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e 4 Observation of a new boson e 4

-

Phys. Lett. B 716 (2012) 1-29

e QObservation of a new boson consistent with

the SM Higgs boson at the LHC (4t July 2012)
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* Nobel Prize 2013 in Physics (8t October 2013)
2013 NOBEL PRIZE IN PHYSICS
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e 4 Property Measurements C

=

* The center of Higgs analysis is property measurements.

Higgs Sector :
Lsy =D H'D,H + p2HYH — 3 (HTH)® — (yij Hpity; + h.c.)

EW gauge bosons Self-Couplings Ferm!on
Couplings Couplings
. h
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* Mass (my) (and width (I;) ) -> Mass Measurement

* Quantum numbers JP -> Spin-Parity Determination

* Couplings to fermions and bosons -> Coupling Measurements
e Self-couplings ->to do in future LHC (Run Il -)
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cgv  Higgs Phenomenology at the LHC ( g»

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSectionsFigures

Production Cross Section Branching Fraction
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H = C ]
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- | ] - [ i
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 Dominant production process is the ggF (87%) and VBF(7%).
* Dominant decay process is H-> bb (57%) and H->WW™ (22%).
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~g  Input for the Higgs Combination (g

arXiv:1406.3827
H -> yy channel
e R - yy channel :
9 180:_ det=4.5fb"\(§=7TeV ATLAS _:
2 - [Ldt=20.3b" Vs=8 TeV ” -
‘§ 160 [ s/b weighted sum C_Jtr_nll?inedfit: _:
N 1402_ Mass measurement categories — Signal+background _:
o Caweent 1 ¢ Spin/CP measurement
"”E_ _; 0*vs 2* (spin-1 hypothesis is
é_ _§ excluded by Landau-Yang theorem)
i3 - * Mass measurement
g E_— high energy resolution of photon
: ¥ ¢ Coupling measurement
o S E sensitive to loop-induced BSM
110 120 130 140 150 160
m,. [GeV]

Y
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Events / 2.5 GeV

Input for the Higgs Combination 9

arXiv:1406.3827
H ->ZZ"-> 4€ channel
e e Z2.->4€ channel :
35F ATLAS $ oaa
E H s 77* —s 4] ‘:l Signal (mH=12j,.5 GeV = 1.66)
SOE eorrew Jua-asw’ = . * Spin/CP measurement

Vs =8 TeV: J-Ldt =203
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SUSY2014@ Manchester, 22th July 2014, K. Yoshihara

0*vs 07, Otvs 1*/-, 0* vs 2* test
* Mass measurement

high energy resolution of leptons
* Coupling measurement

sensitive to ggF production but

poor stat for the VBF production
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Events /10 GeV

Data - Bkg.
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H -> WW*-> €vev channel

ATLAS

\s=7TeV [Ldt=4.61b"
\s=8TeV [Ldt=20.7fb"
H

WW*—lvlv + 0/1 jets
7

-@- Bkg. subtracted data

L, D SM Higgs boson m, = 125 GeV—g
: 4 +
""""""""""""""""""" -+_ — -@- 3

IIIIIIIIIIIIIII
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Input for the Higgs Combination o

o

Phys. Lett. B 726 (2013) pp. 88-119

WW’" channel :

Spin/CP measurement

0*vs 1%/, 0* vs 2* test

-> broad mass peak (two neutrinos)
Coupling measurement

- large branching fraction, thus

sensitive to ggF and VBF production
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In(1+S/B) w. Events / 10 GeV

w. Data-Bkg.

H -> tt channel

ATLAS-CONF-2013-108
SR L L L L A L L
70E ATLAS Preliminary ~e- Data =
H— tt VBF+Boosted — H(125)= v (u=1.4) 1
60 B 7t
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Weighted events after subtraction
\S)

—

Input for the Higgs Combination

H -> bb channel

Y

ATLAS-CONF-2013-079

ATLAS Preliminary
Is=7TeV [Ldt=471fb"

- {s=8TeV [Ldt=203 o™

0+1+2 lep., 2+3 jets, 2 tags
Weighted by Higgs S/B

—

R
N

I v
s I/l 7
4722

T T T T | T T T T | T T T T
-@- Data

B VH(bb) (best fit)
vz

Uncertainty

[ VH(bb) (u=1.0)

/////
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* Final discriminant (mass distribution) for H->tt and H->bb channel.

* Fermion channels are mainly used for the coupling measurements.
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Mass Measurement

9 4

arXiv:1406.3827

Measured mass is used as input to other property measurements

Mass measurements using yy and ZZ*->4€ channels.

<7k\‘\\\\‘\\\\‘\\\\‘\\\\ L I L L L B 5;\ ] I I R R I I R IR R
é r ATLAS , —— Combined yy+4[ & F ATLAS ) —_— HOmblned yy+ZZ* ]
N oF Vs=7Tev [Ldt=451  Hoyy = F Vs=7TeV (Ldt=45fb —H-yy E
6 V§=8Terﬂ1:dt=20.3fb"  HoZZ a4l ] 8 3'5; \/§=8TeVJfI1:dt=20.3fb" —Am@es
Si ------ without systematics j % 3 X gseitgitl_ 3
r H H EI E S "— :o
g 5 250 T . =
E 2 E .
C L o .
r = : 1
5 9 E ]
F = 1.5 —
F T E E
C k=) 1= —
r (72 E
F . B 0.5 —
Ervviiti oS A0 N1 T T P N P P P P
0 123 123.5 124 124.5 125 1255 126 126.5 127 127.5 0 123 123.5 124 124.5 125 125.5 126 126.5 127 127.5
m,, [GeV] m,, [GeV]

*Main syst. uncertainty is
on energy scale (e.g.
material effect/ non-linearity)

125.36 + 0.37 (stat) = 0.18 (syst) GeV

125.36 + 0.41 GeV (Combined)

Improved with respect to the previous result: 125.5 £ 0.2 (stat) ">, . (syst) GeV,

on better modeling of ATLAS detector geometry in simulation.
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e 4 Spin-Parity Determination O
* SM Higgs boson is scalar particle, i.e. JP = 0*.
* Several alternative specific models, J° = 0, 1%, 1-, 2%, are tested against
the SM Higgs JP = 0" hypothesis, using angular and kinematic
distributions in H->yy, H->ZZ" -> 48, and H -> WW" -> v€v channels.
* For spin-2, a model corresponds to a graviton-inspired tensor with
minimal couplings to the SM particles is chosen (arXiv:1001.3396),

gg-qq fraction has been scanned over entire range.

Hypothesis 2Z°->4¢ ww’-> évev
O ,

vs 0 -

vs 17 - O O
vs 1 - O O
vs 2* O O O
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'y Spin-Parity Determination e 4

Phys. Lett. B 726 (2013), pp. 120-144

ATLAS ATLAS
> T 17 17T ‘ T 1T T T T T 1T T 1T ‘ T 1T 1717
H— vy e Data "é' - T H e Data
" r b -y
\5=8TeV Ldt=20.7 b oL stod 5 .05 ATLAS —Data - 3-8 e [Lai=207 "
H o 77— 4] v &L expecte 2 [ H—ZZ* - 4l ] v CL, expected
—L . assuming JP=0* o i —F=0" | H— 7Z* — 4| NN
Vs=7TeV fLdt=46fb Be1o @ L Vs=7Tev ﬂ_dt=46fb" ] Ve 7 1oV (Ldte 465" assumingdJ”™ =0
Vs=8TeV [Ldt =207 fb" - 2 0.2+ o P R F:STeVJLd::2667fb'1 B=:10
© - Vs=8TeV [Ldt=20.71b ~J =0 s=8TeV fLdt=20.
H — WW* — evuv/uvev = B R .
Vs=8TeV [Ldt=20.7 fb" = B ] H — WW* — evuv/uvev
— 0.15 1| - V5=8TeV [Ldt =20.7 b
i | ]
0.1 P .
C . ]
0.051 } ]
i | ]

L \-4\‘1-‘\ L1 $S MR
915 -0 -5 0 5 10 15

0 25 50 75

100 Test statistics q

P (%)

e Vary unknown qq fraction of production for spin-2.

e QOther hypotheses have been excluded at 97.8 % CL.

* Consistent with SM Higgs J° = 0* hypothesis.
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Global Signal Strength e o

Signal strength u defined as:
M=0" BR/O- BR theory (SM)

ATLAS-CONF-2014-009

 Measured signal strength uis :

Wyiposon = 1.3540.20, ...~ =1.0940.35

ATLAS Prelim. |— thyz‘;z,c_ Total uncertainty
s . .
my, = 125.5 GeV ey + 1o onu which corresponds to 3.7 o evidence for decay
H— 1y 02 ; —— _ ,
_ 1 5058 | % —— into fermions!
=190 5o |1012 1 1
H— zZ* — 4l T . i
e | = Decompose into Wge,y and Pygrayy
. gg: [T I 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 I 1
H— WW* — Ivlv 032 _g%g :: § 107 + Standard Model /"~ ATLAS Prellmlnary —
n=1.00"5 -2 H— T [ oo {0\ Vs=7TeV fLdt=4.6-481" -
Combined ors = @ B[ ...eswcL ; \ Vs=8TeV [Ldt=203f"
H—yy, ZZ*, WW* +o16 — > - ; % _
w= 1 .35+O'21 ro13 1 B —H— ]
=0.20 |-o.11 ! \ o [ 6 — H-— ;Yz* —a ]
W’Z H s bB =0.5 I—: —_— : —_— : : gW" — viv :
W = 0207 +0.4 —_t al— ]
! "T_0.6 |<0.1 NN | .. C ]
H — Tt (8 TeV data only) ﬁ§i§ : = T
W= 1.4%05 os : e I 21— ]
' o4 |lod i O B u
Combined o5 : i 0 - _]
H—bb, vt +0.36 | 631 - - .
w=1.09 ""loow : o | T m,=1255GeV 7
-2 ly v v e e e by by by |
. +o012 -2 -1 0] 1 2 3 4 5 6
Combined Tots ::
_ +0.18 |-0.11
m=1.30,, ]38 i ! AL Hegrstth

Vs =7 TeV [Ldt = 4.6-4.8 fb”’ -0.5 O

Vs =8TeV [Ldt =20.3 fb”

S5 1 15 2

Signal strength (u)
SUSY2014@ Manchester, 22th July 2014, K. Yoshihara 12
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9 4 “’VBF+VH/uggF+ttH Ratio Q 4

| ATLAS-CONF-2014-009
ATLAS Prelim. ""’zit,astgz,c_ Total uncertainty
m, = 125.5 GeV ©\theory + 16+ 20 . :
__dltheory) S *  Hygrevh/ Mggren IS Meaningful
H—vyy =05 |.... : : : . .
e _ | 508 N AR A observable, since the ratio doesn’t
L S P : S—
T T depend on the decay.
H-o2Zzzr -4 ] -
MyBFavH +2.4|~ 02 T E ; E — T2 1
mort = 0.6%5g 03 | N * Infinite uncertainty on H->tt due to
’ -02 . \‘\L* . ﬁ""/f/i/‘ L 1 N | - 1‘6
+1.4 A : . : . e e e
H—WW*— v |00 . little sensitivity to the ggF process.
+1.3 : . : . .
Mvervn =1 8+1.9 - 04 ' L
e 11 O Sn SO0 DO ol B e
R * Test the sensitivity to the VBF
H—w Sl I . .
ppey LI IR —— production process profiling y,, :
MggF+ttH -2 1—2)03 \
Sl I B oSSR I ! B e
o5 — : : : | / _ 1 4+0.5 (Stat) +0.4 (S S)l
Combined 04 \ e MVBF/HggF+itH = 1-%_0 4 —0.3 \8Y
MyBFavH _ w0702 | : . .
Bogran 1405202 | e — which corresponds to 4.1 o evidence
. 0 1 2 3 4 5 .
(s =7TeV fLdt=46-481b / for the VBF production process.
/s =8TeV [Ldt =203 b MBEvH MggF tH
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o Coupling Measurement e 4

Production Decay
: o i "
Signal strength (i) -> difficult to treat g o< i 2 h':cgg '
production and decay independently. b B w 7"
g t, Y
Try to extract couplings strength assuming LO ‘ h<[§ K2
q t,b
SM-like diagrams, zero-width, and J? = 0", , WW/Z !
< Ky h W/Z
Define scale factor k for each coupling (e.g. k,, ¢ q b o< K2
W/Z
K,» Ky, K; -.), where SM : k> =1, BSM : k* # 1.
b, T
oc Kt/b2
b, T

2 2
2= Yi K2 = L o-B(gg—> H—vyy) - Y
oM Lo osm(gg = H) - Bsm(H — yv) K

* Allow BSM contribution in k (total decay width) and k, and k, loops.
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o Fermions vs (EW) Gauge bosons 9 4
ATLAS-CONF-2014-009

Assume common coupling strength for EW gauge bosons K, = ky, = K,

and for fermions K; = K, = K, = K, = K, = K; .

K . :I LI I T 1T I T 1T I T 1T I T 1T I T | .I .Allll I; Ibbl _I T Il_lI I;I ‘IU-IC T 1T I: AE %I 1 T 7T ‘ L .T I ‘ T T T T ‘ T T T T T T 71 ‘ T T 71 ]
F 40 ATLAS Preliminary CiH— 4l SiH -y S 10~ ATLAS Preliminary ) ey —
F \s=7TeV[idt=4648f"  @eH — yy @ Combined S [ Vs=7TeV, [Ldt=46-481b — Observed ]
3:* Vs =8 TeV fLdt =203 fb" + SM x Best Fit E o - Vs=8 TeV,det =20.3 b B
= I ! E | Combined H— yy,ZZ* WW*tt,pb  SMexpected i
2: H—ew _ \ _-_ _ _ _ _ ] i ]
1= =
oF =
_1:— h _? III
-2 _ — _ ] i
:I 111 I L1l I L1l I 'I 1 .I' 1 I 1111 I 1111 I 1111 I L1l I I 1111 I 111 I: O_-ll 5I : : : _|1 : : : I_OI 5I : : : 6 : : IO|5I : !l : : : I1 |5I :
06 07 08 09 1 11 12 13 14 15 1.6 ' ' ' '
. Aoy =Ko/ K
Combined result: Ky rv = Kel Ky
— —+ +0.14
Ky 1.15 =+ 0.08 Ay = 0.867014
kp = 0.997377
F . —0.15" * No assumption made on total decay width
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-2 InA(M

10

»

Introduce three ratios A, = Ky,/ K5, A

Symmetry Tests

9 4

ATLAS-CONF-2014-009

d =Ko/ Kq, }\{’,q = K/ Kq

Test custodial symmetry and p parameter (p = m,?/m,%cos6,,) : )‘WZ

Test symmetry of up-type (ggF) and down-type (tt, bb) fermions (e.g. 2HDM) : }\ud

Test symmetry of quark and lepton (currently relying on H->tT) . )\eq

—
[ ATLAS Preliminary

i 3
Pwzh ez 2z -1 <
r (s=7TeV, [Ldt=4.6-48 1" obsorved 1 €
[ — serve -
F {s=8TeV, det =20.3fb" o
SM expected

| Combined H— vy,ZZ* WW*t,bb

Az = K/ K;

No sensitivity to the sign for fermion test but couplings are in good agreement

with the SM expectation.

R EEE RS
10; ATLAS Preliminary

L Comblned H— yy,2Z* WW xbb

Myghgutud
F {s=7TeV, ﬁ_dt =4.6-4.81fb" Obsorved
- _ Serve
F {s=8TeV, det 20.3 b
- SM expected

6|xdu ¢ [-124 OS1U0T8 15]|

)\ud = Ku/ Kd

o

-2 InA(M )

—
| ATLAS Preliminary

l\\‘\\\‘\

10 P ygMgKad]
[ (s=7TeV, [Ldt=4.6-4.8 10" R
L 1 — Observed
F (s=8TeV, det 20.3 fb"
- Combmed H— yy,ZZ* WW* tt,bb -~ - SM expected
L \
6

hq e [-148 099] [099150]

Aeq = Ko/ K,

SUSY2014@ Manchester, 22th July 2014, K. Yoshihara
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~g  Probing BSM using ggF->H->yy g

ATLAS-CONF-2014-009

 H->yyis sensitive to the BSM physics (e.g. H->invisibles or undetected

particles) via loops.
?
g t, b, Y
....... W, t,?

g v

* Case 1:Testing the loops (float k, and k,, other k; s are fixed to be the SM)
* Case 2 : Testing the width BR,, (branching fraction for BSM) defined as :

2
KH(Ki) gml Fixing other Other ; s to be the SM value (=1)
I'y = I

(1 - BR;,) H but floating k, and k, .

SUSY2014@ Manchester, 22th July 2014, K. Yoshihara
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Probing BSM ® 4

"

ATLAS-CONF-2014-009
Case 1 (k. , k) ATLAS-CONF-2014-010
L I L L B I L I I
2.4 ATLAS Preliminary + SM =
g 2.2 \/§=7TeV,det=4.6-4.8 o x Best fit — Case 2 (Kg ) Kv ) BRiu)
of Vs=8TeV, [Ldt=20.3fb" —68% CL = — e
1 gF Combined H-> vy,ZZ* WW* rt,bb ~95% CL E @ 4 .
1'6; E = [ ATLAS Preliminary h — yy, ZZ*, WW*, tt, bb, ]
| ; T E £ 12 :_ Vs=7TeV, | Ldt=4.6-4.8 ! Zh =1+ E‘TISS : —:
1'45 J Tl 3 o - f —obs. —exp. .
12? ' ~. R \‘~‘\ E 10 __ s=8 TeV,det =20.3 fb_1 h — Y, ZZ*, WW*, T, bE __
1= \i\\ S —] - _
0.82— e 5 é 8l [, kg BR.] ---obs. -=-exp. ‘ =
0.6:_\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\_: 65"““‘ _:
08 09 1 11 12 13 14 15 16 1.7 18 ., 95 % C.L. upper limit ]
K 4IE_—.-“.‘T..*‘T._._.—..—.-.—.-._.—._.—..—.. , U, SEP, RN WSS, , WU, [N, —E
Casel: 4 - .
2 .
I .. S il B
-1 -08 -06 -04 -02 0 02 04 06 08 1
Case2:  95% CL upper limit : 7 BR.
Iy

BR,,<0.41 (BR,, < 0.37 in Direct search

using ZH->€2+MET.)

q A
SUSY2014@ Manchester, 22th July 2014, K. Yoshihara 18




»

ATLAS Preliminary

Summary e 4

Total uncertainty

Model:ky, k¢ :
Pgy=10% +0.08 : |
KV_1'15—O.08 : 1 ‘ o / 19
N \\
_n 0a*0-17 : \
Kg=0.99"011 - B L
Model: A, Kyy -
Py =10% 1014 :
Ap,=0.86'073 e R T
Model: ., Ay %27
Pg=19% _ +0.14 :
)\'WZ_O'94—0.29 T ., —— 19]
Model: Ay, My Kuu
P, =20% Ay € N
[-1.24,-0.81]U[0.78,1.15] | i [ o 1q)
Model: ., by g 5 ~
Py, ~15% A q € 5 \
[-1.48,-0.99]U[0.99,1.50] X e e -1
Model: kg, x,
pSM=9% +0.15
Kg—1 .08_0_13 = 1.0

+0.15
K, =119

Model:xg, x,, Biu

18%
""BR, ,=0.16"02

-0.30

sM—

ls=7TeV [Ldt=4.6-4.8 b
ls=8TeV [Ldt =203 fb"

-2.;..

Parameter value

Updated mass measurement :
125.36 £ 0.41 GeV.

Spin-parity of the new boson has
been tested and found to be
consistent with the SM Higgs boson.
Coupling fit in the context of the LO
SM-like framework has been
performed.

No significant deviation from the
SM so far...

More results in Run-1 being
finalized : Stay tuned!

More data available in Run-2
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Spin-Parity Determination 9

The SM Higgs boson: JP = 0*

e The strategy is to falsify the other hypothesis (07, 1%, 1-, 2),

and demonstrate the consistency of the SM hypothesis

— Spin 0: only gluon fusion (gg) production is considered

— Spin 1: only quark-antiquark (qqg) annihilation is considered
(Landau-Yan Theorem)

— Spin 2: a model corresponds to a graviton-inspired tensor with
minimal couplings to SM particles is chosen (arXiv:1001.3396).
gg- qq fraction has been scanned over entire range

e See distributions of spin & parity sensitive variables which preserve the

discrimination against various background

22



Global Signal Strength e 4

}l:“ I_I | UL | LI | UL UL | LI | UL | .I T .I T | L I_I
: 107, standard Moce ATLAS Preliminary .
=z = x Best fit ‘ . 1 .
N 3 - e oL 5 v Vs=7TeV [Ldt=4.6-48f" A
Ay 8 ... esw%cL 5 Y Vs=8TeV [Ldt=203f" ]
=’ - . ' .
- —H—yy _]
6 B —H—> 277" - 4l i
- — H—->WW* >Ny
- H— 1t 7]
- B
or E
O E
~ m,=125.5GeV ]
_2 L1 | 1111 | 1111 | | - | 1111 | 1111 | | - | 1111 | L1 11 | 11
2 -1 0 1 2 3 4 5 6

vy,ZZ* WW* Tt

ggF+ttH

Signal strength p is decomposed into two production processes, Wygr.x
and Wyge,v1 » fixing the cross section ratios of ggF/ttH and VBF/VH.

4 channels are compatible with each other and the SM expectation.
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e 4 WIMP Search e 4

ATLAS-CONF-2014-010

_39|_||| T T T |'||||| T T T |||||| T T T |||||_
5 10 B ATLAS Preliminary ]
%104E g
© - ] m4 f2
43) _ . 2 NN
1 o scalar§ ooy = Ay 16m(ms +my)?
- 7 A oo 7 mm,\m m
N e A E RS TN
A B 2 442
107 e \s=7TeV, [Ldt=4.6-48f" . /lh ff me Nm f
ol ot s=8TeV, [Ldt=2031" fermion f . Of-N= ) 4
10 R i h—yy, h—=ZZ*—4l, h=WW*—ivly, ]| A 47rmh(mf + mN)2
10 B h—t, h—bb, Zh—II+ET"* B
| [ ] DAMA/LIBRA (99.7% CL)  ATLAS (95% CL)in  _| m4 f2
53| [ CRESST (95% CL) Higgs portal model: | ) 2 NN
10™°F [ ] CDMS (95% CL) === Scalar WIMP . VCCtOI’ V . O-V_N = v 4 ’
— [ CoGeNT (90% CL) <= Majorana WIMP 167Tm (m +m )2
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* Made stronger upper limit on cross section at low m, region (m,<63 GeV)
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Summary of SM cross section
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Standard Model Production Cross Section Measurements siius: July 2014
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g Data-taking during 2011-2012 g
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4.7 fb! of 7TeV data and 20.7 fb! of 8TeV data are used for the analyses.
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9 ATLAS Detector 9 4

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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~ ATLAS Detector 9 4

The ATLAS detector was designed with discovery of the Higgs boson in mind.
* Precise measurement of the charged particles by inner detectors.
Identification of electrons and photons against QCD jets.
Hermetic calorimeter and good energy resolution.

* ¢e,vV:1.5%,Muon: 2-3%,andjets:8 % @ pT =100 GeV

Muon reconstruction and trigger by muon spectrometer.

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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