Lecture 2

Properties of the Higgs Boson



H->vy: Differential Distributions

Study kinematics of candidate events:
- fitm , distributions into bins of kinematic

H 14
variables such as N, and p;’,
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Good agreements between data and the SM expectations (within statistics)
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H->Z2Z*->4¢ Differential Distributions

Similar measurements from H— ZZ" — 4/ with slightly different
fiducial volume and much low statistics.
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vy and 4¢ Combination
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Combination after correction to the full acceptance.
High overall rate, but good agreement in shape
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Higgs boson mass measurements
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H->vy: 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
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arXiv:14070558 (CMS)
arXiv:1406.3827 (ATLAS)
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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->ZZ"->4(: m, Measurement
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Good agreements between the two measurements
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Individual Experiment Combination
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ATLAS and CMS Combination

Combining measurementsin H— yy and H > ZZ* — 4/
taking into account correlations of uncertainties

1 I I I | 1 I I I I 1 I I I 1 I I 1 I 1 1 I I l I 1 1 I l 1 1 I 1 | 1 I
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m,, =125.09+0.21(stat.)£0.11(syst.) =125.09 £ 0.24 GeV

arXiv:1503.07589
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ATLAS and CMS Combination

Leading systematic uncertainties

ATLAS and CMS Uncertainty in ATLAS Uncertainty in CMS Uncertainty in LHC
LHC Run 1 combined result combined result combined result
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1
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1

CMS electron energy scale & resolution

INE

Muon momentum scale & resolution

ATLAS H — yy background modeling
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arXiv:1503.07589
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ATLAS and CMS Combination

Some tension between ATLAS
and CMS individual measurements

Signal strength (u)
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H->oWW?*->¢vlv: Mass Estimator

No full reconstruction, but still sensitive to the Higgs boson mass,

(~¥15% resolution at 125 GeV)
cMS 49f" (7 TeV)+ 19.4 b (8 TeV)

L DL L L L L
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\s=7TeV,45fb" 1
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+ Obs (f1,=128,{i=0.94) ]
E Obstic -
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— 68% CL Observed
---- 95% CL Observed 4

o/ Og

en 0/1-jet

S S
130
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120 140 160 110 120

CMS: m, =125.5">7 GeV assuming SMrate.

If were notforH = yy and H > 22" - 4(, H—>WW  — (v/v would be the
main final state for the mass measurement (think about top quark!).

Jianming Qian (University of Michigan) 12



Higgs boson wicth measurements
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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
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\\

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

Breit-Wigner(m,T’,, ) ®Resultion(o)

Limited by detector mass resolution, statistics and backgrounds

20y
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- 2InA

141
12
10

I — Observed

16F H—>ZZ* - 4l
\8=7 TeV:I Ldt=45f"
C \s=8 TeV:J- Ldt=20.310"

T — Expected, p=1.0, mH=125 GeV

arXiv:1406.3827 (ATLAS)

I'y[GeV]

The observed high u value plays an
important role in the difference
between the observation and the

expectation.

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

3 10
= [ CMS
T L Hom
8 —
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I'y<2.4 GeV (obs.)

O,
I, <3.1GeV (exp) 21907 CL

arXiv:1407.0558 (CMS)

3 4 5 6 7 8
', (GeV)

Observed (expected) upper limit on I'y in GeV

Final state H — ~~ H— 77— 4/
ATLAS 5.0(6.2) 2.6(6.2
CMS 2.4(3.1) 3.4(2.8

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

d ‘9
Processi —>H — f: 02~ gng
am (mz—mf,) +m. T
2 .2
do |99
On-peak: —~
2.2
do 99y

Off-peak: ~

dm’* (m2 —-m )2

on-shell measures (g,g, /T, )2 :

off-shell measures (g,gf )2

Extract I',, by comparing the on-shell and off-shell signal strength
measurements assuming

- No BSM contribution in the loops;

- the couplings are the same on- and off-shell
(thanks to the large off-shell contribution)
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Indirect Width Measurement

Caola & Melnikov, arXiv:1307.4935
Campbell & Ellis, arXiv:1311.3589

10000 g9 — H — ZZ — thvsire, Mp=125CeV 12
l00 [P Ve BTV —— [H>+|cont|2 | %
= _ —— |H+cont|?
@ 1 —— Hoffshell
= i ---- Hzwa ]
N 0.01
N
";‘_--: L
v = 0.0001
S _
T le-06
le-08
1 ! Tot[pb] Myz >2My[pb] R[%]
gg — H — all | 19.146 0.1525 0.8
SO v 99— H — ZZ | 05162 0.0416 7.6
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Indirect Width Measurement
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Large gg — H* — ZZ off-shell Higgs boson production in SM already,

significant enhancement for a larger

Destructive interference between the gg —H — ZZ signal and

the gg — ZZ background
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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. Exploring kinematic
difference for the separation of the signal and background.

ATLAS analyzed ZZ — 4/, 2/2v and WW — /v/ v final states.

. miss 77
40 m,, >220 GeV 202v: E;” >180 GeV, m;:” > 380 GeV
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Indirect Width Measurement

The qq — ZZ process is reasonably wellunderstood theoretically, but the
gg — ZZ process is not, calculation available only at LO

Unknown K-factor of the background gg — ZZ production:

5 K(gg — 2Z)
H *
K(gg S H zz) ', <22.7 (33.0) MeV
at 95% CLforR’. =1.0
c% I 40_ T l LI ‘ LI ‘l LI ‘ LI ‘ 1T I 1T T T ] < ; : . | | | ; | , : : | , . , | : : I ‘ : ,

- - ATLAS | +io ] S 14F ATLAS ]
~ 35) H-»ZZ+WW off-shell+on-shell %20 . N - :
T - Kovonshe=Kgvofishqn  treee Expected limit (CLs) - ' B H_>ZZ+V\1W off-shell+on-shell 7
— - o —— Observed limit (CLs) 1 190 Kanv,on-shell=Kg/v off-shell A
S 30 - s=8TeV ILdt =izo.3 o * e L; | Is=8TeV: ILdt =20.3fb" ]
E 25- i - 108 e :
| C 1 7 I ----- expected with syst. -
L_I_) 20~ i ] 8; --- expected no syst. ;
2 i | | ;
& 155 ; " 6F -
10- S /A A .
5° : - o J :
0: 1 | 11| J 111 J! 111 \ 111 ‘ L 1 1 | - | 11 | : E_I- ------ L l-.-:,;;;-_:.:-l:':':‘?::.l“:-l---l.--l---I----I-_-I---I.-.I---I--_I---I--.L---I---I_:

06 08 1 12 14 ‘I.ﬁ( 1.3\/) 2 00 > 4 6 3 10

B _ gg—

Ry = Klgg—H = VV) 1) e
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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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Spin parity tests
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Spin Parity Property

The Higgs boson has the quantum numbers J* =0*" in the SM, this information

is encoded in its decay products and has been exploited by the event selection,
e.g. the H> WW’™ — /v/v analysis:

The spin/CP properties of the Higgs boson have been tested in diboson
decays. Construct statistic to test alternative spin/CP hypothese against
the SM prediction.
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H->vy

H — yy decay is forbidden for the spin-1 particle by the Landau-Yang theorem.

Test spin-2 hypothesis of both gg — X and gg — X production.

K, =k, example:

similar p/" distribution, but very different cos@ distribution.
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H->2Z >4

Small differences in many observables between
the SM and alternative hypotheses.

Use MVA techniques to characterize these
differences and to discriminate against background

Test scalar vs pseudoscalar

w T T T | T T T ‘ T T T T T | T T T
W™ 7 T T 7 T T T T T ] T T T T o.2__.Data ATLAS—_
g 18- ¢ pata ATLAS - 2 ! Bl Background zz* ]
a 'oF ackgroun HoZZ*—4] 2 [ [l Background Z+jets, tt ]
.% 14?!f:ck§+rc:|\:d Z+jets, tt S 7TeV. 45t 3 UEJ' 20:— . J: - 0" SM \s=7TeV,4.5 fb‘1-1 —:
Wiok . s=8TeV,20.3fb ™ - 4 =0 's=8TeV,20.3 10 ]
C Jo= 5 15_— N
E 10 ]
o . i
E S U ]
1 0 02 04 06 08 1

JP-MELA Discriminant
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Spin/CP Combination

ATLAS H—ZZ" — 4]

—e— Observed s=7TeV,451'

. . . - . R R Expected =8TeV,20.3fb'
Combining test statistics from contributing o SV 1o e

final states ] 0°SM+3c s=8TeV,203 1’

[ j:i;fr H_>'Y‘Y -

P - A . 30 s=7TeV‘4‘51b_l

LTy e 052 ) o s=8TeV,20.3 b

sM'YsMm 401

g = log

LG O) 0 r L

All alternative hypotheses studied are =
excluded at >95% CL o0l l I
-30f :
JF=0 JF=00 JP=2 J::E* Jf;? {_"_;2* JKFiZE*

q q 9 q 9
PI<3ODGeV ch'IZSG?V p <300 GeV  p <125 GeV

Tested Hypothesis p:f:p‘ﬂzl pgp#:ﬂ pﬁﬁf pfﬂis Obs. CL; (%)
0} 25-10¢ 47-107° 085 7.1-107 4.7-107*
0~ 1.8-1073 131004 088 <3.1-107° <26-107°
2% (kg = Kq) 43-107°  29-10* 061 43-107 1.1-1072
2"(k; =0: pr<300GeV)  <3.1-10° <3.1-10° 052 <3.1-10° <65-107°
2* (kg = 0; pT < 125 GeV) 3.4.107° 39-100* 071 43.107° 1.5-107-

2*(kg = 2kg: pT <300GeV) <3.1-10° <3.1-107° 028 <3.1-10° <43-107°
2*(ky = 2k4; pT < 125GeV)  7.8-107° 1.2-10% 080 7.3-107° 3.7-107°
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Signal strength anc coupling rits



Input to the Coupling Fits

ATLAS

Input measurements

Individual analysis t1iconp
m,, (GeV)
Overall: = 11777 |125.4 : D Een
H- a6 : .
LA ggF:p=1.3277 [125.4 : ——i
VBF:u=08°7 |125.4 PR S
WH:_LA:1.0':‘: 125.4 l——l
ZH:pn =017 1254 [ .
. +0.40 . . —— - . .
H o 22¢ Overall: p = 1.4477% 1125.36 : : : : : :
gaFsttH: =177 |125.36 : : P—— :
i3 N
VBFVHi K =03, |125.38 . e s s RS
Overall:p = 1.167 21 125,36 : : b : :
H - ww* o : : : :
g9F:u=0.98"7% 112536 S I : :
VBF:p = 1.28'232 125.36 ———
VH: =307 412536 i i
Overall: p = 1.43'%% |125.36 . T : :
H- 1w ot . . .
ggF:in=2.0 7 12536 . H—
o +0.59 ; . .
VBF+VH:p =1.24" 0 [455 35 i
Overall: i = 0.52:3 :g 125.36 R ——§ .
VH — Vbb s : :
WH:p = 11172 1425 D —e——i :
o 0.52 . )
ZH'H_OOSUH 125 '—f_‘ |
H— up Overall: p =-0‘7j’: 1255 . :
: : I
H - 2Zy Overall:ji = 2777 |125.5
HH bb:p = 1.5 125 e
Multilepton: p = 2‘1': i 125 I-—._|
A 12.62 . . .
=131 54 t } —|

\s=7TeV, 45471

\s=8TeV, 203"

-2 0 2
Signal strength (u)

4
(

ATLAS
my, = 125.36 GeV

— o(stat.)
sys inc.
- G(theory

Total uncertainty
+iconp

H - vy

_ 10.28
p=1.1 770.;26

o(theory)

HH

HH |

H — ZZ*

_ +0.40
p=1 .46_0_34

——
—
_|

H - WwW*

_ +0.24
p=1.1 8_0_21

T 1

—
—
—

H— 1t

_ +0.42
p=1 .44_0.37

H
H
—
—

H

L

H — bb

B +0.39
= 0'6370.37

H — uu
n=077

H - Zy

_ +4.6
W= 2.7_4_5

Combined

_ 0.15
h=1 '18—0.14

'_
HH
H

\s=7TeV, 45471

\s=8TeV, 20.3fb"

B
| |

1 0

1 2 3

Signal strength ()
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Signal Rate Characterization

At the LHC, only the products o -BR are measured, there is no
model-independent way to determine the cross section and the
branching ratio separately.

Ngna (k) = L) x »° 3" Loy x AL (k) x &] (k) x BR'}.

i I
= LU x » > |t x Al (k) x &l (k) x BRL, |
H 4

Signal strengths:

y
U_;' f BR
pi=—y and o= -
a; BR-SM.
; o, - BR/ ;
M = = M XU

(-G-f . BRT )SN[

Only ,u,f are determined from the Higgs signal rate measurements.
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Global Signal Strength

Assuming aII.5|gnaI rates are modified ;1 45 :"‘(ii‘il,‘ilc.) Total uncertainty
by a global signal strength p.: my, = 125.36 GeV ey £ 4 5 onp

— o(theory)
H— vy iy

+0.16 :
0.1 . H

lLl :1.18+0.15 u=1.17lg:§2 .385 o et

—0. 14 H o> ZZ* 32?

-L -,

pls

It

+0.19
0.40 |-0.13
U= 1.46+034 +0.18
. 0.11
T0.16 ; |

H — WW* |
+0.17 .
10.24 |-014 :
K= 1.18 013
-0.21 |- 009

—
—
—

T
R

T
T [

T

+0.30

. I . H- 1t oz
Consistency p-values: wotagos |

76% with n=1.18 H —bb e
18% with u=1.0 (SM) %l |

H-— LLLL -3.6

+0.5
W= -0.7'§-; -

0.4

Systematic uncertainty: S -
: H=2d o] i i i
roughly equal experimental and e —
: . . Combined : H
theoretical contribution. Lo g[8 ;

0.08 . i .
04loor | o Qo d T

\s =7 TeV, 4.5-4.7 fi" -1 0 1 2 3
\s =8 TeV, 20.3 fi” Signal strength (u)

+0.10
0.10
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Probe Production

One signal strength for each production process assuming

SM decay branching ratios

ATLAS
68% CL: s \/S=7TeV,45-47f"
95%CL: ——— y/s=8TeV,20.3%""
T N L L B B L B
0.23 i
MggF = 1 '23i0.20 :
MvBE = 1.23+0.32 45*7
Hyy=080+036| =t
my=125.36GeV
I Y S B v S ey —

Signal strength (u)
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Probe Production Groups

Vector boson mediation vs fermion mediation: fage. VS foe i

9 \ Ho

g t § 7 _l LI L I LI | 1T TT L I T T 17T I T 1T T 7T l L [ T T I_
6 ‘ i+ o * Standard Model ATLAS ]
m — . _
ggf 1on t ..._j‘> E + BEOS'[ flt ..'l\.. \s = 7 TeV, 4547 fbf1 E
— gE. T o0% CL Y \s=8TeV, 203"
i — -.-95%CL ; .
o> - : — H—-WwWw* 3
g A 41— : —H->Z7Z0
ﬁ'ﬂ’é’h’{‘!‘au’ﬁ'ﬁi\ L . . .
. 3 - : \ H-obb
tt fusion = _-E' ﬁ\ _‘. H S yy ]
P i3 P o 3
. 0 - H A,' 4 =
g | 1E v +\ \ :
W, Z bremsstrahlung - \a + \ x =
0 - & \“j E
|~ =
HO - m, = 125.36 GeV ]
_2 _I L1 1 | L1 1 1 | 1 1 1 | L1 1 1 | 1 1 1 | L1 1 1 | L1 1 1 | I 1 1 1 | L1 1 I_
-2 - 0 1 2 3 4 5 6 7

WW, 22 fusion >4 ¢
l'ngF+ttH

Branching ratios cancel in the ratio

IUVBF+VH//uggF+ttH ’ thus itis independent (IUVBF+VH/IuggF+ttH )Combined = 0'96:L8::i
of potential new physics in decays.
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Parametrization using Ratios

o ;- BRf = o(gg — H — WW*}K(

gg > H—>WW is chosen for the
normalization because it is relatively
well measured.

o(gg - H—- WW?)

One ratio of cross sections per
process other than ggF

One ratio of branching ratios
per decay mode other than WW.

Model-independent parametrization;
Many systematic uncertainties cancel
in the ratio .

O-VBF/ OggF
TWHO ggF
O z21/0 ggF

UttH/ GggF

Pl ww +
[ Ty +
|
F oo/l ww

i )x( rf )
ooF rWW"

ATLAS

Vs=7TeV,45-4.7b"

\Vs=8TeV,20.3fb"

me== Observed: 68% CL —— Observed: 95% CL SM prediction

lII[lI]IIlIIII]I]II

I]ll]IIII|IIII][1II|IIIIIIIII

—— i

P s B

—_—

—— e

m,; = 125.36 GeV

-1 -05 0 05 1

15 2 25 3 35

4

Value normalised to SM prediction
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Coupling Parametrization

Parametrizing deviations from SM using scale parameters: (SM: K= 1)

T = —f’ Gy = — = %a?/j\ H ¢ ;\'ﬁ-"\"
v v BN
fﬂ«&“/ \\fyh
\/E m f om 5 rf\ﬁﬁﬁ@o L"ﬁf.ﬂ
ngf = Kf ) L ’ gHVV — KV : D g Loy
KK

For example: (o-BR)(9g —>H — 7)=| o(9g = H)-BR(H = 77) |, x|~
Ky

assuming there is no new production processes and decay modes.

K is the scale factor to the total Higgs decay width: ki, = > &7 -BR,,, (h — xx)

If there are new decays with a total branching ratio BR,,, , then
K_Z .KZ
(0-BR)(gg >H—>yy)= [O'(gg —H)-BR(H — yy)]w X ng “o(1-BRy,, )
H
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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

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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Coupling dependences

Production Loops Interference Multiplicative factor
o (ggF) v bt kg~ 1.06-k; +0.01 - ky —0.07 - kk,
o(VBF) _ - ~ 0.74 -k +0.26 - k5
o (WH) - - ~ Ky
o(qqg — ZH) - - = K%
o(gg — ZH) v Z-t ~ 227 k3 +0.37 -k = 1.64 - kzk,
o (bbH) - - ~ ki
o(ttH) — - ~ K?
o (gb — WtH) - W—t ~ 184 k1 + 1.57 - kiy — 2.41 - k Ky
o(gh — tHq') - W —1 ~ 3.4 k7 +3.56 - kiy — 5.96 - k Ky
Partial decay width
Ly - - ~ K
Fyww - - ~ K%‘r’
I'zz - - ~ K%
I, — — ~ K%
l_‘,u,u - - ) - K‘u_ 2 7 :
F},}, v W —t Ky ~ 1.59 - kyy +0.07 - k7 — 0.66 - kyk,
Total width for BRggyy = 0

0.57 - kp +0.22 - kyy +0.09 - x5+
Iy v - ki~ +0.06- k> +0.03 - k5 +0.03 - x>+

+0.0023 - k7 +0.0001 - 5 +0.00022 - &,
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Higgs Boson Width Constraint

The Higgs rate measurements alone are insufficient to constrain the
Higgs boson width. For processi — H — f, the rate

2 SM
K, -FH

1-BR

I, .
o,'BR, =0,-— with T', =

H NEW

If both I, and I, are scaled by the same factor, the rate is unchanged.

Three assumptions are considered:
1) No beyond SM decay, BR,,,, (BR,, ) =0;
2) constraint from the off-shell measurement;
3) x, <1 (motivated by the unitarity requirement in VV scattering)
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Fermion and Boson Couplings

K., K, | =x,~075«;+0.25x;,

k, : forall fermions (k; =k, =k, =k, =...)

K, : for all vector bosons (K‘V =K, :KZ)

Kk, and x, are decomposed to their tree-level couplings
No beyond SM decays

M|_|_ 4_ T I T T T I T T T I T T T I T T T I T T T I T T I T T T
- ATLAS .
Kk, =1.11+0.16 N Iaitiviid E
2: \s=8TeV, 2031 ]
. — m, = 125.36 GeV —
x, =1.09+0.07 : :
1= -
= 3
OF =
_ - -
VH — Vbb analysis: -1E /? Cﬂ}_)\ =
2 K[-% K —>0 2 —2;/ ’ gn_wzné* _:
o-BR~kK, - —— > K, E CH > ww 3
Ky —-3[F * sum — 68% CL * HEC
45 * Bestfit  =--95% CL | | . £ Combined .

7 04 06 0.8 1 1.2 1.4 1.6 1.8

arXiv:1507.04548 (ATLAS) 3

v
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Probe Coupling Sign

The interference effects (mostly from the H->yy decay) are sensitive
to the sign of fermion and vector boson couplings.

f'""‘\u_ 30 B LI l T T 17T I T T 1T I T T 1T I T T 1T l T T TT l T T 17T I LI LI ]
-;_‘« B A TLAS [y el - ¥
< [ \s=7TeV,4547f" = e SM expected i
£ 25 — \s=8TeV,203 1" —— Observed ]
o - 1 H
20F- \/ -
- ; . (a) '
15— ’ : —]
: . 5 :..
10— —]
- p 1 w
o 3 ]
O L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11 1 1 I 11 [“\\Q’Q/ I L1 1 1 I 11 1 1 {b\ll }
-2 -15 -1 -05 0 0.5 1 1.5 2 25
K

k. <0 disfavored by 4.00

arXiv:1507.04548 (ATLAS)
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Probe New Decays

KF’ KV' BRi.u.

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

k, : for all vector bosons (x, =k, =, ) - |
s=7TeV,45-47fb
BR. , : allow beyond SM decays ATLAS Vs =8TeV,203fb™
Kk, and x, are decomposed to their gg;gt —— ma
tree-level Couplings T 1T I‘]Ifl’;<l .ll LI 1Klo,q]=lfl{olﬂl IBF:‘LIL 1=|01 T
Consider 3 different constraints ~ (95%CL) fbvf%?g *
of the Higgs boson width Ky=1.09£0.07 s
Ke=1.05+0.16 e
kp=1.1792 3
kF=1.11£0.16 A
(95%CL) BR;, <0.13) :
(95%CL) BR; , < 0.52<l> H
BR,, <13% at95% CL (x, <1) |  Z=-1075%] i
i {————
=t =1.280% :
i | : | my = 125.36 (IEeV

0 0.5 1 1.5 2 2.5

Note: BR. , =BR,,,,, i.u.=invisible, unidentified decays Parameter value
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Probe Vertex Loops

K,, K,,BR;, = 7 ~0.91+0.085x_ +0.0023x

« k. and k, for gg —H and H— yy couplings;
g v
- Allow BSM decays; ATLAS  5orrevas-azw
68% CL: weils \/5-8TeV,20.3fb"

o All other tree-level scale parameters x, =1. 95%CL: ———
rrrrprrTrpreeT e e T T e e e

K, =1.00+0.12 o
Kg=1.12177] -
Probe gg — H production (95%CL) kz,<3.3

and H — yy decay loops, (95%CL) BR; , < 0.27%— :
sensitive to potential hew | o

i=103+013 '
physics in the loops. g 008 -
my =125.36 GeV
P ETETETETES ST ETET BT A | I T

0 05 1 15 2 25 3
Parameter value
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Test SM Consistency

Kyr K70 K,y Ky K,) K,

« Decompose all loops according to SM;
« No beyond SM decays;

« One scale factor per relevant particles

Kw=0.91+0.14

(K‘C IK't, K's ZK'b)
K7€ [-1.06,-0.82]
U[0.84, 1.12]

K= 0.94 +0.21
K, € [-0.90, -0.33]
U[0.28, 0.96

]
K€ [-1.22,-0.80]
0[0.80, 1.22]

(95%CL) |Ky| < 2.28

ATLAS Vs=7TeV,45-471H"
68% CL: st /s =8TeV,20.3fb
95% CL:
BR; . =0
IIIIIIIIIIIIIIIlIIIllIlIIIIII!IIIIIIII
=
— +:
*;
h—i—
L :*
my = 125.36 GeV
IIIIIIIIIIIIIIIllllllllllllllilllllllll

-2 -15 -1 -05 0 05 1 15 2

Parameter value
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Mass Dependence

SM: Ao m (fermions)
T g« m? (bosons)

e | 1
> 4 ATLAS .
[ s=7TeV, 454710 23 7

LLT - 's=8TeV, 20.3 fb' Vx\!" ]

P> |

3 10t — Observed ‘ -
- --- SM Expected ]

102 A _

5 Ei T E

- T -

= b i

103 = U .
L'I'll’:’;‘r 11 IIIII| 11 IIIII| - IIIII| |

10° 1 10 10?

Particle mass [GeV]

Measured couplings are very Standard Model like
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General Parametrization

ATLAS Vs=7TeV,45-4.7f"
Vs=8TeV,203 "
KW ) KZ’ Kt ) Kb ) Kz_ ) Kﬂ ) gg:;:gli ie— ——
Ky< 1 Kon = Koff BR;, =0
L T T L (L T T T
Kg’ K}/' KZ;/' BRi.u. | | I | |
Kw ' :
e one x per relevant particle or loop; «, «_:_
- allow beyond SM decays k. S —
Parameter Ky < 1 Kb
] Kr T — —
Ky > 0.64 (95% CL) — -+
Kz > 0.71 (95% CL) K : ;
‘. - 12870
Iy = 0.62% 0;38 K, ~
K| = 0.99%) 75 . i
1K | < 23(95%CL) 7 _
K —
Ky = 0.902 14 “ ‘
K, - 0.92+0-2 BF":‘;U- S
Az, < 3 150>%CL) ?;"“ my = 125.36 GeV e
BRi..ll. < 049 (95(7{2 CL) L 111 | L 111 | 1 1 1 1 | L 1 1 1 | L 1 1 1 | | 1
Ty = 0.4 2 -t o 1 2 3

Parameter value
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Ratios of Couplings

When expressed in ratios, Higgs boson ATLAS ;i revis s7n
width cancels out = allowing test of the 68%&: e \/5=8TeV,203fb""
. . 95% CL: ——
SIVI Wlthout any assumptlon about LI I L | | L I L | L | L I [
the Higgs boson width k=118 £0.16 .
Agy = 1.097028 ———
Kpy = K- KZ/KH Zg 0.22 i
Awz €[-1.04,-0.81] — _'.:'_
Az, = KzlK, U[0.80, 1.06] ;
) = K /K A € [-1.70,-1.07] i
Wz Witz u[1.03,1.73] §
"lﬁg = Kﬁ/Kg Abz= 0.60+0.27 ——l——é—
Liz = KKz Az = 0993 -
A = K. /K '
4 oKz (95%CL) A,7<2.3
A 7z = K /KZ !
: K Ajz=0.90 +0.15 -
A‘;/Z = K}f/KZ :
{ . (95°/cCL) A(ZY)Z< 32 :
Yznz = KZ‘}!’/KZ i my=12536GeV
]IIIIIl|||JJ||]IIIlJ|lIIII]|II

—2 -1 0 1 2 3
Parameter value
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Coupling {its to BSIM models



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 (K‘z =cos’ 6 and k' =sin’ 6?)

2 SM 2 SM _ SM
o, =K X0, , I' =x"xI',", BR, =BR,",
K_|2
_ 12 SM _ SM _ SM
o,=k"x0;", T,=———xI}", BR,=(1-BR,,)xBR,;
1-BR__,
The measurement of the light Higgs boson can constrain the heavy Higgs boson:
(oxBR) (o xBR)
_ h _ .2 _ H _ .12 _
,Uh— M 1UH_ SM_K (1_BRnew)_(1_luh)(1_BRnew)
(oxBR) (o xBR)
h H
ATLAS Prelimina;ry EW singlet ATLAS Preliminary  EW singlet
Is=7TeV, 4.54.7 fbr — = M (5=7TeV, 4547 " — = sM
Vs=8TeV, 203" Obs. 95% CL: x?<0.12 \s =8 TeV, 20.3 i Obs. 95% CL: x2<0.12
----- Exp. 95% CL: k2<0.23
z 1§ I" J'L'_' __' T 1; TV TV X T AU TV T N T
D: 08;_ 082 Illl'\
D 07F 0.7E I
0.6% 0.6F
0.5E 0.5
0.4F 0.4
0.3 0.3¢
0.2F 0.2
0.1E 0.1
ot 0

independent of the mass of the heavy Higgs boson m,,.
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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
Ul

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

Also known as  “Fermiophobic”

Type | ! 11 i I1I IV
U D, ! b, [ D, 0,
d b, i D, " D, b,
e D, ' b, i Dy D,
I

MSSM-MI{OE Lepton-specific  Flipped
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Decoupling and Alignment 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

on the two 2HDM parameters: « and £

Parametrized using tan/3 and sin(f — )

Vertex Type II tree-level coupling factor

h V'V sin([7 — «)

h tt cosa/sin 3 = sin(F — a) 4+ cot Fcos(F — «)
h bb —sina/ cos 3 = sin(f — a) — tan Fcos(F — a)
h Tt —sina/ cos 7 =sin(f — a) — tan Fcos(F — a)

S EERERE
g t
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BR,  from direct and indirect constraints

Assuming BR,,,, =BR. , i.e., all new decays are invisible decays,

constraints from: - the rate measurements: BR, A <0.49 for x, <1;

nv

- the direct searches: BR, < 0.25

10 | L ' T T | L ' T T | L ' T T T T TT - . . .
E L ATLAS Prleliminalry | . Combining the direct searches with
N b (s=7TeV, 454710 - the indirect (rate measurements) in
8- (s=8TeV,20.3 b n _
- 1 the most general model: x,,, x,, k,,
- Obs.: . .
5 [ —Vis. &inv. decay channels N Ky) K.» K,y K, K,, K;,, BRmv with
- e Inv. decay channels :
. ~Vis. decay channels - The total Higgs boson width
41 ] 2 M
- . r _ Kl
L _ h —
ok b 1-BR.,
e P T i DR B B | BR,-,,V <23% at 95% CL
02 -01 0 01 02 03 04 05
BR
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Dark Matter Interpretation

The constraints on BR(h — inv) can be turned into constrainton T, ,
BR(h—inv)

v 1-BR(h—inv)

SM

— constrain dark-matter and nucleon interactions

2 .
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WIMP-nucleon cross section [cm?]
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