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Higgs Boson Production & Decay
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Karlsruhe Institute of Technology

If mg is given all properties of the (SM) Higgs boson are known:

Production (in proton proton collisions)
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Reminder: Discovery on 4" July 2012

AT
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Scratching magic
50 boundary.

Discovery driven
by H — v~ and
H — Z 7 (high

resolution channels).

Broad moderate
excesses for
H — WW and

H — bb.

No signal seen in
H— 717,

CMS Vs=7TeV,L=5.11b" ys=8TeV,L=5.31fb"
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Reminder: Discovery on 4" July 2012

AT

Karlsruhe Institute of Technology

Scratching magic
50 boundary.

Discovery driven
by H — v~ and
H — ZZ (high

resolution channels).

Broad moderate
excesses for
H — WW and

H — bb.

No signal seen in
H— 717,

1 CMS \s=7TeV,L=511f" {s=8TeV,L=531b"
)
=) The new particle decays into photons and Z bosons. |0
g ,g2| Therefore itis a boson! 26
Q — 7 —130
S 10vi- \// -
_| —_ ............. \ _—46
6 _|
10 - \‘ v 1 56
10‘8 — | = Combined obs. “\,.. —
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Analyzed Datasets

e Status: Summer 2015.
* Final states:

H — bb
H — 71

H =y
H—Z7ZZ
H—-WW

* Production modes:

qq - VH
gg — ttH

gg — H
qq — qqH
* 207 event categories.

* 2519 nuisance parameters.

¢ ~20 MB binary file of statistic
model,
~50 MB human readable txt file.

Dhecay tag and production tag Expexcied signal compostion My ™y Mo of categories
TTed' ETel
H — 7y [31] Section 21 5d 187
LUints ged TEn el O&2 1% 4 5
et VBF S0Er WEF a2 ]
T Leptanic VH =95 VH{WH/ZH = 5) 13% 2 2
B WH TO-E VH{WH fZH = 1) 13% 1 1
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Mass Measurement & Decay Width ..\X‘(IT
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TOLL, WENN
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Mass Measurement
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CMS Vs=7TeV,L=51fb";{s=8TeV,L=19.7 fb"
> [ T T | T T T T T T T ]
0335__ e Data > 16F T T ™ ]
O [m =126 GeV &b D> 0.5 4 7
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* Only “free parameter” in the SM.

* Can be directly measured in high
resolution channels (H — v, H — ZZ).

S/(S+B) weighted events / GeV

200

0

-100

19.7 6" (8 TeV) + 5.1 fb' (7 TeV)
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Mass: Best Estimate ..\X‘(IT
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— 7 T T T T I T T T T I T T T T l T T T T
T
S ~ ATLAS and CMS H-yy ]
Z 6 — H—>ZZ—-41 ]
c - LHC Run 1 Combined yy+4l 7
ol A T LT Stat. only uncert. ]
I 5 — .
4F E
3 =
2 -
1= —
ol 1
124 124.5 125 125.5 126

m,, [GeV]

* Four free parameters in fit: my(POI), uzz, pyy(99H,ttH), pyy(qqH,V H) (profiled)

* Best estimate: | my = 125.09 4+ 0.21(stat.) & 0.11(syst.) GeV
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Decay Width

AT
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- A
~ T (125 GeV) = 4.04 MoV £
100 200 300 500 1000

M, [GeV]

* Cannot be measured directly from

mass peak (experimental resolution).

But accessible in H — ZZ via line
shape analysis of (non-)resonant
99 — ZZ, H — 4¢ production:

do(9g9—H—2ZZ) "%HQZ
dmj, (m3,—m¥%)?+m Ty
2 2
. KK
gon shell X mg FZ
Ht H M4 TN
2 2
O.off—shell Rgkz
)
(M4g) My 2Mm 7z << mu

* Off-shell cross sections enhanced close to ZZ production threshold.

* Best estimate:

10

my = 125.09 + 0.21(stat.) + 0.11(syst.) GeV
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Decay Width

XIT
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CMS preliminary
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Compatibility of Couplings the SM .\\J(IT
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Compatibility of Couplings the SM _\g(“.

Karlsruhe Institute of Technology

* Fix mass to best fit value from H — ZZ and H — ~~ (125 GeV).

* Introduce signal strength modifier p1x for each production mode or decay channel.

* Apply separate fit for each production mode or decay channel.

19.7 b7 (8 TeV) + 5.1fb" (7 TeV) 19.7fb™ (8 TeV) + 5.11fb" (7 TeV)
Combined CMS m, = 125 GeV CO"EF{%% ", CMS m, = 125 GeV
w=1.00+0.13 Preﬁminary ; e Preffmm&ry
H — bb tagged
Untagged - W= 1.00+0.13 iw=093+0.49
w=087+0.16
Signal strength in perfect |H-s trtagged =
: tep: =0.91+0.27
VBF tagged il | agreement with SM within h=091
h=1142027 ~10% accuracy! Ho
! vy tagged _
nw=1.13+0.24
VH tagged .
u=0.89+0.38 H — WW tagged i
u=0.83+ 0.21 -
ttH tagged = H — ZZ tagged
=276+ 0.99 =100+ 0.29 —T—
MRS | T T T S S R R ooy by ey
0 1 2 3 4 0 0.5 1 1.5 2
Best fit o/cg,, Best fit o/oy,,
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Coupling Estimates ..\X‘(IT
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* Determine couplings from production mode and decay channel:

gg — H production: qq — qqH production: Decay to for V:
g

@ f: Mg = =L Kf=3Z « Coupling to gluon can be [ or effective ©.
g

2m?2
OV: gnvv == kv = « Couplingtoy can be effective or a mixture of f + V.

* Direct measurement not possible since «; appear in nominator and denominator of

_ Iy kg
BRi_Fh_Zm
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Narrow Width Approximation _\g(“.
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* Assume 'y < mpy , which is well justified by 'y = 4.04 MeV and mpyg = 125 GeV.

1

* Propagator: . .\ ,2p2) = ,p0(¢” —m?) for T — 0.
g

l.e. put propagating particle on shell.

Calculate cross section as o x BR .

e 0 X (/it/iq-)2 0.8 ("fu"id)2 X (’%q’%f)2 X (’%Qlif)z-

* For each production mode and decay channel collect x; and express 'y as sum
of individual k; .
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General Fitting model with 5 POI's AT
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* Five free parameters for each tree-level coupling, my fixed to best fit value, x,
resolved in W, Z and t contributions, k4 resolved in tand b contribution.

19.7 15" (8 TeV) + 5.1 f6" (7 TeV) N e 2T R (BTEV) + 5,115 (7 TeV)

CMS - 68% CL = CcMS Mg =
Preliminary == 95% CL [ v t 4
i} : o> guavv :
W y =_ - 68% CL -
: Ry = g o -1 _
- : gsm o 10 |—95% CL
‘ - ---SM Higgs :
Ky ——I—r— 102 E
’ by . ]
Kp —*I—- f{/f — >\S—M _103 (M:S) fit =
: —68%CL | ]
Ky - —95%CL | |
1 Ll | L1 1 I L1 | I 111 i I i1 L1 10_4 1 1 IIIIIII | 1 1 IIIII| | 1 IIIIIII | —

0 0.5 1 1.5 2 2.5 0.1 1 10 100

parameter value Particle mass (GeV)
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Fermion versus Vector Boson Couplings ﬂ(".
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CMS 19.7 6 (8 TeV) + 5.1 b (7 TeV) _
2 s ob * Cross section H — VV-
o [ served ) ,
| 0 SM Higgs | o X (kfry) + (KvKy)
" 99—~ H qq—qqH
I * Cross section H — ff:
o 0 o< (rphf)? + (v hiy)?
: * Cross section H — v :
-1
: 0 (k3—kfky)? + (kv Kp—ki)?
: * H — ~v only channel to distinguish
'20 0.5 1 15 sign ambiguities due to interference

Ky terms.
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Custodial Symmetry

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

£ gt CMS '; — Observed E
<] - Preliminary | - Exp.for SMH |
N 8: Kf‘KZ‘}LWZL ' E
7 L
6 E
st
i
’
O s T T s T
)L'WZ

18

* In the SM an additional SU(2), x
SU(2)r symmetry protects ki &
rz 1o be the same (— custodial
symmetry).
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Up-type versus Down-type Fermion Couplings ._\X‘(IT
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19.7 o' (8 TeV) + 5.1 b (7 TeV)

_l OE||||||||||t_||||||||||||||||||||||||ijl||||E .IntheSMfermlonmassescanbe
£ go-CMS —Observed 1 gptained via only one Higgs doublet
< Preliminary -—-Exp.forSMH 1 field.
N 8E Ay, Ky Ky E
LB ’* 3+ In Two Higgs Doublet Models
- ] (2HDM) the coupling to up- and
6 — . .
- . down-type fermions can differ
S =  significantly.
45 5
3
2F 3
1E ;
0:I I T T T | | | Ikl L 11 101 [ T T Y I I | I:
0 0.5 1 1.5 2 -
)L‘du: ,{Z
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New Physics in Loops

AT
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* New particles in loops can lead to deviations of the effective couplings to gluons

and photons from the SM expectation.

* Such deviations can be expressed by a BR to new particles, which have not been
observed, yet.

o 1.8

1.2F

0.8

0.6

0.4}
0-2_\ L1

19.7 b7 (8 TeV) + 5.11b" (7 TeV)

1.4F

1.0f

r CMS

-OC Preliminary

19.7 167 (8 TeV) + 5.1 fb" (7 TeV)
\IIIIII|I\IIIIIII|\\I\IIIII‘I\\IIIII

st CMS

" Preliminary

* Assuming SM values for tree-level couplings.

20

-2AInL

19.7 b (8 TeV) + 5.1 b7 (7 TeV)
III\\IIIIlII\\IIII|I\|IIIIII|\\I\IIII

- N W00 O N 0 v o
N UL L L TTTT[TT T T [TTTT T

TTTTTTTTT ]

-t CMS — Observed

Sl e!imigaF;y -—-Exp.forSMH [

F Ky Kg BPRpgy : ]
| L |

Ooll\
I

|-\’\‘|’||| Lrah Ll I\\IIIIIIl\\I\IIIII:
0.2 0.4 0.6 0.8 1
BRBSM

Institute of Experimental Particle Physics (IEKP)



Search for the Invisible ..\g(“.
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19.7 o' (8 TeV) + 5.1fb' (7 TeV)

| U:IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIj'II,|IIIIIIIII: L4 Mostmodel|ndependent(|nCIUS|ve)
£ 9t CMS —Obseved 3 search for the decay, which has not
< _F Preliminary —--Exp.forSMH |[{  been observed, yet, via deviation of
c‘l*' 8; Ky Kgr Ky=T, * : > k; from one.

7E Kp Kp, Ky BHBSM =

o

s

4k -

o

2 -

UEI et |||||||||||||||||||||||||||||||||||||E

0 0.2 0.4 0.6 0.8 1

BRBSM
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Spin & Parity Estimates
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22
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Spin & Parity Estimates ..\g(“.
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* Spin and CP studies need something to make spin of particles visible — spin
analyzer.

* Principle: angular momentum conservation in 2-body decay (best high energetic or
with v's).

* Examplesfor H — ZZ — 4/

= 4 ﬂ 4 7 Z P=-1

g 4 fi P=+1

— Q@ —> 7. .
[z T P=(-D"][(-1)

ALy y o7 B z‘

L> Intrinsic parities

* Both longitudinal and transverse polarization states of Z bosons are Spin and
Parity sensitive.
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Spin & Parity Estimates ..\g(“.

Karlsruhe Institute of Technology

* Spin and CP studies need something to make spin of particles visible — spin
analyzer.

* Principle: angular momentum conservation in 2-body decay (best high energetic or
with v's).

* Examplesfor H — ZZ — 4/

0~ /= 0 Z P=-1
v A = =
! H ¢ - » f P: —|—1
—e—> Foopeo
JP=0" 7= 1 N
oy 4z 27 N\ P = (~D*T1(-D)

L> Intrinsic parities

* Both longitudinal and transverse polarization states of Z bosons are Spin and
Parity sensitive.
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Spin & Parity Estimates ..\g(“.

Karlsruhe Institute of Technology

* Spin and CP studies need something to make spin of particles visible — spin
analyzer.

* Principle: angular momentum conservation in 2-body decay (best high energetic or
with v's).

* Examplesfor H — ZZ — 4/

e—JM —1ﬂ “—«z Z: P=-1

f: P=+1

| ‘ f P=-1
JZ :1_ZJ P = (—D)ET(=1)

E+ﬂ ' 'g+(j i

Intrinsic parities

* Both longitudinal and transverse polarization states of Z bosons are Spin and
Parity sensitive.
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The H — Z 7 System

AT
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* System described by m 1, mz2 and five more variables:

26

01

02

9*

decay angle Z; — ¢/

decay angle Zs — ¢

decay angle H — ZZ

azimuthal angle H — ZZ i ’

azimuthal angleZ; — ¢/ I
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Discriminating Variables ﬂ(".
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0.07 r . : 007

108 006k 1 oge

105 - 0.05 ‘_FEE:’:EQE o 008 __‘—I_ 4
104 ?[:J"—l—w_rr\% ] oo} - 5 | oos :—‘_ﬁ —EQ:-‘:L I___L_:]_=_,f_r—-
103 I 0,03 003

1ok 1 o E}_‘:F‘:r —LEL‘:E o

i 001 0.0
ol : ' : T S T T TN TN TN TN TP TR
-1 08 06 04 02 0 02 04 06 OB | 008 06 0F D07 0 bz o+ bE o ot = - . . . <
cos 04 cos 65 b
0.-:]'.": T T ] 007
— JP=D+ U.-:Jt-'i 0.08
005 { oosf
P_n- 004, el J e = oo ] = =
J"=0 = - = — =
0.03f 1 ooa . =
002} ] 8 E
JP—2+ | 002f
- o.0if
ﬂi i i 1 | i i
1 0B 08 04 02 0 02 04 08 08 1 oL - - ; : . E
*
cos 0 D,

* As obtained from MC simulation (http://www.pha.jhu.edu/spin/).

* Taking acceptance and resolution effects into account.
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http://www.pha.jhu.edu/spin/

Comblnatlon into a Single Discriminating Variable ﬂ(".

Karlsruhe Institute of Technology

o 7T T I s
* Events with 106 GeV < myy < 141 GeV (49 events). N N, E
w - J"-u m, =126 GeV 1
. . E |:|zztz A
« Example given for 0~ hypothesis. S :
ar -
* For 1d projection a cut has been applied of Dy, > 0.5. 3—
2
» Statistical assessment based on hypothesis tests. 1 ;5;
00_“011:02 0.3 04 0.5 0.6 0.7 0.8 09 1
A [ — W'Do
& ‘ g
0.9 0.9
0.8 0.8 !
0.7 0.7
0.6 0.6
05 0.5F
04 0.4

O0 010203 040506 07 0809 00 010203040506 070809 1 00 010203040506 0703809 1

Dbkg Dbkg Dbkg
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Comblnatlon into a Single Discriminating Variable ﬂ(".
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L £(0T+BG £ oqf .
* Test statistic: ¢ = —21n <£éJPiBG)>>_ E 01
g 0.08 — CMS data
Expectation for given hypothesis 0™ or J* g ,rx.
. . 2@ 0.06 k
obtained from toy experiments. oo
. ) 0.04[
* SM hypothesis ( 0™) tested against large number of :
alternative hypotheses. SM favored in each case. 0.021
CMS fs=7TeV,L=511"1s=8TeV, L=19.7 ft' % 20 10 o 10 20 30
S i F . H : H . : -2><In(L_/L*)
o [ —8- CMS data - - - Median expected 5 ; : ; : : : ] 0 0
Q> 60 WMO0 1o [ NP ]
£ 0" = 20 [ Ngp % : ; : : ; : :
¥ 403 °*+30-, J'°+3°; A ]
20 -
oﬁﬁﬁﬁﬁﬁﬁ
740:-

0 o, T T 1" 1 28 2 2;, 2 2 2,
any any qg—X any qg—X any gg—X q3g—X any gg—X gg—X gg—X
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Comblnatlon into a Single Discriminating Variable ﬂ(".

Karlsruhe Institute of Technology

L £(0T+BG £ oqf .

* Test statistic: ¢ = —21n <£éJPiBG)>>_ E 01

g 0.08 — CMS data

Expectation for given hypothesis 0™ or J* g ,rx.

. . 2@ 0.06 k

obtained from toy experiments. oo

. . 0.04

* SM hypothesis ( 0™) tested against large number of :
alternative hypotheses. SM favored in each case. 0.02p
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Q> 60 WMO0 1o [ NP ]
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* Test statistic: ¢ = —21n <£éJPiBG)>>_ E 011
g 0.08 — CMS data
Expectation for given hypothesis 0™ or J* g ,rx.
. . 2 006 E
obtained from toy experiments. oo
) i 0.04]
* SM hypothesis ( 0™) tested against large number of :
alternative hypotheses. SM favored in each case. 0.021
CMS fs=7TeV,L=51f"{s=8TeV,L=19.7 it % 20 -10 o0 10 20 30
S [ i . . E . -2><In(L_/L*)
(8] [ @ CMSdata - --Median expecied o Lo
Q> 60 WMO0 1o S ]
£ 0"+ 20 .J"+2a
o [ 0" 30 .JP . .
“ | » Spin 1 already
20f - excluded from
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-40:-
0 . o T I T . 2;,' 2t | 2;,. 2 | 2 . 2,
any any qg—X any qg—X any gg—X q3g—X any gg—X gg—X gg—X
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* Test statistic: ¢ = —21n (

L(0T+BG)

L(JP+BG)

).

Expectation for given hypothesis 0™ or J*
obtained from toy experiments.

* SM hypothesis ( 0™) tested against large number of
alternative hypotheses. SM favored in each case.

21In(L, /cy)
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CMS Ys=7TeV,L=51f"{s=8TeV,L=19.7 it’
[ ~®- CMS data - - - Median expected : : : :
60F MNO" =10 M1 T
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01

— CMS data
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L Y
0.06 E
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0.04f
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% 20 -10 0 10 20 30
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Q0 0

(i} o

1 T

T2 2 2 % % 2
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> Would imply anomalous

coupling since no 0~
couplings at tree level in
the SM.
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* 07 most interesting hypothesis, since predicted in
many extensions of the SM (e.g. MSSM).

* Only realistic decay channel to study this
hypothesis: H — 77

CMS Ys=7TeV,L=51f"vs=8TeV,L=19.7 i’
Q& ~®- CMS data - - - Median expected ]
o> 60F B0 : 1o [ N T
£ 0"+ 20 M« 20 ]
o

01

— CMS data

0.08

Ff‘-“‘.
t

Pseudoexperiments

0.06
0.04f

0.02}

% 20 -10 0 10 20 30
2xInlL_/L)
0 0

40k 0"+30 ,thSO‘

0 o, T T 1" 1 28 2 2n 2 2 2,
any any qg—X any qg—X any gg—X q3g—X any gg—X gg—X gg—X
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> Would imply anomalous

coupling since no 0~
couplings at tree level in
the SM.
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Properties Summary ..\X‘(IT

Karlsruhe Institute of Technology

* New particle is a boson.

« Mass: my = 125.09 + 0.21 (stat.) = 0.11 (syst.) GeV

* Decay width: T'y < 22 MeV
* Spin: 0 favored
* Parity: +1 favored

« CP:
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Karlsruhe Institute of Technology

* New particle is a boson. v

- Mass: my = 125.09 £ 0.21 (stat.) £ 0.11 (syst.) GeV \y¢

- Decay width: Ty <22 MeV N

e Spin: 0 favored V
* Parity: +1 favored V
* CP: ?

40 Institute of Experimental Particle Physics (IEKP)



Sneak Preview for Next Week ﬂ(“.

Karlsruhe Institute of Technology

* Remaining questions:

* |s this A Higgs bosons?
* Is this THE Higgs bosons?

* |s there MORE THAN ONE Higgs bosons?

Next week: Seminar

41 Institute of Experimental Particle Physics (IEKP)
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