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Introduction

e Discovery of the 125 GeV Higgs boson = a milestone

e Opportunity to investigate the Higgs sector of nature in detail
e Studies of the properties of the new Higgs boson to test SM
e Searches for new physics hints through the Higgs sector
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~1M Higgs produced in RUN 1 many decay channels



Current status: bosonic channels
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Current status: fermionic channels
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Next: measurements of its properties

Mass & width



Higgs mass

e Afundamental parameter not predicted by theory

e More precise value enables physicists to make more stringent tests
of the electroweak theory and of the Higgs boson’s properties.
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ATLAS+CMS PRL 114 (2015) 191803

Higgs mass
e Measured in high resolution channels H2>yy and H>ZZ-> 4l
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ATLAS+CMS PRL 114 (2015) 191803

Higgs mass
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Some tension between the four measurements (p-value ~10%) and
opposite in ATLAS and CMS - very good agreement in the central values



ATLAS+CMS PRL 114 (2015) 191803

Systematic uncertainties

e Systematic uncertainties were studied carefully in preparation
for couplings even if currently much smaller than statistical
uncertainties for mass
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Energy scale uncertainties are the most important in the combination



Higgs total width: direct limit

e 4 MeV predicted in SM, direct measurement from peak width
limited by detector resolution (~1 GeV)
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Higgs total width: on/off shell

do/dm,, [fb/GeV]
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Higgs total width: on/off shell

Expect an excess of events at high m,,,, for large I,

CMS PLB 736 (2014) 64

Use a multivariate discriminant to enhance sensitivity

For H—ZZ, may include both 4l and 2l2v final states
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Next: measurements of its properties

Spin/Parity & CP mixing
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Spin-Parity test: X(JP) vs. H(0")

H->ZZ->4l

* 4] system is fully reconstructed
* use ME-based discriminator
o ME(3, 5y 5y i)
IME (31,5, 53, 54|

H>WW-Ilviv

* di-lepton angle and mass are sensitive
to the spin of the decaying X(JF)

H->vyy

* J=1forbidden (Landau-Yang theorem)

* cosB* is the only variable sensitive to
JP information at leading order
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PRD 92 (2015) 012004

Spin-Parity results: X(J°) vs H(0%)

CMS 19.7 fo™ (8 TeV) + 5.1 fb' (7 TeV)
-‘9 IIII|I\II|I\II|I\II|I\II|\\Ill\\ll_ /T120
.12* — + ] o
s 0 1* vs H @-xt-2z 1 _P 50
e L — Observed ~
-GEJ 0.1F .
o
a<) i
8 o.08f
©
8 L
@» 0.06-
o
0.04
0.02}

30 40

2xIn(L,/L,)

20

CMS X =77 + WW 19.7 b (8 TeV) + 5.1 fb' (7 TeV)
[ -e-Observed ---Expected : oo
r @0 t1o [ NSRS ;
g 0" +2c mJS 26
_ 0 + 3(5

ir

JP+30 _

ru

Ii llﬁ

[rrrkrllF l

)
+ o
N

E+E

o L(‘\]

I

3] L L5 o))
+ = +S& +o o =
[Q\] AN AN A A

+c +o0
('\l [@\]

gg production

th

(=}
—
-S

N (=)
+ = =

N

' P+ E +28 +.< n 2 +2 .:.
(S ISHRSS Sy

qq production

In general data favors SM 0* hypothesis
Alternative tested pure states typically excluded

at >99% CL

15



CP mixing

Anomalous couplings (compatible with Lorentz
and gauge invariance)

ViVy 2 -I-liV1V2 2
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Next: measurements of its properties

Signal strengths and couplings
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LHC Higgs coupling combination

Higgs production and decay — Run 1 input measurements
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Input channels

H>vy
H>Zz-> 4l
H>ZZ-> 4l
H>tt
H>bb
H>uu

e  Other production modes included in the fit and selected by other
channels but not specifically tagged, e.g. tH is selected by the ttH
analyses

e Directly sensitive to the couplings of HtoW, Z and y bosonsandto 1, b
and t fermions + indirectly to gluons and t-quarks

e  Full combination ~580 signal/control regions, and ~4200 nuisances
e  Gainafactor v/2 in precision (still statistics limited, including many syst.)
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Signal strength n

e pistheso calledsignal strength (u=1in the
SM):

o BR' o, - BR
Hi = SM and /If = BRf /ﬂ: = l f = :ui X :uf
Oi SM* (o; - BR" )gm

e Most constrained parameterization: one single
signal strength p (and assuming the same at 7

and 8 TeV)

p=1.09*011 = 1.0970-07 (stat) 7004 (expt) 1003 (thbgd) 007 (thsig)

e Signal theory uncertainty due to QCD scale and
PDF as large as statistical uncertainty
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Productions and decays

e Best-fit signal-strength values of different production/
decay modes determined from the combined fits

ATLAS and CMS Preliminary -—ATLAS ATLAS and CMS Preliminary - ATLAS
LHC Run 1 - CMS LHC Run 1
- ATLAS+CMS - CMS
B : —* 1o | -o- ATLAS+CMS
M : —+ 20 E i1
B : — 1t 1
u ; SM p-value | g SM p-value
VBF ——.—— 25% 77 E —— 60%
L : n —
l’lWH - —
— Lww a——
ZH ® —
— T S ——
M’[tH :
' @ l !
* be —_‘.—_
v == ——
l I I | I l IIII|IIIIiIIII|IIII|IIII|IIII|IIII|IIII
O 111 (I)!Sl 111 1 111 ‘I|'5I | I2 111 12'5I 11 13 111 I3'5I 11 [4 O 0.5 1 1.5 2 2.5 3 3.5 4
Parameter value Parameter value
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Significances in different channels

e First observations of VBF and H>tt achieved
through the LHC combination

Production process Measured significance (o) Expected significance (o)

VBF 5.4 4.7
WH 2.4 2.7
ZH 2.3 2.9
VH 3.5 4.2
ttH 4.4 2.0
Decay channel

H—- 1Tt 5.5 5.0

H — bb 2.6 3.7




Coupling fits: k-framework

e The k-framework has been developed within the LHC Higgs

Cross Section WG
0 (%) - TV (%)

1ﬂH
e Higgs boson couplings are scaled by coupling modifiers k,
defined as

2 SM 2 JrJ
K]_O-]/O-] or K]_F /FSM

ot > H-> f)=

2
KH'FH

e With BRg¢y, the BR of invisible + undetected decays

e Undetected decays can be either non SM decays or come from different
BRs of known but not measured decays: cc, gq, ...

KH Z BRSM _] FH =

23



Ky, K contours

e All vector and fermion couplings are scaled by k,, and k;

.._LI_ 1 T l T T T T I T T T T T T T T ] L|_ —l 1T l L l L I LI I L I L L l—
<2 ATLAS and CM 4 ¥ 1.6F ATLASand CMS -
_ un . CITHC RN 1 e i
1.5~ Preliminary = I LHC_ R_un 1 P .
- [JH- 7 ] 1.4 Preliminary ]
- [H-2zz - i |
E [ JH—->WW - . i il
0.5 [ 1H-bb : 1.21 ]
- [(JH- ™ i i ]
O;_ [CJ Combined B = |
-0.5[ - i §
+ ) 1 %% -
~1.5F 1 o06F .
- xSM  —68% CL ] i []ATLAS )
—2[ + Best fit ---95% CL - . x*SM  —68%CL []cms ]
P BRI A 0.4 + Best fit ---95% CL [CJATLAS+CMS —
O 0-5 2 —I 11| I | I | I | | I | | | I | | | I I | | | | I—
o 07 08 09 1 11 12 13 14
v
Ky

All results in agreement with SM (k,, = k; = 1) within 1 ¢
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No effective couplings — loops resolved

e Fitting the 5 main tree level coupling modifiers + K, and resolving
all the loops

ATLAS and CMS Preliminary _._ATLAS E>|> _l I III I T TTI III I T TTTTT T T TTTT II I |
LHC Run 1 ~CMS g 1L ATLAS and CMS t.
— ;  ®ATLASICMS - LHC Run 1 Preliminary Z-2 3
: —=x 1o 5 u - i
KZ :.'__ [Th i ,—""’W i
L : £ |> 10~ — Observed ' =
§ m - SM Higgs boson 3
Kw — “ N .
—— B i
B 1072 e =
Ky e : EX z
*; - "’»' -c N
— g - b ]
K : _3 — "" —
' = 107 # - _y - E
- ; S Within current precision .
Kp E g Higgs couplings scale with 1
B - 1074 E 1 partl'icle masses o

Y : 107 1 10 10°
11|||||||||l|||||||I||1|||||||||||||||| PartlclemaSS[GeV]

0 02040608 1 12 1416 18 2
Parameter value
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BSM physics in the loops

e We can also allow effective couplings k, and k,

e  Only oxBRscan be measured, without further assumptions the width of
the Higgs boson cannot be measured. Options are:

e  BRyy=0 o;(R) - TV (R)
. kV<1 (as in 2HDM) - BR¢), can be measured T = T
H
— —~ 8
ATLAS and CMS Preliminary =
LHC Run 1 SM p_value I% ATLAS and_ CMS
| : 11% @ 7FLHC Run 1 Preliminary
—— 0 < I —— Observed
KZ -k, =1 : £ 6:_ ----- SM expected
— © BRggy=0 : < :
K —=+ 1o — N :
W | —= 20 E
Ky : . :
Kb ——
— % o1 oz 03 04 05
Kg ; BRggw
5, —— BRys,, < 0.34 at 95% C.L. (with k, < 1)
BR u ' BR;s\, includes all possible non standard decays,
BSM 11 I 111 I 111 l 11 | l 111 I 111 l 111 l 111 l 111 l 111 ViSible Or inViSible

0O 02 04 0608 1 12 14 16 18 2
Parameter value
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K, and K,

e Assuming tree level couplings as in the SM and only
modifications to the two main loops of ggF and H>yy

9 Mm 1_8_[ I LI ] L I LI l L l L ] L I T l_

N N ) ~ ATLAS and CMS )

ggFloop 1.6/ LHC Run 1 -

_ Preliminary ... i

H->vyy loop 1 '4:_ ’ ’ —:

/% | |

v 1.2_— -

H —=—---- t/b - -

t/b 1—_ __

0.8F -

0.6/ -

Additional heavy fermions or [ *SM  —68%CL [_JCcMs i

Charged Higgs boson would 0'4‘_. T DAITLASKTMS B
Modify the effective couplings 0.4 06 08 1 12 14 16 1.8
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Up-down fermions and lepton-quark symmetries

e In2HDM ratios of up/down fermions or leptons/quarks maybe different
from 1, for example in MSSM up/down fermions couplings are modified
. The ratio of coupling modifiers is checked also allowing negative values

I<down-t &) uarks/Ku -type quarks KIeptons/Kquarks

ypeq p-lype q

~ 1T 13 o~ 10— .

<° -~ ATLAS andCMS [ 0] | < = ATLAS andCMS (e E

Z 95_ LHC Run1 === SM expected —E < 95_ LHCRun1 === SM expected _E

< 8 Preliminary T Obeerved 4 £ 8- Preliminary —— Observed £

1 7; _i 1 7:_ _;
6_5:— _i ik
5E: — 5E -
i z i ;
% E 3 E
2c E 2 E
i i 1 ;
E L0y = = | Ll | =

1. 1.

o
o

(8)]
o
(6)]

|

—

| -
o
(6,18
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The results are all consistent with the SM
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Most generic parameterizations used

e AtLHC, not possible to disentangle production cross section from decay BRin a
model-independent way

e  But possible to measure ratios of cross sections and BR or ratios of p's
e  Most generic parameterizations used considered are:

o and BRs ratio model Coupling-strength ratio model
o(gg > H— Z2Z) Kgz = Kg * Kz /Ky In this

OyvBF/ O ggF ——3 parameterization
Owa/O ggr BR%, BRYW, o\ ,
Til st dag =kl o and
T 1100 ggF Adig = Ki/Kg K ‘

BR""Y /BR?? Adwy = Ky /Ky "

BR” /BR** Ayz = Ky/Ky

BR™" /BR** Ay =K, Ky

BR?? /BR%# Ay = Kyl Ky

e  BothrefertoggF, H>ZZ-> 4l that is the cleanest channel and less affected by
systematic uncertainties
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o and BR ratio parametrization

 Parameterization of ratio of observables with minimal dependence
on theory predictions

* Results remain valid when theory predictions are updated

. ,
aTLAS an S Py~ ATHAS Rgsults are in general agreement
| LHCRunt = ATLAS+CMS with the SM
o(gg— i ik . .  oobb
H—Z2) T Th. uncert. ° Largest discrepancy is seen in BR®/
Oyge/Oygr —— BR#Z, at the level of 2.4 0
Gy /O - i e  Effect mainly coming from large ZH
w agF C .
- - and ttH (both ratios o,/04e ~ 3)
OZH/OQQF_ * e« 10717 L .
; R = ATLAS and CMS e
Om_/ngF : o [I\] 95 LHC Runt === SM expected —E
L 8. 8f Preliminary — Observed =
BRYW/BRZ = g 7 3
— 5 £ e =
o o F g
BR''/BR% = SM p-value 55 E
I 16% N E
BR™/BR% i s=\ v /L <
= : Y e E
bb )y pZZ —_— =N A e :
BR /BR | | I | | i L 111 | L1l I | | I | | I | | 15 -------- E
10 T2 3 4 5 6 0" feer i S ' r
Parameter value norm. to SM prediction 1 1.5 2 2.5 3
BR"/BR%
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Ratios of k’s

e Again, results in agreement with SM

ATLAS and CMS Preliminary
LHC Run 1

—e— ATLAS
—— CMS
— —@— ATLAS+CMS
—+ 1o
—=* 20

+

]
IlllllIIIIIIIIIIIIIIIIlIIIIIIIIIIII

3 -2 -1

0 1

2 3
Parameter value
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Next: measurements of its properties

Differential cross sections
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Differential cross sections: p "

Measurements designed as model independent as possible
Higgs p; distributions are sensitive to new physics in loops

% 1t I M NNLOPS+PY8 + XH
0] ; . | o e e XH = VBF + VH + 1tH + bbH
2 S R ay o $- data, tot. unc. ~ syst. unc.
- % n e [ \s=8TeV, 20.3fb"
Q |
© e - A Hoyy b HozZow
_é g ATLAS pp—H
‘ W
--------------- | L]
™ i s ! \
107°F : 3
i Sesscsssccsapeccnccsssscassacsencscsene 1
£
g +
Z |
e 1 L |
i=l X - !
= ]

20 40 60 80

100 120 140 160 180 200
’T‘ [GeV]

;‘ B |I T IIIII||II|||IIIII ]
[0} 1.4_—CMS -
(2 - ¢ Data 4
2 100 AMC@NLO + XH =
i—‘l_ = %% HRES + XH i
o - 28§ POWHEG + XH ]
e} - ~.-. POWHEG + XH, FW=5E Gev4 B
o 1 - - - POWHEG + XH, FW =-5E° GeV* ]
© L XH = VBF+VH+ﬁH .
0.8 =
| H— YY $ -
0.61-% §
i ]
0.4 38 -
- 1 ; .
0.2 L_,%l.\,_} ;_____
B | i1
0- r__-_":iwz__---'':':.'-.'..._4:_-..—_—_ -l '+"
C I N TS AT I N S s e
I
X
&
w
z
3 1.
o
2 0. = |...
2-05 T Y T v e
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CMS Pre//m/nary

L=19.7fb'at (s =8 TeV
R e I e

+

Da1a (stat. &)sys unc. )
systematic uncertainty
model dependence
XH = VBF + VH + ttH

N gg—sH (powheg+JHUgen) + XH
gg—H (minlo HJ) + XH
#4444 gg—H (HRes) + XH

H—Z77* — 4l

el b b b b b b b L
0 20 40 60 80 100 120 140 160 180 200

P} [GeV]

ATLAS see ~2 o trend of more boosted Higgs boson, not seen by CMS
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Differential cross sections: N(jets)

Measurements designed as model independent as possible
Higgs exclusive N-jet cross sections are of a particular challenge in theory

35 19.7fb™ (8TeV)
— = T rrJrrrrr I Trrr I L l L I L I LI == |
2 “Fems ]
a b N n
= L RS B SR SR J R E A B T 30k ¢ Data .
a i ATLAS pp—>H B NNLOPS+PY8 + XH - AMC@NLO + XH .
. | otk Re04, p%530Gey - XH = VBF+ VMo ttH o boH . f(f(({ powHEG T‘i("Hx"' 1 CMS Preliminary Le19.7 b at {5 < 8 TeV
. \s=8TeV, 203" 25 -~ POWHEG + XH, FW=5E°GeV* ] 'O F 1 . ' 3
| ‘, : | +- data, tot. unc. syst. unc. C % § —_—-‘ ;’(%WE\E/(EE:S":E{V'YITSE' Gev* 1 E C ¢ Data (stat®sys. unc.) N gg—H (powheg+JHUgen) + XH ]
»—ﬁ— M | Hg.y-/ Y 77l 20__ g § . - . ﬁ' 10 L systematic uncertainty gg—H (minlo HJ) + XH _
10+ 1 1 ' AN > £ _'§"_‘"' 1 v E model dependence XH = VBF + VH + tH 3
3 . of L H—vyy 1 ;
—ﬁﬂ— » - | 12 H—ZZ* >4 |
\ ‘ C oo % 1 o ES S 3
— T 10[- i 8- e Mm * ]
| C RTINS 1] Z C R ]
____________________ | : | S _
1} [ : 5E (B S 4 20k e ]
................... : : C =#%Taa---1 L7 _8 E 3
} OQ (N R E ARaLg
i — — ’ = E | ! il [ l .
g | I L o 05 1 15 2 25 3 0% E
o 4 £ 3 . F E
= , | E ! | .
- . Q9 5E
= | I ‘ § SE. 0 1 2 >3
e 2 e B ——t—r— 5 19E N(jets) |<4.7
% — - o 0'8 ..
o 0 = : = — o. 3 :
=5 = =2 23 §°'50 X R IS B Y S
Nioss Njets

Both experiments see slightly more associated jets
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Summary of the Higgs properties

e Spino, CP even, SM-like Higgs boson

e 0.2% precision on M, =125.09 + 0.24 GeV

e Obtained most precise results on Higgs production
and decay and couplings

e ingeneral at O(20%) precision

e globalp=1.09 >

e Now also H>tt and VBF established

e Moreresults available at ATLAS and CMS websites
e rare/exotic decays, additional Higgs boson searches, etc

e Some small excesses here and there
e need more data to see if any of them is real
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Status of RUN 2

CMS Integrated Luminosity, pp, 2015, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2015-11-03 06:25 UTC

- 4500 ; ; : 4500 ‘Tz‘ 6 __ T T | T T T | T T T | T T T | T T __
~ BN LHC Delivered: 4087.52 pb =, - ATLAS Online Luminosity  /s=13Tev -
<2 4000 . - 4000 C N
& CMS Recorded: 3667.75 pb ! _g; 5 E LHC Delivered ]
%‘ 3500 3500 2 - [_]ATLAS Recorded ]
) Preliminary Offline Luminosity S N I
£ 3000 13000 3 4 Total Delivered: 4.34 fo” "
£ = ~  Total Recorded: 4.00 fb” ]
5 2500 12500 s C N
T 2000} 12000 > n -
- 1] B 7
o < B 7
5, 1500+ 11500 £ 2 =
] < - =
't 1000} {1000 o - ]
= [ 1= _
8 500} - 1500 N ]
o o C N
h o \\ 1 i 1 I o 0 L 1 L & ] 1 1 1 1 | 1 1 1 | 1 1 1 l
AW \/P»"Q' \,‘&" sodc \)\0" 27/05 28/06  30/07 31/08 02/10 04/11
Date (UTC) Day in 2015

LHC Run-2 at 13 TeV, precision will be improved during the
coming years thanks to higher energy, larger integrated
luminosity and progress in the theory predictions
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CMS-NOTE-13-002

Prospects of HL-LHC

LHC
Run 1 | ‘ Run 2 | | Run 3
LSt 1314 ToV 14 TeV 14 TeV eneray
77ov 8TeV | Boioncinatrs ALy qon, | wescwsmeen |
201 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2037
A B
. . N - 2 x nominal luminosity
/:F:u;zw , S }:/_/* e L M~
Lo | 300" ]
we are here
CMS Projection

T 1 | I 1 T T I T T 1 T | 1 T T 1 | T 1

Expected uncertainties on F— 3000fb"at Vs=14TeV Scenario 1

Higgs boson couplings — 3000fb"at Vs=14TeV Scenario 2

, , -‘I ] L[] L[] 0

K, — (3000 fb'") Ultimate precision 2-10%,
Kw = | . .

& Scenario 1 varies by coupling

Kg —l Scenario 2 (similar sensitivity from ATLAS)
Ky f {

Ky } i

K; } !
L Il L | Il L I Il L | Il | 1 L L | I L 1

0.00 0.05 0.10 0.15

expected uncertainty
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Coupling deviations in BSM

e ButHL-LHCis not the end of the story
e Typical effect on coupling from heavy particle M or

new physics at scale M:

2
A~(ﬁ) ~5% @M~1TeV

Typical sizes of coupling modifications:

Han et al., hep-ph/0302188
Gupta et al., arXiv:1206.3560

arXiv:1310.8361

Model Ky Kb Ky
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—B8=-9% ~—-9%
Top Partner ~ —2% ~ —2% ~ +1%

Need sub-percent experimental precision to discriminate them (and SM)
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CEPC pre-CDR

Precision of Higgs couplingmeasurement (Contrained Fit)

= LHC 300/3000 fb~"

:;;;; ffffff m CEPC 250 GeV at 5 ab™" wi/wo HL-LHC

77777

0.1}

Relative Error

1072}

1073

A large factor of improvement on the sensitivity for probing BSM
Thanks to CEPC folks for their hard work over the past few years
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Main production processes

ggH VBF ttH
g T ! i i ! ! t
I/v: Z A
t,b 4 - S === H NV e H
H
W,z |
g
9. 9900Q) . R _ ; , .
1P T TR
= Js=8 TeV 1¢ Production Cross section [pb] Order of
;: é process Vs =7TeV Vs =8 TeV calculation
+ 10 8 ggF 150+ 1.6 19.2 +£2.0 NNLO(QCD)+NLO(EW)
Vol ] VBF 1.22+£0.03  1.58+0.04 NLO(QCD+EW)+aprNNLO(QCD)
% C ] WH 0.577 +0.016 0.703 +£0.018 NNLO(QCD)+NLO(EW)
1 E ZH 0.357 £0.015 0.446 £0.019 NNLO(QCD)+NLO(EW)
) ] ZH: gg —» ZH LO(QCD)
10_1; i bbH 0.156 +£ 0.021 0.203 +£0.028 5FS NLO(QCD) + 4FS NLO(QCD)
F ttH 0.086 £ 0.009 0.129 +£0.014 NLO(QCD)
. tH 0.012 +£0.001 0.018 +0.001 NLO(QCD)
Total 174+£1.6 22.3+2.0

10'2 \\\‘\\\‘\\\‘\\\‘\\\‘\\\‘
80 100 120 140 160 180 200

M, [GeV]

SM ggF, ttH, bbH theory uncertainty: ~10%
VBF, VH, ZH: 2-3%
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Other production processes

e ggZH:
° O(20%) effect on VHbb in SM, higher p; than qqZH

8 - H

t/b A \

8

e tHg+tHW

e  Notreally sensitive but has larger effects for negative couplings

‘ ¢ T o T T T
" " A
e H H
t t A
: @ ’ (b) v © " @ ’
e bbH
e  Similarto ttH but not really distinguishable from ggF
g t/b g t/b q t/b
H H H
8 /b 8 (b) /b 9q © /b
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Categories addressing production and decays

e Many different final discriminant distributions combined
ATL AS ZZ CMS yy untagged

19.7 o' (8 TeV) + 5.1 fb™' (7 TeV)

> T T = 400 .
o 351 ATLAS — [) CMS 3
0 FHozzr 4 [ ] (0] 8 TeV Untagged 1 %
2 30 } - IL _:5|n' — - { ; 300 ¢ gftBafit ATLAS tt é
[2] F . I Background Z+jets, tf ] - -

S o5F S 5 - B component

27 P 1 CMS WW 2 = - VBF p.-'thad

. O-jet

1, p‘t had VBF - Data

~
1 19.41b™ (8 TeV) - i
] S ! — H(125) (u=1.4)
9 ; 15 < g \s=8TeV,20.3fb" H(125) (1=
1 2y H> WW — 22v ep O-jet 2 2 | [ ATLAS - zLﬂ) =)
1 w o 10 W Others
& .l W B Fake ©
0 ‘ 0 @0 120 140 160 777 Uncert. 3 m}
80 90 100 110120 130 140 150 160 170 myy s e G 0 o 05 05—
m,, [GeV] ~ outpu
40 5 B — T
B 15
- N S
.y 1 * L4 (] VIV
20 S 05 —ﬁ—TL\—
0 8 M R R R
60 80 100 120 -1 -0.5 0 0.5 1
m; [GeV] BDT output

e Purity varies between categories (especially for production
modes)
* A’ Ngignal (k) = L(k) XZZ a; x Al (k) x €] (k) xBRf} re combined

_ L: integrated luminosity,
S!glndal A: acceptance,
yie

_L(k)XZZ:ut {O'lSMXA{(k)XE{(k)XBRJSCM} E: efficiency
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Statistical treatment

o Profile likelihood ratio test statistics:

o for each likelihood evaluation, all systematic uncertainties (nuisances) are

varied to maximize the profile likelihood (profiled)
e ~4200 nuisances in the combined fits
e Alarge partrelated to the finite MC statistics
e  Signal theory normalization uncertainties

e  BGtheory uncertainties (for BGs not using the data)
e  Other experimental uncertainties

Most experimental uncertainties are assumed uncorrelated between the

two experiments and many tests have been carried out to check the possible
impact that was found negligible

Main correlated systematic uncertainties are the cross sections and BRs
between ATLAS and CMS: QCD scale uncertainties and PDF

e  Theory cross sections and BR, Higgs p-, ... state-of-the art calculations in
common between the two experiments for this analysis
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Measurements, compatibility tests

e Different measurement and compatibility tests are carried out

(described here):
e  Fits of signal strengths p — o, BR relative to SM

e Fitsin the k-framework — coupling modifiers
e  Generic fits (based on XS and BR, and on coupling modifier ratios)

o All of them assume a SM-like Higgs boson Spin Parity o* and with
a narrow width such that production and decay are decoupled
o;(R) - TV (%)
I'y

o; -BR/ =

e Results are rigorously valid on for small deviations from this
hypothesis but larger differences would be detected

e Atthe LHC we can only measure oxBR need further assumptions
to extract o or BR independently
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Higgs mass vs. u

Signal strength (u)

3

2.5

1.5

0.5

I | I I | B I T 7 1 1 l L I L L L I L L I | I
: --= ATLAS H—yy i
- ATLAS and CMS -== ATLAS H—2ZZ—4] |
_ LHC Runt1 . CMS H—yy -
™ e CMS H—=ZZ 4] -
i Lamm .- — All combined i
L % Best fit I
— ) — 68% CL —
[ L i
: \\ >< """"""""" ' N ~~§, :
b S ey "".,' ‘\ ]
L \'\~ - "". ) =
- .. X ™, : B
L 5‘“‘---X- ’-,_-. 'l —
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Higgs total width: on/off shell

Breit-Wigner production gg>H->ZZ: s 10T T T 1T T
. - ATLAS Simulation Preliminary 1s=-8Tev
10,
CIU 9 « F mn g‘-'-'-'." ) o~ é _2~ 88 > ZZ — 2¢2u
g2 959%& 2( 2) 2 12 me > =10 rl\‘ e )
R Gt VAR 1y B § | “m TR
3 10° == gg (H) Z(u, _=10)
On-peak and off-peak cross sections:
10§
I 2,2
O_on—shell _ / ao - dm ~ ggJZ 1
. dm mul ' p
|m—mu|<nlu 10
do
off —shell __ S 2 L T T O N | 1
7 - / dm ~dm ~ g9 10506300 600 800 1000
m.—-m.'H>>[‘H ZZ 1 my, [GeJV]
T
.. ) g Off—shell Far Off Shell domain
Off-peak to on-peak ratio is proportional to I, ~T
~shell H
0-011 sne

CAVEATS (model-dependent assumptions):

*  assume that gg - H is the dominant production mechanisms (e.g., not qq - H)
*  evolution of g,,(m,..) depends on what is in the loop: assume top-loop dominance
*  off-peak production depends strongly on tensor structure of H>ZZ: assume SM-like 0*

Technical, but very important, detail:

. must include negative interference between gg>H*2>ZZ and gg2(box)2ZZ 'y . asn7 Y ) 2
¢ OH-She" prOdUCﬁon: o;;,_gj?H‘—)ZZ + o::gt—)(box)—)ZZ + oi!'ltt‘!fr"l"‘ﬂl = ] ) ”> ";:':
*  K-factor on gg=>(box)>ZZ is large and not well known y— 'VU . b s

47



Spin-parity

1Is=7TeV,L=5.1f6";1s=8TeV, L=19.7 f5"

;*:: -@- CMS data - - - Median expected : : : ; : ]
o> 60F MO =10 [ NS .
£ 0"+ 20 P+ 20 : : : : : : : 1
g 030 J=30 s s s s | | | ]

20| ' : : -

oﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
'20 : : : :
40} i i i i i i § i
0 0; 1 1 T 1 2 2 2 2; 2; 2,

any any q@—=X any q@g—=X any gg—X q@g—=X any gg—X gg—X gg—X

T Fr m B9 X : the spin-two model with minimal couplings (2+_m) represents a massive
Graviton-like boson as suggested in models with warped extra dimensions (ED) . (arXiv:hep-
th/9906064,arXiv:hep-ph/9905221)

T Fr b 95 X Z: modified minimal coupling model (2+_b) is also considered, where the SM
fields are allowed to propagate in the bulk of the ED (arXiv:hep-ph/0701186).
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Anomalous HVV coupling definition

Decay amplitude of spin-0 particle — WW: ,
SM tree level + leading momentum

expansion. A.: scale of new physics

i, 43
(AP

A(Xj—o > WW) ~ o1 €5 €3
If particles in the loop are heavy,

couplings will be real

W W ~ ’
Equivalent to an + ﬂng ,’,“,(, )f*( + a3 f;n' )f*(w)"”' (in general complex).
effective field theory « . y
Langrangian. ' - R

a, terms: CP-even scalar a, terms: CP-odd scalar
(not participating in EWSB)

Analysis fits for the terms of the expansion: a_, a , A,

Couplings are converted into effective cross section fractions (anomalous coupling parameters):

_ |ﬂ3|203 o as G IS cross section of process

faz = 5 ; ; . 5 Po=arg( - . .

a1|201 + |a2|?02 + |as|?03 + 0p, / (A1) 1 corresponding to a=1and a_=0

|az|?e a2 . . .

fa2 = 5 ; 5 A i Qa2 = arg 0 c,, Is effective cross section of

ay|=oq + |az|<o2 + |az|“03 + 7 1 : :

101 + |az|*02 + |as| : a/ (A1) process corresponding to A >0,

UAl/ (A1)

fa = Pa1, a_ =0

a1 201 + [az|?02 + |az|?o3 + 0a, / (A4 )’



CP mixing: ATLAS

SM 0t and BSM 0% Lagrangrian:

_5(‘)’ — {cos(a)KSM [%gyzzZyzﬂ + gHWWWJW_'u]

%k [COS(Q’)KHZZZ/JVZ#V + Sin(a’)KAZZZyVZW]

_%% [Cos(a)KHWWW;{VW_“V + sin(@)kaww WJvW_#V]} Xo

@ Admixture of BSM 0+ and BSM 0~ tested
separately

@ Combination under the assumption of
same admixture in H — ZZ* and
H— WW*

Coupling ratio Best-fit value 95% CL Exclusion Regions

Combined Observed Expected Observed
REVV /KsM —0.48 (—o0, —0.55] | J[4.80,00) (=00, —0.73]J[0.63, x0)
(Favv/ksm) - tana —0.68 (—o0, —2.33]|J[2.30,00) (=00, —2.18]J[0.83, x0)

No significant admixture of non-SM CP states

2Ini

2Inki

30k1 T T | LI T T T T
_ ATLAS H— ZZ* — 4]
> I s=7TeV,451b'
S/~ —— Observed s=8TeV, 20315’ B
__ Expected: H— WW* 5 evuy
20 signal strength fitto data . _g 1oy 203’

....... Expected: SM

30Ty [RRRE RERE T
- ATLAS H—ZZ* - 4]
¥ s=7TeV,45f'
251~ Observed s=8TeV,203 5’ B
__ Expected: H— WW* - evuv
20 signal strength fitto data . _ o 10y 203 1"

....... Expected: SM

2 4 6 8
( Kap/Kgy ) -tana



Ky VS U

f f E 4_||||||||l|||||I|||||||||I|||||||||||||||l||||||l|_
e (Canalsofit Ky VS K per : [ ATLASand CMS SM p-value
decay: = gf LHCRunt 88%
e  Preliminary
*  Hv =HversvH 5

f—f
° Mg =M ggF+ttH

* MyM¢can be measured inthe 1

different decay channels M

: o
and combined: - U CIH -
+0.35 I CIH—~2z

My/Ms=1.06 457 T oon el g::ﬁw
-+ Best fit H — bb
ol ln b b o Lo o b
Parameter | ATLAS+CMS | ATLAS+CMS | ATLAS CMS -1-050 05 115 2 25 3 35 4
observed expected unc. | observed observed Mg gF +tH
pv /i 106702, T2 | 09105 | 1.29%%
My L1355 B | 118555 | 103503
e 1297975 f020 1.540% | 1.00%%
WY et e etB ] osstd
b L% | 8% |isedE | 07s9%  SMp-value
H 06575 03 0670 | oe4pls  62%

Sep 1, 2015 Marco Pieri UC San Diego 51



Scaling of o’s and BR’s with K’s

e Loops can be resolved or parameterized with an effective k
e No effective couplings for ggZH and tH

because of the limited sensitivity a4 N
Production Loops Interference Multiplicative factor 1 S N B
o (ggF) v b—t Kz~ 1.06- k7 +0.01- kj — 0.07 - K,k
o (VBF) - - ~ 0.74- K% +0.26 - k5
oc(WH) - - ~ K%V
o(qq — ZH) - - ~ K% *
o(gg —» ZH) v Z -t ~ 227-k5+0.37 kX - 1.64 - kyk,
o (bbH) = = ~ K
o(ttH) - _ - Kt2 P
o(gh — WtH) - Wt ~ 1.84. k% +1.57 k¥ —2.41 - kky -
o(gh — tHg') - Wt ~ 3.4 k7 +3.56 K3 — 5.96 - KKy ,
Partial decay width
9% - - ~ K% k )
Cuw - - - &
Izz - - ~ K%
| - - ~ Kz
Ly - - ~ "i
r, v W-t Kk~ 159 k5 +0.07 k] —0.66 - Ky,

0.57 - k5 +0.22 - k5 +0.09 - K3+
Iy v - K~ +0.06-k>+0.03- k5 +0.03 K2+

+0.0023 - & + 0.0016 - x5, +

+0.0001 - ¥ +0.00022 - ;.

e notmeasured K’s are scaled as similar ones: K =k, K =K, K=K,
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