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Higgs particle

+ The Higgs particle was the missing corner stone of  ass.
charge -

the SM and is responsible for the masses of apin
elementary particles. name -

< Born on 4th of July 2012:

Quarks

<22eV <0.17 MeV <15.5 MeV

ALE ALY AL

Higgs-like boson at ~125GeV

electron muon tau

5.90 @QATLAS, 506 @CMS (PLB, 716, 2012)

Gauge Bosons

% October 2013: Nobel prize to Englert and Higgs

<+ A new era of particle physics — measure the
properties of the new particle:

* mass, couplings and differential cross-sections, §
spin, CP, width --- .;.57;.::
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Challenges with high luminosity



Higgs production at the LHC

8 TeV pp collisions
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LHC at \s =8 TeV
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Higgs production at the LHC

gluon fusion vector boson fusion (VBF)
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Higgs production at the LHC

pp cross sections WE FOUND 1T/
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Higgs decays

I|IIII|IIII|IIII|IIII__§
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T3

____|Main discovery channels with
* |lexcellent mass resolution

Higgs BR + Total Uncert

L 0.02% E approximate event yield after selection

-4IIII|IIII|IIII|IIII|I I|IIII|IIII|IIII|IIII
10120 121 122 123 124 125 126 127 128 129 130
My [Ge

500 H->WW#*(212v
o(mtn) ~20%
S/B ~15%

20 H—Z.Z*(4])

450 H—vyy

o(mn) ~1-2%
S/B ~1.6

o(mn) ~ 1-2%
S/B ~3%




Higgs decays

H—Z7*(4])
exp. yield ~ 20
o(mn) ~1-2%

H—-WW#*(212v)
exp. yield ~ 500
o(mtH) ~20%

S/B ~15%

H—yy
exp. yield ~ 450
o(mn) ~1-2%

S/B ~3%

exp. yield ~ 300
o(mn) ~ 10-20%
S/B ~1-30%

exp. yield ~ 400
o(mu) ~ 10-20%
S/B ~1-10%

Higgs field serves as the source of mass generation
in the fermion sector through the Yukawa interaction. 8



Panorama of Higgs analysis

Channel g:i]>+}[ E M Z, Mass | CP |X-sec.|Width
YY V V Vv v v | V| VW

7.77(4)) Vv Vv ) ) v | V| VY

WW(Ivly) Vv vV ) ) v | V|V
TT \/ \/ \/ \/
bb Vv Vv
1y \/
pp v v

invisible \/ \/ \/

+ Experimental Strategy:

+ Investigate a large number of final states with dedicated event categories to
separate different production modes (and to increase overall significance)

+ Probe different kinds of the Higgs properties.



Higgs property measurement

< Higgs Mass Measurement

< Coupling measurement

* Higgs invisible search

<+ Off-Shell behaviour

+ Higgs Boson quantum numbers

<+ Fiducial and Differential cross section measurements

10



Higgs Mass Measurement

+ The free and fundamental parameter
of the SM Higgs sector

+ Linked to Higgs properties, including
the potential self-coupling.

11



fLdt=451" s=7Tev ATLAS

- Vs =
det_20.3fb,\E—8TeV 4 Data
S/B weighted sum

) — Signal+background
Signal strength categories
===+ Background
— Signal
my =125.4 GeV

E weights / GeV

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

data - fitted bkg
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Higgs Mass

+ Statistics dominated measurement.

+ Systematic uncertainties dominated by energy/momentum calibration of
photons (H—vyy) and electrons/muons(H—ZZ%*(41))

+ Compatibility of the four measurement masses O(10%)

+ Individual measurement compatible with ~2c

First ATLAS and CMS Combination: my=125.09+0.21(stat.)x 0.11(sys.)GeV

< 3 UL L DL DL DL L L L L LA L L LI L L T T T T T T T T T T T T T T T T T T T T T T T T T T T
S B ] I I I I I | |
[0} -=- ATLAS H—
o - ATLAS and CMS vy —
2 " LHC Run 1 T emen T ATLAS and CMS —s—i Total Stat. =3 Syst.
& 25— e CMS H—ZZ—>41  —] LHC Run 1 Total  Stat. Syst.
L - B All combined i ATLAS H—yy 216 Nt F—==e=—=—1 126.02+0.51 (*0.43 + 0.27) GeV
= I % Best fit i .
6% ol - esei CI:L — CMS H—yy ﬁ)c 124.70 + 0.34 (+ 0.31£ 0.15) GeV
B B ] ATLAS H—ZZ -4l ! % i \ 1.6 124.51+ 0.52 (£ 0.52 + 0.04) GeV
I - _ .
X Y5 ~ CMS H—ZZ -4l 1.66 V... —=— 125.59 + 0.45 (+0.42 + 0.17) GeV
7 B T b e b .
‘-I-I4 - ] ATLAS+CMS yy I—EI—I 125.07 £ 0.29 (+ 0.25 + 0.14) GeV
1':“ i ATLAS+CMS 41 |—}E—| 125.15 + 0.40 ( + 0.37 + 0.15) GeV
:...|....|....|....|....|....|....: ATLAS+CMS yy+4i = 125.09 + 0.24 ( + 0.21 + 0.11) GeV
0.5 124 124-5 125 125-5 126 126-5 127 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
—> 123 124 125 126 127 128 129
+0.2% my [GeV] m,, [GeV]
o /0 .- H
arxXi1v:1503.07589

14



Higgs Boson Couplings

+ Predicted for all SM particles for a given Higgs mass.
+ Determine Higgs boson phenomenology & experimental signatures.

+ Sensitive to BSM phenomena coupling to Higgs sector.

+ A straightforward consistency/deviation strategy is based on signal
strength measurements in different production and decay modes:

+ The signal strength () 1s defined as the ratio between the measured Higgs yield
and the SM prediction.

Nmeasured O X B R

SE (0 X BR),,

R

15



H—yy and H—-ZZ*(41)

PRD 90(2014) 112015

PRD 91(2015) 012006
Diphoton selection ATLAS Preliminary Input measurements o
- -
* - 41 selection
- ‘ m, = 125.36 GeV +1oconpu
ttH leptonic i
Y Overall: u = 1.17“:2:2; : : : |--o—| : : High mass two jets | _
+1H hadronic H- YY ggF: 1 = 1.32+g,2: |—o—| : : : VBE — VBF enriched
{ VBF: 1 =087 i :
V H dilepton WH: u = 1,0+1 '2 . . ; : . Low mass two jets
(ZH — (¢H) ZH: 1 = 0.197 : : : : - W(= ji)H, Z(= j)H
* 0 : i - VH enriched
Overall: p = 1.44jg-‘3‘g : _ : : : : : FyTE————
V' H one-lepton Eanty ] 7+'0_5 : : : : : : ronatiepton
HH =1, . . . : . . .
(WH — tvH) 99 H=T1 o4 ; : : : : : W WH 20 |
VBF+VH: i = 0.3""¢ : S i K : : |
* _0.9 1 1 1 1 ) 1 i 1 1 1 : - 1 1 ) 1 1 1 7
VH E%liss ggF - ggF enriched

(ZH = v WH = fvH) | B g = 7 TeV, 4.5-4.7 fb” -

! .
VH hadronic \s=8TeV,20.3 b Signal strength (u)

(WH — jjH; ZH — jjH)

Y

VBF tight
(qqV — jjH)

v obs.(exp.) Significance

VBF loose

(4gV — jjH) Hoyy 5.26(4.606)
y H—Z7%*(4]) 8.10(6.20)

Untagged
(99 — H)

16




H- WW*- evuv candidate and no jets

Longitudinal view Transverse view

9

Fa -, '- :
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ATLAS H—=WW*
Vs=8TeV, 20.3fb™
Vs=7TeV, 4.5fb™
(@) nj=1, eut+ee/up
¢ Obs=stat
% Bkg = syst
M Higgs
B ww
0 Misid
| vv
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Events /10 GeV

(b) Background-subtracted
¢ Obs-Bkg
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H—>WW¥*(212v)

+ obs.(exp.) significance: 6.10(5.80)

arxiv:1412.264

< f ATLAS _

+ Evidence for VBF with obs.(exp.) significance of iy . R
3.20(2.70): Crucial to measure VH couplings in tree R
level processes LA pome

; _ [+)Obs+2c __
. . . . . E A i [ [ Obst3c .
+ Systematic (in particular theoretical uncertainty ) BNl = AVITR I
. E NG /¢ 9 ExpSM+1,2,3 6
play a very important role OF T
0 1 2 3 M4
N-jet categorization and VBF total cross section
Observed u=1.09
Source Error Plot of error
+ —  (scaled by 100)
Da;:%rsl;eltt;:’gic;sns 8}2 812 —— U = 109t8§? = 109312 (Stat)fgﬂ (SYSt.)
Profiled ;:fgrgﬁé‘giggs 010 010 == U, =1.02705 =1.02£0.19(stat.)’) 15 (syst.)
MC statistics 0.04 0.04 = Uy =1.277077 =1.27705 (stat.) ) (syst.)
Theoretical systematics 0.15 0.12 -
Experimental systematics 0.07 0.06 e
Integrated luminosity 0.03 0.03 =
Total 0.23 0.21 ——

-30-15 0 15 30




H—o1t

%J ]
0] B —e— Data i
e 80 H— tt VBF+Boosted —— H(125) (u=1.0)  — ..
5 F vec7Tev 45 o 1 ATLAS Preliminary Input measurements
S 60 s=8TeV, 203 fo" B Otners -
2 60 is=8Tev,20 B Faves | m,=125.36 GeV
it + ! ) H : + 16 on
= 20 7 Uncert. ] m, (GeV) H
) " T T R —— A T R
(l,_)t 0 _: H o 1t Overall: n = 1.43tg::§ 125.36 l—‘—l
= ] ggF:p =2.0"" |125.36 ) ) L
i o +0.59 . : : : :
0 . VBF+VH: u = 1.24_3_24 125.36| s e |
20 '

—_
o

I

]
\s=7TeV, 4.5-4.7 fp" —2 0 2 4

(

's =8 TeV, 20.3 fb” Signal strength (u)

Weighted (Data-Bkg.)

% H-—TT: include all T decays
+ obs.(exp.) significance: 4.50(3.40)
+ Evidence for Higgs-Yukawa coupling as predicted in the SM.

19



H—bb

JHEP 01(2015) 069
> e B B R R R R R S RN R
8 300 ATLAS B VH(bb) (1=1.0)
10 ~ (s=8TeV [Ldt=20.3fb" . Joson ’
= = 0 lep., 2 jets, 2 Medium+Tigh i . mi
5 asof e oy T St ATLAS Preliminary Input measurements
o - |:|WIcI ]
L Z Wil ] —
200 =L E m, = 125.36 GeV +1oconpu
- Uncertainty ] My (Ge\./) ..................
- e Pre-fit t:(ackground = ._ +0.40 |125 36 : : :
150 VH(bb)x20 - ~ Overall: p =0.52 0.40 : ' : - -
= == ] VH — Vbb w07 : : : :
A S N WH:pn =11 125 : . . e—
100F- - . : -
E ........ E ZH: u - 0.05_049 125 1 1 i 1 1 : 1 1 '| g 1 1 i 1 1 1 1
50:_ ....... ] | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
8 1.5__ | 1T 1T I L I 1T I 1T I 1T I 1T I 1T I 1T I 1T | T I_E vg = 7 TeV, 4.5-4.7 fb-1 _2 O 2 4
% I | R e TP $oocooen PO s s P §oizs s 7*;7 7;*:
E 0.5__I 11 I—'_I+m 111 111 111 111 111 111 111 11 1 I_ - i
Q 50-"20 60~ 80 100 120 140160 180 200 220 \s =8 TeV, 20.3 fo’ Slgnal Strength (H)

m,, [GeV]

+ H—bb: due to overwhelming multi-jet backgrounds, need additional signature
from exclusive production modes.

+ Signal: (W/Z)H with H—=bb and V leptonic decay.

+ obs.(exp.) significance: 1.40(2.60)

20



Searches for Rare Higgs Boson Production & Decays

<+ Searches for rare production modes

- ttH (direct access to top-Higgs Yukawa coupling)

<+ Searches for rare SM decays
» H—pup (probe 2nd generation lepton coupling)

+ H—Zy (probe loop decay)

21



Cts |
10N ttH(H_)VY)

%ATLAS
EXPERIMENT

2012-07-14 23 57:00 CEST




ttH Searches

, PRD 90, (2014)112015 arXiv:1503.05066
- mEEEE RN LS AN RS AN K A U
(%, 250 H_’Y'Y 201,12.;2 3 | — tot. ATLAS (s=8TeV,203f" |
G E Stal. 4 (Hobb)  (tot) (stat)
= [Ldt=45f", Vs=7TeV J _
2.5/ [Ldt=20.3fb", V's=8TeV Dilepton — ———a——— 28120 (1.4) _
2— m,, = 125.4 GeV —
1.51 Uy = 1.3ff:§(stat.)f8:§(syst.) = Lepton+jets —  =—o—— 1.2+13 (0.8)
: ;—\ Combination— H—e—- 15+11 (0.7)
S -
. Best fit u=cs/cSM for m =125 GeV
arX1v:1506.05988
° ° ° b (0] 9 ATLAS
95% CL upper limit on signal strength e V3=8TeV, 203"
n
tot. (stat.)
observed | expected 260 a H——H 28 58 Haly
3L f—eo—H4 2.8 177 (%22
teH(yy) -6 4.9 2017 H—e—— 09 34 (731
ttH(bb) 3.4 2.2 4cf e 11838 (53
] 102741 : : 96 97 {23
ttH(multi-lepton) 4.7 2.4
Combined} | e 4 2.1 13 {{5)-

M0 8 6 4 2 0 2 4 6 8 10 12 14
Best fit u(ttH) = o/ogy for my =125 GeV

The results are compatible with the SM expectation and dominated by
statistical uncertainties. o3



H—upn and H—Zy Searches

PLB 738 (2014) 68-86

%) L I B B L L B
2‘ 5o ATLAS H— u'u E
L R ]

O C __ Observed CL \s=7 TeV 4.5fb 1 .
E 40:_ ;f);gected CL Vs=8 TeV 20.3fb _:
: E [ J+20 E
O 30 ]
2 - .
O L ]
o 20 ]
101 =

ot ]

120 125 130 135 140 145 150

m, [GeV]

95% CL upper limit on signal strength (n)

observed expected
H—up 7.0 7.4
H—Zy 11 9

(H—>2Zy)

SM

95% CL limit on 6(H—Zy)/o

30||II

25

20

15

10

0 L1
120

PLB 732 (2014) 8-27

I Ldt=45f" Vs=7 TeV

j Ldt=20.3fb", Vs = 8 TeV

— Observed
Expected

Nt 1o

ATLAS

+ 20

125 130

135

140

145

150
my [GeV]

+ Searches are statistically limited

+ Clear sign that Higgs boson does

not couple universally to leptons
(260xSM for H—pu given the
observed evidence of H— 1)
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Summary of signal strength measurement

ATLAS Preliminary _6(§§,T;?,c_ Total uncertainty

— o{theory )
my = 125. Vv theory
4= 125.36 Ge s(theory) *loonpu
H—- vy To5s '__'
_ +0.28 J—rg:l? |__|
a1 S S N <)

H - zz* | L
: : H
|_

i ATLAS Preliminary
E Vs=7TeV,4.5-47fb" Vs=8TeV,20.3f"

. 68% CL.: —
-0.34 -8.1; A R ; A 95% CL: -
Zo : = :
H % WW* +8:$ H T T T T | LI T T T T T : LI T
-0.14 : : 1
n= 118+82:1 +0.13 | !
-0.21 |-0.09
T0s0 e

—
+0.24 : —
_|

i =0.63"010% : : :
T Uyge=1.23+0.32 ———fl—

+0.19

w=1.46"40 0%

+0.23 .
o =1. — ol
H — bb Mggr = 1.23 550 5

037|007 | | | H

+0.30 .
H- e - f
0.42 |-023 ; :
= 1.44+ 0.16 : :

H -0.37 Zo10 L A I l_

L]

ATLAS-CONF-2015-007

i Uyy= 0.80 +0.36 e ——

H - uu f§;§ : : : :

M=-O7i2; Egé : I l'll'[H= 181 iOSO —5—*7

H - Zy s S S ; my, = 125.36 GeV
+17 E : 1 1 1 1 | 1 1 1 1 | 1 1 1 1 : 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

n=27"0 L 5 ‘ - 05 0 0.5 1 1.5 2 2.5 3

Parameter value

+0.10

Combined -0 : :_|
_ +0.15 |-0.10 : :
u_1'18-o.14f8:83 T L

{s=7TeV, 4.5-4.7 b —1 0) 1 2 3
is=8TeV, 20.3 fb" Signal strength (u)

- All measurements of signal strength consistent with 1:
- combined precision ~13%, theory uncertainty non-negligible 25



Summary of signal strength measurement

ATLAS Preliminary _6(3&:;?,0_ Total uncertainty

—O0
my, = 125.36 GeV _G((t‘;:‘gryy) +* loonu

: Re-parametrisation with the ratios
.| to ggF(production) and WW(decay):

+0.23 . g
H - ryry -0.23 ' l__|
+0.16 : i

u — 1 17+028 -0.11

= 1. +0.12 . i
-0.26 |-0.08 L L “-_| .
+0.35 . :

H - zz* 5 1
: : H
I

+0.19

w=1.46"40 0%

0 /0 goF BRy/BRyw+

-0.34 |-0.11 PfIww+ = [BRf/BRWW*]

+0.16 . :

H - ww* -0t : T
+ 0. . H

+0.24 |-0.14 :

w= 1.18 +0.13 . :
-0.21 |-0.09 N 1

+0.31 . :

e Riear =
: i/ggF [O'i /O'ggF]

SM SM

H - bb

—
0.24 : — : "
_|

] ; 0.28
. ! L /“tggF 1'15J:0.24

Ratio of Best-fit Significance (o)
Cross sections value Observed Expected

+0.39 |-0.23
w= 0.63 0.37 +0.09 i H
-U. -0.07
+0.30 S
H- e - f
0.42 |-023 ; :
=1.44" - :
H 08700 | i i.H
+3.6

] o = i R D R Ry ggF 1.33%0:% 2.6 3.1

e : : 1.12
u = 2.7_4:5 +1.1 : 0

-03 ' |

:.I.J_J__

ATLAS-CONF-2015-007

+0.10

Combined -010 : :_|
_ +0.15 |-0.10 : :
u_1'18-o.14f8:83 T L

{s=7TeV, 4.5-4.7 b —1 0) 1 2 3
is=8TeV, 20.3 fb" Signal strength (u)

- All measurements of signal strength consistent with 1:
- combined precision ~13%, theory uncertainty non-negligible 2¢



Higgs boson coupling scale factors

< Assumptions:

- Single state, spin 0 and CP-even.

+ Narrow-width approximation:  (¢-BR) (it — H — ff) =
* Methodology: parametrise deviations with coupling scale factors {ixj

q
q-——*if/;{ s

2 2
V1 ) Ky KH(K]')
- = — Tu(k;, BRi ) = M
v . i p I (1 -BRy )
q LW
2 q’
i =Ky
C o0o0) h
pt -— -4 Loop interaction @ (O
g 000000
2
K
- K; «1.x06K; —0.07xK Kk, +0.01xK, g )

<+ Two fundamental options:
- Allow undetected/invisible decays (ky free) or only SM decays

« Allow BSM particles 1n the loops or resolve the loop assuming SM field only 27



Scalar coupling deviations framework

Production Loops Interference Expression in terms of fundamental coupling strengths

o(ggF) Vv b—t kg~ 1.06- K¢ +0.01 -1 — 0.07 - ki
o(VBF) - - ~ 074 x5 +0.26 -1
o(WH) - - ~ K%v
o(qq —» ZH) - - ~ %
o(gg »> ZH) v Z -t Kooz ~ 227 %5 +0.37 - k¢ = 1.64 - kzK,
o(bbH) - - ~
o(ttH) - - ~ K
o(gb — WtH) W1 ~  1.84 -7 + 1.57 - kg, — 2.41 - xkw
o(gb — tHq") W —t ~ 347 +3.56 k5 —5.96 - kikw

Partial decay width

Iyp ~ K
FWW - - ~ K%V
Izz - - ~ %
F‘r‘r ~ K%
L - - ~ K/%l
L, Vv W—1 k7~ 1.59 kg, +0.07 - k¢ — 0.66 - kwik;
Iz, v W1 K5, ~ 112k, +0.00035 - 17 — 0.12 - kwky
Total decay width
0.57 - 1, +0.22 - 5, +0.09 - x5+
i v v 2~ 0.06-12+0.03- K2 +0.03 - k2

0.0023 - x; +0.0016 - %5, +0.00022 - x;

Input analyses to the combinations: H—yy, ZZ, WW, 11, bb,
uu, Zy and constraint on ttH and off-shell Higgs productions

28



» Scaling coupling to fermions (kr) and
vector bosons(kv):

All decay channels converging around
SM expectation.

Other benchmarks models:
different options on the loops and decays
custodial symmetry of W and Z
coupling to up/down-type fermions

coupling ratios

Higgs Boson Coupling measurement

*only SM contribution to loop and total width

— Vs=7TeV, 45-4.7fb"
- Vs=8TeV, 20.3fb"
— m, =125.36 GeV

— % SM — 68% CL
u T Best fit | ---95%|CL
| |

[ T | T T T | T T T | T T T | T T T | T T T | T T |
- ATLAS Prelim. \

ATLAS-CONF-2015-007

4704 06 08 1 12

Best Fit values:
_ 0.07
_ 0.17

kp = L1170

Couplings very consistent with SM predictions



Higgs Boson Coupling measurement

+  Most general benchmark scenario with the consideration of all
potential k-scale factors:

ATLAS Preliminary
Vs=7TeV,45-4710" Vs =8TeV,20.3fb™"
68% CL: i E—(— > TTTTT] T T IrrrT T T T TTTTT T T T 1
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Invisible Higgs Searches

ATLAS-CONF-2015-004 [ o
: With the assumption of SM coupling to known SM particle ,

.+ VBF: Br(H—inv)<0.29(0.35)@95% CL
|- ZH,Z—ee/pp:  Br(H—inv)<0.75(0.62)@95% CL '
i+ VH, V—oqq: Br(H—inv)<0.78(0.86)@95% CL ’
- Combination between Zh—I11+MET and indirect measurement:
" Br(H—inv)<0.37(0.39)@95% CL |

W*/Z

q

VH o
H ™

1 “arXiv:1504.04324

ATLAS Preliminary

/

< In “Higgs portal” models, limits on Br(H—1inv)
L can be translated to constraints on coupling

a

1

i

i

i

1
ol
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S e el
......

0% - Mh, WIMP), then re-parametrized to
1047 = (s=77TeV, [Lot=4.64581" scattering cross section o,.n,
ol \s=8TeV, [Ldt=2031b" -
107 = h—yy, h—>ZZ*—4l, h>WW*—lvlv, ]
10 - h—>tt, h—bb, Zh—II+ET"> B ] ]
[ [ DAMA/LIBRA(99.7% CL)  ATLAS (95% CL)in  _| 4 T|ght ConStra”']t on the DM at the
53| [ CRESST (95% CL) Higgs portal model: ]
1007 —— gD(';ASN(Tg?;% S%L) wn Scalar WIMP . I -
- oae % G : —
o5 T oo Gy T e OW Mass region
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1 10 10? 10°
m, [GeV]
ATLAS-CONF-2014-010 *

*Combination with the indirect measurement of
different channels with coupling scenario 31



do/dm,, [fb/GeV]

Oft-Shell Behaviour and the Higgs Boson Width

1 0_1 E I | I I I | I I I I I I | I I I E H* VV
- ] gg—H"— ~
- ATLAS Simulation s=8Tev 1 > o Ooshen ), - 5 ~ |
2| p 99 = ZZ — 2624 oeeeeer T e Moff-shell (8) = 0_g9_>H*_>VV(§) = Kg,off—shell(s) K off-sh o] () [roemmmssrmen
1 O g- ------------------- ;" _E Off—Shﬁll, SM
E hﬁ ............... =229 H > 22 (8) -
s ""L'L ----- 99— ZZ (B) :
- N — - gg— (H*>) 2Z -
1 0-3 = uL[' - --- 997 (H*_)) 2z (uoff-shell=1 O) =
|4 L TR 3
E ul!h._ ", E gg—H—-VV K2 . K2
< "‘\1_“'. L _ [ bl = on-shell __ g.on-shell  "Von-shell
41 ey . _ on-shell = gg—oH-VV SM
10 - J--———"’ ........... g o < eIl SM T /Ty
1 1 ’ ]
10”5 E
- Mvv E
| L] ]
- I
'6 | | | | | | | | | | | | | | | | | 'J —
107200 400 600 800 1000 Hoginen = Monshen X 1y 117 (SM)
m,, [GeV]

<+ Measurement of the off-shell signal strength in H—-WW and H—-ZZ.
<+ With the combination between on-shell and off-shell analysis:

+ Assuming the on-shell couplings are the same as the off-shell couplings, the
coupling measurements can be reinterpreted as the constraints on I'y.

+ Assuming SM Higgs width, it can be reinterpreted as the constraints on off-shell

and on-shell coupling ratio #5f g.u/Homshe 30



Off-Shell signal strength and the Higgs Boson Width Limit

expressed as a function of unknown K-factor ratio:
arxiv: 1503.01060

E) 40 | T | T 171 | T T T | T T T LI | T 171 | L T T T 2 40 C T | T | T | = | |
2 f ATLAS =r : 72T | ATLAS -
3"5_’ 351~ H-ZZ+ W off-shell 220 __ ~ 35F H-ZzZ+WW off-shell+on-shell [ ]+ 20 —
(- B Moff-shell /M llllllll =t e EXpeCted Illmllt (CLS) 7 LlI C KgN,on-:;heII=KgN,oi‘f-sheII """ EXpeCted limit (CLS) 7]
o 30:_ s=8TeV: J.Ldt =203 fb - Observediimt (CLS)_: (- 30 [ (s=8TeV: det =20.3 b — Observed limit (CLs) =
E : = :
2 2F E E o5 -
2 20 E O 200 E
g - ] <0 C
o -
O
(@)]
O: 1 | 111 | 111 | 111 | 11 1 | 111 | 111 | 11 1 : -
06 08 1 12 14 16 18 2 O_|||||||||||||||||||||||||||||_
RB = _K(gg—>VvVv) 06 08 1 12 14 16 18 2
H* ™ K(gg—H*—=VV) RB — K(gg—VV)

H* =~ Klgg—H=VV)

% Assuming the unknown gg—VV k-factor  + Dijrect Higgs width measurement at 95%CL:
is equal to signal k-factor:

+ Hovyy: TI'n<5.0(6.2)GeV
+  Loffshell <6.2 (8.1) obs(exp) at 95%CL

+ H—ZZ: Tu<2.6(6.2)GeV
+ ['u<22.7(33.0)MeV obs(exp) at 95%CL
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Higgs Boson Quantum Numbers

Clear SM prediction for Higgs Boson quantum Numbers: JP°=0**

-5 %llll|||||||||||||||||||||||||||||||||||||||? (é30_||||||||I|III|III||||||||||||||||| <<30_I|II|||||||I|||||||||||||||||||||||
N 103 I;_ATLAS Preliminary H—ZZ" — 4] PN ~ ATLAS Preliminary H— ZZ* — 41 :\_:l " ATLAS Preliminary H— z7Z* - 41
T g [s=7TeV, 451" E ' - Js=7TeV, 45 fb' ' - s=7TeV, 45"
g - Data Js =8 TeV, 20.3 5" . 25" Observed [s=8TeV, 20.3 ft' N 25— Observed /s =8 TeV, 20.3 fi" ]
E At % = . — L
= o H—> WW*— evuv 3 ____ Expected: . H— WW*— evuy - ____ Expected: H— WW* = evuv
S 10 I;_ """ 2 Is =8 TeV, 20.3 o' _;I 20 B signal strength fitto data 5 _ g 1oy 203 165" B 20 s signal strength fitto data 5 _ g 1oy 003 1t .
o = H— vy 3 o Expected: SM 1\ . et Expected: SM .
< 4L Js=7TeV, 45" 4 ' -
= s =8TeV,20.3 &' 3
10" E
102 E
10°E / :
10'4_E o el s S
105k Lol wal il AT T Owi""I""x""x""i""I""x'"'x""i""I""x'"'x'm}wlmx""{“,']:V{"-i::I""|""{"'|"'"I""|""{"'|"'"I'"'|""|m'i""|""|"“
-40 -30 -20 -10 O 10 20 30 40 8 6 -4 -2 0 2 4 6 8
*hypothesis test of spin-2  '09(LH)LH)) K/ Ko (Ko ) - tan o

- All alternative hypothesises excluded to more than 99% CL: non-SM spin-0 models
and spin-2 models with universal and non-universal coupling to fermions and bosons.

- Tensor structure of the HV'V interaction in the spin-0 hypothesis 1s investigated.

- Higgs boson very SM-like: small non-SM admixture not yet excluded!
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Fiducial and Differential cross section measurement

+ Measurement designed as model independent as possible.

+ Direct comparison with theoretical predictions at particle level.

<+ A wide and diverse range of physical phenomena to be probed:

+ Higgs boson kinematics, Jet activ

H—Z7

PLB 738 (2014)

H—yy

JHEP 09 (2014)

4+ Dominated by statistical
uncertainties

4 Broadly in line with the
theoretical expectations
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Inclusive pp—H cross section

arX1v:1504.05833
a [ _
S [ ATLAS \s=8Tev, 203"  PPH, my=1254GeV
T 50 N Hoyy § HoZZ*—4l X Oggr + Oxt Oxny =3.0+0.1pb
;): | i comb. data syst. unc. XH = VBF + VH + ttH + bbH
© 45} 1 QCD scale uncertainty
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30F
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- — - x i
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20 - .
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The measurement are comparable to the prediction
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Summary: What have we learned?

-+ Higgs mass determined to 0.2%

- Higgs signal strength ~1, determined to 15%

- Higgs couplings tested for many scenarios and
assumptions (consistent with SM), the combination
between ATLAS and CMS is coming soon.

- Many non-Spin-0 and CP-odd hypotheses excluded

- Differential cross-section measurement at 8TeV

Higgs boson is so far very consistent with SM predictions,
but still statistically limited.
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LHC/HL-LHC Plan

region layout

Crab cavity
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Prospect of Higgs Boson coupling

ATLAS Simulation Preliminary ATLAS Simulation Preliminary

's =14 TeV: [Ldt=300 o' ; [Ldt=3000 fb*
13t || 1 1 ] || | 1
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o

- Offer a comprehensive physics programme
- Expected to establish: H—bb, ttH , H—-uu , H—Zy
-+ 3000fb-1 offers physics significance better than 300{b-1

+ Theory uncertainties become dominant for many key processes
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First Stable Beams

ATLAS

EXPERIMENT

LHC Run2 is underway, more results to come very soon!

Run: 266904
: 8393006

proton-proton collisions at 13 TeV ?ﬁgwrm,:,?,



