ATLAS and CMS H-yy
Final Run1 Results

YW cMis Experiment at the LHC, CERN
W8 Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000
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H—-Yyy at the LHC
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H—-Yyy at the LHC
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H—-Yyy at the LHC
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H—-Yyy at the LHC

Weak boson Fusion (VBF)
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H—-Yyy at the LHC

Weak boson Fusion (VBF)

Gluon Fusion (g_gF)
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H—-Yyy at the LHC

Weak boson Fusion (VBF)

Gluon Fusion (g_gF)
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H-Yy

H-YY:
* Low branching fraction
* Very clean final state at LHC
(~80% bkg is irreducible yy)
* Large but smooth bkg, estimated

80

60

from wide sidebands § w0l | [la-sswiEortev | atias | 3

© E [Ldt=203b" ys=8Tev " E

¢ S/B ~ 3% % 100¢ S/B weighted sum +D_I -
140 Signal strength categories — Signal+background _

[~ ---- Background 7

120 — Signal —

Clear signal for discovery in 2012 100 my=1254GeV 3

40

Flexible tool for additional selections:

* Production modes: VBF, VH, ftH, tH £

* Differential distributions i

* Spin determination 5o | | | | | :
* Associated production : H+jets, HH, t—cH, ... v - - - 150mW[Ge\1‘;m

Also straightforward to extend to other signal masses => New resonances
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A Short History of Runl

Yesterday's sensation is today's calibration... R.P. Feynman

CMS Preliminary L=19.716' [S=8TeV
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A Short History of Runl

Yesterday's sensation is today's calibration... R.P. Feynman

... and ftomorrow's background V. L. Telegdi

where both electrons are misidentified as photons. Two
peaking backgrounds arise from the Z boson component
of the DY and from H — ~~. Phys.Rev.Lett. 113 (2014) 171801
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H—YYy Couplings
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Selection

arXiv:1408.7084, submitted to PRD

EPJC 74 (2014) 3076

ATLAS

E,,,/m,, > 0.35,0.25

* Select unconverted, converted photons,
veto electrons

Photon ID: cuts on calo cluster
shapes, tracks

Isolation

e ¥ pT’rrocks,AR<O.2 % 28 Gev

o ¥ ETcIusTers, AR<0.4 < 4 Gev
Efficiency: 39%

Bkg: 84% vy. 15% Yj. 1% jj

E../m, >1/3,1/4
Select unconverted, converted photons,

CMS

veto electrons

Photon ID: calo cluster shapes: loose
cuts + included in a BDT

Isolation: based on particle flow objects
in AR<0.3 cone, included in y-ID BDT
Efficiency: 49%

Bkg: ~70% vy

1 1 Frr 7T T T T T -
1.05E- ATLAS Simulation Vs =8TeV E
= =
0.95F- #ﬂt;*hu*** E
= -8 —
0.85F i Yot
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0.75F i ¥
0.7E- H—7rv (ggF), my =125 GeV =
= = calo-isolation < 4 GeV 3
0.65 = e calo-isolation < 6 GeV + track-isolation < 2.6 GeV 3
D. R R R AT A SN T NN S SR AR N NN S ST S W | TN N B
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. — jetjet |
—{10
20— ! . N

e o4 02 0 02 o4
Photon ID BDT score
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Event Classification

Mode

ATLAS

Mode Fraction Exp.
ggF 88% 340
VBF 7% 28
WH 3% 11
ZH 2% 6
ttH 0.4% 2
bbH 0.9% 4

CMS

ftH—leptons
ftH—-hadrons
(Z—IDH
(W—Iv)H
(Z—vwv)H
W,Z->qoH
VBF

ggF/bbH

HtH leptonic: >1 lepton, >2 b-tag

H#tH hadronic: O leptons, >5 jets, >1 btag
VH dilepton: /0 < m, < 110 GeV

VH I+MET: | + (MET>20-30 GeV)

VH MET: MET > 70-100 GeV

VH had: 60 < m, < 110 GeV

VBF tight }
VBF loose BDT

Untagged., 4 bins: | n | =0.95, p,,=70 GeV

GDR Terascale @Heidelberg 2014

ftH lepton tag: >1 lepton, >1 b-tag
tH multijet tag: O leptons, >5 jets, >1 btag

VH tight lepton: 2 | or | + (MET>45 GeV)

VH loose lepton : 1 lepton

VH MET tag: MET > 70 GeV

VH dijet tag: 60 < m, < 120 GeV
VBF dijettag 0,1(2)  } ppr

Untagged 0-4, using diphoton BDT

13



Event Classification vodo  Fracton B
ggF 88% 340
> U'-12_"'|"' LS SEER N B L B B R B
& r R P: ATLAS : VBF 7% 08
SO ; t | Ldt=2031b" —
T i Ys=8Tev . WH 3% 11
S 0.08 t H-yy, m, =125 GeV
T - i — WH+ZH N 0
< L6 | — ggF+VBF«ttH I ZH 2% 6
i i P —yy+yiti, MC ]
0.041_ : i 4Data, sidebands ]| ftH 0.4% 2
R . bbH 0.9% 4
0.02 o : —
K rF g .
Mode 00264080 80100 120" 140 760 180 00
m; [GeV]
ftH—leptons itH leptonic: >1 lepfton, >2 b-tag itH Jepton tag: >1 lepfon, >1 b-tag
ftH—hadrons #tH hadronic: O leptons, =5 jets, >1 btag i}A multijet tag: O leptons, >5 jets, >1 btag
(Z—-IhH VH dilepton: 70 < m, < 110 GeV /</H tight lepton: 2 | or | + (MET>45 GeV)
(W—lv)H VH I+MET: | + (MET>20-30 GeV) / VH loose lepton : 1 lepton
(Z—vv)H VH MET:. MET > 70-100 GeV / VH MET tag: MET > 70 GeV
(W,Z-qq)H VH had: 60 < m, < 110 GeV l VH dijet tag: 60 < m, < 120 GeV
VBF VBF tight } )
VBF dijet tag 0,1(,2)
VBE loose BDT J 9 } BDT
ggF/bbH Untagged. 4 bins: | n | =0.95, p,,=70 GeV Untagged 0-4, using diphoton BDT

GDR Terascale @Heidelberg 2014
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Event Classification Vode  Faction B

ggF 88% 340
VBF 7% 28
WH 3% 11
ZH 2% 6
HH 0.4% 2
bbH 0.9% 4

Mode ATLAS CMS

ftH—leptons ttH leptonic: >1 lepton, >2 b-tag ftH lepton tag: >1 lepfon, >1 b-tag

ftH—hadrons #tH hadronic: O leptons, =5 jets, >1 btag ttH multijet tag: O leptons, >5 jets, >1 btag

(Z—IHH VH dilepton: 70 <m, < 110 GeV VH tight lepton: 2 | or | + (MET>45 GeV)

(W—lv)H VH I+MET: | + (MET>20-30 GeV) VH loose lepton : 1 lepton

(Z—vwv)H VH MET: MET > 70-100 GeV VH MET tag: MET > 70 GeV

(W,Z-qq)H VH had: 60 < m, < 110 GeV VH dijet tag: 60 < m, < 120 GeV

VBF x:i :f::e } BDT VBF dijettag 0,1(2)  F BDT

ggF/bbH Untagged. 4 bins: | n | =0.95, p,,=70 GeV Untagged 0-4, using diphoton BDT

GDR Terascale @Heidelberg 2014
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Event Classificati
ggF 88% 340
E EW‘;‘IT‘L‘E"'”}"W'”H:‘\)E‘;E”'m"m, E ;"'Aﬁ.hs”"r"" e ] VBF 7% 28
o 014 fidt=203f0" 5=8TeV — goF o =_o0.121 Ldt=2031" {5=8TeV — ggF .
;§ 0;21;: H—yy, my, =125 GeV I Egra}"};ﬂdebands é gg 0_1: Hovy, my, =125 Gev : Ez:ag.q;ijéebandsi WH 3% '| 'l
E 00-35— z 008 i
" oost ' 3 ZH 2% 6
o.o4§ 10 19.7 15 (8 TeV)
0.02? ] ; g CMS L:':;aﬂackgmund _:103 J:,E
05~ 2500 700 800 900 100 ] @ 10" —Homm =256y 3 =g
m, [GeV] 8 5 % e {1 @
& B oo —511:!:E o
[Te) C I TTT N [ pesc = re
g 0.14— — VBF - | g 10 ] g‘
Eo1ok 4 ILdtz 20.3b", Vs = 8TeV :‘;’,?iym . | ) TR
%m ; H—yy, m,, = 125 GeV —— Data, sidebands | | ] 10 .
= 0.1_— -1
> - | 10 3
% 0.08 1
N | 10
0.06 | 1
n 0.2 0.4 0.6 08 1
0.04F Transformed combined BDT classifier score
0.02F VH loose lepton : 1 lepton
™
= = IR SRR B BN SRR AP P M B )
07=08 06 04 02 0 02 04 06 08 1 VH MET tag: MET > 70 GeV
Oeor VH dijet tag: 60 120 GeV
) 7 jer 1ag. < mjj < e
VBF VBF tight .
9 } BDT l VBF dijettag 0,1(2)  F BDT ¢
VBF loose
ggF/bbH Untagged. 4 bins: | n | =0.95, p,,=70 GeV Untagged 0-4, using diphoton BDT
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Event Classificati
Ven GSSI Icq Ion Mode Fraction Exp
goF 88% 340
O ) A < [ arias e ] VBF /% 28
g 0.14; Ldt=203f0" ys=8TeV — ggF - = 9-:40.127 Lt =203 b, 5 =8 TeV — ggF o *:
;? 0.;21;: H—yy, m,, =125 GeV :E;;ai’i;f{fjebandsz gf ol H—yy, my, = 125 GeV :E;;‘az"f;}éek)andsg WH 3% _| _l
> Al ©
o B £
o H * o0
oart tH 0.4% 2
%~ bbH 0.9% 4
9 - T 7 10 19.7fb"'(8 TeVE} o
E 0-145 J. 1 :ggBlf E § E i CMS Laiaﬂackgmund ? f
E 0-12__ + Ldt=20.3fb y \IEI 8TeV . }'}’ﬂ-’jﬂj --5 105§ —H—"J"J'me=125GEV:| _§1U4j
% - H—yy, m,, = 125 GeV —4— Data, sidebands | [+ € F = s § 2
Z 0.08] g F 1.3
- - S 1032— = 10° g
0.06 - N
: 10° 10
0.04
D.U2i 10 1
0;..|...|...|...|...|...|.i.|.*'..|..".|-.. 1o 0o 3 5 o8 0.1
-1 -08 -06 -04-02 0 02 04 06 08 1 | " Transformed diphoton BDT classifier score
0, .
. il ; VH dijet tag: 60 < m, < 120 GeV
VBF VBF tight .
9 } BDT l VBF dijettag 0,1(2)  F BDT
VBF loose
ggF/bbH Untagged. 4 bins: | n | =0.95, p,,=70 GeV Untagged 0-4, using diphoton BDT
GDR Terascale @Heidelberg 2014 17



Classification

ttH leptonic
ttH hadronic
VH dilepton
VH one lepton
VH Emiss

i
VH hadronic
VBF tight

VBF loose
Forward - high p_

Forward - low P,
Central - high Py,
Central - low P

rrrr{yrrrrryrrrrryrrrryrrrryrrrryprrrryrrrrprrrrprorTeT
[ [ I I [ I I | I

BooF ['VBF BWH [zH {tH bbH tH
ATLAS Simulation

Untagged 0

H—vyy \s=8TeV

Untagged 1

Untagged 2

Untagged 3
Untagged 4

VBF Dijet Tag 0
VBF Dijet Tag 1
VBF Dijet Tag 2
VH Lepton Tight

VH Lepton Loose

VH MET Tag

VH Dijet Tag

0 01 02 0.3 0.4 05 0.6 0.7 0.8 0.9 1 wienencres
Fraction of each signal process per category

ttH Multijet Tag

CMS unpublished

o B B B

6.0 total expected signal

50.8 olal expected signa

117.2 total expected signal

53.1 total expacted signa

121.4

fotal expected signal

=1
w
=
=
B

4.5 total axpe

5.6 total expected signal

13.7 tolal expected signa

1.4 total expected signal

0.9 total expected signal

1.8 total expected signal

1.6 total expected signal

0.5 total expected signal

0.5 1otal expected signal

Combined EEEDEE

GDR Terascale @Heidelberg 2014
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Mass Spectra

I T T T T I T T T T I T T T T | T T T T
[Ldt=4.5 b,y =7 TeV ATLAS

_ -1 _
|Ldt=2031" ys=8TeV 4 Data

S/B weighted sum ,
— Signal+background

I T
180

160

140 Signal strength categories

Y} weights / GeV

---- Background

120

— Signal
my=125.4 GeV

100

80

60

40

S/(S+B) weighted events / GeV

20

>

Y weights - fitted bkg
=

=il
emllLILLLT T

110 120 130 140 150

%10°

3.5

200 -

100

0

-100

19.7 fb’' (8 TeV) + 5.1 fb™ (7 TeV)

CMS S/(S+B) weighted sum

H—
v + Data

— S4B fits (weighted surm)
...... B component

- t1o

------ +2a

io=1
r'i'1H =124.70 = 0.34 GeV

——

B component subtracted

ot

110 115 120 125 130 135 140 145 150
m,,, [GeV] m,, (GeV)
Fit using analytical shapes for signal and background components:
Signal : Gaussian with Power-law tail + Gaussian or Sum of Gaussians
Bkg: exponential, exp(poly2), polynomials, power-laws
19
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observed
N signal

NSM

signal

Inclusive Signal Yield i3

80

M:

60—

40

p=1.17+0.23 (stat.) 7553 (syst.) 052 (theory) of-

ATLAS CMS

1.14 + 0.21 (stat) T2 (syst) "os (theo),

Significance 5.2c0 (4.66 expected) Significance 5.7c
Lower than previous H—yy result (6.20 expected)
(7.40), despite 10% better sensitivity

bservatio

Results compatible at the 2.30 level (74% correlation)

r‘

1.8 £ 0.5 1.55 +0.33 -0.28 1.17 + 0.27
Phys.Lett. B 716 (2012) 1-29  Phys. Lett. B 726 (2013) 88 accepted by PRD
CMS 1.6+ 04 1.56 + 0.43 1.14 +0.26 -0.23
Phys. Lett. B 716 (2012) 30 JHEP 06 (2013) 081 Eur. Phys. J. C 74 (2014) 3076

small signal on large background, sensitive to analysis changes
GDR Terascale @Heidelberg 2014 20



Signal Yield Systematics

Source ATLAS CMS
ggF Theory scale -7.8 +7.2%
PDF -6.9 +7.5%
BF 5%
Lumi 2.8% 2.6%
Photon ID 0.2% (trigger) 1% (trigger)
+ 1.0% (D) + 1% (vertex finding)
+ (1.3-2.3%) (isol) +6% (shower shape model)
Energy scale, resolution 7% 2%
JES/JER ~(0-1)% (ggPF). ~(4-9% (VBF),
~7% (ttH had)
MET 0.5% (VH-Tlep), 1% (VH-MET) 2.6% (WH)
leptons 0.2-0.5%
-tagging 1.1-1.3%

GDR Terascale @Heidelberg 2014
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Signal Yield per Production Mode

ggH

+0.77
VBF | 158 [ 5

CMS H-yy

19.7 fb (8 TeV) + 5.1 b1 (7 TeV)

11297

+1.16
-0.16 7 7g

VH —-

ttH | 269 ;]

-~

combined

=1.14

+0.26
0.23

I combined 1o

—&— per-process+1c

_I T TT | T TTT ! ITTT | T TTT | ITTT | T TTT | T TTT | T TTT | T TT I_

LlﬁH ; I :—' i H — Total ;

Ny [ ek g oet :

- ! — Syst. -

g |t ;

Mge [ bt ATLAS ]

- ; [Lat=4.5f", (s =7 TeV

L : _ -1 _ i

Moge T He [Ldt=20.3 b, (s=8TeV -

w L I-I-HI H — 7y, my=125.4 GeV |

7| Ll 1 | Ll 1 | i Ll | | | Ll L ] | Ll | | | Ll L ] | Ll L | | Ll L | | Ll ] |7

i 0 1 2 3 4 5 6 7 8

ATLAS Signal strength
Hoer = 1.32 £ 0.32 (St.at.) igég (syst.) igi? (theory)

pypr = 0.8 + 0.7 (stat. 2 (syst.) 702 (theory)

pwn = 1.0+ 1.5 (stat.) 799 (syst.) 797 (theory)

(syst.) o

+0.7 1
—0.0
+0.5

(syst.) 7o

pzg = 0.1 +? o1 (stat.) (theory)

i

—0.0

-I- +0.6
JU’HH_lﬁ —0.4

% (stat.) (theory)

Measure  for all 5 main production modes!
Agreement with SM within 0.7c.

GDR Terascale @FlelaeIBerg 2014

2 4 0 1 2 3 4
CMS Uncertainty
stemati
Process i total stat oo one
theo exp
geH 1127037 1 034 030 013 0.09
VBF 1581077 | 073 069 020 0.15
VH —0.16"318 1 097 097  0.08
ttH 26977 | 22 21 0.4
35 CMS H - vy 19.7 o' (8 TeV) + 5.1 o' (7 TeV)
g ¥ Bestfit
= —_— g

cee 2g
¢ SM

1 15 2 25

5

(HN:IEA“ in‘Hﬁﬁﬂ)ba

3 35
8 ggH.ttH

7
i
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CMS Couplings Determination

Interpret results in the “kappa framework”, with
leading-order modificatfions of Higgs couplings

K. : anomalous coupling of H to fermions (mainly fop)

K, : anomalous coupling of Hto W and Z

K, : @anomalous coupling of H fo gluons (loop in SM)

K, anomalous coupling of H to y (loop in SM)

ATLAS-CONF-2014-009

S I L P I A I A BN
06 07 08 09 1 11 12 13 14 15

Possible BSM contributions in loops

GD

CMS H— vy 19.7 16" (8 TeV) + 5.1 fb™ (7 TeV) .
w 3 ' r o
7
<
g &
2 """ —
6
1
4
0
2
-1
' 0
02 0.4 0.8 1.2 1.4

CMS H— vy 19.7 16" (8 TeV) + 5.1 i (7 TeV)

o'
-2 5

1.8 I

1.6 8 &

1.4

e 5

1

0.8 4

0.6

0.4 2

0.2

O 02 04 06 08 1 12 14 15 0
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(f)fH Standalone Analyses PAS HIG-14-001
. Select t(H—YY) events with
ttH Analysis Phys. Lett. B (2015) 222-242 | | * Semileptonic top decay:
2 jets, 1 b-tag, 1 lepton
Use same ttH selection as H—yy main result + 2 photons, use m,_sidebands fo
Set constraints on k. considering both tH and subtract bkg.
ftH production H<4.1@95%C.L fork, =-1
—_— T A'E1[]B-E|-IIIIIIIIII|III|III|III|III|-IE-
ATLA (=7 TeV, [L dt=4.5 b S= [ ATLAS [Ldt=4.5fb", (s=7TeV 3
- 2011-2012 s=8 TeV, [L dt=20.3 fo! | 0 ""1‘; 102 | 2011-2012 det =203fb" Vs=8 TeV _
T S E
Hadronic — ] % % N i
m 10 =
o8
Leptonic — B Expected (6™=0) + 16 — E ] '_ _______________________________________ _ _‘
"""" Expected (¢"=0) *+ 20 E E . E
— Observed 5 - — Observed CL, |IITl -
Combined - &3 SM signal injected O Lo e Expected CL_ limif .
T R RSN AT BT Egj = -ih -
0 15_13and +8.0 30 35 @ n + 26 i
95% CL limit on 6™/ol at m,, = 125.4 GeV LA | R R R f ~70
M € 5.7 (expected 3.8)
Excl regions K, € -1.3 and K .0 @95% C.L.
®95% C.L. for i, = +1 clude regions K. < -1.3 and k, » 8.0 @ 95% C
24
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H—-yy Mass and Width

GDR Terascale @Heidelberg 2014
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ATLAS Mass Categories

Phys.Rev. D90 (2014) 052004

Use 10 detector-driven categories

for mass measurement,

* 3 |n| categories (|n|<0.75, 1.3 < |n| < 1.75, and rest)
2 p,, categories (> and <70 GeV)

* Separate converted and unconverted photons

Category Agio FWHM [GeV] o [GeV]
\s=8 TeV

Inclusive 402. 3.69 167
Unconv. central low py, 59.3 3.13

Unconv. central high p, 7.1 2.81 @
Unconv. rest low py, 96.2 3.49 =
Unconv. rest high py, 104 3.11 1.36
Unconv. transition 26.0 4.24 1.86
Conv. central low pr aT.2 347 1.52
Conv. central high p, 4.5 3.07 1.35
Conv. rest low pr, 107.2 423 1.88
Conv. rest high p, 11.9 6 | 1.64
Conv. transition 42.1 5.31 2.41

GDR Terascale @Heidelberg 2014

) weights / GeV

Y weights - fitted bkg

200

| Ldt=4.51" Ys=7 TeV
| Ldt =203 fs=8 TeV

180

160 s/b weighted sum

Mass measurement categories

140

120

100
80
60

40

20

T T T T
ATLAS
—+— Data
Combined fit:
— Signal+background

= === Background
— Signal

II|||||||I\||I|III|H-|4-i|4-H-|||||||_III|III|III|III|III|III|III|III

oo
e NON AR OO

710 120 130

140 150

160

m,, [GeV]
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Mass and Width

Main uncertainties on m, almost entirely from

photon E resolution

19.7 i (8 TeV) + 5.1 tb™ (7 TeV)

/—e*e calibratfion
Non-linearity
Layer calibration
Material

Conversion Reconstruction

0.02-0.11%
0.09 - 0.39%
0.07 - 0.16%
0.06% — 0.36%
0.02% - 0.06%

CMS H - vy
= 9
E 4 N fii, = 124.70 + 0.34 GeV .
S PE\Y 124.70 + 0.31 (stat) + 0.15 (syst) GeV ; / 3
7E\" ¢ f
- Floating yge yy and Hgon gy ]
6 =
5 =
4 ; Y —— Total uncertainty ;
3 :_ - = Statistical only _:
2 -
1E =
0 125 1255
my, (GeV)
. Uncertainty in
Source of uncertainty o~ ty
iy (GeV)

. Imperfect simulation of electron-photon differences 0.10
Bkg Modeling 0.05% - 0.20% Linearity of the energy scale 0.10
Primary Vertex 0.03% Energy scale calibration and resolution 0.05
Other 0.04
Total 0.21 -0.59% => 0.22% All systematic uncertainties in the signal model 0.15
Statistical 0.31
Total 0.34
Mass:

ATLAS: m, = 125.98 + 0.42 (stat) + 0.28 (syst) GeV
CMS: m, =124.70 £ 0.31 (stat) £ 0.15 (syst) GeV

Width: test using (SM signal shape) ® BW signal model.
ATLAS: T, < 5.0 GeV (expected 6.2 GeV)

CMS: T, € 2.4 GeV (expected 3.1 GeV)

See next talk!

19.7 o (8 TeV) + 5.1 fb' (7 TeV)

= [ CMS
I H—=yy

—— Observed
Expected

I, < 2.4 GeV (obs.)
I'y < 3.1 GeV (exp.)

at 95% CL




Other H—Yy Properties
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Differential Distributions

Idea: repeat the H—yy analysis in “slices” of a
given variable

=> obtain a binned distribution

Unfold to particle level within fiducial region a

Start to constrain MC, but errors still large
» Precision dominated by statistical errors
Promising to study Higgs properties in Run2
12 variables studied, available as HepData

i~ T L B I
3] ATLAS —+— data syst. unc.
% + Dgg »H (HRes) + XH
= qk- (K yyr = 1.15) =
%'- B + S-XH = VBFs VH4+(TH ]
~ H—syy, {s=8TeV

2 —— I -1
o + Ldt=20310
°

107 ez -

F Bz
""""" |
10'2:—""' ! -
E P P I R | P | 1 g

5 ar +'|"|"'|"'| AL T
o
B 2 ++ 4+t
E‘ EEE i T 7 T T I Tl
T 0F +
S 0 2040 80 80 100 120 140 160 180 20

P’ [GeV]
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G,y [fb]

data / prediction

w W
(=S

20

15

10}

oraiacdns,

ATLAS

/////////
/////////

////////
////////

FIIrra i
////////

bl

T
—+— data

D gg—+H (MINLO HI+Pv8) + XH ]

(K

o = 154)

-=--XH = VBF +

Hoyy, ys= ]
JLdt=203m" =
pJ'TE' > 30 GeV

syst. unc.

VH + (TH -
8 TeV

Ayl
LU

yiedi |
s0s(67)|

Iag)

JHEP 1409 (2014) 112

T T T
ATLAS = XH = VBF + VH + fIH
| Hoyy.{s=8TeV  me= B POWHEG:PY8 + XH
f Ldt=20.3fb" _L'—' H MiNLO HJ+Pv8 + XH
— W MiNLO HJJ+PY8 + XH
— B HRES + XH
— e data syst. unc.
 m— 1
»—;—n_
e
—
. ==
o ——
[ B Rl RS SR R I SR |
02 04 06 08 1 12 14 16 1.8

Ratio of 1st moment relative to data
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Fiducial Cross-Sections

JHEP 1409 (2014) 112

Report fiducial cross-sections within |n, |<2.37, E;,,

/m_<0.35,0.25

* Inclusive H—yy
* Associated production: VBF-like topologies, jets, lepton, MET

ATLAS [

Diphoton baseline o —e—
. Hoyy, Is=8TeV x |
_ -1
N =1 Ldt=20.3fb -D
—e— data syst. unc. * i
Nigs 22 v e
Nigs 23 v ——

B XH = VBF + VH + ttH |
W LHC-XS + XH

VBF-enhanced e Bl HRes 2.2 + XH
B ¥ STWZ + XH 7
Nleplons 21 I I 8 JetVHeto + XH
L * BLPTW + XH |
miss | M MiNLO HJ+PY8 + XH
E7** >80 GeV —H ! B MiNLO HJJ+PY8 + X H
B L 1 1 1 1 L1 1 I 1 1 1 L | L1l | 1 L L | 1 L1 1 | i
107" 2x10 1 2 345 10 2030 102
Cyq (o]
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s n 19.7 b (8 TeV) + 5.1 b (7 TeV)
=. F
pln ‘Ccms +E+ Observed
3.5 - Post-fit expected:
3:_ —_ SM Hz—:"ﬂ
. . C ---gg o2 oY
 Test 0+ vs. "2+ _“ model. Fraction of gg—X and gg—Xis 250 oG = 25, > VY
a free parameter => vary f__over (0,1) 2F l Rkl tebh
aq u ——— U AR
* Discriminating observable: decay angle in the Collins- el i T
\E . E
Soper frame JeEE —
oy | \ D§ ]
LT T T o T 1 2 E
14 ATLAS ] osph = % Ev2pl" — EMpl 0 07 02 03 04 05 065 07 08 09 1
12 H=>7 "baa Spn o] T /B, + (TP lcos(6")}
C Vs =8TeV J.Ldt=20.7 fo'!  Signal hypothesis 516 ]
101 , 20
o *Jf=0 ] 19.7 o™ (8 TeV) + 5.1 b (7 TeV)
- P_ ot - [ -
C or=e 19 CMS ——— Observed .
= | —
1 _'cIuE 15— ——o—— Expected SMH — yy -
_E E B bl i;; i %140:— ATLAS | " {cma o systune.
2 O °r : I O s
i EKpECtEdE =YY | § [ So L XH - VBF . VHAH ]
B m ] §1on:— .
1 g% ;
-2 60f- R E— ]
0 25 50 75 1 00 40 ;????5 ?5??5?]_—ﬁm 1
20F  — ]
qu (%) - GE.'. 1 1 [ :" ““r---.-lh—
S 6
T 4
Update ongoing with more sy B —
Lo 0 01 02 03 04 05 06 07 08 09 1 = ”0 AR R ER YR Y TRk A TR
realistic NLO models fog (cos(6")
Can also use the unfolded differential distribution of | cos 6* | (JHEP 1409 (2014) 112)
9




19.7 b (8 TeV) + 5.1 b (7 TeV)
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|
Spin = iE
g CMS - Observed
3.5 = Post-fit expected:
C — SMH-—yy
» " : : 3 --- 992, oY
 Test 0+ vs. "2+ _“ model. Fraction of gg—X and gg—Xis ] o 2, = 7Y
a free parameter => vary f__ over (0,1) 2F ‘ Ry i
aq - —— ]
* Discriminating observable: decay angle in the Collins- - i e
\E . :
Soper frame At — .
05 :
o A L B R oF i
14 ATLAS - e o Ep' —EMp? o7 02 03 04 05 06 07 05 05 1
12: H - yy eData Spin 07 cosiley =2 X » \/mz + (pI")2 |cos(6%)|
- Vs=8TeV det= 20.7 fo'  Signal hypothesis 516 ] L m a
10F NS
o *JS=0 ] 19.7 b (8 TeV) + 5.1 fb™' (7 TeV)
— P_ ot - e
C $S=z 19 . CMS —— Observed i
- T 15 _]
i od - = .
= % i f _ 1—CL 1 =
1 & 1oL 99 | expected observed B I S a3
= 1201 ] K =1.15) ]
b 0 0.92 0.94 1 8. Jua-mew oo ]
; B 0.25 0.78 0.83 Iy ]
2 | 050 | 0.64 0.71 of | ST | ==
0 25 50 75 100 0.75 0.69 0.75 opgeel e |
fq(%) 0 1 0.83 0.85 I "
- 0.. | | .:'.. 1 |:'r
S 6
2 4
UdeTe OngOing with more -5 | | | | | | l | | % 2 } —_— }
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Can also use the unfolded differential distribution of | cos 8* | (JHEP 1409 (2014) 112)
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New Physics through H—Yyy

GDR Terascale @Heidelberg 2014

33



HH —)Wbb arXiv:1406.5053, submitted to PRL

CMS-PAS-HIG-13-032

« 2b-tags, m_, close to 125 GeV
* Search for non-resonant excess or X—HH

* HH : window to A parameter of the SM Higgs potential, but tiny SM rates (<0.1 bbyy evts in Runl)
* Search for BSM enhancement in yybb final state : clear yy signature + high bb BR

Non-Resonant ¢ € 2.2 pb @ 95% CL
(1.0 expected)

10"I""I""I""I""

- ATLAS Signal Region

 JLat-201" s=8Tev —t— D@
Fitted Signal + Bkds

-------- Single Higgs Boson + Bkd

Events / 2.5 GeV
m

Continuum Background

T _|H|_hf|7|.|...|..
=
_+7
_+7

100

Events / 2.5 GeV
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HH—-Yyybb

arXiv:1406.50583, submifted to PRL

CMS-PAS-HIG-13-032

* Search for non-resonant excess or X—HH

* HH : window to A parameter of the SM Higgs potential, but tiny SM rates (<0.1 bbyy evts in Runl)
* Search for BSM enhancement in yybb final state : clear yy signature + high bb BR
« 2b-tags, m_, close to 125 GeV

Non-Resonant ¢ € 2.2 pb
(1.0 expected)

@ 95% CL

10"I""I""I""I""

- ATLAS Signal Region
 JLat-201" s=8Tev —t— D@

Events / 2.5 GeV
m

Fitted Signal + Bkds
-------- Single Higgs Boson + Bkd
Continuum Background

T _|H|_hf|7|.|...|..
=
_+7

% 100 E T ‘ T T T —]
O gof + < 2 b-Tag Control Region 3
§ 60F + n .
8 40:— —+ +_+_ -+ =
& 20F - g
w ob v o0 o RS 3
110 120 130 140 150 160

2.4 excess

GDR Terasca
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HH—-Yyybb

arXiv:1406.50583, submifted to PRL

CMS-PAS-HIG-13-032

Search for non-resonant excess or X—-HH

HH : window to A parameter of the SM Higgs potential, but tiny SM rates (<0.1 bbyy evts in Runl)
Search for BSM enhancement in yybb final state : clear yy signature + high bb BR
2 b-tags, m_ close fo 125 GeV

= L L R L R B R L L L R BN R B ]
b} - -
O ok ATLAS Signal Region _
w E Jldt-20m" js-8Tev —+— Data = o y
o 1 = e A Single Higgs Boson E :.% E WED: I;I.= 35;\kffngl.r= 3.1, elementary top, no r/H mixing N
- my=300 GeV, 6,xBR,=1pb 7 & 102 —ra f°“( r=3TeV) ---@--. Observed 95% upper I.|m.|t
101 ] e = —radion (Ag=1TeV) . Expected 95% upper limit
2 3 = - --=» RS1 KK-graviton [0 Expected limit £ 16
- 1 7 - .-+« Bulk KK-graviton Expected limit + 2 &
2 | X =
10% ¢ 1T 10E
- i i 7T .
> C ' - : 7 X i
g - < 2 b-Tag Contrel Region 1 c 1
o 10 —+— Data - m =
o c Landau Fit 3 x "
% - 4 < B
e - — ><
o | T ] 101 =
> 1E = T =
LIJ E 1 1 | 1 1 | E & :
200 300 400 500 600 700 800 I v 5 - s | |
Constrained m, ; [GeV] 10 300 400 500 600 700 800 900 1000 1100

my (GeV)

Resonant search: sensitive to A~1 TeV in ED-inspired models
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HH —)Wbb arXiv:1406.5053, submitted to PRL

CMS-PAS-HIG-13-032

2

b-tfags, m,, close to 125 GeV

Search for non-resonant excess or X—-HH

HH : window to A parameter of the SM Higgs potential, but tiny SM rates (<0.1 bbyy evts in Runl)
Search for BSM enhancement in yybb final state : clear yy signature + high bb BR

10

Events /5 GeV

10

107

10

Events / 20 GeV

local 3c excess @ m, =300 GeV (2.1 global)

L =19.7 fb' Vs =8 TeV

===« Bulk KK-graviton

[ WED: kl = 35, k/Mpl = 0.1, elementary top, no r/H mixing
B — radion (Ag = 3 TeV)
— radion (Ag = 1 TeV)
-=== RS1 KK-graviton

---e--- Observed 95% upper limit
--------------- Expected 95% upper limit

[ Expected limit+ 10
Expected limit+ 2 c

-
L
-
il

| ATLAS Signal Region :/
E _[Ldt= 20fb", ys=8 Tev —4— Data E
- 3 CMS Preliminary
J = O Sj RS -
- my=300 GeV, 6,xBR,,=1pb 1 & o|
B 1T o 10 =
E —— b= —
= El -
- = N
— JE— I —
= '0F
5 L i 7T -
T T T - 5 [
< 2 b-Tag Control Region 1 c 1
— —+%— Data - m -
E Landau Fit 1 x ~
1 X i
107
= T = E
C 1 1 L 1 1 L E & -
200 300 400 500 600 700 800 I v - S : e
Constrained m_; [GeV] 102 - “3(|)OI SR S

700 800 900 1000
my (GeV)

Resonant search: sensitive to A~1 TeV in ED-inspired models
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Search for t—-qH

arXiv:1410.2751,
submitted to PRD

JHEP 1406 (2014) 008

* Search for FCNC decay t—=qH, mainly for g=c but also sensitive o g=u.
* BF(t—cH) ~ 103 - 10° possible in some BSM models.
* Use H—Yy : clean signal, can use sidebands to remove bkg

T | T T T T | T T T T | T T T
# Data 2011+2012 ]
— Sig.+5SM Higgs+continuum bkg. fit ]

(m, = 125.5 GeV) 7

|
b
S -
B
W

16F
Hadronic Selection

------ SM Higgs+continuum bkg.
- -- Continuum bkg.

Events/4 GeV
e

12 —

C ILdt:ED.be",w‘s:STeU .
10_— ]

- _[Ldt: 47", Vs=7Tev 7
8 —— —
6 =
4__ mmmwlig _:
2 =

CMS 195" (8 TeV)
% "'I""?""!'"'I""I""I""I""I""I""_
g 5:-}:_ 1+ 2y, ET“.‘]E-EGG&V _:
o - : : —4 Data .
] L i 1 i
E 40 DH—ahh,mH=3UDGa‘J{x3} -
LI:: o : : — it to data E
30 — lor2n,+ 2y fit =
20| N ‘ =
100 L -
ﬂ:""l"" L1 1 1 IIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
100 110 120 130 140 150 180 170 180 190 200

M, (GeV)

BF(t—qH) < 0.79% @ 95% C.L. (0.51% exp.)

\/}IL?CH + )\guH < 0.17. 0.14 exp.)

BF(t—cH) < 0.56% @ 95% C.L. (0.65% exp.)
VIAR2 4 [ARJ2 < 0.14.
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New X— Yy Resonances
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CMS Additional Resonance Search near 125 GeV

19.7 fo' (8 TeV) + 5.1 fb' (7 TeV)

w

CMS
H— vy —=— Observed

------ Median expected
= 68% expected
------ 95% expected

Additional narrow yy resonances: occur in various BSM
extensions, in particular extended Higgs sectors :
(NOMSSM, 2HDM, ...

CMS: search within the original H—yy search window:

* Separate second peak: H-like

* Second resonance partially overlapping with H

* Consider ggF-only, and VBF+VH only, and H-like prod.

n
3

ey
w

95% CL limit on c'/cSM
I|IIIII\|)IIII|IIII

""l‘-l—-l.._.llllllllllllllll

19.7 7 (8 %\n +51fb" (7 TeV) 19.7 b (8 TeV) + 5.1 fb (7 TeV) 110 115 120 125 130 135 140 145 150
= F ] = [
o ‘E CMS ¥ oot 3 D 4Ecms W VBF+VH my, (GeV)
o CH— vy —=— Observed ] b FH—yy —=— Observed -
S 35E T Mot oxpected 3§ § il Me;:emm E 5 CMS H - vy 197" (8TeV) + 51" (7TeV)
P F B 68% expected ] P E E 68% expected 2 g I i ]
e - ------ 85% expected = £ = --eoo- 95% expected - ® 45 = =
25k 1 SDasf O TE .’
Ot ] O Tt s 4= i
2 of 3R E B
3 F & F < 35F -
155 1.5F : 3
c 3 ;_ _; 5
: 1 - 250 = &
0.5 0.5 = - =
S N RN I TP S B 25 3 3
110 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 1! 15C ig
m,, (GeV) m,, (GeV) C  Er—— = P
-I__ S|
. = —_— 1o 3
Search for overlapping resonance: / 05E - 2 K
' ' nd [= .
' i- 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 ] —
X: fraction of events in 2" peak of =k b == == 1 o
Am : mass separation between the 2 peaks X
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Low/High-Mass Resonance Search

Search for new yy resonances up to 850 GeV (CMS), down to 65 GeV (ATLAS)
ATLAS: Model-independent search (fiducial o), narrow resonances |
CMS: gluon fusion and VBF scenarii, consider larger widths
Need to consider Z—e*e” and H—Yyy backgrounds

CMS-PAS-HIG-14-006

Phys.Rev.Lett. 113 (2014) 171801
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- — e Data .
- Continuum+DY fit —
i P Continuum component of the fit -
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— = > ]
: 1-“#_4=2=F L :
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- — e Data ke T -
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~80 90

GDR Terascale @Heidelberg 2014
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m.. [GeV]

Events/10.00

Data/Bkg.

19.7fb"' (8 TeV)
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+ Data
0y + jet

C v +v
Bkg Err

x2/NDF: 2.064

_| | 1 1 1 | 1 1 1 1 |
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u CMS Preliminary 19.7 i’ (8 TeV)
— R = o
LOW/H Ig h M qss Resu Its % 80:— All Categories Combined - Observed ~ ‘é
Q) T —— UL=0.002 [pb] a q
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: i L a.m.n "".l‘ili‘llll.a. | L \. L 3 ;
Wl i i i i | i 200 400 800
10 200 300 400 500 600 700 800 My [GGV]
m, [GeV] o~
— 107 . I Z—e*e
= S ' ! ! =
= = ' ATLAS - / ! 13
@ — | 100f- : H-yy 17
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100 200 300 400 500 600
my [GeV] 42

GDR



Conclusion

* YY mode was crucial for Higgs discovery

* Now a useful tool to

—Study Higgs properties, in particular
associated production

—Search for new physics ("Higgs portal”)

* Looking forward to improved statistical
precision in Run2
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Additional Information
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Higgs Decays / Overview

t [T T T | T T T T T | T L
g : WW ek
S5 F 12
= 10" 2z 3
+ -
o .
Many decay modes o -
. (@)] _
accessible for m,=125 GeV | S10° =
107 =
. _
1 0*4 1 1 1 I | | | | ‘ 1 1 i | | | I | 1 1 | 1 1
80 100 120 140 160 180 200
M, [GeV]
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Higgs Decays / Overview

£

H-oWW : 22%
Main mode H=WW-=lvlv:

6~240 fo @ 8 TeV (bk evts) 3.80

10 =
-8
Discovery using diboson ~ 15
modes: easier, probe EWSB g ik
=10 2z =N
+ _]
o .
Many decay modes o -
accessible for m =125 GeV %1 0* =
10° =
: _
1 0*4 1 1 1 I | | | | ‘ 1 1 i | | | I | 1 1 | 1 1
80 100 120 140 160 180 200
My, [GeV]
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Higgs Decays / Overview

£

H-oWW : 22%
Main mode H=WW-=lvlv:

6~240 fo @ 8 TeV (bk evts) 3.80

1T

1

Discovery using diboson
modes: easier, prolbe EWSB

LHC HIGGS XS WG 2013

Y4

Many decay modes
accessible for m =125 GeV

Higgs BR + Total Uncert
) o

—h
e
w

Recent progress focused
on difermion modes: more
challenging, probe

Yukawa sector 1089 / 00"
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Consider VBF+high pT only

s~O(102fb) @ 8 TeV 4.10




Higgs Decays / Overview

£

H-W

proton - (anti)proton cross sections
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Higgs Decays / Overview

£

H-oWW : 22%
Main mode H=WW-=lvlv:

6~240 fo @ 8 TeV (bk evts) 3.80

1T

1

Discovery using diboson
modes: easier, prolbe EWSB

LHC HIGGS XS WG 2013

Y4

Many decay modes
accessible for m =125 GeV

Higgs BR + Total Uncert
) o
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e
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Recent progress focused
on difermion modes: more
challenging, probe

Yukawa sector 1089 / 00"

L T ]
160

180 200
M, [GeV]

I ]
140

H-ott: 6.2%
Consider VBF+high pT only

s~O(102fb) @ 8 TeV 4.10




Selection

Py /M, < 0.35,0.25
* Select unconverted, converted photons,

P,,/m, < 1/3,1/4
* Select unconverted, converted photons,

veto electrons
Photon ID: cuts on calo cluster shapes,

veto electrons
Photon ID: calo cluster shapes: loose

tracks cuts + included in a BDT

Isolation Isolation: based on parficle flow objects
o Y, rackearO02¢ 2.8 GeV in AR<0.3 cone, included in y-ID BDT

o 3 Eclsten. k04 ¢ 4 GeV * Efficiency: 49%

* Bkg: ~70% Yy

* Efficiency: 39%

* Bkg: 84% vy, 15% Yj. 1% jj 19.7 fo! (8 TeV)

x10°
o I
Q - CM }
B 11: Tt r 1 r T r 1 1 1 11 T 1 T 1 1™ 1 7 1 T T T 7 C:F 8{) | C s ] 30 i{
w — ) . ] - | B -2
1.055 ATLAS Simulation Vs =8TeV = 0 I =
= - - . M
1E _— ) - —— H— yy (m =125 GeV) <
— —] > —
0.95E #tttvﬂk = © 60 ) ] 2
e Tanete. - £ ¢ Dam 20 &
0.9 - e - 4+ 7 8 - g8 MC background i o
0.855 Ty e - =
=F ey, +t 401- . yiet 1™
0.8 - + - — jet-jet
E -.-_*’_* | ]
0.75 i —110
0.7E- H—7v (ggF), my =125 GeV = 20 .
- m calo-isolation < 4 GeV = - ) 7
0'65;_ ¢ calo-isolation < 6 GeV + track-isolation < 2.6 GeV J - ! _ ]
C 10 1 | I R | | [ B T | | I R | T 1 | [ | 1] - I
0. 5 10 15 20 25 30 0 | o ’ 0
-0.6 -0.4 -0.2 0 0.2 0.4

Number of primary vertices Photon ID BDT score



Primary Vertex

Two requirements;

* Needs the correct vertex

 Mass resolution: m? = 2k E (1 — cos a), and a depends on vertex choice
« Need only ~1-2cm resolution on z . o make this negligible

* Pileup suppression: only use tracks from yy vertex for frack isolation, associated jets

Photon pointing: o~15 mm : enough for mass
* NN combination using poinfing
« per-vertex ¥ p,, X p,?, Ap(fracks, photons)

%

1. TR

BDT using per-vertex

ey

2. —YApri i) and
Pt
3. (L7l = 1pr D/ (12 Pl + 177 ]),
* misID prob. included in classification

85% of events
within 0.3 mm
93% within 10mm

(8 TeV)

80% of events
within TOmm
8 TeV)

8 TeV
=
£ CMS H— vy (mH =125 GeV)
< Simulation <PUs = 21
R | ettt . amo R ]
- C e e B . ]
3 r B
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s b
N 0.8 - = True vertex efficiency
g 0.7 _ Average vertex E
'§ b probability estimate
U 06(a .
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ass Specitra
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Mass Spectra

Y weights / GeV

¥ weights - fitted bkg
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Photon Energy Calibration

* In-sifu adjustment using Z—e*e

peak

Photon energy calibratfion using MVA — inpufts: shower shapes, n...

* extrapolate to photons using simulation => need precise knowledge of material
*_extrapolafe fo Higgs mass => non-linearity

* Photon E calib : Eur. Phys. J. C74 (2014) 10, 3071
* Improved intercalibration of calorimeter layers (fo within 1-2%)
* Improved determination of upstream material (to ~5%)

0.0155 A1as s=8

TeV, J.Ldr =203 1"

* Effective constant . oo :
o & 0.015] Unconverted photons 3
term ~0.7% @ £ 4D g
0.01 Calibration uncertainty =

19.7 0" (8 TeV) 19.7 b (8 TeV)
Vi
= x10 = =10
& CMS 3 CMS
g o0 [ Barrel-Barrel ¢ Data g 80 Mot Barrel-Barrel 4+ Data
B []Z —»e'e (MC) = [ Z—e's (MC)
5 5
2 £ 60
w w

40

r SR PPN BRI I
0'020 0.2 0.4 06 08 1

A I i D T N T
12 14 16 18 2 22

] V5=7 TeV J/5—=8 TeV
Category a6s [GeV] agp [GeV] quetce] ooo [QeV]
Central - low ppy 1.36 2.32 1.47 2.50
Central - high pp 1.21 2.04 1.32 2.21
Forward - low pry 1.69 3.03 1.86 3.31
Forward - high py 1.48 2.59 1.64 2.88

o, ~ 1.32-1.86 GeV => ~1.56 GeV

e

0 0 L
Q12 4 2a2fF E
% 1 Fatyttanenast crenatanaty N % 1} + 04*t rer"eus - "-n..“ .*"E
E] =" st ] TR Y 5
© © E
o 08 | | 1 | 1 4 o 08f 1 | | e
75 80 85 90 95 100 105 75 80 85 90 95 100 108
Mee (GEV) M, (GEV)

CMS Unpublished

o i w

- ttH FWHM/2.35

il Untagged 0 QERECEREE RIS
Untagged 1 [
Untagged 2 Al
Untagged 3 |REXERUEIEHERELERET

Untagged 4 121.4 total expected signal

7 1.05
1.19
1.46
2.04
2.62

o, ~ 1.05-2.62 GeV =5 ~1.46 GeV

O, - smallest interval contfaining 68% of signall
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Signal Yield Systematics

Source ATLAS CMS
ggF Theory scale -7.8 +7.2%
PDF -6.9 +7.5%
BF 5%
Lumi 2.8% 2.6%
Photon ID 0.2% (trigger) 1% (trigger)
+ 1.0% (D) + 1% (vertex finding)
+ (1.3-2.3%) (isol) +6% (shower shape model)
Energy scale, resolution 7% 2%
JES/JER ~(0-1)% (ggPF). ~(4-9% (VBF),
~7% (ttH had)
MET 0.5% (VH-Tlep), 1% (VH-MET) 2.6% (WH)
leptons 0.2-0.5%
-tagging 1.1-1.3%

GDR Terascale @Heidelberg 2014
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Signal Yield Systematics

Sot

ag

PDI

BF

Lur

Ph

Ené

JES

ME

-1

GDE

Yield (Theory): PDF (ggH)

Yield (Theory): branching ratio
Resolution (Exp): constant term

Yield (Theory) : scales (ggH)
Resolution (Exp): material modeling
Yield (Exp): luminosity (2012)

Migration (Theory) : ggF three jets

Yield (Exp): photon 1D (2011)
Resolution (Exp) : sampling term
Background modelling : Central - low Py
Migration (Theory) : ggF two jets

Yield (Exp): photon isolation (2012)
Migration (Exp): JES (EtalnterCal)
Background modelling : VBF loose

Yield (Exp): phaton 1D (2012)
Resolution (Exp): noise term

Migration (Theory): UE+PS

Yield (Theory) : Higgs pt (ggH)
Yield (Theory) : PDF(qgH)

Background modelling: Forward - low P,

ALAL/AL\Ltot
-03 -02 -01 O 01 02 03

II|\III‘III\lI\II|IIII‘II\I|IIII|\I
7 gV 7
7777
T

Yk

/j/,

7

7

7

77

97

v

ATLAS

ILdt=4.5fb'1, s=7TeV * Pull

Prefit Impact on |i

Hospy, m,, = 125.4 GeV m Postfit Impact on i

det =203, s=8TeV

2 145 1 05 0 05 1 15 2
(6 - 6,)/A0

AS

CMS

-7.8 +7.2%

-6.9 +7.5%

5%

3%

2.6%

rigger)
% (ID)
3%) (isol)

1% (trigger)
+ 1% (vertex findinQ)

+6% (shower shape model)

Yo

2%

~(4-9D% (VBF),
H had)

), 1% (VH-MET)

2.6% (WH)

0.2-0.5%

1.1-1.3%
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Signal Yield Systematics

ALAL/AL\Ltot
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Mass Spectra

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

E B0 Iledtl—Ltﬁlrbl-‘;El?lT;vl o lAITII_AISI R I CMS
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Data modeling

‘ Use closed-form analytic shapes to describe both signal and background

- Fitrange 100 < m_ < 160 GeV

* Signal: Crystal Ball + Gaussian
* Background
* Shapes: Bernstein polynomials, exp,
exp(poly2)
* measure bias on high-stats bkg MC (max over
(119, 135) GeV)
« Select function with least N, . passing bias

criteria : <10% of N, <20% of o (N, )

0.6

"TATLAS Situlation T bern3.

S C—expt i
8  Central - low p — exp2 bernd4 ]
= 041 Tt — exp3 -- berns
N --- bias criteria 4
o2 i

oF e :

02 ’
0.4 -

_0 6 I_ | 11 1 I 1 1 1 I 1 11 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I _I
118 120 122 124 126 128 130 132 134 136

m,, [GeV]

GUR lerascadie @Heiaelperg 2uU 14

- Fitrange 100 < m_ < 180 GeV

* Signal: Sum of Gaussians (up to 5)
* Background

Shapes: Bernstein polynomials, exp, power laws,
Laurent ferms

"Discrete Profiling” : choice of functional form
done as part of the fit

« Select best-fit function, penalty for N__

CMS

Simulation Unpublished

014 ey
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"Discrete Profiling” : choice of functional form

done as part of the fit
« Select best-fit function, penalty for N__

* Shapes: Bernstein polynomials, exp, power laws,
Laurent terms

Background
CMS
Simulation Unpublished

- Fitrange 100 < m_ < 180 GeV
* Signal: Sum of Gaussians (up to 5)
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ing

Use closed-form analytic shapes to describe both signal and background

< 160 GeV

YY
criteria : <10% of N o <20% of o, (N, g)

« Select funcftion with least N__. passing bias

(119, 133) GeV)

exp(poly2)

* Shapes: Bernstein polynomials, exp,
* measure bias on high-stats bkg MC (max over

Signal: Crystal Ball + Gaussian

Fit range 100 < m
Background

Data model
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ATLAS Couplings (to be updated)

ATLAS-CONF-2014-009

L T T T 1 | T 171 | I T 11 | T T 1 | I T 11 | 1T T 1 | I T T1 I T T1 I T 71 | 1T 1T T
Y - N _ ]
4=  ATLAS Preliminary ~ ='H E'P “iH S v
- Vs=7TeV/Ldt=46481" s H — vy mCombined -
3 Vs=8TeV|Ldt=2031b" + SM x Best Fit
_ - \ ]
2Z_H - 1T _Z
e e =
= -
A= =
2 -
:l L1 1 | L1 1 | | L1 1 1 | (| -| ] | L1 1 1 | L1 11 | L1 11 | L 11 fl | | | L1 1 |:

06 0.7 08 09 1 11 1.2 1.3 14 15 1.6
Ky
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HH—bbyy

* Search for BSM enhancement in bbyy final state : clear yy signature + high bb BR
« 2 b-tags, m__ mass window cut around 125 GeV.

* Non-resonant HH™
 Resonance (X—HH): counting analysis in Meoyy

arXiv:1406.5053, submitted to PRL

- Cutonm, ., m,, consider 260 < m,_ < 500 GeV
* Rescale m, fo 125 GeV fo compute m__

* Assume SM BRs for H
* Bkg from m_ sidebands and non-b-fagged

CMS-PAS-HIG-13-032

* Resonant analysis only

Consider 260 < m,_ < 1100 GeV
Use kinematic fit fo constrain m__

Shape analysis >400 GeV (C&C below)

Categories in N,

~50% better sensitivity, mainly due to
looser bjet cuts (p,>25 vs. 55/35 GeV)

CRs
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N R l' g - ATLAS Signal Region ]
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(] i ]
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HH—-bbyy

Resonance Search
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§ 10 ;_ ATLAS Signal Region _;I
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ATLAS t—gH

* BF(t—cH) ~ 103 - 10° possible in some BSM models.
* Use H—yy: clean signal, can use sidebbands to remove bkg
* Selection

* Search for FCNC decay t—gH, mainly for g=c but also sensitive to g=u.

* Hadronic channel: > 4 jets, > 1 b-tag, = 0 lepton, top candidates from yyj and jjj.
* Leptonic channel: > 2 jetfs, > 1 b-tag, = 1 lepton, fops from yyj and jlv (M,,, constraint)

JHEP 1406 (2014) 008

1

~ AL L L L S B B B B B B 11 _f = L 3
[3] 15__ AT.LAS L] Datazmhzmz O - ATLAS -
g C Hadronic Selection —Sr:.'g +s;';: ng?nnnllnuum bkg. ﬂl_ B p -
E 4= {SM I:iggs+con:|?|uum bkg. = _[L dt=203fb", Vs = 8 TeV]
o C ---Continuum bkg. B 1 |
u:j 12— L ] _I.Ldt=4.?fb,\l's=?TeV
C Jldt:ED.be "Ng=8TeV ] 1
10F -4 10 E
- Jldt: 471" Vs=7Tev 7 - =
8 — —— ] B —
6F = i i
4 — 102" Observed |
oF E - --e-- Expected =
- . -@xt1o .
oo "fi0 120 730 140 150 16 L =20 | .
m,, [GeV] 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
=]
BF(t—qH) < 0.79% @ 95% C.L. (0.51% expected) \/ A+ A2 <017 (0.14 expected)
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CMS (H-Yy) I())

arXiv:1410.2751,
submitted to PRD

. |11 - M CR')
Search for H-hh and t—cH in (H—yy) I() signatures § 5[ 11+ 2y, ET 30-50 GeV
- 120<m,_ <130 GeV, use sideband to subtract bkg. % sk Eﬂlhh 300 G0V
. Consider yy I, yy It Yy L yy 1. with I=e.u S of + A :
* Wil : separate according to OSSF 2| pairs to mitigate Z—ll ; sof ’ E
0 OSSF, 1 OSSF off-Z, 1 OSSF on-Z = —- ‘
* W/t : separate 0/1 b-tag h: E
* MET bins in both cases 200 110 120 130 140 150 160 170 180 190 'é;:m
M, (GeV)
8O e 2517 (8 TeV) s M e 2510 (8 TeV)
gk vl B2 o
s E o eetre g b - Epuietionclints 3 o Yy
12 reee: Expacted 12 3 ef . — = —hh result
10 =
Shown here

a_ -
o — |
4
2:

60 270 280 290 300 310 320 330 340 350 360
m,, (GeV)

D 1 1
260 270 280 290 300 310 320 330 340 350 360

combined with
mulfilepton channel

m,, (GeV)

BF(t—cH) < 0.56% @ 95% C.L. (0.65% expected)

VIR + AR 2 < 0.14.
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Low/High-Mass Search

Dhye Davel o~ 112 (001 /AN 171201

CMS-PAS-HIG-14-006

Model-independent search for narrow
resonances — report a fiducial cross-section
Separate analyses for

* low-mass 60 < m, < 100 GeV,

Search for new Higgs-like resonances, within

150 < m, < 850 GeV

Consider various width hypotheses

cat 0 | Both photons in barrel | min(R9)>0.94
* high-mass 100 < m, < 600 GeV cat 1 | Both photons in barrel | min(Rg¢)<0.94
* only conversion categories (UU/CU/CC) in low- cat2 | One or more in endcap | min(Rg)>0.94
: . cat 3 | One or more in endcap | min(Rq)<0.94
mass region for model-independence.
Need to model DY bkg in low-mass region % 10— SEALELALL)
o C .
'E' g [ simulation 3
> 074i|;""|""‘|""'\""|""|7_ & . 3
O S . ATLAS Simulation = {x 80F ]
0.72— * - - -
= 1 — 4= 70 e
0.7; ! : + { * [ W‘*’F v EDE—'! - _E
0.68 — —] ; v All Categories Combined g
098¢ 9gF(X) Fiducial effici - :
—— iducial efficienc - GhonFugon-Gpnd
0.64 —=— VBF(X) 4 0 o san
0.62 | WX e fOCTor CX ~ model_ SD;— Vector Boson Fusion - Spin 0 _;
0.6/ : D independent 20F —— GbenFuskn-gaz 3
' —— X - 3
0.58f- = [0 ] - R I I
056E | E 200 400 600 800
[ 12{. ______________________________________________________ e = my, [GeV]
QO ?bx 11_ T -
1-540-!;!!!-0---..’--0 D e o
0.9F e
100 200 300 400 500 600 , o ,
high efficiency achieved, ~60-80%
m, [GeV]
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Low/High-Mass Spectra

19.7 b (8 TeV)

g clmsl b IIILII bail:eg:uriés bnlml:;inéd:
CS 104 reliminary ¢ Data 3
> 20000 - - = %$ : #Et -
8 ok ATLAS : 12 Bkg Err i
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£ 10000} YU category = D = v?/NDF: 2.064 3
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1000 GinaitinuuerD\" fit 3 B
: .......... Continuum component of the fit ] 1 0_1 Ol 1,
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= riae T e I E o 2 . N I T 3
- R 0 ' & ) SN A
ﬁ 10° fgﬁ e :@ 1.0001 _ . ' . Tl _\.‘1 :*\:\:j -
N 1600 i3 8 0.0001—: : | el T
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= 10 e Data el f m, e
< = 1:$ Y ContinameH it {my =125GeV)] &
L %- goob-" C-::ntinl.. um c-:::r'lpur'entlcuf the "itl _ m \ \ , . \ \
10 LT Fit within sliding window, size~300-400 GeV
1 o8 Tev, j Lot=2038" 14 i :\ use exp x power-law bkg shape
—— Dala
—__ ContinuumsH fit {m, = 125 GeV) 1 “tﬁ H H' . T :
|4 L Continuumet it (m = 250 Gev) ’ H | T High-mass: Fit within sliding window, ~100-300 GeV
# ICPnti?ulurI“TH 1.i|1. |:Iln"rl-x |= 5.DI{]I t}le‘:‘f}l 11 11 I 1 111 I -
100 200 300 400 500 600 700 . use eXp(pOIyZ) bkg shdpe
m, , [GeV] + Higgs peak with =1, m =125.9 GeV J
/
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Low/High Mass Results

19.7 fo" (8 TeV)
I T T T I J : F B

%I 8 :_ All Categorles Combined - Observed - g
19.7 o™ (8 TeV) g T —— UL=0.002 [pb] 5 3
g T X 70F —-w-ompn : :
Vd ‘CMS | ategories Combined | | — =L UL = 0.004 [pb] o 102 =
z Preliminary | Width: 0.1 [GeV] C - =
P I T N | 60 - UL = 0.010 [pb] = 1
= 10 || m— Observed = C 2
o E E — uL=0.020pb] h - =
}1; - Expected + 16 . 50 — o
E ---- Expected *+ 2o - 4 E E Eg
i — — =]
é 10-2 S e _§ OE AE | .I 0-3
- ] 30 =
1% e S 20E
- 10 10
10'4 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 1 1
200 300 400 500 600 700 800
m, [GeV] my [GeV]
o) 10° = , — , . =
o — : ATLAS B ' 13
& - | 100f : 47
o — ! — Observed C ] 1
g 10° 5 ! - - - Expected n ] 1=
S = ! E+1c S0 - 13
= — 1+2¢c n 1°
g 0= : 60 120 160 =
o — | -
B .
5} — : —
1= |
= fs5=8TeV,|Ldt=2031" :
1n_1 1 | : 1 1 1 1 I 1 '] L 1 I 1 L L 1 | 1 1 1 1 | 1 1 1 '] |
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Backup
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N
o 2

Events / 0.002

Data/MC

15]

10|

[ MC syst.

19.7 b (8 TeV)
- CMS N, <15
t Data
T C Z—e'e MC

!
0.1
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ﬂ.lz 03 04
Photon ID BDT score

Events / 0.002

Data/MC

19.7 o' (8 TeV)

X
QL

10

- CMS

+ Data

1 Z—e'e MC
@ MC syst.

N'l.l'lx > 15

-0.2

0 0.2

n.'z 0.3 0.4
Photon ID BDT score

19.7 b (8 TeV)

Hu

cvertex: data
svertex: simulation

igned vertex: data
igned vertex: simulation
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Vertex probability estimate
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19.7 fb™ (8 TeV)

107

250 + Data

Events / 0.01

[ MC cluster shape uncertainty

200

|

| _

| C1Z—=ee (MO
I

I

150

100

50

Data/MC

| | | | | |
0 0.1 p2 03 04 05 06 07 08 09 1
Transformed diphoton BDT classifier score
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1/N dN/dm; / 25 GeV

GDR Terascale @Heidelbe
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= L e L L L
3 1 -9__ ATLAS Simulation —e— True vertex ]
'—D; L {s=8TeV —=— Selected vertex ]
B ~ H -y, m, = 125 GeV —»— Photon-trajectories
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CMS Category Summary Plot

CMS Unpublished 19.7f0" (8 TeV)
e s vy Iz . .GE'”. - FWszss !SFFS+B) i.ni.GEﬁ.

Untagged 0 RS ERSLERELERLE]

Untagged 1
Untagged 2 |RAEESLCIEEEEEEUE]
Untagged 3 |[REERREEIERERELELAE]
Untagged 4 [REAEELEISEERELERLE]
VBF Diiet Tag0 TIPS OSTELSSEESSLL N O OO Y e
VBF Dijet Tag 1
VBF Dijet Tag 2
VHLleptonTight [IFPPESS ST EEEEE I $  IEEEmEERIER 0 |
VH Lepton Loose [REERGTENSEECE LS
VH MET Tag [RERGEERRE LT

VH Dijet Tag [RERGEEILERELERLET

ttH Leptonic Tag [NE=f el cmnE iy |

ttH Multijet Tag [ =R

Combined REEEXEEEEETEHEERGE

0 10 20 30 40 50 60 70 80 Qb 100 O 1 2 3 0 0.2 0.I4 0.6
Signal Fraction (%) Width (GeV) S/(S+B)in £ ©

eff
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CMS Category Summary

GDR Terc

Expected SM Higgs boson signal yield (m=125GeV) Bkg.
Eventclasses | 1| ooH VBFE WH  ZH  H | e | Tim | (GeVTD
(GeV) | (GeV)
Untagged 0 5.8 | 79.8% 9.9% 6.0% 3.5% 0.8% | 1.11 | 0.98 11.0
Untagged 1 | 22.7 | 91.9% 4.2% 2.4% 1.3% 0.2% | 1.27 | 1.09 69.5
Untagged 2 | 27.1 | 91.9% 4.1% 2.4% 1.4% 0.2% | 1.78 | 1.40 135.
7 | Untagged 3 | 34.1 | 92.1% 4.0% 2.4% 1.3% 0.2% | 2.36 | 2.01 312.
UE‘ VBF dijet 0 1.6 | 19.3% 80.1% 0.3% 0.2% 0.1% | 1.41 | 1.17 0.5
15 | VBF dijet 1 3.0 381% 59.5% 1.2% 0.7% 04% | 1.65 | 1.32 3.5
% | VH tight ¢ 0.3 —_ —_ 77.2%  20.6% 22% | 1.61 | 1.31 0.1
E VH loose ¢ 0.2 3.6% 1.1% 791% 15.2% 1.0% | 1.63 | 1.32 0.2
VH E{-“iss 0.3 4.5% 1.1% 41.5% 44.6% 8.2% | 1.60 | 1.14 0.2
VH dijet 04 | 27.1% 2.8% 43.7% 24.3% 21% | 154 | 1.24 0.5
ttH tags 0.2 3.1% 1.1% 2.2% 1.3% 92.3% | 1.40 | 1.13 0.2
Untagged 0 6.0 | 75.7% 11.9% 6.9% 3.6% 1.9% | 1.05 | 0.79 4.7
Untagged1 | 50.8 | 85.2% 7.9% 4.0% 2.4% 0.6% | 1.19 | 1.00 120.
Untagged 2 | 117. 91.1% 4.7% 2.5% 1.4% 0.3% | 146 | 1.15 418.
Untagged 3 | 153. 91.6% 4.4% 2.4% 1.4% 0.3% | 2.04 | 1.56 870.
—~ | Untagged 4 | 121, 93.1% 3.6% 2.0% 1.1% 02% | 2.62 | 2.14 | 1400.
£ | VBFdijet 0 45| 17.8% 81.8% 0.2% 0.1% 0.1% | 1.30 | 0.94 0.8
E VBF dijet 1 56 | 285% 70.5% 0.6% 0.2% 0.2% | 1.43 | 1.07 2.7
; VBF dijet2 | 13.7 | 43.8% 53.2% 1.4% 0.8% 0.8% | 1.59 | 1.24 22.1
= | VHtight ¢ 1.4 0.2% 0.2% 76.9% 19.0% 3.7% | 1.63 | 1.24 0.4
% 1 VH loose ¢ 0.9 2.6% 1.1% 77.9% 16.8% 1.5% | 1.60 | 1.16 1.2
VH E{-“iss 1.8 | 16.3% 27% 344% 354% 11.1% | 1.68 | 1.17 1.3
VH dijet 1.6 | 30.3% 31% 40.6% 23.4% 2.6% | 1.31 | 1.06 1.0
ttH lepton 0.5 — — 1.6% 1.6% 96.8% | 1.34 | 1.03 0.2
ttH multijet 0.6 4.1% 0.9% 0.8% 09% 93.3% | 1.34 | 1.03 0.6
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Centallowp. [T 0 LI B B R B CMS H— vy 19.7 fb™ (8 TeV) + 5.1 b (7 TeV)
L ] Untagged 0 | r
Central high p_ | i Untagged1 | = -~ - +0.26
o I ATLAS — Untagged 2 | & e combined 1.14 0.23
Forward low p Untagged 3 L~ | —
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- '1 - .. I
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VH di-jet L - Untagged 1 |
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13.5_|IIIIIII|II|||||||||||||||||||||||||||:
——— With mass scale systematics ATLAS = SCMSH—)T’Y 19.7 o™ (8 TeV) + 5.1 fo” (7 TeV) :
. o F ™ " Dol .
% Without mass scale systematics jf-l‘-‘ﬂ‘ =45f7, s=7TeV ] :—a‘} 455 ] %
= PE E A
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- 15F =
E Expected SMH 1 2
| o
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tH->YY Process
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ggbb Comparison

I T

Jet pT 55/35 GeV 25 GeV
Separate |tag and =2tag

' >

Tag requirement > Jtag SENFIA,

mjj range 95-135 GeV 85-155 GeV
mj; method 4-vector scaling Kinematic fit

Resonance limit Courfcmg Sideband fit

method experiment
Non-resonance limit Yes No
Signal at 300 GeV CMS ~50% larger in 2-tag channel
Background at 300 GeV CMS ~400% larger in 2-tag channel
Limit at 300 GeV CMS ~50% better (expected)
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ggll Analysis

Channel ET"** (GeV) | Obs. Exp.
_, (50, o0) 0 039
e 0.25
(30, 50) 1 01702
(OSSFL, oft-Z) | 5 50 1 120+ 0.74
TR
; 33 £ 0.
(OSSFL, on-Z) | " 5 0 1.01+055
( (;’" ;;;m All 0  0.00t017
(50, c0) 0 01678
Yyt (30, 50) 0 0.507 22
(0, 30) 0 076+ 0.60
Channel | E7 (GeV) N, =0 Np > 1
Obs. Exp. Obs. Exp.
(100, co) 1 22+10] 0 05+04
y (50, 100) 7 95444 | 1  23+12
T (30, 50) 29 21410 | 2 11406
0, 30) 72 77438 | 2 21411
(100, c0) 1 0247;5 | 0 035+0.28
T (50,100) | 14 93447 | 1 15408
T (30, 50) 71 67434 | 2 21+12
0, 30) 229 235+117 | 6  64+33
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H— yy
r— + nen
100% 0.148 0.135 0.798 0.025 0.124
75% 0.319 0.305 0.902 0.033 0.337
509 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
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19.7 fo” (8 TeV) 5
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Narrow-Width Approx
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Photon Energy Calibration

* In-sifu adjustment using Z—e*e

peak

Photon energy calibratfion using MVA — inpufts: shower shapes, n...

* extrapolate to photons using simulation => need precise knowledge of material
*_extrapolafe fo Higgs mass => non-linearity

* Photon E calib : Eur. Phys. J. C74 (2014) 10, 3071
* Improved intercalibration of calorimeter layers (fo within 1-2%)
* Improved determination of upstream material (to ~5%)
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* Effective constant . oo :
o & 0.015] Unconverted photons 3
term ~0.7% @ £ 4D g
0.01 Calibration uncertainty =
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] V5=7 TeV J/5—=8 TeV
Category a6s [GeV] agp [GeV] quetce] ooo [QeV]
Central - low ppy 1.36 2.32 1.47 2.50
Central - high pp 1.21 2.04 1.32 2.21
Forward - low pry 1.69 3.03 1.86 3.31
Forward - high py 1.48 2.59 1.64 2.88

o, ~ 1.32-1.86 GeV => ~1.56 GeV
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- ttH FWHM/2.35

il Untagged 0 QERECEREE RIS
Untagged 1 [
Untagged 2 Al
Untagged 3 |REXERUEIEHERELERET

Untagged 4 121.4 total expected signal

7 1.05
1.19
1.46
2.04
2.62

o, ~ 1.05-2.62 GeV =5 ~1.46 GeV

O, - smallest interval contfaining 68% of signall
GDR Terascale @
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