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In summary
B¥R2 F— LA

We have observed a new 7

boson with a mass of
125.3 + 0.6 GeV
4.9 o significance ! : == "4 : Results today only possible due to
| extraordinary performance of
accelerators — experiments — Grid computing

Observation of a new particle consistent with
a Higgs Boson (but which one...?)

in general, they are the results of the ingenuity,
n and painstaking work of our community
| (nccelemtor instrumentation, computing, physlcs

‘ , R . 33 . &= Historic Milestone but only the beginning

(Collaboration

ATLAS 3 , ¥4 14 W 2 Global Implications for the future C\E/RW

R-D Heuer ' 52~
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Nambu&G - EB&H — GHK Model?

Re(¢)

Guralnik, Hagen & Kibble

anlprf & Brout

> PN S -
(a) (b)
FIG. 1. Broken-symmetry diagram leading to a

mass for the gauge field. Short-dashed line, {¢);
long-dashed line, ¢, propagator; wavy line,

% {2,

propa-
gator. (a)—(2n)'ie’g, , (@), (b)— -(2m)ie(g,q,/a")

We consider, as our example, a theory which
was partially solved by Englert and Brout,* and
bears some resemblance to the classical theory
of Higgs.® Our starting point is the ordinary
electrodynamics of massless spin-zero particles,
characterized by the Lagrangian

£=-LF"" A, A ) HEF “”Fw

“ M : K
+@ B @+ +ie A
070 @ty e, viegw aeA

With no loss of generality, we can take n,=0,
and find

(8% +n, %, =0,
—-d E'FI = ﬂ,

2 2, T
(=87 +m, ")A,
where the superscript T’ denotes the transverse

part. The two degrees of freedom of 4 kT com-
bine with ¢, to form the three components of a

=0,

2016/06/21-23

N Ttk = 7




Higgs Boson?
* Higgs WEBEEDHLRY U DIFEEIET

[87 =402V (0 ag,) =0, (2b)

Equation (2b) describes waves whose gquanta have

(bare) mass 2¢,{V* (@) 2
* EB-GHK [FEEDH SRV DFLEIZ[Eno-

comment.

) FIELOE. HiggsDEENbh M2,

2016/06/21-23 PR REFHR 8



Higgs search? 1974-1975

. . Prog. Theor. Phys. Vol. 54 (1975), Nov.
L E m ISS I O n fro m Sta rS : Higgs Meson Emission from a Star
and a Constraint on Its Mass
—m H > 0_7 me (Sato & Sato’ 1975) ;{atsuhiko SATO and Humitaka SATO
esearch Institute for Fundamental Physics
Kyoto University, Kyoto
 Neutron-electron scattermg : Ty 3 1975

— mH > 0.7 MeV (Rafelski, Muller, Soff et. al. 1974)

* Neutron nucleus scattering :
— mH >13 MeV (Barbieri & Ericson, 1975)

* Nuclear O+ -- O+ transitions:
— mH>18 MeV (Kohler, Watson & Beeker, 1974)

mmm) <50 Higgs DEEITTFRED ..

2016/06/21-23 PR REFHR 9



Higgs Decay mode ?

00F T TUINT ' = T lrange- 10y fhats gy
1 I ee al ||I|“ |L|I||[H|""”r|l1 "T“"'-.i | Mﬂ] New Particles
i]
el (i
B 1 , 1]
. A1 5 |
: | ' Ea %ﬂr'rr
o2 [ 1 U Stran
e 10 A F TRl Th T}" '11T"|'I|HEI'ITHTI'II[
x i | h i (T TP ||[
E' ] I 'i I H M“ i “ Non Strange
g I Wl' h h 4 1Y T
m ! | L.i'.'- 1 1']] ko t""f-‘.h Strange .
R I U LI JUL l!LllJllJl I
o f
03 | | !
M l | | i Y
-
o1 LA | 1 I | |
1 3 0 30 100 } w0’ 3nr£mL 0 30t ©

P, o, KR thresholds  New particle threshold
Higgs Boson Mass (MeV )
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[P <oYAY: - 1: | il

e Gargamel bubble chamber @ CERN
— Neutral Current(1973)

* J/P(1974)
* T (1975)

° UA]. & UA2 @ CERN :I 3 “I; { 08 ';: b -;:"l_‘T'M‘i‘“". i
— W, Z boson®MF K (1983) < [
- W,z DEEARE
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LEPD R | FEHERITE

« I THiggsMBEZTFAITESALIIZH i

1=,
- EHENWEELEVNFICEL D T4D

2 i : : . T
'mf,;,- sin’ Oy = -mé- cos? By sin® By, = —(1+ Ar)
V2Gr

— Top MERSTFHIE 3G,

WhH,Z

W
v.ZIW
H

Sﬁz\/ﬁmt
— Higgs? v2Gr ., 11 M?
Higgs: \i;?r; -m%{,-(? In Wg + .., My == myy
» 19944 Top quark M E = DMEERIE
— 173+21.6-23.8GeV _— _
* HiggsWBE =IZBAL TIETop quarkDE=I(Z . 5 gsrsen]
RELKFF : o(1GeV) — o(1TeV) |
1990 1 995Year2(](]0 2005
12
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Top quark®D FE R EEW fit

e 19944F
e 19954
IVItop
Mw &EMtopDFEEBIE T

6

0

Higgs DEEMNFRITEZHEH

2016/06/21-23

=1761x8=+10

Preliminary

[Ctheory uncertainty

1996
LEP EWWG

10° 10
m,, [GeV]

B REE iR

80.2-

evidence of Top quark by CDF
discovery of Top quark by CDF and DO

| —indirect Data
| —direct Data

80.5-

| 1997 ,
| LEPEWWG

eV
300/ 1000 Preliminary

140 160 180 200
m, [GeV]
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80.5

80.2

1997-2012 in

Syear step

80.6 T
—indirect Data —LEP1, SLD Data
----- direct Data ==~LEP2, pp Data
86-5-—68%-CL
1997 2002
80.4 1
80.3
m,, [Ge e 150
N 80.2 .1.14. ?’0. .100,0. | IPIrelllmllnalry
“““““““ Preliminary 130 150 170 190 210
140 160 180 200
m, [GeV] m, [GeV]
2016/06/21-23 RREFHE

— LEP2 and Tevatron (prel.)

175 200
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80.5

[GeV]

m, |GEV]

m,

80.4 -

March 2012
1

1 1 I
[ ]LHC excluded

| —LEP2 and Tevatron
{ e LEP1 and SLD

68% CL

2012

.
-
-
-
-
-
-
-
-
.-.-
-
-
-
-
-
-
-
e

-
-
-
-------

m, [GeV]

2016/06/21-23
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LEPOD B 1 EEHIE

. HiggsDEBAZDEEUT

— 722 H+pu

— ee>7*>7ZH

T—Fk

HoEP AL

— R ERAEEMHIZES
— BRIEIEFZ bb EE:"L,\I R §

2016/06/21-23

Branching Ratio

e —=He "

B REE iR

0.1f 11

102

-3
L 100

120 40 T60 180 200
Higgs Mass (GeV/c))
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Events /3 GeV/c’

SR DESR LLimitin 20015

’ﬁ] EIIIIIIIIIIIIIII|III|III|IIIII
- S
; b LEP  G-mamcey  Tight S0k LEP
I + Data -~
, 10 °E
6 I ' Background F
Bl Signal (115 GeV/c) 10 g o
5 _45 b'?cL?cltgunc?l
- 10 ¢
| all  >109 GeVie™ i§ :
4 Opata | 18 4 10 MERCE
 Backgd 14 1.2 SE L
3 [[Sigual | 29 2.2 T 1 19100 102 104 106 108 110 117'}15'}13'}15'}%
mH(GeV/c)
2 B » L N v ~
v RARMFNFET DERA-LVELD
i F IS g | ST EFE
FEMERMNS%LUT D EEI5%CLTEA]
g ocoein A e | i & Observed limit ;: < 114.4 GeVEZEH]
¢ # "W » By I 5 expected limit : < 115.3 GeVZFZE 4]
myrec (GeV/e)
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HEoELT=RZ

SL Wu @ SLAC Summer Institute 2012

Oops!
-l am 12 years behind.

- The Higgs has grown from 114 GeV to
126 GeV by gaining 1 GeV per year.

2 Sau LanWu  7/25/12

2016/06/21-23 PR REFHR
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Higgs searches at Tevatron

Gluon Fusion(ggF)

W/Z Associated l/ector Boson Fusion
‘ q

10°

tt/bb Associated

Branching raNgs

N
N
LHC HIGGS XS WG 2010

N

10 qq —Zh 10 2
;\\\\\ :
gg.qq — tth i 7 Yy Zy
BE { o 3 /
i TeV4LHC Higgs working group \\\\\\\- 1 0_3 : . / | l“ \\\
100 120 140 160 180 2uu 100 0
m, [GeV]
2016/06/21-23 PR iR

1 | L
180

200 300 500 1000

All of bb, WW, T, vy, ZZ can be observedife"]
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e/W/yDE e/u/yDEL
820 0

0,1,2
2

e 0,1,2

1 0,2,4

E
*14BEM, =115GeVEIEL TL\=D T
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Higgs searches at Tevatron
CDF

Channel Luminosity My range
(b1 (Gev/c")

WH — fvbb 2-jet channels 4x(TT,TL,Tx,LL,Lx) 9.45 100-150
WH — fvb_b 3-jet channels 3x(TT,TL) 9.45 100-150 . 4
ZH — vibb  (SS,81,18) 9.45 100-150 CDF Run Il Preliminary, L = 10.0 fb
ZH — £7€-bb 2-jet channels  2x(TT,TL,Tx,LL) 9.45 100-150 = : : : : : : : :
ZH — €8 bb 3jet channels  2x (TT,TL,Tx,LL) 9.45 100-150 ) S L e e
H— WTW~™  2x(0 jets,1 jet)+(2 or more jets)+(low-mye) 9.7 110-200 2 [ ... WHIZHWVEF(bboaa b Eap - - ViH+ZH - METEb 2.5 b Exp
H—-W™W™  (eThaa)+(2-Thaa) 9.7 130-200 E 3 LEP  Herreafs Obs —  WH-kbhasi' Obs
WH - WW W~ (same-sign leptons)+(tri-leptons) 9.7 110-200 e L e Homeafe'Bg  meees WH-lvbb .45 1b" Eap r
WH — WW*W~  tri-leptons with 1 Tjug 9.7 130-200 1 Excl. ———  ZHolbbass it Obs ——  Hominok obs ]
ZH — ZWTW~  (tri-leptons with 1 jet)+(tri-leptons with 2 or more jets) 9.7 110-200 c MobhEa b B mmees Femriaaf Exp 1
H—ZZ four leptons 9.7 120-200 2 T RHMETach s o iyt ]
H4+X—7hr (1 jet)+(2 jets) 8.3 100-150 o ——  WZimo2h Obs ——  HeEZoalaT R Obs
WH — EJ/T+T_/ZH =TT F-Thad-Thad 6.2 100-150 o WZin oz’ Exp H-ZZalo.7 i Exp
WH — vt [ZH — £70 777" (£-f-Thaa)+(e--Thaa) 6.2 100-125 ——  HoWWaTh Obs 1
WH — fortr [ZH — £ 0757 bbb 6.2 100-105 T HoWW a7 7 Bxp
ZH — €4~ "7~ four leptons including mh.q candidates 6.2 100-115 . Carkired £
WH+ ZH — jjtb  (85,87) 0.45 100-150
H—~y (CC.OP,CC-Conv,PC-Conv) 10.0 100-150
tEH — WW bbb (lepton)  (4jet,5jet,>6jet) x (SSS,S8J,51J,88,5) 9.45 100-150
ttH — WWbbbb (no lepton)  (low met,high met)x (2 tags,3 or more tags) 5.7 100-150
Channel Luminosity my range

(fb~1) (GeV/c?)
A+ (X)= vt > 77 (0,1,>2b-tags) % (2,3.4+ jet) 9.7 100-200
ZH — vpbb  (MS,TS) 9.5 100-150
ZH — £7¢7bb  (TST,TLDT)x (ee,up.cercn phtert) 9.7 100-150
VH —e*p™ + X 9.7 115-200 ]
HoWW™ = Guffu (0,1,2+ jet) 9.7 115-200 ]
HoW'W — BV ThadV 7.3 115-200 1
H—WW~ — L7jj 5.4 130-200 T T T T T T il
v o 190200 100 110 120 130 140 150 160 170 180 190 200

— TTU :

H— vy 97 100-150 m,, (GeV/c)
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Start excluding... and Now

Tevatron Run 11 Preliminary, L=3 !

e o Expectd
2| 2008 =i
. 20084EICHEP @ Pennsylvania |
~TERYICHELGEEDOHRE Swe i

mH(GeV/cz)

* 201247 ATevatron all data ; p= =T

%m e e ZCI12
— 148-182GeVZ EH] S e
A ]
— 120-130GeV{TiEIZ30DitEE ° == _
100 110 120 130 140 150 160 170 1:1'2'{'(13'25333;30
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5] 12 381 52 + 1B & 381 5E before LHC
20105 B

July 2010 My = 198 GeV
6 — AN o, 12
. . . ‘ . { N ° -] :
|_ Y\ ‘ | | \/ B : i i _|
5 . 10 —
Aoy, = : -. G [
5 - - N — g N e 30
3 — 0.02758%0.00035 : 8 ' ; i N
L % ---0.02749£0.00012 [f ¢ . 6, ]
4 - % % e incl. low Q data — 5F .
7] gy e R — 20
© Theory uncertainty ]
x 3 - - E — Fit including theory errors -
2 % ---- Fit excluding theory errors ™|
- il ShaatEE TR - 1o
o L | i
2 — — 100 150 200 250 300
M, [GeV]
1 - —]
0 Excluded w /< Preliminary

30 100 300
m,, [GeV]
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Higgs searches at LHC

TRACKER
’ CRYSIALECAL  1ota) weight  : 12500 T
‘ MS = Overall diameter : 15.0 m
¢ - Overall length 215 m
R Magnetic field : 4 Tesla
- \
G oy 7 o (
\ /] _ ; - gl o PRESHOWER
RETURN YOKE
5 . FORWARD
A CALORIMETER
MUON CHAMBERS
AT LAS : | Detector characteristics
Muon Detectors Electromagnetic Calorimeters o | “{idth: 44m
A \ — Diameter: 22m
\ P Weight: 7000t
Solenoid CERN AC - ATLAS V199,

Forward Calorimeters

End Cap Toroid

e 7TeV collisions are Started in March 2010.

e Extremely successful operation for these
2.3 years.

 Upgraded CM energy to 8TeV in 2012.

i Inner Detector ieldi
Barvel Toroid Hadronic Calorimeters Shielding
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Tevatron ELHCD:E (N |
Parton Distribution Function (PDF)

H1 d ZEUS HF/ /1 PDF Fit

« =
x Q*=10GeV  |S
= VS 1.96 TeV 7 TeV
—— HERAPDF1.5 (prel.)
0.8 B exp. uncert. |:°— N p_ﬁ p-p
| ' model uncert.
W parametrization uncert. x for 0.05-0.25  0.01-0.07

\/$=100-500GeV

EXHICEFEDT—2HHNIELHC
DFERBREMNEEH,

LHC[X quark® D> E RS 5BFE
DEFRHEBENSIFERLGSEL...
22 R0, BT RAERNEELWVER,

0.6

0.4

0.2

HERA Structure Functions Working Group

/
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Tevatron &ELHCODELN I
| 115GeV |  160GeV

SEERE Tevatron LHC Tevatron LHC

acF 1.24 pb 18.1pb 0.44 pb 8.35pb
Gy;: 0.08pb 1.32pb 0.39pb 0.84 pb
Owwm 0.29pb 1.17pb 0.08 pb 0.33 pb

BXHIZERBTEREIE | SINDRILCTEE.
Onc = 15 X Oreyatron (99F M=115GeV) 115GeV: 450pb™

_ _ 160GeV: 340pb-
OLpc = 20 X Oreyqtron (99F M,=160GeV) TTevatron 6.7fb!

LAL... WH/ZH DL ZBTETEIZ . A
GLHC =4 x aTevatron (M H=115 Ge V)

NG SHURTaRRIZERTHI IS
2016/06/21-23 RREFHE 26
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Tevatron ELHCOELN 1

WH/ZH Y B Z 750 E...
o .bb  soxnESE£>

90% *1 Tevatron Run Il Prelimin ryL 6.7 fb™!
5 HH'IHII_EP Exclusion | o HTeVIalltérlc_;ﬁl
210 £ Exclusion|
l E 1aeas-—Expecto
*1 =5 _— 01§aetv_ed P
() +lo-|
- e
rlM S
&
v¥ m
1% *1
AL L

100 11 120 130 140 150 160 170 180 190 200
H(GeWc)

k
WW( );a;ggﬁysﬁ‘-mﬁ‘o-c:m\...

ggFDISE D ERBEFZEN T,

,yy S KE , WW,Z2ZHlow ptZ 8B,
*1 LM, =115GeVEIRL TLMV=DT
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Higgs searches at LHC

Gluon Fusion(ggF) | | Vector Boson Fusion| _W/Z Associated tt/bb Associated

: q q //H
H— ——— —
g
Productior\
‘1025| T I
g \s= 8 TeV '
— F ] zz
L — ~—— |8
10 = 22
T E - | ,
a C i
&
e 1= =
10" —
= 8 v &
L "
B _ 10‘3 1 | T /\ MN- IIJ|l I\ L L L 1 L J—
1027 — 100 0 180 200 300 500 1000
80 100 200 300 400 1000

m,Gevi  All of bb, WW, tt, yy, ZZ can be observehe"!
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(9)] _ .
© = ATLAS 2011 + 2012 Data ]
» o L i
g | [Ldt~46-48f"Vs=7TeV [Ldt~58591f" Vs=8TeV .
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2| P _
o 1 0 F — Observed Combined —— Observed H— ZZ* — lll —— Observed H—» WW* — Iviv 3
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j - —— Observed H— yy —— Observed H — ZZ* —s llvy =~ — Observed H - WW* — vqq |
] ~ === Expected H— bb - == Expected H - ZZ* — llqq Expected H — 1t N
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95% CL Limit on G/GSM

Low mass HTevatronZ Bz 7=,

= ATLAS 2011 + 2012 Data

| [Ldt~46-48f"Vs=7TeV |Ldt~5859f5"Vs=8TeV

1 02 | ---Expected Combined  --- Expected H — ZZ* — Il ---Expected H—>bb _|

- — Observed Combined — Observed H— ZZ* — Il — Observed H > bb 3

~ ---Expected H— vy --- Expected H - WW* = Ivlv Expected H— 1t 7

. —Observed H— yy —— Observed H > WW* — Iviv Observed H -t 4

10 =
1

95% CL Limit/SM

v e by by by s by
115 120 125 130 135

o 11066V®E~x(i(i(inl¢

2016/06/21-23 P KEEH

Tewatron Run |l Preliminary, L < 10.0 b
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o i wio Higgs
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Events / GeV
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I
111
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--------- 4th order polynomial
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Data

Background ZZ""
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Signal (m =125 GeV)
Signal (m =150 GeV)
[ Signal (m_=190 GeV)
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Events / GeV

Data - Bka
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