Higgs Particle properties
from High-Energy experiments

ATLAS

EXPERIMENT

EEEEE :

Higgs modes in condensed matter and quantum gases
235rd June 2014 @ YITP, Kyoto University

Masaya ISHINO ( Kyoto University )




The Standard-Model in High-Energy phys.
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Electro-Weak symmetry,
SU(2)L x U(1)y, is broken




The Key-Tool for discovery & measurements

e 27km = 18km(bent) + gkm(straight)
» proton-proton collider @ 14TeV
(@ 8TeVin2012 )

1992 «— LOI of ‘large’ LHC experiments

1994 «— TP of ATLAS and CMS approval of LHC (dece
1995 discovery of top by CDF and DO (following evi
1996 «— approval of LHC in one step (december)

1998 <

approval of the 4 largest LHC experiments (A
1999 pp g p (

= ATLAS Physics TDR CERN/LHCC/99-14 CERN

2006 <«—CMS Physics TDR J. Phys. G: Nucl. Part. Phys.
2008 <«— ATLAS Expected Performance arXiv:0901.051
2010 &— start-upat3.5+3.5TeV

2012
- r
4t July discovery of boson Courtesy




LHC & super-conducting magnets
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LHC & Experiments

LHC + 4-Ex
CHF 5 billion

( JPY , 5,000 Oku )

CHF 0.14 billion
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LHC Operation Run-1, 2010 - 2012
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ATLAS Online Luminosity

e 2010 pp Vs = 7 TeV
= 2011 pp \s = 7 TeV
m— 2012 pp \/s = 8 TeV

Integrated Luminosity 35

2010 : 0.05 b
2011 : 5 fb" (77ev)

2012 : 23 fb 1 (s7ev)
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L =7x1033 cm™? sec™’

( max. instantaneous luminosity )
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e.g. Higgs NS |

OppsH = 22.3pb [ 8TeV, mu=125GeV ] ya® A 3o\ oct

Month in Year
(o L) x Thour = 22.3x10736 x 7x10%* x 3600 = 560 Higgs /hour

(23fb" x 22.3pb ~ D00k Higgs in 2012)

High-Energy & High-Luminosity




High-Luminosity comes at a price !

50 Interactions Iin one bunch-crossing
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Recorded Luminosity [pb "70.1]
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140;_ [ Vs= 7Tev,j|_dt= 521", qu>= 9.1
120 design value =
: 34~ m-2c-1 ]
100 1x10°*cm™s E
- 4x10%3cm—s™ .
80— in 2011 -
60— 7x10 cm™“s™ 3
- in 2012 7/
40— .
20 i
0:1 T B TN T [T A Y - 1:

0 5 10 15 20 25 30 35 40 45

event “pileup”

# of the pileup

side-effect to achieve
a similar Lumi. with half #

of the collision rate

(the collision rate of 20MHz
instead of 40MH?z)

challenges for the experiments

* Trigger

* Reconstruct (e/y, U, T, jet, Missing-E7, b-tag, ...)




EM (e,y) Energy-Scale v.s plleup
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EM (e,y) Energy-Scale v.s

“known mass”

, Z>e*e” (6.6M events)
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Muon (p) Momentum-Scale

ATLAS signal

H Decay mode significance
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H Decay mode

H— vy

H

Ho>"Y = ev, pu
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VH =V, 0u

Higgs Property 1 :

e

(D MH—M{Y

0 _ Vs=7TeV,L=5.1fc"

:1500 \s=8TeV,L=53f" M

@ k

C

)

> _
' W1000

© i

9
=

o) I

o —— Dat
= 500_—Sil?1aFit
| = : ------ Bkg Fit Component
:Q _\::10
‘U) _\:’:20
i‘::’ 0|\|l|1||[\|||f|\|1\s|\|||
R 110 120 180 140 150
| m, (GeV)

Mass
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nber: 204769,

Bad S/N ratio ~ 3.4%

H = vy

arXiv:
1406.3827

E;~ 21 GeV

<

ETN 3 2 GeV

y

(a) Y-energy resolution :

(b) m°/y-separation to reduce BG (1° jet)
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Higgs Property 1

E weights / GeV

E weights - fitted bkg

200_ I I I I I I I I I I I I I I I I I I I I I I I I I !
— Ldt=4.5fb" Vs=7 TeV _ -
S ATLAS - consistency check
- [Ldt=20.3fb" Vs=8 TeV 4 Data 1 ’
160 B s/b Welghted sum Combined fit: —: o - SRR I e R A e ‘
— Mass measurement categories — Signal+background | [Ldt=45f"Vs=7TeV | y or i
140 :_ ===+ Background —: ‘ uc f Ldt=20.310" ys=8 TeV —0— N -
120:_ — Signal _: - Yy > e’e
00 ] S T O TS VoS
— 7 ' N, <10 —_——
ool . 3 b L ; #of _
E e E 10<N,, <18 —%—0— pileup
60— — ‘ — : -
- - N> 18 X events |
40— — e et e A Tt
W = B . Barrel or 3
- . i BE 5 . ’
e N ] - | -
8E- — : ]
6l = 4 ce|  ATLAS o Endcap
§+ 0! ; 54 3 240 1 2 3 4 5
2E ¢ .
4E + ¢ ' ¢ all categories are 4 [GeV]
6 - - -
8 consistent within

110 120 130 140 150 160
m,, [GeV] 1.50

my = 125.98 + 0.42(stat.) + 0.28 (sys.) GeV
( previous my = 126.8 £ 0.2 (stat.) £ 0.7 (sys.) GeV )

iImprovement:

Y-energy scale



14 « arXiv:
Higgs Property 1 : Mass H = Z7Z° = 4L 14063827

@ATLAS pT (4u)=36.1, 47.5, 26.4, 71 .7GeV

EXPERIMENT

mi2= 86.3 GeV, mszs= 31.6 GeV

4L : pl2345 20, 15, 10, 6 GeV
/miz= 50 ~ 1066eV

vmsa = 17.5 ~ 50 GeV
(ref.: mZ =90GeV )

s b keep acceptance to
Date: 2012-06-10
Time: 13:24:31 CEST

low-momentum e/

oxBr=29fb:Small!l [ref.: c xBr(H—=2r)=50fb] (@mH=125GeV)

Hoever :--

* invariant mass can be determined

*e / u :clean signature : very good S/N ~ 1
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Higgs Property 1 : Mass H = ZZ - 4L 14063827

= ]
8 39 :_ ATLAS ’ Z'atal 124.5GeV p =1 _: E - AlTLAls l l |—4e l .
Lf)_ E H%ZZ* %41 igna (mH= .5GeV u=1.66) E C}l 14_— H%ZZ*%Z‘-Z _4H —_
Q 30 - s =7TeV: ILdt=4.5fb'1 - packground 22 ] N /s <7 TeV J-Ld 451 _zféu -
= o - — \S = eV: t=4. e —
_'(L) - 058 Tov: ILdt=20,3 fb'1 - Background Z+jets, tt BG - g 1 2: — Combined :
QC) 25 — 7/ Systematic uncertainty ] @) . \s=8TeV: det=20.3 fo Dashed without systematics
o - . < 10 —
200, \ - < g .
15 - A = QT
L | = 6_
C ] e B
10 E_ _E ON 4:_ _____________________________________________________________ 20
5t H [ -
21
0 NN\ S 1o
S L
80 90 1001101201301401501(630\1/70 0) {57 129
m4l [ e ] mH [GeV]
S+b
s/b  expected  observed my = 124.51 + 0.52(stat.) £ 0.06 (sys.) GeV
4u 1.7 9.80 = 0.64 14
2¢2u 1.5 6.72 £ 0.43 9 compatibility among the my measurements
22e 1.5 524 +0.35 6 from the four final states:  20%
4e 1.4 4775 +0.32 3

total 1.6 265+ 1.7 37
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Higgs Property 1 : Mass 1406.3827
< 7_I | L | L | L | L L L | L | L | L |
£ - ATLAS —— Combined yy+4/ ]
~ Vs=8TeV [Ldt=20.3fb" e Ho 77— 4 ]
s e without systematics the previous published result was
Y =SSR VNSRS | S A SSRRRY ANSRNF Y SSNSSS  A Jps 125.5 % 0.2 (stat) +0.5_j ¢ (sys.) GeV
af 3
25_ E Total uncertainty reduced by ~40%
- § thanks to the better understanding
1— NN\ —lo
EI | L1 1 1 | I | L1 1 J [ | N / ‘\ " | | |E e/p/Y performance
0 123 123.5 124 124.5 125 125. 5 126 126.5 127 127.5
m,, [GeV]
Table 5: Summary of Higgs boson mass measurements.
Channel Mass measurement [GeV]
H — yy 125.98 + 0.42 (stat) + 0.28 (syst) = 125.98 + 0.50

H— ZZ*—> 45 124. 51 + O 52 (stat) + O 06 (syst) = 124.51 £ 0.52
| Comblned 125 36 + O 37 (stat) + O 18 (syst) = 125.36 £ 0.41
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Higgs Property 2

Couplings

PLB 726 (2013) 88

ATLAS-CONF-2014-009
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i ATLAS Pre“mmary —+— Bkg. subtracted Data
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ATLAS signal
> 200 I IIIIIIIlIIIlIII
R Decay mode significance @
2 ol \s=7TeV,[Ldt=46”
H— vy 7.40 g \s=8TeV,] Ldt = 20.7 fb’
0 " HoWW Siviv + 071 jets
H 6.60 0 100f-
H—-WW - Lv, Lv 3.80 > . +
H-ot1T 410
0._
VH =V, bb limit <SMx 1.4 S
ATLAS-CONF-2013-079 ——
71 O 70F- ATLAS Preliminary e Data =
T T I — LI — T T T ] — C — — H(125)— 7t (u=1) I
S [ ATLAS Preliminary C epa ] T gop Mo VBRBoosted 2
= B VH(bb) (best fit) » - 1 .
O 1 \s=7Tev [Ldt=4710" vz ] = - f dt=20.3fb Il Others -
© - _ Uncertainty o 50 — I Fakes 3
= - \s=8TeV [Ldt=2031b" VH(bb) (1=1.0) bt C {s=8TeV 2\ 3
'% - 0+1+2 lep., 2+3 jets, 2 tags T ~ 40 7 Uncert. —
» 0.8 Weighted by Higgs S/B ] — C -
= - i D 30k —
Q i | (2 = -
T 0.6 . g 20 E
g, ;#- Vbb pd E
° I ] - :
3 0.4 - 0
o) L S RN [
() i = — H(125)— tt (u=1)
i GoRPPN - N
£ 02 s & 108 I 50~ et ++
2 | | : R
O+ :%fff//////// Wkﬁ% 2 Ope—e—e—s- 2 g2 er
- | A 60 80 100 120 140 160 180 200
50 100 150 200 250 me' [GeV]
m,, [GeV]

6OI 80 100 120 140 160 180 200 220 240 260

my [GeV]

ATLAS-CONF-2013-108
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ATLAS-CONF-2014-009

Higgs Property 2 : Couplings signal strength : p

O' .

N (6 BR)su

for all productions & decay modes

u=1 < consistent
with SM

the compatibility
between the results and
SM (p=1): ~7/%

U= 1.30 + 0.12 +0.14 -0.11

theoretical uncertainty
(QCD A, PDF)
~ exp. uncertainty

ATLAS Prelim. _O(f;,;astglc_) Total uncertainty

_ — O\theory
my = 125.5 GeV o(theory) + loonu

+0.23

— -0.22
H YY +0.24 —
+0.33 |-0.18 :
w= 1.57 +0.17 3 :
_0'28 -0.12 1 1 1 1 1 1 1 1 1 1 1 1 ‘ 1 1 1 1 l-l_ﬁ 1 1
+0.35 : :

H—2z* - 4l o ; T
_ +0.40 [-o0.13 :
“_1'44_0.35f§:£ A R I e s V

' ' — HVV ﬂ

H— WW* - hiv -0t : :_|
+0.32 |-0.19 : _———-
n= 1'00-0.29 T008 - H
Combined PO : -
H—yy, Z2Z*, WW* +0.16 -
—

0.14

_ +0.21 |- : :
M_1'35-o.20f811? T -

——

+0.5

W,ZH— bb

407 [204 — : f
M_O'2_0_6<0.1 i| Hff

+0.3 . :
H — vt (8 TeV data only) |-°3 : T H-—-- —i—+

O 5 +0.4

+0. -0.3

w= 1.4 +0.2
-0.4 |-o.1 L i

Combined o 5 — wf

H—bb, tt ro27 ' .

B +0.36 |- |
M_1'09-o.32f818§ T L 370

. +0.12
Combined S0t
0.1

_ +0.18 |- . :
n= 1'30-0.17 "008 e | i

\s=7TeV [Ldt=4.6-4.8 fb” -05 0 05 1 15 2
's =8 TeV [Ldt = 20.3 fb Signal strength (u)

|
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Higgs Property 2 : Couplings

B o-BR
H = o BR)su P
£
-
N &
i:?
VBF
VH
Production 1
Gauge Boson
the same
final state

Production 2
fermion

—k
o

ATLAS-CONF-2014-009

signal strength : p

H—yy

[ | [ I L | [ L | [ I L [ L | [ I L | [ L | L | L MVBF+VH 1 2+0.8
- 3 .. W | "€-0.6
-+ Standard Model " ATLAS Preliminary -
— X Best fit ' 4| H—= 22" — 4l
- —es%CL . Vs=7TeV [Ldt=4.6-480" . ., o
[ --- 95%CL " s=8TeV [Ldt=20.31fb" fooran 09
- H— WW* — Ivlv
—_ — H —yy MvBFavH _ 8+1 9
B — H—>Z7Z" >4 Mogran — 7710
— —H - WW* — vlv
L H H—t

— 1T "
B Pogpn = 1712
N Combined

M vBFavn +0.
: MggF+ttH = 14_8;
_ m,=125.5GeV ]
] | L 11 1 | L1 1 1 | L 11 1 | L1 1 1 | L 11 1 | I I | | I I | | I I | | ]
-2 -1 0 1 2 3 4 ) 6
vY,ZZ* WW* 1t
ggF+ttH
g —000"
g 000 ”t,b
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Higgs Property 2 : Couplings | coupling scale factor :

Basic assumptions

observed signals originate from { Fermion v.s. Vector } Coupling
aSingIeresonanceatm:125.56ev ¥L|_ _I|||||||||||||||||||||||||||||||||bb|_||||_|||||||||||_
4 ATLAS Preliminary CiH— 4l suH — |1\:,1:|V
s=7TeV [Ldt = 4.6-4.8 fo axH — vy mCombined
, O, Ff 3 Vs =8 TeV [Ldt=20.3 b + SM x Best Fit
(0*BR)(i—H — f)= -
I', 25,
( zero-width approximation ) 1

Coupling deviation from SM are defined

ol b et b b b

I~
1

as multiplicative modifiers : K

'cnlllllllI|IIII|IIII|IIII|IIII|IIII|I

I AN E A AR T R AR
07 08 09 1 1.1 1.2 1.3 14 1.5 1.6

O
pep—— K2 = Ly 9:} K
7} - nSM | ST
oM I3 yaals * | ky = 1.15+ 0.08
+[]17fr

JSM(gg — H) ‘ BTSM(H — ’VV) Ry PSM=1O%
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PLB 726 (2013) 120

Spin & Parity

Higgs Property 3 :

-.2‘ T T T°T | T T T T T T T T T T T T T | T T T
[= i i ATLAS
= 0.251 ATLAS —Data
2 [ H—ZZ* — 4 o . H = yy ® Data
O i —J =0" 1
Q 0.0l s=7TeV [Ldt=4.6fb" - Vs=8TeV [Ldt=20.7 fb" CL. expected
= - -1 P _ i v S
g Vs=8TeV [Ldt=20.71b J =0 : H - 77* —» 4] | assuming J° = 0*
5 - i Vs=7TeV [Ldt =4.6 fo M1o
= 0.151- i - Vs =8 TeV [Ldt=20.7 b
B SRR - H - WW* — evuv/uvev
0.1 I s I N Vs =8 TeV [Ldt =207 fo"
O__I b= ﬂ"l-‘ ||||| § %&iﬁsﬁm [T i
15 -10 -5 0 5 10 15
q
0 /L 97.8% CL
o 10
O ZZ,WW 9997/00'. JP_O- JP_1+ JP—1 JP_Z:;]
0 7, WW 99.7% CL
—51+,1—,2+ I
0 w.zZ WW | >99.0%cL|07:1*-17-2%, all tested spin hypotheses

disfavored compared to 0+ at > 97.8%
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Conclusion

[ O] AHiggs Boson is discovered
Couple to Vector-Bosons , Fermions
EW symmetry breaking

[ 1] muy (updated)
125.36 + 0.3/(stat.) £ 0.18(sys.) GeV

[ 2 ] The strength of coupling to Vector-Bosons , Fermions are
consistent with the SM-Higgs

[ 3] Spin-Parity of O* is favored
0~:17:17-2% hypotheses , disfavored compared to 0" at > 97.8%



