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Motivation

Polarization of decay products contains valuable information.

» Example: (SUSY) LH vs. RH stop/sbottom decaying to b’s
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» Example: (SUSY) LH vs. RH stop/sbottom decaying to b’s

» Despite hadronization, bottom baryons partly retain polarization.
Falk, Peskin, PRD 49, 3320 (1994) [hep-ph/9308241]

> Evidence observed at LEP in Z — bb.
ALEPH: PLB 365, 437 (1996); OPAL: PLB 444, 539 (1998): DELPHI: PLB 474, 205 (2000)



Motivation

Polarization of decay products contains valuable information.

» Example: (SUSY) LH vs. RH stop/sbottom decaying to b’s

» Despite hadronization, bottom baryons partly retain polarization.
Falk, Peskin, PRD 49, 3320 (1994) [hep-ph/9308241]

> Evidence observed at LEP in Z — bb.
ALEPH: PLB 365, 437 (1996); OPAL: PLB 444, 539 (1998): DELPHI: PLB 474, 205 (2000)

» How to measure b polarization at the LHC?
» Can we calibrate the measurement on Standard Model samples?

» Can we use it for discovering / characterizing new physics?



b spin in a hadron
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b spin in a hadron

b quark is heavy my, > Agep

chromomagnetic 1y X 1
moment my,

v

b spin is preserved in hadronization

up to O(Aqen/my,) effects

Mesons (= 90%): useless b/c decay as scalars

Baryons (= 10%): much more interesting!
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b spin oscillates due
to chromomagnetic
moment interaction.

Then decay to Ay;:
Zl()*) — Abﬂ'

b spin is preserved
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For interpreting polarization measurement, need to know
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Polarization retention

For interpreting polarization measurement, need to know

P

(Ap)
P(b
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Polarization loss due to A,'s from Z,(*) decays:

Produced in b spin basis, but decay in Z,*) mass basis

diquarks

S T
spin-0 spin-1
isosinglet  isotriplet
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Polarization retention

For interpreting polarization measurement, need to know

P(As)
P(b)

Result:
1+ (1 + 4w)A/9

1+ A

T =

depends on two hadronization parameters:

prob(24*) 0 prob(T) S prob (71)
— — 1 —
prob (A,) prob(S) prob (1)

A




Polarization retention

For interpreting polarization measurement, need to know

P(As)
P(b)

T =

More precisely, account for X, (*) widths (interference):

pr(E) y
E—my+il(E)/2

|E) o /dcos(?d(b Z(J, j\"’f|%;‘|‘%; 1,m)
J.M
X Y (55 LM —s| ] M)Y,M(6,0)[0,0) |s)
S T \
p(E) o< Trgy |E) (E] oion  Apspin
~ momentum
pox [ dEp.(E)exp (—E/T) p(E)

ma, +mx

Result: 1+ (0.23 4 0.38w;) A
1+ A




Polarization retention

For interpreting polarization measurement, need to know

_ P\
T —
P(b)
Result:
he 1+ A

depends on two hadronization parameters:

prob(Zé*)) 9 prob(7T) I prob (1)
jr— h— 1 p—
prob (A,) prob(S) prob (T')

A




Polarization retention

For interpreting polarization measurement, need to know

_ P\
T —
P(b)
Result:
T 1+ A

depends on two hadronization parameters:

B prob(Zé*)) _q prob(7T) _ prob (74,)

A = wy =
prob (Ay) prob(S) ' prob(7)

No direct measurement of A yet.

Statistical hadronization model: A ~ 2.4

Pythia tunes (from light hadron data): 0.24 S A < 0.45
DELPHI: w; = —-0.36 £0.30£0.30 CLEO: w; =0.71%£0.13



Polarization retention

For interpreting polarization measurement, need to know

.= Pl\)
~ P(b)
Result:
o 1 (023 +0.38uy) A
1+ A

depends on two hadronization parameters:

prob(Zé*)) _q prob(7T) _ prob (1%,)

A= — wp =
prob (A,)  prob(S) ' prob(T)

No direct measurement of A yet.

It would be useful to measure r dlrectly

Pythia TURES (Trof daron data): U203 <~ A ~ U4

Stati

DELPHI: w; = —-0.36 +£0.30+0.30 CLEO: w; =0.71=0.13



Extracting A and w, from anisotropy of r

~ prob (1%,)
w =
prob (1)

applies along the fragmentation axis

If b is polarized transversely, r is different.

14(0.234+0.38w;) A
1+ A

ry; ~

1 +(0.62 — 0.19w;) A
1+ A

e/

rr =~

Measuring both r, and r would allow determining A and w;.



A, decay modes

Choose semileptonic mode,
inclusive in charm hadrons
(large BR, no hadronic
uncertainties).

Mode

Fraction (I';/T)

M J/Y(1S)Ax B(b — A9) (5.8 £0.8 ) x 1075
r pD°r~ (5.9 739 )x104
3 pDYK— 43 39 )x100
ry  Aln™ (5.7 752 )x103
s ATK™ (42 728 ) 1074
6 /l_: 81(1260)_ seen
r7 /\i_rTT+7T_ T (8 J_rz ) x 103
g A(2595)T 7, A(2595)T — 37 t38 )x 1074
/\j ata—
o N (2625)T 7=, A(2625)F — (36 T37 )x1074
/'42L ata—
Mo (245507t 77, 50 — 6 T2 )yx10—4
/\jﬁr_
M1 o (2855) T, IET — (35 728 )x 1074
AT 7t
C
[10 AK°27F 27~
M3 /\'C"E_T/fanything [a] (9.9 +22 )%
F14 /lz_f_i‘jg (6.5 i_gg ) %
M5 /\;‘_W+TT_£_§£ (56 £31 )%
M6 N(2595)T ¢~ 7, (8 45 )x103
M7 Ac(2625)7(~ 7, (14 122 )%
Mg  X.(2455)°7t 1~ 7,
Mo  X.(2455) "7 (7
Fog ph™ [b] < 2.3 x 107
M1 pr— (41 +0.8 ) x 106
Moo pK~ (4.9 +0.9 ) x 1070
Moz Aptp~ (1.0840.28) x 10°
Foa Ay <13 x 1073




A, decay modes

Choose semileptonic mode,
inclusive in charm hadrons
(large BR, no hadronic
uncertainties).

Also:

Ay — p D' (~i, expectvery small

Mode Fraction (I';/T)
M J/Y(1S)Ax B(b — A9) (58 +0.8 ) x 1072
r pD°r~ (5.9 739 )x104
3 pDYK— 43 39 )x100
g Alr™ (57 739 ) x 103
s ATK™ (42 728 ) 1074
6 /l_: 81(1260)_ seen
r7 /\i_rﬂ'_'_ﬂ'_ T (8 J_rz ) x 103
s Ne(2595)F 7, A(2595)T 37 t38 )x 1074
/\j ata—
o N (2625)T 7, A(2625)F (36 T37 )x1074
/'42L ata—
Mo (245507t 77, 50 — 6 T3 )xi074
A_:W_
M1 o (2855) T, IET — (35 728 )x 1074
A+ +
[0 AKO2rt 27
M3 /\'C"f, Vganything [a] (9.9 +22 )%
F14 A:_ f_i‘jp (6.5 T +3 2 ) %
M5 /\;‘_W+TT_£_§£ (56 £31 )%
M6 N(2595)T ¢~ 7, (8 45 )x103
M7 N(2625)T 1~ 7, (14 122 )%
Mg  X.(2455)°7t 1~ 7,
Mo  X.(2455) "7 (7
Fog ph™ [b] < 2.3 x 107
M1 pr— (41 +0.8 ) x 106
Moo pK~ (4.9 +0.9 ) x 1070
Moz Aptp~ (1.0840.28) x 10°
Foa Ay <13 x 1073




Semileptonic A, decays

A
b 1 dl 1
Ay
= — (1 + ;P (Ay) cos b,
9, ['p, dcosb; 2( (Ao) )
1 22 1
—— +2p+6p° — =p* — =p' + 6p°log p + 4p” log p
= —0 - 3 2 ~ —0.26
—(1—8p+8p3—p4—12p210gp) T
2 me
o, =1 p= m_g

O(Agep/my) corrections are absent, and «, corrections are few %.

Manohar, Wise Czarnecki, Jezabek, Korner, Kuhn, PRL 73, 384 (1994)
PRD 49, 1310 (1994) Czarnecki, Jezabek, NPB 427, 3 (1994)



Polarization measurement

» Demand a muon (with IP and pr ) inside a jet.

» Reconstruct the neutrino (up to 2-fold ambiguity) by using:
® /\, mass constraint

e Line from primary to secondary vertex as A, direction of motion
Dambach, Langenegger, Starodumov, NIMA 569, 824 (2006) [hep-ph/0607294]

» Measure neutrino Ag in A, rest frame

N, —N_ a
Apg = = — P(A
TN N N P(A)




Polarization measurement

» Demand a muon (with IP and pr ) inside a jet.

» Reconstruct the neutrino (up to 2-fold ambiguity) by using:
® /\, mass constraint

e Line from primary to secondary vertex as A, direction of motion
Dambach, Langenegger, Starodumov, NIMA 569, 824 (2006) [hep-ph/0607294]

» Measure neutrino Ag in A, rest frame

ZP(Ay)

A, fragmentation fraction (= 8%)

i.e., semileptonic B-meson “background” (isotropic) dilutes Agg.

» (optional) To eliminate the B mesons, demand the presence of
A — pm~in the jet (see backup slides).



Where to measure

» Top pair production
+ Maximal polarization (= 1)
+ Large cross section
+ Easy to select a clean sample

> 30 significance possible at ATLAS/CMS (lepton + jets channel)
with existing 8 TeV data, even for r = 0.5 (preliminary estimate).

» Z production
+ Large polarization (= 0.94)
+ Large cross section
— Large QCD background (S/B = 1/15)
contributes statistical fluctuations.
Likely not measurable anytime soon.

—

P(Ay) = —0.237535, 550 (ALEPH)
LEP 5 P(A,) =—-0497032 +0.17 (DELPHI)
| P(Ay) = —0.56707 £0.09  (OPAL)
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Where to measure

» QCD production
Q P . Dharmaratna, Goldstein
+ Large Cross section PRD 53, 1073 (1996)

— Unpolarized at leading order TR R

+ Transverse polarization at NLO

= Strong dependence on kinematics

— Significant only at low momenta -
P(b) ~ asmy/py L

Relevant for LHCb

25

0.0+

POLARIZATION (%)

-25 +  down

POLARIZATION (%)

136 180

4! 90
SCATTERING ANGLE (Degrees)

FIG. 7. Polarization of up, strange, charm, and bottom
quarks at the subprocess CM momentum of (a) 13 GeV/c
for gluon fusion and (b) 9 GeV/¢ for annihilation. Other
parameters are identical to Fig. 5.



Where to measure

» QCD production
Q P . Dharmaratna, Goldstein
+ Large Cross section PRD 53, 1073 (1996)

— Unpolarized at leading order TR R

+ Transverse polarization at NLO

= Strong dependence on kinematics

— Significant only at low momenta -
P(b) ~ asmy/py L

Relevant for LHCb

25

0.0+

POLARIZATION (%)

-25 +  down

LHCb has already measured:

POLARIZATION (%)

Measurements of the A(b)—> J/%A PLB 724, 27 (2013)
decay amplitudes and the A} -
polarisation in pp collisions at [arXiv:1302.5578] ]
\/5 = T7TeV 7) (Ab) — 006 :l: 007 :|: 002 ° . * SCATTERING ANGLE (Du.grces) o 1-60
Far from optimal because the dependence unche  the sabprocees O mommeum of (o) 18 CEV T

for gluon fusion and (b) 9 GeV/¢ for annihilation. Other

On kinematics Was ignored. .parametersare identical to Fig. 5.



b’s from new physics

Example: b’s from pair produced sbottoms or stops (2 b’s per event)

Assumptions about a future analysis:

> S/BR1 t#* or bb*

» signal efficiency €5 = 0.1 Lol

» muon BR x efficiency ¢,_,, = 0.06 .

» Using neutrino Acg, i.e., a =1

» Not requiring a A % B YU R AT

» Statistical uncertainty dominates

AP(D) — V2 (1+ B/S) 330

ar fa,\/esues Los  VLos 13 TeV LHC

T T00 200 300 400 500

-1 <P <1 r=0.7

/




b’s from new physics

Example: b’s from pair produced gluinos (2 b’s per event)

Assumptions about a future analysis:

> S/BZ1 5
» signal efficiency e = 0.1 Lol
» muon BR x efficiency ¢,_,, = 0.06 i, |
» Using neutrino Acg, i.e., a =1 /
» Not requiringa A % . 1000 b~
» Statistical uncertainty dominates 0'4g
0.2
apip) - SECEOE S
| OG0B 500To0 1100

-1 <P <1 r=0.7 m (GeV)



Measuring c polarization with A_

» Same formalism ensures O(1) polarization retention.

» O(Aqep/me) corrections less negligible than O(Aqep/m)
but we propose to determine r experimentally anyway.

» Fragmentation fraction: f, ~ 8%

» Potentially promising decay mode: AT — pK—7t
® 5% BR (vs. 2% for semileptonic).
e Automatic reduction of D-meson background.
Decay product most sensitive to polarization can
be determined experimentally.

> Calibration sample: tt with W' — c5
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Energy dependence in A, decay
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Soft muon b-tagging

CMS PAS BTV-09-001
MC @ 10 TeV
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Figure 9: Mistag rate versus efficiency for the “soft muon by pr,,,” (left) and “soft muon by IP”
(right) taggers.



A requirement

A, decay modes

Inclusive modes

A decay modes

r{  pr (63.9 +£0.5 ) %
L, nn’ (35.8 +0.5 ) %
3 ny ( 1.75+0.15) x 10~3
[, pr— vy (84 £1.4)x10%
5 pe Te (832+0.14) x 104
6 pPu"7, (157+0.35)x104

[67 e' anything (45 + 1.7 )%
[6s pe’ anything (18 £ 09 )%
69 et anything

[70 p anything (50 +£16 )%
71 p anything (no A) (12 +19 )%
7o  p hadrons

[73 n anything (50 +16 )%
[74 n anything (no A) (29 +17 )%
75 A anything (35 £11 )%
[ 26 Zianythi-ng (10 £5 )%
77 3prongs 24 +£8 )%

Semileptonic modes

62 s (2. 6 ) %
fes  NeTve (21 + 06 )%
66 z (2.0 7). %

Overall BR = 20%. Need A — pm~
reconstruction efficiency > 50%
to have statistical advantage.
Will be possible with upgraded
detectors (?)



