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Higgs boson in the SM ”;

cross-section and BR
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The collider and detectors @
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Mass measurement @

Motivation
@ Mass of the boson is the last free parameter in the Standard Model

@ Fundamental position in the SM:

Calculation of the H production and decay rates
Precise knowledge necessary to test the coupling structure
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Mass measurement @

Motivation
@ Mass of the boson is the last free parameter in the Standard Model

@ Fundamental position in the SM:

Calculation of the H production and decay rates
Precise knowledge necessary to test the coupling structure

Overview
o Exploit H — ZZ — 41 and H — -~y channels
@ full mass reconstruction, clean signal, excellent resolution

@ Model independent measurement

Fit of a peak over smooth background
No assumption on production or decay yields

@ Improved analyses of Run | data = twice better precision

o [Phys.Rev.D.90,052004(2014)](ATLAS),
[CMS-PAS-HIG-14-009](CMS)

.
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Extracting mass for individual channels @
Phys.Rev.D.90,052004(2014), CMS-PAS-HIG-14-009
H—= vy

split into several (10 — 20) categories

fit m,, distributions simultaneously

background modeled by smooth function

o
o
@ signal shape model determined from MC
o
o

Par———

bias from choice of background model studied with UL
MC
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Extracting mass for individual channels @
Phys.Rev.D.90,052004(2014), CMS-PAS-HIG-14-009
H—= vy

@ split into several (10 — 20) categories
e fit m,, distributions simultaneously

@ signal shape model determined from MC

@ background modeled by smooth function

@ bias from choice of background model studied with
MC

H— ZZ — 4]

@ using matrix element approach to build
discriminants against ZZ background

. @ mass is obtained via parameter estimation with
multi-dimensional unbinned likelihoods

B .
< ;. |
m, (GeV)
- v
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Results of 2D fits in (i x my) plane @

Phys.Rev.D.90,052004(2014), CMS-PAS-HIG-14-009

o fix the relative signal yields between vy and ZZ
o let the overall signal strength (1 = o /osnm) and mass float
o Fixed osy at ATLAS, mass dependent in CMS

ATLAS CMS
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Results of 2D fits in (i x my) plane
Phys.Rev.D.00,052004(2014), CMS-PAS-HIG-14-009

o fix the relative signal yields between vy and ZZ

o let the overall signal strength (i

o Fixed ogsy at ATLAS, mass dependent in CMS
ATLAS

G

= o/osm) and mass float
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Mass combination @

Phys.Rev.D.90,052004(2014), CMS-PAS-HIG-14-009

@ Assume single state with mass my
@ production and decay ratios can float in the fit
@ separate u per decay (both) and production tag (only vy at CMS)

ATLAS CMS
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Mass combination @
Phys.Rev.D.90,052004(2014), CMS-PAS-HIG-14-009

@ Assume single state with mass my

@ production and decay ratios can float in the fit

@ separate u per decay (both) and production tag (only vy at CMS)
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Compatibility of measurements in 2 channels @
Phys.Rev.D.90,052004(2014), CMS-PAS-HIG-14-009

o Using test statistics g(m}; — m}!

o 2 degrees of freedom (m};" and Am),

m}; is profiled
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Compatibility of measurements in 2 channels @
Phys.Rev.D.90,052004(2014), CMS-PAS-HIG-14-009

o Using test statistics g(m}; — m}!

o 2 degrees of freedom (m};" and Am),

m}; is profiled
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Spin and CP of the H boson G

SM: H boson is scalar (J = 07)
testing compatibility of data with JP = 0t, 0—, 17/, 2t/~

various models for non-SM spin and parity

exploiting kinematical observables in vy, ZZ — 4/ and WW — Iviv
channels

o first measurements of anomalous couplings

Example test statistics:

CMIS (preliminary) 107107 @8TeV) + 5.1 107 (7 TeV)
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Spin 0 hypotheses and measurements @

Amplitude parametrization:

2 %

on, 42, + 47
A(XJ=0 — Vl V2) ~ V_l dl — elqs/\l# mz€ZlE*Z2

(A1)?

+ Z ( 1Va f*(Vl f*(Vz) w aV1 Vs f‘*(Vl)f*(Vz) ;w) >
2%

C
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Spin 0 hypotheses and measurements @

Amplitude parametrization:

2 2
. +
A(XJ:o — V1 Vg) ~ V_1 ([31 — e’qmlM %6*216*22

(A1)?

+ Z ( 1Va f*(Vl f*(Vz) w aV1 Vs f‘*(Vl)f*(Vz) ;W) >
2%

o ViV € {ZZ,Zv*,v*v*}

C

S
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Spin 0 hypotheses and measurements @

Amplitude parametrization:

2 2
ion, 922 T 92,

—1 2 %
AXjmo = ViVL) ~ v ([al —e e

*
7€2,€2,

+ Z ( 1Va f*(Vl f‘*(Vz) w aV1 Vs f‘*(Vl)f*(Vz) ,uzl) >
2%

°o \Vy €{2Z,2y",7""}
o v: vey, Fm (F(DmV) ~ (dual) field strength tensor

p =
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Spin 0 hypotheses and measurements @

Amplitude parametrization:

2 %

2 2
. +
A(XJ:() -V Vg) ~ V_1 ([31 — el¢/\lu 26216*22

(A1)?

+ Z ( 1Va f*(Vl f‘*(Vz) w aV1 Vs f‘*(Vl)f*(Vz) ,uzl) >
ViVa

o ViVh € {ZZ, Z~*, v*v*}

o v: vey, Fm (F(DmV) ~ (dual) field strength tensor

@ a;: SM HZZ coupling (in SM a;=2)

C

S
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Spin 0 hypotheses and measurements @

Amplitude parametrization:

2 2
ion, 92, T 92,

-1 2 %
AXjmo = ViVL) ~ v ([al —e e

*
7€2,€2,

I Z ( Vi vaf*(v1 Fr(V2), W+av1 \/gf*(vl)f*(vz)m/))
ViVa
ViV € {ZZ, Z~v*,v*~*}
vi vev, FOm (F(D1V) o (dual) field strength tensor

ai: SM HZZ coupling (in SM a;=2)
2y""2: CP-even interaction, not in EWSB (in SM 10~3 — 1072)

p =
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Spin 0 hypotheses and measurements @

Amplitude parametrization:

2 2
ion, 92, T 92,

AXj—o = ViVL) ~ v a1 —e 2%
(Xs=0 1V2) ([1 e

*
7€2,€2,

n Z ( Vi vaf* (V1) px(Va), ,u/Jrav1 \/Qf*(vl)f*(vz);w>>
ViVa
ViVa € {ZZ, Zv*, v*v*}
vi vev, FOm (F(D1V) o (dual) field strength tensor
ai: SM HZZ coupling (in SM a;=2)
2y""2: CP-even interaction, not in EWSB (in SM 10~3 — 1072)

aé/l V2. CP-odd interaction, (3-loop correction in SM)

C

ner-=>»
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Spin 0 hypotheses and measurements @

Amplitude parametrization:
2
9z,

1 on 92 T
A(XJ:o—>V1V2) ~ Vv ([al—e’¢ 1(1/\71)2

2 % %
7€2,€2,

n Z ( Vi vaf* (V1) px(Va), ’“’+a‘/1 \/Qf*(vl)f*(vz);w>>
ViVs

o ViV € {ZZ, Z~*,v*v*}

o v: vey, Fm (F(DmV) ~ (dual) field strength tensor

@ a;: SM HZZ coupling (in SM a;=2)

o 2.'"": CP-even interaction, not in EWSB (in SM 10~3 — 1072)

° aé/lvz CP-odd interaction, (3-loop correction in SM)

@ /\i: scale of new physics

C

g
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Spin 0 hypotheses and measurements @

Amplitude parametrization:

2 %

2 2

) +q
ion, 920 T 9z, X
€ BTV 7€2,€2,

(A1)?

A(XJ:() -V Vg) ~ vt ([31 —

+ Z ( ViVe f* (V1) f‘*(Vz) w aV] Vs f*(vl)f*(v2) /W>>
2%

o ViVh € {ZZ, Z~*, v*v*}

o v: vey, Fm (F(DmV) ~ (dual) field strength tensor

@ a;: SM HZZ coupling (in SM a;=2)

o 2.'"": CP-even interaction, not in EWSB (in SM 10~3 — 1072)

° aé/lvz CP-odd interaction, (3-loop correction in SM)

@ /\i: scale of new physics )
—~ —
Q a;'s can in general be complex (loop contributions from light particles) J/
P
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Spin 0 hypotheses testing

o Using ZZ — 4/ channel

o [Phys.Lett.B726(2013),120-144](ATLAS),
[Phys.Rev.D89(2014)092007](CMS)

ATLAS

Normalised to unity

CMS
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Spin 0 hypotheses testing

o Using ZZ — 4/ channel
o [Phys.Lett.B726(2013),120-144](ATLAS),
[Phys.Rev.D89(2014)092007](CMS)
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Spin 0 measurements in ZZ— 4/

@ Constraints on mixture of scalar and other spin 0 states
CMS-PAS-HIG-14-014

@ Defining effective fractions: f,

nrer-»
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fa, cos(oa,) = 0.22
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@ Best fit assumes real phase ¢, =0 or ¢, =7
@ Similar results with different methods
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Spin 0 measurements in ZZ— 4/

@ Constraints on mixture of scalar and other spin 0 states
CMS-PAS-HIG-14-014

@ Defining effective fractions: f,

N a

|ail?o;

= TaiPo1+[alPoo+|asos 6, /(A1)*
@ Best fit assumes real phase ¢, =0 or ¢, =7
@ Similar results with different methods
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See back-up for more results J
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Spin 1 hypotheses @

@ Landau-Yang theorem forbids spin 1 if H — v decay exists BUT:
» Different bosons for different final states
» Multiple narrow states with different J*

Parametrization:

A(Xj=1 = ViVL) ~ by [(e*{/lq)(e’{éex) + (ef/zq)(e*\‘/lex)]+bzeam,ge§‘<e>\k/’fe"{/’;aﬁ

C
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Spin 1 hypotheses @

@ Landau-Yang theorem forbids spin 1 if H — v decay exists BUT:
» Different bosons for different final states
» Multiple narrow states with different J*

Parametrization:

A(Xj=1 = ViVL) ~ by [(e*{/lq)(e’{éex) + (ef/zq)(e*{/lex)]+bzeawge§‘<e>\k}fe"{/’;aﬁ

o ViV, € {ZZ, WW}

C

o

nrer-»
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Spin 1 hypotheses @

@ Landau-Yang theorem forbids spin 1 if H — v decay exists BUT:
» Different bosons for different final states
» Multiple narrow states with different J*

Parametrization:

A(Xj=1 = V1Vo) ~ by [(e*{/lq)(e’{éex) + (ef/zq)(e*{/lex)]+bzeawge§‘<e;’fe"{/’;&6

o ViV, € {ZZ, WW}

@ cy: polarization vector of particle Y

C

o
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Spin 1 hypotheses @

@ Landau-Yang theorem forbids spin 1 if H — v decay exists BUT:
» Different bosons for different final states
» Multiple narrow states with different J*

Parametrization:

A(Xj=1 = V1Vo) ~ by [(e*{/lq)(e’{éex) + (ef/zq)(e*{/lex)]+bzeauyge§‘<e;’fe"{};&6

o W, e {ZZ WW}
@ cy: polarization vector of particle Y

@ equp: Levi-Civita tensor

C

o
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Spin 1 hypotheses @

@ Landau-Yang theorem forbids spin 1 if H — v decay exists BUT:
» Different bosons for different final states
» Multiple narrow states with different J*

Parametrization:

A(Xy=1 = ViV2) ~ br [(€3,9)(€V,6x) + (€,9)(€V, €x)] +bacaupekeyer,d”

W e {ZZ, WW}
ey: polarization vector of particle Y

€auvp: Levi-Civita tensor

by: vector coupling

C

ner-=>»
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Spin 1 hypotheses @

@ Landau-Yang theorem forbids spin 1 if H — v decay exists BUT:
» Different bosons for different final states
» Multiple narrow states with different J*

Parametrization:

A(Xy=1 = ViV2) ~ br [(€3,9)(€V,6x) + (€,9)(€V, €x)] +bacaupekeyer,d”

W e {ZZ, WW}

ey: polarization vector of particle Y
€auvp: Levi-Civita tensor

by: vector coupling

by: pseudovector coupling )

p =
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Spin 1 hypotheses @

@ Landau-Yang theorem forbids spin 1 if H — v decay exists BUT:
» Different bosons for different final states
» Multiple narrow states with different J*

Parametrization:

A(Xy=1 = ViV2) ~ br [(€3,9)(€V,6x) + (€,9)(€V, €x)] +bacaupekeyer,d”

o W, e {ZZ WW}
@ cy: polarization vector of particle Y
@ equp: Levi-Civita tensor
@ b;: vector coupling
@ by: pseudovector coupling |
§ mixture of 1+ and 1-states: foy = W% |
7
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Spin 1 results @

o Using ZZ — 4/ and WW — Ivlv channels

o [Phys.Lett.B726(2013),120-144](ATLAS),
[CMS-PAS-HIG-14-014](CMS)

ATLAS

> T T T T T T T L |
g 0.18F AT‘LAS ‘ — P ‘0¢ = CMS (preliminary) 19.7 fb™ (8TeV) + 5.1 fb™ (7TeV)
E . E — el 2 A LM R S
§ 0.16 Vs =8TeV J-Ld|=20.7'b. :.é";af 4 :F 60 any . x =—o E|
3 F Ho WW* evuv/uvey + 0 jets E o = tea 3
Bo.14F E " 50 w3
© C 3 = . 3
E 0.12¢ E < 40 7 el
S E E o~ 2 observea E
= 0.1 E " 30 E
0.08F E 20 E!
0.06[- E E
E E 10
0.04 =
= = o
0.02 -
0|: E -10
0 20
q -20
o 0.2 0.4 0.6 08 |
combined excl. ZZ+WW 17 CL; = 99.97% oz
~ combined excl. ZZ4+WW 1~ CL; = for various 1t and 1~ mixes CLs > 99.99%
f W
% 99.70% 3
v
h:
s
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http://arxiv.org/pdf/1307.1432v1.pdf
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14014TWiki

P o

Non-interfering spin 1 states

G

e Composite particles can have multiple narrow states with different J*

and nearly degenerate masses
» ortho/para-positronium, xp,Xc
o CMS analyzed for presence of second resonance with non-SM J”
close to dominant 0y
» Tyeand Moe << [mye — my: | << 1 GeV

. . o
» fractional cross-section f(JP) = — 2%
6014_-[1+0'JP

Limits for various (pseudo)vector mixtures and production:
o (7 TeV)

d E
) 09
—E
=08
07
06
05
04
03f
02

01
E

-*Bestfit + 1 L t L L
77 Excluded at 95% CL - =SS

Expected 95% CL decay-only discriminants
19 Expected 68% CL ( acceptance)

Pavel Jez (UCL-CP3) Higgs properties (ATLAS-+CMS) September 16, 2014
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Spin 2 hypotheses @

Interaction of general spin-2 resonance with a ZZ or WW pair:
A(Xyz2 = ViVa) ~ A7 [261t,, FHF200 1 2cyt, FoT2 el 2
~B~a auau

L8 (g2 ey 4 o O e
* El'uq * * El'uay *
+m? (ZC5tw,eV’feT/’; + 2C6T2atw,(ev’;ev°2‘ —evey) + qvtm,e}k/le\é
g'q”

1,a87*(2 ~
65~ PR+ cot' Gacupoc €0

ciot**q ~
Taﬁpupaqpqa (6%\7:(‘76*\;2) + ET/I;(qu/l))

C

ner-=>»
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P o

Spin 2 hypotheses @

Interaction of general spin-2 resonance with a ZZ or WW pair:
A(Xj=2 = ViVo) ~ A7 [2c1 tu FEER 4 200, —qj“\zﬁ frimo fr2uf

=B =0 UL
e gto (FU G2+ P2 ER) + e, oA
% g"q o g"q” %
—i—m%/ (ZC5tWeV’feT/’; + 2C6T2atw,(ev’;ev°2‘ —evey) + C7th/€>\k/1€V2
a'q” %0 o

~%(2 . «
+cg A2 tuuf*Lan;é ) + Cgt”a%euupaﬁvzﬁ\@q

€10 the EIO& po (KU * *U *
Tepupaq q (EV]_(qEV2) + 6V2(q5V1))
ViVs € {ZZ, WW}

tuw: wave function of X

c; = cs # 0: graviton with minimal couplings (2;7)

c1 << cs: graviton + SM fields can propagate to extra dimensions (22’)

¢; # 0: models with higher-dimension operators

Pavel Jez (UCL-CP3) Higgs properties (ATLAS-+CMS) September 16, 2014 16 / 33



Spin 2 results: 2,/ model @

@ CMS: only in v channel [CERN-PH-EP/2014-117]
@ ATLAS: combination of vy, ZZ and WW [Phys.Lett.B726(2013),120-144]
@ Angular distribution in diphoton rest frame (| cos 8*|) sensitive to spin:

» ATLAS: simultaneous fit to m,, and m,. X |cos6*| distributions
» CMS: divide events in bins of |cosf*| and fit m., in each of them

ATLAS CMS

— 19.7 b (8 TeV) + 5.1 fb™ (7 TeV)

— T
ATLAS

CcMS —e— Observed
Signal hypothesis —o— Expected SMH - yy

- 0

—0— 20

er-o

or-z

—o— Expected 2] ~ yy

o 25 50 75 100

0 0‘,1 0,‘2 0.‘3 014 0,‘5 0.‘6 04‘7 0‘,8 0,‘9 1
# fog (20) fa
% combined excl. 2t CLs > 99.9% exclusion CLs 1-2¢
S v v
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http://arxiv.org/pdf/1407.0558.pdf
http://arxiv.org/pdf/1307.1432v1.pdf

Other spin-2 results and combinations
@ CMS tested also the spin 2 model with ED and with higher-dimension

(

operators

@ results combined from ZZ and WW channels

CMS (preliminary)

19.7 fb? (8 TeV) + 5.1 fb (7 TeV)

100

-~ CMS data - - - Median expected
Mo +1o | _RiES P
0"+ 20 WF 20 : : : : : : H H g
0"+30 F+30

~H ,rL lﬁflq

Wi 1

99- 2,
99- 2,
99— 2,

99~ 2,

L2

99- 20
- 2}
@- 2,

- 2}

99~ 2},
99- 2,
99— 2,
99— 2

e Combination includes also 1+
o All models excluded with CL; > 99.9%

Pavel Jez (UCL-CP3)

Higgs properties (ATLAS-+CMS) September 16, 2014
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G

@ As for spin 1, CMS studied the presence of narrow spin-2 states close

Non-interfering spin 2 states

to main resonance
» fractional cross-section f(JP) = _9P
O'Oi-n+GJP

d production:

~ Limits for various spin 2 models an 1 )
SE T
- e N
& & mis 77777
1okl

//Exdudzg a 95% CL
Expected a 95% CL i
s e lopecipery gg production :

September 16, 2014 19 / 33
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Conclusion from J¥ measurements

ATLAS

Vs=8TeV [Ldt=207 b

H - zZ* - 4l
s=7Tev [Ldt=4.61"
Vs=8TeV [Ldt=20.7 fb"

H - WW* _ evpv/pvev
Vs=8TeV [Ldt=20.7 b

H - yy ® Data

v CL, expected

assuming J°=0"
D+1o

Pavel Jez (UCL-CP3)

G

@ Spin and parity tested in vy, ZZ
and WW channels
@ Scalar hypothesis favoured by
data
> All alternatives rejected by
> 99.9%
o CMS was studying also
mixtures:
» scalar-pseudoscalar
» non-interfering spin 1 or 2
states
@ Some limits on mixed states set
but still large space for BSM
physics

Higgs properties (ATLAS-+CMS)



Combination of all channels

@ Combination of many channels is used to check Higgs properties
(signal strength, couplings)
@ Most analyses use full Run | statistics (5+20 fb~1)

CMS uses only 8 TeV data from ttH —leptons
ATLAS uses only 8 TeV data from H — 77
final ATLAS results for most channels coming out this autumn

o [ATLAS-CONF-2014-009](ATLAS), [CMS-PAS-HIG-14-009](CMS)

G

Decay/ production tag | untagged | VBF | VH ttH
H— vy both both | both | CMS
H— bb both | CMS
H— 77~ both both | both | CMS
H— Wtw~— both both | CMS | CMS
¢ H— 727 both both | both | CMS

p:

ner
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-009/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14009TWiki

SM compatibility: signal strength

ATLAS

ATLAS Prelim. |—°®@t  Total uncertainty

I i G A
my = 125.5 Ge — o(theory) +loonp

Hoyy

H -~ WwW* - Iviv
=100

o

Combined
Hoyy, 227, Ww*

H ~ T (8Tevdataonly) | &

bt
Combined FF
H-bb, Tt —
h=1005 ‘
Combined $ ‘
130018 i
H=130,, i | i I
G=7Tevfla=4s4sn* -0.5 0 05 1 15 2
E=8Tev fLdt=203fb* Signal strength (u)

=1L 3+0 17 for my = 125.5 GeV (old mass comb.)
NEW RESULTS:

@ iy = 1.17 & 0.27 [CERN-PH-EP-2014-198]

p
Oé @ fzz = 144744 [cERN-PH-EP-2014-170]

b=

Pavel Jez

CP3) Higgs properties (ATLAS-+CMS)

Method

@ Use all channels

@ Test statistics gy, [i

=o/osm

&

CMS

19.7 o (8 TeV) + 5.1 f* (7 TeV)

Combined CM S

#2103 prefiminary

H - bb tagged
1=0.93+0.49

H - 11 tagged
1=0.91%0.27

H - yy tagged
W=1.13%0.24

H - WW tagged
1=083+0.21

H - ZZ tagged
W=1.00+0.29

m, =125 GeV

1 15 2
Best fit o/ag,,

A = 1.00 & 0.13 for my = 125.0 GeV

September 16, 2014
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-21/

SM compatibility: 2D signal strength

est statistics HittH, HAVH), roduction modes grouped together
@ Test statist ggH+ qqH+ 242 duct d d togeth
ecays as in , cross-channel contamination evaluated from
@ Decay: SM h | t t luated fi MC
v
. [T ) 6 19.7 fb* (8 TeV) + 5.1 fb™ (7 TeV)
E 10, Standara wover ATLAS Preliminary B z T "T % H . wtagged
§§ L x Bestfit N Lo ey r CMS
NE gl —owic : o Vs=7Tev fldt=46-48f" - S I Preliminary 4+ H - WWwtagged ||
28 [ ---9s%cCL . Vs=8TeV [Ldt=2031b" | = L 4+ H - zztagged [
= r H b 4 4 H _ bbtagged ||
6~ Thihea r + H - yytagged |
. —H - WW b o b B
W o B L i
L 7 2 o —
2k - [ ]
of- 3 o A
[ m,=1255GeV ; | [ N
_27‘\””\””\””m"‘\HH\HH\HH\HHMT r ) b
“or -1 [9) 1 2 3
W.ZZH WWHTT
uggFﬂ[H HggH,ttH
w .
A C
L
A
S
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Compatibility of couplings

Scaling factors

N(xx—>H—>yy)~<7(xx—>H)~[)’(H—>yy)~MZZ

Mot

o 3 independent parameters relevant for current searches
 I'zz, Tww, o7, Tob, Ty Tggy Tety Tot

@ Not possible to extract those parameters at the moment
@ Scaling factors for couplings: g; = ; - giSM

o

Introducing 'gsm

Following slides are compatibility tests, not measurements

Significant deviation of k's from 1 would mean BSM physics
Re-fit of event yields in particular BSM framework would be also

Q; ) needed

Pavel Jez (UCL-CP3) Higgs properties (ATLAS-+CMS) September 16, 2014
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Custodial symmetry

Testing Az = Kw/nz, Kz and kf J
CMS
. 1971 @TeV) + 5110 (7 Tev) o 197107 @TeV) + 511" (7 Tev)
" T
£ gCMS Observed £ gECl o use gg &+ H - WW /ZZ
P Preliminary - Exp.for SMH ] Preliminary .
~ 8 H<_\1/V(0/A1]e|) B KKy, nearly model independent
7o e 13 3 fit for Az and Kz, kf =1
of : of E
E 3 E 3 0.22
s 5 Awz = 0.941%%%
4 E 4 E
3t E 3t E
£ E £ E e use all channels
b b model dependent (uniform )
5 5 3 15 fit for Az, kz and k¢, Fgsm = 0
Az (K =1) Mz L@
Awz = 0.911¢ L
y
Y T T T T T
g 1o ATU;ST 'CE}S;:‘ S reas Duvaral ]
E fs=7Tev, Lot = 456- ]
N f BesTevfua=203m Opsened 1 ATLAS
[ Combined - w2zt wwepe “T SRS @ fitting Az, 1z and rpZ
o B +0.14
S\ \ 1 @ )y =0.04tGLL
ar ) ] _ 2 _ 0.49
E \ \ ] Q kzz =kK7/kH = 1.414:0_34
2 4
[ N ] Q@ X\ez =rp/rz €
bt Nl ‘ i [—0.91, —0.63] U [0.65, 1.00] C
0.6 0.8 1 12 14 16
AWZ
3 y
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Custodial symmetry

Testing Az = Hw/nz, Kz and kf J
CMS
. mm‘u‘arev)« 511" (7 Tev) o wﬂh‘(ﬂ‘Tev)« 511" (7 Tev)
£ gCMS Observed £ gECl o use gg &+ H - WW /ZZ
P Preliminary - Exp.for SMH < Preliminary .
~ 8 HA_\llv(OIAl]el) B KKy, nearly model independent
7o e 13 3 fit for Az and Kz, kf =1
6F i 6F E
3 E 5E E A — 0.9470:22
P13 E 3 E wz —0.18
3F E 3F E
£ E £ E e use all channels
b b model dependent (uniform )
e 5 o 1E fit for Az, kz and k¢, Tgsn = 0
Az (K =1) Mz L@
Awz = 0.911% 1
y

:S 10; A"FLAS Preh‘rmnary ! ! [)‘wz)‘lz‘KZZ] |
g [ 5=7Tev, [Ldt=46-481b" P 1]
=~ ;E:Nev,}m:zo.zm‘ o Oserved I ATLAS o D t istent
[ Combined H- 22" WW*xt,6b SM expected ] o fitting Awz, 7 and rpZ ata are consisten
A E with custodial
6 ] @ )y, =00410U
N ] wz = —0.29 symmetry
of ‘ 1 ° = k% /Ky = 141794
:\ “ ] R = e —0.34 @ Further tests assume
2 —
[ D) ] Q@ X\ez =rp/rz € Kw = Kz = Ky
ol AN . | [-0.91, —0.63] U [0.65, 1.00]
0.6 0.8 1 12 14 16 \
)‘WZ
v
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Couplings to fermions and W/Z: 2D contours

@ Assume common scaling factors for fermion and W/Z couplings: xf, kv
@ gsy =0

2
Q Iy ~ ki

@ T,y ~ |ary + Brs|?> (W and t loop)=> v~ sensitive to relative sign of x\ and k¢

o 4; /‘\TLA‘S Prel‘imina‘ry ‘ :::H‘ - E})[ ‘ﬂ - H‘N é
E G-rrevjia-ssasn'  SmH - yy EaCombined 3 CMS Preliminary 19.7 fb™ (8 Tev) + 5.1 th™ (7 Tev)
E - - 1 + SM BestFit 2 r
8L Georevfa=xsn et ¥ [+ Observed ¢ SM Higgs
E : E 2
PEhon f
1= . 1
o5 1 1r
1= E [
2F , y = 0
= | L 4 | | Ll L r
06 07 08 09 1 11 12 13 14 15 16 F
Kv :
v -1
A oL .
T 0 KL
L
A M o
S
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Couplings to fermions and W/Z: 2D contours

@ Assume common scaling factors for fermion and W/Z couplings: xf, kv
@ gsy =0

2
Q Iy ~ ki

@ T,y ~ |ary + Brs|?> (W and t loop)=> v~ sensitive to relative sign of x\ and k¢

L F T T T T T T
< 4F - ety
Rl S = CMS Preliminary 197 fb™ (8 TeV) + 5.1 5 (7 Tev)
SEtaredacpeet ¢S ¥ [+ Observed ¢ SM Higgs
E ‘ 2
25 [
£
Lo 1t
1= [
2F E of
= | L 4 | | Ll L r
06 07 08 09 1 11 12 13 14 15 16 r
Kv :
v -1
A (kv, kf) = (1,1) within 1-25 from 25— 15
L .
A the best fit M D
s 4
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New physics in the loops: kg and k,

@ Loop diagrams sensitive to new particles, kg and k- allow contributions from new particles
@ psm =0, all other k; =1

;24?”"-;\3;'5“'1‘““ ‘.SM“’;
220 (5=7TeV, [Ldt=46-481? x Best fit E 19.7 o (8 TeV) + 5.1 fb (7 TeV)
ziE:STeV‘ILd(:20‘3fb'1 —68% CL 3 S 1.8
. B;Cumbmed H- W,ZZ* WW*1T,bb --95% CL E r CMS ]
E El 1.6L preliminary b
16f E r ]
L4E E 1.4 —
12 . b E
1= E r ]
0.8F E 1.0F B
06F | | | | | | | L3 E ]
08 09 1 11 12 13 14 15 16 17 18 0.8
KY N
y 0.6; 1
0.4F E
012:‘””HHHH‘\HHHH‘muu:
0.5 1.0 15
Ky
A v
T
L
A
S
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New physics in the loops: kg and k,

@ Loop diagrams sensitive to new particles, kg and k- allow contributions from new particles
@ psm =0, all other k; =1

ATLAS

;24?”"-;\3;'5"[""“““ ‘.SM‘ 7;
22F s =7TeV, [Ldt=4.6-4.8 fb x Bestfit E 19.7 o (8 TeV) + 5.1 16 (7 TeV)
2}E:x:,zTev‘J'Ld(:zQQJm'1 —68% CL 3 S 1.8
1 g Combined H-+ .22 WW-t. b6 --9sweL g [ CMS ]
s 3 1.6L preliminary 7
16f E r ]
e T E 1.4F E
= NS E 1k E
1= E r ]
0.8F E 1.0F B
06F | | | | | | | L L ]
08 09 1 11 12 13 14 15 16 17 18 0.8 7
Ky [ ]
J 0.6; g
0.4 B
ATLAS ©68% CL CMS @95% CL 0‘21H‘bwéuuu“l\duu‘Hiws‘uu’
_ +0.15 . . .
kg = 1.0815713 kg € [0.69,1.1] K,
— +0.15
Ry =110701° k., €[0.89,1.42] /
V.
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Non SM Higgs decays

@ Assume tree-level couplings are SM

@ fit for Fggm, K~ and kg

ner-»

ATLAS

~ [T T T
" 1ol ATLAS Preliminary ]
10 [KyKgBR,
2 b E=7Tev, [Ldt=46-481" raBR) ]
< r " — Observed 9
S g fmeTev.fua=z02m ]
' L combined H- yy.zz*Wwsrt,ph ~~~ SMexpected ]
6: Limiting to physical range ERW >0 ]
JL a
r ]
L Ta-mr i | I I I L
%01 02 03 04 05 06 07
BR,
Pavel Jez

CMS

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

1 10prrrrrrr e e

£ ot CMS — Observed E

< E Preliminary -~ Exp.for SMH 3

('?I 87Ky,Kg,BRBSM - £
7t ; 9
6- 3
5 :
4 E
3
2 E
1 ]
Ot ot b L
0 0.2 0.4 0.6

BRBSM
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Non SM Higgs decays

@ Assume tree-level couplings are SM
@ fit for Fggm, K~ and kg
= e . .
o L reliminary Ko - .7 fb” .1 fb”
8 10 57 Tev, L= 448107 _LZVK“B:J ] 1 10 B BT A (Y
E o [F=8TeV JLat=2031" e ] £ g9:CMS —Observed 4
' ;Combined He yy.ZzsWwerrbh ~ SMexpected 7: g F Preliminary - Exp. for SMH 3
6; Limiting to physical range ERW>0 ! ('?I 87Ky' Kg’ BRBSM E E
F ] 7F ! 3
o 3 6 .
. ] % '
r g ] 4 =
%501 62 03 04 05 06 07 3E E
BR, E E
v 25 E
1 E
Ot ot b L
ATLAS @95% CL CMS @95% CL 0 02 04 08 BR
aBsM/Ttot < 0.41  Tgsy/Ttot < 0.32 BsM )
y .

nre»r-
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P o

Fermion coupling
ATLAS

asymmetries

S ey e T s e A WA
H V5=7Tev, [Ldt=46-48 10 — obsemved H F=7Tev, [Ldt=4648 :b — opsemes
& F mesrevfia-203m* T B DT Input from H — 77 and H — bb
Cumh\‘nedHA w‘zz-‘w‘wm‘nﬁ ) o Cam}alnedHA w‘ZT.W‘W'JLbEl pect Ku, Kq: from gg production
1 ) 1 o i |
i @ Ny = Ka/ku
o i [— 124—081]U[O78115]@95%CL
4 o \ / (] Aig = Ki/kq €
; : 2 [—1.48, —0.99] U [0.99, 1.50] @ 95% CL
2 2 1
A
y
10 19.7 b (8 TeV) + 5.1 b (7 TeV) 10 19.7 b (8 TeV) + 5.1 b (7 Te)
T T T T
c Q,CMS — Observed < g7(:MS — Observed
< Preliminary - Exp.for SMH < Preliminary - Exp. for SMH
N B Agy Ku Ky - 1N 8L AgkeKy —
i3 | E E ! Using also ttH production for
SF E SE Results for Ay, > 0and Ay >0
5F 3 5F L 3
na 3 aE . " 3 @ )\y, = Kky/ku € [0.66,1.43] @ 95% CL
3F E 3F \ E @ )\ = r/kq € [0.61,1.49] © 95% CL
2 E 2k E
0 0.5 1 15 2 0 0.5 1 15 2
Ay Aq
o
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C6 model @ CMS

@ Assume 6 independent parameters: Ky, Kt, Kp, K, Ky, Kg; TBsM =0 J

19.7 b (8 TeV) + 5.1 b (7 TeV) 19.7 b (8 TeV) + 5.1 (7 TeV) 19.7 o™ (8 TeV) + 5.1 b (7 TeV)
T T T

1 10, T 2 10 T 10 T
£ o9:CMS £ o:CMS £ o:CMS
] Preliminary a Preliminary a Preliminary
o~ 8 K, Kyy Kpy Kp, K o BEKy, Ky, Ky, Kp, Kp, Ky o BEKy, Kg Ky, Ky, Ky, Ky
CoE i E CE CE ,. E
6F E 6 6 E
5E E 5| E 5c E
4E E| 4 E| a4 E|
3F E 3 E 3F E
2F E 2 E 28 3 / E
o I I o il | o 1 M i I
0 05 1 15 0 05 1 15 2 25 0 0.5 1 15 2
— +0.15 kv _ +0.31 ) _ +0.19 Ke
ky =0.977555 kp =0.677573 kr =0.83057g
19.7 b (8 TeV) + 5.1 b (7 TeV) 19.7 fb* (8 TeV) + 5.1 b (7 TeV) 19.7 fb (8 TeV) + 5.1 b’ (7 Tev)
1 10, T 1 10 T T 10 T T
£ 9:CMS £ g:CMS £ o:CMS
a Preliminary a Preliminary a Preliminary
N BEKy, Ko, Ky, Ky Kry Ky N BEKy, Ko Ky, Ky, Ky Ky O BEKy, Kg Ky, K, Kr Ky
CE ‘ E 3 : E CE \
6F H E 6 E 6F
5 ] E 5E E s5E E
pis E| 4 E| aE E|
3F E 3= E 3 E
2F E 2F E 2F i E
< N o LN o NALL §<
2 3 0 05 1 15 2 0 0.5 1 15 2 7X
_ +0.33 K _ +0.18 v _ +0.15 %
2 K= 1.617,3 K~y = 0.997777 kg = 0.767 573
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5 parameter model @ ATLAS

@ Assume 5 independent parameters: Kz, Ky, Kt, Kp, K+; Only SM particles in the loops J

@ Results on k¢ from gg production

~ T T T T T ~ R Baman
£ 1o ATLAS Preiminay o] & 1ol ATLAS Pralminary ]
2 H =7 Tev fLai= 464810
H — omened 2 !
] & F mestevfia-20am ]
T SMepeced CnmbmedH Wz wweeh
1 K S Ty
B & | ATLAS Preliminary 1
10] ]
S - 5 E F=7Tev. fLn=a548 1"
| | e . , oI £ — oeenes
04 0.6 08 1 12 14 16 04 0.6 08 1 12 14 1 I =8TeV, Ildl 203" 1
+0.24 *e +0.30 K Combined ... w2z wwegr 7" SM expeced
rkz = 0.95T 57 kw = 0.68757,
- P AR A 3 T |
2 oL ATLAS Preiminary o] £ o[ ATLAS Preliminary o) 3
H =77V fLat=4648 15" g =7 Tev, fLdi= 4648 10"
5 — Obseret H — obsene N
Y G=sTev, 3wt ¥ V=8 Tev uai=203 10 e | B
Combined .. .2z+ WwerrpB T M e E comint wzzsrs ~ SHemesed
] - ! L \
o 4 4
Ky
Kp € [ 0.7, 0 7]
E L
L L L L L L L b,
S TR R - H R T E E
« «
Kt € Kr €

[—0.80, —0.50] U [0.61,0.8] [—1.15,—0.67] U [0.67,1.14] C
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Coupling compatibility: summary

@ Tested also generic 7 parameter model (free total width) J
ATLAS Preliminary Total uncertainty 19.7 fb* (8 TeV) + 5.1 fbl (7 TeV)
m, = 125.5 GeV + 1o + 20 - -
g TR s Y Y . - CMS
P 21,0270 | Preliminary
v o4 | n —= o Kgz —ag—
Puwal=0.80°525 | >k L . o Awz ——
M, 1=0.3722 = N )\Zg —:—-——
A, 21=0.907922 |l Apz | I
: i
Myzl=0.73°032 | | S 2ol Avz ——-—
M gl=0.0"22 Ta| 7\‘1 :
" ) A E
Iegzl=1.187977 | . | / i J 9 | 1 | | | I
0.5 E 1.5 > 0O 05 1 15 2 25 3 35
=7 Tev flat = a.6-a.8 m? Parameter value parameter value
= = 6 e fLat = 205 7
y v

C

ner-»

Pavel Jez

Higgs properties (ATLAS-+CMS) September 16, 2014 32/33



Coupling compatibility: summary

@ Tested also generic 7 parameter model (free total width) J
ATLAS Preliminary Total uncertainty 19.7 fb* (8 TeV) + 5.1 fb* (7 TeVv)
m, = 125.5 GeV + 1o + 20 - =
i S < CMS
Moteh \ . -] >
oI=1.027027 \ Preliminary
v o4 | = 1 Kgz --_.
Mai=o.80°915 | N L 8 2 Az ——
M, 1=0.3722 - / S - )\Zg —:—-——
‘—J“—‘v\ ) H
A 1=0.90°922 BN \|, Lo // J Ay (—e———
7 = i
Pozl=0-737370 | | = 14 Mz -
gl =0.0"22 I . Az -
. A | ———
Igzl=21.187300 | | / i o 19 1 1 1 1 1 I
0.5 1 1.5 2 O 0.5 1 15 2 25 3 35
=7 Tev flat = a.6-a.8 m? Parameter value parameter value
V= = 8 Tev fLai = 203 1
v v

@ Coupling to W,Z and 3rd generation fermions tested with 10-15% precision
@ In all tests no statistically significant deviation from the SM observed

v
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L
A
s
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Summary @

@ Final Run 1 mass measurements available

» measured with precision 2-3 %o

» uncertainty dominated by statistics

» vy and ZZ — 4/ results compatible within 20
No statistically significant deviations from the SM couplings
observed in any decay channels at both experiments

» Constraints on 10-50% level

» room for BSM

@ Pure non-scalar hypotheses excluded

@ Mixtures of states still allowed

C

ner-=>»
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Summary @

@ Final Run 1 mass measurements available
» measured with precision 2-3 %o
» uncertainty dominated by statistics
» vy and ZZ — 4/ results compatible within 20

No statistically significant deviations from the SM couplings
observed in any decay channels at both experiments

» Constraints on 10-50% level
» room for BSM

Pure non-scalar hypotheses excluded

Mixtures of states still allowed

Tightening the constraints on Higgs boson couplings and J* mixtures will
be main goal of Run Il, LHC upgrades and future machines

<.
%

C
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Additional material )
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References and further reading @

nrr-g

ATLAS preliminary combination: ATLAS-CONF-2014-009

ATLAS mass measurement: CERN-PH-EP-2014-122

ATLAS spin testing: Phys.Lett.B726(2013),120-144

ATLAS results in H— ~y~ channel: CERN-PH-EP-2014-198
ATLAS results in H— ZZ — 4] channel: CERN-PH-EP-2014-170
CMS preliminary combinations: CMS PAS HIG-14-009

CMS anomalous spin 0 in HZZ: CMS PAS HIG-14-014

CMS anomalous spin 0 in HWW: CMS PAS HIG-14-012

CMS results in H— ZZ — 4/ channel: Phys.Rev.D89(2014)092007
CMS results in H— ~~ channel: CERN-PH-EP/2014-117

Procedure for the LHC Higgs boson search combination:
ATL-PHYS-PUB 2011-11, CMS NOTE 2011/005

Higgs cross-sections and BR’s: CERN Yellow Report C
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/HIGG-2014-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-12
http://arxiv.org/pdf/1307.1432v1.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-21/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14009TWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14014TWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14012TWiki
http://arxiv.org/pdf/1312.5353.pdf
http://arxiv.org/pdf/1407.0558.pdf
http://cdsweb.cern.ch/record/1379837
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV

P oo

Statistical combination methodology
Based on the approach agreed by ATLAS and CMS in
http://cdsweb.cern.ch/record /1379837

Likelihood
L(data|u - s + b, 0) = P(data|u - s + b, 0) - p(6]0)
@ P... Product of probabilities over all channels and all bins (or all events)
) p(§|9) ... Probability of observing measured value 6 of nuisance parameter 6
v
Excess
NP _ L(obs|b,dp) A
Test statistics: go = —21In Z(obsipsrb.0)’ o>0
@ L(obs|b, b)) ... maximal likelihood for background only hypothesis

L(obs|fi- s+ b,6) ... global maximal likelihood

local p-value: pg = P(qo > ngs|b)

@ significance Z: py = fzoo L e~ 7dx

s
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http://cdsweb.cern.ch/record/1379837

Statistical combination methodology

Based on the approach agreed by ATLAS and CMS in

http://cdsweb.cern.ch/record /1379837

Signal model parameters limits

IS _ L(obs|s(a)+b,0,)
Test statistics: g(a) = —21In Z(obs|s(3) 15,00

@ The 68% (95%) CL on a given parameter of interest a;: q(a;) = 1 (3.84)

@ For 2D contours, The 68% (95%) CL on a given parameter of interest a;: q(a;,a;) = 2.3

(6.99)

9
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Higgs cross-section and BR @

2
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Q

Higgs cross-section and width
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Mass in the ZZ subchannels @

CMS Vs=7TeV,L=5.11b"; /s= BTeVL 19.7 fb!

Q 10— — T T T T 7 —
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Limits on width @

< 14—y T CMS 19.7 b (8 TeV) + 5.1 fb™ (7 TeV)
c L i — -
~ L o ] £ 10— 4l observed
* 1oF ATLAS Preliminary J g [ 4 expected
[ 2l2v+41+4l, ., combined ] o [—— 22v+4 observed
4 h L
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[ — observed K ] r
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Constraints on H—Z~* /y*~* @

o Constraints on the fractional presence of Z~v* and ~*~*

e Similar approach as before (assuming real phases)

CMS (prelimi 19.7 16" (8TeV) + 5.1 o (7 TeV) CMS 197" (8TeV) + 5.1 b (7 TeV)
Fe : ; 5 e T T

— ¢72=0 or x, Observed

— ¢i=0or x, Observed  J

-2AInL
-2AInL

rrrrr 9710 or x, Expected T <eee- =0 or 7, Expected [

ss% L]

oo oL J

HHTML,._Y‘H\H

fozfcoswzv)‘ ’ h 0 fWCOS@) )1

0.21 0.13
fz“/ cos(qSZ'Y) = 0. 02+8 13 7 cos(¢7) = 0. 02+000£,1
fazz’Y cos(qb 7) = 0.0073 % f;YZ’Y cos(4])) = —0. 1215 2.
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Pair of spin-0 couplings @

e Simultaneous presence of 2 anomalous ZZ couplings
@ Profiling the phases of studied pair

@ Other parameters have SM values

CMS (preliminary) 19.7 b (8 TeV) + 5.1 fb* (7 TeV) CMS (preliminary) 19.7 b (8 TeV) + 5.1 b (7 TeV)
2 T T T T o N T T T

= — 95% CL - - i —95% CL -
c c
. 68%CL = -1 68% CL =
X Best Fit :} X Best Fit g
D + SM D

faa fas

C
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Combination with WW — vy

@ Also in CMS-PAS-HIG-14-012
@ Assume same ratio of couplings in ZZ and WW channels

-2A InL

nrer-»

Improving constraints wrt ZZ alone

CMS (prellmmary)

G
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with and without assuming custodial symmetry
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Signal strength by production tag

Combined
n=100%013

Untagged
§=0.87+0.16

VBF tagged
p=114%0.27

VH tagged
1=0.89+0.38

ttH tagged
§=2.76%0.99
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19.7 fo (8 TeV) + 5.1 fb (7 TeV)

CMS

Preliminary

m, =125 GeV
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25m

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel defector

Toroid magnefs LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet
Semiconductor tracker

Transition radiatfion fracker
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CMS DETECTOR STEEL RETURN YOKE

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

Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overalllength ~ :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
~ Silicon strips ~16m® ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels
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