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Introduction

The ATLAS and CMS experiments have 1500
unequivocally discovered a new neutral boson
of mass ~ 125 GeV

Events /1.5 GeV

1000

Measuring its properties is a fundamental step
to determine its nature

S/(S+B) Weighted
(&)}
s

©)

« Signal strengths
* Couplings (to fermions and bosons)
* Quantum numbers (Spin and Parity)

60

Events/5 Ge\

50

Events are categorized: 40

- by decay mode

- by additional tags to isolate specific production mechanisms
(although purities of the tagged samples varies)

— help with determination of properties and test of SM

Will not discuss details of the input analysis:
see talks by J. Branson and R. Madar 0
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Higgs Signal Strength
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The procedure

« Construct a likelihood of Poisson probabilities, with expected numbers of events:

N“=n*__+n*

signal background

« For the analysis k, signal scaling factors per production j and decay f

k — E |
nglgnal _ ( MIO-Z,SM X A
X

Cross section modifier p=0./0

, SM

k k
ifxgif

*

X Bf,SM X .Lk

Branching ratio modifier p_=BR /Br__

* Test hypothesized values of parameter of interest 1 with profiled likelihood ratio:

Maximized likelihood for a fixed p

Gy = —2AInL=-21n

A

(data|p,0,)

A

L(data|1,6)

K and 0 that maximize likelihood
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The Signal Strength modifier p

ATLAS — "Es‘a‘)) Total uncertainty
_ —o(sys
my = 125.5 GeV — o(theoy =~ T looOnp Vs=7TeV,L<51f"' \s=8TeV,L<19.6fb"
+0.23 arXivi1307.1427
H— vy o : NN Combined CMS Preliminary m, = 125.7 GeV
W= 1.55+g-22 *g:j 1 u=0.80%0.14 Py, = 0.65
—u. 0.12 i | |
+0.35 arXivi1307.1427
H— 2z* - 4l oz : N
+0.40 7923 —— H— bb =
M=1.4370.35 ig}; | | '_|_' }1=1.15i0.62
+0.20 arXivi1307.1427
Ho WW = §% : :: H— 1t
+0.31 |- 0. :
M =099 ] 555 : G pw=1.10+ 0.41 =
Combined i gqi arXiv?1307.1427 —
Hovyy, ZZ5, WW* .o :
et W= 1.33021 :gg T H— vy =
-0.18 [-0.10 i | '__'| n= 0.77 £ 0.27
W,Z H N bB +0.5 ATLAS-CONF-2013-079 H Ww
Preliminary 40 _ — ——
W= 0.2*8'2 f‘: 5 u=0.68+ 0.20
o= i | |
H— 1t (8TeV: 13 fb'1) ATLAS-CONF-2012-160)
Preliminary : H— ZZ ——
W= 0.7*2'2 : uw=0.92+0.28
. l l I 1 '] 1 '] I 1 Il 1 I 1 '] 1 1 I 1 1 1 1 I 1 '] 1 1
\s=7Tev Lat-4648%" 0.0 0 05 1 15 2 0 0.5 1 135 f'2 y 2.5
\s=8TeV [Ldt=13-20.7 fb" Signal strength (u) est it ¢ Csm

Signal strength p to test compatibility with bkg-only (L =0) and SM (i = 1) hypothesis

Combined p — best accuracy, test global compatibility with the SM

« ATLAS (yy, WW* and ZZ*) w=13377 @=123" including bb and 11)

« CMS (yy,bb, 11, WW* and ZZ*) w = 0.80fg}j
Compatible with the SM Higgs boson expectation at 15% level
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Production mechanism and decay modes

(0) (qq — VH ) =11 pb (5%) Higgs-strahlung Vector boson fusion (0] (VBF) =1.57 pb (66%)
Depending on the V decay ! v Y ” At least two high pt jets with
mode, extra leptons or jets large |An|

present in the event q T H g

9 (gg — H ) =19.2 pb (88%) gluon—gluon fusion in associated with ()¢ o (gg — ttH ) =0.13 pb (04%)
. g ROV ) Q . . T
No extra jets at tree level, can H ! High jet multiplicity, presence of
be present at higherorder | | T b-tagged jets
y Y 00T Q

Events categorization enhance sensitivity to signal strength of individual production mechanism

- Common ggF and ttH scale factor M /Common y . .as VBF and VH scale with WH/ZH gauge coupling
2 AR RN R R BN DA R RN R CMS Preliminary {s=7TeV,L=51f' {s=8Tev,L< 196"
o 00 ATLAS i e e e e e e e e
@ FS _77TeV [Ldt=46481" - & .
X sl \‘s_ e 4648107 7 < L
r O Is=8TeV |Ldt=20.71b = i
+ - -
RN — o 1 | Sharp lower edge: 4
= - —nemes 1 | due to the small i i
JA 1 | number of events _ -
s EINGL e T inH— 220 4] 2 .
I TN —eswoL 1 | and the - §
2 n, T eEReL = | requirement of a - .
- positive pdf = i
o = Triweesd ! O —
C 12556y ) : :
_2_\ | | . | | L1 1 ‘ | I | | Ll 1l ‘ Ll 1 | I Ll 1 1 ‘ Ll 11 | 11 | I Ll L L
0O 05 1 15 2 25 3 35 4 -1 3
U
uggFmH X B/BSM ggH.ttH

ATLAS: Consistent with SM inside 95% contours CMS: Consistent with SM inside 65% contours
05/09/13 E. Pianori, Un. Of Warwick, PIC Beijing 2013 7



Evidence for VBF and VH production

Combine results from separate decay mode to disentangle production modes:
Fit to “vsF+VH/“ggH+uH in different channels (independent on Branching Ratios)

* CMS : Evidence for VBF+VH production 3.20
* ATLAS: Evidence for VBF production (VH 'profiled') 3.30

VBF and VH production compatible with SM prediction

CMS Preliminary {s=7TeV.L=5.1f" ys=8TeV, L= 19.6fb”

10:|III|IIII|||||| ||||||||||||| 1

_I — N < —-l-lll|l|l||l|l||l|llllllllllllllllll:
= o — E‘o_rlwlined c 14__-,| ATLAS E
< 1 — H—ww o - s=7TeV |Ldt=4648fb" N
N8y -z : 1oF \s=8TeV |Ldt=207fb" _‘
7E - = - ]
6H - 10:_ m, = 125.5 GeV E
5\ 1 o -
- ] - — Combined H—yy, ZZ*, WW* <]
45 95% CL - 6 ----SM expected -
3F = -
= = 2 e e N e i
23 E -
15 . °r
= e ——— AT P S e
00 1 2 3 4 ;5 6 0-0.5 0O 0.5 1
u u
" 'VBEVH ' ggH,ttH o /u
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Couplings
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A coherent framework for couplings determination

Crucial test of SM Higgs model : a M’ . andg am

gW, Z, H W
arXiv1307.1347 (V72)

Both ATLAS and CMS follow recommendation from LHC Higgs cross section working group:
- to either confirm or establish deviation from SM behavior
- model suitable to test SM predictions using correlation among production and decay modes

Assume:
- One single resonance at m = 125 GeV

« Narrow width approximation.
» Consider only modification to coupling strength. Assume Tensor structure of CP even scalar (SM)

SM modifiers Total width ', ot observable (SM: ~4 MeV )
production decay
» Impose external constraints. Two options:
B O; 2 I 2 L'y
i O?M ‘ rfM H ri[M - No invisible decays: k *~0.75 k *+ 0.25 K /
- Measure ratios of couplings A

05/09/13 E. Pianori, Un. Of Warwick, PIC Beijing 2013 10



SM modifiers

Production modes

Detectable decay modes

2
qgfusion: t sM - =M W
o K SM
g t ggH : Fvwe i w
J VB:F :2 ' W‘ ‘\r.-.;:\ﬁln"uhurvﬁ'iﬂfv'\ V\‘n‘ﬂ’n—ﬂ, ;\L\"V
JSM f— K‘FB:F(K‘;V: KZ ?RH) rzz(*] 2 H Dt;f-“ ?EW H g‘“’ 17:’:.3:;\_\.
VBF FSM = Kgz Jl:v%" D;’ ’/;hm\\\" "”:'1.@‘
(a ‘\'H . 9 Zz(*] PRARAA “ [
sM. . fw _ 1
— = K ARAALAAD
O7H 9 SM b |y
M - Mz Lo v
97ZH r \\
G_ —_ ':_'_‘[+ 42 ! ARAARAAND
ttH 9 —— = K l
- x SM T
oM t =1t
ttH o
F"{"{ _ K"r (ij Kt, Kg, KW, mH)
. . rsM — | k2
« K K and K presentin production and decay mode Ll !
« for the undetectable decay mode, assume: Ty, ngﬂ(,%__ K, Krs KW s 7211
Kss - Kbb’ ch_ Ktt’ K uu_ Krr F%?I K(ZT)
« Loop induced couplings TOta;“"dtll )
K ,k_andcank can be: L K (2, )
wooZy 9 _ M Kip
- Left unresolved: model independent
-K (K, K K, ...): SMdriven (NLO QCD)
2 12
[ ] W . I . . [
Example: (0 - BR) (gg - H — vy) = osml(geg — H) - BRgu(H — vy) - >
H

SM Higgs boson: when K compatible with 1
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Custodial Symmetry

05/09/13

Custodial Symmetry: W and Z have identical
couplings to the Higgs

Ratio of couplings is independent of assumption
on the total width.

Test value of )\WZ= Ky / K,

- More model independent: using only
“‘untagged” WW* and ZZ* channels

. CMS :\,_ [0.60,1.40] at 95% CL
. ATLAS: )\ _=(0.81+0.16) at 68% CL

-Assuming SM content in the yy loop and using
VBF+VH production

. CMS :),, [0.62,1.19] at 95% CL
. ATLAS: )\ [0.61,1.04] at 68% CL

-2AInL

2In AQk )

CMS F“rel|m|r1a.r3-r ;s ?TeV |_<51 fb -fs

50 ETGV L<196fb
N7/ T T ]
E Az K K - Exp.for SMH |-
4.0 :_20- 1 -
3.5 -' -
3.0} / Untagged
2.5} =
2.0 =
1.5F —
10
1.0
0.5 =
SEEENETEN | (Al TR A AT A S A AN A |:
0'00 0.5 1 'I 5 2
Mz (Kf )
W1 11 1 =
of ATLAS %wszz‘;zz] E
- Vs = — 4.6- -1 ombine =
of 'o- 7 TeV {Ldt_4.6 4.8_1fb — o W
E Vs =8 TeV [Ldt= 20.7 fb - SMexpected
oF =
5F- E
h:
3 E
- .
1E =
oL+ o . 1. S P A R B
04 06 08 | 12 14 16
A

Double minima depend on

ambiguity on the sign of A __

=
N
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Vector versus Fermion Couplings

« All fermion couplings scale as K_= K, =K =K, =K
« All Vector Boson couplings scale as K =k =K

t

z

« No BSM contributions : KH2~ 0.75 KF2+ 0.25 sz

CMS Preliminary Vs=7TeV,L<5.1f" ¥s=8TeV,L< 19.6 b
» 4__ATLAS | | e | ¢ SM nggs . Fermlophoblc O Bkg. only
- (s=7TeV|Ldt=46-481" 2 T
3 \s=8TeV Ldt =20.7 it - :
2l 1}
1= i |
r 0[1_ ....................................................................... >
o i
1E )
-2:—
Ec ooool - , i
06 07 08 08 1 14 12 13 14 15 is 25 0.5 1 15

Ky

All experiments compatible with SM predictions at ~10-20%
« ATLAS: k, [1.05,1.22] at68% CL - k_ [0.76,1.18] at 68% CL

« CMS

.k, [0.74,1.06] at 95% CL - k_ [0.61,1.33] at 95% CL

— K_= 0 excluded at > 50 (mainly indirectly via gg loop)

05/09/13
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V/F interference in loops

V/F interference in the yy decay loop sensitive to relative sign of the K - k_couplings

- assume K, positive, without loss of generality
2 2

~ - ~ ~ -

MLL [Trr i rrrrprrrt LI LA IL L L L BNLL T T 7 ] 2 -O C!\.HIS l?“?”‘:ﬂi?alryl ‘IS — ?I- Te\:l", LI_ SI 5|‘1 Ifb;" Iv.sl =I8ITeIV,I LIS I19|‘6| ﬂ?-ll
- ATLAS + SM 7 - Ky, K E
3l Vs =7TeV [Ldt = 4.6-4.8 fo” x Best fit 7 1.51 R E
- (s =8TeV |Ldt=207 fb" —68%CL . 1 ok i f .
oF Combined Hoyy, Z2*, WW* 95% CL E i L ) /7 .
B - - _ 0.5 "'.___‘:‘:“__'_—_-__'_',’.--"'. —
= % < 0.0f E
- i ] - .
- ] _0.5[ . =
Uy -] - ]
N — ] -1.0f -
_1 | (n._‘ _ ._> ] - ]
- ] -1.51 -
j[ | T ‘ ‘ v v b b 1y : _2_0 SN B [ L1 ‘_F
06 07 08 09 1 11 12 13 14 0.0 0.5 1.0 1.5
Ky
Ky

Data prefer a positive sign of (K, ,K_), but negative sign is still compatible a ~2(3)o level (ATLAS/CMS)

05/09/13

2
KX

)
° ~
R —
~
)
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Probing fermionic couplings

cms

* In extensions on SM, the Higgs couples differently to different types of fermions.
« Test:

- ratio of couplings to down/up fermions: )\du = K, /Ku

- ratio of couplings to leptons and quarks: A o = K /Kq

« Assume I‘BSNI =0

4.5
4.0
3.5
3.0
2.5
2.0
1.5

-2AInL

1.0

0.5
0.0

5.0¢

CMS Preliminary {s=7TeV,L<51f' {s=8TeV,L<19.6fb"

}'du! Ku: KV

™ | L

LI I L L L L

— Observed

---- Exp. for SM H

IIII|IIII IIII|IIII|IIII|IIII|IIII|III-I‘*'M.I.I|IIII

—_
ok
N

Both are constrained to be positive.
A, [0.74,1.95] at 95% CL

A, [0.57,2.05] at 95% CL

05/09/13
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-2AInL

CMS Preliminary {s=7TeV,L<51fb' Vs=8TeV,L<19.6fb"
] 1 1 L] L] ol 1 T 1

5.0_I LB LA

4.5}
4.0

| .'1 IIIIIII

." —— Observed

-- Exp. for SM H

3.5
3.0
2.5
2.0
1.5

1.0
0.5

0-0 ||||| [

]

-
—
%

=)

(‘0 IIII|IIII IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

>

0
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New particles in the loops

« Fix all non-loop K. to SM value: K, = K_= 1
« Assume new particles do not contribute to I" |
« Directly measure effective K, and Ky~ test non SM contributions

H H . H = H
— — - K~ ~ - — & {F -— & -V —|— e . ;
A rM h-if“ £
MU) :| LA L N L L L B AR LA L T |: 2 _O EM:IS. IT’r:sI:r‘r:lTETFY i ‘IS |=|?| _Tle\l.l",lLl = 5I1I fb:‘l I'E-IS I=I8ITE‘IV,ILISI 1| gl,ﬁl f|b-|1_
oof ATLAS + SM E S - K?,I o | T ]
b Vs=T7TeV JLdt=4.6-4.81" x Best fit E 1.8 -
C \s=8TeV |Ldt=20.7 fb" —68%CL - 1.6 3
1.8 Combined Hoyy, ZZ*, WW* 95% CL = 1 ab E
16:_ _: 1 -2 [ . .‘____--.-....____._.u-- _:
1.4F — - S S B
: o N
F ] 0.8} ~_ N s
1= ] 0.6 e """'---..__‘__________../ ]
08F E 0.4} -
06 B 0.21 E
0—18 11 I0|9\ 1 1‘ 1 1|1I 11 I1|2\ L1 :1 |:3\ 11 'I1 |4I 11 I1|5\ 11 11‘6I 11 \1'—7 0 O I | | :
' ' ' ' ' ' ' ‘0.0 0.5 1.0 1.5 2.0
K, K,

* Both experiments: compatible with SM predictions at ~10-15%
- ATLAS: K, = (1.04 £ 0.14) at 68% CL - K = (1.20 £ 0.15) at 68% CL

-CMS :k_ [0.63,1.05] at95% CL - k  [0.59,1.30] at 95% CL
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Contribution to the width from BSM

§- 125A|1'LIA'IIISII|3}(;,IirIr1=r;érIyI kBl
.. ) L = C (s=7TeV,|Ldt=4.6-48f0" — Opserved 3
o Limits from direct searches (ZH — Il —invisible) & 8 is-sTevfiai-132071" -- SMoxpected
ATLAS:BR ~ <0.65 @ 95% CL i3 E
CMS : BR <0.75@ 95% CL E E
4f ]
= = 3E E
* rH_rSM+rBSM _)BRBSM_ rBSM/rH of- =
1E 5 s
. BR__ is sensitive to invisible and undetectable 001 02703 04 05 06 07 08 08
Bi,u
decay modes ( H — light hadrons)
Is=7TeV,L<51f" Vs=8TeV,L<19.6f0"
. ATLAS CMS Preliminary ik 68% CL
== Q5% CL
Assume tree level couplings: kK =k ... =1 Ky __.__
r,,~09+0.1 K, X, ;
3 fitted parameters: K, » K, and BR__ ;’
-BR_,<0.6 @ 95% C.L. Kp| i
Ky .:*
« CMS :
Assume K < 1 (motivated by EWSB) Kg| =l
7 fitted parameters: KV,Kt,Kb,KT,Ky,Kg and BRBSM K, _..__ -
_ BRBSM < 064 @ 95% CL ......................... T PP T TP OPUOPPOTPPTPRPRTPRTPTPTOINt =11 RUPOORIUTIOTOTI
e IR i vt

005115 2253354455
parameter value
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Couplings Overview

[s=7TeV.L<51f ' ys=8TeV.L<196f"

CMS Preliminary i 68% CL
! = Q5% CL
*I
K : p.,, = 0-37
Az —_—— p_,, = 0.41
?Ldu -I*- — 0.39
P
.................................................... LN = .| AT
nl*
g . pg,, = 0-49
Kg _*....:
K *I
i ) p,,, = 0.23
BR T__ = 0.41
BSM P .
R R R NN R N R N R N N N N T O B |SIII.|III [

0

05/09/13

0.5 1 1.5 2 2.5

parameter value

ATLAS

Total uncertainty

m,, = 125.5 GeV + 1o + 95
Ky
Model: | ) L
Ky Kp N /-
Kg '&"\ 4
Poy=12% | — o | oo
Model: A § \ f{ """"""
}"FV’ Kyy v o W, B 1174 \"a /
Pam T =<7 | L . 19
Model: : : N"'. rf{ ................
Mz bz Mz| \ /
hez: K7z Pegr=20% N j 15
. .,H\\ /=
Model: | - &
Ko Ky 5 "\I IT .
L . \ /
Pow=14% | |\
-1 0 1
[s=7TeV [Ldt=4648M" Parameter value
{s =8 TeV [Ldt =207 fb” Combined H— yy, ZZ", WW™

Different sectors of the new boson couplings tested,
all measurements are consistent with the SM
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Higgs Quantum Numbers
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Spin-parity determination

Kinematics of production and decay of new bosons are sensitive to its spin and parity
— test agreement with data for SM hypothesis and one alternative model at the time

Couplings for alternative models are not known a priori — number of signal events in each
channel and for each tested hypothesis are treated as independent nuisance parameters

Jr production description

0t gg — X SM Higgs boson

0~ gg — X pseudoscalar

0}{ gg — X BSM scalar with higher dim operators in decay amplitude
2+mgg gg — X KK Graviton-like with minimal couplings

2+mq(j qq — X KK Graviton-like with minimal couplings

1~ qq — X exotic vector

1+ qq — X exotic pseudovector

On-shell X(J=1) & yy by Landau-Yang theorem
— still worth testing with other decay modes

J =2: KK graviton as a consistent effective description of a spin-2 particle
At LO in mininal model, produced via gluon fusion, but 4% contribution of gq annihilation
Higher-order QCD corrections could largely change this ratio
— consider models with different production modes admixture ( scan fqa between 0 and 100%)

05/09/13 E. Pianori, Un. Of Warwick, PIC Beijing 2013 20



H - Z7Z* — 4l (I=e/pn)

« Kinematic variables sensitive to J*:

- 2masses (M, M )

- production angle cos( 8*) in X rest frame
- decay angles @, @, 6, 6, in X rest frame

* Fully reconstructed final state — test all alternative hypothesis

CMS:

Use the ratio of LO matrix elements to build
kinematic discriminants. 2D analysis of (Dyig, Djr)
Dy, ‘separate SM Higgs from bkg

Dyr : separate SM from other JP hypothesis
S I N L IR
325__ e Data ATLAS —
6 : [l Background ZZ ] HsZZ*_s4] ]
= B -Background Z+jets, it |
= 20— P + ]
w20 — oo \s=7 TeV JLdt=46f"
""" S=0 \s=8 TeV [Ldt =20.7 fo'-

-l
)

.y
o

-0.5 0

0

BO7

»
05/09/13

1

Shat"Un. Of Warwick, PIC Beijing 2013

CMS preliminary ~s=7TeV,L=51f"~Js=8TeV, L= 196 fis’
T T TT LI

m _IIIIIIII|IIII|IIIIIIIIIIIIIIIIIIIlIII II I
£ 24F
L 22E e data
= C +
I ogE 0%, m =126 GeV
‘ 1gf [Czzizy
16E ] Z+X
14
12
10
8
6F
4=
28—
1
0 |

PRSP 0 PN PO P I o ) eI PO PO o AT Y
0 010203040506 0.70809 1

'Dbkg

ATLAS:
combine kinematics variable using a BDT
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H—-w

* Photons production angle cos(68*) in Collins-Soper frame sensitive to J

Before selection After selection
J = 0 — flat distribution Modified by acceptance cuts
o Cut on P_Y proportional to m
oo CMSPretiminary CMS Preliminary T v

§'E+0:(SM) o T o - i:;j:é"""'!"""":""""':‘""""'q;'(jf(S'M')"g

0.055+25" (g9) E E E **{ B, L : : +2En (g9) ;

— 2, (qq; ; E E -] 0.04 g—+ e - e 2, (0a) -

0.04— : : ' P e — 0035 + * ++1'++++++*: LT - —

r ' 1 o= - = 1 —¢—+[$, " 1 - 3

- ! ! ' L ] 0.03F- E . *m:*:t: *tﬂlir L =

0,03 ot 4 T e, : — 0.025/— 4H: =5 E v . E —

I}*'+++“E’M++*EH*++::¢JIHI::*H*H+++": 0.02 :i“'*" : : : g ol . =

0021 : HIRE S e - - ; : . e E

- L e : p e, a 0015~ : : : e =

e i TS 001 : E ' et 3

: : = to oonsE : E : e 2

R '0.:2' B T Y v S T Ry a5 "L;S'(B‘C;N gO:u s sz SL :'o_|4 ol : L L o Org. e ﬂ;%s(e ):|1
— 2500 T
S B ® DPata . —— H RN rYfY n
ATLAS: background from fit of m_ in side-bands I T - . ]
W g 2000 + A R
Assume m and [cos (0%)] uncorrelated -checked indata Y | == :
W ¥ 4 —¢— L -
Likelihood: function of both m _and |cos (8%)| e E
, , , 1000 ]
CMS: classify events depending on photon resolution - ATLAS ]
5005 8 TeV jL dt=20.7fb" . ]
C \s=8Te = 20. ]
07 Lol N

ol b by b b b b s
0.1 02 03 04 05 06 07 08 09 1

05/09/13 E. Pianori, Un. Of Warwick, PIC Beijing 2013 lcos 81 22



Background

% CMS preliminary L = 19.5 fb! (8TeV)
H - WW* —ev pv

Neutrinos in the final state — it cannot be fully reconstructed
Analysis based on kinematical observables sensitive to JP

W+ e*
M; (GeV)
M, = 125 GeV 20 (125 GeV)
¢— m —c:e CMS preliminary L= 19.5 i (8TeV) I CMS preliminary L = 19.5 fb ' (8TeV)
CMS: ! W ¢ :

- compare 2°(gg) versus 0" hypothesis only
- 2D analysis of (M_" ,M")

PRI I T
20 100 110 120

ATLAS: W (o)
c Q4T T T T T T T
.M Joms, AT S e
P 5 (13;— E \"AS Jg
T @ 502 T vons :
M : 02 T —wrm —weves | 2D @nalysis of (BDT0 , BDTz)
0.15 = -
* AD! 0.1F E E
0.05; - Compare 2" ( fqa) and 0" hypothesis

rm e A TR )
-1 -0.8-06-04-02 0 0.2 04 0.6 0.8
BDT

-1 08 06 -0.4 02 0 02 04 0.6 08 I71
BDT,
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Spin-parity two hypothesis testing

Used as a test statistic the likelihood ratio q:

L(]P =0, ﬁ0+ , @0+) 1 and 6 fitted to data under one J° hypothesis

‘L(thﬂ ﬁ]P QJP )

q = log

Signal strengths p _ treated as independent nuisance-parameter for each channel and
each spin hypothesis

Probability distribution function for q for different J  hypothesis derived via pseudo-
experiments

30_3_‘ SN
Ivi ' . S [ ATLAS — Data
When deriving exclusion use CL _: Soxsf 1w ~Osa
3 [ \s=8TeV [Lat=207f" P2
-(__U 0.2__ (fqa=00/°) N
= - .
(@] i .
CL ( ) pO( alt) 20.15; I E
alt 1 O+ :, l.l o g -
o pO( ) 0.1 .1' I é
B N
0.05- I §\ E
_w 4‘ N g_«&\g e
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Test 0" versus 2"

2" graviton inspired model with minimal couplings

ATLAS: Combined yy + ZZ* + WW*
2" (100% gg) Excluded > 99.9% CL
2" (100% qq) Excluded > 99.9% CL

CMS: Combined ZZ* + WW*
2" (100% gg) Excluded at 99.4% CL
2" (100% qq) Excluded at 99.9% CL

Both experiments: compatible with SM 0*

CMS: vy

Not included in the combination
No good 2" exclusions

05/09/13

2 0

2¢1In (L_/L.)

0
1
-2
3

ATLAS
-|'E=3Ta1.r_rLd1=20.?ﬁ:-"

H— 27" —= 4]
Ve =7 TeV [Ldt = 4.6 i

f?.:ﬂTaUJldi:zﬂ_?ﬂn"

E:ﬂTa‘o.rJlm=zﬂ_?m"

H — WW™ — avpvl/pivew

= Data

v Gl expecied
assuming JF =07
O=1=

0 25

CMS Preliminary

50 5 100

g (%)

Vs =8 TeV,L = 19.6 fb”

6
—=— X—yy 0°
5 . [ £ 1o expected
CMS:H - A" + 26 expected
4 —— XYY 2:1
—e— Observed
3
2

0 10 20 30 40
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Beyond hypothesis testing: 0" versus 0 CMS|

CMS estimates contribution of CP-violating amplitude to H — ZZ* decay

Most general spin 0 H — VV amplitude

v
CP odd amplitude
0" decays dominated by A, amplitude, 0" decays dominated by A amplitude
Take separate 2D template for 0" and 0" and fit to data for their relative presence
— 2 2 2 M= Prefminary 8=7 TV, L= 51 18% {5 = 8 To¥, L = 16.6 its"
f = IAFTIAP+IA] o e By
é 10 7T
- check presence of CP violation (a_: assume zero) - [Fowsoem Yok
- interference term has negligible effect on observable B g
or yields EZ
CMS: H - ZZ*_ 4] 4: QE_:EE CL / 4 _:
— +0.23 - ) _
f_,=0.00 o000 f, <058 @ 95% CL 2 T
U_ 1T I.--:-:-'-." | -

R T R v w1y m—
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Spin-Parity Summary

CMS

CLS ZZ — 4 | WW—2I2v Comb VY
ZZ-\WW

0 0.16 % - - -

1 <0.1%

1t <0.1%

2 “(qq) 0.1% - - 16.9%

Spin-parity tested in bosonic modes
Strongly favored SM 0" hypothesis

Many alternative models tested:
Excluded at > 95% CL

ATLAS
H— vy e Data
Vs=8TeV [Ldt =207 fb"
v CL expected
H—> Z7* — 4l

assuming JF =0"

Vs=7TeV [Ldt=4.6b" B+io

Vs =8 TeV [Ldt=20.7 fo

H — WW* — evuv/uvev
Vs =8 TeV [Ldt=20.7 fo!
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Conclusion

1 year has passed since a new boson was discovered. Thanks to the outstanding
performance of the LHC and the people operating it, over 25 fb ™' of good collision data could
be collected and analyzed by each of the experiments.

- evidence for scalar nature 0" (but CP mixing not excluded)

- evidence for couplings with fermions: direct > 3 ¢ and indirect > 5 o
- evidence for VBF production

- coupling test compatibles with SM predictions

- no sign yet for BSM contributions

— all measured properties are compatible with the SM Higgs boson, but more data will
lead to better precision and the last word is not yet spoken!

In 2015 LHC with higher energy/luminosity we can improve the
precision of couplings and CP violation down to 1-10% at LHC — challenge SM predictions

LHC is a discovery machine:
— ultimate goal is 3000 fb ™
— direct searches may open the door to BSM much sooner

In the mean time, still expect final Run | publication from ATLAS and CMS
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Evidence for direct fermionic decay

a i g NS Pralimisary, {570 Ta, Le 2408 M=t
*  CMS (for M=125 GeV): 2 o i i 1T T4
. EWI" i nil]" :
— (VBF+V)H = bb combination 2.10 excess S I S m— B
e |
— H= 1t 2.850 excess | - L :
! - :
— Combined H= (1t + bb) 3.40 excess » L&;ﬂﬁﬂ&fﬁwl “ --m-m;:
Lk — 'r: L=
1[':'.;,.-' M5 120 125 130 135 ":_m' = Iﬂl.'nl = '“ : '1.' ':
m, [GeV] m, [GeV]
Mt
»  ATLAS (for M, =125 GeV): 1
H 3 1t p= (0.7 10.7) {compatible with SM, with or j - =y
without Higgs boson) AN
VH-2bb u=(0.2 £ 0.7) (compatible with SM, with or " "'-.H YOO\
without Higgs boson) \ J )
I R S
L
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Looser assumptions: allow BSM contributions

Assumptionon ' (k *~0.75k *+0.25k * ) — strong constraint on K,

Allow Higgs decaying to new particles & s e
 Vs=7TeV [Ldt=4.6-4.8 b x Best fit
" Vs=8TeV [Ldt=20.7 fb" —68% CL
2 ---95% CL

Free parameters

M
th’——gi- \
HL:' Vv — —H W K

o H VvV

fv

[0.70,1.01] at 68% CL
[1.13,1.45] at 68% CL

Compatible with SM, with accuracy of ~12%

L Combined H—yy, ZZ*, WW*

J\III\I\l\II\l\I
\

o
0)_

—_
o]

A
<
<

Avoid a bias on the A measurement from potential beyond-the-SM contributions to H — yy

Relax assumption on K,

Free parameters

C en
Arpy = £

,f‘-'u:.-r
. By
KVV = oo
i __ By
T _H‘L

—_

=
o

-21In A(A

A [0.72, 1.11] at 68% CL

fv

10 AL UL LN L L L B
of ATLAS %FV,?BYV,KJV] E
G \5=7TeV [Ldt = 4.6—4.8_11‘b" — H°_>”3N"nzez,,, W
£ Vs =8 TeV [Ldt =20.7 b - SM expected E
of £
5F- -
4f
3E =
2F =
1 -

A

-
<
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Test 0" versus 2"

H— »y
fo 27 assumed 0% assumed Obs. po(J¥ = 0%) | Obs. po(J” = 24} || CL.P = 24)
S Exp. PD(JP = 0+) Exp. pg(JF = 2+) - PO - Po 5
100% 0.148 0.135 0.798 0.025 0.124
75% 0.319 0.305 0.902 0.033 0.337
50% 0.198 0.187 0.708 0.076 0.260
25% 0.052 0.039 0.609 0.021 0.054
0% 0.012 0.005 0.588 0.003 0.007
H — ZZ*
- 2% assumed assumed 0% assumed P _ o P oas P ae
faa Exp. po(J” = 0+) Exp. po(J” = 2*) Obs. po(J* = 0*) | Obs. po(J" =2%) || CLJ(J" = 2%)
100% 0.102 0.082 0.962 0.001 0.026
75% 0.117 0.099 0.923 0.003 0.039
50% 0.129 0.113 0.943 0.002 0.035
25% 0.125 0.107 0.944 0.002 0.036
0% 0.099 0.092 0.532 0.079 0.169
H — WWw+
- 2% assumed 0% assumed P o P As P Ae
faz Exp. po(J” = 0%) Exp. po(J¥ = 2*) Obs. po(J" = 0*) | Obs. po(J" =2%) || CLJJ" =2%)
100% 0.013 3.6-10°7 0.541 1.7-107 3.6- 1077
75% 0.028 0.003 0.586 0.001 0.003
50% 0.042 0.009 0.616 0.003 0.008
25% 0.048 0.019 0.622 0.008 0.020
0% 0.086 0.054 0.731 0.013 0.048
*
H—-WW
c [ T T T I T T T I T T T | T T T ]
o5 ATLAS e Data Spin 0
T H—> WW* - evpv/pvev Signal hypothesis [ 16 ]
20[ Vs =8 TeV [Ldt = 20.7 fb" e P _o [ J2o]
B e JP _ o+ ]
15 -
10~
S
0

05/09/13

q00
fq [%]

H— vy

< I T T T T T T T T T T ]
14 ATLAS E
1 2:_|_| — vy e Data Spin 0
C \s=8TeV [Ldt=20.7 fo' Signal hypothesis RT ]
1 0:— o P _ o DZG_:
8:_ ® JP — 2+ _:
-2
0] 25 50 75 100
fog (%)
H- ZZ*
U 1 O T T T I T T T I T T T I T T T
- ATLAS ]
gl H—zz" - al e Data Spin O -
[ \s=7TeV [Ldt=4.6fb" Signal hypothesis s
6l Vs=8Tev [Ldt=20.7 " e F_ O 20 4
E ™Y .JP — 2+ E
41— —4
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Channel/Categories used for coupling test

ATLAS: - arXiv:1307.1427 Sub. Phys Lett. B

Higgs Boson

T
Subsequent Sub-Channels

| Ldr

Decay Decay [
2011 +fs =7 TeV
H — 25 44 1de, 2e2p, 2u2e, 4u, 2-jet VBE, f-tag] 4.6
[0 categories
H *) — o , 4.5
o (P @ 1y @ conversion) & [2-jet VBF)
H — WW fvlv lee, ep, pe, uul @ {O-jet, 1-jet, 2-jet VBF]} 4.6
2012 +fs =8 TeV
H — ZZ* 47 {4e, 2e2u, 2u2e, 4, 2-jet VBF, {-tag}) 20,7
14 categories
H 4 . - R . , 2007
o {pPT ® 1, & conversion) @ {2-jet VBF) & |f-tag. E l‘ -tag, 2-jet VH]
H — wwt! fvlv lee, eu, pe, upl @ [O-jet, 1-jet, 2-jet VBF) 20.7
Analyses No. of My Lumi (fb~ 1) Ref.
H decay Prod. tag | Exclusive firal states channels resolution 7TeV 8TeV
untagged [ v (4 diphoton classes) 4+ 4 1-29%, 5.1 19.6
Ty VBF-tag | 4 + (jf)vee two dijet classes for 8 TeV) 142 <15% 51 196 [63]
VH-tag | 7y + (e, p MET) 3 <1.5% 19.6
; Pt = 2 3+3 .
77— 4t I'J:: 5o | e 4 22 343 1-2% 5.1 19.6  [64]
0/ 14ets (DF or SF dileptons) = (Oor 1jets) 4 + 4 20% 4.9 19.5 [65]
WW e fie | VEBF-tag | fv iy (i e (DF or 5F dileptons for 8 Tel) 1+2 20% 4.9 12.1 [66]
WH-tag A3 (same-sign S5F and otherwise) 2+2 4.9 19.5 [67]
07 1=t (eTh, MTh, oM, pp) = (low orhigh ph) 16 + 16
| <jert THTH 1+1 15% 4.9 19.6 [68]
g WhFtag (ETh, NTh, M, P T T+ U v ar 5+5
Fll-tag fee, jp) = 0T Th, €Ty, HTh, i) 8+ 8 B B
Wlktag | . Gep e, T, 8T, T, 4+4 >0 19.5 1691
V-t (1, ew, i, e, pivwith 2b-jets] = (low or high pr(V) or loose b-tag) 10 + 13 10% 5.0 12.1 [70]
bb . (fwith 4, 5 or 6 jets) < (3 or =4 btags); 6 +6
tir-tag ([ with & jets with 2b-tags); ({{ with 2or >3b-tagged pts) 3+3 5.0 51 [71]
05/09/13 E. Pianori, Un. Of Warwick, PIC Beijing 2013
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The couplings roadmap

Test Higgs boson couplings depending on available L:
— Total signal yield u: tested at 20% (k tested at 10%)
— Couplings to Fermions and Vector Bosons 20-30%
— Loop couplings tested at 40%
— *Custodial symmetry W/Z Couplings tested at 30%
— Test Down vs Up fermion couplings
— Test Lepton vs Quark fermion couplings
— Top Yukawa direct measurement ttH:
— Test second generation fermion couplings: x,

— Higgs self-couplings couplings HHH: i,

*results in backup slides

05/09/13 E. Pianori, Un. Of Warwick, PIC Beijing 2013

Today

7+8 TeV
~ 30 fbtl

LHC
Upgrade

14 TeV
~ 3000 fb!
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Timeline of HL-HLC

2009 < LHC startup, Vs = 900 GeV

2010 -

2011 \ s=7~8 TeV, L=6x10% cm? 571, bunch spacing 50 ns v Done
20€2 ~20-25 fh1

2018 Go to design energy, nominal luminosity (Phase-0)

2014
2015

2016 Vs=13~14 TeV, L~1x10%* em? 5!, bunch spacing 25 ns

s I I ¢

2017 ~75-100 fb!

2018 L= Injector and LHC Phase-I upgrade to full design luminosity

2019 ‘

2020 V s=14 TeV, L-2x103 ¢cm? 5!, bunch spacing 25 ns Approved

2021 300 fbtat 14 TeV
2022 ~ HL-LHC Phase-II upgrade, IR, crab cavitics

2023 HL-LHC:

20307 \ s=14 TeV, L=5x10%* em 5!, luminosity levelling 3000 fb™* at 14 TeV

05/09/13 E. Pianori, Un. Of Warwick, PIC Beijing 2013
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CMS at HL-LHC

/ '-l-(."“
I % XE " " = . ‘J
2 Higgs Projections: 300(0) fb™* *@'*r
R T
CMS Projection (Prelim.) CMS Projection (Prelim.)
E:-:pelI:tE:;I urlr:artainlias 1:||I1 o I;| I}m'u‘a’. ﬁ=l-tlm\r|sre-lnm1 En;pel'.teél uncertaintielsoé I — .’muul‘b'-la i;l=1l Ted Sce-w-u'l
Higgs boson couplings 1 3007 & 7 = 14 TV Scenario 2 Higgs boson couplings =1 3000 &=t 5 = 14 Tel! Scanario 2
Ky = | 300 fb! K, I 1 3000 fb!
A (4-15)% O (2 -10)%
Kg K, 4 |
K, K
Ky ki
K, ke b
000 005 010 015 0.00 505 010 015
expected uncertainty expected uncertainty
Numbers in brackets are % uncertainties on coupling deviations for [scenario 2, scenario 1|
-1
L) x Ky K, K, K, K,
300 [5, 7] [+, 5] [6, 8] [10, 13] [14, 15] (6, 8]
3000 [2, 5] [2, 3] [3, 5] [4, 7] [7, 10] [2, 5]
Goal: ultimate precision of ~5% or better

CMS Projection
Assumption NO invisible/undetectable contribution to I',;:
- Scenario 1: system./Theory err. unchanged w.r.t. current analysis (also unchanged)
- Scenario 2: systematics scaled by 1/sqrt(L), theory errors scaled by %

v vy loop at 2-5% level
v' down-type fermion couplings at 2-10% level

v’ direct top coupling at 7-10% level
v gg loop at 3-5% level

05/09/13 E. Pianori, Un. Of Warwick, PIC Beijing 2013
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ATLAS at HL-LHC

ATLAS Preliminary (Simulation)

Vs =14 TeV: [Ldi=300 b ; [Ldt=3000 fb”
[Ldt=300 o' extrapolated from 7+8 Tev ~ *  Fit to coupling ratios:

R
=

— No assumption BSM contributions to I,

> — Some theory systematics cancels in the ratios

* Loop-induced Couplings yy and gg treated as

independent parameter

-« /K, tested at 2%

— gg loop (BSM) x/x, at 7-12%

— 2™ generation ferm. « /x, at 8%

AT, /T) 2A(KX/KY)

- ::E
i

FX/FY K_'X/K_'Y

0 02 04 06 08
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