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Higgs sighatures explored at C-

* CMS explored a large set of accessible signatures Signal significance

* Strong evidence in bosonic & fermionic channels! EMH

6.7 | 58 4.2 | 3.7 | 2.3

* Details on individual bosonic and fermionic decays
in talks by X. Janssen & |. Konigsberg (Higgs 1)

6.8 4.3 | 3.2 | 3.2 | 2.1
Higgs overview talk by M. Klute (SM Higgs plenary)

- Significant set of explored signatures used for combined measurements
 Results in this talk: CMS-HIG-13-005, CMS-HIG-13-002, CMS-HIG-13-023, HIG-13-030

Channels explored by CMS, subset used for combined results
b T WWZZ vy Zy v

R

¢/ : combined properties measurement: mass, spin-parity

v : used for combination results: deviations of couplings (CMS-HIG-13-005)

Predrag Milenovic, University of Florida 7 LHC Physics Conference, New York, 204



Mass of the new boson

Mass measurement using high resolution channels:

CMSPreIlmlnaryF 7TeVL551fb F 8TeVLs196fb1

) 10 e e L
c H%YY +HQZZ —Comblned
H_'ZZ_'4I Z 9; (ggHttH) _:_’;YZ
. o 8f MW(VBF,VH) L
Very good control of the leptons scale and resolution, R
exploits per-event mass uncertainties o
5|
—_) o
H- vy ;
* Good resolution, systematics on the 3t
extrapolation from the Z—ee to H—YYy 2
1
Combined mass measurement (201 3) o
CMS-HIG-13-005 m, (GeV)
* individual signal strengths independently profiled
Q 10€:Ms : Is = 7TTV ‘L ‘51‘fb‘1 ( ‘8TeV L‘ 197fb1
c - — Combined
' mu = 125.7 £ 0.3staT £ 0.3sysT GeV < 9 "_"'Emf'”ze;(ft‘f’:y)i
R —H = ZZ - 2627
75 —H—=2ZZ - 4u E
Latest measurement in H=>ZZ—41 (2014) 6 __ :
. 5 =
* public results: CMS-HIG-13-002 j: E
' my = 125.6 £ 0.4staT £ 0.25vsT GeV 3 //
2 3
1 :
?272l | 1 é4 126 1 28 1 30 1:32
See talk by X. Janssen for details on individual channels CMS-HIG-13-002 m,, (GeV)
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Alternative JP hypotheses

+ Tested the compatibility of the new boson with alternative |* hypotheses

 exploit shapes of kinematic observables (angles, inv. masses) HWW exclusion of 2m,

40cms 491" (7 TeV) + 19.4 b (8 TeV)
H _’ ZZ _’ 4', H _’ ww _’ 2'2\,, H _’ YY } 355_ WIW—>|2I2v+|0/1-i;t | | ImH=I125.6(|3ev_§
L £ r =0 3
) . . :I/N 305_ I = 1o expected CMS-HIG-13-023 _E
* HWW tested spin-2 hypotheses (2n") for diff. prod. mechanisms =~ = & o :
A E_ -e- Observed _E
» Many hypotheses excluded using the HZZ channel @99%C.L. = E
CcMS Vs=7TeV,L=5.11"Vs=8TeV, L=19.7 fi'
§° [ —-- CMS data - - - Median expected :
Q> 60F MO : 1o [ NPt -
E 020 MBS x20 H-g*ZZ§—>4I; (20;I4); -
o 40:_ 0" 30: JF’+30E : : ' E
-106 10 20 30 40 50 60 70 80 90 100

20 o,
g %)

ﬁﬁ........ﬁ-._._ﬁil I Combined test-statistics: gg = 2"

O

-20
CMS preliminary (s=7TeV,L=5.1f5" \s=8TeV,L=19.61fb"

> I B LI I IR I
“r CMS-HIG-!3-092 I 2 01 CMS-HIG-13-005 7 .
o o T T T Tt 2 2 2;, 2 2 2 > oo
any any qq—X any qg—X any gg—X qGg—X any gg—X gg—X gg—X % 0.08? (CL7=08% |
tested models § I
— —— — T 006
* Combined test for hypothesis gg = 2m™ (HWW & HZZ,2013) = oo
* Hypothesis gg = 2" is excluded at 99% CL 0.02]
0_ " e |
H»> )° = 0" strongly favoured by measurements R T
m(99
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CP-odd contributionin H & ZZ - 41 d

* Probe for fractional presence of the CP-odd contribution (0°) in the scalar decays:

AX = VV) =v ke (a19uum%{ +a2quqy + a3€uva6Q?Q2ﬁ) = A1+ Ax + A3

A2 contribution assumed to be 0

* Om*/ 0 decays governed by the A, / A3 amplitudes (total x-sections Gom+ / Oo.),
- Explore it using H = ZZ — 4| decay channel

 Total cross-section insensitive to interference between the CP-odd and CP-even components

12 CMS Is=7TeV,L=511f";{s=8TeV,L=19.7fb"

* Use shapes of kinematic observables for SM Higgs (0,*) 2 [ 7 7T T T
and 0 states and fit the data for their relative presence NS Frpectes ]
(the total event yield is taken from data) - Oferved
8- a

00— I i

f 3 — B N

" 0o, T 00~ it ]

defined for 2e2| final state 4l ]

Upper limit on the fractional x-section fa3 in data: I §
<0.51 (@95%CL : '

' fa3 (@ g ) 0/t e ]

0 1

CMS-HIG-13-002 fas
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Search for deviations - Production m

» Signal strength (M) results explored for various decay and production modes

 Results from individual modes compatible to SM Higgs predictions!
E» probe the couplings by expanding around that reference point!

(s=7TeV,L<51f" {s=8TeV,L<19.6 fb" CMS Preliminary ys=7TeV,L<5.1f" {s=8TeV,L=19.6b"
T T T T T T

. . _I 10 T | T T T | T T T | T T T | y T 1T T I ]
Combined CMS Preliminary m,=125.7 GeV c — Observed .
uw=0.80=0.14 Pgy = 0.65 —_ 9 -
< : ----Exp. for SMH |5
H— bb - N8y ' E
=1.15= 0.62 - .
' 7k E
H— S S E— 6; é
w=1.10 0.41 - g
5H -
H—vyy . - .
w=0.77+ 0.27 4 =
3k -
H— WW B ]
w=0.68=+0.20 - C .
2 E
H—>ZZ s .
w=092=0.28 o 1 E o K .
M | [ R ST N S S S NS R 07 I - A3 | ‘ | | | | 1| | | [
0 0.5 1 }35 f 2 / 2.5 0 1 2 3 4 5 6

est fit o/o
CMS-HIG-13-005 su CMS-HIG-13-005 Mosrvi Mot

- Ratio of Us in production modes with fermionic and bosonic couplings: HveryvH/HggH,ttH

* Best-fit PvervH/HUggH,ecen = 1.538%1-1¢1 5743 (3.20 against a zero ratio)

' evidence for vector-boson induced production!
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Search for deviations - Production

» Signal strength (M) results explored for various decay and production modes

 Results from individual modes compatible to SM Higgs predictions!
E» probe the couplings by expanding around that reference point!

Ys=7TeV,L<51f" ys=8TeV,L<19.7 fb"

CMS Preliminary

Individual Results

V H = bb arXiv:1310.3687
i(m =125.0 GeV) = 1.0+ 0.5

Most of the updated results ready:
New CMS Higgs
combination coming soon...

H— 11 arXiv:1401.5041
H(m =125.0 GeV) = 0.78+ 0.27

H— vy HIG-13-001
i(m =125.0 GeV) = 0.78 + 0.27

H— WW arXiv:1312.1129
i(m =125.6 GeV) = 0.72+ 0.19

H— ZZ arxiv:1312.5353
i(m =125.6 GeV) = 0.93+ 0.27

[ T 111111111]1111
0 0.5 1 1.5 2

NEW: April 2014 Best it o/ogy

° Ratio of Ys in production modes with fermionic and bosonic couplings: Uver,vH/HggH,ttH

* Best-fit PvervH/HUggH,ecen = 1.538%1-1¢1 5743 (3.20 against a zero ratio)

' evidence for vector-boson induced production!
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Search for deviations - Couplings -

* Search for deviations from SM in the scalar couplings (LHC XSWG benchmarks)

oI
1—‘H

f

« Assumptions: (0-BR)(i— H — f) =
» Observed signals originate from a single narrow resonance

* Parametrise deviations only with couplings strengths modifiers {Kx}

° Procedure:

* Scale SM x-sections & SM partial widths as function of parameters {Kx}.

* |f BSM decays are allowed - scale down all SM decays uniformly

* Scenarios:
* Fermion vs. vector boson couplings and asymmetries in couplings
* Searches for new physics in loops and decays

» Simultaneous fit of coupling modifiers
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Asymmetries in couplings

» Test universality between couplings/modifiers to vector bosons and fermions
(Kz=Kw= Ky and K{=Kp=K1=K¥)

W t
k?w ‘,ﬁ'Y &‘ ‘f’Y

* In H—YY loop we are sensitive to sign _Q . —Q
Wy 67 N

of KfKv through interference (choose Ky > 0)

CMS Preliminary ys=7TeV,L<5.1fb" Vs=8TeV,L<19.6fb"

"l—2_O_IIIIIIIII|IIIIIIIII|IIIIIIIII_I_

CMS Preliminary Vs=7TeV,L=<51f" {s=8TeV,L=19.6fb" AV
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' compatible with SM ( k= Kyv ), clear preference for ks> 0
* Also tested (HIG-13-005): Custodial symmetry, lepton-quark and up-down universality

Predrag Milenovic, University of Florida 9 LHC Physics Conference, New York, 204



New physics in loops and decays

* Probe for new physics in loops - allow general kg & Ky modifiers of ggH and Hyy

» Assume no additional new physics in Higgs width, all other SM tree-level couplings

* Probe new physics in loops & decays - allow kg & Ky modifiers with BRgsm > 0
» Constrain total width from observed 0 - BR’s assuming SM tree-level couplings

CMS Preliminary ys=7TeV,L<5.1fb" {s=8TeV,L=<19.6fb" CMS Preliminary {s=7TeV,L<5.1fb" {s=8TeV,L=<19.6fb"

go) 2_O_I T T T T T T TT | T T T T T T T 17T | T T T T T T T TT | T T T T TTTT I_ _I 5_O:IIIIIIII||||||||||||||||||IIIIIIIIII||||||||||||||:
1.83— Ky Kg _f < 4-5i_ Ky Kgs BRBSM — Observed —f
n ] < - ----Exp.for SMH |
1.6 ] (QV 4.0:— ; -
1.41 E 3.5 -
12;_ ""““_".--":'—':.: ........ § _; 30;_ nhot US|ng _;

1.0k P N . 2.5} direct - BRgsm < 0.52

0.8F \\ \\ E 5 ok searf:he.s.of E @ 95%C.L.

L ~— J o . = H—invisible -
0.6F el T E 1.50 E
04 T = 1.0 :
- Ky~ | with Kg < I, ] g .
025 because of p < | inVV modes - 0'55_ /. E
_I T I I | | | I I | | | I I | | | I | I_ L —I’I’I’I 111 |I IIIIIII|IIIII III|IIIIIIIII|IIIIIIIII_
0'8.0 0.5 1.0 1.5 2.0 %% 02 04 06 038 1
Ky BRggwm

' Effective couplings to gluons and photons in agreement with SM
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Simultaneous fit of coupling modifi

* Probe for 6 couplings simultaneously: Kv ; K¢, Kb, Kr; Kg, Ky

» assume custodial and up-down fermion symmetry:
KW= Kz=Kv & KuTKc= Kt & Ki = Ks = Kb & Ke = Ky = Ky

* No BSM decays: BRgsm = 0

* In addition allow BRgsm > 0, by adding requirement Kv < | (common in EWSB)

{s=7TeV,L<5.1f0" ys=8TeV,L=<19.6fb" CMS Preliminary {s=7TeV,L<51fb"' {s=8TeV,L=<19.6fo"

_I 5_O_I TTTTTTTT | TTTTTTTTT | TTTTTTTTT | TTTTT I' TT | TTTTTTTTT]
CMS Preliminary ™ 68% g'— c 4 55 K, Kg Ky=1, — Observed .
! ==95% CL - VP K, K, K, BR E
Ky ! C<\]J 4.02_ t BSM ----Exp. for SMH —f
: 3.0 direct =
K; - - .
5 o 5[ searches of E BRgsm < 0.64
K4 * - H—invisible . o
a 2.0F - @ 95%C.L.
| -— 15
K, _..._: . ~078 1.0E ]
BRBSMT—— [ky=1] Py, = 0-88 0'55_ _E
IIII|IIII|IIII|IIII|IIII| IIIIIIIIIIIIII |IIII|IIII OO_ —I‘I’I’III'IIII IIII|IIIIIIIII|IIIIIIIII AR
005115225 335445 5 "0 0.2 0.4 0.6 0.8 1
parameter value BRgsm

' All effective couplings in good agreement with SM
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Searches for H—invisible

* Performed search using the VBF and
associated ZH production modes

 Sensitive to non-SM invisible decays

of the observed Higgs boson,

- also sensitive to additional bosons with similar production and large invisible BR

* Combined all search VBF/ZH channels

Upper limit on the invisible BR, my=125GeV % 16
B> BRinvisiie < 0.58 @ 95% C.L. 2.

* Results also interpreted in terms of a 06
Higgs-portal model of DM interactions. o4

0.2

* DM interaction with nucleons through

CMS-HIG-13-030

- CMS 95% CL limits
- Combination of VBF and Observed limit
- ZH, H—invisible Expected limit

- s =8 TeV (VBF + ZH)

|- 18.9-19.7 b " Expected limit (10)
E s =7 TeV (Z(I)H only) Expected limit (20)
L=4.9fb"

I145
m,, [GeV]

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
115 120 125 130 135 140

Higgs exchange diagram

* reported limits for DM candidate as scalar, vector, or Majorana fermion (CMS-HIG-13-030)
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Searches for H—invisible

* Performed search using the VBF and
associated ZH production modes

 Sensitive to non-SM invisible decays
of the observed Higgs boson,

- also sensitive to additional bosons with similar production and large invisible BR

* Combined all search VBF/ZH channels

Ly | T . .I T T T T I|
S 02RO e cms
> 3E X7 {s=8.0TeV, L = 18.9-19.7 fo' (VBF+ZH)
! " I 3 ghil CT)O;{ ::8-4 \\/;g/ff/ Vs=7.0TeV,L=49 1" (ZH) i(:/:1,'2,g,)G<e(‘)/.51 @ 90% CL
Upper limit on the invisible BR, mp=125GeV c 19 \\\\ A :
= 10 N\
&) 6 \ S
B> BRinvisibie < 0.58 @ 95% C.L. I S
8 8 N \\ A —
9 10 .-._.-\---\- S 1 T " _____,_:;':/
© q0° _ --...\...a-.-\;!_" [ cressT o
c . o ?e-r FI‘I?OI‘I ‘..-""'.‘ ."" I;I 2258215&2012)
o . (@) 10 . -5 XENON10(2011
« Results also interpreted in terms of a @ 10 e
o 1 0-11 - e vector Min 5 CoGeNT(2013)/90%CL
. o . < attice CoGeNT(2013)/99%CL
Higgs-portal model of DM interactions. R il v SOV
2 '13 1 1 111 | 1 1 1 1 1 111 | _I. I_UXI(QOO/QICL) 1 11 1
: . j 10
* DM interaction with nucleons through Q 10 10 10°
CMS-HIG-13-030 DM Mass M, [GeV]

Higgs exchange diagram

 reported limits for DM candidate as scalar, vector, or Majorana fermion (CMS-HIG-13-030)
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Summary

* CMS has analysed a comprehensive set of production and decay channels

* Measured properties combining information from different channels:

mass: mup = 125.7 * 0.3staT * 0.3sysT GeV Effective couplings expressed
as a function of the particle mass
CMS Preliminary {s=7TeV,L<5.1f" {s=8TeV, L=< 19.6 .ff’.._j.

spin-parity: compatible with J° = 0*

total width: I <22 MeV @ 95%C.L. ]

& - [==68% CL .

S  {|—95%CL ]

: . : ] = F Z A4 3

A wide range of Higgs coupling tests is performed S V‘,’fr .
* No significant deviation from SM predictions 10 i
observed within the uncertainties : ) :

- T :

« Combined results for H—invisible 102k I% .
* Next combination of CMS results expected soon ]
1 2345 10 20 100 200

mass (GeV)

All measurements show:
the new boson is compatible with the SM Higgs boson!
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Backup slides
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Compact Muon Solenoid

SUPERCONDUCTING CALORIMETERS

COIL ECAL HCAL

Scintillating
= 5o PbWO4 crystals

Plastic scintillator/brass
sandwich

IRON YOKE

TRACKER
Silicon Microstrips
Pixels
Total weight : 12,500 t MUON
Overall diameter : 15 m g ENDCAPS
Overall length : 21.6 m
Magnetic field - 4 Tesla Drift Tube Resistive Plate Cathode Strip Chambers (CSC)
' Chambers (DT) Chambers (RPC) Resistive Plate Chambers (RPC)
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Higgs production and decay m

Production Decay modes and branching ratios
T ' ' S
Q o
5 ®
= o
o
+
0
m
2}
(@)
D
T
102
10'3 [ 1 | 1 | | | 1 1
100 200 300 400 500 1000
M, [G
LHC Higg; );S Z:G‘ B Main contributions:
Xiv: 1 101. :
el Low mass: H=YY, H=ZZ (also HoWW)

arXiv:1201.3084,
arXiv: 1209.0040 Intermediate/high mass: H=2WW, H—-ZZ

B common inputs to experiments
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http://arxiv.org/abs/1201.3084
http://arxiv.org/abs/arXiv:1209.0040

Constraint on Higgs boson widt

° Experimental resolution strongly limits direct width (I'H) measurement to ~1GeV

» SM Higgs decay width is 4.15 MeV at my = 125.6 GeV oM ereresieiom
8 oL * pas b
* Important theoretical advances [*] : § | mww zropae
made possible to constrain the Higgs boson width OO I wesnoes ]
using its off-shell production & decay away from the peak. o -
2 9 . i '
sobek o WHTHLE otk o ondhzy ||l
experimental constraints on the width 00 800
' 't with mild model-dependence ™ G
y CMS 19.7 b (8 TeV) + 5.1 fb" (7 Te\?
* Channels H = ZZ — 4land H =& ZZ — 212v o
mzz distribution can be used alone, Vgl o

-------- Combined ZZ expected

but kinematic observables improve sensitivity
(sig-bkg interference significant, accounted properly)

' 'h < 22 MeV at 95% C.L,, )
lH<5.4Xx r|-|, SM I 4+g%

[*] JHEP 08 (2012), Phys Rev D 88 (2013) 054024, see also talk by X. Janssen for details
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Mass measurement validation with

Perform the mass measurement of the near-by Z — 4| resonance

- identical procedure as for the new boson mass measurement (without dm4 and KD),

* relaxed phase space due to the limited statistics (mz2 > 4 GeV)

fit for Z mass/width in Z — 41 events likelihood scans for 4e, 44, 2e2u

CMS Preliminary Vs=7TeV,L=5.1f" {s=8TeV,L=19.61b" 10 CMS preliminary Vs=7TeV,L=5.1f0o" Vs=8TeV,L=19.6fb"

> - _l : T T 177 | L | I | ‘I T TT | T T 17T | ; T T°T - T T :

o /0 c - Combined }
O] C —_— OF —Z7Z— 4e
- N - —Z->4u

N 5oL M, =91.17 +0.23 - 0.22 GeV Y N3 T e |

» [ T;=286+051-047 GeV : | E

S b 7E : E

q>') 50 - e Data 6 = : -

Ll N * - l =

B Z - | 7

40— 1z - | .

- [ z+x + 5 3 | I E

30 4 =

- 3F .

20— - .

10F 1 f :

0E - re a2 =0 & - % |||||||| | |E

50 60 70 80 90 100 110 8 8 90 91 92 93 94 95
my, (GeV) assumed Z width 2.50 GeV my (GeV)

’ Compatible with the PDG values within uncertainties.
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