S NPT PR IR R B
- Off-peak to peak ratio sensitive to I',;: S TR T e T~ TRy
Ooff —peak ~x 'y 'y (MeV)
Opeak 2y <35.4xTg,
- Need to account for large interference with 2> My =22 MeV

non resonant ZZ background at high m,, + Talk on Mass and Width ATLAS+CMS this afternoon (1. Giotis)
+ Talk on H lifetime with H>ZZ->4| on Wednesday (c. You)

X. Janssen - 12/10/2015
CMS: Higgs boson interactions with the gauge sector




CMS.

Final states with 2 leptons:
O 2 leptons (e or u) + MET
0 H>WW->2i2v + 0/1-jet
- 2D Shape in m/m; (en) & cuts (ee/uw)
d VBF H>WW ->2I2v + 2q
2 |An(jj)[ > 3.5 & m; > 3500 GeV
- 1D Shape in m, (eu) & cuts (ee/uu)
d VH- 2I2v + 2q
2> V=W/Z: 65 <mj; <105 GeV & [An(j)| < 1.5
—> cut based analysis

Final states with 3 leptons:
0 WH > WWW - 3I3v
d ZH => ZWW - 3lvqq

- CMS 4.9 fb' (7 TeV) + 19.4 fb' (8 TeV)
D B 7]
\b — Observed
©1 02 E ---- Median expected H— WW (all channels) 3
g Expected = 1c ]
o Expected + 2c
E 1o} —~
—1 E
O i
32 |
o 1E
(@p) -
107 =
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Higgs boson mass [GeV

: arXiv:1312.1129
2 HOWW

- Large excess at low Higgs mass
2> @ my =125.6 GeV:

nu=0.71*0.12 (stat.) £ 0.14 (syst.)
=0.71 £ 0.18 (stat.+syst.)

Exp. Obs.

Significance | 5.8 0 43 0

CMS (s=7TeV,L=48fo' ;¥s=8TeV,L= 195 fo"
;2.5-I T T T I T T T T I T T L T J T ' T T I T 1
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0.5 e B
0 J— 1 ' l 1 ' 1 L l L 1 3 1 ‘ 1 | 1 1 l 1 1 1 lv
0 0.5 1 1.5 2 2.5
l'l'VBF+VH

- Compatible within 1 o with SM
- Good precision on ggH
- Large error for VBF+VH
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CMS .~ Zy: arXiv:1307.5515

L_ H%Z‘Y and H%‘Y‘Y*e'yl"']' H>yy>yll: arXiv:1507.03031

z/ s 1'
H->2Zy H-2> yy* 2yl o
O Select et+e-y and u+u-y events with O Search for H>vyy events where ya
m,;>50 GeV one y converts to a e or u pair ’ <\
O If more than one I+I- pair, select the O Isolated lepton pair at low invariant mass "\
one most compatible with Z mass O Reject known resonance (J/¥, Y)
CMS (5=7TeV,L=5" (5 =8TeV, L =19.6 " O AR(l,y)>1 - Suppress events with y radiation
1600 [— —e— Data H—Zy
1400 - —— Background Model 19.7 fb-1 (8 TeV)
E —— Signal m, = 125 GeV x 75 S LA I B D L O Y I L B B [ B L
> 1200 — ) 50 - CMS ]
S 1000 - @) B — Observed n
o™ = ~— — —
2 so0f o) T Expected .
2 sl S 401 Ho vy — iy [ Expected + 1o —
400~ s [ (uuy and eey) [ ] Expected + 26 i
200_ ﬁ _g : :
P06 ""Tio 120 130 140 150 160 170 180 1% : 30 B o
m,, (GeV) O - —
CMS V_ 7TeVL 501‘b1 v/_ 8TeVL 1961‘b1 B .
= L e e e L L e e B 3 O\O L _
L Ho-z Y E o) 20— —
2 — Observed § o B i
_..(_._D F==E Expected = 10 E B
§ ---- Expected =2 ¢ _; 10
- 7
O - h
X . _
g [l 1 1 1 i 1 1 [l 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1
- ) 20 125 130 135 140 145 150
3 E my, (GeV)

020 425 130 135 140 145 150 155 160 o
my, (GeV) -> Sensitivity ~7 x SM, no excess of events
- Sensitivity 5-16 x SM, no excess of

events observed
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CMS -
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Events /0.10

O Study the kinematic distributions of the decay products:
» Two production angles: 8* and ®1 in the X rest frame
> Three decay angles: 81, 82, and @ in the V rest frames

O Angular distributions determined by the tensor
structure of the HVV interactions

Higgs Spin and Parity —_

. . . . cmMSs 19.4 fb™' (8 TeV)
O H->ZZ->4l: The information is condensed in a set of $'°° S
. s . . 1SN — — —
discriminants based on Matrix Element calculations = ¢, 15 &
0 H>WW: Reduced information available et 10
- 2D templates of m, m; in epn channel 0/1-jet ao | .
Example of angular distribution and discriminant for SM vs. 0- (fa1=1): 20 :— I
CMS . I19‘.7flb"'(8TeVI)+|5.1l fb'“(TTzlaV) o CMS S I19‘.7flb"‘(8TeVI)+K5.1| fb"’(TTalaV) 60 80 100 120 O
10— ¢ Observed 1215 <m. < 130.5 GeV | g I ¢ Observed D. =05 | my [GeV]
[P . < . I 8_ bkg ;100 19.4 fb™' (8 TeV) 15 <
2 3 25 H— WW — 2I2v S
L?>j 6~ £ 80 5
: 10
al 60
: 40 5
2
I 20
0 — : o
0 60 80 100 120
my [GeV]
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Spin 1&2

d J=1 not allowed for X—yy by the Landau-Yang

arXiv:1411.3441

Example: gg—->2* , with ZZ+WW+yy

19.7 b (8 TeV) + 5.1 fb (7 TeV)
| | \

theorem g ook '
- Test for ZZ & WW under assumption it £ 0'085 é
[} . = ]
decouples from yy e z
o 0.07f :
: : 2 0.6 ]
0 Testing 10 models (x) 2 production modes £ o5t :
gd & qq (+ arbitrary mixture of gg/qq) 004t ]
120 CMS X = ZZ + WW 19.7 fo (8 TeV) + 5.1 fb™ (7 TeV) ’ g ]
5 [ -e-Observed ---Expected | { | I 0.03F :
:I 100 mmo +10 [ NSRS § § P 0_025 f
= 8ok 0'+2c WS +2 S - :
= | 0t | £30 b il 00% N
- 030 20 10 0 10 20 30 40
ieiletil: L 2xn(L, /L)
N [[T}l A r . and as function of fo
EEREfRsi! 9.“.".? ............ ‘<><>
ERETRRRER oo i)~ 22 o
AN N I Il . ~8- Observed
E - gxpected at 95% CL:\_'\".\"\:_(\IJExpected at 95% CL
; : X 40__ I Expected at 68% CL 7////: Expected at 68% CL_
4(—_\]8 Nﬁ 4(—\]2 tF P 4(—\12 4(—\]'5 " .(\]% .(\]E ! 20:
ag gg production qg production

- All spin-1 hypotheses excluded at > 99.996% CL
- Spin-2 boson 2+m, excluded at a 99.99% CL

- Other spin 2 excluded at > 99%

- So it has to be spin 0!

R AR RRRRRIRRIRR

&XW o wv&%
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-20
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Spin 0 and anomalous couplings

pseudo experiments

-2A InL

arXiv:1411.3441

ST O Pure 0 ruled out at 99.9% CL by H>ZZ->41 alone
0.1~ 1 U Study small deviations of couplings to gauge
Soal- ToMBda bosons of the HVV spin 0 tensor:
| viva . K0 1V2gd 4 1 V2gl 'V . "V .
0.06 1 AEV1Vy) ~ [oftVe 4 DML W | imbey b, o+ otV oY1) fr(Velw . gYaVa o) folVa)s

()
0.04- 7] Ar term az term as term
leading momentum expansion CP even state CP odd state
- 1 O Use parameterization that relates cross sections
ol ——....| fractions: f_,, f 5, fo4
2l ) 0 Combine ZZ and WW w.r.t. to ratio of couplings in both
channels: R;

CMS |1£|9.7Ifb"l(8lTe\I/)T5.l1 ftIJ" (|7T|eVl SMS 7 % % % % 7/19.7/1/:;/‘(en\£;5.1m;/}7‘aw
18- —HOZAWWRS05 o B IEIE 1 H HHHH B AEIE//AE 7
o) oz n0s v ] o %I :__%3: ]
e 27 07000 2

g as - o % D 5% % 7%

. “E %/%% L %%%%%%/%/
fit & 68% CL Ay oy AW QMW aWW L AT B B g Qi L A o, &
ﬁ.‘.‘;’s‘:f:' HZZ HWW HZy © o Hyy 0 HZZAHWW @Y =a)

- No sign of deviations to the SM but need more
data to better constraints some of the couplings
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CMS Fiducial and Differential Cross-sections

Model 1
SeleCtted K Design fiducial phase-space selection:
S e 0 As close as possible to the reconstructed level
selection

1 Unfolding should only impact minimally the
distributions: minimize extrapolation to larger
phase-space

Fiducial should minimize model dependence:
O Try to have the acceptance similar for different
“reasonable” signal models
Fiducial ( Definition should be easily implemented in
phase space Model 2 different MC simulation

d Signal extraction: Fit mass (m,, or m,) in bins of the desired quantity (e.g. pry)
0 Unfolding: Fold in the response matrix into the likelihood minimization

Function to mlmmlze Response matrix Gen level input distribution

]?(}41 —2lo ‘C Ngenlereco])

Slgnal strength to be Reco level signal

yields in each bins
and categories

measured for each bin of gen
level input distribution
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H->vy Fiducial Cross-section

Fiducial Volume:

dn,l <25

Q Isolated v: 2 Eri <10 GeV
in a AR < 0.4 cone around y

d pY'my, >1/3

Q pTVZIm >1/4

- ~60% signal efficiency

Methodology:
O Perform event classification in
o(m,)/m,
- Av0|d ﬁmematic correlations
to observable (like in BDT)

4d Fit m, in each class in bins of
the observable

4 Include response matrix in LH to
correct to particle level

arXiv:1508.07819

19.7 fb' (8 TeV)

19.7 o (8 TeV)
— P2 L

4 =TT T T T T T L—
& 200 3 % cms T4 pata ]
o E C fiduci . i
180F 3500  fiducial phase space S+B fit sum =
g - CMS Barrel-Barrel Ay &k S/(S+B) weighted sum . B component 3
B 160F @ 3000 ¢ e
c F ¢ Data c E [ 16 ]
0 140F []Z— e'e (MC) L‘I'>J’ 2500 - [ T#20 E
L r F
% 120F I MC syst. 3 2000
o I = =
§ 100: _% 1500E E
80F = 1000F
60F @ s00F 3
C 2} E |
40: ) 0 — — — —
C 3 200 ' ' ‘ =
20 9 = ]
E T 100f } Tf
o O g, ISEIERRILIT I N
S 12f it & Trer o TE IR TR NE
s 3100 } t =
S osf =) E ‘ 3
0 = 140 150

0005 001 0015 002 0025 003 = 110 120 130

G, {m

m,, [GeV]

- Observed cross-section in fiducial

volume:

Tobs = 32719 (stat)™3 (syst) fb,

- In agreement with theory
predictions:

— +4
Oures+xH = 3175 fb,
— +6
OrowneG+XH = 325 fb,

— +6
OmancrapH5avc@nLo+xH = 307 ¢ fb.
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do/dp'[fb/GeV]
S

Ratio to POWHEG+XH

arXiv:1508.07819

H->vy Differential Cross-sections

PT Higgs |cos O | # jets in |n|<2.5

o . N W

19.7fb™ (8TeV) 19.7fo™ (8TeV) 19.7fb™ (8TeV
bmls T I T T T T I T T T T I T T T T I T '_6‘140_1CMSI l T T T l T T T l T T T l T T [_ A(I) 35 :_—-CMS I I I '—_
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C T POWHEG + XH. FW=5E° GeV™* S 7 S Y S qqH JHUGEN spin 2*n ] 1™ - - - POWHEG + XH, FW=-5E° GeV* |
- POWHEG + XH, FW=-5E° GeV'* & - - = POWHEG + XH, FW=5E" GeV* - - 71N (7 XH = VBF+VHatiH .
-~ - POWHEG + 2, FYV=-ot ~Ge i 80— - - - POWHEG + XH, FW=-5E° GeV* ] 207 ¢\ -
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- Already some good precision
- Data fairly described by theory predictions
- More variables in backup
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CMS~ CMS-PAS-HIG-14-028

H->Z7Z7~>4] Fiducial Cross-section

| Requirements for the H — 4/ fiducial phase space |

Lepton kinematics and isolation M eth Od ) I ogy " .
leading lepton pr pr > 20 GeV 4 Fit the my in bins of the
next-to-leading lepton pr pr > 10 GeV . bl . I d . .
additional electrons (muons) pt pt > 7(5) GeV variapie Inciu Ing .
pseudorapidity of electrons (muons) 7| <2.5(2.4) -
pt sum of all stable particles within AR < 0.4 from lepton less than 0.4 - pr b.aCkg ro u_n ds
Event topology - fiducial Slgnal
existence of at least two SFOS lepton pairs, where leptons satisfy criteria above _ _fi : H
inv. mass of the Z, candidate 40GeV < m(Z1)< 120GeV non fIdUCIaI SIQnaI
inv. mass of the Z, candidate 12GeV < m(Z3)< 120 (;eV ‘ O LH f|t embeddi ng the
distance between selected four leptons AR(£;¢;) > 0.02 for any i # j .
inv. mass of any opposite sign lepton pair m(£+6'-) > 4GeV response matrix to correct
inv. mass of the selected four leptons 105GeV < myy < 140GeV H
the selected four leptons must originate from the H — 4£ decay to partl CIe Ievel
imi 197" at\s = L=5.1fo"at1s=7TeV, 19.7fo'at\s =8 TeV
-~ 2__.QM.§ F.rq/l.nrqurj./, BERE |LT1?'?tb;%t‘s.'.8|Tqv. = g N RN BN AR e P 2= T ?': Fiducial cross section H — 4/ at 7 TeV
% oL f Data Nor-resonant Signal = 55 CMS Preliminary E Measured 0.567047 (stat.) T321 (sys.) 592 (model) fb
S)) (g — FiciaSignal  — 72 E I 1 | gg — H(HRES) + XH 0.9391¢ fpy
™ 1 6— —— Non-fiducial Signal — 74X _ 3 — systematic uncertainty - Fiducial cross section H — 4/ at 8 TeV
gt ] - model dependence . Measured 1117032 (stat.) T970 (sys.) T98 (model) fb
T@ 14:— — 2.55— S33% Standard Model (m, = 125 GeV) _E 2& — H(HRES) + XH 1-151L8j}§ o
QC) 12:_ ] oF - Ratio of fiducial cross sections of H — 4/ at 7 and 8 TeV
i1 105_ E u ] Measured 0.511070 (stat.) T942 (sys.) T003 (model)
8- ES 7 | gg - H(Hres) + xH 08050003
C ] 88 0.010
5 E i =
4t - - ; :
£l J» J» 1 osh oo (Hoa+anything 1 2 Good agreement with
L | 1 - o -1 = [
= 1.‘.:11||i11111i111._101_‘111ll||| E E theory predlctlons
? 111 1111 I 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 111
05 110 115 120 126 130 135 140 0

7 8 9 10 11 12 13 14
my [GeV] (s [TeV]
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H->Z77~>4l Differential Cross-sections

CMS-PAS-HIG-14-028

Enough data at 8 TeV to extract differential cross-sections already:
CMS Preliminary
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CMS .~ .
= Conclusions

After the Higgs discovery in 2012, the CMS H->vyy, H>ZZ->4| and
H->WW-2I2v analysis's allowed to further measure its properties:

Q Higgs Mass (yy+ZZ): m, = 125.02?8:23 (Stat)fg'lg (syst)
O Higgs Width:
> Direct Measurement (yy+ZZ): T'; < 1.7 GeV @ 95% CL
» Constraint from ZZ off-shell: I'y; < 22 MeV @ 95% CL

U Precise measurements of signal strength and couplings:
> vy n=1.14+-0.21 (stat.) 013 o (th.) *0-09 ; - (sys.)
> ZZ: wn=0.93 %026 (stat.)*0-13 ;o (SYst.)
> WW: n=0.71%0.12 (stat.) £ 0.14 (syst.)

» + contribution to global coupling fit (not shown)

Exclusion of all Spin 1&2 models

Exclusion of 0~
Limits on anomalous couplings for spin 0: no deviations

U OO0

First measurements of cross-sections in H>yy and H>ZZ

-> Discovered Higgs Boson is SM like within uncertainties
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2z LHC and CMS

p-p collisions at center of mass energy of:
Q 7TeV: ~5fb1 in 2011

O 8TeV:~20fb' in2012

O 13 TeV : since restart in March 2015

- Study Standard Model at high energy
- Precise measurements of top quark
- Search/study Higgs Boson

-> Search for BSM particles

+ Heavy lons collisions: study of dense
matter/medium properties

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 pm) ~16m* ~66M channels

Overall length :28.7m Microstrips (80x180 pm) ~200m* ~9.6M channels .

Magneicheld 38T ‘ Can detect and measure momentum of:
A Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

O Electrons
st neant (] Photons
O Hadrons
PRESHOWER r n
Silicon strips ~16m* ~137,000 channels
| O Muons

omaocnomer ] Transverse momentum of particles
escaping detection (neutrinos,
BSM particles, ...)

= Missing transverse energy

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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H->vy Differential Cross-sections
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dogg/dly(H)-y(jet)| [fb]

H->Z77~>4l Differential Cross-sections

CMS Preliminary

L=19.7 fb'at \s =8 TeV
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H->vyy Backups
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Channel inter-calibration

* The uniformity and time stability of the single channel response affects the
resolution

* Derive individual corrections in situ by equalising the response to diphoton
resonaces (1, 1) -

> . =
o Cross check using ¢ invariance of energy flow § 1”?:5 ete ::2
o And E/p ratio for electrons s F ' R
; 140 — I+ LM correctioes
= - ECAL barrel
Y [ g b
8 0.22- CMS Preliminary 2012 | E__ crystais 80f
0 0.2 :_ s=8TeV,L=19.6 fb’ _ gSuperCluster jz:
o 0.18) uncorrected 2of
~ - —_— perCluster - X N N
2 0.16 -~ ECAL barrel | s ’ % - Vi
S 0.14f Mee (GeVIC)
S :_ X 10° . —
L 0-125 E 18f- CMS Preliminary 2012 ——
0.1 — o 16 :- fs=8TeV,L=196 1" —— Intercaleasions (W
0-08':— 3 14;’_ w0 & LM coevectioes
0.06 §’
0.04[-
0.02 i \ k
0 - g 2 N 3 ]
60 80 100 120
M.. (GeV/c?)
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W ECAL Calibrations

* Monitor crystal transparency using blue (and green) laser light

o Construct time dependent set of corrections to give a flat response over time

* Derive inter channel calibration constants
o The uniformity of the single channel response affects the resolution
o Individual corrections by equalising the response to diphoton resonances

(n,7% E/p and ¢-symmetry

o Zee events also used for eta and absolute scale

» Thanks to ECAL DPG for their work in calibration and simulation

m L] L3 I L] L] I . Ll l L3 e —————
— 1 02 CMS Preliminary 2012 ............. (asasnasassane - ; Mean 1
@ 1.02 : """ ECAL barrel BMS 00009
? 101 _ SRS SUSSRNION: S S Mean 0.5
a . ; RMS 0.011
T 2 ivend Broup W a9 [
® : :
© : : : : : : : :
E 0.98 f. ............ .............. ... .............. ,
c : : : : : :
0.96F: ” NP SRS S— U S——
: : z : . & \ K : 3
0.94 —o— without laser monitoring correction C% ' : 3
0.93 |~ —— with laser monitoring COMrection  ---w-rrwierreremomreetoo oo 1 L

s L s L 2 s l 2
20/04 20/05 19/06 19/07 18/08 17/09 17/10 16/11 O 100 200

date (day/month)
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Energy regression

* Use the raw supercluster energy and several other input variables
o to model shower shape, position etc. (label inputs as T)
o Correct for local containment of showers and bremsstrahlung losses etc.

* Now use specialised BDT (not TMVA) to predict full probability
distribution for E,, /E,
o Distribution is given by a double CB which has six free params (y, o, a,, ag, n,, n; )

o “Regress” the non-parametric dependence of each of these variables on the BDT mput
variables whilst mlmnusmg the likelihood,

—InfL=- Z Inp(Etrue/Eraw|U(Z), 0(Z), aL(Z), ar(Z), nL(Z), nr(Z))
MCphotons
Best estimate for the true energy: Per photon energy resolution:
— E(&, Eraw) = (%) Eyau 72 Brew) _ A(2)
10° E(Z, Erqw) #(-'L')
- < CMS — 4
g o Unpublished 2 10 E CMS
o ) L ¥
- E. /E _in e 10’ )
3" MC 8TeV EB > F Eiu/Ecsy in
. & 10° 2 10°F MC 8TeV EE
>
vt 2 F
10 10F +
7] L 1 : , -H-H
06 08 112 a4 16 18 2 096 08 1 12 14 16 18 2
True Raw E
— I = un True Raw
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=~ Energy scale and smearing

~* Apply residual scale corrections to the data and subsequent
smearings to the MC

~» resolve differences between data and MC from Z->ee decay
| (when electrons are reconstructed as photons)

* Employ a new multistep procedure

o Split data and MC into 59 run

ranges, 4 1 bins and 2 R, bins 197 15 (8 TeV)

o Fit Z line shape and find scale .51 o006f.CMS | | -
correction from data<>MC in g [ Ehpchisied L

runx || bins $1.004 L B

o Simultaneously fit scale witha @ [ ]

Gaussian smearing term for S1.0021- . - ]

MCin InlxR, M 1:_ — v _-

* In the barrel (for 8 TeV) the F T e o Odii<i, R<0.94 -

smearing term has an energy [ . O<ni<i, R>094

dependence by parameterisation 0'998.___ ri<ta g

through b/\/ Er + - 4, R :

o Then have a further residual  %%%[, , T M"k,“' R’”’“,T

L scale correction in ErxInlxR, 20 40 60 80 E. (Géo\?)

| SRR BN [ o | PR
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Event Tag Summary

No. of classes

Label 8GeV 7GeV Main requirements

p1(1) > my /2

1 b-tagged jet + 1 electron or muon

p1(1) >3-m.,. /8

VH tight £ tag 1 1 eor u, pr > 20GeV, and Fr > 45GeV OR
2e or 2u, pt > 10GeV; 70 < my; < 110GeV

p1(1) >3-my, /8

ttH lepton tag 1 *

VH loose £ tag 1 1 eor u, pr > 20GeV
. : pi(1) >m,, /2
VBF dijet tag 0-2 3 2 2 jets; dijet and combined diphoton-dijet BDTs used
p%(l) >3- m77/8
VH Fr tag 1 L B> 70Gev
7
_ . pr(1) > m., /2
ttH multijet tag 1 * 1 b-tagged jet + 4 more jets
7
VH dijet tag ' 1 jetpair, pr > 40GeV and 60 < mj < 120GeV
Untagged 04 5 4 The remaining events,

classified using diphoton BDT
x For the 7 TeV dataset, events in the ttH lepton tag and multijet tag classes are selected
first, and combined to form a single event class.
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Signal breakdown at 8 TeV

CMS unpublished 19.7 b (8 TeV)
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H->77 Width Backups
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B

-2AInL

d Form, =125 GeV - I'; ~ 4 MeV

Width from on-shell H>ZZ->41 and H>vyy

arXiv:1412.8662

O Higgs width from H>ZZ->4l and H->yy resonance shapes @ ~125 GeV only with
reduced precision of ~GeV due to detector resolution for e/y/u p; measurements

19.7 0" (8 TeV) + 5.1 o' (7 TeV)

! | T ! ! | I T

- CMS Combined

m— Observed

g H%’Y’Y+H%ZZ - - Expected
- m, W H—yy tagged

—— Observed
Expected
H—ZZ tagged
—— Observed
Expected

|IIII|IIII|IIII|IIII|IIII|I\I‘iIIII|IIII

- N WO &~ 01 O N 00O © O

IIIIIIIIIIIII|IIII|IIII|IIII|IIII|I

| I | |

Higgs boson width (GeV

(-

o
N
I
— gy Ldii

@ m, =125 GeV:

H>ZZ: T, < 3.4 GeV @ 95% CL
H>yy: T, <2.4 GeV@ 95% CL

Z2Z+yy : T, <1.7 GeV @ 95% CL

>> ~4 MeV SM width theoretical

- Measurements mostly limited
already by resolution
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v Constraints on Higgs Width from off-shell H 2> VV

‘ i A { Zero Width Approximation is far from real

HTO powered by complex pdllc scheme
'

'threshold increase

dagg—)H—)ZZ o gz F(mZZ)
dm2,  SesHSHZZ(yg 2 N2 a2

g 125 GeV . 1o
! 5 ; 1 Higgs mass
ot [| i | ; | > Competing effects from BW in high mass
EEAE P region and IM,—4l cause plateau in region
; : P 1 > ~8% of total H—ZZ cross section found in
o § : m,, > 2m, region

| pbl

My

do
Vv l.""-,v',, P

Which gives for on- peak

\\: on—peak - g ggng HZZ

gg—H—=ZZ rH
and for off-peak:

10®

recover ~BW/CPS?

q ' behavior " L
! oft—pea

we Ugg—+H-2Z & gzggngsz

TV e > Off-peak to peak ratio sensitive to I';;:

100 2 Mz 2M, 1000
Myy [ GeV] Ooff —peak
: X FH
Tot[pb] Myzz > 2Mz[pb] RI[%] Ul)e:’l,k

g9 — H — all | 19.146 0.1595 0.8 - Need to account for large interference with
g9 - H = ZZ | 05462 0.0416 7.6 non resonant ZZ background at high mz,
Kauer, Passarino (JHEP 08 (2012)) - Same for H>WW (Analysis ongoing)

Campbell Ellis, W|II|ams arXiv:1311.3589v1
Caola, Melnikov (Phys Rev D 88 (2013) 054024)
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CMS/ . . arXiv:1405.3455
ez Higgs Width from off-shell H 2> Z.Z

Monte Carlo simulation

d VBF: Phantom, ~7% on-peak, ~10% at

_ high mass

d gg—2>H: gg2VV LO (or MCFM) _ . :

+ NLO/LO m,, dependent k- d \r:gsasnd ttH: negligible at high

factors (same for signal and

background): o

Bonvini et al. (Phys Rev D 88 (2013) 034032) Statistical approach

O Perform a maximum likelihood fit

I e R R based on the probability of each

Passarino (arXiv:1312.2397)

selected event to be signal (ggH or
VBF) or background:

L= Ngg—>ZZ [IJ'FPH X Psg,g
NyBr [MVFH X Ps‘i/gBF + v/ pv Ty x PYBF +'P?,’{£F] +

: Z+X
Nqg—22Pag + Nz4+xPips- + ..

+VurTr x P + Pl | +

O Use signal strength from legacy
analysis:
u = 0.93+0.26-0.24

100 200 300 400 500 600 700 800 900 1000
H virtuality | GeV]

X. Janssen - 12/10/2015
CMS: Higgs boson interactions with the gauge sector




LCMS/‘ arXiv:1405.3455

= I'y from off-shell H>ZZ>4]

- CMS 19.7 ' (B TeV) + 5.1 o' (7 TeV)
S e BT AT B Y
QO Selection consistent with “legacy” analysis = 0 = o= . - ]
Q Build discriminant discriminant for gg—2Z £ [ mmessw -2z =tta=1
production using matrix element likelihood & sf- =‘z'°;zz ]
+ MELA D__> 0.65

approach (MELA) - o )

O Optimal separation for gg=>2ZZ including °r E
signal, background, and their interference 43_ B
with any relative signal strength: T -
P 2 ]

D S gg.a  @EEEE e T
gg.a — 0 500 600 700 800

Pgg,a + Pagq ek

1277 (B TeV) + 51007 (7 TeV)

S
= Data

~~~~~~ All contributions (I'y, = 10xI5Y, u = 1)

[ gg+VV = ZZ (I = M u=1)

[ = = 4

B z-x m,, > 330 GeV

0
1=
n

0 Use as input mZ1, mZ2 + five angles: 20}~

Events /0.05

15

10

l L L L L I L L L L I L L L L l

YTIIYTTTIITTTIIYTT

- L L L

0 Pgg(qq) are joint probabilities for gg—ZZ ) : :
signal + background + interference (qq—ZZ MELA Dy,

background) from MCFM matrix elements X. Janssen - 12/10/2015
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O Two isolated leptons p;>20 GeV, veto Z peak
and b-taggged jets + E;..s> 80 GeV

arXiv:1405.3455

I['}; from off-shell H 2 ZZ.>212v + Results

+A(p(jet’ ET,miss)>0 D

(] Data-driven estimate of reducible

backgrounds (double and single top, WW,

WH+jets, Z+jets); qq>ZZ/WZ from MC

[ Fit the transverse mass:

Events / bin
C)

3

2
[ o / 2 \
" p] 2[ + m2‘ + E"NSS + mzz p_l ol — Evnzss]
M 197fb (8TeV)+51fb (7TeV)
|

| I |
- Data

----- All contributions (I',, = 10xI'5",

s - ZZ
I Z+jets
[ top/Wjets/WW

T llllllll T 11 O

Emgg+VV — ZZ (I, =T, u=1)

L

1:
|
—
'
|

L lllllll Ll lllllll Ll lllllll

|

300 400 500 600 700 800 900 1000

m, (GeV)

CMS 19.7 " (8 TeV) + 5.1 fb” (7 TeV)
= 10— 4i observed d
D T 41 expected
o [ —— 2i2v + 4! . observed
)

....... 2i2v + 4! expected

5 Combined ZZ observed
-------- Combined ZZ expected

gl gl s c— — — — — — — D, —

P
e
T2 vl ovovoy v by v by g by

%90 20 30 40 50 60
r'y (MeV)

>, <5.4x%Tg,
> I, <22 MeV

Close to 4.15 MeV SM width
theoretical value for my = 125.6 GeV

+ Talk on Mass and Width ATLAS+CMS this afternoon (l. Giotis)
+ Talk on H lifetime with H>ZZ->4l on Wednesday (c. You)
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H>WW
Final states with two leptons
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i 32
B
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VA )
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- .
s )

. “ P

miss
ET

=z H-> WW: Final states with 2 leptons

Background from data driven techniques:
€ WH+jets with jet faking lepton

& Wy /Wy*

€ DY->ee/uu

€ DY->tr witk Tt decayingtoeu +v's

€ Top=>bWbW->Dbblvlv (b-jets not identified)
® WW-Ivlv

Other backgrounds: ZZ/\/Z/Tri-bosons
—->MC predictions

Common WW->2|2v selection:

€ Trigger: Single and double leptons

€ 2 isolated (e,u) leptons (p; >10,20 GeV)
€ Missing E; > 20 GeV

@ Z-veto (ee/up):

-- |[m;-m,| > 15 GeV
-- higher MET cuts or MVA

€ Top veto: Jet b-tag + no soft u

€ Jet counting for |n|<4.7 and p;>30 GeV

Signal Extraction:

€ Optimised Cut-Based selection for each
Higgs mass hypothesis (ee/un)
- Systematic limited due to Z-ll

€ Shape analysis (eu):
- Kinematic fit in 2D and 1D
- Still statistic limited

X. Janssen - 12/10/2015
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.
M 4
ot 7
- o 1

H 2> WW - 212v: 0/1-jet

Selection:
& 0 or1jet (p>30 GeV)
@ p-(Il) > 30 (45) GeV shape (cut-based)

Cut-based analysis (ee/uu + ep as cross-
check ):

my[GeV] | pi™> [GeV] | pi™™ [GeV] | mye [GeV] | Ay [dg.) | my T [GeV]
> > < < L]
120 20 10 40 115 [80,120]
125 23 10 43 100 [80,123]
130 25 10 45 90 [80,125]
160 30 25 50 60 [90,160]
200 40 25 90 100 (120,200]
400 90 25 300 175 [120,400]
600 140 25 500 175 [120,600]

Shape analysis (en Only):
€ 2D shapes: - m; : higgs transverse mass
- m,, . di-lepton invariant mass

€ Comparison from results for different WW
MC: POWHEG, MADGRAPH, MC@NLO

€ Study of compatibility between CR at
high m, and high m; (see backup)

€ Dedicated plots to template validation
for Top and W+jet (see backup)

- Default result: shape DF+cut-based SF

arXiv:1312.1129

2D templates in m; and my, (0 jet case):

M, = 125 GeV

CMS preliminary L = 19.5 " (8TeV) Background

CMS preliminary L = 19.5 fo"' (8TeV)

" ¢ GGJ)ZU i 70 80 90 100

10 120
My (GeV)

-> post-fit data-background 1D projection from
the 2D shape analysis weighted by S/(S+B):

8

8
53

—e— data - background CMS
M, =125 GeV

bkg uncertainty

—e— data - background CMS
M, =125 GeV

bikg uncertainty

g

{s=8 TeV,L=195 1"
fs=7 Tev,L=49 1"
eu 0M1-jet

280
(=B TeV,L=195 "

(s=7 TeV,L=4391b"
ey 01-jet

o
8

g

3

+#+7+
A e

2

=

S/S+B weighted events / 10-20 GeV/c®
S/S+B weighted events / 15-25 GeV/c”

&

2

I I P P 1
700 150 200 250 100Gd ! ! ! ] ! ! )
20 o 80 20 140 5

. 180 200
M, [GeVic’) M, [GeV/c’)

- 4 sigma evidence for H> WW 0/1-jet
2>u=0.76%£0.21 @ m, =125 GeV

X. Janssen - 12/10/2015

CMS: Higgs boson interactions with the gauge sector




CM4$..:‘*V arXiv:1312.1129

e VBF H 2 qq+WW - qq+212v

Additional Selection: T :
. ‘O + CMS preliminary
‘ 2 Or.?) jetS (pT>3O GeV) g 10 :n:j:zs .;:{Nﬂ MLJB}__Q.Z?th"w Em1 025_ -— observed CMS—E
‘ | An(”)l > 35 'qé; X ExZIZZ MDY+ets  {s=8Tev g F - median expected  VBF H - WW —» 212 lshape-basedlz
+jets expected = 1o =4 1 aV) + 195 16" (8 TeV)
‘ m” S 500 GeV u>.l j ww g Ozcz[::&, L=49f0" (7TeV)+ 195 fb (STV,-
€ Lepton centrality w.r.t. jets : | E 10 ee/uu cut-based
5 - 3
| {0 @B +eushape-based
Cut-based analysis (ee/uu/en): 18
€ Same selection as 0/1-jet : CH:
but m>30 GeV 0 :
€ Tables with cut-based yields g 3 [
s 2} 3 ! | Ll 3
% 3 110 200 300 400 500 60C
Shape analysis (ep Only): © 50 100 150 200 _ 25 :
, AT GeV Higgs mass [GeV
@ Fit to the m, distribution: i [GeVl 99 [GeV]
14 (10) bins at 8 (7) TeV
for 12< m, < 600 GeV e T - o -
_ . . analysis % imits on o /o5y ignificance 0/ 0sMm
¢ P:Te] s<elrenct|on. my = 125 GeV expected / observed  expected / observed observed
" My H Shape-based (default) 11/17 21/13sd 0627038
= For m;;>250 GeV: Counting analysis 1.1/0.9 20/ — —0.357 04
leading lepton p; >50 GeV
- Mild excess for shape analysis:
- Default result: . s
shape DF+cut-based SF 1.3 sigma / u=0.62 + 0.58 — 0.47
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Additional Selection:
€ 2 central jets: In| < 2.5
& W/Z: -65<m; <105 GeV
- [An(jj)[ < 1.5
€ H: 60 (70) < m;y <m, GeV
for my < (>) 180 GeV

Cut-based analysis (SF+DF):
¢ m,>20 GeV for m;>135 GeV
€ mli<60 (80) GeV for
<(>)180 GeV
€ mH dependent cut on |[AR|
€ + 2 tables with cut-based yields

- Default result: Cut-based
(low stat.)

Shape analysis (DF Only):

€ Method as reference for high
luminosity

@ Fit to the m, distribution:

@ Pre-selection:
=m, <200 GeV
" |AR| < 2.5

VH 2 VWW = 2I2vqq

'E - L L L . B ] A 2 1
g L, movrosman | S e cus
= - mwzzz WDYsjets VH 2Jet s=8Ted B 102 .- median expected VH-» 2q2(2v (cut-based) |
L% 40 - EW+ets ww 186 expected = 10 L=4.91" (7TeV) + 195" (8 TeV) ]
— expected = 20 ]
E B
R —J
20 RN o 10
S
7o S
o TS
0 i
a 3 i )
5 2 ol lllllllllllllllllllllllllllllllllll
g 3 110 120 130 140 150 160 170 180 190 20(
© 50 100 150 200
m, [GeV] Higgs mass [GeV]
VH analysis 95% CL limits on o /ogm Significance o/ osm
my = 125 GeV expected / observed  expected / observed observed
Counting analysis (default) 4.1/45 0.6 /0.2 sd 0.407553
Shape-based 4.0/47 0.6 / 0.4sd 0.737 152

-> Similar performance for cut based and shape
-> Still statistically limited channel
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VH>WW
Final states with three leptons

Common selection:

€ 3 isolated leptons with pT > 20, 10, 10 GeV
€ Total lepton charge: 1

X. Janssen - 12/10/2015
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WH > WWW - 313v

Selection:
# 2 categories: OSSF & SSSF | £rflo "7 T O] £ L
& Z+jets rejection: 5 e Wi L-esn' ] 6

SSSFVs=8TeV ]

- min(ET,miss’traCk'ET miss) > 10F 3

40(30) GeV for OSSF (SSSF)

= No jet with E;>40 GeV
= OS pairs: m>12 GeV

€ Top: No b-tag

€ WZ: OSSF pairs 25 GeV away
from m,

¢ m, < 100 GeV

€ OS pairs: |AR,|<2

2z

[ — m,=125 | fakes

Ell Wz

T T

CMS
L=195f" |
OSSFVs=8TeV

A R(I'T)

= | R LS AL I B IS IURLELELE I IR |
C I \O(D — observed CcMS
ut-based analysis: B g2k - median expected VH—- 20212/ (shape-based), o L.

€ Events for above selection § -praneiivian bt 95& %_58 cl-::ren\llts
® Tables with yields at each cut | E

group stage a Exp. | Obs.

2

Shape analysis: & S 3:6 | 37
& Fit to the |AR,| distributions Shape | 3.0 | 3.3
@ Selection: all but [AR| cut

110 120 130 140 150 160 170 180 190 200

- Default result

Higgs mass [GeV]
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Selection:
@ Z selection: |[m;-m,| < 15 GeV
& V+yO rej. :m,;> 12 GeV
&® Z->4lrej. : my-m,| > 10 GeV
& W-jj sel. :

" Hjets = 2

" |m;-my|< 60 GeV
& W-lv sel. : m; < 85 GeV
€ H> WW: |A¢(jj-IE7)| < 1.8 rad.
& Categories: eee/eeu/euu/uun

> mi=1/(Lp)2 = (Cp)2 = (Tpy)2

Cut-based analysis:

€ Events for above selection

€ Cut on reco m, for each mass

€ Tables with yields at each cut
group stage

Shape analysis:
@ Fit to the reco my, distributions
@ Selection as above

- Default result

events

12

10

[ CMS
[ Vs=7TeV,L=4.91b"

50

100

— @H)m, =125
COwz
[ tri-boson
[ fakes
B zz

® data

150 200 250 300 350 400

SM

95% CL limit on o/o

Reconstructed mass m_

03
- observed
expected + 1o
02 expected + 20
10E

ZH > ZWW - 3lvqq

- median expected 2 -» ZWW -» 3i2qv (shape-based) 4
L=49f0" (7TeV)+ 195" (8 TeV) |

~
boad

[ cMS —— (ZH)m, =125
[ fs=8Tev,L=195f' CIWZ

25 18 en [ tri-boson

[Ifakes

C N zz

20 ® data

100 150 200 250 300 350 400
Reconstructed mass m,,

ey
-
------
-
.

-
-----

1E

p- B
llllllllllllllllllllllllllllllllllllllllllll

110 120 130 140 150 160 170 180 190 200

Higgs mass [GeV]
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H>WW:
Backgrounds x-checks, systematics,
Mass
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v’.. _"._ y
ST
- s 1

H->WW Systematics

» Sources of uncertainties

- Theoretical uncertainties on PDF and QCD scale and generator uncertainties : 10-50 %
- Background normalization
- WW and Top : 10-30 %
- W+jets : 36 %
-Z/y - ££:20% to> 100 %
-W+ye, Zly* - 11:~30 %
- MC description of experimental measurements (eff. , energy scale and resolution) : 2-10 %
- Luminosity : 4.4 %

» Uncertainty variation in shape templates

- Vertical morphing
- Up/Down variations at each bin as a function of a single parameter
- Correlations between variables are preserved when alternate shapes are constructed
- Instrumental variation
- Lepton efficiency, lepton momentum scale/resolution, MET resolution, Jet energy resolution
- Background shape variation
- W+jets : different jet p_thresholds
- WW : QCD scale variations and different generators (Madgraph/MC@NLO )
- Top : different generators (POWHEG / Madgraph)
- Bin-by-bin statistical uncertainty
- All bins up / down simultaneously
- Consistent result with full independent bin-by-bin variation
- WW normalization is left to float (large sideband in high m_and high m_ is able to constrain it)

- WW PDF uncertainty : threated as shape systematic now
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>

Wy* background estimation

Wy® is a LO Madgraph sample with m <12 GeV

- Measure cross-section for muons :

- Reconstruct Wy —euu and ppp in data using 20/10/3 lepton pt cuts
allowing for m  in [0,12] GeV

- Correct MC for observed event yield in data :

N L} 1] 1 1 I I Ll ] L] I 1
- @ data Y4 CMS
-_ W . -4
150l " o fakes L=1951" _
B wz
I \s=8TeV

- “k-factor” ~1.5%+0.5

entries /0.5 GeV

- systematic from difference
between channels and
low/high mass

m, [GeV]
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CMS/ : :
) W-]ets estimation

B

> Important background in low mass region

QCD data Data
-
Measure control Signal g
fake rate : region : region : sE Muon p_spectrum
FR(pT,n) Tight-Loose | Tight-Tight E
X FR => Nwijets €stimate ~
I- FR in signal region 2
i
- Jet can be mis-identified as leptons

- Measure the rate for a lepton with loose selection to pass full

requirement (Fake Rate) in data events dominated by dijet QCD 0 Frsdminery AMRN2012 - " 3 6 8 T
. e
- Apply the « fake rate » to selected dilepton control region ° Muons Fakerate
to estimate the fake contribution N P E
g o0&l - After CNWK remcval K
e : ¥ os
> W and Z contamination at high p_ 5 o —]
- Removed real lepton contamination(from W and Z) in the 03f e '
fake rate derivation sample / 02f T —— T3
- only first 3 p_bins are relevant due to p_ spectrum 0.1

l . e A e l o
qO 15 20 25 30 35 40 45 50
pT (GeVic)
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Drell-Yan: Rin/out method

. -R faul the Z k
Infout regions for ROUT/IN o' d€fauit uses the Z pea

oy 2400 - ' MC/Data Data
S 2200 ; %?,',3. . : Wﬂds CMS Prelummary| .
v B=8TeV.L_ =510 control Signal
20000 T T ww e region region :
u\> 1800 En In Z-peak Out Z-peak
@ 1600 ..
8 1400 : : X Romfin |=D Nor estimate
o + | ¢ out in signal region

1000, 1 llexp I eu

800 - Nout Rout/m (Nm O'SNin kir),

600 o

;gz q - Systematic from looking at Rin/out

from different MET bins

RouM n

2.5

1.5

0.5

00 20 40 60 80 100 120 140 1680 180 200
m, [GeV/c? )

the paper

Data subtracted by
eu and WZ/ZZ
Dreli-Yan MC

T Il T I LB II LI II LA

R, with M = 125 GeV Selection

- Show the Rin/out MET dependence in

1T

outhn

0.9
0.8

CMS
fs=8TeV,L=1851b"
ee'uu D-jet

o R..os, With M_ = 125 GeV Selection CMS

Data subtracted by

ew and W2/ZZ fs=8TeV.L
ee/uu 1-jet

Drell-Yan MC

0.7
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- Top Estimation

Top background estimated from top enriched — Osta
region taking in-situ b-tag efficiencies T;"’u;‘,,g m ,:;";o:
. o efficiency : Top Tagged | Top Vetoed
g D, M | Fpge B s = ¥
§ " %:::nmm, e zt;:v'hw's'b § [-izjilzucenamy e :‘;‘:‘:]:v‘umm X -r&:_-u @ "?::n:t::::n
5 g &
8 3

< 0-jet control region

80 80 100 120 140 160 {80 200 0 50 100 150 200 250
M, (Gev) M- (GeV)

Figure 30: my; (left) and méﬁw ' (right) distributions in the 0-jet category for b

different-flavor final state at the WW preselection level at /s = 8 TeV. The 3 wb T Dww CMS 2 b T Ovww CMS
includes the statistical and systematic uncertainty of all background processe <§ E::“‘ =‘l‘_‘: 56 ToV, L= 105 15" § - E"‘o;” =;’j: (o8 ToV, L= 9.5 15"
2 3505— %% bhg unoartainty ou 1ot E . 4% vig uncenainty eu 1-jet
§ s g
3 f + % o
250 J
C 250
200
E 20
150~
1-jet control region -
=F

o

20 40 60 80 100 120 140 160 180 200 0 50 100 150 200 250
W, (GeV) M (GeV)

Figure 31: my; (left) and m«f«w ' (right) distributions in the 1-jet category for b-tagged events in
different-flavor final state at the WW preselection level at /s = 8 TeV. The uncertainty band
includes the statistical and systematic uncertainty of all background processes.
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CMS/
L_ Unbinned parametric fit in H>WW—>212v 0/1-jet

2D fits based on the “razor” variable: M; and Ay = ;

€ My shapes are parametric <
€ A¢i Are taken from MC to fill an m, independent 25
2D map (cf. Z>4l)
2 0.045 |"'|"'|"'|'"|"'|"'|"'|"'|"'|*E g 0.09""I""I‘“'I""I""I""I""I""I""_:
5 004 —m=115GeV] 5§ 008 qq— WW E
5. —m=125 GeV 1 5. : —gg— WW 3
g 0035 —m=135GeV] £ 007 top .
£ 003 —m=145GeV] £ (06 — DY E L5
< 0025 E Waets i
0.02 3 0.04 —Wzzz ;
0.015 3 003 /,/‘! 3
0.01 E 0.02f | /I F 0.5
0.005 3 0.01 \ E
3 T —— E 018
60 80 100 120 140 160 180 200220 240 80 100 150 200 250 300 350 400 450 500 (g
M, (GeVic? M, (GeV/c? 0 100 150 200 250 300 350 400 450 200
S M, (GeV/c?)
Post-fit projection on M; @ 125 GeV
- CMS Preliminary fs=8TeV.L =196 CMS Preliminary  {s=7 TeV, L=4.9 fb”; {s=19 TeV, L=19.6 fb"
0450 =125 GeV ; & F
2400 ;:’-:js o s § 80F . o baskgons limits significance best u
O mw o 1 80k expected / observed | expected / observed | observed
00350 mz ww ] © : P P
300 ERESL 3 T e | 05/14 | 5.0/40 | 0.88 +0.25 |
%250 i 8%
2200 3 3%
= 1 g 3of -> Results are comparable to 2D
150 { 2. F g :
100 ER. Tg fit in m;-m, for 0/1-jet
50 ERR R
-h;;é GE 1 —.T | 1 | THT 1 1 1
807100 1507200 250 300 350 400 850 00 G555 T05 4 e 1038 33054 X, Janssen - 12/10/2015
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L Unbinned parametric fit in H2>WW=>212v 0/1-jet

Parametric nature of the analysis allow to directly scan the (p,m,)
plane and perform a fit of the mass for fixed value of u:

CMS Preliminary Vs=7 TeV, L=5.1 fb"' {s=8 TeV, L=19.6 fb"
L . L L L] L L] L] L] L] L] 1 l L] 1 L] L] L] L L L] I L L L

s — 10 T T T
o £ f 5
B < ] ~
o 85 —_— H—= WW — 212v, u=1 3
7k :
of :
5F —;
af :
3f
1F ]
1 11111111]1&/11111'1111-
910 115 120 125 130 135 140
M., (GeV) m, (GeV)
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Spin/Parity
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Events / (0.08)

Introduction

O Study the kinematic distributions of the decay products:
» Two production angles: 8* and @1 in the X rest frame
> Three decay angles: 81, 82, and @ in the V rest frames

U Angular distributions determined by the tensor = &\M) 7 A\ »%0 |
structure of the HVV interactions

0 The number of kinematic variables available depends on
the Higgs decay
— determines the strategy followed in each channel

O Study production via gg and qq (or mix)
O Study decays to: ZZ->4l, WW->2I2v and yy

T _ — T
b J ST ST v, b A X A4 J \ m,_ - -
5000 s000]. 3 | oo Several
s | i | ] = spin 2 cases |
o o o 1
o 8000T © 4000 o
4000} - [ R N =
I g ~ f
| ﬂm 22 i 7 C 5000+
s 2 ool 0+ -
2000} 0+ i 2 2000 1l @
0- 2000f I 0-
0 - L o:- e s 0 0-;" o5 0 o5 4
1 05 0 05 1 1 05 05 1 2 0 2 ' cos 6* )
cos 0 cosf, or cost, @
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H->7Z7->41 Analysis

The complete final state can be reconstructed — Full kinematic information
accessible — Best sensitivity
O 8 kinematic variables: 5 angles : 6%,0,,6,,®,®, ; 3 masses: m,,, M,,, My,
O The information is condensed in a set of discriminants based on:
Matrix Element calculations, such as the Matrix Element Likelihood Approach
(MELA) or BDT discriminants trained with simulation
O Also possible to perform an 8D fit to these variables (second analysis)

Example of angular distribution and discriminant for SM vs. 0- (fa1=1):

CMS 19.7 fo' (8 TeV) + 5.1 fo' (7 TeV) CMS 19.7 b (8 TeV) + 5.1 fb' (7 TeV)
o T T T T I T T T T | T T T T | T T T T 8 | T T T | T T T | T T T | T T T | T T T _
— 10 - L Observed .
S * Obseved o5 m,<130.5GeV S Gl + Dy >0-5 |
—~— . — SM - ~ — SM
_SQ """" faa=1 4(2 : _______ f =1 :
c -- f,,=0.5 i c a3
q) Al q_) - * .
T [ COzzzy 13 e []zzizy .
- [ z+X 1 - [ z+x T
Sl N 4+ L) —
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H>WW=2I2v

Two lepton final state (epy) + two neutrinos
—>Full final state cannot be reconstructed
- Rely on limited set kinematics:

2D templates of m;, m; in epn channel only
- Use only 0/1-jet and same selection as legacy

Examples of templates for SM Higgs and 2* . and backgrounds
‘w Cos AR W ‘..‘.: .-'...’
ou 0ot Il
80 ]
« 100
60
Y - hat
20 2
b o L e o | _ : 4 = °
60 80 100 120 80 80 100 120 60 80 100 120
m; [GeV) m, [GeV) m, [GeV)

- Sensitivity lower than H>ZZ but not for all spin
hypothesis - gain in the combination as well
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H->vy

d Only a single kinematic variable encodes the spin
information:
- ¢0s0” : cosine of scattering angle in the Collins-Soper frame

 CMS use that variable and follow legacy H—yy analysis selection
19.7 b (8 TeV) + 5.1 fb' (7 TeV)

:S. 4 -
- CMS —$— Observed
3.3 - Post-fit expected:
3 - —— SMH - vyy
= 99 = 2y, = 7Y
25 :_ ------ qq - 2m - YY
" |sinh(An?)|  2p} P} - T
lcosf’| = ~ 2 fuiatataieieeleteteteielel et
Yy 2 ms - \ ® | ®
I+ (py" /myy) v 15 ]
3 ' —
0.5 — .
oF
C | | | | | | | | |
0O 01 02 03 04 05 06 07 08 09 1

|cos(6%)]

- Sensitivity limited - Look at separation of SM Higgs
and 2% _only
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Spin 1

O J=1 not allowed for X—yy by the Landau-Yang theorem
- Test for ZZ & WW under assumption it decouples from yy

. . g CMS 19.7 10" (8 TeV) + 5.1 fb' (7 TeV)
Test Hypothes‘s statlstlcs for SM Vs- 1+: }B L L L L I B ?| L |e| =
< I g— X(1" ZZ + WW )
@ cms 1070 BT« 5100 Te) w AN )« 6N (T W G:_) | — Observed |
S 012 o~ X(T) = 22 g 098] o8 e qr) - WW o L _
g Ovse-ved g 0.16 Ormerves EI<J 0.08+— _
§ 0.9 c: § 0.14 : _8 i i
8 oce 0.12 § L J
§ 0.08 " o 0'06__ B
o 008 L _
0.04 A\ 0.08 | L -
T 0.0¢ - ; 0.04— _
9 002 "5‘ 5 - ; i
% o W B0 0% % 10 % 05 10“'1"5'_‘5; i ::'—. ]
-2 % h(LJ/Lo.) ~2.In(L,/L,) 0.02_— "'-., __
‘ COMBIBATION I , |

0 -30 -20 -10 0 10 20 30 40

2xIn(L , /L)

P J"  Expected Expected Expected

Model Prod. X —=2ZZ X-—WW (u=1) Obs. 0+ Obs. J*¥ CL.
1- qq 290 220 3.60(4.60) —120c +49c <0.001%
1* qq 240 1.8¢ 300 ((380) —08c +43c  0.004%

- 1+ and 1- excluded w.r.t. SM at > 99.996 % CL
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2z Spin 2

Generic Lagrangian for spin 2 is a bit more
complicate than spin 1:

L(Xj=2ZZ) ~ A7 (=X ZZ", + % (3:0pX,w) 2227 + /CTBX‘” [, [3,2"]| Zun

2c6mz 2C6MZ 5.

o X [0, [0, 2] | Zup + csmi X, 242" + X, [0, 2] 2%

2A2
C7mz
2A2
G m%
A2

TZX i [0%, (0%, Zal] Z* + =25 X [af‘ [a” Z“ﬁ” Zup

2A2

c
L €400 0" XM Z,0, 2P + 13\4

2
€,0p00POPXI (37, [0, 2" zﬁ) :

- Testing 10 models (x) 2 production modes:
gg & qq (+ arbitrary mixture of gg/qq)

J¥ Model gg — X Couplings qq — X Couplings X — VV Couplings

2, §8¢o p1#0 ¢tV =c3' #0
2,5 58 £0 p1#0 ¥ #0
2, cgggéo p1 #0 cgv#o
2 é p1 #0 cyV#0
2, égyéo p1#0 oV <V #0
2, ;;éo p1 #0 gV #0
247 5 #0 p1#0 cyV #0
2, csg;éo p2 #0 g’ #0
2 g8 #0 p2 #0 V;éo
21 g8 #0 p2 #0 ety #0

Example: gg—->2* , with ZZ+WW+yy

9!45“”””,“ﬁ-_.",Z?_1'_'?‘!&-_5_'_?;‘.’_*3*!‘1
omg 99— X(20) = ZZ + WW + vy
0.08;
- i
0.072 2
0.06/
0.05|
0.04|
0.03|

0.02| \‘
0.01}
o. ...

30 -20 10 O 10 20 30 40
2xin(L /L)

Pseudoexperiments

. and as function of qu

rC“S 197 5" 8 TeV) + 5.1 8" (7 TeV)
{w; X(2) =ZZ + WW + vy
3 | @ Ooserved
= | - 0 - J
- { Expeciod at 5% CL Expected at 95% CL
x ‘0; Expected at 68% CL Expected at 68% CL
~N |
. 3

L
“% 010203 040506070809 1
()
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pseudo experiments

CMS

o

d Pure 0-ruled out at 99.9% CL

by H>ZZ->4l alone:

0.1

0.08
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0.02

-30

CMS

\s=7TeV,L=5.1f5" \s=8TeV,L=19.7 f5'
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20
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arXiv:1411.3441

Spin 0

- Study small deviations of couplings to gauge
bosons of the HVV spin 0 tensor:

" u.\, 1V :f':’(,\"x]f‘(\"z)-l"’ } ”\{ 1V .'f'(\"l]j‘(\"z)~l"’

2.0 .
5 M€y, € .

(.‘\}"\‘-'); vivitva

Ay term a
leading momentum expansion

0 Choose a parameterization that relates cross
sections fractions (f_,, .3, fA4)
to a,, a;, and A, as:

A(HV,V3) ~ |:u

Vi1Va 2 ViVa 2
\’l\’, * "] Jq\'l + h! (I\’?] 2
1

as term
CP odd state

term

CP even state

|a3|*03 a3
fa3 = . v QP =arg| —
|a1[201 + |az|202 + |as|?03 + Ta1/ (A1) +... ay

U o, in each case corresponds to a; = 1 and a#l = 0

Q f,, =1 ,-f ;-f,4-... is the SM contribution — expected
to dominate

O For a measured value of f, — possible to extract the
ratio ai/a1

-> Perform Likelihood scans (1D and 2D) of f, to set limits on the
anomalous couplings
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~—  Anomalous couplings: Likelihood scans of f_

H->ZZ: Couplings constrained to be real, other couplings fixed to the SM

CcMS 1970 @B TeV) + 518" (7 TeV) CMS WIS BTV + 5180 W) CMS 1970 B ToV) + 5.1 16" (7 TeV)
2 % [ ! s '
p- | —Observed,¢ =0orx T — Observed, ¢ _=0orx — Observed, ¢ _=0orx |

N B | | ﬂ

| ... Expected.¢ =Oor=x - { A Expected, ¢_=0 o ... Expocted, ¢_=0 of x
} 3 ! |

20: 12 ’l |

} |

| 10 n

15: |

! s \

) . .'.. 2E \xl )
ol S O WY S rew— e
1 05 0 05 1 o5

05 0 05 1 9 05 0 0.5 1
f,ycos(e,,) f 2 COS(9,,) f o3 COS(0,,)
Full set of scans available, e.g.allowing 4(,’),, 3="T Pa3 = 0’
complex phases. fitting more than one
parameter ata time ... cos® term allows for a signed quantity
— all consistent with the SM cosdp= -1 (m) or +1 (0)

+ similar scans for H>WW with lower sensitivity than H>ZZ
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General relationship between HWW and HZZ couplings:

Anomalous Couplings: ZZ+WW combination

WW  WW .
(" /(Il r;.li [—wl +m] > I{Qi - r“ll"‘ll

a;/ay 1412

Fai =

Q f,; can then be written as a function of f,,YW via R

O Two scenarios for combination:
> arbitrary relationship between a1 for W and Z : a,W\W # a,%%
» custodial symmetry: a,"WW = g,%4

Example for R, = 0.5
(full 2D scan available)

arXiv:1411.3441

- Summary of limits on Anomalous couplings:

CMS 19.7 10" (8 TeV) + 5.1 16" (7 TeV) cMS 19.7 10" (8 TeV) + 5.1 " (7 TeV)
E 2f . —wez 1 wE % % WG G 7
;, 2° i oy =E % //%s__s 1§ %%%%//ﬁ%%
. s S S H HH H B 0 H B £

" TEAEE GE %I __—-ﬁ//“I i)

S A\ O
> E = |idiky

. Wi Mo b LA AT T ey

:éa-k LN 7 x

L TR VA - No sign of deviations to the SM but need more

05 05 0 fo.s " )1 data to better constraints some of the couplings

a2 COS(9y,
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