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Prerace and Outline

The discovery of the Higgs Boson (July 4™ 2012) is already starring
in movies and books.

We now celebrate two years to Higgs discovery.

This falk is about the distance we
have all gone since the declaration
of Higgs Hunters’ independence...

Searches 2> Precision measurementsi®=

Mass
Signal Strengths (cross section X BR
Couplings 2

Off-shellness and width
Rare decays
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Decay tag and production tag

s La Combinaison

Untagged

. . . ’ .
new,y iE,;tthlijH ATLAS CMS xx onOf Jus+ yefcoc .o bu+ '1-5 Comlng..-
EFs VH
2~,et VH
H — WW®) 5 fvév [17], Section 2.3 . b - 10 categories P
1_; 14 {p1 ® 17, ® conversion} & {2-jet VBF} '
e+t el 2-jet VBF H — 7ZZ™ 4¢ {4e,2e2u, 2u2e, 4y, 2-jet VBF, (-tag) 4.6
I % H—> WW® tvly {ee. e, pe, uu} ® {0-jet, 1-jet, 2-jet VBF} 4.6
LoV ), . .
H — 17 [19], Section 2.4 VH — Vbb W — ly E € {< 50, 50 - 100, 100 — 150, 150 — 200, > 200 GeV} 4.7
O-jet Z -t {< 50,50 — 100, 100 — 150, 150 — 200, > 200 GeV} 4.7
eTh, UTh 1-jet
Sl 2012 s =8 TeV
Thh o [ .
-jet VBF 14 categories: {pt ® 17, ® conversion} &
e (1):;: H=yy {loose, tight 2-jet VBF} & {(-tag, E{I‘iss—tag, 2-jet VH} 203
2-jet VBF H — 7Z® 4¢ {4e,2e2u, 2u2e, 41, 2-jet VBF, (-tag} 20.3
O-jet H—- WW® tvly {ee, ep, pe, pu} ® {0-jet, 1-jet, 2-jet VBF} 20.3
o1 et Y Z—vw  EFSe{120-160, 160 — 200, > 200 GeV} ® {2-jet, 3-jet} 203
¢+ LI’ ZH I =wy, VH—- Vbb W — vy p¥ € {<90, 90-120, 120-160, 160-200, >200 GeV} ® {2-jet, 3-jet} 20.3
£+ WH Z -l p% € {<90, 90-120, 120-160, 160-200, >200 GeV} ® {2-jet, 3-jet} 20.3
— ;b*[f o L TiepTlep {ee, e, ) ® {boosted, 2-jet VBF} 20.3
W(tv)bb pr(V) bins H o 1r TlepThad {e,ut® {bOOSte(?, 2-jet VBF} 20.3
W (,v)bb Thad Thad {boosted, 2-jet VBF} 20.3
Z(££)bb pr(V) bins
Z(vv)bb pr(V) bins
ttH with H — hadrons [14, 28], Section 2.6
tt lepton+jets
H = bb tt dilepton
H — 1,1 tt lepton-+jets
ttH with H — leptons [29], Section 2.6
20-SS

3¢
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Mass of The
Newly Diseovered Sealar
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Mass of the Newly Duscovered Scalar

o

ATLAS S apTT T RRMIDAASRSRRRRARS
T - —— Combined yy+
OLD © 35[ Vs=7TeV [Ldt=451b" O'-D e
77 @ TUF Vs=8TeV |Ldt=203 b T
‘u (1255):15 i04 %I 3 X Best fit
€ -
3 251
© -
CRES
OLD o -
u = 1.8C
(1255)=16 £0305 "} . "
FETT
0.5:—
]

m,, [GeV]

oD m?” =1243 %% (stat) **3 (syst) GeV m! =126.8 +0.2 (stat) £0.7 (syst) GeV

Am=23%£09

ATLAS ol =125.5+0.2(stat)**?
OLD Sold m, =125.5+0.2(stat) )3 (syst) GeV Compatibility 240
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Mass of the Newly Discovered Scalar

ATLAS = 4||S|||||Ct|)d|ZZ
_ ATLA —— Combined yy+ m
OLD § 35F Vs=7TeV [Ldt=451" NEW  —H-yy =
77 @ 9 F (s=8TeV Ldt=20.3 fb” T Hozios
U (1255):15 +04 ¢ 3 X Best fit -
gr = — 68%CL =
= = emmmmmmeeel e % CL .
b(% 2.5 95% -
8 I =
OLD 3 m .
= 1.5 —
W7(1255)=16 0305 5
o~ = == = -
® - .
0.5:— _:

o
-y
®)
o

m,, [GeV]

oD m?” =1243 %% (stat) **3 (syst) GeV m! =126.8 +0.2 (stat) £0.7 (syst) GeV

Am=23%£09

ATLAS ol =125.5+0.2(stat)**?
OLD Sold m, =125.5+0.2(stat) )3 (syst) GeV Compatibility 240
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Unédersianding vhe Devecior > IMPROVED SYSTEMATICS
ATLAS H — yy .4/ CMSH eyy

ID and Solenoid

. readout i
Services  Cryostat Calorimeter

oooo

PS L1 L2 L3
Recalibration of Layers and gains o Final calibration of the CMS ECAL for Run 1 data.
Muon momenfum calibration Improved simulation/understanding of:
Electron and Photon energy calibratior 5 ECAL noi luti g
Better and more accurate material 5t U.'on i k .'me'
description 0 Effect of out-of-time collisions.
o Amount and distribution of material in front of ECAL.
SRS oF IMEES [ e elpimeior o Improved description of energy scale uncertainties
FSR recovery & corrections P g7 'p. p i gy v
BDT-ZZ & per event errors 0 25 event categories targeting all production modes

oo

o New background modeling
considers multiple functional forms simultaneously.

A. David ICHEP 2014
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CMS di-phoevon shines

10.26 | +0.21
U/USM = 1.14 ~0.23 | —0.21

(stat.)”

my = 124.7070:35 10.31 (stat)

http://arxiv.org/pdf/1407.0558.pd

CMS H-yy 19.7 o™ (8 TeV) + 5.1 fb” (7 TeV)
: N
© 1o
> -
E' __________________________ Ll haiaks 20
]
(6]
(@]
-l |80
40
50
= Observed 7 + 8 TeV
—— Observed 7 TeV
—— Observed 8 TeV
-=-~- Expected 7 + 8 TeV
-~ Expected 7 TeV
- -~ Expected 8 TeV
Slgnlflcqnce 1111[1111]11111:1111111111111
125 130 135 140 145 150
m, (GeV
5.70 obs. 1 (GeV)

(5.20 exp.)

0.09 4+0.13
0.05 (8yst.) Ly gg(th.)

+ 0.15 (syst) | GeV

19.7fb" (8 TeV) + 5.1 fb™ (7 TeV)

ok

S x10°F

8 35 :— CMS S/(S+B) weighted sum
oy a ¢ Data

L 3 N

c E S+B fits (weighted sum)
o A by B component

ﬂ>) 25 E - +1o

© °oF 0 TN, T +20

£ F

o 15

Qo -

= 1

@ os5F

o) C

T

w

200
100
0

-100

) 110

115 120 125 130 135 140 145 150

m,. (GeV)

HIGGS HIGGS HIGGS HIGGS HIGGS HIGGS, JHU WS, Heidelberg, 2014, Eilam Gross HIGGS HIGGS HIGGS HIGGS HIGGS HIGGS 8



Mass of the Newly Discovered Scalar

ATLAS Submitted to PRD arXiv:1406.3827 ATLAS
NEW > _||||||||||||||||||||||||||||||||||||||||||||_ N(%D’EW:"IJ’Ldt=45fb-"@='71’-evll""IA'TL'A'S'I"":
8 35 ATLAS ¢ Daa — 2 "F [Ldt=203 16" V=8 TeV W =
- [ sional (m, - 124.5Gev u-1.66) 2 10 /b weighted sum pae =
Lf)_ - H— ZZ* — 4] H . 2 a " © catenort Combined fit: .
AN 30 - 4 - Background ZZ* _ W E ass measurement categories — Signal+background
- - s=7TeV: |Ldt=451b - - ===+ Background -
wn - J- - Background Z+jets, tf ] 120— — Signal ]
= L Vs=8TeV: J.Ldt =2031b" > ‘ . - o -
o 25 — ///% Systematic uncertainty - 10— -
> - -] - .
Ll C ] sof— —
20 — - = =
B _ 60— -
C ] ol =
15 = - :
C ] 20— —
10F = o =
- _ g 6 —g
- B 2 4 =
- = 2 H
S H g 2
-
0 -
110 120 130 140 150 160

80 90 100110120 130 140150 160 170 m,, [GeV]

m,, [GeV]

N m; =124.51 +£0.52 (stat) £0.06 (syst) m! =125.98 +0.42 (stat) +0.28 (syst)

Am=147+0.72
_ + +
N m, =12536 +0.37 (stat) £0.18 (syst) GeV ety 1975
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Mass of the Newly Duscovered Scalar

o

AR S AT T ARAAPARSAASAARSAS
> - —— Combined yy+
Ol 105 " 35 Vs=7TeV [Ldt=451" O'-D —non u
— @ L Vs=8TeV |Ldt=2031b" — T
£ -
‘b;% 2.5
g 3
OLD 2 -
1255)=16%+03 = 15-
14 = =
m —
&———1:—-——=~v_———————;.—- =
0 -
0.5
_1

m,, [GeV]

oD m?” =1243 %% (stat) **3 (syst) GeV m! =126.8 +0.2 (stat) £0.7 (syst) GeV

Am=23109

ATLAS ol =125.5+0.2(stat)*??
OLD Sold m, =125.5%0.2(stat) ¢ (syst) GeV Compatibility 2.40

HIGGS HIGGS HIGGS HIGGS HIGGS HIGGS, JHU WS, Heidelberg, 2014, Eilam Gross HIGGS HIGGS HIGGS HIGGS HIGGS HIGGS 10



Mass of the Newly Discovered Scalar

ATI—AS />'\ 4_— """" I'"'I""I""I""I'"'I""I""_
OLD 8 - ATLAS . OLD U pomhmedmezzt 3
(124.3)=1 7002 & 3'5:_? QZWEE 205 1 ——AmzZodl

‘LLZZ /04 %I 32— % Best fit _i
NL7(1245)=166 3% 3 25 :
O - B

OLD = :
w,(1255)=16+£03 = 1s- =
N,LLW(125 98)=1.3 +0. 30° 050 -
_1 -

Ol Lo L L L L L L
0 23 123.5 124 124.5 125 125.5 126 126.5 127 127.5

m,, [GeV]
oD m? =124.3 "% (stat) *°3 (syst) GeV m? =126.8 £0.2 (stat) £0.7 (syst) GeV

N m; =124.51 +£0.52 (stat) £0.06 (syst) m! =125.98 +0.42 (stat) +0.28 (syst)
Am=23+09
Compatibility 2.40

Am=147=x0.72
= + +
N m, =12536 +0.37 (stat) £0.18 (syst) GeV ety 1975
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Mass of the Newly Discovered Scalar

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

7 [oms O [# comwes
7z B " Prelimina + H-—vytagged
m? =125.6 £0.4 (stat)£0.2 (syst) GeV © 2.0} v
H ey &) ‘Hoyy+H—->ZZ | + H- ZZtagged

N 77 =124.7 £031 (stat) +£0.15 (syst) 1.5 : .
B S @‘)

0.5 -

i 1 | 1 | | 1 | | | | | 1 | 1 | | 1 1 1 }
O'923 124 125 126 127
my, (GeV)

ATLAS
N Am=147%0.72
= 12536 +0. £0.1
s 036 £0.57 (stat) £0.IS (5ys) GeV- (o atibility 1976

Am = —0 873

m,, =125.03 *2° (stat) 717 (syst) GeV
N o o1s Compatibility 1.60
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Mass of the Newly Discovered Scalar
é?:jé:::ééégu;gtl?gél 125.15 + 0.24 GeV .‘, <yl \ R 02%:|

ATLAS Combined = 125.36 = 0.41 GeV _._

Text

ATLAS ZZ* +
ATLAS vy +
CMS Combined =125.03 = 0.30 GeV _._
CMS zz* +
ol P

| | 1 1 | I: I I 1 1 1 | [ 1 1
116 118 120 122 124 126 128 130
ATLAS Mass(GeV)

Am=147+0.72
N m, =12536 £037 (stat) £0.18 (syst) GeV m=147+0.7

Compatibility 1.970
Am=-0.87"2%
Compatibility 1.60

CMS
N m, =125.03 75 (stat) 713 (syst) GeV



HIGGS Signal Strenarihs
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What do we measure ; ooy
We measure event yields g %0 B z+x E
We want to derive couplings and € ERE
signal strengths g [ Jmy=126Gev -
The first thing we want to 20 E
measure is the the “signal strength” 15
per channel
The analysis is using
discriminators (usually reconstructed

mass related) to increase S/E

p€(ggF,VBF,VH .1tH) | ¢ (yy,ZZ WW ,bb,T7)

U, @m =1255)=14477  6.60(4.40exp) ATLAS
U, (@m =1245)=1.66"7%  ATLAS mass analysis

U, @m =1247)=0.937700  6.80(6.70exp) CMS

HIGGS HIGGS HIGGS HIGGS HIGGS HIGGS, JHU WS, Heidelberg, 2014, Eilam Gross HIGGS HIGGS HIGGS HIGGS HIGGS HIGGS 15
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What do we measure,.

We measure event vyields

We want to derive couplings and

signal strengths
The first thing we want fo

measure is the the “signal strength”

per channel

The analysis is using
discriminators (usually recons
mass related) to incregse

19.7 fo' (8 TeV) + 5.1 fb™' (7 TeV)

Vv

- CMS

I S
10 Hovy

Events / Ge

arXiv 1407.0558

um over all classes
¢ Data

—— S+B fits (sum)
=====+ B component
- +10

------ 20

A"‘l—i\lllllllllllllllll

/I'—Q\L
120 3 140

,u’xzp(ﬁprr’)SMxAlp €, X(Lumi

0 160 170 180

m,, (GeV)

p€(ggF,VBF,VH .1tH) | ¢ (yy,ZZ WW ,bb,T7)
7404.30exp) ATLAS

1, (@m, =1255)=1.57"05
1, (@m, =12598)=1.297"

U (@m =1250)=1.14"""

ATLAS mass analysis

5 70(5.20exp) CMS
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What do we measure

We increase sensitivity Phys. Lett. B 726 (2013), pp. 88-119
o — wmggF ®WVBF ®mWH ®ZH mittH

by classifying the events [© ATLAS Simulation Hory

via categories and ———————————————————= m

. s —

measure the S|gnal chonv.restlhlighp:: —-lI

strength per category oo i, [ m—

and then combining them | Loose/tight high mass 2jet (VBF tag) :—.'.

Loose high-mass two-jet

taking all the sytematic e

Low-mass two-jet

and statistical
uncertainties into accou

]
0 10 20 30 40 50 60 70 80 .90 100
signal composition (%)

The categories also sensitive to different production modes,
allowi e measurement of the couplings

=u’><2 (GPxBrf)SMx j
pe(ggF ,VBF.VH ttH) e (yy,ZZ,WW-,bb,

HIGGS HIGGS HIGGS HIGGS HIGGS HIGGS, JHU WS, Heidelberg, 2014, Eilam Gross HIGGS HIGGS HIGGS HIGGS HIGGS HIGGS 17




Probe the Produc’rlon Modes
u = uBRJ My =

Parameterize wﬂrlﬁ explicit BRQM
production modes and decays

=, | Wl X (07 X Br')g, X A}’ x €,” X Lumi

Define

Note: ONE CAN ONLY FIT THE L B 107f0] (8 Tev) + 5.1 1" (7 TeV)
PRODUCT  [U, i ] : |CMs & W e
We cannot fit smul’raneously the = | e + HoZZtagged |
cross section and the BR 4 N ::::::3:

->No full Higgs width fit is
possible to high accuracy at the
LHC (from the signal rates)

The categories allow us to fit _
specific production modes but o
no combination is possible ‘

unless we make assumptions T
on the BR CMS PAS HIG-14-009 Hggh i+

HIGGS HIGGS HIGGS HIGGS HIGGS HIGGS, JHU WS, Heidelberg, 2014, Eilam Gross HIGGS HIGGS HIGGS HIGGS HIGGS HIGGS 18



Probing VBF production mode

We fitted
i _ i
Hverive = |:luVBF+VH X JLLBR:I

Here we assume
f

| | Myprvy = Mygr = Hyy ~8yvy

l l

= X :I f 2
JLngF+ttH I:uuggFHtH HMpr Moornn ,u 2oF ,UﬂH ~ 8.1
Tgking one decay mode at a [T
time we can go one step u
further and ft the ratio Hhas
+0.7

per channel ATLAS | 14

l +0.63
Mvgrive — Mverive CMS | 1.257,;

i .
au gglb+ttH ‘U ggF+1tH CMS PAS HIG-14-009
This ratio is INDEPENDENT ATLAS-CONF-2014-005

of the decay channel so we

ca n IgGgS JI!Q'—(ECQHIGGS HIGGS HIGGS, JHU WS, Heidelberg, 2014, Eilam Gross HIGGS HIGGS HIGGS HIGGS HIGGS HIGGS
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Probing VBF prod

We fitted
i _ i
Hverive = I::LLVBF+VH X uuBR:|

i

— I
,LL ggF+nH — [uggFHtH X ;UBR]

Taking one decay mode at a
time we can go one step
further and fit the ratio

ner channel
erl |

I TWATIIT IS

l

JLLVBF-I—VH — uVBF+VH
l

lLngF+ttH lLtggF+ttH

This ratio is INDEPENDENT
of the decay channel so we

ATLAS Preliminary
my = 125.5 GeV

uction mode

ATLAS-CONF-2014+009

Total uncertainty
+ 16 on bweew

ggF+ttH

H— vy

M +0.8
VBF+VH — .
- 1 .2_0 6

u

ggF+ttH

H— ZZ* — 4l

Mygrave — 0 6+2.4
- YYo009

MggF+t’tH

H, +1.9
VBF+VH — .
1 -8_1 O

ggF+ttH

H—> WW* — Iviv

H— 1t

Hygravn =1 7+°°

- 1.2

Combined

U
VBF+VH — +0.7
- 1 .4_0.5

uggF+ttH

\s=7TeV [Ldt= 4648

\s =8 TeV JLdt = 20.3 fb’

)

W
r

/
VBF+VH H ggF+ttH
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Evidence for VBF Higgs Production

; :_ -\ ATLAS Prellmlnary _f
:uVH N pof ‘ Vs=7TeV [Ldt=46-481b" E
pROFILING ‘LL we can 182— s=8TeV |Ldt=203fb" E
ggF+ttH 16;_ ‘: my, = 125.5 GeV _;
14F w=125 E
: Hypr 1ok E
Fit and find an o combined E
uggFHtH 2;: :;
. . 4;——””"7”J7”” =t é
evidence for VBF Higgs o NN\ E
producfion 005 0 05 w15 2 25 3 35
HVBF/ ”gw
L _14z+0. 3(stat)’yo(sys) ATLAS 10— LRV AL A )
Hogrsun Hyprive +0.63 S 9 gry/’r% nar e t
7 — 25_045 CMS " o inary - Exp.for SMH
JLngF+tZH L7k E
: 6 , E
Wr=0 is excluded at 4.16~ATLAS) |
. " | CMS pAS HIG-14-0G9
Wygr=0 is excluded at 3.60 (C T 3
N E
15
R T R S R S

/
Hygrvi M ggH.ttH
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Prebe The Preducrtion Medes

CMS performs a new analysis with a global fit to all production
(and decay) modes. Profiling all the other decay modes, assuming
SM BRs, they find

Combined
n=100£013
H — bb (VH tag)

H — bb (ttH tag)

H — vy (untagged)
H— vy (VBF tag)
H— vy (VH tag)
H— yy (ttH tag)
H— WW (0/1 jet)
H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag)
H— 1t (0/1 jet)

H — 1t (VBF tag)
H — tt (VH tag)

H — 1t (ttH tag)
H— ZZ (0/1 jet)
H— ZZ (2 jets)

X?/dof = 10.5/16
1p-value = 0.84
(asymptotic)

CMS PAS HIG-14-009

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

CMS my= 125 GeV

Preliminary

2 4 6
Best fit 0/08

M

Combined
n=100+013

Untagged
pn=0.87+0.16

VBF tagged
p=1.14+0.27

VH tagged
p=0.89+0.38

ttH tagged
pn=276+0.99

19.7 b7 (8 TeV) + 5.1 b (7 TeV)

CMS mH=125 GeV

Preliminary

x2/dof = 5.3/4
p-value = 0.26
(asymptotic)

Best fit G/GSM
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Indirect Sensitivity to Fermion Couplings

’ - 2 It
t K === 9 EETTITEBTY
H rt? \\t
_______ g’ g g fusion : ty = H
‘ ki =" 9 maamm//‘
—— | g’Z'SM -
2.0t 120 bk O
koK) = Kt "Oggn T % " Tggn T KtKb " Tgop
g\"b> Bt) = JT +0'bb _l_a_tb
ggH ggH ggH

Note that if all fermion couplings are set to be
equal, kgz — ki

Y
W WA

k2 =|1.28k, —0.28k | -~ L, 2

Y

W Laaavnane

v
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Direct observation of H>bb and H> 1T

The Bosonic channels H->bb dominates the Higgs

(Yy,ZZ WW) provide indirect total width (BR~58%)
evidence about the fermion ggF,H=>bb is saturated with
couplings to Higgs via loops overwhelming direct production

of bb from QCD background
S SO AN The handle is given by a
t ! Vector Boson produced in
H° P

ty > i t association with the H—>bb in

i Mm> <»¢.w¢,w the VH,H->bb process.

g Y

: ) With a SM BR of over 6%
Buf the direct evidence came and a relatively clean signal in

with the observation of the bb  \/gr 4nd Boosted categories,

and the 7t by (first) CMS and {377 is even more important

(then) ATLAS then the bb (with the current
luminosity and analysis status) in
order fto establish the Higgs
direct coupling fo fermions.
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Fermions Direct: H=>bb

VHH->bb results:

0 S L S
8 10" - CMS ® Data =
@ 10° - \s= 7TeV, L=5.01b" B v+ >
s 108 \s = 8TeV,L = 18.9 fb" [] Background Z
0 1ot pp — VH; H— bb —— VH(bb) 125 GeV -
03 —— Background uncert. w
10 =
102 o
w
10
(@)
1 (0]
10" >
...................................... 2 <
= %% dof =0.98 E
1.5 ] —
Pe| o) = 3 3
So 1Bttt s 45 O
05F- 5 O
E = ('>|2
E Y2 dof = ' 3
_ 1sE 1%/ dof = 0.64 Efal
| + E 3
o‘-‘;@ 1 w.. =
(=] /5] E 3

1 05
log

4 35 3 25 2 15 (S/Bg)
Z=2.16E2.16 exii

ATLAS-CONF-2018-079

+2.0
VH, loplon_ =25/, 2
VH,2leptons k=06 |+

ATLAS Prelim. *g‘(:;";'; Total uncertainty

my = 125 GeV oftheo) + 15 o

VH(bb), 7 TeV A1 ¢ F ¢ ;
p=-21

VH(bb), 8 TeV
u=086y,
VH,Olepton ~ 1=0.9"|
VH, 1lepton  H=07"
VH, 2leptons b =-0.3"7"
Comb. VH(bb)
u-02,
VH,Olepton k=057,
VH, 1lepton  #=0.17]

.............................. r £

VH, 2leptons  p=-0.4""/+

Signal n=1.0£0.5 n=0.2+0.5(stat)

Strength +0.4(syst)

Excess 2.10 (exp 2.10) 0.360 (exp 1.640
[py=0.36 (exp
0.05) ]

Upper u<1.89 (exp 0.95) p<1.4 (exp 1.3)

{5=7TeV [Ldt= 471"
{s=8TeV [Ldt=203fb"

Signal sirength [u]
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Fermions Direct: H2> 1T

ATLAS-CONF- 2013 108

Discriminator is not
necessarily mass

510 JBSAARRRRRRE:
; ; [:] Background (u=1.4) E
ch E ----- Background (u=0)
o 1 0® = B 25 et )
B H(125)tt (u=1)
102 ;_ /Z=4.10 .
(3.20 exp) -
- Hortt . 4
10E ATLAS Preliminary g_'-t‘-i“li_h E
= [Lat-20310" E
- {s=8TeV

H> 1T CMS ATLAS
Signal Strength n=0.78+0.27 u=1.4*0>_,
Excess 3.20

HTGGS HTGGS AHTGGS HITGGIHAX i

(exp 3. 70)

4.1o (exp 3 20)
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Direct Evidence for H>Fermions

Mbb [ u

U

TT

Combined fit

Mbb

w

TT

Combined fit

f1~093.0; 2 20%

HIGGSHIC ________

Combining bb and Tt

19.03.14
obs(exp)
n=0.2"7 0.360 (1.64) F——1
o=1.4"° 4.15(3.2)
04 ATLA
[m =125.5 GeV]
— +0.36
1=1.09""  3.70(3.4)
0 =1.00"""°  2.15(2.3) =
-0.50
=0.78">"  3.20(3.7) el
CMS
[mH=1 25 GeV]
=0.83""*  3.80(4.4) -
I 024 P R R I I I
-2 0 2

1 1 4
PO, 36(0 05)

4
Slgnal strength
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Direct Evidence for H>Fermions
Combining bb and Tt

ATLAS and CMS each sees a strong evidence for
Higgs coupling to fermions with a strength
consistent with the SM expectation

When combined the significance

observation goes beyond 502>
ATLAS+CMS discovered H2 1T
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Comment: Fermions Direct: ttH

Probing the Higgs Yukawa coupling to top is
of an ultimate importance. m;, /v~1.  Higgs won't
decay to tt, but one can probe directly the ttH
coupling by the Higgsstrahlung of Higgs off top
or tt fusion fo Higgs, or single top production.

The Higgs then decays to bb, T, T, or
multileptons (from ZZWW or tt) with extremely
small 0 XBR.

x33xKy, —5.IXK K, +28XK’
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ttH, H>bb

CMS Preliminary Vs=8 TeV, L=19.5b '
= 2}
S 10°k ATLAS Preliminary —4— Data 2012 T T v bat
~ - - ata
£ - B i e =17) @ B Signal (1 = 1)
N : _ Background
Lq>|j - - ttH (HQS% excl._4-1) 103 E Bkg %n(l:
10 E [ ]Bkgd
10°
- \s=8 TeV
21
105" | Lat 2031 10?
. Comb. Single lepton and Dilepton
. 10 ?_I 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1
E) 1;25‘ iH (1 =1.7) + Bkgd.
o ]:‘2‘;{::’; fH (u_ _=4.1)+ Bkgd. =
o 15 g0 >—o e e o =
S 08 &
a O.BE . . . . . . E -6 -5 -4 -3 -2
4 35 3 25 5 45 1 05 15 log(S'B)

itH ,H — bb
CMS using ME <29 (exp 3.3) u=0.67"2
ATLAS u<4.l(exp2.6) u=1.7xt14
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HIGGS Couplings
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Measuring Higgs Couplings

L= Hg"ffj’H?’ Z ZMH + “mW WiW +H
W GWH @ AWA“”H + K7y — AWZ“”H

+ ryy s (cos® b Z,u, 21 + 2 WL W) H

~ )Y =Ly ‘Z “LfF e Y SLiF | A

f=u,ct f=e,u,t

P A Y

Define the normalized coupling constants (w.r.t. the SM couplings)

217 SM
k2_ 1_11' kZ_ZkJFJ
FSM
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Measuring Higgs Couplings

n‘ = Ep[,u”,u;R]x (0? X Br'),

Can we resolve the
degeneracy,

disentangle [,up,uggv ]

The degeneracy can be
broken by Eamme’rerize
the strength parameters
with couplings and
infroduce constraints which
reduce the number of p.o.i.
and allow reasonable fits.

2
L:z — Iﬂi l:z _ :EE:l?iIﬁiﬂl

i SM H SM
FI FH

HIGGS HIGGS HIGGS HIGGS HIGGS H|GGS, JHU WS, Heldelberg, 2014, Erarmraruss

Combined
1=1.00+0.13

H — bb tagged
u=0.93+0.49

H — 1t tagged
n=0.91+0.27

H — vy tagged
p=1.13+£024

H — WW tagged
u=0.83%0.21

H — ZZ tagged
u=1.00+0.29

X?/dof

XA XE " X Lumi
CMS PAS HIG-144009

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

CMS m, = 125 GeV

Preliminary

1 l 1 1 1 1 l 1 1 1 1

0 0.5

=0.9/5

1.5
Best fit cs/csS

p-value = 0.97
(asymptotic)

[RIASAS ISR REAS LS ISR RIASAS &) IIIGGS HlGGS HIGGS

2
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Disentangling The Couplings

q1 q3
W, ww _
H" h? Hygr =
WiZg--------- || -.he o
g thge ]
g 44

2
-—L\(WW . k_W
Mo =

u’ =k: =k*BR™ + k?BR* H

VBF w SM Z SM
The simplest non-trivial WW K2 . k2
model is (k: k) where all O s _ v v
Fermion couplings are GWW(SM) 0.75k? + 0. 25k?
set to k; and VBF F v

all Boson couplings to k,
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Disentangling The Couplings

arXiv:1312.1129v1 [hep-ex]

49" (7 TeV) + 19.4 " (8 TeV)

CMS 497" (7Tev) + 194" (8 Tev) o 20 T T

Fi m,=1256Gev - H—> WW (all channels) | i

H— WW (all channff!’sm)u - 4 Observed | |

0l0g5, =0.72" 534 - —— 68% CL Observed -

I T 1.5 95% CL Observed -

- A Exp.forSMH . -

212v + 0/1-jet B - —— 68% CL Expected s

olog,, =0.74" 5% : - - 95% CL Expe?ted i

- i 1 :

212v + 2-jets, VBF tag 8 = - -

olog, =0.60" 05 = : :

212v + 2-jets, VH tag 1 0.5 N

Y g - i

0log, =0.39" 13 L S i

313v, WH tag ES EE 0_ ! | 1 I 1 L | ! ]
Ology = 0.56° 137 T 0 0.5 1 15

1 1 1 L 1 1 r“ : > L L L 1 1 1 1 L KV

-1 0 1 2 3

Best fit for o/o,,
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Disentangling The Couplings

9 Y
TS VY] ¥ WA ) o~ p
t y 0 ﬂ\_?‘“\ §»\\\' V‘yﬂqz 15,7\-1'\“\‘ N
NN H S SN H
ty 2 “u, %W ______ Z S, T
t W/"wf’fé\, R 4"‘4/.'
'2208090090) MW AN Y “n VAN
g v v
k:(k k) k. (k k k_ k)
gN"b>™t Yy Nbh T T oYW
(0-BR)(gg—H —=yy)~——7;
k2 (k, k, k. k k)
Note, couplings are dependent & propy — ) - ke -k (ki ki ke k)
on the Higgs mass 0.75k; +0.25k;
koK (k.. k. k.k
o(VBF)X BR(H — yy) ~ — A = 2v)
0.75k; +0.25k,
k2'k2
In the (k; k) benchmark: o (ggF)x BR(H — WW ,ZZ) ~ F- Ry
0.75k; +0.25k;
k2.k2
o(VBF)X BR(H - WW ,Z7) ~ ——
0.75k; +0.25k,
ky K

o(VBF,VH )X BR(H — t7,bb) ~ > 5
0.75k; +0.25k,
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Summary of Signal Strength

ATLAS-C

ATLAS Preliminary Total uhcertainty
=125.5 GeV + 1o pbnpu

H- vy ;
-028| .
H- zz* - Al
-035| . . ..

H—>WW*—>IvIv
= 1.00'0-32

— |1 28kW — 028kt|2 Combined =S |

Hoyy, ZZ*, WW* +0.21 :
“_1'35-0.20 N Y e

ATLAS bb is low but with large
error.

W,ZH - bb

+0.7 :
u= 02&6...{..”

H — 11 (8 TeV data only)

— +0.5 :
u_14ﬁ4‘..ﬁ

Combined

H-bb, 11 — 1.09+0-36 :
032|

Combined

- +0.18 :
w=1 30—0 17 L.

Vs=7TeV [Ldt=4.6-4.8fb" -0. 5 0 0 5 1 15 2
/s =8 TeV [Ldt = 20.3 " Signal strength (u)
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A comment on Interference

"~ ko (k, k)X K (K, Ky ) K2 =[1.28k,, —0.28K,

\ !@ \. If k=1 ggF slightly

affected
WW unaffected
Yy increases

Allowing negative k, is extremely important
Can be probed with tH

k> ~k’
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Coupling Benchmarks

To make reasonable fits we infroduce physics motivated scenarios.

Testing the compatibility of the discovered Higgs with the SM is fo
test also where is it NOT compatible, spotting where NP might

sneak in.

NP can appear in either the Higgs width and/or in the loops.

D KT + T + k2T

2 j=ZWibs
kH -

r, =k, +BR,T,

SM
1—1H
I', k, k, Scenario Comments
r,=kT) K (k.ky) K,k k)| SM  only SM particles in loops
T, =k, +BR, T, k, k, NP < m,,, could be < %
2 ~SM Wy
FH:kHFH ky kg NP > mNP>7
Y NP (not in the loops)
Uy =k,I'y +BR Uy K (k.k,) K,/(k.k,)| NP,

neither charged nor coloured
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Probing Custodial Symmetry

A, is expected to be
protected and consistent
with unity

Large deviations from 1
indicate new physics.

[ — 1977 TeV) + 51157 (7 TeV)
£ oF CMS — Observed B
< Preliminary - Exp. for SM H i
N 8F H— VV (0/1 jet) —
| 7 Ke=1, %5, ?‘wz —:
6F =
5| =
4 =
3f 3
of -

i
N ¥ R N S— 2
Myz (K = 1)

Myz

Myz

ATLAS | Overall
(NPNL) AfZ' kzz
profiled
CMS | Overall k,,K: . k
(SM) | profiled lWZ o k
A
| Ay =0.947%  ATLAS .l
| Ayz=0.910., CMS ok
v b by by by s by By | IR
2 -1.5 1 -0.5 0 0.5 l 1.5 2

Coupling scale factor
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The Full Mon’ry I: SM

Generic Model I (ATLAS, CMS)

All couplings to SM particles are
fitted independently

k, and k,, assumed positive, fit is
sensitive to sign of k,/k,,

p.0.i k, k, kK k

III|IIII|IIII|III
ATLAS Prellmlnary [k sKz:KpsKeki]

(S=7TeV, [Ldt=4.6481b"
/s =8TeV, [Ldt=20.3 fb"
Combined H—s yy,ZZ* WW*tt,pp ~~ SMexpected

-2 InA(xk
=

== Observed

ATLAS CONF-HIGG- 2013 14

Loop& kg(kb’kt) ky(kb’kt’kr’kw)

Width 2 2 ATLAS P |
k (kb ) kW ,k ) — 10~ [kw.Kz.KpK K]

1 k k _ E - Vs=7TeV, |Ld 8fb" ]

Constrains FSM R 8: /s = ;TeV JJ‘Ld: 20634;‘ f Observed ]

—H2| g h Y rafe PreFe r% n e Ve k Cc‘)mbmed H— vy,ZZ* WW* 11, bb SM expected I‘ ]
k; =|1.28k, —0.28k,| AN I

-The low measured bb rate does not 4
reflect the sensitivity for k, __
ATLAS were unlucky

I||III|III|III

Kp

-The 5D compatibility with SM is 14%
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The Full Monty I : SM

ATLAS-CONF-2014-009

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

CMS - 68% CL
ATLAS Preliminary Total uncertainy Preliminary =95% CL
K o ol
Model: k5, Ky, K,, Ky, K; | “ Kb e ————
p_ =13% ; 2 '
SM | :
09503 /] h .
N \ ';_ . i t 1—*—
“ Kg -
Ky, =0.6870 39 : i K, :
cc[080-050| f 1T F e Loty
L{0.61,0.80] | 0 0.5 1 1.5 2 2.5
R parameter value
_________________ >
x, € [-0.7,0.7] ;
, n bb makes 58% of the
cpisoen| A\ T Higgs width, bb rate
U[0.67.1.14] | ? 1
N AT TN measured low, pulls
-2 -1 0 1 2
5=7TeV [Ldt=46481" Parameter value

5=8TeV [Ldt=203 1"

all couplings down
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HIGGS PR

19.7 b (8 TeV) + 5.1 15" (7 TeV)

Qj I 1 I L | II ! I LI ) ll 7
1_;\ : CMS CMS-PAS-HIG-14-009 |
& o s
. mf S 4L Preliminary to.
- — S E Z p - ;
Ty S [ |=68%CL V\;r' :
< [ | L aro o |
PR | = TR
gV T 10'1 — L 197" (8TeV) + 5.116' (7 TeV) ==
V - CMs ®68%CL | 3
: . Preliminary ' -95% CL | ]
i ",' - . i
: b o"' Xz _-.-_ :
107F i [ e
B ‘0 ‘05'“%“‘1.15““&““25 i
parameter value
| 1 | 1 11 || 1 | 111 llI
1 2 34 10 20 1 00 200
mass (GeV)
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Vector and Fermlon Cou lln _s N

The yy loop induces some
sensitivity to the relative sign

between k; and k,,

The high observed H>ZZ

pulls k,, up,

allowing high YY rate
and keeps K, posifive
k; —|128k —028k|

ﬁtted | comments :
ATLAS  k, | T,,=0 !1.15£0.08
(SM) ke | kg(k) | 09951
CMS  k, | T, =0 | 089
(SM) ke | k() | 101
ATLAS Kw 0.86"0 1
(NP,,) " 1 profiled . o

ATLAS: 2D compatibility:with SMc0%

-2 InA(x

T ATLAS Préh
10
- /s=7TeV, [Ldt=46-481"

8: s =8TeV, [Lot = 20.3 b
L Combined H— yy,ZZ* WW* ttbb

= Observed

SM expected

1 \/ i
S e At -
2- -
O s e s
kg = 0.99% ——t ATLAS
Kg = 0 89+§1134 [ M— CMS
=1.1500% i  ATLAS
_ 4 4007
=1.01,47 - CMS
=0.86%1) j—o—i ATLAS
L l ] 1 1 1 1 | 1 | I 1 | | |
0.5 1 15 2

Coupling scale factor



Vector and Fermion Couplings

This PR plot fells a

ATLAS-CONF-2014-009

story:
:I T T | T T | T T I ' T T | T T I I .I [ | T T bl_l I ||_|I lél "ICF'c I T |:
4L ATLAS Preliminary ey B
- \{s=7TeV]Ldt=4648fb" :
3 {s=8TeVLdt=2031" \ -
- | ]
SM — 2F E
No Tension 1= =
0:_H — E
A= E
Tension o | Ho4l " H-bb-
Drlftlng :I L1 1 | I I | | I I | |ll | .I' | I | I | | | | I | I | | | .| II | I | | I I I
06 0.7 08 0.9 1 12 13 14 15 1.6
apart §
V
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Vector and Fermion Couplings

This PR plot fells a
story:

CMS Preliminary 19.7 6™ (8 TeV) + 5.1 fo™ (7 TeV)

& 23 + Observed ¢ SM Higgs

SM - >
No Tension

Tension 5
Drifting
apart
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Vector and Fermion Couplings
This plot tells a story:

CMS Pre//mlnaryﬁ197fb 8TeV)+51 fo' (7 TeV) :
52_23 + Obser2 d o ' SM Higgs
SM — > 1 1
No Tension
0__ ........................................... 0 _
B — :
Tension N :
Drifting L B
' E | tr
apart 0 0.5% - 1 ,_-3)

HIGGS HIGGS HIGGS HIGGS HIGGS HIGGS, JHU WS, Heidelberg, 2014, 06 07 08 0 1 H 1 14 15 16 47



Probing the Fermion Couplings Asymmetry

In models BSM (e.g. 2HDM) there ATLAS-CONF-2014-009
. - T A R AR R R RN R RN R
IS an asymmetry between K, and <° 1o ATLAS Preliminary Dydgkad
k. (u=c.t: d=b € [ (s=7TeV,[ldi-asast’ 3
d (u=c,t; d=b, T ) or - Vs=8TeV,|Ldt=2031b"
- Combined H—> yy,ZZ* WW* t b ~~ SMexpected -
k, and Kkq - Combi Z W o

The direct measurement of the
Higgs couplings to b and T
together with the direct (ttH)
and loops induced coupling to top
allows to measure A,

Measurement of the coupling fo

allows a measurement of A, The small asymmetry is from

b and t interference in ggH loop

The future will bring the Muons A vanishing coupling to
and better ttH into the game and downtype fermions is excluded
improve the measurement at the ~3.60(~40) ATLAS(CMS)
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Asymmetries in Fermion Sector

CMS are using a SM-like model ATLAS Ay >0
while ATLAS are using an NPy, o | 078-1.18 |
model
CMS
Mgy Mau= 1.01070 ——
fitted | 68% positibe C.I.;  p.o.

ATLAS A, i [0.78,1.15] i Ay sy, k, N N N DN
(SMNL) A%q i [099’1 5] i A%q ,),,vq ,qu >oupling scale factor
i i ATLAS

CMS A, | 1.01773, Ak, ok,
I l i 1L [0.99-1.5] | ,
SM) A, | 1.0275: Ak ok, .
CMS
Mol Mg = 10205 —_
I-I1l = I-OI.5[ = l(l)l = 10!51 — IIH1.ISI = ‘2

Coupling scale factor
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Probing the Beyond (kg,ky)

Scenario

ke (k)

k, (k, k)

k,(k,.k,) | k;

kV

p.o.i

(k,.k,) NP>) |

X

X

=1

k,k, | AC

& 18

1.6

1.4

1.0

0.8
0.6

0.2L

19.7 fo' (8 TeV) + 5.1 f6' (7 TeV)

1.2}

0.4}

L L | rT T T T T T1TTTd [ T T T T T 177177 | LI I_

 Preliminary -

K o ..'o.. __

:a / \\ ~’.' -

[ C N .

N, i

\\ \\ -

- ".‘... \\ ) ‘-‘. —_

T \\_’/ : ]

| S ) I | S N N N N N [ | S N S S S N I | | - [_
0.5 1.0 1.5

Kyl Kg=1.0807 H—e—q  ATLAS
Ky|- Kg=0.89%7 ot cMs
K |-k =11977 j—e—i ATLAS
K, |- k=115 ——q CMS
1 I 1 1 I 1 1 I 1 1 | 1
0 0.5 1.5 2

Coupling scale factor
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Probing the Beyond (kg,ky,Br; )

Scenario

(k,.k,) (NP<)

(k) | ke (k) | k(oK)

V' X

X

kF kV

=1|=1|k,.k,,BR,,(*)| A,C

p.o.d

fitted ! k,.k,.BR,,
ATLAS k| 1.107%)7,
k, 1.19° 53
BR,, | BR., <0.41(exp0.55)
cMS k0
k, |
BR,, | BR,, <0.32

-2AInL

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

10:T|lIlllll]llITTTTTI[TTTTTIIIIIIIIIIIIII]IIIIIIIII:
ok CMS — Observed ]
af P ’e/’m’gaRfy -—--Exp.for SMH |

EKY’KQ’ BSM :
7t :
6F =
5 =
af -
3f :
21 E
it ;
0:1—1—1'1‘1’111111111 111111111111111111111111111111111:

0 0.2 0.4 0.6 0.8 1

BRBSM
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The Full Monty II (Cé)

Generic Model II (C6)
(CMS)

Replace loop induced
couplings by effective
couplings, kK Kk,

All couplings are fitted
independently

The width is not
allowed to have BSM
contributions (NP>)

pois ky.k,.k k k, .k,

BR
Generic Model III (CMS) /

Allowing BRg.,, in the loop

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

CMS = 68% CL
reliminary . w— 95%
Prel Y CL
]
_*1:—
*:
4#—
e ——
—+—
BSM I._ :
| 1 1 | I 1 1 1 1 I 1 1 I 1 1 l | |

0 05 1 15 2 25

parameter value

https://twiki'cern.ch/twiki/bin/view/

CMSPublic/Hig14009TWiki
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The Full Monty IV (C7,The Mother of All Models)
Generic Model 1V

(ATLAS,CMS) 19.7 o (8 TeV) + 5.1 f5' (7 TeV)
Release constrain in SM CMS = 68% CL
idth Preliminary == 95% CL
Wi K,z ——
to allow BSM contributions. :
Az "."-
Replace loop induced 29 _'_
couplings by effective L
couplings, K.k, . .
All couplings are fitted E
independently *
}\’tg ' e e—
POi Azl ez gz K 0TI Y R T es

parameter value
-Poor sensitivity to top

coupling https://twiki.cern.ch/twiki/bin/view/
CMSPublic/Hig14009TWiki
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O+tr-Shell HIGGS
or
HIGGS WIDTH
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Higags ofr-shell Physics

g g
Z o g
H STRONG INTERFERENCE
- 3 - Y A
) ) LO
Z 000 —— "N\ 7
;‘ 1 O- ! ; T | T T T | T T T | T T T | T T T ;
8 f ATLAS Simulation Preliminary Vs=8TeV
é ol gg > ZZ — 2e211 ;
gg—oH*—>Z7Z '_ér 10 g i“H_' — gg— H* > ZZ (S) ]
0'off-shell _ K2 K2 _g n “LL_ ..... gg— ZZ*(B) :
gg—H —7Z _ Hoff-shell = Ky ot shell * Kvoff-shell 5 5l l 4. e o
O-Off-shell SM S 10 (P ..1.1.:-_'__‘ ‘ === 99— (H'=)ZZ(u . =10) E
H My T ]
K L, e i
gg—H—-ZZ K2 . K2 1044 T, ' |
on-shell =y g,on-shell " V,on-shell - Lt E
gg—)H—)ZZ on-shell = SM E E
O on-shell, SM FH/FH 10°5E 4
Interf. VHoff-shell = Kg,off-shell * KV,off-shell ; i
10'6 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 I.I'I
uoﬁ—shell FH Interference 200 400 600 800 1000
= —<u can resolve /Z/ 1t m,, [GeV]
. \ v )
uon—shell 1_‘H sign of k, Far Off Shell domain
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Higgs off-shell Physics

g

’ Z 200000
H
g g
Z 200000

A

STRONG INTERFERENCE

—
O

NN/ 7
; 10-I§ T I T T T I T T T I T T T I T T T ;
8 - ATLAS Simulation Preliminary Vs=8TeV ]
"'E > ;_ gg > ZZ — 2e211 ;
JLLOﬁC—Shell FH ; 107¢ e, — gg— H* > 2Z(5) e
— = oo =‘1,,L ----- 99— ZZ (B) ’
I"SM % - l L-L. — - gg— (H—>) 2Z .
uuon—shell H S 10°H], S T (') 22 (1, 710)
: Ty, ]
. 4 T, .
Assumptions 107E *#; L E
* No NP that affects Higgs couplings but - T ]
not the continuum 10°H e, o
* Higgs couplings off shell = on shell - T L%, ]
k 10'6 I | | | | | | | | | | 1 1 1 | 1 1 I‘Lli
R’ = —%7Z  (_1inCMS) 200 400 600 800 1000

! * ZL 11 m,, [GeV]

gg—H —7Z7 \ )

Far Off SheYII domain
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Higgs off-shell Physics

First experimental constraint on Higgs total width - Quertenmont
using off-shell H(125) production

ZZ->41 and ZZ->212nu channels considered
Mild model-dependence

95% C.L. Limit:
* [Tgy<5.4 (8.0 expected)
« I'<22 MeV (33 expected)

Measurement :
« I';=4.2*135,, MeV (expected)
e I';=1.8""7_,4 MeV (observed)

Accepted for publication in PLB

CMS use same K factors for signal and gg continuum

CMS do not use CLs
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Higgs off-shell Physics

% 40 [ T | LI | LI | LI | 1T | 1T | 1T 1T ] E 40 [ T | LI | LI | L | L | L | L LI |

c - - n I L i

2 | ATLAS Preliminary Edz'o . ~ | ATLAS Preliminary Ed*o :
5 35F 212y 441 combined [ J+20 N — =~ 35 2i2v+4i44l,,,, combined L 1*20 B -
s e gmmmen T et
S 30 - ] 8 30 __ 1—‘H/I—‘H = Hon-shetl = 1 ]
I - . E C Vs=8TeV: JLdt=20.3 b i
= 25f ] E 25 :
O - - F .
X 20r __ O 20 —_
2 - i X
o C . % -

150 = o 151

—_
o

9]

I|III|III|III|III|III|III|III I|III|III|III|III|III|III|III
06 08 1 12 14 16 1.8 2 00.6 08 1 12 14 16 18 2

RB _  K(gg—Z2) RB _  K(gg—Z2)
H* ~ K(gg—H*—Z2) H* ~ K(gg—H*—Z2)
uoﬁ —shell I H

Ls 95% CL limit obs. (exp.) HMon—sheir B Fzqu

(
Mogeshen < 6.7 (7.9) For RE% =1
Wondering: Can we do triple Higgs coupling FH <5.7(8.5) at the 95% CL
: : ; SM
using off-shell Higgs Physics? e
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RIGRLIGHTS
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Some (still) Rare Decay Channels

Zy Yy -y HU
ATLAS u,, <11(9) Hup <AZL&Z—’C%%F-2013-010

CMS u, < ~10(10) u, < ~11(8) u, <7.4(5.1)

CMS-PAS-HIG-13-007

BR(H — ut)<0.0157 (exp 0.0075) @the 95%CL

CMS-PAS-HIG-14-005



Differential Cross Sections

ATLAS-CONF-2013-072

= L B G B s s e
3 0'3; ATLAS Preliminary - data syst. unc. E
g N gg—H NLO+PS (PowHec+Pv8) + XH
Q'_O.25: 9g—>H+1j NLO+PS (ML HI+PY8) + XH
N [ XH = VBF + VH + {TH ]
2 0.2¢ 3
-8 L H—yy, s =8 TeV ;
0.15] JLdt=20.3fb’1 -

LI L S B B B B B B

Y
Q

Ratio to POWHEG

i

100 120 140

80
Particle level pTH]l [GeV]

X
4=

ATLAS-CONF-2014-044

T T T T
ATLAS Preliminary -+4-data syst. unc.

H—ZZ >4 ) 9g—H (MINLO HJ+PS) + XH
Vs =8TeV:ILdt=20.3 fo GgH (PowrEasPS) + XH

[ g+ (res) + xH

==== XH = VBF + VH + tTH

doyy/ dp_[fb/GeV]
o o
o o
o1 (o))

:{IIIIIIIIIIIIIIIIIIII

0 20 40 60 80 100 120 140 160 180 200
p,,,(GeV]
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Charged Higgs, the new holy arail?

ATLAS_CONF_2013_090 QGO_IIII'IIIIll||I||IIII|IIIIIIIIII|IIII_ Q _,“||||||||/|’l~,r||| TT T 7T TTT \Il’l'LII|III_
% | — —- Median expected exclusion Data 201 2] % 65 T // P c4jets .
. +— L [ Observed exclusion 95% CL /] +— C % G ]
Ch d rgEd H IggS 50_— ------ Observed +1c theory 1,'+jets / 60 ‘x_ /,’! B
L ==memem Observed -1o theory 4 - "\/;" b
searc h [ — —- Expected exclusion 2011 ] E //" /,' E
40__ Observet'i ex'clu5|on 2011 - 55_ ',"ATLAS Preliminary_:
;l;\;l;;ds Pée_:!n:;nary 50{ mp> \s=8TeV |
LM 1s=e e E g Data 2012 :
L -1 ya . a1
T V L 40 :_ — — - Median expected exclusion _:
T sSs——— E :’ Observed exclusion 95% CL E
35:— ------ Observed +1o theory —:
L ; : ; ; L e s E I | I ---'-l'-'- ?bseerd -1a|1heor}|/ | E
NN N N N N N N N N N N N N N N N N N N N N N N N N N N 3 [ L1 L1 L1l L1l L1l L1l L1l 111 L1
90 100 110 120 130 140 150 160 200220 240260280 300 320340 360 380 400
m,,. [GeV] my ?éeV]

o HE s g

emphasis
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95% CL limit on

oxBR(H — yy)
oxBR(H — y7y)(xy)

Expectation w.r.t SM

Highlight t(t)H->t(t)yy

14 A -
- + SM 1
12— ____ BR(H - vyy) —
C BRgy(H = 7v7) ]
L e o(tTH)/og(tTH)
o o(tH)logy(tH) 3
- ¥ Vs=8TeV,m,=1254GeV
4; fiH,H —» yy B
2F ATLAS Preliminary —
C l . |
)
K
ATLAS-CONF-2014-059
103 E T I T T T T T T N T T T N T T T N T T T
- ATLAS Préliminary det =451’ =7TeV
Jo2 L 2011-2012 [Ldt =203 fb™, (s = 8 TeV
Accidental cancellation of W and t in
ok j the di-photon production loop
L S
- —— Observed CL, limit % -
1o T Expected CL; limit _
= + 10 E
C +2¢ .
10‘2 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
-2 0 2 4 6 8 10

Kt
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DM = vhe new Hely Grail?

PRL 112, 201802 (2014)

arXiv:1404.1344

ATLAS

Channels qq— ZH — ({+ MET

Limit  BR, <0.75(exp0.62)

VBF qq — qq(H) — jj+ MET

CMS

qq —> ZH — (0{,bb+ MET
BR. <0.58(exp0.44)

DARK MATTER

Pure Higgs portal interpretation

q%iet

q§ jet

ATLAS-CONF-2014-010

.1 arXiV:1404'1344 (r‘ TTT T TTTT T TTTT T T T TTTT
~~ 1 0 A | e p ] ] T T T T T 1 TT T T | T T T E 1 0'39 — ‘ . ‘ ‘ 7‘
o] : Combination of VBF and S B ATLAS Preliminary 7
Q 102 ZH, H - invisible Cms = — =
[ Se— z 41
> 3 Vs =8.0 TeV, L = 18.9-19.7 fb" (VBF+ZH) o= 104 —
5w 107 \s=7.0TeV, L =49 fb' (ZH) B(H—» inv) < 0.51 @ 90% CL — —
o) my, = 125 GeV 1 0-43 — -
{ e — DO = S ooy ]
o 1098 o e =
3] | G ]
(0] a7 ]
n 107 F \s=7TeV, [Ldt=4.6-481"
0 4ol (s=8TeV, [Ldt=203f"
e 10 ; h—yy, h—ZZ*—4l, h—>V_VW*—>IvIv, ;
[3) 105" r h—1t, h—bb, Zh—I+ET™® N
c — NENONSOUEID | [ DAMA/LIBRA (99.7% CL)  ATLAS (95% CL)in  _|
8 XENON10(2011) 53 ; I CRESST (95% CL) Higgs portal model: ;
O — goGeNT(BZ?)?SWML 107" = ] cDMs (95% CL) === Scalar WIMP 7
g S CoQeNTROIBRONOL — EEEE CoGeNT (90% CL) 2222 Majorana WIMP
C [ CDMS(2013)/85%CL 1 0'55 = XENON1O (90°/:> CL) m Vector WIMP —
- =2 COUPP(2012) [ —— XENON100 (90% CL) N
E —1 : Luxl(m?-) L1 1 1 -57 o el (95% CL) B
D 3 10 1l ‘ | | ' ‘ 11 1111 ‘ 11 11 \T+
10 102 10 1 10 102 10°
DM Mass M,, [GeV] m, [GeV] ea
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ATL-PHYS-PUB-2013-014

(Pessimistic) Prospects

ATLAS Simulation Preliminary
/s =14 TeV: [Ldt=300 b ; [Ldt=3000 fo- CMS Projection

1 I ] ] T T I 1 1
F— 300f™"at Vs =14 TeV Scenario 1
— 300f™"at I's =14 TeV Scenario 2

Exp. syst. ~ 1/Vlumi.
Theo. syst. / 2

L 1 1

I I I I I I | | I 1 T I T T ] T I 1 T 1
Expected uncertainties on
Higgs boson signal strength
No change in systematics
Hoyy t i
H— WW } i
H—-2Z { !
H— bb
Ho1tt }
L 1 1 L L L l 1 1 1 1 l L
0.00 0.05 0.10
7L(ZW()Z

Extrapolations
0 0.1 0.2

K
Real Simulations foA(K_ﬁ)

We will do (much) better

1 l 1
0.15
expected uncertainty
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Legend
©® My Favorites
v Victory

(More or less done)

*® Under work

(one way or another)

The HPIGES Landseape

Precision
V Mass

v Coupling properties

¢/ Quantum numbers Spin
*¥ Quantum numbers CP
*k Differential cross sections

@ Off Shell couplings and width
@ Interferometry

Is the SM minimal?

‘ 2 HDM searches and charged Higgs

** MSSM, NMSSM searches
*k Doubly charged Higgs bosons

0|
Fuu
KLFV ur, et

Rare Decays

Etc...

Based on
M. Kado
ICHEP 2014

-.and More!
** FCNC top decays
% Di-Higgs production

*k Trilinear couplings (prospects)
Etc...
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Tool for discovery

” Portal to DM (invisible Higgs)

*® Portal to BSM physics with H°
in the final state (ZH°, WH©, HOHO)
Etc....
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lthb
Combined fit

Mbb
Combined fit

Conclusions 1

19.03.14

w= 1.5703

-0.28

_ +0.40
u=1 .44_0.35

_ +0.32
w=1 '00-0.29

- +0.5
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- +0.7
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_ +0.18
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e |
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Mbb
Combined fit

ubb
Combined fit

Conclusions 1

17.07.14
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w=157"" e
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-0.35 t
— u= 1.002:: ATLAS ——
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Conclusions 1

. 17.07.14
I-Lw . u=‘|.57:::: h—o|=|.__|
By |- u=t.aa90 b |,
Bow [ n=1.0002 ATLAS ——
e u=1al? [m =125.5 GeV] P
Wop - n=0.22" —
Combined fit [~ u=1.30:" S
H - u=0126727 po—i
Moz = u=0.003777 A
Yaw —n=0820"  cMms .
Mo - u=0.992770 [m =125.7 GeV] ="
Mo | u= 09355 H——
Combined fit |~ p=0.000" e

A - -1.5 ol -0.5 0 0.5 1.5 2
u~1 .O,Gﬁ Z 15% ll Signal strength
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Conclusions 11

17.04.14 ‘
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Conclusions 11
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Conclusions III

In two years the “discovery of a scalar particle compatible with a
SM Higgs Boson” made a phase transition into “precsion
measurements”

The Higgs moved from the “search” regime to the "SM" regime

The last year has proven that reducing the experimental
systematics pays

The experiments should focus in understanding the detector and do
better calibrations.

IT TAKES TIME!

For now in most important measurements we are statistically
limited
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Conclusions 1V

The Higgs revolution has just begun and we look forward to better
measurements and new searches that will reveal hopefully either
new particles or significant deviations from the SM. But life is
becoming more demanding......

The new holy grails of HEP are probably Dark Matter and Charged
Higgs

We thank the LHC machine team that enabled us to experience a
once in a physicists lifetime experience!
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BACKUP
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Discovery Channel H->WW

H->WW->lvlv 3 Farias P
A challenging channel; =700 1 ey e z;MIHZkGV—
No mass reconstruction (mT,mll) £ J°-' =2k mw 3
Dominant BG WW and tt 400} Womww 3
Understanding Etmiss fails crucic 222: — :
BG from DATA control regions 100F- £

|

Analysis in categories:

-@- Bkg. subtracted data

g 80 =
1 CIU 60 D SM Higgs boson m_ =125 Gev:g
(0,1,2 jets VBEVH)X(SF.DF) g @

0] ==

20 + E
60 80 100 120 140 160 180 200 220 240 260

my [GeV]

, , Phys. Lett. B 726 (2013), pp. 88-119
Most important systematics from signal cross section

(QCD scale, PS and UE, total >10%)
1™ =099 385(3.80¢exp) @ m,=125GeV ATLAS

u" =072"1 430(5.80exp) @m,=125.6 GeV CMS
CMS: J. High Energy Phys. 01 (2014)
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Scenario ky(k,) | k, (k. ky) | k(k.k,)| kg k, p.o.1
Custodial (NP,,) | - V v V| x Ay My ok, A
Custodial (SM) v v v V| x Ay Ky K C
(ky,k,) (SM) v v v N | k. k, A,C
(k,.k,) (NP,,) — v v N | N Y A
Generic I (SM) v v v x | x| ky.k,k.,k,k | A
Generic II (NP) — X X X X | A, A, A A A LA
w/d (SM) v v v k .k, | Ak, k. C
/g (SM) v v Vo Kok, | Aok ok,
ul/d (NP,,) - V v k .k, | Ay s P sk A
0/q (NP,,) — v Voo kk | N A Ak,
(k,.k,) (NP>) v X X =1 | =1 k, .k, A,C
(k,.k,) (NP<) V'’ X X =1 | =1| k,.k, BR,* |AC
C6 (NP>) v X X — | V| k,.k ke kK k| C




Measuring Higgs Couplings
n o = Ep[upuj% % (07 x Br')g, x AY' x €5 x Lumi

The degeneracy of [,u”,u;R] can be broken by parameterize the
strength parameters with couplings and introduce constraints which
reduce the number of p.o.i. and allow reasonable fits.

218
k2: 1—11' k2 :ijrjM

Examples: @ m,=125.5 GeV

K,% ~ 1.59- K%V —0.66 - KwkK; + 0.07 - Ktz (t, W) interference
ke ~ 1.06-x7 —0.07 - kxp +0.01 - (t b) interference
Kopge ~ 0.74- x5 +0.26 - 15

Ky ~ 0.57-x% +0.22- K5 +0.09 - +0.06 - k7 +0.03 - x5 + 0.03 - 7
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Uncertainties Width Measurements

First experimental constraint on Higgs total width
using off-shell H(125) production

L. Quertenmont

ZZ->4| and ZZ->2|2nu channels considered
Mild model-dependence

95% C.L. Limit:
* [T'gn<5.4 (8.0 expected)
« ' <22 MeV (33 expected)

Measurement :
e [';=4.2*135,, MeV (expected)
e I';=1.8""7_,4 MeV (observed)

Accepted for publication in PLB
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