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Historical Development

In 1964, three teams published proposals on how mass could arise in local
gauge theories. They are now credited for the BEH mechanism and the
Higgs boson.
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The question remains:
Is the new boson solely responsible Ay S
for the electroweak symmetry e
breaking? b st ' a

— Omsarved [ Expectad Signal s 1

Two parallel approaches:
1. precise property measurements;
2. direct searches of exotic decays as well as additional Higgs bosons.
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WW Scattering
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Without the Higgs boson, the cross section b owewowew
for these scattering diagrams divergences i
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W -AMAAAA AT Cheung, Chiang & Yuan, arXiv:0803.2661

The additional Higgs diagrams cancel these residual divergences
oc—>0 as s—>w
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Historical Precedents

W W W W
Higgs boson is also needed to make
o(W,'W, —>W,'w,") finite n e
") ") W W
Charm quark was first : mﬁw : wwmu
postulated to explain the K_O 1 n I{U C
small observed K° — d d
decay branching ratio. " "

W boson is needed to —
make G(ev N ev) finite

m L
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Jianming Qian (University of Michigan) 5



Higgs Boson Production at LHC

ggF
9 . HO
g "

g g fusion

Yukawa
Coupling
t T fusion
3 W.Z 4
= 0
q H o ”
W, Z bremsstrahlung Gauge

Coupling

WW, ZZ fusion
VBF

gluon-gluon fusion gg—>H and vector-boson

fusion gq—>qqH diagrams dominate

10°

10

o(pp — H+X) [pb]
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Production cross section for my = 125 GeV

Process

Tot e VBF WH ZH

o (pb)

a /oot (Y0)

223 195 1.6 070 039 0.13
874 7.2 31 1.7 06

Over 1,000,000 Higgs bosons produced at LHC so far !
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Higgs Boson Decays

Around 125 GeV, many accessible decay

modes, rapid changes in H— WW and Branching ratio @ 125 GeV
H— ZZ" decay BR. H — bb ST.T%
H— WW+ 21.5%
5 - H—71 6.32%
8 s H— 7277 2.64%
= g H — ~~ 0.23%
E I'i' H — Z’}-" UlE(/_{f
% H — pp 0.02%
&
=
L

Dominant decays:
H — bb for m, <130 GeV,
H—>WW* form, <130 GeV
for SM-like Higgs bosons.

500 1000
M, [GeV]
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Theory and MC Tool Box

Tremendous effort from the theory community, ...

Cross section tools:

‘. MC tools:
g8l aMC@NLC
HIGLU (NNLO QCD+NLO EW) POWHEG
FeHiPro (NNLO QCD+NLO EW) SHERPA.
HNNLO, HRes (NNLO+NNLL QCD) HERWIG++, )
ggh@NNLO (NNLO QCD), ... MadGraphs, .. S
VBF: . o
VV2H (NLO QCD) H'gg: g:cc:\‘(’ S|'\| " S
VBENLO (NLO QCD) A~ (4f |\zLo S
HAWK (NLO QCD+EW) rophecy4f (NLO), ... c
VBF@NNLO (NNLO QCD), ... Others g
VH: HgT (NLO+NNLL) g
V2HV (NLO QCD) ResBos (NLO+NNLL) S
VH@NNLO (NNLO), ... MINLO o
JetVHeto T
tth: MELA/JHU, T
HQQ (LO QCD), ... MEKD, ..

+ general programs such as MCFM and many private codes...
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Theoretical Uncertainties

Ao /o for pp at 8 TeV
Process QCD scale PDF+a, Total (linear sum)

ook +8% +8% +15% Th ki
8% _ _ e uncertainties in the ggF process
dH =T +s% £15% crrainties In the 867 P
are starting to limit the precision of
VBF +1% +4% +5% the coupling measurements.
VH +1% +4% +5%
LHC cross section working group ABR/BR at My = 125 GeV
decay theory parameters total (linear sum)
H — bb +1.3%  +15% +2.8%
[.~057T", = Am hasalarge @ H —7r +3.6%  +2.5% +6.1%
impact on parametric uncertainties H —#r  E3.9%  £2.5% +6.4%
H—WW* £22%  +25% +4.8%
ALy, ~2 Am, ~2.6% H—-Z7* +2.2% +2.5% +4.8%

A. Denner et al., arXiv:1107.5909

Parameter Central Value Uncertainty MS masses mq(mq)

ae(Mz) 0.119 40.002 c . s by th
me 1.42 GeV +0.03 GeV 1.28 GeV onservative assumptions by the
] o i LHC Higgs cross section, usually
mh 4.49 GeV +0.06 GeV 4.16 GeV 2-3x larger than PDG values.
M 172.5 GeV +2.5GeV 165.4 GeV
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Disentangle Production Processes — Why?

Production processes naturally fall into two groups

g t
A HO
g g fusion : t
g t

t

q

WW, ZZ fusion: H

g Lt g W,z
ttfusion : H° W,Z {
t
9
At q W, Z bremsstrahlung
Strong Production Electroweak Production,
Fermion Coupling Vector Boson Coupling

Higgs candidate events are selected from their decay signatures,
independent of production.

But need to disentangle the production processes using the
production signatures for property measurements.
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Disentangle Production Processes — How?

From other activities in candidate events...

VH

Tagged by W/Z decay signatures:
leptons, missing ET or low-mass dijets
from W or Z decays

q

VBF
Two high pT jets with high-mass and large
pseudorapidity separation

t
il ttH

.%%.Qﬂﬂ.&m{:x? 0 T db g . .
: ; agged by tqp . ecay 5|gna’Feres.

g P leptons, missing ET, multijets or
FUTBTTV BT .

) N~ b-tagged jets

t t fusion
g ! HO ggF
g t f Untagged: the rest

g g fusion separate into 0, 1 or 2 jets
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Analysis Categorization

Categorized analysis to improve S/B and to separate
different production processes...

Tagged categories

of CMS H->vyy

Exclusive event classes

loose

medium

tight

With MVA ala
untagged

loose

tight

TN

Signal compositions
B o -qr;H Bvwv Iz B

Untagged 0 EEIESEEESEERTS

Untagged 2
Untagged 3
Untagged 4
VBF Dijet Tag 0
VBF Dijet Tag 1
VBF Dijet Tag 2
VH Lepton Tight
VH Lepton Loose
VH MET Tag

VH Dijet Tag

ttH Leptonic Tag

ttH Multijet Tag

H =

&
|

¥ 1

3 T ks oo o] o

1.4 {otal expeclad =gral

] 9otal expected sna.

1.8 tatal avpe cied SgrE

1 & otal expe ciad

U 5 total expected sgnal

"otal axpecied soral
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Signal Fraction (%)
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Signal Strength

The measured rate relative to the SM prediction

o XBR

Signal strength: 1=

(GXBR)

SM

The quantify has a strong Higgs mass dependence due to the
normalization to the SM prediction.

It’s meaning depends on the context. It is quoted

- inclusively, or for
- specific decay final state;
- specific production process
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Statistical Procedure

Construct likelihood from Poisson probabilities with parameter
of interest (signal strength £ in this case):

L(datal z,0)= Poisson(data | 1-5(0)+ b(6’))>< p(é | 9)
L signal strength; 6: 'nuisance' parameters (efficiencies...)

L(u,é’ H )
Hypothesized value of uis g = —2InA(,u) — _91In (A )
tested with a test statistic: : L(/},Q)

Systematic uncertainties are included as nuisance parameters
constrained by chosen pdfs (Gaussian, log-normal, ...)

Combination amounts to taking product of likelihoods from different
channels: | (data|u,8)=1I1; L (data, | ,6,)
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H->vy Analysis

o(H)xBR(H —> yy)~51fb @ 125 GeV

Simple topology: narrow diphoton resonance over a continuum background;

- determine background from
data side-band;

- mass resolution is the key;

- typical efficiency ~ 40%

200 —

ATLAS CMS

Peak mass
Significance (expected)
Signal strength

126.0 GeV
5.20 (4.60)
1.29 +£0.30

124.7 GeV
5.70 (5.20)
L1

120

100

80

60
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arXiv:1406.3827 (ATLAS)
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H ew: Catego ries arXiv:14070558 (CMS)

CMS H - yy 19.7 b7 (8 TeV) + 5.1 b (7 TeV)

14 categories to
- Discriminate among production processes ggH | 11253
- Improve signal and background separation -

1.14 +0.26

p -0.23

combined

[m, =124.7 GeV]

veF | 15832
CMS H - yy 19.7 b (8 TeV) + 5.1 b (7 TeV)

Untagged 0
Untagged 1
Untagged 2
Untagged 3
VBF dijet 0
VBF dijet 1
VH tight |
VH loose |
VH MET
VH dijet
{tH tags
Untagged 0
Untagged 1

~

0.26 1.16
=1.14 -0.16 "
1’LCOI'I'IbiI'Ied 0.23 VH —0.79

[m, =124.7 GeV] ‘

2.51
ttH | 2.69 55,

I combined+ 1o

—e— per-process+ 1¢

I\Illlll\‘ll\l I\‘I|\I|IIIL‘IIII|IIII‘IIII

2 -1 0 1 2 3 4 5 6

7

Untagged 2 M
Untagged 3
Untagged 4
VBF dijet 0
VBF dijet 1
VBF dijet 2
VH tight |
VH loose |
VH MET
VH dijet
ttH lepton
tHmultijet | | | F——@T1—T—T1—, ¢ o | 1 ¢ 1 1 | 1

0 5 10 15 1.5

~~

L
Enabling the signal strength measurements 05

for different processes: 0
Electroweak (Yukawa coupling) 05

8 TeV

CMS H - vy

19.7 b (8 TeV) + 5.1 tb" (7 TeV)

. 10
I combined + 1o

Mver vH

3 + Bestfit
—e— per-channel+ 1o

(Hl\‘:lal\»n‘ sHy‘Hﬁﬁﬁ)b

. : 15 2 25 3 35
vs strong (“Gauge” coupling) productions M ggh i
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H->yy: m,; Measurement

Full H— yy decay reconstruction,
excellent mass resultion o ~ 1.5 GeV

Systematic uncertainties dominated
by those of photon energy calibration.

Largely independent of signal strength

=

£ 3
(@)}
c
o

w25
=
c
2

» 2

1.5

1

0.5

T I T T T T | T T
All systematics

| LA I .
— 68% CL

Without mass scale uncertainties
- Without systematic uncertainties

Best fit

— 95% CL

ATLAS
H—yy

\s=7 Tev,J Ldt=4.5fb"

|s=8 TeV,I Ldt =20.3 fo" ]

IIIIIII{[JIIIII'III['J

R S T TR T N S S
128 129

130

m, [GeV]

arXiv:14070558 (CMS)
arXiv:1406.3827 (ATLAS)

> r | T T I T T T T I T T T T 7
8 012 ATLAS Simulation —
0 L \s=8 TeV N
C o1 Hoyy, m =125 GeV ]
= C N
g 0.08 i Inclusive ]
o C FWHM=3.69 GeV i
Z 0.06 -
0.04 -
0.02 -
0 : ] 1 1 | 1 1 1 Il I 1 1 | 1 1 1 L |:
100 110 120 130 140 150
m,, [GeV]

ATLAS:

m, =125.98+0.42(stat)+0.28(syst) GeV

CMS:

m,, =124.70+0.31(stat) £ 0.15(syst) GeV

Note a 1.3 GeV (~20) difference between
the two measurements
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H->vyy: Differential Distributions

Study kinematics of candidate events:
o fit the mass distributions in bins of

arXiv:1407.4222 (ATLAS)

kinematic variables such as N, and p/,
- unfold to particle-level cross sections

;‘ \lVI\lII II\ I I\I|I||||\||||||||f|
) | ATLAS ~¢-data - syst. unc.
% _+_ gg—H (HRes) + XH
= 1 + (K g = 1.15) =
_EU}_'- 7 g7 et XH = VBF+ VH+ ttH 1]
— i H—yy, s=8TeV ]
T —— j‘ A
_8 + Ldt=2031b
10"E L
E
.......... ?/

10-2;,""' A E -
et
Ke]

8 4 +

o]

g 2r +—0— L e

~ YTV IV I 7 VAT A, T 74 /+

‘% 0#+‘_|‘..|‘..|‘..|‘..|‘..|...|‘..|...|.‘.'
o 0 20 40 o0 80 100 120 140 160 180 200

pI7 [GeV]

Buenis | Ge

IEERILIITICY

Data-Bg

| ATLAS -

Diphoton baseline e
| H-oyy, 's=8TeV *
N >1 f Ldt=203fb" _
et | —edata syst. unc. *
Nje!s 22 v *—-.-—
N 23 - —
B XH = VBF + VH + ttH |
W LHC-XS + XH
VBF-enhanced o —e— Bl HRes 2.2 + XH
r #* STWZ 4+ XH
Nleptons =1 4l—| 8 JetVHeto + XH
L * BLPTW + XH
miss _I—| M MiNLO HJ+PY8 + X H
Er™ >80 GeV M MINLO HJJ+PY8 + XH
107" 2x10”" 1 2 345 10 2030 102
Gy [fo]

Reasonable agreements between data and the SM expectations,
need to watch out a few distributions with more statistics....
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H->ZZ"->4¢ Analysis

Clean signature, a narrow resonance
over small background mainly from irreducible SM ZZ contribution:
- statistics too low to have a smooth sideband;
- lepton efficiency and my,

o(H)xBR(H— 22" —4)~2.7 fo @ 125 GeV

resolution are keys; ATLAS : CMS __

efficiency varies Peak mass 124.3 GeV 125.6 GeV

) y . Excess significance 6.60 (4.40) 6.80 (6.70)

20% (4e) to ~40% (4p). Signal strength 1.7+05+04 0.93+0.27

E 40 :_ e Data2011+ 2012 A TLAS > CME:- — , Is= ?Tel\."_. L= 5.1Ifb" : "E,= STE:V. L|= 19:? fb!
2 _F - SmM:E‘gLsaBg;\(;n(ﬂt) H—-ZZ7*—4l 1 8 35 * Data > 16 ——]
5 351 ) Backgrouna 2, 22" \s=7TeV [Ldt=46fb N %;H*ng GV 8, Dr>05 11 O
T [ g sackoround zojos ¢ \S=8TeV JLdt = 20.7 fb © 30 -ZL,( e E LE)
30— %% syst.Unc. ﬂ n S g . ~
C c 251 @ g } 1
C ) N ] (Tp]
N 25 > F 4 1 ™
N - W 20 2 ' '1 4
= - - 0 = = ] o
N T & L 110 120 130 140 150 —
'\. - + 15 N m,, (GeV) 7 o
Q C ¥ i1
- F ' 1 =
> C 10p 1 =
.>E C N ] ©
ol _F >f E
80 100 200 300 400 600 800

m,, (GeV)
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H->ZZ*->4¢: Kinematics Exploration

Compared with H— yy, more complicated
kinematics for 4/ final states = advanced
techniques can improve sensitivity significantly:
ATLAS: Boosted Decision Tree
CMS: Matrix-Element based discriminant

ok pkin 0 -
ghin _ _E/Z‘UIH - { ,/ahkg{fﬂzrHIZT_.Q|HI45~>)]
e ‘@Ekré PR (g, my,, Qlmyy)
cMs ls=7TeV,L=51";(s=8TeV,L=19.7 " é ATLAS
ce 1 > HoZzzr a4 ¢ o= —0.1 —
z 5 ? \s—?TeV-ILdt—45!b" -Signal(mH:124.5GeVu:1.66) 2
& oo R S — | 3
l_ s- ev: _ 20. 1 Background ZZ*, Z+jets
. 08k 5 4l \ BTVILdt 203:&: ..... | 2008 <
V) E m I canopuf. .. ] N~
= 07f [ oraniline. oo N
O C 05, ¢ """"" e | -0.06 m
o 0.6 al; B 1 S ] O
L0 055 r® FEEETLEE ! 1 2
| s EEN [ ] i
0 oL o twmm . " 1004 o
g 0.4‘_ i . -i‘l . - L ] i .2
I e e ! By 4 I s s sasEmns x
m 03 C I ®. .0, : ® i =
. - | LI B I. 1 1
S o ] -0.5 ﬁ I e o i 0.02
>r<LU . _ = . ‘ ... ]
- ||||I||||I|||JI|||\I|J.| 1 I - |.| -
> 1 135 140
o SRR~ £l 110 115 120 125 130 135 140
120 130 140 150 160 170 180 m,, [GeV]

m,, (GeV)
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H->ZZ"->4(: m, Measurement

——————
* . D (.12 . . _
FullH—ZZ — 4/ reconstruction, © 7 ATLAS Simulation 4 ;
excellent m,, mass resolution S 01 o my=125Gey ﬂ g
Eg,t L —— Gaussian fit
Energy/momentum calibration from SR e
" ” - \s=8TeV
. data of “Standard candle” events Z 0.060 m_tpespsooicev ?) .
2 1.005 [ 6=160+001GeV .
— o S =L L B B L i ide +26:17% | _
— s = c ATLAS E 0.04 Fraction outside )
g § 1004? Data 2012, ys=8 TeV ;%iiﬁl 3 : 1
R gg% 1.003; ©8 muons v Iy o _E 0'02_ With Z mass constraint s o
% 1.002F E i F ]
© 1'0011 ' ; 080 00 120 140
; 0.9991 g m,, [GeV]
> E E < AR R R R RN R RN RN R
= 0.998F- E S 4l ATLAS N -
E 0_9972_ _i ' T H—ZZ* - 4] :222“
0996; ILd1=20'3 fbr1 é 12} \s=7TeV: J‘Ldt=4.5ﬂ)r1 éﬂzeb_ § {
g 0.995E— '_'2' — '_'1' o '(') e ‘ll — '2' = 105_ \s=BTeV:ILit=20.31b1 E;s:he?i"vlit:ztsystematics__
o n of the leading muon - : :
@ |ATLAS:
o
0| |m, =125.36+0.37(stat) £ 0.18(syst) GeV
o
o
s |CMS: '
T + + P TRT :

m, [GeV]

Good agreements between the two measurements
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m,, Combination

ST B B R L IR RS RN RN I
. % Eﬁt’;ﬁg, [Ldt =451 T omonededt -
ATLAS: :_:s;aTeijdt;zb.Sfb“ :::%,HM E .
i ------ without systematics E 2
m]/ =125.98 £0.42(stat)£0.28(syst) GeV  ° /I R
L Y —os  <C
m, =124.51+0.52(stat)+0.06(syst) GeV - EIN
o0
C o
a 2.00(4.9%) difference between m/’ and 2k ERE
a0 . . . T e ¢ | LT T
m,,, not unlikely, interesting to see what : &y Y
Run 2 entails... 05251538 124 1245 125 1065 126 1265 127 1275 <
my [GeV] ©
CMS: O 37T 1 51 5 7 Te)
E CMS = Combined
mj] =124.70£0.31(stat) £ 0.15(syst) GeV < 9| prejimnay — o anes E
AN Hoyy+H->ZZ 8 ]

m, =125.6£0.4(stat)+0.2(syst) GeV

~1" o difference in the other direction

K1 (ggH.tH),
K_(VBFVH)

Combined:

m,"° =125.36+0.37(stat) £ 0.18(syst) GeV| 2
m,"® =125.03+0.27(stat)+0.14(syst) GeV [ ol d

111 1 | | I I \:
f 3 124 125 126 127
my (GeV)
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H->WW*->{vlv Analysis

No full Higgs decay reconst

ruction,

o(H)xBR(H >WW" — (v(v)~224 fb @ 125 GeV

complicated background compositions.
Excess over broad backgrounds:

- precision background measurements;

- “large” statistics.

cprrryp e re et
ATLAS

\s=7TeV | Ldt=461b"

\s=8TeV | Ldt=207fb"

H-WW*=lviv + 0/1 jets

i
.':,/'/_;7,'.'

Events / 10 GeV
h‘\l
o
o

B

o

o
[TTTTTTTTITI I T T TIT T I T I I I I T I IImpaIoaT
[RRRRN RN RN RRRRY LA RN R

arXiv:1307.1427 (ATLAS)

Data - Bkg.

-9~ Bkg. subtracted data
D SM Higgs boson m, = 125 GeV3

e
-9~ Data 2011+2012

%4 Total sig.+bkg.
I SM Higgs boson
m, = 125 GeV

[ ww
R

[ other vv
[ single Top

[] WHiets

b T b b b b b b b b

60 80 100 120 140 160 180 200 220 240 260

m; [GeV]

ATLAS CMS

@ mass
Excess significance 3.80 (3.8¢) 4.30 (5.80)

125.5 GeV  125.6 GeV

e +0.31 —0+0.20
Signal strength 0.997 558 0.7275 18
cMs 49" (7 TeV) + 19.4 5" (8 TeV)
[ T T T | T T T | T T T T | T T T T ]
--e- data B WZ+ZZ+VW = 125Gev ]
2000 f— H-ww o eu O/1jet
'l wy" B DY+ets
W+jets WwW

arXiv:1312.1129 (CMS)

[

150 200
m;; [GeV]
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H 9 WW * éevevz J Et Veto _ ATLAS-CONF-2013-030

Nige=0 2224 1970x 17 31+£0.7
Nier=1 1897 189317 19+0.3

= R ~1.12

R,; applied
Background composition depends strongly on 255000F T o e
. T .. . . S, 0000E- ATLAS Prellmmary mww  mwzzzwe 3
jet multiplicity = analysis is done in jet bin. o ts-eTevflac07m! Clf Eswew
- - +lets +ets -
. L. . . 16000:— HoWW! ]—>evuwuvev J -H[‘:25Ge\f] E
Most of the signal is in the 0-jet bin where - 2000E. i E
the SM WW is the largest background. 12000F- =
10000F, s =
Control region (CR) is used to normalize the E
WW background in the signal region (SR): E
N N - ]
SR CR __ Data SR _ SR
NData - CR ><I\/Dcnfa - ><NMC - RNF ><I\IMC 0 2 4 ° 8 10
N NMC ‘Mjets
mc CR R, applled
> C T L B B
b} = a sys @ sta
WW CR (50 < m,, <100 GeV) S 200 ATLAS Preliminary g2 & oo™
2 700 Vs=8TeV, | Ldt=20.7 fb Eg Si:nglﬂop
— C . +lets +ets
ES“IT]EHE Ngbi; kag Nt;ig % 6002— HoWW! ]—>evuwuvev+oiets Bl H (125 GeV]
: ! o %,
w - 7
wWw =

150 200 250
Consistent with the SM WW cross section measurement SR VR m; [GeV]

which is ~15% higher than the prediction. (Validation Region)
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H->oWW*->¢vlv: Mass Estimator

"Razor" frame: approximate Higgs rest frame through both longitudinal
[,BL =(p, +p,’ )/(EK1 +E, )] and transverse [ET] boosts

2D fit to Higgs mass es.tlmator Mg e — \/% lmz _ B 5t \/ T o, + (EMF}]
and 2/ openning angle
(~¥15% resolution at 125 GeV)

CMS 19.4 fb' (8 TeV) CMS 491" (7 TeV)+19.4fb"' (8 TeV)

C =T T | T T T T T T T T | T T T | T T T T E 3

o) 0

~ B -¢ data top | -.8 + Observed
ol 2 400 [JH-ww [l DY+ets —— 68% CL Observed
% 0 I Wejets WwW ---- 95% CL Observed
= - B wz+zz+wy© 1 5
= I | I | en O/1jet |
= m,, = 125 GeV
~
—
P i
a 200 1
= i
<
| -
©

0= 0 120 140 160
100 200 300 400 500 m. [GeV]
H

mg [GeV]
=125.5">7 GeV assuming SMrate and m, =128.2"> GeV floating the rate.
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H->tt Analysis

Events

arXiv:1401.5041 (CMS)

Large rate, but also large backgrounds,

. . . 0.2_ T T T T T 1 T T T 7T T T T ]
trigger and reconstruction are challenging. Eo o T amae fam ]
To} 3 ]
: . -~ r — Zo1m . o0
Analyzed all three final states of the 7z decays: 2 018 T Lo 1 S
0.14f 1 o
- lep-lep channel: H— 77 —>2/+4v (12.4%) > 010t : g
-lep-had channel: H—tr — (+7,,,+3v (45.6%)  © '0 | 109
- had-had channel: H— 77 —27,,,+2 v (42%) 2 S
S 0.08- 1 O
CMS, 4.9 fb” X - 0.08) 1 <
8 ,4.9fb at7 TeV, 19.7 fb™ at 8 TeV C 3
10 T T T T | T T ! ! J . 1 |—
77 SMH(125 GeV)—>11 | 004_ <E
- ZSM H(125 GeV)—tt 20 = Data - background - i
1 0 - Observed [[7] Bkg. uncertainty ] 002 :_ —
6 M ojet [ Ly, L AT R . = PP
10 et W % 50 100 150 200
105 B VBF tag mﬂMC [GeV]
10* ; i
Reconstruct 7z mass using techniques such as
10° .. .
the Missing Mass Calculator (MMC), typical
2 .
10 7T mass resolution ~ 15%.
10
1 Two major categories: VBF and boosted ggF
101F . 1 . Employing MVA after basic selection.
log(S/(S+B))
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H->tt Analysis

Z — tr dominates the background
¢+7, , dominates the sensitivity

ATLAS-CONF-2013-108

ATLAS

CMS

@ mass

Significance
Signal strength

125 GeV

1405
1.4757

4.10 (3.20)

125 GeV
340 (3.60)
0.78 +0.27

60
50
40
30
20
10

In(1+S/B) w. Events / 10 GeV

LA L S B B B B R E A

70F ATLAS Preliminary

H— tt VBF+Boosted
f Ldt=203f"
L ]
\s =8 TeV °

AL R AL B B B

® Data
— H(125)— t1 (n=1.4)
| g
Il Others
I Fakes
772 Uncert.

IlllIllllllIllIllIIllIllIIlIIIIIIl]IIII

0
o L L T T 1
X~ [ — H(125)— 11 (u=1.4) ° ]
Ecg 10QF " H(110)=» e (u=1.8) -
L oeeee H(1 =5, : J
= i (150)— 7 (u 59}: _____________ ]
Q - g S DY 1
. - F ST T : .
g 0 J...I...%A > ) s i

60 80 100

120 140 160 180 200

m¥MC [GeV]

S/ (S+B) Weighted dN/dm_ [1/GeV]

N
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o
o

N
o
o
o

1500

—_
o
o
o

500

uTh, e, T, T, eu

-
-
—
-
=
o
-
-
-
-
—
3
=3
o
o
—
=3
=
=
—
=
-
=
3

-40

40

20

0

-20F

CMS, 4.9 fb"' at 7 TeV, 19.7 fb ' at 8 TeV
L L) L L] I LI L T T Ll

T
ZZ SMH(125 GeV)—>rr ]
== Data - background

. [_]Bkg. uncertainty

=222 SM H(125 GeV)—1t
—&— Observed

[ Electroweak
[C—Jaco

=4
T BN AN B AN A

0 100 200 300
m,_ [GeV]
CMS, 4.9fb"at 7 TeV, 19.7 fb' at 8 TeV
- m,, = 125 GeV 0-jet
: 0.34x1.09
1-jet
1.07+0.46
2-jet (VBF tag)
0.94=0.41
H+LL' + I+Lx,
S
-0.33+1.02
: H—tt
A 0.7820.27
0 2 4
Best fit u
ey e A
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VH with H=>bb

o (VH)xBR(H — bb )~ 0.57 pb @ 125 GeV

H — bb has an even higher rate (x10) than H — 7,
but with no leptons, photons, nor missing ET from
the Higgs decays, has to rely on associated objects
such as V (W or Z) in the VH production.

Three distinct final states considered:

O-lepton: vvbb (ZH);
1-lepton: fvbb (WH);

W.Z

W2

Hl]

W, Z bremsstrahlung

2-leptons: £¢bb (ZH)

Entries / 0.25
S
[+2]

UL LR LR AL B R LR
10" == CMS

\s= 7TeV,L=5.0fb™
\s = 8TeV,L =18.9 ib™

B vH

Data

10° VH; H - bb — o
4 PP VH;H- —— VH(bb) 125 GeV
While ATLAS relies on the cut-based o peckareunduneert g
analysis, CMS applies advanced ‘1"0 O
techniques extensively in its analysis: 1 %
Separate BDTs for each signal final state; v goreprrs & =
Separate BDT for each major background s 151_ i 5
source ™ osf EgE
ATLAS CMS P ER
@ mass 125 GeV 125 Gd | §§ O‘; W_}*“*‘”}" E
Significance pp = 0.36 (0.05) 2.10 (2.10) S , | ‘ | ,
Signal strength 0.2 + 0.5(stat) & 0.4(syst) 1.0 £ 0.5 488 29 18 oos/B)
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VH with H=>bb

arXiv:1310.3687 (CMS)

Full H=>bb reconstruction, but poor mass
resolution (10-15%),

b-tagging critical to reduce V+light-jet
backgrounds,

Large V+bb continuum backgrounds,
VZ with Z->bb offers validation,
Similar sensitivities from WH and ZH

% T T T T [ T T T T [ T T T T I T T T T [ T T T T L
= - CMS ® Data Il W+udscg N
S 500 s= 7Tev,L=5.01" [ vH 13 -
o — 1s= 8TeV,L=18.9fb" [ Jw [ single top .
2 L [ Jz+vb —VH i
% 400— [ Z+udscg v ]
3 C [ w+bb ~— MC uncert. (stat.) _|
o C ]
b 300— —
@ C .
200 —
1001~ N
0
o 2F 1% dof = 0.22 [[] MC uncert. (stat.)
=155
s 1.5 E
[1:] 1 E
Go5&
0 200 250

m(jj) [GeV]

S/(S+B) weighted entries

I LT T T T | T T 1 T I T 1 T T I 1 T L} T ‘ T T T T ]
=N [ CMS + Best Fit 1
4 \s=7TeV,L=501" I 68% CL N

- \s=8TeV,L=1891b" Ees% cL :

80

60

40

20

- SM Higgs boson
pp — VH; H — bb, mH=125 GeV

b ey b by |

1_
0
_1’....|...‘l....l.‘..\....\.
-1 0 1 2 3 4
MWH
_[l[llllI1]111I|IIII|IIII|_
_CMS ® Data

L \s= 7TeV,L=5.01b" gvH
- \s= 8TeV,L=18.91b" v

__ PP — VH; H— bb —— Sub. MC uncert.

—— VH + VV MC uncert.

;‘é; _

e =

0 50 100 150 200 250

m(jj) [GeV]
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Summary of Rate Measurements

ATLAS Prelim. _z((ﬂ,i‘;?,c_ Total uncertainty 19.7 fo' (8 TeV) + 5.1 f6" (7 TeV)
_ — O\theory
my = 125.5 GeV otheory) T 1o ONK Combined | CMS m, =125 GeV
H— Toe —f— w=1.00+0.13 .
Y o gyon| ; - Preliminary
“oeslow |
H— ZZ* - 4l ' 1 H— bb tagEEd =
T g5 . : PR 1L =0.93+0.49
M= 192 oes 00 | N 1 8
H— WW* - viv oz T H — trt tagged o
n=1.000%2" 1 | W =081+ 027 - 3'
o | T &
oYY, 22 WWE e : N H — vy tagged R T
W=138 ol | n=1.13+0.24 LI,-.)
- +0.5 ’—: F— <
W,ZH - bb - : o
’ _ o070 N H— WW tagged !
h=02 o bl | n=0.83+0.21 i ‘ﬁ
H— 17 (8 TeV data only) |-°3 : i ! ! Q
p=1.470710 ? ¥ '_,__'_, H — ZZ tagged .
Combined o ; —_—— w=1.00+0.29
H—)bE, T B 1 09+O.36 ‘gg: } i [ T R R N B R I T N IR S N
H - ~0.32 g‘gi L i L = I-—|I L D 05 15 2
Best fit /o,
Combined -0z 1
=130 : T
0.17 |- o008 .
e The measured rates are consistent
\s=7TeV [Ldt=46-48" -05 0 05 1 15 2 . h h SM . . h
\s=8TeV [Ldt =203 fb" Signal strength (p) with the expectations within
ATLAS-CONF-2013-034 their precisions.

(Note that not all entries are up-to-date)
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Probing the Production...

Strong vs electroweak
(fermion vs vector boson)

ATLAS-CONF-2013-034

) N — ATLAS Prelim. "'"?}T;Z,C_ Total uncertainty
e | — G\th
s 100, sandardmoel . ATLAS Preliminary | m,, = 125.5 GeV stheary | t16 20
I - est fi * -
NI of el  \s=7TeV [Ldt=46-48f" 0T : L
=8 8 . asuol " \s=8TeV JLdt=2031" H-yy on . }
= N R i Hsr o _ 2+0.8 -0.2 \ ; P _
6 N _ : : ?2, L4l ] Hogr 0.6/ 83 }\\ ///i’" I 14l
+ —H-WW* s Vv +2.3 5
4; H- 1t 7 H—ZZ* = 4l 132
B i Hygrivn -0 6+2.4 -02 _|
2—_ N quFmH "U-0.9 tg% \{ ‘ ""‘:f"’_ 16
L - +1. \
i : HoWW* > Iviv | 951 :
0? ] Hypevn _ 1_8+1-9 ’8: A
[ my=1255GeV ] Hagr 100 0% [ {19
_2 1 I 1111 I 111 1 I I - | ) I - | 1111 | 1111 ‘ | I - ‘ | I - I 11 i » v
2 4 0 1 2 3 4 5 6 H s ot +83 -
v7.ZZ* WW* 11 + o0 .
“’ggFHtH M e v 17" ‘2‘6 \
- My : i S T N b O OO T S
The ratio —=—* probes production only T 7
Combined ~o4 \ P e
lnggF-l—ttH +0.4 . S X
Moge, +0.7 |02 S :
BR | f h final “Z_SEX: =145 02 | .\ / S S—
S cancel out tor each Tinal state ~04 (t) 7 21 :li Jlf "5

\s=7TeV [Ldt=4.6-4.8 1"

u

_ /
\s=8TeV [Ldt=20.3 b VBF+VH uggF+ttH

The combination is independent of
potential new physics in different
decay final states.
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Evidences for non-ggF Productions

CMS-PAS-HIG-14-009

The signal strength of the VBF process can
contribution from VH = little effect from
the profiling:

Hypr

:uggF +ttH

=1.4'%5 (stat)'. (syst)

A 4.10 evidence for the VBF production.

Combined
u=1.00%£0.13

Untagged
p=0.87+0.16

VBF tagged
w=1.14+027

VH tagged
n=0.89+0.38

ttH tagged
w=276+0.99

19.7 fb" (8 TeV) + 5.1 f5' (7 TeV)

CMS

Preliminary

m, = 125 GeV

0

3
Best fit c/cs

4
M

_ 12

ATLAS-CONF-2013-034

24p
22
20
18
16

14F

2InA
T

10
8

oON Ao

R MMM
ATLAS Preliminary

1s=7TeV |Ldt=46481"

1s=8TeV [Ldt=20.31"

my = 125.5 GeV

— combined
----SM expected

.........................................................

I|III|H |T‘IIIIII|IH|HIllIIIIIIlIHlIIIIIH-

N
no
o
~ @r
w
o

VBF I'ngF+ltH

CMS extracted the signal strengths of the
four processes from the tagged analyses

-

Parameter Best-fit result (68% CL)
HggH 0.85% 17
JVBE 1.15503
. 100704
i 293757
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Beyond Signal Strengths

Signal strength mixes different production processes, production and decay,
tree- and loop-level Higgs couplings. Consequently it could obscure potential

new physics.
g 0600000
t P HO__ H'Jr
g \J009%0) W
same couplings, but a mixture a mixture of fermion and
of production and decay vector boson couplings

Higgs couplings to fermions and vector bosons are at the heart of all these.
Potential deviations from SM can be studied from these couplings.

Using scale parameters |k (SM: K=1) to parametrized the deviations:

\/Emf 2m? \/Emf 2m?
Gy = ’ Guw = = Guy = | K¢ | v Gaw =Ky |7
U ¥ U
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Rate Modifications

Example: )(%“V N H N M
gg —>H—yy %;«&\V \.T‘/M
gl’f‘;ﬁﬁu "L -
KK
(0-BR)(gg >H—>yy)= [J(gg —H)-BR(H— yy)]SM X ng !
H

K, is the scale factor to the total Higgs decay width
Kh=) ki -BR(H—> xx) iy, 42 = ZK‘ -BR,, (H— xx)

With BSM decays .2 _ ZK_Z ' BRSM (H —> Xx)
g 1-BR,,,

k's can then be extracted from fits to the measured rates. Theoretical
cross section and branching ratio uncertainties are absorbed into the
uncertainties of x's.

Jianming Qian (University of Michigan) 34



Decomposing Loops...

In SM, the gg — H cross section can be broken

g 6600000 into three pieces: o, =0, +0,, + 0,
A t/b - HO . . . o . .
With coupling modifications, the cross section
g 0999099 becomes = ¢ = k0, + k.0, + K,K,0,

2 2
. . K‘Z _ 0 KO, TKO, TKK,O
The effective Hgg coupling ¢ T 5

scale parameter is N ; )
~1.058«; +0.007x, —0.065x,x,

Oy T 0, T 0y

1 Y 21-tt 2 ~ww tw
] W, o 2 L K I+, "+, 1)
_______ W t y o opSM o tt ww tw
v t Iy L+ "+
v v ~0.07x; +1.59x;, —0.66x,k,,

"'m, =125.5 GeV
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Fermion and Boson Couplings

arXiv:1307.1427 (ATLAS)

k, : for all fermions (k. =x, =k, =k, =...)

- for all vector bosons ( =K,

=K, )

Kg and x, are decomposed to their tree-level couplings

CMS Preliminary 19.7 16" (8 TeV) + 5.1 1b” (7 TeV)

= K, ~0.75k; +0.25k,
H ’ F ’ v
Jatas TTTERS A BRI

35 1s=8TeV/Ldt=20.7 1"

(=]
III]I]IIIllll[llll|llll|lll

- \s=7TeV/Ldt=4.6-48fb"

#8%H — vy ElCombined 1
+ SM x Best Fit

H— 4l

“III|IJII|IIII‘IIII|IIII|III

0.6 07 08 09

1 =y

11

' NI CH I |
12 13 14

'
1.5

<x e
(o))

| Observed o SM HIQQS

CMS-PAS-HIG-14-009
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BSM Decays

Higgs could have decays that are not accounted for in SM. The decays

do not have to be invisible. They could be decays not detectable at LHC.

— modified total Higgs decay width and therefore BRs of other decays,
effectively leave the total decay width free.

N
N

K. K
[, =" x—"—, BR(H—xx)=BRy,, (H—>xx)x(1-BR,,, )-—=
1_BRBSI\/I K,
A model assuming SM tree-level coupling, | 1o,rrrrrrrrr 197167 (8TeV) + 5.11b' (7 TeV)
but allowing for potential new physics in £ of E“‘:‘S — Observed t
vertex loops and additional decays N 851{?‘:“"1(’;?’3"%% !—--Exp. for SMH
7 E
Kyr Kg BRgsu 3 3
5 E
95% CL ranges: 4F =
3 =
K, =[O.69—1.10] ) ;
K =[O 89-1.42] it
Rosps =[0-0.32] R SN

CMS-PAS-HIG-14-009
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Summary of Couplings
ATLAS-CONF-2013-034

SM: Aocm (fermlons) ATLAS Preliminary Total uncertainty
g o m?> (bOSOﬂS) my = 125.5 GeV | f_r1c i‘2cs

Model: ky, k¢

Pg,=10% =150

19.7 fb™' (8 TeV) + 5.1 fio’ (7 TeV) 50900 )

Model: A, ¥
Fv» Kwy
T T T T0T] T T T TorT 7 Py=10% ?v;VZU-BGig':Z

i i
T . \
T
B 1 VIS R Wt BRI B S B 1 1 i S T
L i i y [ i i 1 L i i L 1 i
)
\
i

Model: A7, Aes, K;_Z

Preliminary t po oo g

/
[-0.91 -osslulcsswo] nepeneregasgeasergsas

K,,=1 41
Model A My Koy 1,

wZ.f

=== 58% CL ‘ e

° ‘,i‘r Pey= P'(°24 -0.81]L [073115] B e
—95% CL i hae121

0.41
-10'1 »7 =086 51 |y
T Model: &g, Ayq, Ko b

Peu= F{tlB 099]u[099150] e e T
~

| IIIIIIr‘

A or (g/2v)'?

L lIIIIII
*
1 IIIIIII

0.23 — i
A= 127 00 | g g

» : .
- _ +0.23
K,q=0.82

- Model: kg, %,
! +0.15
T P Pgy=9% K,=1.08"012

1
*
1

|
*

10

k,=1.19707°

Model: kg, x,, B, ,
P —18/ K 100

LU
*
%
*
*
R«
*
L1

r,{:1,17 0|3

BR, ,=0.16""%

Ll Lt il T S .
1 2 3 45 10 20 100 200 \s=7TeV JLdt=4.—6-24.s fo! ! 0 Param1eter value2
mass (GeV) ,

\s=8TeV [Ldt=20.3b"

CMS-PAS-HIG-14-009

All couplings are very Standard Model like
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Higgs Boson Width

SM @ 125 GeV:T', 4.07 MeV < smaller than the experimental
resolutions of direct measurements

For measurements: @

hard to measure experimentally
though indirect measurements
can significantly improve the
precision

—
o
[%]

— [T
D‘K
o

Iy [GeV]

\
LHC HIGGS X5 WG 2010

\\

10"
/ For searches:
2
10 : Even a small contribution to the
200 300 500 1000 width from potential new physics
My, [GeV] can lead to a sizable decay BR
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Direct Width Measurement

The Higgs width can be in principle extracted from the m , or m,, distributions

with the signal lineshape o _
Breit-Wigner(m,T’,, ) ®Resultion(o)

Limited by detector mass resolution, statistics and backgrounds

20

<« 20 19.7 o (8 TeV) + 5.1 fb' (7 TeV)
S ,.f ATLAS E = 101
~ 18¢ 1 = [ CMS
'yl HoZZ >4l E C [ Hon
) F \s=7Tev: | Ldt=451b B i
<E 14: ][ -1 ] E
— T \s=8TeV:| Ldt=2031b ] )
— 12 - ~
< - — Expected, p=1.0, m =125 GeV ] 6 g
R [ — Observed Exssg\tleed 8
0 [
i S
0o}
8 I',, < 2.4 GeV (obs.) at 95% GL :
.F! I'}; < 3.1 GeV (exp.) >2
= =
x
o N IR T B
3 4 5 6 7 8
I, [GeV] ', (GeV)
) Observed (expected) upper limit on I'y in GeV
The observed high u value plays an .
) lei g hM diff play Final state H — ~~ H— 77— 40
|mportant role In the .I erence ATLAS 5.0[6.2) 2.6](6.2
between the observation and the CMS 2.4(3.1) 3.4|(2.8

expectation.
x2 difference in sensitivity between ATLAS and CMS?
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Indirect Width Measurement

2.2
Processi—H — f: do — 99y Kauer & Passarino, arXiv:1206.4803
' 2 2 2\2 22  Caola & Melnikov, arXiv:1307.4935
dm T
(m —mH) TMyl 'y Campbell & Ellis, arXiv:1311.3589
2 2 T T I I T
On-peak: do _ 9:9; 10000 | g9 — H = Z7 — tlvyig, My=125GeV 12
pear 7 21 100 | PP VE=STeV |H [*+|cont[? | B
My L 4 = _ —— |H+cont/?
2 2 O 1L — goffshell ]
do 9;9; ) | ---- Hzwa _
Off-peak: ~ x 0.01
dm’ 2 _ 2\ S
TR
< 0.0001
__E L
2 T 1e-06
on-shell measures (g,gf/FH) ) v
5 1e-08
off-shell measures (g,.gf) [

Extract I, by comparing the on-shell
and off-shell signal strength
measurements (thanks to the gg —+ H — all [ 19.146 0.1525 0.8
large off-shell contribution) g9 = H — ZZ | 0.5462 0.0416 7.6

Tot[pb] Myyz > 2My[pb] RI[%]
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Indirect Width Measurement

The key is to isolate off-shell Higgs signal from the continuum background,
such as qq/gg > WW, ZZ for the case of H > WW,ZZ

CMS 19.7 fb™ (8 TeV) + 5.1 b (7 TeV) N CMS 197 67 (8 TeV) + 5.1 6 (7 TeV)
.E :I ||||| | TTTT I'I IEI)‘alté. TTT | TTTT | TTTT | TTTT | TTT | E 1 U P 4{ Dbsewed -'.
. 2 - All contributions (I’ = 105", 1 = 1}- <« [ 4lexpected
7)) w10 B go+VV - ZZ (T, =T5" n= 1) _ o [—— 22v=4l _ observed
= E E = gi;tszz E I 5 [ 212v + 4IDHH, expected
8 Lﬁ E [ top/W-+jets W E i Combined ZZ observed
LN | m=name Combined 77 expected
Q 10° = -
o L e ] o
8 _______ - _
< 10 = B
= : [ S A
= R R .
x | L
= 1
o =
1[]_1 [l I--"}‘F“i-":‘lj-.l:|||||||||||||||||||||||||
200 300 400 500 600 700 800 900 1000 []0 10 20 30 40 50 60
m; (GeV) 'y (MeV)

CMS has studied H — ZZ" — 4(,¢¢vv with the combined observed (expected)
limit: T',, <22(33) MeV or 5.4(8.0)xI"," @ 95% CL

Or as a measurement ', =1.8"77 MeV
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Indirect Width Measurements

One key issue is the K-factor of the gg — ZZ productions:

, K(gg —> 2Z) ATLAS 95% CL limit on I'g/T'$M
R . — B / 0y B :
H . R. 4¢ 202v Combined
K(gg—>H —22) 05 [ 61 (R7 10486 4870
CMS assumed R®. =1 while ATLAS varied 1.0 | 7.2 (10.2) 11'_3 (9.9 57 (85)
H 2.0 [9.9(14.0) 12.8(12.9) 7.7 (12.0)

it between 0.5-2.0

ol T T T[T T T[T I T[T T T[T T T T[T T T[T T T [TTTT[TTTT[TTT1] = 4‘0_'|"'|"'|\"‘|"'|"'|I|I L
S 50r 1 % [ ATLAS pPrdimi B < o .
=~ - ATLAS Preliminary \s=8Tev: |Ldt=20.3 10" i ~ 350 opveaiear, "rdo'nT;::ligy J+2 .
< [ H 77 4 —¢ Dam i (T [ Altemative hypothesis: "7 Expected limit (CLs) - ~N
(]>J 401 99+ VBF —>(H*—) ZZ b - 30} I,/r = e & 1 —— Observed limit (CLs)_: g
L B - Background qg— Z2Z A o R H 4 <".
- T 1 = - \s=8TeV: |Ldt£20.31b" 1
L - Background Z+jets, tt - = 25_ I 9 S
80 B = === All contributions (pmf_she“=10) N j E i E S
- i O 20k | J 2
i i PO - ! S
N - o) B H :
- —] - %)
20: : o 15¢ i 2
A ] 10k <
10_— 7] =
- - 5_ 1 3
- . . - i N
K — = J : 1 | |- l 11 1 :J 11 1 | 1 11 | 1 1 | | 11 1 { | 1 1 :
95-4-35-3-25-2-15-1-050 05 006 08 1 12 14 16 18 2
C B _ K(gg—Z72)
ME Discriminant Ry = T g
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H(125): Spin and CP

Higgs decay kinematics depends on its properties of spin and parity. H— »y,

H—o>Z7Z" —>4¢and H—>WW — /v/v final states
have been analyzed to determine these properties.

LY

H—>ZZ — 4/

CMS preliminary ys=7TeV, L=51fb"'yJs=8TeV, L= 196"
H—

ﬂ ? :l-l TT | TTTT I TTTT I TTTT | TTTT I TTTT I TTTT | TTTT I TTTT I TT I—I:

; ; % - # data N
19.7 fb" (8 TeV) + 5.1 fb™ (7 TeV) Lﬁ 6 —— 0, m =126 GeV - ~
. 3 4E CMS e JP=0", m =126 GeV 1 O
(98] B 4 Observed 5F ] ZZ."Z}; E OI
(% 3.5 E Post-fit expected: - I z+X ] m
~ 3 E SMH—vyy C 7 1
00 = -m-t 992, oYY 4 4 2
m 2 5:_ ------ qa_>2:n =YY - 7 II
o - B 2 wn
N~ 2 :_ ..................... 3 __ L ® L g ] E
= g ' ——] . Y 1 &
T e 5 e -] thl S

E 0.5 E_- -------- H 1 L EWJ * E - _I_I__:

r LA [ C r“,' L .

ok O—...Lr.'.‘n—rli.:. D e

L I I I I I I I I 0 010203040506 0.70809 1

0 01 02 03 04 05 06 07 08 09 1 D..

* 0

|cos(6%)|

Jianming Qian (University of Michigan) 44


http://cds.cern.ch/record/1523767?ln=en
http://cds.cern.ch/record/1523767?ln=en
http://cds.cern.ch/record/1523767?ln=en
http://cds.cern.ch/record/1523767?ln=en
http://cds.cern.ch/record/1523767?ln=en
http://cds.cern.ch/record/1523767?ln=en
http://cds.cern.ch/record/1523767?ln=en
http://cds.cern.ch/record/1523767?ln=en
http://cds.cern.ch/record/1523767?ln=en
http://arxiv.org/abs/1407.0558

H(125): Spin and CP

CMS Vs=7TeV,L=511b" {s=8TeV,L=19.7 fb’
0 S L B 0 B R
. . . . . . . = - i ]
Using distributions of kinematic variablesto ¢ .- b
test alternative hypothesis with log likelihood § | —cMsdata | O
. . S 008 4 2
ratio as the test statistic. 8 r 1 <
-
L 1 o
. iy 2 006 4 0
SM prediction of JP=0" is strongly favored, i 1 7
most alternatives studied are excluded 0.04] 1 2
@ 95% CL or higher [ | =
0.02- 1 =
:‘_ N T T T I T T T | T T T | T T T _| r . N (-U
L 4oLATLAS Preliminary N R ity |
i - ® Data Spin 0- -30 -20 -10 0 10 20 30
e [Hozz oA pin &7 2xIn(C_ /L)
= [ Vs=7TeV:[Ldt=46f" Signal hypothesis B ] o 0
= 30_\5:8Tev:det:20.7fb" 26— CMS pradiminay] 197 b7 {8 Tl 4 61 1T Tew
8 : H_>W .J:u=0* D : }12{] im;j::-, = = « PlieclEn apec ad : :]
o [ Vs-8TeV: [Ldt-207 b A ] = 100 WMot -J:i o L ZZ Al WW 2y
g 20_*H%WW*HEVI-W/|.WEV oJy =2 - d‘h’ 80 Eiz -}:EE
on | Vs=8TeV: [Ldt=20.7 fb" ] £ &0 oo S
§ i s S aF
) 10g oy e |
s : 'ﬁ 'i 'E
O
s punm R || I 1k || |
2 J-—""'_'--.-—_—_-— i 40
< a i
|_ - - -B{] : : : : : H H H : : : : : : : :
wor E *?*Tﬁrﬁrﬁ”ﬁ‘}f”‘?f?‘r*{‘??f”
i R T NN S T R NN S S N NN R 2 B B (= - T T < T - é g ¥ ¥ - - - - - é:
0 25 50 75 100
£ (%] CMS-PAS-HIG-14-014
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ttH Production

_ ttH)~ 130 fb @ 125 GeV
Searches for additional Higgs boson in tt events G( ) @ |

= allow direct study of top-Higgs Yukawa couplings, _
9 .
Broad categories: = N _
H—yy, - et '
H — hadrons (bb, WW, ...), ST
H — leptons (WW, 77, ZZ, ...)
Multijets, b-tagging, missing ET or additional § 1oL ATLAS Preiminary 4 Data 2012
jets to select tt events. Use MVA techniques g F -:I: E”"=1'7’ o
e = B lJ'Qﬁ%excl.= '
to reduce the hugh tt backgrounds. Yok [ Bkad
5 ATLAS Preliminary - Data . 1TH (125) E
2 10° [Lat-203m1s-8Tev [ | tTH (125) ] filight 5
— E’ Dilepton — tE+cT | i+bB 10 E
| W ] non-tf ] th+V -
o 104 S Total unc. -
<"_ H bb - \s=8 TeV
20
ol — 10 JL dt =20.3 b
@\l E -
L - ~ Comb. Single lepton and Dilepton
= 102 =
O E ) 10_=7..H|.‘H|.‘. [ I
e e e — §> 12:5 tEH (1 =1.7) + Bkgd. E
g 10 S v S B s E:; 1%{ Ty =t 1)+ Bhod. \ e |:
El L B - - - -.- - - - . 5 ot +
£ 1asE > % . 7% -4 35 3 =25 -2 15 -1 __-05
S BT A | B
5 . e I //// /// /'// /7/// og, (S/B)
O sk ) , - , . -

2j,2b 3j,2b >4j,2b 3j,3b >4j,3b >4],24b
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ttH Production

ATLAS ttH search with H— bb

ATLAS-CONF-2014-011

ATLAS ttH search with H— yy

ATLAS Preliminary

L I R B
\s=7 TeV, [L dt=4.5 fo'

ATLAS Preliminary /s=8 TeV, _[L dt=20.3 b 2011-2012 \5=8 TeV, [L dt=20.3 fo” 2
L I B o
— fot. ] Hadronic [— — m
stat.
(tot) (stat) 8.
. L
Dilepton |~ * 2923 (1.4) 4 Leptonic — BEE Expected (6'77=0) + 16 — %
"""" Expected (6'7M=0) + 20 (@)
Leptorjets | Fmi—@—im—| 13+16 (0.8) — Observed 2
Combined - . L 1
"""" SM signal injected =
L o b v b by <
Combination — _ — 17 +1.4 (0_? ) — 0 20 25 30 35
L1 R B TR B B I 95%CLIimitoncﬁH/cgnath=125.4GeV
0 2 4 6 8 10
best fit M:GfGSM for m =125 Ge CMS (s=7TeV, 5.0-5.1 ", (s =8 TeV, 19.3-19.7 5"
. . VY = -
CMS combination of yy, bb, rr
- : : B o1
and multi-lepton final states: PP
Thth — B
*~-0.9
3l i
p(1=0)=0.04%=3.40
Same-Sign 2| — s e
Direct hint of the Higgs coupling combinaten (= | —#—
-10 6 4 2 0 2 4 6 s 10
to the top quark ! Best fit o/og,, at m,, = 125.6 GeV
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Rare Decay: Héﬂﬂ CMS-PAS-HIG-13-007

arXiv:1406.7663 (ATLAS)

Small BR(H — uu)=2.2x10™* @ 125 GeV, good mass resolution ~2 GeV,
10 times smaller than BR(H — yy) with a larger background

Clean signature, but suffer from large Drell-Yan background

CMS Preliminar S/(S+B) Weighted . .
o, —— T Y, T HStE) Weigh — 95% CL upper limit on g of H — ptp—
S %00 7 Tevis som’ 0 : ATLAS CMS
B 8000F V5=8 TeV L = 19.7 b Background Model @ Higgs mass 125.5 GeV 125 GeV
S 7000 E —— Signal m, =125 GeV/x 20 Observed (expected) 7.0 (7.2) 7.4 (5.1)
2 6000 =
% : : CD :l T '| LI B | '| L '| T | L '|.| LI | '| T T I T :
- 3 N -1 ]
4000 = = o - — Observed CL \s=7 TeV 4.5fb ]
= 3 E 4QF - Expected CL \s=8 TeV 20.3 b E
3000 - 4 £ W .
= - 1 L [+ 26 .
2000 — O 30F i
= 3 0 _ ]
1000 - . 5 - ]
oE | ! ! = @ 20:_ B
3 T T = —
de 10 E
g o : :
O 0 v by v e by v b v by v e by e e by 1y
2 , , , , 120 125 130 135 140 145 150
110 120 130 140 150 160 m,, [GeV]

M(up) [GeV/c?]
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Rare Decay: H>Zy BR(H—> 2y) ~0.15% @ 125 GeV

Z W Z Z

Search for a narrow resonance over

o, xBr(H—>Zy —> (ly)~23fb .
continuum (mostly Zy) backgrounds

~ 55 events in Run 1 dataset

Current sensitivity is about 10 x the

> I B

[ ] .

S 600 ATLAS 1 standard model expectation

E - -

Q : —e— Data ]
I > 500_ ] I—= = 1 ‘r_: = 1
2 I S TR HoZy (m 125 GoV, oyp50) ] 3 AopMS BSTTOVL=SOR S-pTevLsigom
= C 1 0 E H-Zy <
= 400 4 5 350 4 =2
= C ] c - — Observed ] O]
S 300} { ,Cé 30; ==-- Expected = 10 E ﬂ
o - ] = 25; ---- Expected =2 o ] LN
00_ L - | = "Q
~ 200 P O 20F N~
o - =
< C _[Ldt =451, \s=7 TeV . &\3 150 (?7
b 100 : — SR !
X - JLdt =20.3fb" 1s=8 TeV . 10E <
.i :-'1"-|-II 1 1 -;-I-L | ] 1 L | 1 L L L I L 1 1 L I | 1 L I: E .i
© 020 130 140 150 160 170 °F ©

m,, [GeV] P20 125 130 135 140 145 150 1556 160

my, (GeV)

Jianming Qian (University of Michigan) 49


http://arxiv.org/abs/1307.5515
http://arxiv.org/abs/1307.5515
http://arxiv.org/abs/1402.3051
http://arxiv.org/abs/1402.3051

Other Rare Decays

H— J/l//;/ decay has been proposed as a way to access Hcc coupling, but the
rate is very low: N(H —J/wy = uuy )~ N(H = Zy — uuy)/340
BRou(H — J/1y) = (2.467028) x 107°,
BRsy(H — T(18)v) = (1.417707) x 107°.
Bodwin, Petriello, Stoynev and Velasco, arXiv:1306.5770

Relative easy to search, but rate is too late even for high luminosity LHC or
even for any proposed lepton collider

There are other potential rare decays, but backgrounds are likely too large

to be feasible 77 T BSM V P* mode BSM
Wt 0.6 x 107° W= p™ 0.8 x 1072
W-K+ 0.4 x 107° 7% 2.2 x 107
Z970 0.3 x 107° Z9p° 1.2 x 107°
W-D7F 2.1 x107° WDt 3.5 x 107°
W-DT 0.7 x 107° WDt 1.2 x 107°
Z%n. 1.4 %x107° Z°.7 )4 2.2 x 107°

Isidori, Manohar and Trott, arXiv:1305.0663
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ZH with Z->¢ and H->invisible

g

Assuming the SM ZH production,
searching for H—>invisible decays.

1-CL

68% CL

F " L L B A
- — Observed ]
TR~ Expected ]
i ATLAS ]
L \s=7TeV,[Ldt=45f" ' |
| \s=8TeV,[Ldt=2031fb"

- ZH = ¢¢ + inv. 3
; 1 PR S S SR I SR S S I TR S S B! ;
0 0.2 0.4 0.6 0.8 1

BR(H—> inv.)

>al:_..,.‘..,....,...,,‘.,.,....,...‘,...._zl

$10°E ATLAS e Dam 5

g F \s=8TeV, [Lat=20310" BN 7 - cevvineln 3

< - ZH = £¢ +inv. B vz - cveegineln) —

% 10 E e B v odiep i Wz =

e B N e 3

w T m . W+ jets, multijet, semilep. top 7
10 E B e e ZH = ¢ +inv. BR(H = inv)=1 o

C B e ---== ]

- e

o E

Q E

8_ 1.55

X =S, Syw W

w frem-- PRSI G ey e R

x 0.5

© E

fa}

700 150 200 250 300 350 400 450
E™ [GeV]

ATLAS: arXiv/1402.3244

The observed (expected) limits on
BR(H —inv) at m, =125.5 GeV is:
75% (62%) at 95% CL

CMS analysis: 83% (86%)
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VBF with H->invisible ; T—

(O] ____ VBFmy=125GeV,
o . 4 (s=8TeV,L=19.5fb" B(H—inv) = 100%
S10°F vBF H(inv) ] vsies
-~ 5 . tt, tW, DY(ll)+jets, VV
nl0
5
S 10
L
1
7
10
Two tagging jets with large missing ET 102
— - . . v
2,5l 95% CLlimits CMS VBF H — invisible 1500 2000 2500 3000 3500 o
R Observed limit ~ Vs=8TeV, L=19.5fb" M, [GeV] >
L [ Expected limit o
> 2 I F
i E limit (1
= ~ - xpected Iml ( 0) % 104 CMS —@— Observed Q
Tk Expected limit (20) 0] VEF m,, = 125 GoV, >
% 15 o . (s=8TeV,L=19.5fb" "~ B(Hinv=100% =
< f N10°= vBF Hinv) v ©
o] 1 - :.UJ: . - f, W, DY(l)+jets, VV g
B 10 S
- o
- >
0.5 — L 10
: 1 1 1 1 l 1 1 1 1 ] 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
100 150 200 250 300 350 400 1
my [GeV]

The observed (expected) 95% CL limit:
BR(H — inv) < 65% (49%) 150 200 250 300 350 400 450 500
E™S [GeV]

atm, =125 GeV.
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H->inv Decay Combination

CMS has combined searches of

ZH—> ((/bb inv

VBF H— inv

Observed (expected) upper limits

my (GeV) onc - B(H — inv)/osm
VBF ZH VBF+ZH
115 0.63 (0.48) 0.76 (0.72) 0.55 (0.41)
125 0.65 (0.49) 0.81(0.83) 0.58 (0.44)
~135 0.67 (0.50) 1.00(0.88) 0.63 (0.46)
145 0.69 (0.51) 1.10(0.95) 0.66 (0.47)
200 0.91 (0.69) — —
300 1.31 (1.04) — —

o X B(H— inV}.‘rGSM

CMS: arXiv/1404.1344

2

- CMs
8 Combination of VBF and
18- ZH., H— invisible

Vs = 8 TeV (VBF + ZH)
L=189-19.7f5"

{s =7 TeV (Z(IH only)
L=49f"

95% CL limits

Chbserved limit
_______ Expected limit

[ Expected limit (1o0)
Expected limit (20)

T R
120

1 T |
125

1 L1 | R B ST |
130

T35 120 145
my [GeV]

At m, =125 GeV, the combined limit
BR(H — inv) < 58% (44%)

The constraints on BR(H —> inv) can be turned into constraintson I, |

BR(H — inv)

v 1—BR(H —>inv)
— constrain dark-matter and nucleon interactions

SM
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Dark Matter Interpretation

CMS: arXiv/1404.1344
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o A2 64n Q 1025 20 H s ivisble cMS
25 3 2 4 = 3 Vs=8.0TeV, L=18.9-19.7 f5' (VBF+ZH)
. v Sym ms; m_\} 57 10 E=70TeV,L=491"(ZH) -
M —VV) = 2, —l1-4—24+12Y| o aeey o
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n
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i ,,"\‘4”}”[?”--’—}” }"'— Lol I 1 IR |
RV N
) O 102 10°
, my fo DM Mass M, [GeV]
[TV—,?"." =, };L"L—’

1 f:-mniimp +my)?
Only sensitive to dark matter particle
up to half of the Higgs boson mass.

Jianming Qian (University of Michigan) 54


http://arxiv.org/abs/1404.1344

Beyond the Standard Model

The Standard Model Higgs sector consists of one SU(Z) Higgs doublet field

Natural extensions to the SM Higgs sector:

- SM + a singlet S (real or complex);

- SM + an additional Higgs doublet, known as 2 Higgs doublet model (2HDM);
- 2HDM + a singlet S;

- Higgs triplet model; ......

Why extensions?
May provide a dark-matter candidate (Higgs portal model);
May offer explanation for the electroweak phase transition; ......

Phenomenological and experimental consequences:
Non-SM-like Higgs bosons = coupling modifications;
Additional neutral and/or charged Higgs bosons;

New production processes and decay modes; ....
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SM + Singlet

The simplest extension of the standard model Higgs sector is the
addition of a singlet S:

V(9,S)= { u2¢*¢+/1(¢*¢)2} +{miS* + ps*l+ic(4'9)S"

Interesting phenomenology depends on whether <S> =0.

If <S> # 0, in general the singlet scalar and the "SM" Higgs boson can

mix to form two mass eigenstates: (h, H) assuming h=h(125):

h) (cos@ sin@ )\ H,,
H) \sin@ —cos@ )| S

and new decay H — hh opens up if kinematically allowed.

If <5> =0, there will be no mixing and the physical scalar |s| can be
stable and is therefore a dark matter candidate.
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Constraints on the Heavy Higgs

The mixing of H,, and S leads to the modifications (/cz =cos’ 6 and k'* =sin’ 6?)

ATLAS-CONF-2014-010

) Y

2, _SM
o,=K Xo, ,

2 SM

SM
xI7,

BR, =BR,",

BR, =(1-BR,,, )xBR;"

The measurement of the light Higgs boson can constrain the heavy Higgs boson:

Hy, =

BRH,new

o XBR o XBR
( )524 =K = W= ( )SM
(oxBR), (oxBR),
ATLAS Preliminary EW singlet

\s=7TeV: |Ldt = 4.6-4.8 fb"
\s = 8 TeV: [Ldt = 20.3 fb!

Obs. 95% CL
- = == Exp.95%CL
— — SM

BRH,new

- —Kk"”(1-BR,,)

:(l_luh)(l_BRnew)

ATLAS Preliminary EW singlet
\s=7TeV: |Ldt=4.6-4.8 fb" Obs. 95% CL
\s =8 TeV: |Ldt=20.3 b = === Exp.95%CL
Combined h — 1y,2Z* WW*ttpb = = SM
é ‘r‘ > T T T
%_ W L) :‘:\*‘;:.
z_ \ .. _::5_'-:'_ - T =
= < oy e 3
JER B
3 8\ 2 3 o
7 ‘l‘q 2 oy 2 £ g =7
E B\, Lo ol Z 42, <) & <50, S 3
I e 10“:.‘1 ;_9 4 Ty s | a | 14 AN =%
0 0.2 0.4 0.6 0.8 1
My

independent of the mass of the heavy Higgs boson m,,.
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2 Higgs Doublet Models (2HDM)

2HDM is one of the simplest extensions to the SM Higgs sector. Two Higgs
SU(2) doublets are introduced. The most general tree-level Higgs potential
of 2HDM has the form

V (D1, By) = mid|d;y + m3Pidy — [m'??(ﬂ{b? * h'c‘]
—|‘%}\l (c]}}fl)l)g%—%}lg (‘I)B‘I)Q)E+}l3 ((I)Tl@l) (@5@2)—'_}‘“1 ((I)J[(I}E) ((I)E(I}l)
- {3 (01:)" + [ (011) + de (310)] (0182) + e

It has free 10 parameters and leads to undesirable consequences:
- CP-violating Higgs interactions;
- Tree-level flavor changing neutral currents (FCNCs)

Both are severely constrained by experimental data.

New symmetries can be applied to remove these problems:

- all parameters are real = CP conservation;
- soft-broken discrete Z, symmetry (0, 5> ®,, ©, > -D,)

= m;,#0, 4, =4, =0 = no FCNCs
—> 8 free real parameters
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2 Higgs Doublet Models (2HDM)

These models result in 5 Higgs bosons after the symmetry breaking:
- two neutral CP-even scalars: h and H;
- one neutral CP-odd pseudoscalar: A;

- two charged H" and H™ scalars.

and are described by 8 free parameters (2 in SM), often chosen to be
5 mass parameters: m,, m,, m,, m . and m;,
2 angular parameters: o and tanf

(One more parameter is fixed by W boson mass: v =246 GeV)

o . mixing parameter of two CP-even Higgs scalars;

v
tanf =—=: ratio of V.E.V. of the two Higgs doublets
v

1

2HDMs are classified into 4 types according to Higgs-Fermion couplings

Also known as  “Fermiophobic”

Type I P! I11 IV
U (I)2 ! (I)Q : (I)Q (I)Q
d b, i D, " b, b,
e b, ' b, i D, b,
I

MSSM-MI{OE Lepton-specific  Flipped
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Decoupling and Alighment Limits

Typically, the neutral Higgs bosons of 2HDMs have very different properties

compared with the SM Higgs boson. However, SM-like Higgs boson can arise
from 2HDMs in two ways

Decoupling limit

All but the lightest Higgs boson are heavy: m, <m,,m,,m . = |h=H,,

Integrating out the heavy states yields an effective 1 Higgs doublet theory.

Alignment limit

Vertex Type II tree-level coupling factor
: h V'V sin(/# — «) — 1
sm(,B B 0!) —1 h tt cosa/sin 3 =sin(/f — a) +cot fcos(f —a) — 1
COS( B — 0[) —0 h bb —sina/cos 3 =sin(f —a) —tan Fcos(f —a) — 1
U h rr —sina/cos f =sin(f — «) — tan Fcos(f —a) — 1
These relations hold true for all 2HDM types
h=H,,

Irw = Gugwvr et = Gugeer Gnoo = Drguopr Ghee = Ghgyer
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Indirect Constraints from Coupling Fits

Assuming no change in Higgs decay kinematics and no new production
process, the measured rates of h(125) can be turned into constraints

SM
ghVV

on the two 2HDM parameters: « and £ ATLAS-CONE-2014-010
Parametrized using tan and sin( S —«) e e ﬂrfﬂfﬁji';“;'j‘j{g’
= - i s=8TeV: [Ldt=20.3 fb"
\-"er;t.orx T}pr IT tree-level coupling factor __X__ E:? ;;% o éombine ) hf_) R
h V'V sin(/? — «) — - SM h — wr,bb
h tt cosa/sin [ =sin(F — a) +cot Feos(J —a) « 10
h bb —sina/cos 3 =sin(f — a) —tan fcos(f —a) § - /, TR\
h Tt —sina/ cos 7 =sin(f — a) — tan Fcos(F — a) - 4l B/ | \ ' :
3P R
2 s 1 “ -
w1
& ] | ,,:
0.4 ¢l
0.3 | | y
, , 0.2}
(o-BR)(gg ->H —>WW) N[%J x[ghij | I ‘

0.1
-1-0.80.6-0.4-0.2 0 0.20.40.60.8 1
cos(p-a)

SM
gHtt

[o(9g —>H)-BR(H—>WW)]_

SM

Jianming Qian (University of Michigan) 61


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-010/

Coupling Projections

Many studies done for US Snowmass process, Europe ECFA studies.

1. no change
Awlp 2. A(theory) /2, restoc 1/</Lumi

(Based on parametric simulation)

0 02 04

CMS Projection
ATLAS Simulation Preliminary —T T T T T T T T T T T T T T
_ _ E cted rtainti | 1 300" & =14 Tew
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T — Ky [——+—
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00 .... ) ] Eb |
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2 | | |
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© . expected uncertainty
o . .
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D T R
» z . .
o Hoyy (comb) E Two assumptions on systematics:
T S A
[75]
A . .
M
-
=
o
C
(Vp)]

Even with the projected precisions at HL-LHC, the couplings
are not expected to be constrained better than ~ 5%.
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Expected Coupling Deviations

Typical effect on coupling from heavy state (or new physics scale) M:

2
A~(ﬁj ~6% @ M~1TeV

(Han et al., hep-ph/0302188, Gupta et al. arXiv:1206.3560, ...)

Typical sizes of coupling modification from some selected BSM models

Model Ky Kb Ky
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% < 1.5%
Composite ~ —3% ~—B3-9% ~ -9%
Top Partner ~ —2% ~ —2% ~ +1%

Snowmass Higgs report, arXiv:1310.8361

The precisions of the current coupling fits are insensitive to new physics at
TeV scale...
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Rare Decay Prospects

H — 111 : Projections from both ATLAS and CMS indicate a 50 observation
with ~1000 fb™ at 14 TeV.

> p|...‘...]|..|.x.|.1||... CMS Preliminary Standard Model H —up
-[0 . . . - m 6 T T T T I T T T T | T T T T I T
8 10 - ATLAS Simulation Preliminary 8 [ 5= 14Tev ]
To) 109‘ \s =14 TeV S i ]
A E =
o = [ Ldt=3000b" WH - up, m =125 GeV "g 5 .
2 10°F 2o ot :
% u B EJ 4+ ]
LI>J 107 = WW- pvuy S i i
ot :
106 L 3:— —:
5 N ]
10 2r B
10° - ]
1 —
10° p ]
2 I I I I O_ 1 1 L Ii I 1 L | L 1 I L ]
10 1 L L 1 1 L 1 1 1 1 L 1 1 1 1 O 500 1000 1500
80 100 120 140 160 180 200

m,, [GeV] Integrated Luminosity [fb]

H— Zy: ~4c per experiment significance is expected with 3000 fb™
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Higgs Self-Coupling

-

2
o(pp — hh)@ld TeV _ 40.2 fb (NNLO) \V (¢) = 12 (¢T¢) n ,1(¢T¢)
- - —1
. Events in 3000 b Small cross section and the destructive
hh — by 320 interference between self- and non-self-
hh — bbrT 8,800 lin di
hh — bW 29,900 coupling diagrams.
LT 40 . T T T T v )
hh — Z}EJE)E? 40:200 h J[I)I) N HH + X)/O_S:ﬂ :?i
o BN VR=8 ToV, Mu = 125 GeV )
bbyy appears to have the best sensitivity, 0L N . el
o
bbzz should help too, bbobWW and bbbb have 2 qq’ -+ HHqq' ii
higher rates, but also large backgrounds. ] SN 44—+ WHH >
., *, qq —+ ZHH <
15 -
~
. AL o N
Expect to achieve — ~ 30% ; (n
0-5 -3 -1 0 1 3 b

(two experiments at HL-LHC)

AHHHfAﬁ%H
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Summary

Impressive results from both ATLAS and CMS experiments. In short
two years, the Higgs physics program has been transformed from
search & discovery to precision measurements.

With current precision, all property measurements of the newly
discovered Higgs boson are consistent with expectations from the
Standard Model. However, deviations from TeV-scale new physics
are expected to be small from most models, smaller than the
precisions of current measurements.

LHC Run 2 will increase the statistics by a factor of ~¥30 and thus
should significantly improve the precisions of many measurements,
enable to study rare productions and decays, and more importantly
to search for new physics beyond the Standard Model.
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