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Introduction PGI]I]

* Brief Review of Higgs Channels

* Theory and H to WW
* Review of H to WWV Analysis
e sgH Background Modeling

e ggH Signal Modeling
* VBF Background Modeling

* Interpreting Higgs Results
* Coupling Fits
* Aside on Higgs to Invisible
* Advertisement: Differential Distributions

Elliot Lipeles UNIVERSITY 0f PENNSYLVANIA PITP 2013 2



Higgs Production Summary
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Large QCD Uncertainties
Sensitive to new physics in
the loop

LHC HIGGS XS WG 2012
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(vector
boson
fusion)

Access to top coupling  Usually tagged w/ W/Z decay Small QCD Uncertainties
to leptons (inc. neutrinos) Distinctive forward jet tags
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nggs Decay Summary @PGDD
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H—WWvsH — ~vyyand H — Z4 &

The Higgs has been observed in 3 channels: WW, ~v~, ZZ
(with two others on the edge of significance: 77, bb)

Penn
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H—->WWvwsH —~yyand H = 24 Penn
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The Higgs has been observed in 3 channels: WW, ~~, ZZ
(with two others on the edge of significance: 77, bb)
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H—WWvsH =~y and H — ZZ & Penn
H —-WW — fvlvis

> L L
. . Q u - Data <~ SM(sys @ stat) -
intermediate background, G 400 ATLAS Preliminary g i o e -
but there is no mass peak = [ ‘s-eTev/ldt-zo7f’ Dl - Elenere
% 250 H-WW! )—>evuv/uvev + 0 jets B H[125GeV]
) B _
> = B
We must model all 200 E
backgrounds in detail 150 =
1005— —
Selection is complex and of :
its effect on signal has to - :
be modeled 9750 100 150 200 . 250 300

my [GeV]

Use approximate o -
mass variablemp 0 = \/(E,fif + Ef)2 — (Pt + PT™)?

Signal/Background ~ 1/8 H to WWV relies heavily on theory
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H — W W sources of uncertainty @P@Hﬂ

UNIVERSITY 0f PENNSYLVANIA

From the ATLAS H to WWV conference note arias-conr-2013-030

U = O-Observed/O-SM
Table 13: Leading uncertainties on the signal strength u for the combined 7 and 8 TeV analysis.

Category Source Uncertainty, up (%) Uncertainty, down (%)
Statistical Observed data +21 -21
Theoretical Signal yield (o - B) +12 -9
Theoretical WW normalisation +12 -12
Experimental Objects and DY estimation +9 -8
Theoretical Signal acceptance +9 ~7
Experimental MC statistics +7 -7
Experimental W+ jets fake factor +5 -5
Theoretical Backgrounds, excluding WW +5 -4
Luminosity Integrated luminosity +4 -4
Total +32 -29

Main systematics are theory uncertainties
Uncertainty is 50% statistical and 50% systematics
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Why bother with H — WW 1 & Penn

Electroweak fits make it hard to mess with the
ratio of HWW/HZZ couplings, can’t we just
measure H — 2/ ?

| | | | | | |
ATLAS Preliminary My =125.5 GeV

WWV uncertainty is smaller | wzn b0

\s=7TeV: [Ldt = 4.7 fb" °

than ZZ \s=8TeV: [Ldt=13fb" :

H— 1t

\s=7TeV: [Ldt=4.61b" o

1.01 1 0,31 \s=8TeV:ILdt(=*)13fb" 5

H— WW viv :

1 7_|_O5 \s=7'>I'eV:JLdt=4.6_fb)'1 +
' —0.4 g

HW W
Wz z

\s =8 TeV: |Ldt = 20.7 fb™

H— vy .
\s=7TeV: [Ldt=4.81b" :
\s=8TeV: | Lqr -20.7 " P —

H— zZ") = 4

Difference will big bigger
\s=8TeV: |Ldt=20.7 fb"
atl 3 TeV, IF the theory ,
L Combined nw=130+0.20 :
uncertainties can be \s=7ToV: [l - 45481 B

\s=8TeV: |Ldt=13-20.7 fb"

| | | | | | |
controlled ST —

Signal strength (u)
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Scaling to |3 TeV

LHC Plans to Run at 13-14 TeV for the next ~|5 years

*2015-2016 13 TeV, 100 fb"!

*2018-2020 13(?) TeV, 300 fb"!
*2022-202(?) 13(?) TeV, 3000 fb-!

Have

2011 7TeV 5 fb!
2012 8TeV, 20 fb"!

Signal |4 TeV/8 TeV
ggF 2.6
VBF 2.6
ttH 4.7
WH 2.1
ZH 2.1
qq to WWV background 2.1
gamma gamma bkg 2.1

In 2016, 4%2.6~10 more signal, 4%2.1~8 more background
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Review of H to WW Analysis

Signature: two e or i leptons and two neutrinos

4 174
W 174
[
Gluon Fuison (ggH) Vector Boson Fusion
typically gives O or | jets gives 2 or more jets

Many of the lessons in H to WW will apply to other searches
where the signal is under significant SM background and does
not peak
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Penn
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Review of H to WW Analysis %

Just about everything in the hadron collider zoo
is a background

a 10° = ~ ATLAS Preliminary
© § 35 pb™”
o [ . LHC pp Vs =7 TeV
© 4 B 35pb" Theory
10" = : © Data(L=0035-46f )
B LHC pp Vs =8 TeV
3
10 — wam Theory
- 5.8 b | * Data(L=58-20fb )
- = 58"
10° = TISE g & |
: 1.0 ca 13 b
N : 46 fb = i . fb‘1
10 == 46f"
- - 21fb" L E R
- T— ' 4.6 fb"
B 99 » H — WW
1 w oz g e ww owz bowe T zz
]

VBF H - WW
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Review of H to WW Analysis & Penn

: g .5 | |  ATLAS Preliminary
W+jets — &(—u 10 = 35pb7
? — LHC pp Vs =7 TeV
baC|(gI”OUI‘\C| nl  3spp’ Theory
10 = ' | | © Data(L=0.035-4.6f )
oqf > W — lvwith T
1 1 103 — > E - . | L l' I'I | - I III)at'a | ’/'1'7/'SN|| S;’SEIDStlat —
an associated jet... = S 4oof. ATLAS Preliminary 2 fue = 2000 = -
o h I 1 B g E \s=8TeV, I Ldt = 20.7 fb L1 | ] Single Top E
t € let IS 102 _ % 250 H—>WW(*)—>evuv/pvev+0jets-Z+Jets ELVEZSGW] .
misidentified as a - 2 2000 E
Iepton 10§ 1503— —
* small background, - 100k E
but uncertainty is 1 sof E
large T :
50 100 150 200 250 30C
* one of the largest e (GeV:
experimental Hard to predict theoretically, because of
uncertainties dependence on fragmentation and

detector response
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Review of H toWWAnaIy5|s %Penn
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Z+lets -8_ 105__ o % -ttt L /' T T T T
3 = 35pb" G ook ATLAS Preliminary & o = 00500 3
bac I(g Froun d S — —_— C \s=8TeV,| Ldt=207fb" [J& [ SingleTop
- 4 i u *) I Z+jets [ W+jets ]
4 .~ 35pbT @ 250 H-WW '—evuv/uvev + 0 jets B H[125Gey]
- 10" = s ]
e Different-flavor - T 200f

(eu) background isf
mainly from Z — 77
* Tiny Background e

[T IIII|

] IIIIII|

50 100 150 200 250 300

e Same-flavor (ee&ift) 4,

- > i L L L L L L L L I
— o 200 s A - Data % SM (sys @ stat) —]
= 0] - ATLAS Preliminary _ .
— = B ww [ Wz/izz/Wy =
bac I(gro u n d fro m — 9 180: \s=8TeV, J- Ldt = 20.7 fb-1 ] g ] \?Jngle Top —
— ~ ~ N +jet +et T
q q Z / * l l 2] 160: H—>WW( )—>evev/uvuv + 0 jets i zrjets E H [11253 Gev] O
— Y ? L v m— 5 140F =
L i

120F

with false missing
momentum signature

.
again, a small Hard to predict ...

background, but . B I
, , see next slide 0750 100 150 200 250 300
uncertainty is large ™ (GeV]
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Challenges in predicting missing
energy distributions

We make multiple cuts to suppress Z/v* — ¢¢ and Z — 77

Missing Transverse “Energy”

—miss —
T E : PT

calorimeter

Missing Transverse Energy Relative

Emiss,rel _ <( Er]%n?ss if AQb > 7T/2
T | |ERSS|sinAg if Ag < w/2

\

— .
IT11SS

where A¢ is the angle between E'*° and the nearest
lepton or jet

miss,rel . .. . .
is less sensitive to mismeasurements of leptons and jets

Elliot Lipeles UNIVERSITY 0f PENNSYLVANIA PiTP2013 15



'|180[IIIIIIIIlIIIIlIIIlllIIII IIIIIIIIIIIIIIII

140

Challenges in predicting missing
energy distributions: Pile-up

*You should think great I — W — fvfy has EX'° and
Z /v* — ¢l doesn’t, so we are done

*But it’s difficult to measure hadronic energies precisely
*There is still too much left after a reasonable cut for the
same-flavor so we have to use the soft recoil system and
calibrate it with data

*Made much worse by pile-up:

UNIVERSITY of PENNSYLVANIA

ATLAS Online Luminosity
[ Vs=8TeV, [Ldt=20.81" <u>=207
[ Vs=7TeV, [Ldt=521" <u>= 9.1
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Challenges in predicting missing @PGI]D
energy distributions: Pile-up

Pile-up is hard to model: Soft 3 N> 1, py > 500 ""e"aln|<2-€
QCD ¢ 10 ATLAS\'s = 7 TeV =
-1
g 107'E 3
3 10°F E
% 10‘3'5 .
. ey 10-4=
These properties are very 10
hard to model = 107k
3 107 == Data 2010
< [o®C — PYTHIA ATLAS AMBTH
. T _g; -=- PYTHIA ATLAS MCO09
Models are tuned directly to {ooE.  PYTHIADW
data, but we still find 101 PHOJET

I ] l lllllll | l lE

\S)

modeling issues which grow -~ Data Uncertainties _—-+"""" L., -
=== MC/ Data ! !.____E

—_l
9]

with pile-up

Ratio

—
LE "L

O

9]

T
I

p, [GeV]
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Challenges in predicting missing
energy distributions: Underlying Event
Underlying event is due to a variety of soft QCD effects

* To use simulation, total amount of energy needs to be
simulated in data
*Simulation is tuned to data, but the modeling is limited

“Hard” Scattering ol

utgoing Parton

PT(hard)
“ N “'
Proton Aj}r AntiProton
< :
Underlying Event \""/:L _lkderlying Event

Outgoing Parton
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Review of H to WW Analysis & Penn

~ ATLAS Preliminary

Top and
Single top

35pb" : |
LHC pp ¥s =7 TeV

35 pb” Theory
: ; : : © Data(L=0.035-461b _1)

] IIIIII|

[ lllll|

LHC pp Vs =8 TeV
wem Theory

* Data(L=5.8-20fb )

T TIAT

Looks just like

. 10°
WWV but with -
more jetS 10 :_ I 20 fb"
§ 2.1fb? I =
- 461"
1 w |z o ot b ww bowz Towe oz
1

a ~ / ~
\\// \/ \\// \/ ‘V

~ ]
o

q/ t | ——— ,_,r"/’ q
Single Top >wa ow
. 7 "
Diagrams . P aan
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Review of H to WW Analysis

o ., o T T T T T T |
Jet Countlng Strategy. 522000 ATLAS Preliminary 2 Daa = Sy os

)
Il ww [ WzZ/zZ/Wy

>20000
° ° L 4 L - ingle To
eDivide analy5|s into 18000 \s=8TeV, | Ldt = 20.7 fb Eg+jets E]\?vi;p

- - . H—>WW(*)—>evuv/uvev o5 Ge
O-jet, |-]et, and 2+-jets 16000 B H (125 GeV)

III

\IIIIIIIIIIIIIIIIIIIIIIII

iy ' 14000 :
*“controls” top 12000f-
background, but leads '

8000
to many of the

uncertainties

lllllIlIlIlIlIIIIII|llIIIIlIllIlllll[llllllI

2
[ -

Coe-
—
o

Most of the sensitivity
is from O-jets

jets

Specialize the 2+-jets to
looking for the VBF
sighature

Use b-jet “tagging” to
suppress top bkg inl-jet
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Review of H to WW Analysis

WW
background

*WW is considered
“irreducible”

*[t can be partially
suppressed using the
effect of spin
correlations on the
angles because the
leptons

*|t can also be
suppressed using
kinematics

UNIVERSITY 0f PENNSYLVANIA

8 105 ~ ATLAS Preliminary
E E 35 pb™”
o - . | | LHC pp ¥s =7 TeV
© 4 B  35pb" Theory
10" = | o Data(L=0.035-461f
— LHC pp Vs =8 TeV
3
10 = wem Theory
— * Data(L=5.8-20fb 7
10° = |
= 13 fbo!
i == i 20 fb”
10 = 46"
= - 21fb7 L TR
: : 4.6 fb
1 w |z o ot b ww bowz Towe oz

Gets contributions from both qg — WW
and gg — WW

gg — WW will become more important
at |3 TeV

Elliot Lipeles
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Review of H to WW Analysis

WWV suppression using spin correlations
Roughly at rest W products back-to-back

I1

N
Wit — T

l
|

Wl —
l For each W
Spins have spins add to
one

to add to zero
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Review of H to WW Analysis

WWV suppression using spin correlations
Roughly at rest W products back-to-back

W [Tet

€
|
H —
Spin=0 Il :u—
Wil — i
ll 77 For each W
Spins have spins add to

to add to zero
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Review of H to WW Analysis

WWV suppression using spin correlations
Roughly at rest W products back-to-back

|1et
K
e

W' —
H —

SF
Consequences
Small angle A¢;; between charged-lepton directions p YV
Small invariant mass m; of the two charged-leptons to
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Review of H to WWV Analysis @Penn
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WWV suppression using spin correlations

Consequences of spin correlations

> [ 1 1 1 I T 1 I 1 I 1 |l 1 1 I 1 1 1 1 I I 1 1 ] U 600 1 T |l I 1 1 1 I T T 1 1 ' 1 1 1 1 I 1 I 1 1 I 1 1 I 1 I —
Q 800K * - Data %%~ SM(sys @ stat) _— @ B . - Data <~ SM(sys @ stat) _
O = ATLAS Preliminary & & wozzwy - o - ATLAS Preliminary &' 0 wozowy -
= 700 \s=8TeV,| Ldt=207fb" [J& [ SigeTop ] S 500F \s=8TeV,|Ldt=20.7fb" [J&  [CSingeTop  —
~ - *) - [ Z+jets  [] W+jets B — B *) [ Z+ets  [] W+iets -
2 600K H->WW''—evuv/uvev + 0 jets B H[125Gey] %) - H>WW ‘—evuv/uvey + 0 jets BB H[125GeV]
o - . S 400 | -
> [ _ g B ]
W 500 —] L _ i
400F- E 300 -
300F = 2001 —
200 E :
g 100 -
100 3 -
=== : N===S5

50 100 150 200 250 0 0.5 1 1.5 2 2.5 3
m, [GeV] A9, [rad]

Small invariant mass m;; of Small angle A¢;; between

the two charged-leptons charged-lepton directions
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Review of H to WWV Analysis @P@Hﬂ

WWV suppression approximate mass calculation

=/ (Ef' + EP)? — (B +PF™)?

> I I I I 1 I 1 I 1 I I I 1 1 I l I 1 1 I I I I I
. . 0 t ! —- Data <= SM (sys @ stat)
This obeys the right O 0o ATLAS Preliminary gy g wazzm,
. L - - \s=8TeV,| Ldt=20.7fo!" [J& [ SingleTop
basic kinematics = ) B Zejets [ Weiets
o 250 H->WW' —evuv/uvev + 0 jets B H [125 GeV]
g
Ll

mrT < Mg 200

150
But width of distribution P
for both signal and

background is broad >

llllllllllllllIllllllllllllllllll]
llllllllllllllllllllllll|Illllllll

50 100 - '150 | 200 250 300
my [GeV]
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Review of H toWWAnaIy5|s

Diboson
Backgrounds

ro)
a 10°
©
S

] IIIIII|

35pb"

 ATLAS Prellmlnary

LHC pp \F 7TeV

Theory

UNIVERSITY of PENNSYLVANIA

 35pb’

o Data(L=0.035-461 )

[T TTI

LHC pp Vs =8 TeV
wem Theory

¢ Data(L=58-201b

oqq > WZ/~* — lllv
with a lost lepton

10°
_1)

] IIIII||

107

] III||I|

oqq — Z~" — llvv is A Prel R ,
! 20 fb"
also a small background 10¢ ACL AN PSP
— ;4.6fb1
T Tz T % T ¢ Tww T w T wm | =z
*These are generally modeled with simulation
°There is special case W~"where the v"is nearly massless
that is difficult to predict
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Modeling of the WW background & Penn

UNIVERSITY 0f PENNSYLVANIA

Focusing on 0-jet

*Jet requirements adds g 8002‘ ATLIAS Préliminar;l/ ;Eva‘wal Ejv“”z‘szzyl;i“a”—
1 dependence on the g 7002— \s=8T§/,JLdt=20.7 o' E gﬂets %\?\;:}CJ;STOP _i
modeling of QCD jet £ eool " evier ol M izscen
emission D 500F ff -
400F =
*Signal to background 300F- E
ratio means need to 00k E
model WWV at the 100 E
20% * 1/8 = 2.5% level 0 S ;
to not be dominated b—> 0 29 2SOG y
by this uncertainty Signal Control m, [GeV]
Region  Region Uncertainty on
*We are claiming|.6% ratio of signal/
modeling! === Use control regions control is ~ | 6%
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Ny 40
Modeling of the WW background & Penn

Uncertainty on ratio of signal/control is ~ |.6%
WWV cross-section uncertainty ~ 6% using NLO
Example for 10 < mj; < 30 GeV

Source Uncertainty
Vary factorization and o
. 0.9%
renormalization scales
PDFs |.5%
Underlying Event and 0%

Parton Shower Models
“Modeling”

*Choice of Generator
eDifferent Generators make difference |.2%
approximations: zero width, massless b-
quarks....
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Modeling of the WW background & Penn

UNIVERSITY 0f PENNSYLVANIA

Why vary the factorization and renormalization scales?

e An all orders Factorization Theorem

calculation wouldn’t -
do 6,00 .
Jjk X

scales, so any

—
dependence is a . ./@ é
fee ) 7@.@ -" 6"-

rough estimate of T~
the uncalculated h
(x, Parton distribution % .
terms fJ( Q) functions (PDF) L X’Qi’Qf)
= sum over all initial state = transition from partonic final
From Michelan ge|o histories leading, at the state to the hadronic observable
, : scale Q, to: (hadronization, fragm. function,
ManganO s slides —> N - jet definition, etc)
P; =Xl oton = Sum over all histories with X
in them
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Example: ggH signal Penn

UNIVERSITY of PENNSYLVANIA

*This is actually the single largest systematic uncertainty
on Ul = Uobserved/USM

*|.e the denominator from theory is bigger than all the
experimental errors, but not yet the statistical uncertainty
*We determine the uncertainty from renormalization and
scale variation

7000

ONNLO

6OOO

5000

b

4000

LHC HIGGS XS WG 2013

3000

Ohad

2000

1000 F

“ 1 1 || 1 1 | 1

1 L 1
30 50 70 90 110 130 150 170 190 210 230 250
u [GeV]
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Modeling the ggH Signal Acceptance

Next two slides from Stewart-Tackmann,(arxiv:1107.2117 [hep-ph])
e gg — H is full of gluons = lots of strong interactions
*Jet cuts make it significantly harder to calculate acceptance.
*Adding a jet cut adds a new scale into the problem

Inclusive cross-section
2
Ototal = OB [1 T Qg T Qg T O(Ozi)]
Cross-section requiring a jet pt > 30 GeV

cut
o0 (p%ut) — op (1 3043 9 1n2 Pr . )
(s ™M g

| -jet cross-section looks schematically like this
0>1(p°™) ~ op|as(L? + L +1)

+a2(L*+L°+ L+ L+1)+ O(aL°)]

where L2 = In*(p°™t/Q)
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Modeling the ggH Signal Acceptance @PGDD

UNIVERSITY 0f PENNSYLVANIA

Then 0-jet looks like this:
00(p°™) = 05{ [1 + @ + a2 + O(a)]
— [as(L*+ L+ 1) + o2(L*+ L°+ L*+ L + 1)

3716
+0(3L%)] )

:l.() i lllllIlIl[l]lIllIIIllIllIllIlIIII]llIIIlllllllIIlIIIllIIII]IIIIIIIIIIIIIIIIII llllllllll]lllllll£
. i gg — H+0 jet (NNLO) _

Cancelation between terms g li ==
with L and without at = a ----------------------- ]
: 2 6l ' E
roughly the experimental cut = ° B =TTeV °
igi' 4?1 myg =165 GeV
= 1 —_— — 2 .
Suggested procedure to fix © H=ms/ ;
""" H=MTg ]
—p=mg/t

combined incl. unc. -
LA lllllllll|lllllllllllllllllll|lllllllll|lllllllll|lllllllllllllllllllllllllllllIllllllllT

0 10 20 30 40 50 60 70 80 90 100
Pt [GeV]

this gives large uncertainty 2%

introduced due to jet cuts 0
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VBF analysis in a slide @PGI]D

UNIVERSITY 0f PENNSYLVANIA

The process S S000f T T T T T

P i B [ ATLAS Preliminary 2o = oo,

q ‘8 L \s=8 TeV f Ldt=20.7fo' [t [ Single Top |

I g 4000 H WW ' - Bl Z+jets [] WHiets —

° T - P —>eVHV uvev +2 2| ml gof 71 vh (x2000) |

VetO ]etS - Dsgf (x2000) ]

W 30001 =

” between : :

H . N ]

L the tagging : :

: : 1000[- —

: jets inY : :

q B i

q 0

Properties Ve
) —""|""|""I'"'I""I""I""I"/"I""I""d % _""|""|'"'I'"'I""I""I""Il""I""I"":
2 1400 ATLAS Preliminary & 0% = woow, & 250 ATLAS Preliminary 2 0xe — snonbee
£ - \s=8 TeV [Ldt=207f" [t [ Single Top ] & [ \s=8 TeV [Ldt=207f" [t [ Single Top ’
g 1200— H B Z+jets [] W+ets — ; - Bl Z+jets [ W+ets B
0 - ww' —>evuv/|,wev +>2] mlggf ] vbfsvh (x50) 2 2001 Howw' —>evuv/uvev +22] mlogt ] vbtvh (x50
10004 0 = 2 . i ;
H ] T B i
800 ' - 150F ' B
1 Keep . - 1 Keep -
600 1 > - 100E- I > E
[ ] B 1 i
400 # — B 2220 ]
- 50 —_ 7777 {i,:‘l ﬁ
200 - - 7

% 05 1 15 2 25 3 35 4 45 5 00 ~"700 200 300 400 500 600 700 800 900 1000

AY; m; [GeV]
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Modeling the VBF Backgrounds

I I I ' I I 1 I ' I I I I I I I 1 I l I I I I

ATLAS Preliminary
\s=8TeV, [ Ldt=20.7 fb"
H-WW" —evuviuvey += 2 |

UNIVERSITY 0f PENNSYLVANIA

Events / 20 GeV
IIII|IIII|IIIIIIIII|IIII|IIII

—4- Data 4 SM (sys @ stat)
B ww [ wzzz/wy
Lt [] Single Top
[0 Z+jets [ ] W4jets

BN goF [] VBF

A~ O O N 0 ©O

ggF+2 jets

43% uncertainty
from QCD
scale and PDFs

v/ //
//,
1 Y

¥/
% WLEuE

0

V.

ljl:;}\l I | L

lllllllllIlllllllllIllllllllllllllllllllllll

Leadlec s~/ /A

%50 150\, 200 250 300
"'io Q;‘S‘
[/
ttbar
+2i -
WW+2jets +2jets ,
| 5% uncertainty for t W,
42% uncertainty from extrapolation fro g
QCD scale and PDFs control region
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H — WW VBF event PGI]II
ATLAS Run 214680, Event 271333760

A EXPERIMENT

UNIVERSITY of PENNSYLVANIA

17 Nov 2012 ©7:42:05 CET
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A “Higgs” Boson has been Observed @P@Dﬂ

UNIVERSITY 0 f PENNSYLVANIA

Higgs: Understanding what have we found

Production

Mechanisms Coupling
Constants

Decay Combined

Channels Fit .
Properties/

. . uantum

Kinematic Q
Numbers

Measurements
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nggs Production Summary

10° —

\'s= 8 TeV

m|-|—I25 GeV

LHC HIGGS XS WG 2012

Il IIIIIII

\

o(pp — H+X) [pb]
o

—h

107

II| ] AIIIII| ] Illlllll\ IIIIIII|

300 %00 100
M, [GeV]

Access to top coupling  Usually tagged w/ W/Z decay
to leptons (inc. neutrinos)

ggk

Large QCD Uncertainties
Sensitive to new physics in
the loop

VBF
(vector
boson
fusion)

Small QCD Uncertainties
Distinctive forward jet tags
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H — ~~ Signal

10— T T T
Selected diphoton sample

° Data 2011+2012
Sig+Bkg Fit (mH=1 26.8 GeV)

--------- Bkg (4th order polynomial)

ATLAS Preliminary
H-yy

UNIVERSITY of PENNSYLVANIA

8000

6000

Events / 2 GeV

“u
~
)
a

4000

\s=7TeV, |Ldt=4.81b"
2000 r

\s=8TeV, |Ldt=20.7fb"

-----------------------------

500 =
400 E-
300 E-
200 E-
—|

100

-100
-200

T S S S R S S S S R S S S SU N S S THN SN N S S S SHN S T S S

Events - Fitted bkg

Inclusive: All production modes with ")) final state

Signal strength relative to SM:  1.65 + O.24(Stat)t8:%g(syst)

ATLAS-CONF-2013-012
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H — ~~ by Production Channel

ATLAS Preliminary

UNIVERSITY of PENNSYLVANIA

Diphoton sample divided into

H— vy . _ . .
di-photon selection exclusive subsets for different
e production mechanisms
W(= V)H, Z(— I)H o .
80-90% leptonic WH and ZH
s || B sionifance remainder ttH
. W(= W)H, Z(— vv)H
|.9% of Sig .
50% hadronic WH and ZH
Low-rr1ass two—.j.et rem ai N del‘ ggF
W(— jj)H, Z(— jjH
— l o 1
o | [ A SHTGPVBE for looseighy
enriched - remainder
3.4% Of Slg B VTF loose gg
9th-n—Conversion 75'95% ggF dependlng on
ggF enriched —
95% of Sig 99 Category

Most categories not very pure in one production mode
ATLAS-CONF-2013-012
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H — ~~ by Production Channel

ATLAS Pr
H— vy

VH enriched —

1.9% of Sig

VBF enriched —

3.4% of Sig

ggF enriched —
95% of Sig

Most cat_e;

Result is yield in each category

Unconv. central
low P,

Unconv central
highp_

Unconv rest
low P,

Unconv rest
high P,

Conv. central
low P,

Conv. central
high P,

Conv. rest

low P,

Conv rest
high P,

Conv. transmon

Loose high-mass
two-jet

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

Er"™ significance
One-lepton

2012 data
combined

&

| | | LS I | | I | | | [ | _

ATLAS Preliminary

Data 2012, 1s =8 TeV

det =20.7fb"

e H— vy

L, m, = 126.8 GeV.

| I UL | UL I UL I UL I LI | LI I

lllllllllllllllllllll

-------
Pt

------------------------------------------------------------------------

Signal strength

Penn

nto
ent

nd ZH

ZH

(tight)

on

ATLAS-CONF-2013-012
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H — ~~ by Production Channel @P@Dﬂ

UNIVERSITY 0f PENNSYLVANIA

— 2 FroiT T Tl AL DL DL DL DL L LR BB BLELELA .
@ 7F T+ Bestfi det-48fb s=7TeV
e ef—— 68% CL e
T f e 95% CL |Ldt=20.7 fb™, \s = 8 TeV E
Involved i 5sF % sm =
= = .— 7]
the j. 4:— .......... —:
WWH 3 ; —;
25 s =
and - p 3
ZZH E A E
OF-ATLAS Preliminary ~ "*oeeeiiieaeee”’ —
couplings [ 20112012 L
. 'E my, =126.8 GeV 1Y 4
In SM _2:1 1 ll_l| | L1 1 1 l L1 11 I L1 1.1 l L1 11 I L1 11 l L1 1.1 I L1 11 l L1 1.1 I L1 1 l:
1 05 0 05 1 15 2 25 3 35 4
!J‘ggF+ttH><B/BS|VI

| 7

Involved
I~ _ W the ttH
T coupling
(6666666 s in SM
ATLAS-CONF-2013-012 9
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H — ~~ differential cross-sections

& Penn

UNIVERSITY 0f PENNSYLVANIA

ATLAS now has preliminary differential distributions

ll—_' i T | T I T 1 I T | T I [T 1 I T | T I T 1 | T 1 | ‘2 :_ | I | —:
% 25 ATLAS Preliminary + data syst. unc. 7 3 4505 ATLAS Preliminary + data syst. unc. .
S, i gg—H NLO+PS (PowHec+Pv8) + XH ] < 400 — gg—H NLO+PS (PowrHea+Pv8) + XH
- - _ - ’
g 20 --« XH = VBF + VH + ttH . 3501 --- XH = VBF + VH + {IH E
2 [ 4 : 300 :
15 H—yy, Vs=8TeV — 50 H—yy (s=8TeV
i JLdt: 20.3fb" JLdt: 20.3 fb’
i il 200 * E
10 — s
s RGO ] 150 e
Sr . 100F + :
- —|— : 50F ¢
0 L b o ol -L‘ + 4 'I'I" rt4 'l' = ;' 4 '- ""r—'-=-'-i=-'—-=—=.=-'+'-'—i—..=-r—i'1-'—'-—'..'—-.—'-'1'i— L
8 | l | | | L I | L | | L | | L | L I L l | | (0]
= LI”
F%
1 | 2
s R R R R KRR ﬁ = :
o o s
Or i [
L1 1 l L1 1 l L1 1 l L1 1 l L1 1 l L1 1 l L1 1 | L1 1 I L1 1 | L1 1 O | I
0 20 40 60 80 100 120 140 160 180 200 1 2 >3
Reconstructed p_[GeV] Reconstructed N,
Pt Higgs: p-value=0.39 Njets : p-value=?
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Grand Combination

UNIVERSITY of PENNSYLVANIA

We combine all the inputs just discussed into global likelihood fit

I | | | l | |
Includes ATLAS Preliminary EmH=125.SGeV
correlations of W,Z H — bb
o \s=7TeV: |Ldt = 47fb‘ ® :
SYStematICS! \s=8TeV: [Ldt= 13 fb” ;
H— 1t
] \s =7 TeV: [Ldt = 46fb1‘ o
Summary of Production lo=aTov: [t 3 5
H— WW' = viv ;
MOdeS \s=7TeV: |Ldt=461b" —e—
\s =8 TeV: |Ldt = 20.7 fb" 5
H— E
ggF VBF VH ttH \s = 7TeX’YJLdt 481" L _e—
\s=8TeV: ILdt 20.7 b 5
H- zZ" = 4
/y/y \/ \/ \/ \/ \s ?rev }Ldt 4_;fb' e
\s =8 TeV: |Ldt = 20.7 fb’! ;
WWiv | Vv . '
Comb|?ed u=130%+0.20 :
zz|v]v]v A s -
I I | | | l |
TT |V |V |V 10 +1
bb v | v Signal strength (u)
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Inclusion of uncertainties

&

Penn

UNIVERSITY 0f PENNSYLVANIA

Each analysis has a table like this....only more complicated
*In order to correctly fit all the data you need to include
these correlations

Table 13: Leading uncertainties on the signal strength u for the combined 7 and 8 TeV analysis.

Category Source Uncertainty, up (%) Uncertainty, down (%)
Statistical Observed data +21 -21
Theoretical Signal yield (o - B) +12 -9
Theoretical WW normalisation +12 -12
Experimental Objects and DY estimation +9 -8
Theoretical Signal acceptance +9 —7
Experimental MC statistics +7 -7
Experimental W+ jets fake factor +5 -5
Theoretical Backgrounds, excluding WW +5 -4
Luminosity Integrated luminosity +4 -4
Total +32 -29
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Evidence of VBF production

UNIVERSITY of PENNSYLVANIA

- b= L B L B B BLELELEL R [T R
3.lo ewdencg of $ 10 ATLAS Preliminary
VBF production ”Q 3 \s =7 TeV: |Ldt=4648fb

T \s=8TeV: |Ldt=13-20.7fo
h; 6 —H - yy + Standard Model

—H-22" S al X Best fit
—H - wWW" = wiv — 68% CL

Important because if =

IllllllIIII|IIIIIII|III|III|

IllllllllIl|l||||l||lll|l|l|

’ H— 11 --= 95% CL
you've only seen ggF ,
then all measurements
are proportional to 0
Ogg -2
F llrlni-li=l11215.l516;el\/llllllllllIlllllllllllllllllllllllllll
total 45710 1 2 3 4 5 8 7 8
MggF+t'[H % B/BSM
Recall we measure things like this
I’
_ Yy
Ogg X By = 0gg X T
total
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L E
Coupling Interpretation Penn

Several different models depending on assumptions:
*New particles in loops?
*BSM contributions to total width

(invisible decays, other decays to BSM)?

Both combined in K, '
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Relationship between measurements
and coupling

An individual measurement looks like this

I
_ Yy
Ogg X By = 0gg X T
total
We include this in our fitting
2 2
Ogg X Byry _ FogFony
o x B K2
gg,oM vY,oM H

where we define

2
Ftotad X Ky
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Example Fit: change couplings to SM @PGDD

UNIVERSITY 0f PENNSYLVANIA

Many combinations of assumptions you can make

Assume only SM particles, but give fermions one
scale factor and bosons another

L }_I]ll|llllll]]lll|[lll[]]l llllllllllllllllllllllll ]

“ A ATLAS LIH—=4l i :H—>Iviv
- y\s=7TeV/lLdt=46481" tiH— vy OJCombined
[ \s=8TeV|Ldt=20.7fb" + SM X Best Fit

1

-2

I[|1ITT|IIII|IIII|T1II|TTlII

lllJllL|JJll|Llll|iJll|iJlllL

!
m—
M~
|

06 0/ 08 09 1 11 12 13 14 15 1.6

Ky
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Example Fit 2: add BSM in loops

UNIVERSITY of PENNSYLVANIA

Keep SM couplings fixed, but add BSM in loops

Only decays to D R e  a -
SM particles 22 ATLAS *SM —
L[ \s=7TeV [Ldt = 4.6-4.8 fb" x Best fit E

Kg = 1.08 £ 0.14 - \s=8TeVLdt=20.7 b’ —68% CL -
[ 93+0.16 1.8 Combined H—yy, ZZ*, WW* = 95% CL E

Ky = 149013 1.6F =
1.4 —

Include invisible 1.2 E
or other BSM e E
0.8F =

+0.32 - -

Kg = 108_ 14 0.6 -

! ;:I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 | L1 1 1 I L1 1 1 I L1 1 1 | L 1 1 1 l::
Ky = 1,24i0':-2 08 09 1 11 12 13 1.4 15 1.6 1.7

K

Y

BRinvisible or non-sM < 0.6 at 95% CL
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Higgs to Invisible @P@Hﬂ

UNIVERSITY 0f PENNSYLVANIA

We have also searched directly for Higgs to invisible...

q
> 50 IIIIIIllllllllllllllllllllll]lllllllll]lll
& -1
(05 ATLAS Preliminary \s=8 TeV @ Data IL =13.0fb
@ 40 D mZ mWZ
0 B Top
§ m 77
w30 -* Signal (SM ZH, m =125 GeV)

q

IIII|IIII|IIII|IIII|IIII
IIII|IIII|IIII|IIII|IIII

ol R
0 50 100 150 200 250 300 350 400 450

ET [GeV]

BRinvisible < 0.65 (observed) at

SM source of Z recoiling 5% CL, (0.84 expected)
against nothing
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Higgs to Invisible Interpretation @PGDD

UNIVERSITY 0f PENNSYLVANIA

from arXiv:1109.4398v| [hep-ph]
Implications for dark 1073 ,

matter searches if
DM to nucleon
couplings is entirely
Higgs

:

]
[a—
o

&

O

10—40 i
CoGeNT

10741}

VvBY¥ )
10742 W \
10743}
Zﬁinv(mhz\zo GC\D ﬂ/
VBF (m =120 GeV)

WIMP—nucleon cross section oy [cm?

|
N
W

Spin—independent

—

<
N
N

Based on expected s e e
sensitivity (BRinw<0.75) very WIMP mass m, [GeV]
close to observed

—
=)
[
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Ry
Summary Penn

There is an important interplay between theory and
experiment

*Theory is an input into Experiment

*Experiment is an input into Theory

*Some important measurements are close to being
theory limited

Couplings:

eorder 20-30% constraints

on vectors, fermions just

crossing the sensitivity

thresholds Spin:

*Interesting sensitivity to evarious combinations of
dark matter and other BSM 0, 17,15, and 27 excluded
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H — ~7 Spin

UNIVERSITY of PENNSYLVANIA

IITIIIIIIIIIll]lllll]ll]lllIIIIIIIIIIIIII]IIIIIII
— JP = 0" (SM) —— Background

— P =2" (100% gg) -~ ¥ =2" (100% qq)

A spin-| resonance cannot
decay to two photons
so spin-1| is excluded

O
N
NN B

0.15

Photon spins are not
observed

o
—

Entries (normalised to unity)

IIIIII|IIII|IIII|III

Spin-2 with initial state of
gg or qq will have different
decay kinematics

0.05 ATLAS Preliminary .

| Data2012,Vs =8 TeV, |Ldt=20.7fb"

-
-
-
-
-
L
-
-
-
-
-
-
-
-
R
L
L
l
b
T
e,
F.
T
M N

0O 0.1 0.2 03 0.4 0.5 0.6 0.7 08 09

—

|cosO”|

cos 0™ is the angle of photons relative to beam direction
with a correction for the boost of the Y7 system

Selection modified to reduce M~~ — COS 0™ correlation
ATLAS-CONF-2013-029
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H — wv Spin

@ Penn
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~ LI LI BN LI LN UL LELELELEN BLELELELE BLRLELELE BLNLEL o 12 ]
S 200 Hoyy - O(SM)pdf —JP =2 (100% gg) pdf | N - P Expected JP_O (SM) ]
E : Nominal analysis ¢ y°=0*(sM)fit ~ ® J°=2"(100% gg) fit | = 10:_ e~ Expected, Jf = 2* B
§ 150_— " 1 Backgroung systematic uncertainty ] \3: 8;— —e— Observe d’ —;
it - = 1 £ e N 1o E
100F——4— | ——— — it e E
s [ —+1_| i 13 E
50;I:;|—| | - R =
- ! | —e— : | - —
- "ATLAS Preliminary E _4— ATLAS Preliminary e
0 . I = 2012 .
- Data 201ZTLdt 20'}fb Vs =8TeV g 'G?ILdt=2o.7fb“, \s=8TeV _E
B e W X 8 20 a0 60 80 100
|cos6*| fiq (%)
The data are fit for signal and background yields for
spin-0 and spin-2
The ratio of the best fit likelihoods is used as a test
statistic to set limits
Only 8 TeV data are used at this point
Spin-2 produced by gluon fusion is excluded at 99% CL
ATLAS-CONF-2013-029
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H — /7 Production

> C
G 30~ e Data ATLAS Preliminary .
« [ [ Background zz" 770 4] Slgnal +
S 25 [l Background Z+jets, i VBF
S b []Signal (m =125 GeV) VH ‘ O
201~ 777, Syst.Unc Vs =7TeV:|Ldt = 4.6 fo » U
i 's =8 TeV:|Ldt = 20.7 fo|Separate VBF and
151 categories added
1o | ! i
: Irreducible
51 background:
: 4 real leptons
%O 100 120 140

out of control
Acceptance:

39% 411,26% 2e21/2u2e ,19% 4e

r%f([)eeV]
Main Issue is getting the highest
efficiency without letting this get Z+2 jets

misidentified as
leptons

q
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H — ZZ Spin

&

Penn
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Considered JP: 0%, 0, 17,15,2%,2

c 20f— Il Background 72"
H 18F 8 Background Z+jets, tt
163——JP=0+
14~ F=0
120
10
8_
6_
. . 4
Full kinematics measured = 5 angles -
Decay products sensitive to Z spins b=

Two analysis methods:

*BDT with MC for input

*MELA = an analytic probability
based on field theory matrix element

Signal (m, = 125 GeV) .
\s=7TeV |Ldt= 4.6 fb" "
\s =8 TeV JLdt=20.7 fb™

$2211I.I|IDII‘ItIlIIIIlIIlllllllllIIlIIIIIIlIllll.lIIII:
= 7k ata ATLAS Preliminary

H—zZ" 4

Illllll

lIIIIIIIIIIlIllIlIllIII

0O 0.1020304050.60.7080.9

J°-MELA Discriminant

0, I excluded at 97.8% CL

Elliot Lipeles UNIVERSITY 0f PENNSYLVANIA

PiTP 2013 D4



H — WW Spin @P@Dﬂ

UNIVERSITY 0f PENNSYLVANIA

Dlscrlmlnatlng variables: spln -2 looks more like background

]llllllll ] IIIIIIIII llll lllll]lllllll]lll[lllllllllIIIII

o
&)
&)

c — - c - -
'*% TLAS Prellmmary (] aiboson |:| Ziets ] % 0_25:_ ATLAS Preliminary [Japoson [ ]zeets ]
e 0.3 Ho ww" — evuv+uvev + 0 jet W-ets fIHOT125] = T Ho WW" - evpvspvev + 0 jet W-ets fiHoTIs] ]
= - . - £ B . ‘
= - P TH27125] . = - tIH2T125] 1
S 0.25:— nE = 0-2: -
> n . > N ’
g 0.2 E S0.15F .
2 - ] 2 - .
< 0.15 — < - , ’
- |—| i 0.1 .+~ —_
. T e I — ... — - T L i
0_05;_ '_ L., | B 0-05__: e - =y l:_
0 el — 1 T .W'T’T. . |'."."--.-—','-_'-l'-l:'.'.E O__'_— . .1h - :

0 0.5 1 1.5 2 2.5 3 20 40 60 80 100 120 140 160 180 200
Aq)(ll)[rad] m“ [GeV]
c SR B B L L L L BRI R R RERES c LN e B 2
'('% 07; ATLAS Prellmlnary D diboson I:l Z+jets . § 03:_ ATLAS Preliminary D diboson D Z+jets E
© - Ho WW! — evivvey + 0 jet Wijets i H0T125] S - H> WW" - evpv+pvey + 0 jet Wiets | iHOT125]
% 0'6:_ . iH2T125] % 0.251 P iH2T125) |
e = 3 zZ — . _
0.5 — S B .
5 Uab B 5 - ' ]
< - . < 0.15 -
* 03F = <7 ]
0.25 >l E
L ST LU LTI yroars - — — W BT B - :-Illlllll. e — [

90 30 40 50 60 70 80 90 100 110 120 %O 100 150 200 250 300 350 400

p,(ll) [GeV] m; [GeV]
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H—-WW Spln
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c Q471 T T — 10—
= - ATLAS Preli — backgrounds . . % ~ ATLAS Preliminary —#$— Bio. subiractedData
.(_% 0-35§H_>WW(*)_)ev:il::V|r:?g —:o*l[:gzs] d —H2i25] 2d b|nn6d ﬁt |5 1225— \s=8Te.V,JLdt=20.7 ' [ ] Hones) E
g 0.3F - BDTO Lﬁ 80: Howw!' )—>evuv/uvev+0jets
) = . . =
2 0050 E VS «Fit with Spin-0 :
© ] -
£ 02 1BDT2 s0f :
< - E 20F- ++ =
" - ettt o
)i 1 - W 4T —‘
P :I:_:I f_ L e PR T B T R
BDT,
BDT Separathe Ron-Ligdst o P
~ 100 ATLAS Preliminary —¢— Bk subtracted Data 1
from Spln -0 .. % 100:_ \s=8TeV,| Ldt=207f" [ | H2'[125) E
S L L L L B AL R B BLRLL I TeStStat|St|C D C HoWW! ' Sevpviuvev + 0 jets
= 045 ATLAS Preliminary  — seckorouncs ERRE 805 -
% 0.35;—HAWW(*)—>evuv+uvev+0jet —HoT2s] —H2T125] Ill(ellhOOd 60;— . —
5 030 E : : 405 Fit with I%- | -
z ratio of spin-0 - | | W I
20.250 = . I i# +| ﬁvT 1t
s 02 - over spin-2 ! T ++ :
< o -20F ]
015:_ ] _40_1ll|||;+| Lo by by by by by
- o i -1 -0.8 -0.6 -0.4 02 0 02 04 06 08 1
0. 1E = BDT,
0052‘" - Exclusion of 2+ varies from 99% for
BDT seatiie hon-tidds 08 08,1 100% qqto 95% for 100% ggproduction
from spin-|
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H — WW Spin Variables

g 0-3_ T T T T I T T T T I T T T T l _
= | ATLAS Preliminary i
2 - Simulation, \s = 8 TeV —Ho[125]
S C Ho WW! = ew/pe + 0 jets =~ H27[125] 7
p | |
> 0.2
o i _l_l_ )
3 e . grnsesnin—, i
< — sauea. ]
0.1 - |
1 1 1 1 l 1 1 1 1 l 1 1 1 1 l
OO 1 2 3
Ao(ll)
g - T I T T T I T T T ] T T T ] —
= ~ ATLAS Preliminary N
5 04 - — HO* [125]
= | Simulation, \s =8 TeV ]
£ ~ Howw!— ep/pe + 0 jets e H27[125] -
@]
Z 03— |
E\ B -
S i -
- S ]
< 0.2_— ......... ]
0.1-':_ : Fessmnnnn —:
O 1 | 1 ] I | ! ] ] | 1 .m
20 40 60 80
Pl [GeV!

&

Penn

UNIVERSITY 0f PENNSYLVANIA

Arbitrary Normalisation

T I T T T I T T T I

ATLAS Preliminary
Simulation, \s =8 TeV
H— WW''— ew/pie + 0 jets

T T T I T —

—Ho0*'[125]
e H2°[125]

0.2 B
0.1_ ----------------- ]
O_ 1 | 1 1 1 | ] ] ] | . . | g ek N

20 40 60 80

m, [GeV]
g o T T T | T T T T T T T T . : . _
= -~ ATLAS Preliminary !
'(—% 04— Simulation, \s =8 TeV —HO0"[125] -
g C Ho WW''— ep/pe + 0 jets = H27[125] 7
=z B ]
E, 0.3_ ------------- ]
g A N P ﬁ ]
- :
< 021 E
0.1 E
- ) | | L L I | ) . . |  weemsssevanns

% 40 60 80 100
miss .
T,rel [GeV

Elliot Lipeles

UNIVERSITY 0f PENNSYLVANIA

PiTP 2013 D/



Spin Combination

Spin results from WW, ZZ, and

:_ATLAS Preliminary
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JP=2" excluded at 99.9% CL independent of
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H — ~~VBF BDT & Penn
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H — ~~VBF Significance
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H — ~~VBF Candidate

EXPERIMENT

Run Number: 204769, Event Number: 24947130
Date: 2012-06-10 08:17:12 UTC

VBF Channel has a high purity, S/B ~=
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