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Today’s question: is X125 the SM Higgs boson?

e July 4, 2012 (5+5 fb!): Discovery of the X125 boson

— Discovery of a new boson with mass near 125 GeV
in a combination of multiple SM Higgs boson search channels...

* Today’s question (5+20 fb1): Properties of the X125 boson
— Status of individual SM Higgs boson search channels with more data
— What is the mass and width of X1257?

— Compatibility of event yields with the SM Higgs boson
* recast the event yields into measurements of couplings
* unravel individual (production)x(decay) cross sections
* indirect and direct limits on non-SM like decays

— Spin-parity properties
— |Is X125 one particle?

 Today’s experimenter’s wish list
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Summary 1: Current search channels at low mass

g CMS ATLAS
: ] 7 TeV, 5 bt I 7 TeV, 5 fbt
’ R 8 TeV, 5 fbt R 8TeV, 5 fbl

) 5 Ty, 12 b
I 8 TeV, 20 fi

I 5 7V, 13 b
I & TeV, 21 fb

BEWARE: Tags are never pure; e.g. VBF-tags can have 20%-80% of ggF, depending on analysis
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Summary 2: Significance of the excess near 125 GeV

ATLAS CMS
expected observed expected observed observed

H>2zZ 4.4 6.6 7.1 6.7
H->vyy 4.1 7.4 3.9 3.2
H>WW 3.8 3.8 5.3 3.9
H>tt 1.6 1.1 2.6 2.8
H->bb 1.0 0 2.1 2.1 -
combined 7.3 10 stopped computing
Higgs-like signal is certainly there beyond any reasonable and unreasonable doubt

Qo109zx L L L B L B IE
<= ATLAS Preliminary 3
10°= Observed I5=7TeV, JLdt =4.6-4.8 b5
0°E SM expected /5 =8TeV, |Ldt = 13-207 b5
13EE:::::::ZZ::'ZZ::::::ZZ:::ZZ::::::":':Z:Egg
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Summary 3A: Consistency of event yields with SM Higgs

c-rrevissan s-areviciosn'  OVerall best-fit signal strength
Combined

=0.80+ 0.14 imi m I 125.7 GeV —
H s bb (VH tag) S::i oo *iﬁ.._ u=0.80+0.14
H — bb (ttH tag) -
H — yy (untagged) |
H — vy (VBF tag)

H — vy (VH tag)
H— WW (0/1 jet

Sub-combinations grouped by
(production tag) x (decay mode)

|
|
|
_..E_ Consistency with the SM Higgs:

1 I 1

)
H - WW (VBF tag) ——
H— WW (VH tag)
H— tt (0/1 jet) -+ x*/ndf=6.2 /13
HH_)_::\(/\E;: :::; i asymptotic P(x2>6.2 |ndf=13) = 0.94
H - ZZ (01 jet) ' pseudo-experiments: P = 0.87
H—s ZZ (2 jets) -

I
’ B{est?it o/oSM4 NB: VBF-tagged channels have

| large gg->H contributions

4 -2

u=1
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Summary 3B: Consistency of event yields with SM Higgs

\s=7TeV,L< 5.1}fb" \s=8TeV,L<19.6fb’

Combined CMS Prelimin%ry m,, = 125.7 GeV

W=080£0.14| p_ =0.65 |
|
H— bb |

w=1.15+0.62 T
|
H |

— 1T . |.
w=1.10+0.41 o0
H-vyy |
W=0.77+0.27 " Il
|
H- Ww |
1 =0.68+0.20 sl
|
|

HoZZ
u=0.92+0.28 B .:
1 1 11 I 1 1 ‘ 1 1 11 I 1 l 1

0 0.5 i
|

1.5 2 25
Best fit O'/GSM

! | | | | !
ATLAS Preliminary [ My = 125.5 GeV

W,ZH — bb
Vs =7TeV: [Ldt = 4.7 fo” e
Vs=8TeV: |Ldt=13b"
H- 1t

Vs =7TeV: [Ldt = 4.6 fb — e
\s=8TeV: [Lat = 130

H—ww"” - viv !
\s=7TeV: [Ldt=461" +
\s=8TeV: [Ldt=20.7 fb"

H— vy
Vs=7TeV: [Ldt=4810" —o—
\s =8 TeV: fL(dJ): 20.7 o™
H—ZZ' — 4l

\s=7TeV: [Lot = 4.6 1o | o
\s =8 TeV: | Ldt = 20.7 b

Combined p=130+£0.20
\s=7TeV:[Ldt=46-481" o
Vs=8TeV: [Ldt=13-20.7 fb"

rength (u)

CMS best-fit signal strength
n=0.8010.14

ATLAS best-fit signal strength
n=1.30+0.20
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Summary 4: Current sensitivities for couplings

* Recast event yields into SM Higgs boson couplings with no extra degrees of freedom

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

Q B T |||||||l 1 ||||]|||"'V‘ T ™
S | |=es%CL 1
D qL|—95%cCL t
S | wZA" ]
< | AL
10'15— E
b 5

L. ) ]
10%F ' .

I 1 ||l||||| 1 |||l|||||||||||| |

1 2 345 10 20 100 200
mass (GeV)

Points to note:

- X125 seems to coupleto W, Z, t, b, T very much like the SM Higgs boson

- Current precision of the coupling measurements: 20% (W & Z), 25% (t), 30% (t), 60% (b)
- Beware: these “measurements” have STRONG correlations
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Summary 5: Current sensitivities for signal strength

* Current cross section sensitivities: 6 x (SM Higgs boson CS)

* When ATLAS and CMS sensitivities are available, the best one is shown

* Majority will improve as sqrt(1/data), assuming no changes in the analysis
e Circled channels will improve much faster (good S:B, but very small S)

-

+1.4 (20 fb") : +2.5 (10 fb1)

0.5 0.6

+4 (21 o)

0.4 . 3 (#2520

+6

Points to note:
We can provide a few very meaningful (61<0.5) measurements of individual (production)x(decay) cross sections
Quite a few more will open up in the next LHC run (2015-2017): =14 TeV, 100 fb

ggF, VBF VH ttH
lumi x 4
signal cross section x 2.5 x 2 x5
Marumi Kado and Andrey Korytov | signal events x 10 x8 x 20




Summary 6: Alternative spin-parity states

CL, values for testing J° state hypotheses vs SM-like Higgs boson

; CL, <0.05
CL,<0.01

gg>2
2
Example: m K K ~
Xxamp . L=X|n—27,7+2F Fw 32p |,
Spin-0 Lagrangian v M 2wt 2w H
lowest dimension terms
(lowest di ! ) \ Higgs \ 0%, \ 0
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A few highlights

* Main five channels (should be measurable with >20 now):

— H>2ZZ(4l) ‘
— HD>vyy

— H>WW(lviv)
— H>tt

— VH, H=>bb

mass measurements

spin-parity measurements

e Results for less sensitive channels are in back-up slides

— H—>2Zy (loop)

— H2pp (2" genf)

— ttH, H>bb
— ttH, H>vyy
— VBF H->bb

Marumi Kado and Andrey Korytov

o

will be important for top-quark coupling
measurements independent from gluon fusion

Les Houches, 4 June 2013

“ potential for BSM physics discovery (if observed too early)
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H-> ZZ > 4l

> E
& 30~ e Data ATLAS Preliminary ° Analvsis strategev:
§ . [l Background zz") Hos770) ] y gy o
£ 25 [l Background Z+ets, — four prompt leptons (low p; is important!
g =L T
W DSignal (mH=125 GeV) .

2oL 7 SystUne, o7 Tov it a5 1 four-lepton mass is the key observable

Is =8 TeV:[Ldt = 20.7 o — split events into 4e, 4, 2e2u channels:

15 . .
e different mass resolutions

» different S/B rates (for reducible bkgd with “fake” leptons)
— CMS: add ME-based discriminant K, (2"° observ.)
— split events further into exclusive categories:

10

IIIIIIIIIIIIIIIIII

o5 100 120 ™ . * untagged (CMS: add a 3 observable: four-lepton p;/m)
S S I * di-jet tagged (CMS: add a 3™ observable: V,(m, An;) )
~ 3 S Proiminary 1|’§=|7ITe\|/,LI=‘IS.1If 2 jiefrzy ; — BaCkgroundS:
o [Imy=126 GeV E .
& 20 £ ; * ZZ(dominant) from MC
% ° ‘ ] * reducible (with “fake” leptons): from control region
T 25 2 :Hi
> 1 K '
T, . Rp——
20 0 0.10203040506070809 1

Ko

15

E * Analysis features to note:
l 5 — high S/B-ratio (about 2:1)

10

— but small event yield (about 20 events)
— good mass resolution = 1-2%

H—‘—l—lllllllllllllllllllllllllllllll

80 100 120 140 160 180
my, [GeV] Les Houches, 4 June 2013 11




H > ZZ - 4l: results

1 CMS Preliminary {(s=7TeV,L=5.11fb" \s=8TeV,L=19.6fb"
; 1T T TT ; ?‘ [T I T T T | L ‘ \.\ \.I ‘ L | L | > C
1 E = 5[ ATLAS Preliminary 7 3 [
E E -‘g) i \s=7TeV: ~[Ldt =46 fb-1 H— ZZ(') a4 ] [Q\} 60 :_ MZ =91.17 + 0.23 - 0.22 GeV A
2 3 S 4 1s=8TeV: JLat =207 0" . @ F T;=2.86+0.51-0.47 GeV
é E 2 L + Best fi ] E L
" s - oL 1 Q 50F pat
3 k=) r T --- 95% CL a LLl : *
107 3 E ) 3 ™. without MSS(e) and 1 401 e
10‘8 3 Observed m, _§ B i MSS(u) in lighter colours | r -Z+X
10'9 é ; Observed m, , K_ é 27 . ; 30 C
10-10 é_ ] ‘.l ——— Observed m,, K, p /m, orV, _é | r
oty Wil ] * ] g
10-12 %_ ':: CMS Preliminary , _% o 1; : ; _ 20 r
1018 E ; HoZZo4l | = T T 1 X
10ME "‘lE=7TeV.L=5.1fb'f'§ = i ] 10
10 E L fmeTevL=t96mT = | P I IR IS B B B C 5
10‘16 El 1 | 111 ‘ | | i“l 1 \"\ ‘ 1111 | 11 I.'. |=| 1111 | 111 I: 122 123 124 125 126 127 128 O F - — = raial
110 120 130 140 150 160 170 180 50 60 70 80 90 100 110
s | m.. [GeV] | My [GeV] m,, (GeV)
y : . cMS u
7 =6.70| VA 1258+ 0.5 AT M>
= L] — m = L] — L]
ZObS 2 Z,.=660 X 090 m, = 124.3 £ 0.7 GeV | | Z>4l standard candle
exp — /- o Zexp - 440 H= 0.91 -0.24 M= 1.7 +0.5_0 4 m,=91.2+0.2 GeV
' [, =2.9+0.5 GeV

Points to note:
— >50in one decay mode

— signal strength is about equal to the expected ATLAS-CMS

— di-jet tag does not help much in sensitivity (too few expected events), consistency
but is needed to assess the relative contributions of ggF and VBF production S A 1T

— ZZ->4l channel provides now the most accurate mass measurement « Aw: 1.60

— Z-4l standard candle allows one to validate the mass measurements
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H-> vy

3 e * Analysis strategy:
o C elected diphoton sample 7 . X
R * B2 s — two isolated high-p; photons |:>
‘g O egg mmmmeeees Bkg (4th order polynomial) i m
% s000— ATLAS Preliminary — — vertex YY
RS Hoyy -
4000 - * CMS: from recoiling charged particles
2000__‘S=7Te"{“"=4'8‘b' = * ATLAS: from photon pointing (longitudinal ECAL segmentation)
[ Vs=8TeV, [Ldt=20.7b" . . .
- E — di-photon mass is the key observable
g | + : — split events into exclusive categories:
VN tt ¥ + untagged, and further divided into 4/9 classes based on
g — expected mass resolution
u — expected S/B-ratio
* di-jet tagged (VBF), and further divided into 2 classes based on
— expected S/B-ratio
290001 (s praimmnary | ——paa ] * ATLAS: low mass di-jet tag (VH)
Q) [ {s=7TeV,L=5.11fb" (MVA) S+B Fit i +  MET-tagged (VH)
L = _ PIPAPRRANETEITE Bkg Fit Component ]
24000_ {s=8TeV,L=19.6 o' (MVA) %f;‘; . . |ept0n_tagged (VH)
o I i — background: from mW-distribution sidebands
c - i
03000 .
| . ]
k®] B i
22000 -
N L i .
> I ] * Analysis features to note:
21000:— ] — bad S/B-ratio (1:20)
F ] — but high event yield (500 events vs 20 for ZZ->4l)
& O fo i T30 140 150 — good mass resolution = 1-2%
m,, (GeV)
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Word of caution: purity of tags

Inclusive
Unconv. central low p T

Unconv. central high th
Unconv. rest low P
Unconv. rest high th

Conv. central low P
Conv. central high P,
Conv. rest low P
Conwv. rest high P

Conv. transition

Loose high-mass two-jet
Tight high-mass two-jet
Low-mass two-jet

ET"* significance
One-lepton

Marumi Kado and Andrey Korytov

— ggF mVBF

ATLAS Preliminary (simulation) H— vy
I

IllllllllllllllIIIlIlllIIllllllllllllllllllllllIl

WH mZH ttH

O 10 20 30 40 50 60 70 80 90 100
signal composition (%)

Les Houches, 4 June 2013

14



H > yy: results

— Total

CMS\s=7TeV,L=51fb"\s=8TeV,L=19.6fb"
© g = F ' ‘ ‘ T ]
s My | ST Ty TEAS Primna
g 1_—’. Com = 19 E— Without systematic Hovy ]
Ql0TE \ \} ------------ 250 + Bestfit =
g p e i\ 129 g 1
S10%¢ \ 2 2 ' E
i, ) - ,"" E 15— \s=7Tev,det=4.s o —E
Ee. - - o . [ — 68%CL ]
10%g " e ——y E o5 B L is=8 Tev,detlzzoJ "]
—o-em ExpforsmMH (449 424 125 126 127 128 129 130
10_55_ CMS preliminary (MVA) ii;lzx _E My [GeV]
_\ 111 | 1111 | 1111 | 111l | N Y A o \_
5 130 135 140 145 150 |
CMS: )
N | ATLAS: i 125 a4 0.5 | ATLAS
=3.20 _ m, = 4 +0.
S 4| L= 40 X 0785007 | Mx=126.8%0.7GeV
= L] G — = L ] -— L]
exp Zoo=4.10 H w=1.65+0.33

Hyy
E — Stat.
3 — Syst.
| =
Hver H Hoyy
F JLdt= 481" 5 =7 TeV
5 E Hee=H . b
ggHtH £ [Ldt=207fo", [s=8TeV
E ATLAS Preliminary
u E Hi=e=H 2011-2012 3
E m, = 126.8 GeV
E. | A I B I
0 1 2 3 4 5 6
Signal strength
Ly  10Pgrrrrr e g
>° ; Observed p‘u/BF Hoyy 3
:,E 10 E ——— Expected p‘;a‘ E
1 =
E /\ /j/_,\; 1o
WE TN E
E Data 2012, {5 =8 TeV .32
102 JLdl:ZO.?fb‘ -
‘33 Data 2011, VS=7 TeV. _E 36
10 E JLm=4em' E
£ ATLAS Preliminary 3

10~41||“1||“I||\xlu PP IFERETE STEFETArE BTAATrE AT |
110 115 120 125 130 135 140 145 150
my [GeV]

Points to note:

— CMS: significance is reduced compared to ICHEP:
* ICHEP (10 fbl): observed = 4.1, expected = 2.7 + 1
*  Moriond (25 fb1): observed = 3.2, expected =4.2 + 1
* New data show fewer than expected signal-like events
* The expected sensitivity evolves as sqrt(L)

— CMS: alternative analysis results: Z=3.9 (exp. 3.5) and p=1.11 £ 0.31
* statistical correlation between two analyses is found to be 0.75
* taking this into account, stat significance of the difference in results is 1.5 ¢

— ATALS: yy-signal stronger than expected (consistent with SM at 2.30)
— ATLAS: yy-signal narrower than expected (stat consistency is 1.80)
— CMS and ATLAS: mass measurements limited by systematic uncertainties

Marumi Kado and Andrey Korytov Les Houches, 4 June 2013

ATLAS-CMS
consistency
* Am: 130
* Au: 2.00
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Evolution of m, with time

Preliminary {s=7TeV,L<51f" s=8TeV,L<196f"

7H%'YY-;-IH—>ZZ —— Combined

.1 (ggH.ttH).
pW(VBF,VH)

-2AInL

130 -
129 July November April
E 2012 2012 2013
> 128 [
) -
O 127 |
126 [
g - <>+ ++ %+ﬂ
c 125 Q¢
8 124 :
_8 -
123 |
03) :
122 |
2 -
E OV ATLAS
121 |- 44
- O combination CMS
120

Marumi Kado and Andrey Korytov
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§ 3

O a4 N W b 0O O N ®©® © O
Frr T T T [T [T [T T 2

ATLAS: 125.5 + 0.6 GeV
CMS: 125.7 £ 0.4 GeV

Points to note:

mass uncertainty: 0.3-0.5%

ATLAS and CMS overall best-fit
values agree

ATLAS has 2.30 tension
between yy and 4l
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H-> WW > lvlv

200—PIIII|IIIIIII|IIIIIII|III|III|III|III|II

> 200 7 ¢ Analysis strategy:
3 - ATLAS Preliminary —¢— Bko subrracied Daia - y g_y
2 sor\s=7TeV[Ldt=46f" [ Hizseew - — two prompt high-p; leptons
2 " \s=8TeV,] Ldt = 20.7 fb" - — MET
0 T HoWW Siviv + 071 jets ] i . h Is:
0 100l ] — split events into ee, uy, ep channels:
B + ] » different S/B rates: Drell-Yan in ee/pp !
50| 3 — split events further into 0/1-jet:
- . » different S/B rates: ttbar in 1-jet !
oF i — ATLAS: m,-distribution
_I I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 | 1 l_+_| 11 1 I 11 1 I 11 1 I 11 I_ - CMS:
60 80 100 120 140 160 180 200 220 240 260 - Different-flavor: 2D distribution N(m,, m, )
my [GeV] » Same-flavor dileptons: cut-based analysis
- — Backgrounds (for low mass Higgs):
% 350 - data — m,=125 GeV CMS Preliminary—| % E-'-data — m,;=125 GeV CMs Preliminaryz H H H
& hmum  mwes sromisn | 8 ool M m s e rosn ] *  WW, tt, W+jets, DY+jets, Wy: from control regions
P Zoog_gi;’(@syst. o R ol S s e « ZW, ZZ: from MC (very small contribution)
& 250f 4 & 5 ]
° 200§ — ° 150~ —
1 wf {* Analysis features to note (m_ =125):
100 - r ]
I § — fair S/B-ratio (>1:10)
24502 et ot — — fair signal event yield (200 events)
(i) 2 E g 2 .
5.0 ;¥m+w\\}«w\tf§w E &\#& mmm@}@\\ﬁgg — poor mass resolution 20%
o0 30C 0 200 250
m, [GeV/c?] mi® [Gevic?]
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H-> WW - lvlv: results

8 :CMSPreIiminary ----- Expec‘ed Q.O ||1||I|||||-||.||||ll||||||||||||||||l|||-1|l
S N T o, —— Observed T 402 ATLAS Preliminary (5= 7 TeVJLot- 461
2 251 wLww-2i2y 0/1-et — Ikectlnm Tz ael 9 H-WW sy f5=8TeVilot=20.7 b
.E B |:| Injection = 1o 10 e 0bs' . 110

g) r C] Injection = 20 L EXp m" =125 GeV \:It20 ;
0 20 -

r 0 110 120 1;0 140 150160 170 180 150 200
- =T 45pT T ey 25 x
10 £ 4 = ATLAS Prellm E
i = _ —_ 3
: % 3_5§' C_ u - 1.01 -I—- 0-31
- g s 7 (m =125 GeV)
: ~~~~~ - @ 2-5; ---- - o =
0_ x” L Il L L 11T [P CNEEY CHNEP SRREY SEREP D 10' Alllllllllllllllllllllll 2; *::x2014;tl2)0(12:)11+2012)_; 10
100 200 300 400 500 600 120 130 140 150 160 170 180 19FG %/(i 3= —a— H5ZZ7 1 (201142012)
e =
_ _ y [GeV] ~ _ H s
(m=125) Z,.=4.00 (m=125) Z,, =3.80
— _ 0
Leyy=5.00 Zeyn=3.70

Points to note:
— CMS and ATLAS see broad 4o excesses in the low mass range
— poor mass resolution does not allow to pin down the mass and hence signal strength

— the broad accesses are consistent with SM Higgs rate (m,=125 GeV) and the
instrumental mass resolution (see injected signal)

— curiosity: both CMS and ATLAS have an extra 1o excess between 130 and 200 GeV
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H > tt: CMS update since HCP

Data recordod: Sun Nov 26 00115:46 2012 CEST C MS .
Run/Event: 207898 / 97057018 : \ Y Ana |ySIS Strategy:
B — di-tau candidates: et,, Ut,, ey, U4, T, T,
i~ _k‘_l\\{luon: pr =31.9 GeV - M ET
sz — DiTau mass (including MET): key distribution
Jet: p, = 80.5 GeV jw%\mf b sea e — split events into jet categories:
T * 2-jets (VBF-tag): best S/B-ratio
Tau: pr = 44.0 GeV * 1-jet (ggF, VH): acceptable S/B-ratio
* untagged: control region (S/B=0)
M. = 1203 GeV — split 1-jet events further high/low p; tau
» different S/B rates

CMS Preliminary, VS=7-8TeV, L =243 fb" — Backgrounds:
g [ ewer,ut,nr  OF Zi'ﬁﬁ;’fig;i; - e 7>ttt Z>up (data) with a simulated p-t swap
=, 1000 " ' *  Z->ee, W+jets, ttbar: MC for shapes, data for normalization

S s * QCD: from control regions

E 800f K
v o
Z [ , e
T 600l 700 50 — .
T me (6] * Analysis features to note (m,=125):
£, o ] :
D 4or o ] — poor S/B-ratio (1:40)

- : tt =
E 200 . — small signal event yield
» i — Higgs is on the falling slope of Z-decays (bad!)

0 L .
0 100 200 300 — poor mass resolution =15%
m,. [GeV]
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H > tt: CMS results

4 CMS Preliminary, y5=7-8 TeV, L =243 fi" H > < CMS Prafiminarg aT-0 1oV, L24 3 1%, Hoom CMS Preliminary, Y5=7-8 TeV, L=24.3 fb", H—tt
o a m,, =125 GeV —_~ 4_0 &+ 1ot
=2 - i 1
g 107 10 o c —e— observed
y T —— H(125 GeV) expected
= 20 ——————— T, bl [ + 1o expected
8 % er, + 20 expected
4
30 wr,
10 CMS Preliminary, YS=7-8 TeV, L=24.3 fb", H->tt
T T T i T T T T T
m,, =125 GeV
10 —e— p-value observed 1-Jet
S p-value expected
. 2-Jet (VBF)
107 .
- VH-1t+l
10-8 PR TR T 1 PR T N [ T 1 . PR T B T |
110 120 130 140 ) 140
m [GeV] —— Combined
H o ! m,, [GeV]
Z - 2 9 o) best fit for o/cg,
bs = < m, =120 *°, GeV
Zeyp = 2.6 0 (M =125) n=11+0.4
(m =125 GeV)

Points to note:

— broad access (poor mass resolution), consistent with SM Higgs rate

— fair sensitivity for measurements

— 1-jet channel has a respectable weight in the search

— VH(tx) analysis is updated too; its sensitivity can be seen in the p-compatibility plot
— despite poor mass resolution, the H->tt channel is not completely mass-blind !

ATLAS (5+13 fb): at m=125, Z=1.10, u=0.710.7

Les Houches, 4 June 2013 20
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VH, H > bb: CMS update since HCP

[S=7TeV,L=50f" (5=8TeV,L=19.0"

9 S UL ML B L I T [} 1_ I I T T "
° 10° {C;hgs_,::;,elllr:;n: frb'y1 ® pma C_:U - ] Combined CMS Preliminary my = 125 GeV
8 fs= 8TeV,L=19.0 5" . VH (125 GeV) > 10 N Tlo n=100+049
s & 10l =
&g 10 -Background = S NP G E
10° ;;MCuncem (stat.) 8 2: v P
Q10° T E Z(vv)H(bb)
102 e 3 n=104+077
= —po
10 107¢ CMS Preliminary
1 - fe=7Tev,L=50f" 3 Z(T)H(bb)
104L [s=8TeV,L=19.0fb" _| 1n=082+097
10 g VH(bb), combined 3
s 15 5 —e— Observed ]
g 1 10 E_ ---e--- Expected from SM Higgs ; W(N)H(bb)
° os u 3 p=111£087
3 1? 3 10‘6 L 1 1 1 | I 111 1 I 1 1 1 | I 11 1 1 I 1 1 1 | l_ 1 1 1 1 | 1 1 1
E o5 ] 110 115 120 125 130 135 -2 0 2 4
35 3 25 2 5 LEJ my [GeV] Best fit 6/,
2 = L] = L] + L]
S/B-ratios from BDT(m,,=125) Zops=2.10 n=1.0£0.5
Zeyp = 2.1 0 (m=125) (m =125 GeV)

Brief summary:

— Event classification: 2 b-jets + V(ev, v, ee, uy, w); V with low/high-p;; events with high-p;: tight/loose b-tag
— mass resolution: 10%

— 2.1o-excess with a signal strength consistent with the SM Higgs boson: p=1.0+ 0.5

ATLAS (5+13 fb'): no access (1 = -0.4 £ 1.1), still stat. consistent with SM Higgs presence
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Recast: event yields = couplings

Marumi Kado and Andrey Korytotes Houches, 4 June 2013 22



Production x Decay parameterization

8 independent parameters to describe all currently relevant
decays and production mechanisms: o(xx — H)-BR(H — yy) o —2 2

untagged VBF-tag VH-tag ttH-tag

_ I-ww

(4 (4 (4
_ I-ZZ v v
— oy v v v
- I v v v
— I, (loop induced) v v v v
— I, (loop induced) v
" v

— [;or (including H = "invisible”)
— Newer channels still have too little sensitivity to affect anything in the

combination (two more parameters will be needed: r,, and I'w)

For couplings of interest, introduce scaling factors k w.r.t. the SM Higgs couplings

Marumi Kado and Andrey Korytov Les Houches, 4 June 2013 23



Look for new physics in loops: _and

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

Two-parameter fit

O @\ — use all channels
0.8;" N Y ]
N ~ J % ]

~

A — assume tree-level couplings = SM
0.2 — assume BR(BSM)=0
) — Fit for: k«

V’Kg

2 o ATLAS Preliminary + SM
" \s=7TeV,|Ldt=4.6-481" x Bestfit

E Vs=8TeV, [Ldt=13-20.7fb* — 68%CL E
1.8F --- 95% CL E

1.6F
145 -7
12

Data are consistent
with (k; k.)=(1; 1)

0.8
0.6

cle b b by b b by b Ly ol

0.9 1 11 12 13 14 15 16 1.7 138
Ky
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— 4_5i_ LA BSM —Observed

--- Exp. for SM H

< .
Al 4.0:—

3.5F
3.0F
2.5F
2.0
1.51

1.0f
0.5F

0 o 5 —l‘l’l‘l’l I SRR [ S Lovivnines livviinn ]

—_
o

O

001020304050607080

o E ATLAS Prellmlnary [ x B E
= 9 KyKg u] =
< F is=7TeV,[Lt=4648%" —Observed E
o 8 E \s=8TeV, [Ldt = 13-20.7 b - SM expected E
76 =
6 3
5F 3
3 3
26 E
1t g

9
Bi,u

Marumi Kado and Andrey Korytov

Three-parameter fit

— use all channels

— assume tree-level couplings = SM
— allow for BR(BSM) # 0

— Fit for: BR(“invisible”), k, K,

CMS: BR(BSM) < 0.52 at 95% CL
ATLAS: BR(BSM) < 0.58 at 95% CL

Direct ATLAS search for ZH-> (II)+MET:
BR(inv)<0.65 at 95% CL
assuming SM HZZ coupling

Les Houches, 4 June 2013 25



CMS: C5 model (almost a measurement)

8 independent parameters to describe all currently
relevant decays and production mechanisms:

{s=7TeV,L<51fb" \s=8TeV,L<19.6 b’
- I-WW 9 I(W CMS Preliminary = 68% CL
== 95% CL
— Iz 2 K k
Kw .
— I, -2 K,
KZ s o
K e —
. L B — L ———————
— I, (loopisresolved) = Ky, K, : i
— I, (loop is resolved) =k, K, W —e—— p-om
NI BT ETET AR SRR | EEETEE A B R
_ 0 05 1 15 2 25 3
— dassume BR(BSM)‘O parameter value

— Assume couplings to the 15t, 2"d, 34 generations are modified
the same way
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C5 model (almost a measurement)

* Scale SM couplings by measured scale factors and plot
modified couplings vs particle masses:

H ~
- }\f(YUkawa COUleng) mf CMS Preliminary {s=7TeV,L<5.1fo" \s=8TeV,L<19.6fb"
U 1 T L T T T 17 LEREERRE LALZLLY

AN T T T T T
— 0.5 ~ - - T
(gv/zveV) mV & | |===68% CL |
D 4L |—95%cCL b
fs=7TeV,L<51f" \s=8TeV,L<19.6f" S 8 Z e gl .
CMS Preliminary % 68% CL o W Pid ]
= 95% CL < e
Kw _*i_ //a'
é 107 E
s )
I — _
” ; 102 |- -
Ky ——I-I—— P, =052 -, R :
IS B NI B Y-
parameter Value | ol 1 b b
1 2 345 10 20 100 200
mass (GeV)

Note: the magnitude of couplings we try to assess range by a factor of 100!
A test with 20+% accuracy is actually a very respectable test.

Marumi Kado and Andrey Korytov Les Houches, 4 June 2013 27



CMS: C6 model (almost a measurement)

8 independent parameters to describe all currently
relevant decays and production mechanisms:

{s=7TeV,L<51f0" \s=8TeV,L<19.6f"
9 KV CMS Preliminary ¥ 68% CL
: == 95% CL
KV +
-T > K, o B
—_ Ky S —
b 2 K, §
. K j— —
— T, (loop induced) 2K, * ;
oop induced) > N
— I, (loop induce K i
g8 ( P ) 8 K -"‘- p,,, =078
— Ty -2 K,
— assume BR(BSM)=0 0051152253354 45 5

parameter value
— Assume couplings to the 15, 2"9, 3" generations are modified

the same way
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Is X125 one particle?

Marumi Kado and Andrey Korytotes Houches, 4 June 2013 29



Is X125 one particle? (mass lineshape)

o 0.5 ; .
What if X125 is two bosons S © | ,
with near degenerate masses? |¢ , | |
: I ! :
— What can we infer from the mass  «_ J f | |
line shape? § o3 ; ‘.‘
* no public results yet § ,; \\
) 1 \
* back-of-envelope for current ‘%‘ 02 oo 7 S S
dataset (HZZ4L): = [
— no sensitivity, if Am < 4 GeV ‘E . --- lo-sensitivity R
— no sensitivity, if the smaller % o — 20-sensitivity
signal contributes with f<0.3 =
e [ [ [ [}
0.0
-10 -5 0 5 10

Am=my —my [GeV]
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Is X125 one particle? (J¢°)

What if X125 is two bosons CMS Preliminary Vs=7TeV,L=5.1fb"; {s=8TeV,L=19.6 fb"

with near degenerate masses? g " ,

— What can we infer from kinematics of decays?  [—cmspata / ]
o) S— Expected

e CP-odd contribution (cross section fraction):
f(07) < 0.58 at 95% CL

* Non-zero f(0") may be due to

— a 0™ particle with a nearly the same mass;
— asingle particle X = H(0*) + A(07) with
mixed CP-even/odd states

_ _ I S VR Y S VS
* No public results on other f(J?) fractions

o)

fas:f(o_)zm

Marumi Kado and Andrey Korytov Les Houches, 4 June 2013 31



Experimental status summary

* |n a combined search for the SM Higgs boson,
a significant excess of events near m,;=126 GeV persists beyond any doubt
and now has been established in individual decay channels: ZZ, WW, yy

e New boson’s mass:

CMS: 125.7 £ 0.4 GeV
ATLAS: 125.5 £ 0.6 GeV

* |Is X125 the SM Higgs boson?

event yields in all individual channels are consistent with the SM Higgs boson

couplings agree with the SM Higgs boson with the current statistical accuracy:
20% (W & Z), 25% (t), 30% (1), 60% (b)

no significant modifications for loop-induced couplings (deviations < 20)
BR(H>BSM) < 0.5 (approx.) at 95%CL

100% pure J¥ =0, 1%, 2* _ states are excluded at >99% CL

CP-odd fractional contribution: f(07) < 0.58 at 95% CL

Marumi Kado and Andrey Korytov Les Houches, 4 June 2013 32



Today’s experimenter’s wish list
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Entering the Higgs Precision Era

* Change of paradigm: from search to PRECISION signal
measurements

— Precise assessment of TH uncertainties, strategies to reduce
them

— Fiducial cross sections: define fiducial regions
— Total cross sections: acceptance uncertainties
— What are Important (fiducial) differential CSs (p;, Y, etc...)
— Define ratio measurements in these variables

Precision signal

 Still searching (or first first measurements)
— H,,. direct couplings to main fermions (tau and b)
— H,: direct top Yukawa couplings
— H,,: rare and invisible decays
— Additional states of the EWSB sector...

Precision Backgrounds

Marumi Kado and Andrey Korytov Les Houches, 4 June 2013 34



TH Uncertainties (Signal)

 Treatment of TH systematic uncertainties:

— Paradigm for measurements: profiling (systematic uncertainties are
treated statistically).

— What is the best model for TH systematic uncertainties?

* PDF uncertainties:

— Correlation model of the uncertainties can always be refined (signal-
background, background-background): is it time to improve on the
simple scheme set up in 2011 (Joey Huston et al)?

— PDF4LHC envelope?

— (Plots shown below are for illustration purpose only; thy are out of date and use inconsistent values o)

NNLO gg—H at the LHC (s = 8 TeV) for M =126 GeV NNLO gg—H at the LHC (I's = 8 TeV) for M, = 126 GeV

-g_ Solid lines: envelope and midpoint. [ e MSTWOS, (M) = 0.1171 ggh@nnlo (v1.4.1), u_= 1 =M, /2 ]
~ 215 Dashed lines: statistical combination. s C ]
- T 7 2.5 —— CT10, aM3) =0.1180 Greendotted line: ]
o) - average of three Gaussians _|
21 --T --------------- - 2: —— NNPDF2.3, o (M2) = 0.1190 ]

[[ = Statistical combination ,-.

20.5

Probability / (Bin size)

--------------------------------------------------------------------- 4 1.5 -
20 {) i T = . 1
________________________________ f B S — 1= e
19.5 3 C ]
ggh@nnlo (v1.4.1), N M, /2 3 0.5 23 5% i
19 4 S ol R 1
MSTWO08 CT10 NNPDF2.3 = S e ]
M2)=0.1171 M%) =0.1180 o (M?) =0.1190 =W
18.5 a2 o) S 5 19 195 20 %2
Open markers: usual best-fit and 68% C.L. Hessian uncertainty. Solid lines: histogram of random predictions G, (pb) 35

Closed markers: average and s.d. over random predictions. Dashed lines: Gaussian with same mean and s.d. H



TH Uncertainties (Signal)

e Jet bin uncertainties, VBF phase space in particular:
— Improvements TH uncertainty treatment?
— Can we converge on a “standardized” set of VBF criteria?

— Can the ggF uncertainty be constrained from 2-jet slightly larger
phase space?

* PS and underlying event:
— Common definition of tunes to use for UE
— PS systematic uncertainties common strategy

* |nterference:
— yy full NLO interference estimate?

— Can interferometry (mass shift measurement to bound Higgs
width) really work (arXiv:1305.3854)?

Marumi Kado and Andrey Korytov Les Houches, 4 June 2013
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Background: Striking Examples (1)

* VH,H->bb

Description of:

— pTin W+jets, Z+jets, tt (ISR)

— Simulation/Understanding of gluon splitting
— Simulation of close-by jets?

— PDF uncertainties

— UEand PS
> C T T T T T T T T T T | T T T T T T T T T | T T T | T T T T —]
0] = TLAS Prellmlnary mmzH =
O 45 B wH =
S 40E f L dt=13.0 f6", (s =8 TeV Multjet
E) E 1 Lepton 2 Jets, p > 200 GeV -I\;’: -
é 35 =W =
= b =
L 30 Wz —_
- Diboson -
25 --- Pre Fit —_
20 - -¢-Data 2012 3
15E 3
10F 7 =
5 .

20 40 60 80 100 120 140 160 180
m,; [GeV]

Marumi Kado and Andrey Korytov Les Houches, 4 June 2013 37



Backgrounds: Striking Examples (2)

ttH, H>bb

Description of backgrounds many control regions (including correlations!):
— prin WH+jets, Z+jets, tt+jets (both light and HF)

— Simulation/Understanding of gluon splitting

— Simulation of close-by jets?

— PDF uncertainties

— UEand PS

4 jets 4 jets 4 jets 4 jets 4 jets

0 b tags 1 b tags 2btags 3 btags > 4 b tags ATLAS
Preliminary
(Simulation)
my = 125 GeV

5 jets 5 jets 5 jets 5 jets 5 jets C tT+HF jets

0 b tags 1 b tags 2btags 3 btags > 4 b tags I tt+light jets
ESitv
[ W+jets
3 Z+jets
[ Diboson
[ Single top
R Multijet

>6 jets > 6 jets > 6 jets >6jets > 6 jets
0 b tags 2btags > 4 b tags

<
"
<«



Tools

e Validation work on the recent tools:
* MINLO (Multi scale Improved NLO arXiv:1206.3572)
* HEJ (arXiv:1101.5394)
* NLO ME-PS matching: MeNLOPS (arXiv:1004.1764)
* Madgraph5 and aMC@NLO (amcatnlo.web.cern.ch)
* PowHel (Powheg+Helac) for complex process tt+jets/HF
* HRes
« 2yNNLO

e Specific requests for the diphoton channel:

— Public release of 2yNNLO?
— Fragmentation (NNLO)?

Marumi Kado and Andrey Korytov Les Houches, 4 June 2013 39



We have high hopes for making progress
here at Les Houches...
at least on some items on the wish list
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Backup I: less sensitive channels
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2 I VAY,

CMS Preliminary H— Zy Weighted to S/(S+B)

= s=7TeV,L=5.0fb"
1600 Is=8TeV,L=19.6fb"
1400 - Electron + muon channels
C —@— Data
s 1200 — —— Background Model
Q o .
- —— Signalm_ =125 G@V x 100
O 1000 anal 6 )
Q', - - +10
3 so0f .20
c C
S 6o
w C
400 |
2008
fo0 110 120 130 140 150 160 170 180
m,, (GeV)
2 40 I T I T T T T I T T T T l T T T T ]
— : ‘ —— Observed :
4 : . 3
m : i - == Median Expected Z
¥ N i .. I Bxpected = 10 -
‘:’_‘ Expected + 2 0 5
@) S O OOt SO OO ORUR: SO
X
v
'_\O\
RIS T EA— S— ———
[aa]
X 18 e
o}
e

my (GeV)

Marumi Kado and Andrey Korytov

1 1 1 1 l 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 i
?20 125 130 135 140 145 150

Analysis strategy:

— two prompt leptons: Z->ee, Z>uu

— isolated photon

— dilepton-photon mass is the key observable

— split events further into classes, based on “geography”

of leptons/photon and photon cluster quality
+ different mass resolutions
» different S/B-ratios

— Background: fit using sidebands

Analysis features to note:
— very poor S/B-ratio

— very small event yield

— mass resolution = 1-2%

Results:

CMS (m,=125): p>10is excluded at 95% CL
ATLAS (m_=125): u>18is excluded at 95% CL

Points to note:
— need 100 times more data to reach 2c-sensitivity

Les Houches, 4 June 2013
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H > uu: ATLAS results

§ O ATLAS Prolminary w2 2o Analysis strategy:
5 10° ::j?;ev'h‘":?"”’" I oz T — two prompt muons: up
c 407 L [ H[125 Ge! . .
& 106 — di-muon mass is the key observable
:8 — Background: fit using sidebands
,|03
102
10 Analysis features to note:
e — very poor S/B-ratio
» 1.2 .
s . — very small event yield
© 1§ E .
° ol — mass resolution = 2%
~30" 700" 120 140" 160 180 300 220 340 360
m,, [GeV]
= FATCAS Preliminary TS Results:
’g 60 —Observed bl =
€ C 3 .
3 of m- Expected jun:zm ] ATLAS (m_=125): p>10is excluded at 95% CL
;3  [+20 s=8TeV ]
8 *F E
305— _f
20F- 3 Points to note:
10F- - — need 100 times more data to reach 2o-sensitivity
0:. R o T S N S
110 115 120 125 130 135 140 145 150

m, [GeV]
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ttH, H > bb: CMS update, but 5+5 fb* only

_ _ -1
CMS ls=8TeV,L=511b ' Lepton+Jets and Dilepton ~ CMS ys=7TeV,L=5.0fb"{s=8TeV,L=5.11b"

£ Lepton + >6 jets + >4 b-tags — ttH(125 s
g W it ¢ oF
o 7+ T 20 —e=QObserved s
B ficc P = S S
B tt:bb E E . Expected + 1o
B Single t g 16— e
fiav £ - Expectedt2s
Bl EwK e E
7/ Bkg. Unc. 12z
—t— Data L R .
O e I I == <
: e e
[=]
) ) ‘ ) ) ‘ ) ? 1 1 1 1 Il 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
02 03 04 05 06 07 08 10 15 120 125 130 13 GeV)

ANN output

K > 5.8 excluded at 95% CL
(m =125 GeV)

Brief summary:

— publicly available: 5+ 5 fb'; update with the full lumi is expected shortly

— Event classification: bb+(lvjjbb); bb+(Ivivbb); events are categorized based on # of jets and # of b-tags
— very small event rate; fair S/B-ratio

— MVA-shape analysis: exclude u>5.8 at 95% CL

— To reach 20-sensitivity, we need 25 times more data
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ttH, H > yy: CMS results

CMS Prellmlnary Vs=8 TeV L=19.6 fb’

CMS Preliminary (s = 8TeV L = 19.6fb™ CMS Preliminary \s = 8TeV L = 19.6fb™ ,\‘% 30_‘ T | [rrrT | R R R R
% 4.55_ ttH(—yy) leptonic channel == Data % 8E ttH(—yy) hadronic channel == Data : E — Observed E
9 E —— Bkg Model 9 E —— Bkg Model % 25—
‘:@’ 4;— v g 7E W 1-5 E - Expected + 16 E
$3.5F [z2 S F [Jz2 3 - | - Expected + 26 -
o E [ 1xsmm, =125 Gev o 6:_ [ 1xsmm, =125 Gev ’_:3 20 L
i3 st = F
25F : 115
F 4 v C
2:— F L
150 3 Ys
i 2 .
055 1 > .
= L I I T T T T T b T | 1 L J|1 l|l |Ul|J 1 M| [l L _
100 120 140 160 180 100 120 140 160 180 ?\II\IIIII\\IIIII\IIIIII\II\II\\I
m,, (GeV) m,, (GeV) 10 115 120 125 130 135 140 145 150
m,, (GeV)
K > 5.4 excluded at 95% CL
Brief summary: (m =125 GeV)
— 8TeV, 19 b

analysis strategy: narrow m,, bump a la the canonical H=>yy analysis (not limited by systematics!)
event classification: yy+(Ilvb,jjb): , 22 jets, 21 b-tag; yy+(jjb,jjb): =5 jets, 1 b-tag;

good S/B-ratio: about 1:3

very small event rate: 1.1 events

exclude u>5.4 at 95% CL (expected limit 5.3)

to reach 2o-sensitivity, we need only 4 times more data
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VBF, H > bb: CMS results

CMS Preliminary (S-8Tev L-190f" M T
2 d1 0T e B | CMSPreliminary - OLObserved .
(D 200 ,; b ! e Data —: ~ 12__ \(§=8TeV _'CLS Expected ]
o} ' Background-only Fit - (<) C L=19.0fb" - CL H125 Injected 7
A 150 . 5 10 VBF H— bb [ CLg Expectedt 10 ]
c\n E E C CLg Expected+ 20 7
SR —:
w 2 6 -
2 : ]
Q. C i
% 4 -
< - ]
R 2 -
P n .
o T — .
&|l|1|l|1|l|1|l|1|l|1|l|1|l|1|l|1|l| 0I11lsllII12|OII1I1|25lIII1:|30IIII1:|35I
80 100 120 140 160 180 200 220 240 Higas Mass (GeV
Mbb (GeV) g9 ( )
K > 3.6 excluded at 95% CL
Best NN-output categor
P gory nu=07+14
. ) (m =125 GeV)
Brief summary:
— Event selection: bb + (jj) g
— NN: b-tags, relative jet kinematics, q/g-jets, soft energy flow, etc.
— Four event classes based on NN-output
— m,, distributions for Z and tt are from simulation, QCD - data-driven
— very challenging S:B (1:50)
— Toreach 2o-sensitivity, we need 10 times more data
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Back-up Il: bits and pieces
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- ATLAS Preliminary H - zz" - 4l
~ \s=7TeV: [Ldt=4.61"

L1 1

1
| 15=8TeV: |Ldt = 20.7 b
— 4 m = 123.8 )2 (stat +02sys GeV
—  de mH_1262”25tat +08sys GeV
+0.5

+1.9

. (
K 1.0
— 2e2u m _1250+09(

2u2e m =122.6 , 1 (

|'_|II|l

m,, [GeV]
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Mass measurement in CMS

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

2 Wz —wen ] * Anarrow resonance is seen with high
N e significance in the two good mass resolution
i3 channels, ZZ(4l) and yy
i \ : Zz(4l): m, = 125.8 £ 0.5 (stat) +0.2 (syst) GeV
2 ' E main sources of systematic uncertainties:
;z ,,,,,,,,,,,,,,,,,,, (T * electron energy scale: 0.3%
122 124 126 128 . o
my (GeV) * muon energy scale: 0.1%
2y e yv: m, =125.4 + 0.5 (stat) £ 0.6 (syst) GeV
P g HggH,nH’ HVBF,VH o svst. : . . . .
S B — main sources of systematic uncertainties:
Z; " : E * electron-photon extrapolation
sk E * p;scale extrapolation from m,/2 to m,/2
37 _: ] ) ]
o E * Results are consistent with one particle X
I - proceed with a combined mass measurement
[ S A Lo N T v Lo vy
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Mass measurement in CMS

CMS Prel|m|nary |s 7TeV L

51fb Vs=8TeV,L<19.6fb"

.........

= N W Hp OO O N @ LO
TTT T 1 TTTTTTT

H—)'Y’Y+H—>ZZ + Combined
B + H-ovyy
+ H->ZZ
|
5 |
_I 1 I 1 1 1 1 I ] 1 Ivl | 1 1 ] 1 | 1 1
0.0 124 125 126 127
my (GeV)
CMSPrellmlnary {s=7TeV,L<51fb"' \s=8TeV,L<19.6fb"
""""" A AR ARARE LR R RN ARE LLLLLERRN
- H —>yy +H—>2ZZ | — with syst. 1
K (ggH.ttH), ]
---no syst. 1
uW(VBF,VH) -
IIIIIIIIIIIIIIII l‘ Ill 1 1111 [EEEEEEEEN
1023 124 125 126 127

my (GeV)

128

Assuming we indeed see one particle X,
one can combine the two results

e either assuming the SM Higgs-like relationship for
relative production rates (top plot)

e orletting relative event yields float free in
the almost-model-independent fit (bottom plot):

m, =125.7 +0.4 (0.3%) GeV
=125.7 £ 0.3 (stat) £ 0.3 (syst) GeV
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Mass measurement in ATLAS

Higgs Mass

my = 124.3 £ 0.6 (stat) + 0.4 (syst) GeV m,, =126.8 + 0.2(stat) + 0.7(syst) GeV

m,;=125.5%0.2 (stat) _, ;*> (syst) GeV

— — 4
E - ATLAS Preliminary —— Combinad (stat+sys) % 129? ATLAS Preliminary 3 - ATLAS Preliminary —— Combined
& F ts=7Tev[Lot- 46401 -+ Combined (stat only) S, \5=7 TeV:[Ldt = 4.6-4.8 fo £ [ 1s=7TeV:[Ldt=46481b" —Hoyy
\s=8TeV: ]Ldl =207 16" —How 5 L ys=8 TeV:]'Ldt 207 fb" S 35— \s= 8TeV:[Ldt =207 1! — Ha 77" s ar
6/ — Ho22" 54 E jo8- ) s ¢
- X Bestit s % Bestfi
b : E —es%cL g af
5 : 127 95% CL @
F ; C 99.7% CL
L i — Am,=0 . 2.5
e SRR R R M (S 26 1261~ A E
i i [ : : 2F
3 125
r 15
2f 1241 £
1= o - S e 0.5
F [ AT T W PR R PR
I P CANAIN AL v L, 122 122 123 124 125 126 127 128 _ 129
P21 i22 123 124 125 126 127 128 120 AT P T P T P m,, [GeV]
my [GeV] 122 123 124 125 126 127 128 129
my, [GeV]

Amy =m,, —m,=23_,,*0f (stat) +0.6 (syst) GeV

Consistent with Am, = 0 at 2.3c level
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ATLAS H = Tt

T T T T T T T T T T T T T T T T T . UL L LI LU LI ° ET LT T rToTT rrrTT T T T T T T Ty
03 8¢ ! T ATLAS Prelliminaryl : m% SET AtLAs Preliminary ! ! h c_i' EATLAS Preliminary | Ldt= 461" {s=7TeV J
> C " . ] - C - * Dbestfit b C ( _ 4= ]
©  7F —eObserved CL, | Ldt=46fb" {5=7TeV a 4F [L-est’ 77 % bestfit@s0) - 8 C ) I'Ldt=13.0fb", Vs =8 Tev ]
S F -—- Expected CL_ | Ldt=13.0fb", {s=8TeV 1 X C JL= 13.0f6",{S=8TeV —— 95% Contour ] — 10 —Observed H— 1 _
S 6F IEYS - J>: 3 - 68% Contour 3 F --- Expected for SM Higgs Boson 3
E F M=+ 1o . é F T ;: :rcz;erzl:;:znw 3 E . Expected for SM Higgs Boson at m, =125 GeV E
—, 5 = = 2r =
O F ] F [ — my=125GeV 1 E E
X 4 - 1= | . - = £ 0o
g E ] C \ ! . - . _.—1
L ] C \ \ \, E [ 1o
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ATLAS H > Zy

ATLAS-CONF-2013-009

Higgs to Z + photon

LA B A B B S BN B

J' Ldt=46M" fs=7TeV — Observed P,
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1111
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J-Ldt=207tb"‘|'§=BTeV

Similar to diphoton channel ATLAS Preliminary
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lJVBF,VH

-2AInL

Consistency of event yields (3)

u

ggH,ttH
CMS Preliminary {s=7TeV,L<51fb' \s=8TeV,L<19.6fb"
10—+
ot — Observed £
i ---Exp. for SMH [
8i . =
7} =
6l s
5| ;
4 s
3 =
of -
1F ]
0:1 RN | R B i B L:
0 1 2 3 4 5 6
H /n

VBF+VH ' ggH-+ttH

Introduce two signal strengths (p, 1)
in each of the 5 decay channels:

— M scales the fermion-coupling induced production
mechanisms (gg-fusion, ttH)

— Wy scales the W/Z-coupling induced production
mechanisms (VBF, VH)

All channels give results consistent with
the SM Higgs boson: (1,1)

These 2D-results obtained for individual decay
channels cannot be combined: they are decoupled
by independent BRs.

But the ratios p, /W can be combined
as BRs cancel out in such ratios

The need W/Z-coupling induced production
mechanisms is established with >30 significance

Les Houches, 4 June 2013 54



Two parameters: . and

o CMS Preliminary Vs=7TeV,L<51fb" {s=8TeV,L<19.6fb" 50 CMS Preliminary {s—7TeV,L <51 fo' Vs =8TeV,L < 19.6 fb’
- . . . g— LV L T ‘
p[ 0 SMiege @ Fermophobie B Bis. only - e CURRENT
- : / 1 .5 :— p ,-’/"’ \-... i —:
i - oy AN .
; WY 1.0F { @ VP -
B - /i -
- | E / Ho1tt - ]
0.0 -
1 i - 2.c:°“"s.f"?'l’?“?"?"("?T’Y.TGY'.L.“;‘.f”]"‘ff’f"TerL.., = .
i t . OLDHCP’'12 S .
i 10f .-'"f./”<>\:~"‘=. 414 : -
g : [ I ; ]
0.5 | \ - o_s; \\9) | nae? - !
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0 0.5 1 1.5 ] 1.0 1.5
Ky 280 o5 10 15 20 KV
. . . Ky
Fermiophobic scenario

is reliably excluded The previously seen global minimum of the

likelihood in the (+; =) quadrant is gone,
since the yy-channel is no more enhanced

Data are consistent
with (k; k:)=(1; 1)
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Asymmetry of couplings to fermions

Ratio of coupling between
down- and up-fermions

CMS Preliminary {s=7TeV,L<5.1fb' ys=8TeV,L<19.6fb"
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Marumi Kado and Andrey Korytov
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Ratio of coupling between
leptons and quarks

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




Custodial symmetry: and K, (k;)

CMSPrehmlnary |s 7TeV,L<51 " \s= 8TeV L<19.6fb"

5.0 .................................... m . . . .
= FTHSW(©1je) —osemeda | * Custodial symmetry: in SM, the ratio of couplings
P 4'5: Mz K20 K E .
J 4ok b -+ Exp for SMH [ to W and Z bosons is almost not affected by loop
" 35 | corrections
3.0 s
2ok o+ Compatibility test No.1 (top plot):
1.53— : , — — use un-tagged WW and ZZ channels
1-02 — the ratio of signal event yields: ~ g, /g> = 4.,
05%‘ | | ' — Assume SM coupling to fermions (k.=1); dependence on
0.0 05 = 1 k15 """" 2 this assumption is weak
=1
68% CL w2 (1=1) — Fitfor: A,,andk,
N SOCMSPrellmlnary is =7 TeV, LI<|51fb s sTIev L<196fb C 'b'l' N 2 b |
o [ N Kf i ompatibility test No.2 (bottom plot):
:1‘ 4'05_ - Exp.for SMH ] — use all channels
' 3_5; ! _ — Assume a common scaling factor k. for all fermionic
3.0F :: . E couplings
2.5F i | — Fitfor: A, and K, K;
2.0F e |
150 . | Data are consistent with the custodial symmetry
1.0 : :
050 '-\ - * Further, we always use k,, =K, (K)
0.0y o ALyl L 5

1.5
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ZZ->4L J*P analysis: discriminants

e Analysis considers alternative signal+background
hypotheses, where signal X can be either gg2>H or xx 2 JP

2
— Construct two ME-based discriminating kpzzy = MEulsg>H—40)
observables: ME+2(q7 = 40)
cpP 2
where ME are complete LO matrix elements, and m, =m,, KD(J:77) = ‘MEJ“’ (xx - jg)‘
|MEZZ (‘]‘7 — 4£)|

— Extend KDs to include discriminating information D(H:77) — IME, (xx — H — 40)[ - pdf(m,, 1m,,)

from four-lepton mass: [ME,, (47 — 40)[ - pdf (m,,122)
IME ., (cex = 7" = 40)[ - pdf (m,, 1 m..)
\ME,, (47 — 4¢) - pdf(m,,12Z)

DUT:77) =

¥

— Without any loss of information, D(H:ZZ)
one can change “variables”:

2
D)= P02 ME ., (30— 1 — 4/

1
— And again without any loss of information, " 7 l+const-D(H;ZZ)

compress discriminants to be between 0 and 1 D, = L
/ 1+ const-D(J";H)
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ZZ->4L )P analysis: statistical analysis

e Build 2D-pdf’s (templates) for different processes:

CMS prel s o' f5 =8 Te\ el is: ' f5=8TeV,L=

L3

o lgmmm o
S 5 I 1 [par( D Dy [H)
’ pdf ( Dy Dyer |1

pdf( Dy Dyev | 22)

< from MC
« from MC

< from MC

pdf ( Dbkg, DJC,, | reducible bkg ) <« from control region

0O 0.102 03 040506 07 0809 1 OD 0.102 03 04 05 0.6 07 0.8 09 1

Diyg Deig Dukg

00 0.102 03 04 05 06 07 0.8 09 1

 Weigh templates by event rates to construct expected 2D-distributions

for alternative signal+background hypotheses:
— ZZevent rate: from MC
— reducible background event rate: from control region
— Hand J signal event rate: from two fits to data

* Using 2D event distributions for alternative hypotheses,
construct the usual log-likelihood-ratio test statistic
and perform statistical analyses by generating pseudo-observations

Marumi Kado and Andrey Korytov Les Houches, 4 June 2013

Pseudoexperiments
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— CMS data

20 10 0 10 20 30
L(observation | J+ bkg)

g=-2In

L(observation | H +bkg)

59



ZZ->4L J°P analysis: results

qgqg —>1 vs H qgqg —>1" vs H gg—2. vs H qq > 2" vs H

CMS preliminary {5 =7 TeV, ' ¥s=8 ' CMS preliminary  ys=7TeV,L=511b" ys=8TeV,L=19.6" CMS preliminary  ¥5=7TeV,L=5.11" yS=8TeV, L= 196" CMS preliminary  ¥5=7TeV,L=5.1fb" yS=8TeV, L =196 1" CMS preliminary Vs=7TeV,L=5.115" \s=8TeV,L=19.6 15"
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[} 10 10 0.1 -1 o r 10 [ Jo -
o J0o 10 F 10 10 L 19 012
° 1B 10 F 10 [ 1= 0.1 - J°
3 3 =1 t 43 =1 £ ERY 3
2 006 -3 1% o008 | 4% o006 -2 E ] 12 o1
o 1o 1o [ o r 12 0.08F Ja
] r . N [ 1 o008
1 0.06— . Y - r 9 I 1 .
L ] F I F L ] = =
0.04 1 : : ; L 1 oo4f 1 006f 1 oosk
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0.021 e [ - Y 1 002 B F
[ ] 0.02¢- - y E [ 0.02- 1 ooz 1
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% 20 40 o0 10 20 3 %20 -0 0 10 20 A %20 40 o0 0 20 A %% 20 40 0 10 20 a %20 40 o0 10 20 & % 2 0 o0 10 20 30
2xIn(Ly /L) -2 x In(LO; /Ly) -2xIn(L /L) 2xIn(L /Ly) -2 '”('-z;m) ILy) 2x In(Lz.m(qm /Ly)

CL,=0.0016 CL,=0.081 CL,<0.001 CL,<0.001 CL,=0.015 CL,<0.001
excluded not yet excluded excluded excluded excluded

P(qzqobs
P quObs

J<" + bkg)
H + bkg)

CL, =

The observed test statistic value is

— consistent with the SM Higgs boson in all J° tests 2 °8

(99)

— off the “SM Higgs median” in the same direction for all tests:
* manifestation of correlations between kinematic properties of alternative J°* bosons
* CMS data “statistically lucky”: observed limits are a bit stronger than expected

010203040506070809 1

2m+ (qq)
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WW->212v JP analysis

e Full event reconstruction is not possible, but:

leptons tend to go in one direction: small m, W ¢ > W+ .€+/7
spin-0 . — vo 8 H .
neutrinos — in the other direction: large MET & ° & °
. leptons tend to go in opposite directions: larger m,, W- e. > W V
spin-2 : ) —— vo @ (H) . A
neutrinos also go in opposite directions: smaller MET & ° K?f
L : o J’N
* To test for alternative signal+background hypotheses, we build 2D-distributions |=——=—=
M, =125 GeV 2. (125 GeV) ‘ Background Data ) amMaET
CMS preliminary L=19.5fb ~ (8TeV)

CMS preliminary L = 19.5 fb A (8TeV) CMS preliminary L= 19.5fb ~ (8TeV) CMS preliminary L = 19.5 fb A (8TeV)
100 18

Higgs

M, (GeV)

100 10 120
M, (Gev)

CMS Preliminary ys=7TeV,L=491fb" ys=8TeV,L=19.5fb"

* Using 2D event distributions for alternative hypotheses, sA o )
construct the usual log-likelihood-ratio test statistic {ro-
and perform statistical analyses by generating pseudo-observations
— | Observed CL=0.14 (data disfavor 2*, but exclusion at 95% CL cannot be claimed) o
— Observed test statistic is consistent with the SM Higgs boson :::: |, '“LLL
—  Observed test statistic is off “SM H median expected” to the left (“unlucky fluctuation”) s L( b [':t.m‘ "Z“ibk;n)
1y Hobservaton | 2" btg

. L(observation \ H +bkg) N
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ZZ+WW gg->2* combination

CMS preliminary ys=7TeV,L=51fo" Ys=8TeV,L=19.6fb"

R AL I LI SN L B
2 oab il -
a:) L _12,(99) .
o B — CMS data ]
g 0.08 B (CLS™ =06%) |
Expected 1-CL, Observed 1-CL, g
77 93.1% 98.6% = 00 ]
WW 91.9% 86.0% 0.04] .
Combination 98.8% 99.4% ok g
%0 10 20 30
-2xIn(L_ /L)

2,,(99)

— ZZ and WW have similar sensitivities, 1- CL, = 92%-93%
— | In combination, gg>2*_ is excluded at 99% CL
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