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New Boson on LHC

e Observation of a New Boson on CMS and ATLAS
X — 7z X —~
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e What we know:
— it is a boson, spin#1 = spin = 0 or 2... (nothing like this before)
— it couples to vector bosons, consistent with the Higgs boson

e What we do not know:

— if it is the Higgs boson, if couples to Fermions (matter)
— expect it to be elementary, if not = may be more interesting...
— if it is a tip of an iceberg of new exciting states of matter / energy
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s it the SM Higgs Boson?

e Study the properties of the New Boson

(].) mass mX and Width FX CMS ({s=7TeV,L=5.11" (s=8TeV,L=531b"
m, = 1255 GeV T T T 1 I —1zL.osev
iy ~ 1257+ 0.5 GeV
.
["y ~ small (expect 4 MeV) ] | i L
. Hos WW —at Ezﬁé:> Zi” _'_
(2) rates of production and decay .. e -
Combined
— tension, but consistent with SM »= — —ft- = [0 T
1 Be2st fit c/%SM Signal strength (u)

— unfolding the matrix production X décay

(3) structure of the couplings in production and decay
— quantum numbers: spin & parity (SM J¥ = 07); tensor structure

Naively: (1) is the z-scale of the mass plot
(2) is the y-scale of the mass plot
(3) is the other dimension, the focus of this presentation
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Some History and Credits

tereter = JP=0"

o

e Study of Parity of 7’ — vy and 7¥ — 7*v* — ¢
Samios et al. (1962)
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e A lot of progress over the past 50 years, with application to a Higgs-like boson

J. R. DellAquila et al., Phys. Rev. D 33, 80 (1986); C. A. Nelson, Phys. Rev. D 37, 1220 (1988); A. Soni et al., Phys. Rev. D 48, 5259
(1993); V. Barger et al., Phys. Rev. D 49, 79 (1994); B. C. Allanach et al., JHEP 0212, 039 (2002); S. Y. Choi et al., Phys. Lett. B 553, 61
(2003); C. P. Buszello et al., Eur. Phys. J. C 32, 209 (2004); R. M. Godbole et al., J. High Energy Phys. 12, 031 (2007); W. Y. Keung et al.,
Phys. Rev. Lett. 101, 091802 (2008); O. Antipin et al., J. High Energy Phys. 10, 018 (2008); K. Hagiwara et al., J. High Energy Phys. 07,
101(2009); Q.-H. Cao et al., Phys. Rev. D 81, 015010 (2010); Y. Gao et al.,, Phys. Rev. D 81, 075022 (2010); A. De Rujula et al.,, Phys.
Rev. D 82, 013003 (2010); C. Englert et al., Phys. Rev. D 82, 114024 (2010); J. S. Gainer et al., HEP 1111, 027 (2011); J. Ellis et al., to
appear in JHEP, arXiv:1202.6660 [hep-ph], etc...

e Discuss "On the spin and parity of a single-produced resonance at the LHC"
arXiv:1208.4018 [hep-ph] (Aug. 20, 2012)

S.Bolognesi'?, Y.Gao*?*, A.G.1%4, K.Melnikov!, M.Schulze, N.Tran?* A Whitbeck!*,

P 1JHU MR 2 FNAL
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The Higgs Boson: Production and Decay

o Excite vacuum: gg,.. — H — ZZ%, WWU  ~~, 7777, b, ..
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Production Modes and Background

e At LHC gluon fusion expected to dominate (7% VBF...)

gluon fusion weak boson fusion associated production

e The challenge is to distinguish signal from backgrounds, examples:

4G — ZZ% (™) qq — Z(v)+jets gg— tt
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Production of New Resonances

e Large Hadron Collider is a discovery machine
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Production of New Resonances

e Consider two dominant production mechanisms

of color-neutral
& charge-neutral X

&€ e Gluon fusion gg— X

J=10or?2
J., =0 or £2
expect to dominate at lower mass

e Quark-antiquark g7 — X

J=1or2
J, = +1 (m, — 0)

assume chiral symmetry is exact
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Decay of New Resonances

e Consider decay back to Standard Model particles

e Decay to fermions

X — 070, qq
spin-0 excluded m; — 0

e Decay to gauge bosons

X vy, WW~—, ZZ, gg
spin-1 excluded with v, gg

again X is color-neutral
& charge-neutral
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Kinematics in New Resonances Production

e ab — X polarization < production mechanism and couplings

—

do—ab(xlpla Lap2, Q) |
dYX Yab:%ln%

dO'pp(ﬁ) — zb:/dYX dZCleL’Q fa(ﬂﬁl) fb(ﬂﬁz)

P X 2
¢ & 5

® J, =0 fraction f.

3’ J.,==+1  fraction f.;
;?é ‘ |> 3—» +2  fraction [.»

in general depend on LHC energy
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Kinematics in New Resonances Decay

e Only 1 angle 0* for X — ~~, (07, qq, gg (but more for ZZ, W)

) A
fraction f),\, = ‘;Tf% Jm CK/
P, ¢X9.\,

P X e 0 X .
S&E/E’zfj,m P

Q,A; ‘3‘{

dI'(X; — P ) 1 i )
I'd cos 0* (J + 2) A§2 Pairs %:f ( Ao ( ))

: 1 : :
e Note: if f,, = 7 = cos 6* flat = cannot determine spin

requires f,, fine-tuning (breaks by changing LHC energy)
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Decay of a New Resonance to 22 or WV

e "experimental” goal: measure all polarizations (2, 2): A\, ., [-m

e "theoretical” goal: connect to underlying physics (spin, parity, etc...)

AOO ‘
«

4_49 g._.
e
Ay or Agy @ G"—g"—’ " J>1
Ay or A <—g>—0+ ¢ T =1
A, or A, \ 9—>—> i]>| i ,

|Jz‘ — O 1 2 — fz() le fz2
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How to Measure Polarization in X — V'V

e Deduce all A), ), and f.,, from angular distributions, but need:

(1) define complete set of observables
(2) full analytical angular distributions
(3) connect amplitudes to " theory"
(

4) MC with all spin correlations

mx, My, M2

oy ("QCD")

0%, ®* (arbitrary)
01, D1

Oy, (Dy — ) = @

(12 degrees of freedom)
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Angular Distributions

e Connect amplitudes and angular distributions
forany J =0,1,2,3,4, ...

Ay X DJ* (Q*)BM)@ X DJ* g (Q)A)\l)\Q

X1—Xz2,m m,A1—
X DY ()T (1, o) X D27 (Q2) W (71, 7o)
do o< Y | Y Aa({Q}))

XoHsT  Xom

ab— X, Q"= (P1,0%, —P1), {x1x2}
X — 7,75, 0 = (0,0,0), {AAg)

Zy — fifi, Q= (0,01,0), {1, pa}
Zy = fofo, Qo = (®,0, —®), {11, 72}

r=cafcy = Ay =2r15/(1+115°)=0.15 (£ (1), 1 (tv)
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Explicit Distributions for any Spin J

Fdj,o(e*) X {4 |Aoo|2 sin” 6; sin® 0> + 2| A4+ ||A=—] sin® 6 sin® 0 cos(2® — ¢ + ¢++)J

+ Ay |? (1 + 2A¢, cosf; + cos” 01) (1 + 2Ay, cos Bz + cos® 02)

+]A__|? (1 — 2A;, cos B + cos” 91) (1 — 2Ay, cos Bz + cos” 92) spin=0& >1
+ 4| Aoo|| A4+ |(Af, + cosbr)sinbi(Ay, + cosb2)sin bz cos(P + ¢4 )

+ 4| Aoo||A——|(As, —cosB1)sinb (A, — cosbz)sinbz cos(P — p__)

+F{1(07) x [2|A+0|2(1 + 2A5, cosfy + cos® 01) sin® O + 2| Ag_|* sin® 61 (1 — 24, cos Oz + cos” 02)
+2|A_o|*(1 — 24y, cos by + cos® 01) sin® 02 + 2| Ao+ |* sin® 01 (1 4+ 245, cos fz + cos” 62)
+ 4| Asol|Ao—|(Af, + cosbr)sinbi(Ayr, — cosbs2)sin bz cos(P + P10 — do—)
+ 4| Ao ||A—o|(Af, —cosBr)sinbi(Ay, + cosbs)sin Oz cos(P + pot — (]5_0)} spin > 1

—|—F1‘]’_1(6*) X [4|A+0||A0+|(Af1 + cos 61) sin 01 (A, + cos 02) sin O3 cos(2V — ¢ + ¢o+)
+ 4| Ao—||A—0|(Af, —cosbi)sinbi(Ay, — cosbz)sin bz cos(2¥ — do— + P—o)
+4| A 0||A_o|sin” 0; sin® Oz cos(2U — ® — p0 + ¢_0) + 4| Ao_|| Aoy | sin® 61 sin® B2 cos(2¥ + & — po_ + ¢0+)]

—|—F2‘],2(0*) X [|A+_|2(1 + 2Ay, cosb; + cos> 01)(1 —2Ay, cos bz + cos” 02)

+|A_|?(1 —2Af, cosO; + cos” 01)(1 + 2Ay, cos Oz + cos” 02)] spin > 2
+F5 _5(0%) x [2|A+_||A_+| sin” 01 sin® 0, cos(4¥ — ¢ + ¢_+)] + other 26 interference terms for spin
where U =&, +®/2 and F}(0") = Z o i (07 )dim 3 (07)
m=0,+1,4+2
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Examples of Distributions for X — ZZ — 4/

e SM Higgs 0", BSM scalar 0", pseudocalar 0~ at myx = 125 GeV
— lines projections of analytical distributions, points from MC

LA o O NN A e e 22T T T T T T T T T T L B B B e T S A o LA [N B e
22F E 20 = 30 E 251 7
201 E 181 3 . ] ? .
18F | = ] 251 ] r N

E 3 16 . - = r b 20¢ ]
'.'.(:Ze‘f:-v':‘;v’-“'f‘s,==':3 7..- v—uw-"\'»""f‘"‘t‘.ll'."" 207 ;g ¢'Vs u o -
14 = £ 1 [ R\

E B 12 = ! 15 AN p
12; 7: 10: | 157 =; < -. r S 1
10+ = 2 E L SSgaaa8ts 10: 6 :

E B 8 - L — =
8- E g 1 10 r 1
6F 7 i E g ] B ]
AR B S I o = T D
o COS E 2F = F COS 1 r ]
O:‘ | [ | ““\““\“‘;I?““\“‘ O’HH\““\““\‘1?2\““’ Lo b v b v b v by ol

-1 0.6 0.2 0.2 0.6 1 -814 -1.88 -0.63 0.63 188 3.14 -1 -0.6 -0.2 0.2 0.6 1 -814 -1.88 -0.63 0.63 188 3.14

cos@ ®, cosB,; o)

o X — "% with mqy > me, mx < 2myz = at least one Z* off-shell

90F
80
70
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$ o
LR 5
- ccunasdoSCSStsbe ki “Nrrer
91 10

mq, My dependence from
Z‘AAMQ (m17 m2)‘2
BW and phase-space pz(mq, ms)
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Amplitude for Spin-0 X — V'V

e Amplitude for X ;o — 1115

- v 0 v qu (0) rx ) fx v
A=v""! (g§ )m%/€1€2 +92 fMVl)f (2),1 +g< ) ) fuo?) 5 )f (1) f(2)n )

form-factors ¢g;: g1 for H — ZZ, g5 for H — ~~y
e SM Higgs 0: (¢1) CP  ~few% (g2) CP ~1071 7 (g4) CF

(or beyond SM) (or beyond SM)

L~ g%O)XZMZ“ & gV )m%/eike;

0 v 0) v
L g XZ0,2" & g fi{0 e

v v pa(2)
L~ gig)O)Z,LLaZ & [aﬁaaX] = gé )f (). f,uo?) A2

0 v rp 0) px [k v
L~og" X727, o g o
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Amplitude for Spin-0 X — V'V

e Express through Lorenz structures (f(ﬁf)y = el'q¥ — eVq! field strength tensor)

A=vteley (algwm%( + a2 q,q, + a3€,008 Q?qg)

0 0 0) S 0)m S
a3:—29§), a2:—29§)—g§>ﬁ, a1:g§>—¥_—2a2
my My

e 3 amplitudes ( “experiment”) < 3 coupling constants ( “theory” )

2
m mym
Aoo(ml,mz) — X (a1\/1+x+a2 12 2113)
v m3
2
m Comym
Ari(my,mg) = == (a1 +t 1a3 12 2\/5>
v ma
s = mx Wf M= (s/mime)? — 1

e Compare B — V115, see e.g. PRD45,193(1992)
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Amplitude for Spin-1 X — V'V

e Most general amplitude for X,y — V'V

A=y [(e1g2)(e3ex) + (&q1) (€ex)] + baeapeier™ es” (1 — g2)”
1~ CP 1- OP
1T P 1T CP
Example: Ty
@_ ] Z
2 2 2 2
Aoy = +ib, (m3 m2); Aoy = by (mi —ms) JT
mx mx
o ome |1 m?
. my 1 m2
Agr = —bimav/x F i b2m—%( [5 (m_%( +mi — m%) (H% — 1) + 2m§az]

e Reconfirm Landau-Yang theorem for X — 7~
m;=me =0, A#0 = Ay, =0forJ=1
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Amplitude for Spin-2 X — V'V

AX —TVs) = 291 b | (e (2 4 2g(2 qu‘qﬁf (D (2

77 R

2 * UV px * U X 2 o
—|—g§ ) e t 5 (f (L ,uc(JzQ) + f (2)u m(ll)) -l—g( ) w/f (1) Bf
2 B, 2 guqa XU _kQ xQu kU 2 qv q * %
+my, (29;) ety + 2080 Az (176" — €176 )JFQ% )Ftuﬁl%)

q qV o
+g( :UJ Myf 1) ﬁf

2 ~a
2 (2) t,LbOéq xU _*¥p o g§0>t,u04q p~O [ _*U * *U *
+mV 99 A2 E,uz/pael € g + A4 euupaq q (61 (q€2) + €9 (Q€1))

e Minimal coupling (~gravity) 1 =D
: o6
— energy-mom tensor — SM field-strength tensor &

*(2) « *U v v
%u:fﬂé)fy[g)g ﬂ"‘mvﬁu & fom =eq —€q

y
Yy

e Many options, for illustration: gl ) & g5 (2;;) gf) (2))), 95(32) (21,)
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Amplitude for Spin-2 X — V'V

e Similarly, express through Lorenz structures...

AX =) = Al ey [Cl (q192) s + &2 Guutapd®q” + more...]

e Just for illustration, generally 9 amplitudes:

s m? m2 m?
cn:2ﬁ”+zﬁ%§(1+i§><L+13>+%£L£%m

(my +m5) ¢

mA cT MmiMms 1
Apgg = X 4 [c—1+:13 — 2% + 122 + cy02x| — -
00 mimav/6 8 NG 15 ( ) 9 41 42 ——
myma(my —m3) myms; 3 2 2
+ m?X\/g (€41 — ca2)2x + m‘)l(\/g [01 (Z + CL“) — C2 (433 + 8w ) — 38w
8 8 4 4 1
(Tl +my) o mama(my +my) [—cl— (1+2x)+ 2z ;...
mimimayv6 8 m4-/6 2

e Minimal 952): c1 ~-4co =-2¢4; (as m; — 0) = A, &A . dominate

= production gg— X only J, =42 = [, =0
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Coupling to fermions

e For completeness X — g, also to describe qqg — X:

— example of spin-2:

r
A=, (%Aqy (p1 + pavs) + 12 TI NG Ay (s + P4%)> Vg,

e 4 amplitudes (“experiment”) < 4 coupling constants ( “theory”)

2
Ass = 2\@75/]\\4)(& (iﬂl + 52]\/{5( (ps F P?ﬁ))
M2
Az = —4 % (01— Bpa)

e Consequence of m, (chiral symmetry)

O = A=A _=0atm, —0
:>ATl'ATl:> J.==x1 Inqqg — X
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Monte Carlo Simulation

e MC program, open access: http://www.pha.jhu.edu/spin/
— complete chain ab — X — vy or Z*Z* JW*W* — (fi.f1)(fof3)
— calculate matrix element | M |?
— weigh or accept/discard events

e Important features:
— most general couplings for J =0, 1,2

e.g. Higgs radiative corrections
e.g. non-minimal G couplings, Z'—=ZZ

— any angular distribution from QM
— interface to detector simulation (LHE)

e Background and detector: simplified model for illustration

— POWHEG / MadGraph: qq — ZZ, WW v~
— others backgrounds smaller, account by rescaling the rate
— detector: acceptance loss and energy smearing of 0+ Y
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Simulation Examples of X — Z2Z — 44

2 . ER S T - E
208 Spln—O ] 18- 1 25 Om’ 0 , 0~ ; .
18? E 16 3 C ] 20? ]
o T oa :
E | . I N R
10 — 10; ] 10: N Y|
= 3 8- = r B
8 ] ok E 7 i ]
6F = E ] r h L ]
: o : P ] : 0 : * ) ]
E = 4= = L h 5+ -
4 cos 6 o 1 s costia ; ]
OEHH\HH\HH\HH\HHE P BN BRI B R O:HH\HH\HH\HH\HH: I RN BRI B R
-1 -0.6 -0.2 0.2 0.6 1 -814 -1.88 -0.63 063 188 3.14 -1 -0.6 -0.2 0.2 0.6 1 -814 -1.88 -0.63 063 188 3.14
coso* ®, cosf; (o)
f . ] 25 - i + ] 22- 1
= spin-1 1 N L 3
E ] 20 . : ] 18- E
20 R d 2 = A AETRa -
R 9 20 16Wm—@~@\m =
i 1 A A 145 =
15¢ 1 T SN . 12¢ E
: I ; : TS :
100 7 : ] 100 . 8- E
r b - . F . 6F E
’ s - d ] : 0 : 5 d 5
5- 9 = 5r i = — = =
: COS | : 1 s cost; ¢ :
o P R AN A B R I R A BT BT O““ E
-1 -0.6 -0.2 0.2 0.6 1 -814 -1.88 -0.63 063 188 3.14 -1 -0.6 -0.2 0.2 . 1 -814 -1.88 -0.63 063 188 3.14
coso* ®, cosf,; (o)
T T T L L B B T T T 6;\\\\ L L B B \\\\; 9?““““““““““““i T L L B B T
16 F 1 F ] 7B 3
: s 9 9F 9= - ; ;
14 - . E ] r ]
5: 1 U= m1 h, h E 6; E
2 4:“u“Duu DmuummuDDDDD’_‘: 6i i 5 =
n - — s 5; é A: ]
8 3fw wf s :
F . E ] 3 & 2 < H
6 2- : 3 : g ]
g : z 2 . i ]
1= @ ] F E F ]
2 : 1+ cosb E ) :
0 :HH\H"\“‘1\““\““: OEHH\““\““\17‘2‘\““5 T SR R B A
-1 -0.6 -0.2 0.2 0.6 1 -814 -1.88 -0.63 063 188 3.14 -1 -0.6 -0.2 0.2 . 1 -814 -1.88 -0.63 063 188 3.14
coso* ®, cosf; (o)
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Simulation Examples: Masses

e m; and ms different between signal models and from background

all signals gg (J =0,2)orqq (J=1) - X — Z*7" at 125 GeV

+ 1- + 9F o- 7 — 77 ] Z~*
17,1 20,27, 2 Gq — L L7 L7y
' m? 1 “h
e R e R AR D e AR m
r 22F E
100 20C =
i 185 E
80F 165 ¢ 3
: 14f . 3
60r- 12F =
L 10F E
40 ] E
[ E ° E
L 6; [ ]
20¢ 4 . e 3
k 2F ° ° 3
,_w; . M L |
9 90 54 68 82 96 110
m, [GeV]
22?\ T 3 14? \.\ |
20? = 12; ]
18; - L L]
16- E 100 1
14F e r N
12 E 8; i .
10 = r ° B
C 6, Y
8- = i .
6; - A % N
L ..
4 E 2k =
2 3 r
| o) TN R BN B P N R R Oe "
65 0 13 26 39 52 5 65 0 13 26 39 52 65
m, [GeV] m, [GeV]

— lines projections of analytical distributions, points from MC
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Simulation Examples: Other Channels

X —->7"7"—4 X —->WW"— 202 X — vy
L L B B L ———— 1 7 777
12j ]
10k |8
8t | 6f
6l o o
: 4 |\ O O
4 I
g ol _
27 L
o 07 95 0 05 1
CosB*

X — 7Y
—only 1 angle cos 6*

o X - W*'W* — 202v
— no exclusive reco due to 2v
— but stronger ® modulation = reflected in reco observables
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LHC DATA



Experiment |

1, H.'x;h}
i
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Experiment |
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Quark-Antiquark Process

Qz ¢
\ X P

W

A * 1 = * ’
Gl 0) o X (0 00) %

T i x2, A =11

°®
o

e
.
N

X1,X2 1,22 X1:X2

|A(QQH”>A&W“> + A2 () AT (0w)

(m? —mg?) +1mzly

where A, X (X1 — X2)cv — ¢4
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Proton-Proton Process

E+p, /2'
ln —D: P(BVK q A

p

e Now spread in boost V' =

DO [ =
&y

®

dO_observe(Ya m27 9*; 5)
0.6
dY dm? d cos 0* &

q,A; ‘B‘K

% quq(m, Y) X [&Sgen(m2, cos” 0*) + Dyg(m, Y') x &ggd(m2, cos' 6%)]
g=udsc

challenge at LHC: ¢ vs ¢ direction
= Dilution D, 45 <1
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Process in the Detector

o Combine q7: i (46%), dd (37%), s5 (10%), cc (5%),

(3%)

ES
mass m boost Y angle cos 6
e - T s T a
: ] ; E 140K 4
_ 50000 - = 4
> 10° : ] 120~ E
5 . 40000 . = 100 3
g 10° 2 - ] e 100; ]
PR £ 300000 = 2 8o E
& 10°E. SO 1 5 &
o F W 0000 = w
w0 100001 =
60 70 80 80 100 110 120 08 3
m (GeV) Y
e Detector effects: lost particles and resolution
10° T T
250~ N = 600001 .
r 7 C 7 60000
- - - ] S m
> 200 E 50000 ] 50000 =
& B ] N - E < C ]
O 1 & 40000 4 9, F .
0 1501~ 1 < - — © 400001 E
s 1 Bk E RO :
a ] §3°°°°; 1 £30000) =
c 100 ] r b o ]
o T 1 “20000 4 D00l B
T ] - ] - ]
o E 10000/~ - 10000 =
% R T R R R B 07" 98 06 04 02 0 02 04 06 08 1
Y cosB*
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Mixing Angle 6y on CMS: PRD84,112002(2011)

e Repeat qq — v*/Z — p ™ ~300,000 times (from 1 fb~! of data)
sin? Oy = ]
0.2287 £ 0.0020 &= 0.0025 j | K
~ 1.4% precision A T

o

e Prior (LEP/SLC) results ~ £0°

~ 0.1% precision (0.2312)
but with e” et «— +*/Z

*k
mass m boost Y angle cos 6
CMS 2011 1.07 fotat\Vs =7 TeV CMS 2011 1.07 fbtat\s = 7 TeV CMS 2011 1.07 fbtat\Vs =7 TeV
- 1T T 1T LA L N IR I B L L L L E
® CMS data

| — fit projection

N
o
o
o
o

6000

N
o
=)
o

Evel\r]ts /0.8 GeV
3
1S

Events / 0.04

2000

Ly TS
%o 85 90 95 100
m [GeV]

coso*
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CMS MELA: Matrix Element Likelihood Analysis

Pbkg(mlv ma, 617 627 (I)v 6*7 (I)l‘mllﬁ)
Psig<m17 ma, (917 627 (I)v (9*7 (I)1|m4€)

MELA = |1+

o Used in H — ZZ% — 2¢2¢ in 2011
JHEP04(2012)036

from PRD81,075022(2010)

e Discriminate signal vs background
— QCD effects suppressed (no pp, Y)
independent of production mechanism

CMS Preliminary 2012 Vs=7 TeV, L=5.05 fb™; {s=8 TeV, L=5.26 fb™ CMS Preliminary 2012 Vs=7 TeV, L=5.05 fb™; {s=8 TeV, L=5.26 fb™ CMS Preliminary 2012 Vs=7 TeV, L=5.05 fb™; (s=8 TeV, L=5.26 fb™*

b 0.2: T T T L T T T T T T ‘ T T T T ‘ T T T T T ] b O.l:Y T T TTT T ‘ TTT ‘ T TTT ‘ T ‘ TTT T T: b 0.1:T T TTT T 1T ‘ L ‘ LI T ‘ TTT ‘ T T Y7

£0.18F 4 50.09- 4 50.09F 3

20.16} 4 L2o.08F 4 So.08f -

Eo.m% 1 goo7- 1 goo7) E

'c—é 0.12% - 'c—é 0.06 'c—é 0.06 :
5 01 4 5005 50.05

<0.08 - o004 2 So04 -
0.06 = 0.03 0.03
0.04 = 0.02 0.02

0.02 5 0.01 / 0.01 /

0 n | 0 { % O { %

20 30 40 50 60 -1-0.8-0.6-0.4-02 0 02040608 1 -1 -0.8-0.6-0.4-0.2 0 0.20.40.6 08 1

m,, [GeV] cos 0, cos 6*
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MELA Parameterization

Pbkg(mla ma, 917 927 (I)a 8*7 (I)l‘mllﬁ) -

MELA = |1+
Psig<m17m27(917627q)ae*aq)1|m4€)

— detector acceptance cancels in the ratio, correlations included

® P 0¢ JHEP11(2011)027 (140 > 180 GeV): dominant q¢ — Z 7
x POWHEG template (my, < 180 GeV): dominant ¢qG§ — Z~v*

9
8
7
6
5L ,e%e0, _ _ee®%e, 1
............ pee eoer c«
E L 1 Feee.  4et aF
L L R PP P .
E E .
. = A ‘e T 4 9 % q T teeeeeec’
. ° 2
R i3 \ E ¥
— ) o | | . 0 o o
bt 68 82 96 110 13 26 39 52 65 ‘1 06 02 02 06 1 ‘1 06 02 02 06 1 §14 188 063 063 188 314 1 06 02 02 06 8
m, [GeV] m,[Gev]  cos  cosh, [ cose*

o P..

s X analytical signal distributions
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CMS: 2D analysis MELA vs myy

Vs=7TeV,L=5051fb Vs =8TeV,L=5.26fb "

CMS Preliminary

<
— 1
= gz e Model with full simulation
' 0.8 . .
g; — include interference
' 0.6 . .
05 — powerful sig.-bkg. separation
0.4 0.4 .
03 — little model-dependence
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CMS: 2D analysis MELA vs myy

CMS \s=7 TeV, L=5.1 fb"! \s=8 TeV, L=5.3 fb”

0 [ - —
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CMS: Interesting Feature in H — Z™MZ%) — 4¢

e CMS data favors both Z* off-shell

— too early to speculate

Events / 4 GeV

— need to watch

CMS Preliminary Vs=7TeV,L=5.05fb™";Vs=8TeV, L=5.26fb™
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CMS: MELA for Spin / Parity

—1

7DO_ (m17 ma, (917 927 (I)a 9*7 (I)l‘mélﬁ)
73OJr (m17 ma, 617 627 (I)a (9*7 (I)l‘milf)

psMELA = |1 +

e Hypothesis testing

— scalar (0™) vs pseudoscalar (07)

— may include any other model o P

e Simulation (http://www.pha.jhu.edu/spin)

— expected separation 1.60 now
— 3.10 with 5+30 fb~!

CMS Sm | atio 5= LVS=8TeV,L=5261" CMS Simulation (5=7TeV,L=505 b 5\5=8TeV,L=30fb *
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Simplified study: H — Z/Z — 4/

e Perform 2D analysis (mg4s, psMELA)

. . ! 1“!
{=lo. . 0.8

0.8

0.8

Plo 16 122 128 134 140 Plo 16 122 128 134 140 Po 16 122 128 134 140
m,, m,, m,,
e Hypothesis testing: 07 (SM) vs 0~ at 2.90 when sig vs bkg 5o
3
027 T T 014 Si*l*o**w*”wi”w*”iw””w”;
0.22F 1 0.11- .
| ; 2
0.16- 7 0.08[- - %
E
i ] i o
0.11] 1 oos 1 2
L (3)
0.05} i . 0.03F =
P16 12 iz 134 140 % 0z 04 06 08 1 30 207710 0 10720 30
m,, Dy -2In(L /L))
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Simplified study: H — WW — 202v

e 2D analysis (mr,me), mr = (2p7 BF>(1 — cos A%e—Eq@iSS))m

60 80 100 120 60 80 100 120 60 80 100 120
m; [GeV] m; [GeV] m; [GeV]

e Hypothesis testing: 0 (SM) vs 27 at 2.80 when sig vs bkg 5o
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Simplified study: H — v~y

e 2D analysis (1, cos §*)

1
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Scan different hypothese

e Take 5o yield as a reference, compare to current status at ICHEP:

scenario X =272 X—-=WW X — vy
0 vs bkg 5.0 5.0 5.0
CMS now (expect/observe) (3.8/3.2) (2.4/1.6) (2.8/4.1)
0+ vs 0F 1.8 1.1 0.0
0+ vs 0~ 2.9 1.2 0.0
0+ vs 1+ 2.1 2.0 -
0+ vs 1~ 2.8 3.2 -
0F vs 2 1.1 2.8 2.4
0+ vs 2 ~5 1.1 3.1
0+ vs 27 ~5 2.5 3.1

Andrei Gritsan, JHU
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Optimistic projecting into the future (5+30/fb)

% 172 3 4 5 & 7 8 % 172 3 45 6 7 8
0., vs bkg [o] 0., vs bkg [o]

scenario X — Z7Z X - WW X — vy combined

0 vs bkg 7.1 4.5 5.2 9.9
0t vs 0~ 4.1 1.1 0.0 4.2
0t vs 25 16 2.5 2.5 3.9
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Conclusion

e New boson on LHC (CMS+ATLAS)

— new exciting form of matter/energy

e Need to understand what it is

— find its quantum numbers

— find its couplings to matter

e Angular & mass analysis

— should work well with LHC data

e Next 6 months will be exciting

— we will more than double our data

— we will measure more than the rate

e It will be a long adventure in either case...
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Kinematics in ete™ with B — VV

e Angular distribution of X — P P

fractions f) ), = ‘gﬁiﬁ fn /2;
B,
Y 9:': Al
¢ “ ©
BZ/i Jm> C
AN

dF(XJ%Plpg)_ 1
I'd cos 0% (J+ 2)

Z
|

Z f)\1)\2 Z fm‘dTJn,)\l—)\g (9*) ‘2

A1,A2 m

5. dl'(Y — BB
e For ' — BEB: ( — ) - \dio(9*)\2 ~ sin?
)\1:)\220, J:l, m::l:l FdCOS 0* ’
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Polarization Experiment with B — V'V (T')

e 3 spin configurations = 3 amplitudes A, ,, (similarto H — ZZ7...)
|‘]Bam> — |070> = A=Ay

|/, A1) | J, =1, 9)
o Try K\ — Ka(r) with JZ =07,07,1%,1,27,27,3, 4", ..

Andrei Gritsan, JHU L 5 October 2012



Polarization in B Decays

e “penguin” B — @/ with vector (tensor) mesons
polarization puzzle BABAR arXiv:hep-ex/0303020; BELLE arXiv:hep-ex/0307014

[Ago)* > |A P> |A__|* suppression~(m,/mp)*~1/25
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Angular Measurements

o For K" — Kr:

e fFor K§*> — Krm
see PRD 77, 114025 (2008)

dBF J A A :
x| 2 2 Anx Y70, Q) x Y (7w — 03,0)
d cos 01d cos O5,dD T A=1.0
{ transverse longitudinal
dl' j—1 { 1 sin® 0y sin® 0 (|[A4 |+ [A__|?)) + | cos® 6 cos® O] Ago|?

1
—|—§ sin” 0y sin” 0 [cos 2@ Re(As; A* ) —sin2® Im(A, | A* )]

1
+7 sin 264 sin 265 [cos ® Re (A Ay + A-_Afy) —sin® Im (A4 L Af, — AAS)]}
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Polarization in B — goK(*) Decays

e Complex multivariate analysis with 12 parameters per channel

B (matter):
B (antimatter):

=
)
\\?\ L —

50¢

Events/ 20 MeV

K*(392)

K (1430)
K3 (143

Events/ 50 MeV

oL
525 526 527 528 529

0;’
12 14 16 18 2
mKTlT[ (GEV)

Mes (GeV)

| BABsR PRL101,161801(2008)

|1i100‘> |1i1++‘7 |fi1——|1 arg({loo), arg(‘/il—l——i—)a arg({l__)
|AOO|7 |A++|7 |A——|' arg(AOO)a arg(A++), arg(A__)
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Polarization in B — goKS*)

Decays

o Puzzle J =1, not 2: |Ap|? =~ |A  |* > |A__|?; arg(

| Aoo|?

BABAR Jr f()o = m

B — 0K*(892)° | 17 [0.494 4 0.034 + 0.013
B — @K*(892)* | 1= [ 0.49 4 0.05 + 0.03

B — oK (1270)* | 1 | 0.46 1312 +0.03

B — pK:(1430)° | 2F | 0.90170:93% + 0.037

B — pK3(1430)* | 2% [ 0.80 *5-9940.03

looked for K§*>

K*(892)

Events/ 0.0625

K3 (1430)
K (1430)

Events/ 0.0625

with 27, 37, 47, none found... ,

N
_O

.

2 Grtesin? 0y

_|
[E—

=

Aoo
Ay

Events/ 0.0625

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

10

cos” B esing 0

Events/ 0.0625

) #0,m
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New Physics in B Decay Polarization

_ _ violate ‘AOOP > ‘A_|__|_‘2 > ‘A__P
scalar (tensor) interaction SM: g/ (1 — )
AO A g7y V)4

Ay [P Ag]? > [A- [
G(1+7°)q

Aol > [A_[P>[AL
' (1+7")q

QCD rescattering,
penguin annihilation 777

no satisfactory solution...




What we have learned

from B decays:

e power of spin correlations

e extract maximum information T @ QK
e production and decay angular formalism
e surprises (either within or beyond SM)

e better to look for beyond SM in direct production

if energy reachable at LHC

Andrei Gritsan, JHU LVI 5 October 2012



