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CMS detector
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Grid computing
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Luminosity from 2010 to 2012

®CMS performance

®Overall data taking efficiency ~91%

® Average fraction of operation channel per subsystem > 98.5%

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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The challenge : Pile-Up

20 L Ievent with 20-reconstructed vertices

CMS Average Pileup, pp, 2012, .5 — 8 TeV

60 . 60
L‘ <u> =21

A ZZ event can be a fake one due to pile-up

w
[=]

Spoil the “isolation” and MET resolution

&
f=]

Additional challenge for H—=YY channel,
where the hard-scattering vertex is often
not known well

N
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-
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Recorded Luminosity (pb '/0.04)
w
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picking a wrong vertex would make
the mass resolution worse

o°
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The CMS electromagnetic calorimeter

*Discovery potential depends on the di-photon invariant mass resolution
eexcellent performance of the electromagnetic crystal calorimeter needed
*Design energy resolution : ~0.5% for E, > 100 GeV for unconverted photons in the ECAL barrel

*Crucial aspect: precise calibration
*in-situ energy calibration using °—yy, n—yy, W—ev E/p, Z—ee

emonitoring of transparency losses due to radiation damage with laser system

Q 1_1 """"" T T T T T T ™ T Y T T L I = = e

© CMS Preliminary 2012 ] Mean 1
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Kids :Where is Wally ?
Particle Physicists :Where is the Higgs boson of the SM ?
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CONTINUE
[HE OEARCH

47 years, 8 months, |5 days
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| 189 days ago .....
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46| days after it stood out

® for the theoretical discovery of a mechanism that contributes to our
understanding of the origin of mass of subatomic particles, and which recently
was confirmed through the discovery of the predicted fundamental particle,
by the ATLAS and CMS experiments at CERN'’s Large Hadron Collider
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Questions to answer after the discovery

s this the Higgs boson of the SM ?

Are the signal strengths at the correct SM
levels ?

CONTINUE
THE STUDY

Where is it observed ?

Is the new boson a scalar, and not a
pseudo-scalar or a tensor ! over the last | 189 days

Does it couple to itself ?

Are there any other Higgs bosons to observe ? ki’i’i%

Is this Higgs boson a window to new physics ?

CYCU HEP Seminar 13 2015/10/6



SM Higgs boson production

gluon gluon Higgs
s 2
pp=H Q= O ’ P
86% -
quark nggs ‘_>
< (B uark
pp — qgH quar & q
7% quark
quark :
s B worz o
— WH, /H I )Y s b
PP ./ % ﬁ%ﬁ
9% anti-quark
gluon gluon ’/ ‘/Higgs
‘_, . . . top quark PN
o ‘\-@/’,
0.6% /‘
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top anti-quark

top loop dominant

distinct signature,
access to W/Z
Higgs couplings

clean signature
with leptons,
access to H—bb
and W/Z Higgs
couplings
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Higgs decays

500
H—=>WW-=2|2v

570 H—Yyy

20 H—=ZZ—4l

o(mn) = I-; \o(mH> = '- o (m) = 20%
60 H—bb 400 H—TT
o(mn) = 10% o(mn) = 10-20%
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Higgs decays

500
H->WW-2|2v
o(mu) = 20%

20 H—=ZZ—4l

570 H—vyy

a(mu) = 1-2%

a(mu) = 1-2%

plays a role in electroweak symmetry breaking
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Higgs decays

Higgs field serves as the source of mass generation
in the fermion sector, through a Yukawa interaction

60 H—bb 400 H-TT
o(mu) = 10% o(mn) = 10-20%
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Higgs decays

570 H—Yy 20 H—ZZ— 4l
a(mu) = 1-2% a(mu) = 1-2%
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Higgs decays

500
H=>WW=-2I2v
o(mn) = 20%
570 H—vyy
o(mn) = 1-2%
400 H—TT
o(mn) = 10-20%
20 H—=ZZ—4l
o(mn) = 1-2%
60 H—bb
o(mu) = 10%

signal strength, properties
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Five major channels

SM@LHC 2015 20 2015/4/21



H BR = 2.3x103 ATLAS : PRD 90 (2014) 112015
' YY S/B = 1:20 CMS : EPJC 74 (2014) 3076

<10 19.71 " (8 TeV)
% 20 \ CMSI. . ¢+ Data
(D 18 :\ i Unpublished - y _,.Y
N 165 [ Jy-jet
12 SN [ jet-jet
S 14 Hst Drell-Yan
Lﬁ [ JH—=yy(125 GeV) x5

o excellent mass resolution : 1-2%

® select two isolated high pr photons

® dedicated vertex finding algorithm e T T

m,. (GeV)
® sophisticated energy calibration CMS
=

® split events into exclusive categories

® Background estimated by fitting to my, £
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ATLAS : PRD 90 (2014) 112015

_ -3
BR =2.3x10 CMS : EPJC 74 (2014) 3076

T
:
=<

19.7 b (8 TeV) + 5.1 fb' (7 TeV)

% [T T | T T T T | T T T T | T T T T | T T T T | T T T T | > x1 03:
180— _ 1 Vs = — n i
o - JLdt=45f7 s=7Tev ATLAS ] O 35F CMS S/(S+B) weighted sum
2 = [Ldt=2031" Vs=8TeV 3 G SOF Hoyy %
= 160— - Data - ~ - ¢ Data
D S/B weighted sum — Signal+background N 3P
2 140 Signal strength categories J 9 —] c - —— S+B fits (weighted sum)
PN - ---+ Background . O ,5 SRR O S /) /) <P B component
120[— — Signal — > 7 ™Mo Y m 1o
- =125.4 GeV - - ey, T *20
100— i ° — 8 as ]
- - = C T
80— ¢ - o 5P
. ] q) r
60— ] = 1 - - _ +0.26
— = a - M= 114755
40— —] + 0.5 m,=124.70+0.34 GeV
- 2 9D -
20 — E— < O C 11 1 1 | 1 11 1 | 11 1 1 | 1 11 1 | 11 1 1 | 1 1 1 1 | 111 1 | 1 1 1 1
- - )
S A R i Y R R = 200
S i
3 100
2 0 _
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W N 1 N N N N 1 N N N N 1 N N N N 1 N N L L 1 L L L L 1 1 1 | 1 1 1 | 11 1 1 | 1 11 1 | 11 1 1 | 1 1 1 1 | 111 1 | 1 1 1 1
110 120 130 140 150 160 110 115 120 125 130 135 140 145 150
m,, (GeV] m,, (GeV)

Datasets | obs. (exp.) local significance

Atlas | 7+8 TeV 5.20 (4.60)

CMS | 7+8 TeV 5.70 (5.20)
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H—YY signal strength

_I T T 1T ! T 1T | T 1T T 1T | T 1T | T 1T | T 1T | T I_
Moy H  — Total 1
My, b ek i — Stat ]
- — Syst. -
My |1 o] | ]
T ATLAS ]
— : [Ldt=4.5", (s=7TeV
L . _ -1 _ _
uggF ' |-|..-|.|| fl_dt =20.3fb", \s=8TeV ]
m E H"“ H—vyy, m,=125.4 GeV E
_I Ll | L1l i L1l | L1l | L1l | L1l | L1l | L1l | Ll I_
1 0 1 2 3 4 5 6 7 8
Signal strength
Datasets best-fit y = 6/Osm
Atlas 7+8 TeV 1.17 £ 0.27
CMS 7+8 TeV 1.14 +0-26 4 55
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CMS H — vy 19.7 fo™ (8 TeV) + 5.1 fb™' (7 TeV)
~ - +0.26
ggH 1.12 +0.37 combined =114 -0.23
) -0.32
[ m, = 124.7 GeV ]
VBF | 15815
_0.16 *!18 I combined + 1o
) -0.79
VH —@-
—@— per-process = 1o
ttH | 2.69 3 °
IIII|IIIIIIII II|IIII|IIII|IIII|IIII|IIII
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BR = 1.3x10 ATLAS : PRD 91 (2015) 012006
HoZZ24]  Zoiiss21)  cwsrros eore) oveoor

excellent mass resolution : 1-2%

select four isolated leptons (low pt is important)

split events into exclusive categories

Fold angular information in a kinematic
discriminant to separate signal and background

CMS \s=7TeV,L=511f";\s=8TeV,L=19.7 fb"
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H—oZZ—4l

CMS Vs=7TeV,L=5.1fb"; \s=8TeV,L=19.7 fb”
fjj : T AfLAlé T T T T T T T | T T T T Cl T T T T : § _l T TT | T TTT | T TTT | T TTT | T TTT | T TTT | T TTT | T TTT | T TT |_
= : —68% CL : | .
E 4 :_ ) ---95% CL _: IE-IS 8_ .68% C.L. 7]
2 [ (s=7TeV det=4.5fb1  Bost 1 - Q -
2 3.5 © (s=8Tev f Ldt = 20.3 fb” H—ZzZ*—4l E = 6 %% CL. ~
R B - Z ® best fit ]
. - S . 4~ -
225 3 - + SM ]
) - ] ol -

2 - A i
1.5 F = or ]
1= e - 2F .
0.5 |- - i :
- . -4~ . o
O C 1 | | | | | | | | | | | | | | | | | | | | | | | | 1 _l 111 | 1111 | 1111 | | 1 E | | 1 111 | 1 111 | 1 111 | 1 111 | 1 11 I_
1992 123 124 125 126 127 -1 -05 0 05 1 15 2 2.5M 3 35
my [GeV] ggH, tiH
Datasets best-fit y = o/osm obs.(exp.) local significance
Atlas | 7+8 TeV 1.66+0-39 ¢ 34(stat.)*0-21 o 14(syst.) @ 124.5 GeV 8.20 (5.80)
CMS | 7+8 TeV 0.93+0-26 ( 53(stat.)+0-13 g go(sYyst.) @ 125.6 GeV 6.80 (6.70)
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H=>WW—=2[2v

mass resolution : 20%

Final state cannot be fully reconstructed
main observable : my, m, lepton pt

analysis performed in categories

BR=1.1x 102 ATLAS : PRD 92 (2015) 012006
|=e,u (S:B=1:10) CMS : JHEP 1401 (2014) 096

Angular correlations used to reject

background
%’ | | | | | | IAITLIAlsl | | | ]
S 400 - | i
= 00 t \s=8TeV, 20.3fb™" |
2
5 |
" 200}
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CMS Experiment at LHC, CERN

3 Data recorded: Thu Apr 19 09:14:14 2012 CEST
C Run/Event: 191721 / 76089774
i Lumi section: 111
y Orbit/Crossing: 28960009 / 815
N &
) \\ \\
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H=>WW—=2[2v

CMS

MVBF

0
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4917 (7 TeV) + 19.4 b (8 TeV)

IIIIIIII|IIII|IIII|IIIIIIIII: I!III:%!II,InHI=I12!5.I6IGeIVI
— H— WW (all channels) ks
ATLAS E 0/08M=0.72f8fg
H—=WW*—[vlv - BRRRRURERLE SECELS o -
(s=7TeV,4.5fb7 1 212y + 0/1-jet €4
(s=8TeV,20.3fb™ O1og = 0.74 029 i
+ Obs(1.0,13) 7 22y Zjets, VBF tag i
HObszio - W | ; il
[£]Obs=20 - 212v + 2-jets, VH tag :
: }]Obs+30 . olog, = 0.39° 17 -
i o ExpSM(1,1) ] 5 | _
" iExpSM=1,2,30- 313v, WH tag :
~ olog, =0.56" 2] | % 5 |
IIII|IIIIIIII|IIII|IIII|IIII|IIII|I: "llilll/l/illll 1
1 2 3 4 10 L 3
NooF Best fit for o/og,,
Datasets best-fit y = o/Osm obs.(e.x.p.) ocal
significance
Atlas | 7+8 TeV 1.09+0-23 55, @ 125.4 GeV 6.10 (5.80)
CMS 7+8 TeV 0.72+0-20 5 13 @ 125.6 GeV 4.30 (5.80)
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BR =6.3 x 102 ATLAS : JHEP 04 (2015) 117
H—TT B 120 N IR 05 (o) 104

CMS Experiment at LHC, CERN

® look into eTy, eTy, ee, el, UH, ThTh S g e

® mass resolution : 10-20%

-‘ “»,
® experimental challenges : S

o~y
hadronic T |D, m{; reconstruction jet ¥,

® categories motivated by production

® sensitivity mainly driven by VBF T

N
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H—TT

ATLAS —of(statistical)

—o(syst. excl. theory)

my, = 125.36 GeV

—o(theory)

Total uncertainty
xloon

CMS, 4.9 fb'at 7 TeV, 19.7 fb" at 8 TeV

m,, = 125 GeV 0-jet

III
N

0.34+1.09

1-jet
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2-jet (VBF tag)
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H—tt
0.78+0.27

Vs=7TeV, 451"
Vs=8TeV, 20.3 fb™

Signal strength (u)

2 4

Best fit u

Datasets

best-fit y = o/osm

obs.(exp.) local
significance

Atlas

7+8 TeV

1.43+043 45 3;@ 125.4 GeV

4.50 (3.40)

CMS

7+8 TeV

0.86 +0.29 @ 125.0 GeV

3.40 (3.60)
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H—bb

mass resolution

two b

10%

-tagged jets (very
challenging at hadron collider)

look into VH (and ttH)

1000—

Events / 25 GeV

600

400

200

Data/Pred
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2222 Uncertainty
=== Pre-fit background
= VH(bb)x10

- ATLAS
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BR =0.58
(S:B = 1:20)
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ATLAS

EXPERIM[NY

ATLAS : JHEP 01 (2015) 069
CMS : PRD 89 (2014) 012003
PAS HIG-13-011

\s =

7TeV, L =5.0 fb™
(s = 8TeV,L=18.9 fb"
pp — VH; H— bb

[ ] Background

—— VH(bb) 125 GeV
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H—bb

ATLAS s=7TeV, [Ldt=4.7 fo™": Vs=8 TeV, [Ldt=20.3 fo

L DR B L L L BN I I AL R B iﬁ [ CcMs + Best Fit -
B et i 4 (s=7Tev,L=5.01" =g§Zo g:: .
st tot (stat syst) : p“pe e ps ey | SMHiggsboson -
3 “ -
0.52 0.44 +0.27 - .
ZH= == 0'05J-ro.49 (To42 Z025) — I ]
2_ ]
| T 0.65 0.50 +0.42\ _ - ]
WH 117561 (Zoas Zozs) 1r N
Comb 1o 4 oF :
ombination — 0.40 0.31 +0.25 y — i :
0517537 (D030 —o22) I i
A RN B TR EFRTETITEN EFUTRTETN AUV AT B A T T e
-1 0 1 2 3 4 5 6 7 '1.1 0 1 > 3 4
best fit M=O/OSM for m =125 GeV Mom
Datasets best-fit y = o/osm obg.(e.x.p.) local

significance

Atlas 748 TeV 0.5+04 @ 125.4 GeV 1.40 (2.60)

CMS 7+8 TeV 1.0 0.5 @ 125.0 GeV 2.10 (2.10)
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Higgs mass

® The mass of the Higgs boson is not predicted

® |tis a free parameter of the SM

® Once we know the mass, all Higgs couplings
(production and decay) within the SM are known

|
l

g T T T | T T T 1 1 1 ‘\"‘.' |"”‘.|. - _: %
et bb %
- BT - -
510 E— — zz 3
— -‘
}9 - - - B
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1
M 1072 -
wn - -
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o [ i
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107
ML | '
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Combined Measurement of mny

CYCU HEP Seminar
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L 1 ) ) I L ) 1 ) I 1 ) 1 ) I 1 1 ) ) I 1 1 ) L I L 1 L ' I ) 1 1 ) ' 1 )
ATLAS and CMS —— Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H->yy F——e——+ 126.02 +0.51 (+ 0.43 + 0.27) GeV
CMS H—yy = 124.70 + 0.34 ( + 0.31+ 0.15) GeV
ATLAS H—ZZ 41 | = i 124.51+ 0.52 ( + 0.52 + 0.04) GeV
CMS H—ZZ —4l ——— 125.59 + 0.45 ( + 0.42 + 0.17) GeV
ATLAS+CMS yy p——— 125.07 + 0.29 (+ 0.25 + 0.14) GeV
ATLAS+CMS 4i I—}E—i 125.15 + 0.40 ( + 0.37 + 0.15) GeV
ATLAS+CMS yy+4l = 125.09 + 0.24 ( +0.21+ 0.11) GeV
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
m,, [GeV]
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Rare productions and decays

SM@LHC 2015



Rare production : ttH

very low rate : 3000 events without
acceptance cut and selections

large tt background (ttH :tt ~ | :

2000)

was thought to be feasible with a lot
of luminosity before LHC started

Atlas

ttH

L +2.6
YYI W= 1.3_1.8

T4 gt
bb: u = 1.5_1 )

Multilepton: u = 2.1’_’1:‘21 125

1254 |

ATLAS : CONF-2015-006
EPJC 75 (2015) 349
PLB 740 (2015) 222
CMS : JHEP 09 (2014) 087
EPJC 75 (2015) 251

125

\s=7TeV, 4.5-4.7 fb

Vs =8 TeV, 20.3 fb”’

CMS

.

|

-2 o) 2 4
Signal strength (u)

{s=7TeV,5.0-51f"(s=8TeV, 19.3-19.7 fb"

Dataset : exclusion limit @ R -
. best-fit y = o/osm 95% C.L L _— & H—bb (ME method)

Atlas | 7+8 o -

Hobp| Tey | 1-5%1-1@125.0GeV | <3.4(2.2)SM i B

obs.(exp.) local 3 -
significance
7 Same-Sign 2| — ——
CMS T;\al 2.8 +1.0 @ 125.6 GeV | 3.40 (1.20) Combination | ——
Best fit o/og,, at m,, = 125.6 GeV
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Rare production : tHg

very challenging search

very very low rate : ~1/10 of ttH

H—YY :0.2 events
H—bb : 60 events

If the sign of t-H is flipped, O is x|5 Oy

CMS obs. (exp.) y = o/osm at 95% C.L.
tHg—blv + yy + g <4.1(4.1) x 15 =61.5 (61.5)
tHq—blv + bb + g <7.6(5.2) x15=114.0 (78.0)

tHg—blv + leptons + q

<6.7 (5.0) x 15 = 100.5 (75.0)

CYCU HEP Seminar
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Events / (2 GeV)

CMS : HIG-14-001, HIG-14-015

HIG-1

4-026

Opposite sign for t-H and W-H coupling
in SM — destructive interference

CMS Preliminary, L =19.7 fb" at /s =8 TeV

0.5

Lol =

e Data

H—yy

IJ IJIII

tHq (Ct = -1)

Extra ttH (Ct =-1)
[ ttH (125)
I VH (125)

IJIIIIlIIII_

900 110 120 130

140 150 160 170 180

Diphoton Mass [GeV]
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H —>ZY BR(H—Zy) = 1.6 x 103

® Signal yield is similar to H—=ZZ—4| but

suffers from large background

® Future sensitivity of ATLAS :2.30 (300/

fb), 3.90 (3000/fb) [ATL-PHYS-

PUB-2014-006]
Datasets obs..(elxp.) 95% C.L.
limit on o/Oswm
Atlas 7+8 TeV 11(9) @ 125.5 GeV
CMS 7+8 TeV 9.5(10) @ 125 GeV
= 77— T T ]
N f Ldt=4.51", Vs =7 TeV — Observed 4
1 - L e Expected ]
= det=20.3fb (s=8TeV — .
ke + 20 7
= 20 -
) ATLAS -
I —
5 .
E 0 E
_ -
@) 5__
% - :
o 0_| I RS R T RN T S R S S NSRS ST SR

120 125 130 135 140 145 150

CYCU HEP Seminar

m,, [GeV]

ATLAS : PLB 732 (2014) 8
CMS : PLB 726 (2013) 587

Events / 2 GeV

CMS

w Z Z
w
H H
__________________ W
w
w Y ¥

{s=7TeV,L=5fb"'\Vs=8TeV,L=19.6 fb"

—
[\
(=3
(=)

—e— Data H—2Zy
—— Background Model
— Signal m = 125 GeV x 75

110 120 130 140 150 160 170 180 190

m,, (GeV)
1CMS s=8TeV,L=19.6 b
"""""""" L B B
H—2Zy E
0.9 —— Observed -
0.8 B==R Expected = 10 —
0.7 ---- Expected £+ 2 o =
—— SM cross section .
0.6} -==- 10 x SM cross sectiori;
0.5 —
0.4 """""""""""""""" =
03— e NN -
0.2 ;
0.1 =
050 125930 135 140 145 150 155 160
my, (GeV)
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H — Y*Y BR(H-Yy*y—=upy) =3.3 x 105

sensitive to new physics via loops

two collimated leptons from Y* decay

my, < 20 GeV, me < [.5 GeV

Reject J/P+Yy and Y+Y with m,

Similar sensitivity as in H—Z(eet+U)Y

95% CL limit on cs/csSM

19.7fo" (8 TeV)
s

S0 cms

40

301

L] l . LJ

HoyY -l

- (muy and eey)

I Expected * 1o
[ ]| Expected + 20

4

—d

=

i

i 4
IIIIIIIIIIIIIIIIIIIIIIIIIIIII
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14 150
m,, (GeV)

38

CMS : arXiv:1507.03031

Datasets

obs. (exp.) 95% C.L.
limit on o/osm

CMS 8 TeV 7.7(6.4) @ 125 GeV
19.7 fb'' (8 TeV
1025"’!"'1'”l"'l"‘l"‘l T '( Y'”g)
- CMS
[ Simulation SM H - y'y— ¢y

Events/0.5 GeV
=

pa—
TYTITIT LLI B

- -

10'1§

10°F

m,, = 125 GeV

-== up before selection 3
ee before selection -

— up after selection

[ ] ee after selection -

lllll

llllllllllll

|

" 20

2 6
m., (GeV)
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H—’Quarkonium + Y  ATLAS:PRL 114 (2015) 121801

Searc

Very c

> 24F
) C
O 22
T o0k
n

T 18F
g C
o 16

14

12

10

onNn b+ o

n for H/Z—|/QY+Yy and Y(nS)+y

BR(H—-J/W+y) = 2.8 x 106
BR(H—Y(nS)+Yy) = 2.0-6.1 x 10-10

CYCU HEP Seminar

WP v ..
J/W+Y is sensitive to the [ oos @)ool
Higgs-charm coupling limit on BR(H=J/W+y)
1a||enging even for HL-LHC ATLAS 8 TeV 1.5 x103 (1.2 x 10-3)
107 ¢
IS I - 203 fb ATLAS Vs=8TeV
T T ‘g i 20.3 fb 203 b
- ATLAS _; Uc_» - 19.2fb!
- /s=8 TeV ﬂ_dt=19.2fb'1—; % - H/Z - Qy
3 igispn E g 10_3- o  Observed E
3 %Ea[;'ig;gg]nd E S i == Expected (+1,20) ]
3 12 [B=10" E E = =
o _: g’_ - 203! 4
E_ } _E % 10 20.3 fp7! A 20.3 fb7! -
: : o 107F
é— } —; % 19.2 fot ---
E_ |||||||||||||||||||||||||_:
40 80 120 160 200
M [GOY] I IS
& L &
2 2 2
A A A
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_ ATLAS : PLB 738 (2014) 68
H_’ IJIJ BR(H—=up) =2.2x 10+ CMS : PLB 744 (2015) 184

= 10 T
. . . o 10 <+ Data £ MG (stat)
® Only accessible channel to test Higgs couplings & 10of ATEAS ms e
. . ~ = Ldt = 24.8 fb™ !
to second generation fermions at LHC g 10° @=8T_evf [ single Top ] Weet
S 1 07 H—u*u [ H[125 GeV]
. o 106
® Future sensitivity of ATLAS : 2.30 (300/fb), d
/.00 (3000/fb) [ATL-PHYS-PUB-2013-014] 10°
10°
10°
Datasets obs. (exp.) 95% C.L. 10
limit on o/0sm 1
= 1 e T e ] b T ]
Atlas 7+8 TeV | 7.0(7.2) @ 125.5 GeV 107580 100 120 140 160 180 200 220 240 260
My, [GEV]
CMS 7+8 TeV 7.4(6.5) @ 125 GeV
H— uhw 19.7 b (8 TeV) + 5.0 fb (7 TeV)
o O T T T 1 ]
* — _ = [ —e— Observed limit CMS 1
=- - ATLAS H— u'w E ! 50:— --------- Median expected limit —:
c 50F - ] L .
_S ~ — Observed CL s=/TeV 4.51b ] = - +10 expected limit
T 4op Eweeedct s=8TeV 20317 ] g aof 220 expected limit .
: E D;20 E S E
O 30 = € 3s0f -
3 - - =
0 N . s L
o2 20__ - § 20__ ]
: : 30
10 — (-3 [
- . X 10[ -
L ] o -
] N R PRI A R @ [
120 125 130 135 140 145 150 W IR BT S RS N

m,, [GeV] " 20 130 140 150
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BR(H—ee) =5 x 10-° CMS : PLB 744 (2015) 184

H—ee

probe coupling dependence on lepton-flavor

very very challenging for HL-LHC due to its nature of small BR

15

o

o

®
|

+2 o expected limit

obs. 95% C.L. limit on
Datasets
BR(H—ee)
CMS 7+8 TeV 1.9 x 1023 @ 125 GeV
— e - — ete’ 1 - -
mmH”??.........w.?%?@KQFW) > soﬂ.??.....,...W.?Q?@K?EW HOMH%f% | | W7WW8PW
® 0,1-jet BB —e— pata CMS 8 L 2-jet Tight —e— pata CMS - 27t L L
O 3500 g o5 . = : CMS —e— Observed limit

=~ Background model Ql C — Background model ] 012} . T
..\9 o - T Median expected limit .
SM Higgs boson x 10° § """" SM Higgs boson x 10° o1k - +10 expected limit B
L i ]

10

0 ...-—'."_:——] o

o

o

[0))
L

o
o
=

T I T

95% CL upper limit on o x B(H— e'e)

0
4
Z e = 0.02|- —
SE o fo
[\ [\]
D i Q . O 1 I 1 1 1 1 I 1 1 I 1 1 1 1 I 1
110 120 130 140 150 160 10 120 130 140 150 160 120 130 140 150
M., [GeV] M, [GeV] my, [GeV]
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ATLAS : CONF-2015-004 CMS : EPJC 74 (2014) 2980

H — invisible PRL 112 (2014) 201802 HIG-14-038

EPJC 75 (2015) 337

o ATLAS : VBF and Z(lljj)H BR(H=ZZ=4v) =1.2x 107

obs. (exp.) 95% C.L. limit

e CMS : VBF and Z(ll,bb)H Datasets on BR(H—inv)
® Future sensitivity of ATLAS : BR < 0.23 (300/fb), |ATLAS (Z=IH) | 7+8TeV 0.75(0.62)
BR < 0.08 (3000/fb) [ATL-PHYS-PUB-2013-014
( ) [ ] ATLAS (VBF) 8 TeV 0.29(0.35)
® interesting connection to BSM searches
ATLAS (Z—jjH) | 8TeV 0.78(0.86) w
® interaction between Higgs and DM would i
introduce invisible decays CMS (comb.) | 7+8 TeV 0.47(0.35) prew
e . 19.2 b (8 TeV)
©10° - ATLAS e o E s h % imi
:'cgg = \@=8TeV,det=20,3fb'1 =ZZ—>ffvv(incI.1j 3 @’u_ B %_/C(I;ll)lsn;l::ed limit AE=AAl CMS
g - ZH - ¢¢ +inv. WZ = ¢vee (incl. 1) = m - o
S T e S b et W Prelminary
L%) E ------ - VzV:jej:: :::Itijet, semilep. top E E : - ExpeCted Ilmit (10)
10 g_ ---------------- see ZH o e inv, BR(H—»inv.)=1_§ :1;: 15— Expected limit (20)
— P | g ] EJ’ B
1T I [ = x -
L e L - S 3 0 ~
C === N
8 2F N
é 1'52_ —— B
5 1 E—- B S S RPN v, Loy s s s S S s R 0.5
s 055 4 5 B
. 700 150 200 250 300 350 400 450 C 1y L1 Ly S I
E_Ir[uss [G eV] 100 150 200 250 300 350 mH [G4eO\(}]
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Combinations

SM@LHC 2015 43 2015/4/21



ATLAS : CONF-2015-007
CONF-2015-044

Combination :decay modes CMS : EPJC 75 (2015) 212

HIG-15-002

ATLAS Preliminary | °81at)  Total uncertainty

m, = 125.36 GeV :Z((t‘ﬂ:‘;?’y)) + _10 on M 19.7 0" (8 TeV) + 5.1 fb' (7 TeV)

Yy s 5 T Combined CMS m, =125 GeV
+0.35 .

H — zz* : : .
. H
H

Poy = 0.96
— 1.46'040 foa
=170 e 00

e H — yy tagged
H — WW* g R : u=112x0.24

10,24 +0.17
X -0.14
w= 118 +0.13 . 3
021j-000 |  , |, |

+0.31 .

H — bB -0.30

R

_+

: — : H — ZZ tagged
W = 0.637039 |70 el 5 w=1.00+ 0.29
. 0.09 ’ :

-0.37 |-0.07 L | B " .
+0.30 .
H— -0.29 : i
+0.29 . i —.—
_ +0.42 |-02s : D
“_1'44_0.37f311§ AR EURRRE 1
H — un 38 :
+0.5
3.7 |-07 : .
M2'0.7+ +0.4 f 7 : ; H —
e , — 1t tagged
H(i: ....:....!....:.... gg q
i

—

: H— WW tagged
I w=0.83 = 0.21

sl

. g z 5 w=091x0.28
_ +4.6 [-13 ' - :
w=27Cla |

+0.10

Combined -010

+0.11

. H — bb tagged

u=0.84 = 0.44
w= 1.18+0'15 ;0,08

14 |-0.07 ' | H i R T T D R S
S S B 0 0.5 1 15 2
s=7TeV, 4.5-4.7 fo” -1 0 1 2 3 Best fit O/OSM
/s =8TeV, 20.3 fb” Signal strength (u)

Atlas 1.18 £ 0.10 (stat) £ 0.07 (syst) +0-084 o7 (theory)
CMS 1.00 = 0.09 (stat) + 0.07 (syst) +0-08 4 o7 (theory)
Atlas + CMS 1.09 +0-11 9 49
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ATLAS : CONF-2015-007

Combination : production modes Gus:zpic 75 eors) 212

19.7 b (8 TeV) + 5.1 fb" (7 TeV)
CMS = 68% CL

== 95% CL

+0.19 '
MggH =0.85, ¢ -.:—-

F - 1.

w -0.34

VB -
a +0.38 :
W, = 0.927 )55 e

+1.08 '
MttH = 290_ 0.94 :*

0 i 2 3 4 5 6
Parameter value

ATLAS Preliminary
Vs=7TeV,4.5-4.7p" Vs=8TeV,20.3f"
68% CL: el
95% CL: [
T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
:uggF= 123t8§8 ; =
Uyge=123+032 C ——
Uyy= 0.80 £0.36 S ———
fpy= 1.81 £0.80 »
i my = 125.36 GeV
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
05 0 0.5 1 15 2 2.5 3

Parameter value

CYCU HEP Seminar

CMS Significance (o) Pull to SM

Observed Expected (0)

HVH 2.7 2.9 -0.2
HitH 3.5 1.2 +2.2

Branching ratios are assumed to be the predictions of the SM
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Exploring the couplings

® Assumptions [*]

® Single resonance and zero width approximation

® No modification to kinematics (tensor structure of the interaction as in the SM)

Oxx [y

0 X B (xx—=H-yy) =

_ 5 [ tot
Ww T Kw Yukawa
_’
42 Kz sector °
t — K 2 SM
b = Kb Kie = 0i / O

- KiZ = [i / [iSM

e T Ky %
— Kw, Kt (loop induced) Down type Q
YY , yP
p— . k N

gg — Kt Kp (loop induced) 9
ot P Tww+Tzz+ T+ ... + Bswm
Ki deviates from unity = imply NP beyond SM «w:]>

[*] LHC Higgs Cross Section Working Group arXiv:1307.1347
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Mixed
sector

R N .
~
~
S
SS "
~

A vow ' - "

“

Loops (v, g) are
sensitive to BSM
contributions.
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Couplings with different simple models

the size of current dataset has yet to allow the

determination of all the coupling modifiers (K;) 19.7 b (8 TeV) + 5.1 fb" (7 TeV)
— perform the following (simplified) fits CMS 4 68% CL
. 014 : = 95% CL
Kw Vs Kz (CUStOdlaI Symmetr)') A L e
_ +0.07
Ky vs Kg (universal scale for bosons and Ky =100 007 !
for fermions) K = 0.877% —el—
_ +0.19 o
K, Vs Kq (up/down fermion coupling ratio) Py =099 g1  lm—
N W
K, Vs K, (|epton/quark Couphng rat|o) R P
q +0.11 '
Ky =0.8977, . =
Kg Vs Ky (BSM contribution to |-loop < =1.14%012
couplmg) v Al I R
BRBSM < O14r— :
1 | | | | | | | | | I | | | | | | | | | | | | | |
BRpsm (extra width) o 05 1 15 2 25
No significant deviations from SM Parameter value

(precision :20-30%)
Axy = Kx/Ky
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Test the scaling of couplings with mass

ATLAS : CONF-2015-044
CMS : HIG-15-002

assumption : no interactions of
the Higgs boson to non-SM

> Illll 1 | llllll[ | 1] Illill] Illl ]
. g f
particles > 1L ATLAS and CMS t .
- - LHC Run 1 Preliminary Zi’ ]
o s s ’
N W
£> 10- 1 — Observed —
L E eeeee SM Higgs boson 5
mf
D — gF:\/i_’v 10_2_ P N
4t
‘t -
b
10°E u E
2
my

———— gV = 2_1) - 7
107%E E

1111 | 11 llllll 1 11 llllll 1 1 1 llllll 1

107 1 10 10°

Particle mass [GeV]
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Perspective

Observable number of Higgs events per LHC experiment

2013 ~2018 ~2023 ~2035
HoZZ-al 20 120 4,000 40,000

Hovyy 570 6,500 25,000 240,000
VBF Ho 11 50 700 2,600 20,000

CMS Projection

| I |
Expected uncertainties on
Higgs boson couplings

I I | I

j=—{ 300M"at fs= 14 TeV Scenario 1
— 300" at fs =14 TeV Scenario 2

300/fb

| | I

CYCU HEP Seminar

000 0

A | l | | 1
0.10

015

expected uncertainty

CMS Projection

ATLAS : PHYS-PUB-2014-016
CMS : NOTE-2013-002

Scenario 1 : current syst. uncertainty
Scenario 2 : 1/2 theoretical uncertainty
syst. uncertainty ~ 1//L

| I | 1 ' | I 1 I | | | | 1
Expected uncertainties on

Higgs boson couplings

f= 3000 f"at 5= 14 TeV Scenario 1
— 3000 at (5= 14 TeV Scenario 2

3000/fb

L ' A L L i ' A L l 1 1 i L | ' |
0.00 0.05 0.10 0.15

expected uncertainty

HL-LHC 3000/fb : most couplings with 2-8%
— x3 improvement from 300/tb LHC results
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Offshell production A

total width is measured directly by H—=Yy and H—ZZ but limited by the

€eX

ex

INC

irect information (using H

berimental resolution (CMS : 2.4 GeV with H— YY)
bected width ~4 MeV for the SM Higgs boson

>X<_’ZZ and H*_'WW) on tOtaI W|dth . O-off-shell /

O ,n.shell if couplings (g-H, Z-H) remain unchanged

assume ggH dominatec

by top loop and no new physics

S 10T T T
8 - ATLAS Simulation Vs=8TeV
S i — 77 — 2e2u
%10_2%‘ HL igg—>H*—>ZZ(S) 3 Atlas ObS: (exp) 95% Cl—
E I, e obs. (exp.) 95% C.L. limit on Poft-shel
S 103l e etz 0 limit on Ty/THSM
: u"l-_“-"'.._ N RBy-=0.5 <5.1 (67)
ol My, 1 |Atlas <5.5 (8.0)
RBy- = 1.0 <6.2 (8.1)
1051 LS L CMS < 5.4 (8.0)
—_— 77 3 RBy = 2.0 <8.6 (11.0)
L‘._I
10°" 200 200 600 800 1000

my, [GeV]
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RBy- = K(gg—VV) / K(gg—H*—VV)
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Summary

® the new boson found | 189 days ago looks just like the SM Higgs boson
® ATLAS and CMS measure my =125.09 £ 0.21 (stat.) £ 0.11 (syst.) GeV
® HovYy,H=2ZZ H>WW :observation

® H—TT :evidence, H—bb :~2C

® gg fusion : observation

® VBF :evidence,VH : ~evidence, ttH : |-2 O higher than expected

® no exotic decays are seen

® signal strengths of all production and decay modes are consistent with SM
Higgs boson

® couplings toW, Z, t, b, T are within 20-30% and agree with SM Higgs boson
® [ <5.4[ ¢y (from off-shell analysis)
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4 months ago ... the start of a new era

NS CMS Experiment at the LHC, CERN
M Data recorded: 2015-Jun-03 08:48:32.279552 GMT
Run / Event / LS: 246908 / 77874559 / 86

-

\
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> _| T TT | TTTT | TTTT TTTT | T TTT | TTTT | TTTT TTTT T TT |_
- 5 35 ATLAS ¢ Da -
§ 106 LO E H— Z7Z* — 4] |:|Signal(mH=125GeVu=1.51) E
g ﬁ 30 [ \so77ev [Lat=ast’ = Background 2z* ~
(1) 10° *(L) B . Background Z+jets, tt ]
B QC_) 25 :_ ts=e e det m20ab 7////% Systematic uncertainty _:
10° o F -
20 - B
10° B ]
10? 15 -
10 10 - -
1 51 H
1 2 g2 .2 322223 X AT R |
1 10 102 0
Dimuon mass (GeV/c?) 80 90 100110120 130 140 150 160 170

my, [GeV]
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LHC future plan

13-14 TeV colision enemgy

injector
upgrade

HLLHC
instaliation

u spice
— consolidation

cryogenics
m4

button collimators,
R2E project colkmation,
R2E project

: experment beam experiment
nominal < nominal kaminosity pRrade
luminosity \ mpe "\ :hase 1 538

70% '/
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