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Introduction

Before 2011... Standard model almost complete but still missed its CIé de voiite

The least elegant sector of the SM : a scalar particle (not natural),

the SM Higgs boson Hg,,

no gauge principle to dictate its dynamic, linked to 15 out of the 19 free parameters

and yet it is a mandatory consequence of the mechanism that governs

electroweak symmetry breaking
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If Hgy, exists, most measurements point to a low mass my < 150 GeV/c?
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+ theory arguments : pertubative unitarity
triviality
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Theory uncertainty 3
— Fit including theory errors J
---- Fit excluding theory errors -

= Hgy, should be light (but not too light, vacuum stability)



Experimental context

Rare processes = Need high luminosity :
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Peak instantaneous lumi. in 2012 ~ 7. 1033 cm™=s’!

(October 2015 : ~ 4. 10%3 cm™2s!)

~ 23 tb'! delivered at 8 TeV
® data taking efficiency

® data quality

= 90 % usable for physics [4.5 +20.3 fb-! at 7 +8 TeV]
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Higgs boson production : small cross-section ~ 22.3 pb @ 125 GeV/c?
on top of a huge background
=> only ~ 15% of the cross-section is observable with manageable backgrounds
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Many SM processes have been measured with great precision

— precision measurements (QCD and EW gauge bosons, top sector, TGC, etc...)

o 10t o
ol 80 b ATLAS Preliminary
e
B 1065 o1<pr<2mev Runt +s=7,8TeV
@
0.3<my<5TeV i
105 o LHC pp Vs=7TeV LHCpp Vs=8TeV
@ Theory Theory ]
104 anO E
- Observed 45-49m* FAY  Observed 20310 3
35 pl .
103 n=1 >0 3
=Qm 3—-0-—5 = 3
n;>2 ° .o.-ﬁ- -
5 ) € p+X 95% CL
102 o= n;>1 H ~ -
O x N total upper
n:>3 O wos (ry, Z22) limit 3
won N2 w M i30fH! -
101 —jﬁ_— g Ot O.7:fb_%__
n>4 2.0t HSWW - E
Jﬂnjzs 324 -HA- o 95% CL -L_E
el g° A on— up;er : :-
. o] T
1 e n>4 6 r— ~i0)-—=0=— it DL
10— O A -T I3
n26 n>7 FVBF ] N I
> N
o1 25 o Hos WW A L]
nj>8 1 1 (E
n>6 g A | iy wm i 13
- - h 7]
2 - e l L
_ n;>7 =
10 ;=7 i RE
H—ZZ—4¢ ! A I
A 1 I A 1 17
— I 1
1073 i == o
1 't
PP Jets Dijets W  Z tf teaan WW 7Y Wt H Wz zZ Wy WWv 7y gw tiz tty Zii Wyyw:Wiite chan
R=0.4 R=0.4 Wz EWK EWK
total ' |y|<3.0 |y|<3.0 fiducial fiducial fiducial total ~ total fiducial total fiducial total ~ total fiducial fiducial fiducial total ~ total fiducial fiducial fiducial fiducial total
y'< semilept. njet=0

— standard candles for calibration and alignment (e.g. Z — e*e”, u™w")
— control backgrounds to searches (and Monte Carlo tunings)
— validate search techniques



The standard model(-like) Higgs boson : Run I legacy

The old p, era : March 2013 : a 10 sigmas discovery !
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The Higgs boson mass

The last SM parameter to be measured : once known, fixes the Hg,, phenomenology

+ important for quantum level tests of SM
+ could allow to constrain many BSM models, e.g. if my; > 150 GeV/c?, MSSM is killed !

Two channels with excellent mass resolution for an almost model independent measurement :

H— yyand H — 4£

benefiting from very precise EM object energy and muon momentum calibration
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ATLAS-CMS combination :

The most precise LHC Run I measurement
outside the B-physics sector !

LHC Run 1

ATLAS ECAL non-linearity /
CMS photon non-linearity

Material in front of ECAL
ECAL longitudinal response
ECAL lateral shower shape

Photon energy resolution

ATLAS H — yy vertex & conversion

reconstruction
Z — ee calibration

CMS electron energy scale & resolution

Muon momentum scale & resolution

ATLAS H — yy background modeling

Integrated luminosity
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LHC Run 1

ATLAS ECAL non-linearity /

ATLAS-CMS combination :
CMS photon non-linearity

Material in front of ECAL

The most precise LHC Run I measurement — ecat ongiudinai response
out51de the B-thSICS SeCtOI‘ ! ECAL lateral shower shape

Photon energy resolution
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ATLAS-CMS combination :

The most precise LHC Run I measurement

Yet, the 4 masses are slightly scattered :

Signal strength (u)

outside the B-physics sector !
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Although an improved mass measurement will
not result in a physics revolution, it should help
to clarify this...

This is not an early measurement though !
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ATLAS-CMS combination :

The most precise LHC Run I measurement

Yet, the 4 masses are slightly scattered :

Signal strength (u)

outside the B-physics sector !
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The ATLAS-CMS combination work allowed to
think about new ideas for Run II (100 fb'!) :

e.g. in the ATLAS H — yy side,

- mitigate impact of background modelling

- improve categorization

(VBE, better use of per event resolution, ...)

stat. uncertainty expected to be divided by ~ 3
= smaller than Run I syst.
Systematics become limiting factor in H — vyy
H — 4( still statistics limited

8




The Higgs boson width

Low mass, expect tiny width : very difficult to determine at LHC since on-peak measure ¢ < Br

= From yy and 4{ line shapes (Breit-Wigner © resolution) : I'y; <5,, /2.6, (6.2) GeV (exp.)
~ 3 orders of magnitude above SM width
= From off shell, from H — 4L (ZZ), Ltvv (ZZ+WW), using

my, / my (£70EL™is%) >> 2m_, signal xs ~ independent on I'}; :
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The Higgs boson width

Low mass, expect tiny width : very difficult to determine at LHC since on-peak measure ¢ < Br

= From yy and 4{ line shapes (Breit-Wigner © resolution) : I'y; <5,, /2.6, (6.2) GeV (exp.)
~ 3 orders of magnitude above SM width
= From off shell, from H — 4L (ZZ), Ltvv (ZZ+WW), using
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The Higgs boson width

Low mass, expect tiny width : very difficult to determine at LHC since on-peak measure ¢ < Br

= From yy and 4{ line shapes (Breit-Wigner © resolution) : I'y; <5,, /2.6, (6.2) GeV (exp.)
~ 3 orders of magnitude above SM width
= From off shell, from H — 4L (ZZ), Ltvv (ZZ+WW), using

s 10T 7113 m, / mp (LCE ™) >>2m,, signal xs ~ independent on I'; :
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The Higgs boson width

Low mass, expect tiny width : very difficult to determine at LHC since on-peak measure ¢ < Br

= From yy and 4{ line shapes (Breit-Wigner © resolution) : I'y; <5,, /2.6, (6.2) GeV (exp.)
~ 3 orders of magnitude above SM width
= From off shell, from H — 4L (ZZ), Ltvv (ZZ+WW), using
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Assumi2ng negli(gible (SM) running*, and combining with (5.1/8.6 for R,yB = 0.5/2)
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Mon g/ TS T T™M< 5.5 (R = 1)

* Among other strong assumptions.
Nonetheless still a very good consistency test !



The Higgs boson width

Low mass, expect tiny width : very difficult to determine at LHC since on-peak measure ¢ < Br

= From yy and 4{ line shapes (Breit-Wigner © resolution) : I'y; <5,, /2.6, (6.2) GeV (exp.)
~ 3 orders of magnitude above SM width
= From off shell, from H — 4L (ZZ), Ltvv (ZZ+WW), using

= 1013 my, / mg ({*CE™) >>2m,, signal xs ~ independent on T'; :
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Nonetheless still a very good consistency test ! I',=4.2, 715 MeV using same technique !
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Differential cross-sections and quantum numbers

The already large Run I data sample allows us to measure differential cross-sections
— study different production mechanisms (e.g. pr*, N;,,) and sensitivity to loop content
— sensitivities to quantum J°" numbers (e.g. cos0* in H — vy for J, Ag;; for CP)
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Large overall yield (remember signal strength...) and slightly higher jets multiplicity
but still statistically limited... 10



Quantum numbers :

» Landau-Yang + observation of H — yy : J =0 or > 2.
Data excludes “almost reasonable” J = 2 models in favour of 0 at very high confidence level
(from couplings but also using only kinematic properties)
» CP-admixture much more interesting but tougher and suffering from low statistics
= pave the way to Run II studies
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11 = no sign of a CP-odd component
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= We have a light CP-even scalar with a narrow width

Basic assumption for coupling measurements

Reconstruct effective Lagrangian :

7 2
L = kw o W+’MW;H + ’iZ Z“Z pH — Z ﬁif—ffH SM, tree level
v
+ Cq 127w GH" G H + C,yﬁA’“jA,wH + CZ,YEA“VZ“,,H SM, loop level
+Oian BSM

equivalent to ¢ but defined by ;2 =T, / Tgy

g/y/Zy ely/Zy

from measured signal yields :
Event category @_ Z Z,Uz(o'z)SM X ,uf(BRf)SM X A,f X ng X L°

/ \ Efﬁmency (MC) \

Production mode  decay mode Luminosity




nggs boson production J gluon fusion ggF : ~ 0.5 M events, do/oc (th) ~ 11%

(Numbers @ my, = 125 GeV/c?, KS ~ 1.06 - Kt2 + 0.01 - Klz) —0.07 - KtKp
25 fol at Vs 8 TeV) t ...H
t 1 02 E T T T T T T T T T T E g
' g 3 F Vs=8TeV ¢
~ 40 K events, 8c/c (th.) ~ 5% X ol i
L - 33
T - ]
~K 2 \&, i ]
A% O 1 = 3
. 10" e
Distinctive event topology : - -
forward medium py jets + rapidity gap _
102
Associated production with a W/Z (V) 80 100 200 300 400 1000
M, [GeV
A 25K events, 30/c (th.) ~ 5% +[GeV
gg — HZ (box + triangle) included )
~ 8% of pp — HZ, sensitivity to k, and k, + other rare production modes
ZW tqgH ~ 3.4.«%+3.56- K%V —5.96 - kKW
(also gb »WtH) q

Associated production g
with a top/bottom pair
~3.3K /5K, do/o (ttH, th.) ~20% | "

2 2
~ K5 K $

Sensitivity to sign(k,,Ky) : €.g.
o(ik,=-lxy =1)~2 G(ttH)b 4




Higgs boson decay In %, expected for SM my; = 125.4 GeV/c?

bb TT | up cc Ultra hard :
To fermion pairs : | 57.1 | 6.3 |0.022]2.9 / need to be very smart
5 5 5 — (H— Jhyy, etc...)
K, K| K, K,
o
For beyond Run II if SM
To boson pairs :
WWw* 22.0 | ky?
gg 8.6 | Resolved : x> = 1.06x”— 0.07x,x, + 0.01k;? (Not doable)
77* 2.7 |k
Y 0.23 | Resolved : x,2= 1.59y? - 0.66xyx, + 0.07x?
For beyond Run II
Zy 0.16 | Resolved : k> =1.12icy* — 0.12kyk; + 0.0004K? | . oy
Plus scaling factor for SM part of width : _ o
057 - k2 + 022 - k2. +0.09 - K2+ Including undetected/invisible decay :
: =+ 0. &+ 0. ;
K~ 0.06- 12 +0.03- 1% +0.03 - 12+ L BR (ACH N
0.0023 - &2 + 0.0016 - k2 +0.00022 - 2 HK}>BRiu) = 7~ BRi,) #

14



Summary of the considered channels
(dedicated to the SM)

At 125 GeV/c?, for~4.5+203 fblatVs=7+ 8 TeV

Signal Mas?
channel ggF | VBF | VH | ttH 1 S/B resolution
yie (GeV/c?)
Y v v v |V ~470 1 = 20% 1.6
~ 180
TT v v v |V 0.5 — 80% ~ 20
(ggF + VBF)
~390
bb cMs) | vV | V/ , 0.3 — 70% ~ 15
(in VH)
77 — 4] v v v |V ~ 18 ~ 1.5 2.2
~ 550
WW —=vlv | v/ v v |V 5—30% Very poor
(ggF + VBF)

+ dedicated searches for ttH, H —yy, WW*+ZZ" +t1 (multi-leptons), bb



Measurements

E weights / GeV

data - fitted bkg

180
160
140
120
100
80
60
40

T T T T T T T T T T T [ T T T T [ T T

det=4.5fb",E=7Tev ATLAS
fLdt=203 fb7, (s=8 TeV 4 Data
S/B weighted sum

! ) — Signal+background
Signal strength categories

===+ Background
— Signal
m,, =125.4 GeV

lllllIlIIllllllllllllllllllllll

|

|||||||||'-‘-‘014-"||||||_|II|||I|I|||III|II||III|III

plondind I

110 120 130 140 150 160
m,, [GeV]
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> _l 1T I TTTT I TTTT TTTT I TTTT I TTTT | TTTT l LI l TTT l_
Measurements 8 35 ATLAS ® Data ]
L e A A s B s - " _ —151)
180:— det=4.5fb“,V§=7Tev ATLAS _: 2 - H N Zz* SN 4l [:l Signal (mH 125 GeV u = 1.51) .
160 fs :_Bdt :-s:{:df?mﬁ =8TeV 4+ Data = Ry 30 [ s_77ev J' Lot =45 - Background ZZ N
wel u —si . C Background Z+jets, tf ]
140 |5 Signal strength categories Signal+background —: "2 I Vs=8TeV ILdt =203 . ackground zejets, | _
> - ===+ Background 3 o 25 — ////% Systematic uncertainty -
9 120 — — Signal — > - i
2 C m,, =125.4 GeV 3 L C ]
g ' ’ E 20 - .
PN 80— Y — C ]
60 ; — 15+ " —i-_
40— H s ’Y’Y — E H_) E E-E E_
20 :— — 1 0 :_
0 fn A ' = -
g 10 E_ _i 5 L
B 5§ 3
=1 3
; 0 § + ..................... O
5 sE 80 90 100 110120 130 140 150 160 170

110 120 130 120 150 160 m,, [GeV]



Measurements
]
180 — fLdt=45" 5=7TeV ATLAS —
C = 1 s = ]
160 - fLdt=20.30" {5=8TeV 4 Data =
ry S/B weighted sum . .
i X — Signal+background -
140 Signal strength categories —
% C ===+ Background .
© 120 — — Signal —
©® - 4
5 100 m,, =125.4 GeV =
3 - ]
H C a
N 80— -
60 ' =
40 —
= Hoyy .
20— —
0 f— . ' =
2 10F 4
Qo E 3
3 5 i + 3
£ =
T 0 eyt
8 E
8 5F
110 120 130 140 150 160
m,, [GeV]

L D s B B
> - ATLAS H—WW#* ]
S 800 — Vs=8TeV, 20.3fb™ ]
= B Vs=7TeV, 4.5fb™ =
E, 600 — (a) n;=1, epn+ee/pu _|
S B ® Obs=stat
T n % Bkg=syst ]

400 — M Higgs ]

C = ww ]

L O Misid 4

200 |— = vv —

- O Top h

N W DY 7]

o r _

= r (b) Background-subtracted -

& 150 |- ® Obs-Bkg —|

o C = Bkg=syst ]

= C M Higgs ]
-”E’ 100 —

& F ++y P -

so [ H— ("viv

© C Z ¢ ]

C I 1 1 1 1 /l 1 JI 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1

50 100 150 200 250

m+ [GeV]

Events/ 2.5 GeV

35 :— ATLAS
H— ZZ* — 41
30 Vs =7TeV _[Ldt =451

Vs =8 TeV J.Ldt =203

25
20
15
10

T rrrryrrrryrrrr[rrrr[rrrrJrriI
| [ | | I I

TTT T[T T T T[T T T T[T T T T[T T T T[T T T T[T TTT [T TTT [T TTT
C I I I [ I I I

+ Data
:I Signal (mH =125GeV p =1.51)
B sacorouna 2z
- Background Z+jets, tt
T systematic uncertainty

H— 07007¢

0
80 90 100 110120 130 140 150 160 170

m,, [GeV]



> _IIIIIIIIIIIIIIIIIIIIIIIIIIlllllllllllllllll_
Measurements & 35F ATLAS $ o -
180 ‘flidt'=‘4.5Ifbl",\l{§'=7‘TeIV' Y IA'TI‘_AIs' R o - H—>ZZ* > 41 ] sinam, = 125 covi=150 .
160 JLdt=20317% {s=8TeV -4 Data = S 30 so77ev _[Ldt=4.5 o B eocorouna 22 .
140 : zi/:n:iiz:;t:lgtegories —Signal+background_5 *(B - Vs=8TeV J.Ldt =203 - Background Zsjets, .
3 E -==+ Background E GCJ 25 — . % Systematic uncertainty ]
° 120 — — Signal —] > - i
2 c 3 T - N
= - m,, =125.4 GeV - - —
g 'K ’ E 20 - -
N 80— — B N
40— — E H_) f/ 'K-E E_
20 :— — 1 0 :_
0 p— = B
2 10 3 S
Qa E 3
o =
E oSyt F 0
T 0 eyt
o E
5 sE 80 90 100110120 130 140 150 160 170
~ 110 120 130 140 150 160 my, [GeV]
m,, [GeV]
> ~ T T T T T T T -
T T L L L DL ) - -
- - ATLAS H—>WW*] o [ ATLAS e Data -
& 800 — Vs=8TeV, 20.3fb™" ] © 80 H— tt VBF+Boosted — H(125) (u=1.4) —
=) - Vs=7TeV, 4.5fb™ = =~ i - iz ]
2 600 - (@) n;=1, euree/un g [ ls=7Tev,45M p I Others 1
s C ¢ Obs=stat 7 © 60 Vs=8TeV,20.3fb + I Fakes ]
o B % Bkg=syst o - > i
400 — B Higgs — s N /7, Uncert. .
C = ww N =~ 40 —
B O Misid i a L _
200 — = vv — ) L i
B O Top g : - _
B ® DY . T 20— —
o[ ] - B i
= r (b) Background-subtracted - L 4
o 150 [~ ® Obs-Bkg —| 0
e "} = R 20
£ 100 A 2
: + p
L C = -—
50 [~ H > K VE V 3 10
- ] 3
o ,/ Z : £ 0_
C I 1 1 1 1 /I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 a)
50 100 150 200 250 z 90

m+ [GeV]



Measurements

Events /0.5

107

ATLAS
Vs =8TeV det =203’

IIIIIIIIIIIlllllllllllllllllIIIIIIIIIIIII'IIIIlI;
-o— Data 2012 7]
I VH(bb) (1=1.0) ?:
= Diboson 3
Ctt
[ Single top E:
[ Multijet -
R W+hf —-
) W+cl =
W+l -
Bl Z+hf —=
B Z+cl 3
Z+l 1

iE

_E_I'I'I'm| TTIT

1
|

4

25 -2 -15 -1 -05 .
Iogm(S/B)



Measurements

u? T | LI I LI I LI I LI l LI l LI I LI I LI l LI I I;
o =
> 107 ATLAS -e— Data 2012 ]
£ /s =8TeV [Ldt=20.31b" o rem =105
> 6 Ot
@ 10 Single top E
5 (] w"rtlifjet -
10 5 Wacl E
. W+l -
10 B Z+hf —
/| §+f| 3
. 3
10° = E
102 3
10 1
= VH, H— bb =
1
E I L I j I | I Ll I | I L1 I L1 I |
/: 2 :I T | LI | TT 1T | TT 1T I TT 11T | TT 1T I L I TT 11T | T T TT \ L T I:
[ — —
:_:7)" 0 E o, —+— ] 3
% 2 = | | T | | | | | | | —E
o 4 35 3 25 2 -15 -1 05 0 05

Iogm(S/B)

Events /0.2

Data / Bkgd.

10° ATLAS —+- Data

- B i+ (., -15)

B ttH (u95% excl.=3'4)
10*E [ ]Bkgd
10°E ttH, H— bb

E w1 1m7vyyg

- Vs=8 TeV, 20.3 fb!
10% .

s Combined

E Single lepton and Dilepton
}Osi_llIIIIIIIIIIIIlIIIIIIIlIIIIIJ]II_
1.6 [JfiH (u_=1.5) + Bkgd. E
1.4F 3 E
1%5_ . ﬁTQS"/:.eﬁcl.:s;{) + BAkg?+ R #—ﬁ_JT': ;
0.8F E
0.6 , , ) ) , , =

-4 35 3 25 -2 15 -1 -05

log 1 0(S/B)



... to measurements

n 50
2] = Non-prompt/ ]
§ 45F- \/{TLAS ttH, q_?:isr;(rjomp fiw
0 40E- Vs=8TeV,: . f(Z/v")

ns multi-leptons _~

30 = (+dedicated 1027, 4, 40) .D'boson

o5 = k2 %Total Bkg unc.

= i ‘

20 E- 7

15

10 200 T

5 L T

L e e
1 =S ey
5 A 4 0
©
QO 0.5

o

ced] ee>5] epd] eu=db] w4 pp5 3l 2Tt
Category



Input to combinations : ATLAS example

ATLAS

Input measurements

Individual analysis +foonu
m,, (GeV)
Overall: w = 1.17°027 |125.4 : : Hot . :
H— Yy ggF:u = 1.32t2 22 125.4 . . "—“—‘ . . .
VBF: u = O.Btg; 125.4 r—o—i : : .
WH: u = 1.0:‘2 125.4
ZH:u = 0.12: 125.4 . . :
= +0.40 125.36 I—o—l
H — 77* Overall: u 1.44_0‘aa : : : : :
ggF+tH: w = 1.77" 1125.36 : : e Z
LAt . . . . :
VBF+VH: u _0.3_0.9 125.36 » - '._'_.#—‘l L .
Overall:p = 1.16°%* |125 36 S B
H — WW* -0.21 E : : :
ggF:u =0.98"% 1125.36 - : :
VBF: 1 =128 112536 H——i : X
VH: 1 =380 |125.36 | o
Overall: p = 1.4374% [125.36 = . :
H— 037 : : :
ggF:u=2.0"" |125.36 e
L +0.59 : X .
VBF+VH: u = 1'2470 s |125.36) L . ,.__._| L .
_ Overall: p =O.52+g‘jg 125.36 s . :
VH — Vbb 065 : : :
WH: = 1.117% 1455 Lo :
L +0.52 . ) .
ZH:u = 0.0570 . |125 . ,._r_| i . . | )
H — uu 0vera||:u=-0.7j§j; 125.5 -
i : .
H—2Zy Overall: u =2.7f::2 125.5 .
bb: u = 1.5 125 * i
ttH -1 : : :
Multilepton: u = 2.11: 125 H———————
L4 Rt262 : . . : .
TS lesa |, o, e

Vs=7TeV, 4.5-4.7 b

Vs=8TeV, 20.3 fb™

2

i

[ .
4
Signal strength (u)

» All signal strengths compatible with 1
within less than 2 sigmas

» Interesting (but not significant) excess
in ttH, seen in both experiments, especially
in multi-leptons :

ATLAS : p(ttH, leptons) ~ =2.1*14
CMS : u(ttH, WW*-tag) ~4.0"17 .

= Eagerly waiting for run II results on ttH,

which benefits the most of Vs increase
(Signal x 3.9) !

(run II : ~ 125 fb! by the end of 201

8)

17



ATLAS + CMS combination
Disentangling production (assuming same strength at 7 and 8 TeV) and decay in the global fit :

ATLAS and CMS Preliminary - ATLAS ATLAS and CMS Preliminary  —e ATLAS
LHC Run 1 - CMS LHC Run 1 "
-+ ATLAS+CMS ~ CMS
- : 1o L . -o ATLAS+CMS
H_._i —+ 20 vy : — 1o
MggF g " -.—
- . i _deca |
u - = 5.4c : VBF observation u# = Y, li =
VBF : .. | —a—
B T thanks to combination —
i Ww o
M . M e
WH - | .
u ' —re— TT observation
ZH . -
M ——
M i IIIIIIIIIiIIIIIIIIIIIIIIIIIIIIIIIIIIIII
ttH : . 0o 05 1 15 2 25 3 35 4
: Parameter value
The rather low pb® has a large impact
u = on the interpretation since it enters the
1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 Width With the 1eading CoefﬁCient- o

0 0.5 1 15 2 25 3 35 4
Parameter value

i = 1.09 £0.07,,,£0.04,, +0.03,; 4 =0.07

Very constraining for singlet extension
= or minimal composite (MCHM4) models :
from ATLAS alone : f > 710 GeV

Comparable signal theory uncertainty (dominated by ggF cross-section)
and stat. uncertainty : call for improved predictions...
Already there with N3LO for ggF, improved pdf (agreement) ! 18
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Going to coupling modifiers : different tests following different assumptions can be performed

Example 1 : no BSM 1n loops nor decay, a single modifier for W/Z «, and fermions «

“_!LL 2_5_| TT | 1T | T T | 1T | T TIT | 1T T T | T T | 1T | TT I_
i [ JH- | )
I fI—.II-éARSur?qd CMS JH— ;YZ 1 Convention ky, > 0
ol Preliminary B CJH—-ww
i O : ::’ 1 Some channgls are sensitive to sign(Ky,Kg)
i [ combined | - especially yy decay
1.5 ~ - also single top-associated production
1:_ _ - and bb through gg — ZH !
I 1 (each decay channel but bb slightly prefers i < 0 but
0.5 | the overlap is by far not as good as for k>0
[ soM —e8% oL i = the positive solution is highly favoured,
"+ Bestfit ---95% CL 1 kg < 0 excluded @ ~ 50)
111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111
OO 02040608 1 1.214161.8 2

f
Ky
Same model used to constrain

next-to-minimal composite (MCHMS) model :
from ATLAS alone : f > 780 GeV (600 GeV exp.)

19



Example 2 : going outside SM, no assumptions on BSM decays or in loops

— K,, K, (Kz,) are effective couplings (x

— B(invisible/undetected) > 0
= the most generic parameterisation in terms of kappa factors

- without any further assumption, only ratio of kappas can be determined

- additional reasonable assumptions could be ky < 1 OF K., o1 = Koftshell

-

ATLAS and CMS Preliminary K. =K K, /K
LHC Run 1 gZ gt TH
— —@— ATLAS+CMS '
}\‘ —=+ 10 ——;o——
Zg —=20 t— -
A ————
tg e E e ——
}\'WZ — O —
A 2 e~ ol
v s
}\TZ —-.-— /
}\'bZ
|||||||||||||||II|IIII|IIII|IIII|II
-3 -2 -1 0

Parameter value

oozn always treated as resolved)

Sign sensitivity through
tH + ggZH (resolved in this analysis)

positive solutions very slightly favoured

A, rather low : conspiracy of
- a high o(ttH) /0,,,¢
(multi-lep.)
- a high 6(ZH)/0
(CMS, dijet cat.)
-low VH, H — bb
whereas ttH, H — bb is not that high

20



Some expectations for beyond run II

— most prospects have been considering integrated luminosities of 0.3 ab™! (~2024)
or 3.0 ab’! (~2035)

ATLAS Simulation Preliminary
\'s = 14 TeV: [Ldi=300 b ; [Ldt=3000 fb™

IIIIIIIIlIIIIIIII
333 ! H

In particular for 0.3 ab-! factor ~ 2 gain on
""""""""""""""""""""""""" 7 precision for }\'yZ 1~ 5% accuracy assuming 2014 theory uncertainties
------------------ e = sensitivity to new charged particles in the loop ?

SM  pp — HH — bbyy

illllillll
40 |

0O 0.05 0.1 015 0.2 0.25
— & 35
Ay =AG)

30

¥ What about the trilinear A,;; coupling ?

Veu(H) = W2 H? + WwH? + %H‘l

h=my2/ 2v2~ 0.13, hyy = 3m2 / 2v~ 191 GeV

25

20

15 AS Simulation Preliminary

\'s = 14 TeV: 3000 fb"

10

Very very hard, needs HL-LHC : e.g. in bbyy
S~84,B~47.1, Mig € [-1.3,8.7] @ 95%CL

---- Exp. 95% CLs
1o
[J+x20

0 1 I 1 1 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1

-2 0 2 4 6 8 10

5

Projected limit on the total HH yield (events)

Work in progress to try to include more final states (bbtt ?)... M



= Most of the measurements aiming at characterizing the new boson discovered
by ATLAS and CMS point to a particle very compatible with the SM Higgs boson

a light, narrow width, elementary at the TeV scale, CP-even scalar particle
coupling to massive particles

In the most simple test (a single modifier) a precision of order O(10%) has been reached
with similar contributions from stat. and theory systematic uncertainties

Precisions on constraints obtained on ratios of cross-sections or branching ratios
are at the O(30%) level

Most results from the ATLAS+CMS combination as expected from naive combination but the huge combination
work was needed to make sure this is indeed the case when taking properly correlations into account

Both experiments and the theory community are actively working to beyond the kappa framework
— simplified / differential cross-sections
— Higgs-Effective-Field theory

A huge success and yet a small disappointment :
no sign of new physics in the characterization yet !

= decoupling ? alignment ? Nothing ? ®
22



Searching for hints of physics
beyond the standard model 1n the scalar sector

A huge number of possible analyses to corner the BSM+Higgs sector
- rare decays barely accessible at HL-LHC : e.g. Quarkonium+y, VP® e.g. W*p*
- 125 GeV Higgs as a portal to new physics : BSM production and decays

- Additional Higgs bosons : singlets, nHDM, triplets

23



H/A>(b)rr (LL,LH,HH)
H/A>(b)pp
H/A>(b)bb

H/A>t

H>py
H>ZZ7>4|
H>ZZ>llw

H>ZZ>liqq
H>ZZ>wqq

H>WW->hiv

H>WW--hqq

(H>)hh>pybb

(H>)hh>4b
(H>)hh>-bbrr

(H>)hh>Wyp>4jpy,

(H>)hh>WWyp->-hagyy

A>Zh>ler (LL,LH,HH)

A>Zh>(lllw)bb

Hi>rvjets

H+>tb (resolved)

H+>tb s-chan (had, L+

H+>rv+lep(s)

Hi>pv

H+>cs

H+>cb

-AW

H+>Wh (WH, WA)

H+>Wy

OUCS

Jelo

)&

mono H (>yy+MET)

mono H (>-bb+MET)

mono H (>4HMET)

Hapydark

ZH>(IlINV

VBF H>INV

VH>())INV

ttH->INV (various

)
-

H>ZdarkZ(dark)>4|

h>2a>pppy

h>Za>lyy

a>p

h+>2a+4y(multiphoton)

h>2a+>bbpp

h>2a>bbrr




The Run I panorama : a (probably not exhaustive list)

HIA>{b)rr (LLLH,HH)
H/A>(b)pp H+>tb (resolved)

H/A>(b)bb H4>tb s-chan (had, L+j

HIA>t Exotics

Courtesy of P. Savard)

mono H (+bb+MET)

mono H (>4H+MET)

Only a few selected topics are presented here

)
i

H>ZZ>4l
Neutral H>ZZ>lhw » Higgs portal and invisible decay :
Higgs to H>ZZ>llgq - the VBF case

H>ZZ>waq - combination

H>WW->hiv

» Flavour changing Higgs interactions
-H — tu

-t—aH

(H>)hh>4b

FNIVINIIT

Ha-Jiyy, Yy Inspired
H>ZJly, ZY

H>¢y
t>-cH (various

H>)hh->Wyy>djyy,
H>)hh->WWyy>haqyy
A>Zh>lrr (LLLH,HH)
A>Zh>{lliw)bb

ggF H>INV (monojet).

(bbja>{(bb)rr>(bb)ey
h>2a>4r
H+>aW



Higgs portal and invisible decays



Indirect limit on the invisible (/undetected) branching ratio can be determined from
the coupling fits. In the most generic model tested, the

Ky > Kz, K, Ky Ky K5 K Ky Kiy Ky B = Br(H—1inv)
model, and assuming «, , kK, < 1 to lift the model degeneracy

B <0.49 @ 95% CL (assuming K, .1 = Kosrshe S1VES B < 0.68)

Direct search for invisible decay H — yy, where ¥ 1s a generic (quasi-) stable neutral
and weakly interacting particle (e.g. the lightest neutralino in R -conserving SUSY)

= use Higgs boson associated production VBF or VH, V= W/Z
(ttH might also be used)

= or single production, relying on ISR tagging
(smaller sensitivity, from mono-jet or mono-V tagging (unresolved W : fat jet)
since not specifically designed towards Higgs production )

g X Binv

All results quantified in term of € — or B assuming SM production

OSM
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Search in VBF production
combine three analysis categories SR1 and SR2a,b which add a 10% sensitivity to SR1

Typical VBF signature : 2 high py jets with high m;; (> 1 TeV in SR1), large Anj; (> 4.8 in SR1), 3 jet veto
+ large E™s from H — inv (>150 GeV in SR1) (+ anti-QCD cuts)

3 10° "VBF Signal ( %
8 VBFSlgnaI(mH=1256eV,BR=100A;) E >104 0 G B BB
o Wl = 2 VBF Signal (m =125 GeV, BR=100%) 3
e} - Z-vv — Wo v H -
L) B Other Backgrounds | g 7 .
T > BN SM Uncertainty S 10° N Zow -
o 10 —@— Data2012 = - B Other Backgrounds E
i = S EEEEEN SM Uncertainty =
. > —@— Data 2012 N
ATLAS o " ATLAS °
10 20.3fb", 8 TeV = 5 E
SR1 = 10 20.3fb", 8 TeV 7
N SR1 =
O
= %)
= =
S &
a 5
[a]

250 300 350 400 450 500

[ ——
ETSS[GeV]

15 2 25 3 3.5

1 4

4.5 5
mji[GeV]

Control regions dedicated to Z+jets and W+jets used together with Signal regions in final fit
(using 1/2 lepton events, adding lepton in E ™)

In the most sensitive signal region :

Sig(:8=1) : N'=306 + 59 (7% ggH) ~ Combining the three : B < 0.28 (0.31 exp.)
Bkg : N =577 £ 62 (59% Z+jets, 41% Wjets) [SR1 alone : 0.30 (0.35 exp)]

N(data) = 539

The sensitivity in the invisible decay search is a great achievement : before data taking,

it was not clear if VBF would be useable at such a large instantaneous luminosity 57



Combining with (much less sensitive) dedicated VH searches using Z — £ and W/Z — qq :
B <0.25(0.27 exp.)

The indirect limit (B < 0.49) assumes Ky, Kk, < 1

The direct  limit (B < 0.25) assumes Ky = Kz =K, = |

= Combine both and remove these assumptions !

]

B <0.23 (0.24 exp.)

I"IIIIII| T IIIIIII| T T T TTT
. .

ATLAS

2
w
©

107

10~

\

- - -t
| oI |

» P »

~ (&)} (O]

(s=7TeV, 4.5-4.7 fo"

Interpreted as a limit on o(DM-nucleon)
(s=8TeV,20.3fb"

= very powerful at low DM mass which

: . . Vis. & inv. Higgs boson decay channels
is very tough for direct detection * Y

[Kws Kz, Kpy Kp,y Ky Ky, Kgs Ky Kz, BRinv]

No k> assumption: BR_ <0.22 at 90% CL
’ nv

-49 3
1 O - ““"

WIMP-nucleon cross section [cm
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107°% -voe SuperCDMS (90% CL) & Vector WIMP
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Flavour changing Higgs interactions



Lepton Flavour Violation H — tu

e Limits from p — ey = B(H— ep) < 10-® but much weaker constrains for B(H— tu/te)

* In run I, LHC sensitivity not far away from the “naturalness limit” (Cheng-Sher ansatz)
Ay~ 2mm )*>/v = B = B(H— 1) ~ m /m  B(H— 1) ~ 0.4%

* Small (2.40) excess seen in CMS : B < 1.57% (0.75% exp.), best fit B = 0.84"937 .. %

* ATLAS performed this search in the 1, 4u; similar to standard H — 1t search :
= use same technics for background and systematics uncertainties estimation

combination !) to be monitored in run II :

Signal and main bkg increase by ~ 2 :
* in ATLAS expected limit could be

x1 —
% 3 :_ ATLAS —e— Data 2012, 20 fb” _: . 1
G [ evens — uizs) - wer-or]  UsIng 20 fb! of 8 TeV data, very small 1.3 excess
25 had . [ Z > toejets (0SSS)  —
© 23 (-sTev [Lat-203 W osss B < 1.85% (1.24% exp.),
- I same sign ]
5 2 2 e 0SS ] best fit B =0.77+0.62 %
"E — Syst. Unc. T
O {5 / . . .
5 F An interesting ~ 2.66 excess (CMS+ATLAS naive

. 100 E B < 0.7% (0.3%) with 20 fb (100 fb1)
o 50E : = sensitivity to “naturalness limit” with

% -53 E T,.4T 1 Only without major improvement
Q . - = nor combination with 7+

m¥MC [GeV. 30



Higgs boson Flavour Changing Neutral production t — qH

Tiny branching ratio in SM : ~ 1013/ 107 forq=c/u
=> Any observation of such processes is a non ambiguous sign of new physics
Some models predict enhancement by several order of magnitude
Benchmark coupling : again Naturalness limit : N, .; ~ 0.086, B ~ 0.2%

Both ATLAS and CMS searched for this in top-quark pairs :

pp — tt = Wb Hq + c.c.

No excess has been observed = limits :

topology H — vy (W—Lv/qq) multi-leptons
(%) q=c¢ q=u q=c¢ q=u
ATLAS 0.79 (0.51) 0.79 (0.54) | 0.78 (0.57)
CMST 0.47 (0.71) | 0.42(0.65) | 0.93(0.89) -

T unpublished results with better sensitivity than the published analysis (B < 0.56%)

» The ATLAS multi-lepton result is a simple re-interpretation of the SM ttH search in the
multi-lepton topology : not optimized for this less busy final state but yet very sensitive !

= Might hope for great improvement in run II
31



What about H — bb ? A priori very tough ! Signal : Lvb bbq
vs SM top pair background : £vb qgb

» Much higher stat. than yy (x 250)
» Handles : more b-tags, Higgs boson invariant mass
= Recycle all techniques used for ttH, H — bb :
constrain the background from data via simultaneous fit in categories in

Nj(4, 5,26) and Nyo((2, 3, 24)

2 L ATLAS —e— Data
o = p - - - - tt>WbHc (BR=1%) . .
o oE 1s=8TeV, 20317 ... ti->WbHu (BR-1%) v Expect most sensitive categories
= Pre-fit — i _
= tt . . )= >
10° _E E ti:g% (Njet ijet) (493)9 (49 —4)
= e iV
5[  ttH Ce . . .
10°E [ Non-fi v" Sensitivity to g= ¢ vs u using >4 b categories
. 7/ Total Bkg unc. - .
10"
10 g
15 v" Final discriminant combines invariant masses
o> OE_ |||||||| | TR R Lo by v v b Loy v by a oy (tWO tops, a Higgs boson) and b_tagging into
3 1B w4 Tikelihood
RN ccccr ///////'//
© 0.75F
= 05_ Ko} Keo) Keo) . Ko} Keo) . Keo) . o) . o) . o)
i A i S
< T} © < T} © < o (5 32



Events / 0.05

Data / Bkg

Events / 0.05

Data / Bkg

pre-fit

post-fit

1400~ ATLAS R ' ATLAS o Data
C Vs=8TeV, 20.3 fb” bt (BR - 1% [ Vs=8TeV, 20.3 fb” . {i->WbkHe (BR = 0.17%)
1200 | t+||ght jets = [ ti+light-jets
F 4},3b 1 tt+cc F 4},3b  th+cc
r . e tt+bb r . I tt+bb
1000; Pre-fit 0tV A Post-fit O tiv
L e ttH L e tiH
r 1 Non-tt r 1 Non-tt
800; v/, Total Bkg unc. '; /., Total unc.
600 )
400 )
200 )
ok R
1255« E
0%4%é?%é%?%ﬁ?%%ﬁ%@??%jggééégi !?1H*H*#*”*h+H*¢**1F*qfh+4”*
08007 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
D D
- ATLAS o— Dat - ATLAS o— Dat
50— {s=8 TeV, 20.3 fb - oo (BR = 1%) ) 3=8 TeV. 20.3 fb"! = TWbHe (BR = 0.17%)
r ’ [ ti+light-jets r ’ [ ti+light-jets
[ 4j,4b [ tt+cC [ 4j,4b [ tt+cC
L X I ti+bb - . I ti+bb
40— Pre-fit 0tV )| Post-fit 0tV
% I ttH C e ttH
/ 1 Non-tt ] Non-tt
v/, Total Bkg unc. /., Total unc.

(=)

01 02 03 04 05 06 07 08 09

(=)

No excess :
B(t — cH) < 0.56% (0.42% exp)
B(t — uH) < 0.61% (0.64% exp)

Combination with yy and multi-lep :

B(t — cH) < 0.46% (0.25% exp)
B(t — uH) < 0.45% (0.29% exp)
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Intriguingly the three channels observed a slight excess (and for H — bb, in the t — cH decay)
corresponding to a best fit value of

B(t — cH) = 0.22+0.14%

(N

which matches the naturalness limit ... =
1 I 1 1 1 1 1 1 | 1 1 1 | 1 1 1 1 1 1 | 1 1 1 1 1 1

ATLAS

\s=7TeV, 451" BR(t—Hu) = 0 e—iTotal Stat.

\s=8TeV, 20.3 fo! Total Stat. Syst.
H—>WW* 7 . | 0.27 +0.27 (£ 0.18 £ 0.21) %
H—yy — . | 0.22 £ 0.28 (+0.26 + 0.10) %
H—bb b . | 0.17 £0.21 (£0.12+0.17) %
Combined s E I . | 0.22 +0.14 ( £ 0.10 £ 0.10) %

(D 1
1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

BR(t—Hc) [%]

For run I, in the di-photon channel, expect ~ 3.7 events / tb"! for B=10.1% :
sensitivity ~ 0.15% with 30 fb-!
= Adding the multi-lepton and bb final state might allow to probe

well below the naturalness limit before the end of run 11 34



Additional Higgs bosons in 2ZHDM



Main effort : Two Higgs Doublet Models (2HDM) with CP :
2 CP-even (h/H), 1 CP-odd (A) and a pair of charged (H*) Higgs bosons,
most important parameters : tanf3 = v,/v, (vev ratio), a : mixing in the CP-even, m,

The resonance observed at 125 GeV/c? (h) is usually assumed to be the lightest CP-even
Strategy :

— redundancy : several topologies can cover

the same parameter space in given models
From the good old ATLAS TDR 1999

. . NoRY %
— stay as model independent as possible Sl /\,<——t —SbH, H >y ATLAS
.g. 0. 1S often a free parameter + ,, JLdt=300 fb-
(C g a 18 p o 30 | 7 leWtht_h)’%yg’)d/y Moyxurr/wa r:\ﬂlx_l-:r]f_:];:
mHiyé\/mian%V---) 4 Ftthh—>bb e T/
20 = ’ \ ) /’ -
z \\ 7 H = tb

Particular attention to 2HDM-type II
(interpretation in the MSSM within 1
the most recent benchmarks)

& OO0 OO NOOWOo

LEP 2000

Not covered here : PR Y-
» Most sensitive at high tanP : A — 1 2y }
> di-Higgs e.g. from H — hh (— 4b,2b2y,multi-f+y) |
> H—-> WW/ZZ N &

» Charged Higgs "s0 100 . 150 200 250 300 350 400 450 500




Details on the search for A — Zh

In the MSSM, especially useful at low tanf, below the tt threshold

For example in type II, using h — down-type fermion pair, constraining coupling combination :

* Gluon fusion : k¥ = [t-t-A ~ 1/tanf}] x [Z-h-A ~ cos(B-a)] x [h-b-b ~ -sina/cosp]
(* b-associated : [b-b-A ~ tanP] x [Z-h-A ~ cos(B-a)] x [h-b-b ~ -sina/cosP])

In the (cos(B-a),tanf) plane, g
for ggA :

101
102

Z-h-A~0 10°
104
h-b-b~0 10°
10°

Most promising channels : !

*Z — 474 h — 11 (not described here) !
*Z—> £ h—>bb S © 7 cosp)

107

The h — bb case profits from the background understanding acquired in the
SM associated Zh, h — bb production study, especially Z + jets
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The €7£- bb channel

Very good four body invariant mass resolution,

ranging from 2% to 3% for m,,

Adding the vvbb channel :
3x yields (before cuts),
but no mass peak, only transverse mass
= add ~ 10% to the combined sensitivity
at ~ 500 GeV/c? but 50% at 1 TeV/c?

(assuming narrow width...)

oxBR(A—Zh)xBR(h—> bb) [pb]

€ [0.22,1] TeV/c?

[ LR U I L L I L I L I L I L I L I I_

: \\ A TLAS —®— Comb obs 95% CL limit :

10 §_ \ VE —8Tev 7 Comb exp 95% CL limit _§
- \ 203 fb-'l + 10 band ]

= \ \: + 20 band 1

1 \ --:= llbb exp 95% CL limit

- — = vvbb exp 95% CL limit
107 E
10 E

200300 400 500 600 700 800 900 1000
m, [GeV]

£ S L L L L LI lDlata||2|O|12|||||lll

104 ATLAS mmm m, =500 GeV
E {s=8TeV, 203" g“—,;%n(bb)

- i [
C 2lep., 2 + 3 jets, 2 tags == Diboson
10°50, X Br=0.5pb =3 7Top

mm Multijet
Bl Z+hf
m Z+cl
12+l
Uncertainty

Events / 8 GeV

10" 3

IIIIIIIIIIII IIIIIIIII IIIIIIII II/I//I/II/ly l’//ig;

i

g // 72

G 7/ /7/7;:

11l I 1111 I L1l I 1111 I 1 1 I L1l I NN 1 I/I//I///I/I////j /A//;

300 400 500 600 700 800 900 100011001200
mi>° [GeV]

_\
\
\
N
N

N

?

R

R

Data/SM

= (almost*) model-independent limit on
oxXB(A — Zh) xB(h — bb)
between 570 and 14 fb

(* : above the top threshold, the width can vary a lot
and a large width degrades the limit)
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Interpretation : example of 2HDM I and II, m, = 300 GeV/c?

(no combination AZh / Att / Hhh)
—> TT (bbA production included)

1 Nice complementarity
| between

E A —Z7Zh and A —11

| in2HDM II

\
e [ATLAS, 8 TeV, 20.3 fb! 1/}
= [
S| Typel
10 1 10
Ill
: 1 T Type Il / E
_||||||||||"||||'_l_lll||||||||||||||_ _|||||||||||||||| lll'll||||||||||||||
-0.8 -06 -04 “-0.2 0 02 04 06 08 -08 -06 04 02 O IIO'2 04 06 08

\

\

1

\

' ;
CMS also looked at multi-lepton (> 3 including at most 1 t.4)
and yy decays searching for H — hhand A — Zh /

= very important to fill the holes when h-b-b ~ 0
(~ h-1-t for 2HDM L]II)

(mainly from AZh so only slightly worse if assumption my; = m, is relaxed)

Example for 2HDM 11
from h coupling measurements
h — ZZ*, WW*, vy, 11, bb
39
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In the (m,,tanf) plane, for cos(B-a) = 0.1 :

& T I 1T I T T l T T l T T l 1T I 1T l T TT T o 1T I 1T I T TT I 1T I 1T I T T I T TT I T T T

= - . = - 1
A—Zh cos(-0)=0.10 A—Zh cos($-0)=0.10
8 ATLAS 2o Type | £ ATLAS 2o Type Il

1021 Vs =8 TeV — Obs 95% CL mm=1o band | 1021 Vs =8 TeV — Obs 95% CL  mm=1o band _|
- 20.3fb" @ - Exp 95% CL [—+20 band - r 20.3fb" - Exp 95% CL [—+20 band
- — Excluded by A—tt - — Excluded by A—tt
B @ width>5%m, i C @ width>5%m, i
10¢ E 10¢ E
1 \ 15 E
] 1 11 | 1 11 | 1 1 1 | 1 1 1 | 111 | 1 11 I 111 | 111 | | i ': 111 | 111 I 111 | 111 | 1 i

220 240 260 280 300 320 340 360 380 220 240 260 300 320 340 360 380
m, [GeV] m, [GeV]

Opening of A — tt
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Interpretation in the simplified MSSM

(using my; = 125.1 GeV/c? to estimate radiative corrections to effective couplings)

N W Ao

Run I analyses not all done yet !
Work in progress for some missing channels

A simple overlay of all constrains,
not yet a global combination

. Obs-s h couplings [ky, K, K4l [ Obs., H— ZZ— 4l, Il qg/bb/vv

------- Exp. ------- Exp.

[ Obs., AlH>1t "7 Obs.,H-> WW- Iv qq/lv
------- Exp. ------- Exp.

[ Obs., A—> Zh— llI/vv bb [ Obs.,H— hh

_______ Exp. — 4b, bb yy/tt, WWyy
[ Obs,H—>wm™ ... Exp.

Exp.

—|
1l
/|
A

e.g. pp — (b)tH*, H* — tb at high m,,

Remember : the expectation for
L =300 fb! @ 14 TeV !
- NNLO (+ no decays to gauginos)

I I I PP PPN PP P III

SRS,

s=7TeV, 4.5-4.7 " 7
s=8 TeV, 19.5-20.3 fb™' 1
hMSSM, 95% CL limits |

> - smarter analyses
allowed to get there with 15 less lumi. and
a smaller Vs !

More channels should be covered
in run II benefiting from better tools,

e.g. :
A — tt for m, > 2 my,,

with proper treatment of the interference
with continuum background 41



Conclusions

» The discovered Higgs particle is very SM like :
* low mass as preferred by SM precision measurements and theory
* many measurements pointing to small width
direct (not very sensitive), off-shell, invisible Higgs exclusions, couplings
rare decays, ...
* scalar and no sizeable CP-odd component,
* all couplings compatible with 1, typical precision in general fits : ~ 30/40 %

» No sign of BSM in the Higgs sector yet...

But some small excesses to keep an eye on, e.g. ttH, lepton flavour violation
» Run II results might come quickly ! With ~ 4 fb-! (?) of 2015 data at 13 TeV

= re-observation of H, especially — vy, 40
(cross-section x 2.3 (3.9 for ttH) w.r.t. 8 TeV)

= beyond run I sensitivity for high mass BSM, e.g. A — 11

42



Back-up
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Ratio of cross-section
and branching ratios

Br(bb)/Br(ZZ) rather low :

Conspiracy of
- a high o(ttH) /o p
(multi-lep.)
- a high 6(ZH)/0 .
(CMS, djjet cat.)
whereas
-ttH, H — bb
- VH, H — bb
are not high

o(gg—
H—>ZZ)

/o

Ovgr/ OggF

O Ogqr

O { Oyt
T Oger
BR"W/BR*
BR''/BR*

BR™/BR%*
BR°°/BR%

ATLAS and CMS Preliminary

- ATLAS

—--CMS
LHC Run 1 - ATLAS+CMS
B 5 —= 1o
——— —=* 20
——— Th. uncert.
_:*_
—
—==—
~—
-— |
IIII|IIIIlIIII|IIII|IIII|IIII|IIII
-1 0 1 2 3 4 5 6

Parameter value norm. to SM prediction



No BSM, resolved loops, tree level couplings

ATLAS and CMS Preliminary -— ATLAS
LHC Run 1 ~CMS

- ATLAS+CMS
—+ 10

04 06 08 1 12 14 16 1.8 2
Parameter value

0 0.2




The €*£- tt channel

» Main handle is the 4-body invariant mass estimated as

_ +p-
mec_m(£ t TT)_m£+€-_mrr+mh+mZ

I

resolution from 3 to 5% for m, in [0.22,1.00] TeV/c?

25

¢ Data 2012
[]zz")smzn

[ ] Fake-7/l background
2= Uncertainty

B m, =340 GeV

T T I L
ATLAS
20 [s=8TeV,20.3fb™

Events / 20 GeV

15

10

+ p-
11, /11,

[ ...
550 600
mee [GeV]

PRI IR W '
250 300 350 400 450 500

* [rreducible bkg from ZZ*, SM Zh
from simulation

* bkg from fake hadronic tau candidate
estimated from data

m_, estimated using the Missing Mass Calculator technic

oxBR(A—Zh)xBR(h— tt) [pb]

=

10

102

No excess...

—e— Comb obs 95% CL limit |

B ATLAS 7

------ Comb exp 95% CL limit
Vs=8 TeV [ = 1oband
20.3 fb™

[ ] +«20band

exp 95% CL limit _|
TiepThaa EXP 95% CL limit

= TigpTiep EXP 95% CL limit

Thad®had

200 300 400 500 600 700 800 900 1000
m, [GeV]




Rare decays H — Qy, VP®)
(V=27/W)

 Not really BSM but super rare
* Easily enhanced in many BSM frameworks
* Study of the H — V{f amplitude for cases

where 4 leptons is difficult (low m,))
where f = quark



H — Qy : signal interferometry

Q=Y,J/Y, ¢, p
» Can give a handle on Yukawa couplings of first and second generations

» Rates are tiny.
Can be viewed as a feasibility study / rehearsal for HL-LHC and beyond

» Idea : interference between two amplitudes gives access to
the (normalized) Yukawa coupling k, (magnitude and sign)

Q
Indirect : A, Direct: A, q

B

[~ A+ Ag



The most promising channel : H — J/i) vy — puy B — p') =5.96%

I~ |11.9-1.04 xPx1010GeV = B, ~ (2.79+0.16)x10°

Bk =0) ~ 3.38x10° = 20% difference...
x,=0) ~ 3. .

No sensitivity to SM or “reasonable” BSM in runl and runll (13 TeV, 100 fb1),
(expect 0.07 and 0.84 event respectively, before selection) but develop baseline for HL-LHC

Clean signature : high p; 1solated photon and di-muon pair (cut 36 GeV/c)
m,, within 150 MeV/c? of J/} mass (200 MeV/c? in endcap categ.)

But cannot use standard di-muons or single 1solated muon trigger (boosted J/p, low AR(u*,u))

TTTT‘TTTT‘TTTT‘TTTT{TTTT{TTT

e T T > B T T T T T 7T ‘ T T T ‘ T T ‘ T T 7T ‘ T T 7T ‘ T T T I T
S 0.1 : P
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2 H= Jhpy 1 N oqf P Hodipy -
o i H—Y(nS)y i 2 - - -
Lﬁ 0.08 B - ] GCJ i . Before selection i
i . Before selection | Lﬁ 0.08 - After selection —
B After selection . - g
0.06— n i :
: : 006 — w2 ]
I ] i Pro s Py ]
0.04 — - :;-: ]
i 2 AR v ---- ] R e, :

00 0.1 02030405060.70.8 0.9 1 OO 20 40 60 80 100 120 140

AR, P [GeV]



Backgrounds :

» From various QCD processes : prompt J/y (~56%),
non-prompt J/1 (rejected by a cut on transverse decay length significance, ~3%)

combinatorial (~41%)

Shapes estimated with a data driven approach

» Contribution from Dalitz decays H — y*y — u"uy and FSR Z — pfuy
negligible with the runl sensitivity.

The background normalisation and signal extraction are done with

a 2D fit to the m

pp-y
% 24;!" TTT TTT TTT I TTT I TTT I TTT I TTT TTT TTT 1;
@ 22 ATLAS E
- 20 (s=8 TeV [Ldt=19.2fb"
[%2] - ]
T 18F t Data =
© — S+BFit ]
m 16 [ Background E
C groun
14 [ ]H[B=10 3
19F [z [B=10"] E
10 E

8

oON b O
TTT T TT T T[T

/. I 111 1
200
m,,., [GeV]

wuy

IIIIIIIIIIIIIII|III
40 80 120 160

and p*™* distributions (in four different categories)

> 25_| T I T T T T I T T T T I T T |_|
S I ¢ :
< [ ATLAS Inclusive selected sample
- L s=8 Te\ .
2 200 , 117 candidates
s | .
L i !
15+

%; 20 (19.3 bkg exp) with

m € [115,135] GeV/c2

By

5.5 signal events expected for
B=103

1 I50I 1 1

L 1 1 L 1 | 1 1 1 q
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Analysis similar for H — Yy :
* SM branching ratio much smaller and uncertain : 8.4 (+19.3,-8.2) x 101% but highly sensitive to i,
* using as additional information m,, , to handle the Z — p*py normalisation, not negligible
in the Y window (and separation of the 3 Y ), in a 3D fit

Both analyses are also performed to search for Z — J/p (Y) +v (B~ 5.7 (7.5) x 109)
for which SM sensitivity could be reached at run II, making it a standard candle for the Higgs

102
X 20.3 fbo? ATLAS Vs =8TeV

- 19.2fb!

H/Z - Qy
o Observed E

, &2 4 3Bieg651. 20) ;
~42 SM exi:)ectatlolil for J/lg
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Prospects for run II

> Analysis repeated for “runll” (14 TeV, 100 fb!) assuming runl performance
and scaling signal and bkg. With a simple 1D (m__ ) fit, expect

BH—JAPv)<2.6104
(20-30 % improvement possible with a 2D/3D fit)
Sensitivity could be improved a little bit going from cut-based to MVA selection

pHp-y

» Issues :
- trigger : muons very collimated — not isolated :
would topological triggers such as “2 muons + photon” help ?

- SM backgrounds from Higgs (Dalitz decay) : likely not an issue for runll
but is larger than signal = to be dealt with at HL-LHC

- Is it crazy to try the e*ey final state ?



> What about other Q = @, p ? Would probe k;and x_ 4 (first generation !)

BH — py) =(1.9£0.2)x107 and B(H — @y) = (3.0£0.2)x10-°
leading to N(m*my) ~ 96 and N(K*K~y) ~ 7 events @ 13 TeV, 100 fb-!

H—py might seem promising = perform rough truth-level acceptance study :
* pr'> 50 GeV/c (very tight ?), pt=> 10 GeV/c (within std n acceptance)
— acceptance ~ 31% : N, . ~ 30

a

+ rather clear topology : high p isolated photon recoiling against a two track jet

BUT: » Huge QCD background ! (wide peak inm_,._?)
» Single photon trigger not useable (too high threshold)
Would need photon + tau and/or tight isolated photon...



IEVeR o USSP v =W, Z, P = pscudo-scalar (vector)

A priori best channels : B(H — W*r", W*p*) ~ 1.2 x10~, 1.6 x10-
= Npoa(Evr’, tvrn®) ~ 13, 17.5 @ 13 TeV, 100 b (€ = e,p)

Rough truth-level acceptance :
* pr' > 30 GeV/c, E™ss > 40 GeV, py™ > 20 GeV/c (huge bkg from W)
= Acceptance ~ 15%, N(W*rt*) ~ 2
- and no mass peak, only jacobian “peak” in m;

(W*p* even harder because softer charged pion...)

Very very very challenging...



