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Motivation

500 ATLAS ¢ Data
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Each particle carries

momentum and spin.

For quarks, momentum is easily reconstructed.

Is it possible to measure also their spin state (polarization)?



Motivation

Top quark polarization measurements are now standard.
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Polarization of tops from new physics processes
will teach us about their production mechanism!

Can we do analogous measurements for the other quarks?



Motivation

= CMS Experiment at LHC, CERN CMS Experiment at LHC, CERN
Data recorded: Wed Jul 8 19:26:24 2015 CEST CMS Data recorded: Wed Jul  19.26:24 2015 CE
Run/Event: 251244 / 83494441 L Run/Event: 251244 [ 83494441
Lumi section: 151 B Lumi section: 151
Orbit/Crossing: 39572626 / 358 — - Orbit/Crossing: 39572626 / 358
T -
il

Jet
pr =81.6 GeV

Electron
pr=57.7

Muon p; =53.8 GeV

Quarks produce jets of hadrons.
Quark’s momentum reconstructed from tracks, calorimeter deposits.

How can one reconstruct quark’s spin state (polarization)?



Motivation

Hadronization is complicated (non-perturbative QCD).
Does the polarization survive the hadronization and
the subsequent decays? Which hadron carries it?
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Motivation

Hadronization is complicated (non-perturbative QCD).
Does the polarization survive the hadronization and
the subsequent decays? Which hadron carries it?

For heavy quarks (b, c):
» The jet contains an energetic heavy-flavored hadron.

» When it is a baryon, part of the polarization is expected
to be retained. Falk and Peskin, PRD 49, 3320 (1994) [hep-ph/9308241]

Evidence observed at LEP via A, (= bud) baryonsin Z — bb.
P(Ay) = —0.2370-24 +0.08 (ALEPH)  PLB 365, 437 (1996)

P (M)
P (M)

—0.497092 +0.17 (DELPHI)  PLB 474, 205 (2000)

—0.56707 +£0.09 (OPAL) PLB 444, 539 (1998) [hep-ex/9808006]



Motivation

Hadronization is complicated (non-perturbative QCD).
Does the polarization survive the hadronization and
the subsequent decays? Which hadron carries it?

For heavy quarks (b, c):
» The jet contains an energetic heavy-flavored hadron.

» When it is a baryon, part of the polarization is expected
to be retained. Fralk and Peskin, PRD 49, 3320 (1994) [hep-ph/9308241]

» Can the LHC measure b polarization? c polarization?
What about light quark polarizations (u, d, s)?
» Can we calibrate the measurements on Standard Model samples?

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



Source of polarized quarks: tt samples

> t > W*b produces polarized b quarks.

W+ > cs, ud produces polarized ¢, s, u, d quarks.
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W+ > cs, ud produces polarized ¢, s, u, d quarks.

> Easy to select a clean tt sample and reconstruct

the events (e.g., in lepton + jets channel).

Charm tagging, charge tagging (leptonic W) make it
possible to study the different quarks separately.



Source of polarized quarks: tt samples

> t > W*b produces polarized b quarks.

W+ > cs, ud produces polarized ¢, s, u, d quarks.

> Easy to select a clean tt sample and reconstruct

the events (e.g., in lepton + jets channel).

Charm tagging, charge tagging (leptonic W) make it
possible to study the different quarks separately.

» Statistics in Run 2 is as large as in Z decays at LEP.



b spin in a baryon

my > Agep
chromomagnetic 1
moment iy O == b spin preserved

my . .

during hadronization
f‘ )
1/2 0

b qq

A b spin preserved
b during lifetime

b spin oscillates

1/2 Zb during lifetime
E;‘; A, sample contaminated

by EI()*) — Abﬂ'

Fragmentation fraction into baryons = 8%



b-quark polarization retention

To what extent is the polarization preserved?

= P(Ay)
- P()
Polarization loss due to Ay‘s from Eé*) — A\ decays:
diquarks Ay 1) = 1[by1)]S0)
S T
i 1 b, 1)|Th) + b_)|T
spin-0 spin-1 ) = \[ b ) o7 \/ SRS
isosinglet isotriplet +£> \[ b 1)|10) + \[ b_1)|Thy)
(%) *
A — prob(Zb ) _ pl"Ob(T) Zb,+13> | %>|T+1>
prob (Ay) prob(S) a
. — Prob(T1) Production as a b spin eigenstate.
"7 prob (T)

Decay as a X, or X, mass eigenstate.
Falk and Peskin

PRD 49, 3320 (1994) €.8. b, 1)|To) = \@ [Zy41) + \/% X 1)
: ’ ) P2



b-quark polarization retention

To what extent is the polarization preserved?

T

P(As)

P()

1+ A

Polarization loss due to Ay‘s from Eé*) — A\ decays:

diquarks
S T
spin-0 spin-1
isosinglet isotriplet

prob(Zl()*)) . prob(T’)

A = =
prob (Ay) prob(S)
on prob (T41)
"7 prob (T)

Falk and Peskin
PRD 49, 3320 (1994)

| +1 |50>

)=

zwg T} + /2 o pIT)
)= \M) |To+\/|b IT)
) =

Production as a b spin eigenstate.
Decay as a X, or X, mass eigenstate.

e.8. [b,1)[To) = —\/4 [S1) + /2 155 ,0)




b-quark polarization retention

To what extent is the polarization preserved?

P(Ay) 1+ (0.23+0.38w;) A

r =
P(b) 14+ A
More precise result after accounting ,
Parameter (MeV)
for 21(9*) widths (interference). I, -4 3
1.0p— I's: 94 2

Mmy: — My, 21 £2

Calculation details in

P(Ay) [ P(b)

-0 ' Supplementary Slides

- 1.0 : : . : L .
40 50 60 70 80 90 100
E-my,—m; [MeV]



b-quark polarization retention

To what extent is the polarization preserved?

P(Ay) 1+ (0.23 +0.38uy) A

T

P(b) 1+ A
prob(Eé*)) prob(7) prob (7%4)
A — p— 9 wl —
prob (Ap) prob(S) prob (7T)

The values of A and w; are uncertain (see Supplementary Slides).
However, A~0(1), 0<w; <1 IZ:) r~0(1)
consistent with LEP



b-quark polarization retention

To what extent is the polarization preserved?

P(Ay) 1+ (0.23 +0.38uy) A

"= P 1+ A

prob(Eé*)) prob(7") prob (1)
A — p— 9 w =

prob (Ap) prob(S) prob (7T)

The values of A and w; are uncertain (see Supplementary Slides).
However, A~0(1), 0<w; <1 IZ:) r~0(1)
consistent with LEP
A and w; can be measured:
— Measure SM samples with polarized b quarks = will discuss

— Other measurements at ATLAS, CMS, LHCb
- see Supplementary Slides



c-quark polarization retention

» Similar to the b case, heavy-quark limit suggests
O(1) polarization retention in the A..

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

» Fragmentation fraction:

Gladilin

fa, = (B7E£01)% EPJC 75, 19 (2015)
[arXiv:1404.3888]



s-quark polarization retention

» Cannot argue for polarization retention using heavy-quark limit.

Cannot argue for polarization loss either!



s-quark polarization retention

» Cannot argue for polarization retention using heavy-quark limit.

Cannot argue for polarization loss either!

» A polarization studies were already done at LEP, in Z decays.
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s-quark polarization retention

» Cannot argue for polarization retention using heavy-quark limit.

Cannot argue for polarization loss either!

» A polarization studies were already done at LEP, in Z decays.

For z>0.3:
P(A) = —0.31 +0.05 ALEPH, CERN-OPEN-99-328

P(A) = —0.33+0.08 OPAL, EPIC 2, 49 (1998) [hep-ex/9708027]

Contributions from all quark flavors are included.
For strange quarks only (non-negligible modeling uncertainty):
—0.65 < P(A) S —0.49

Sizable polarization retention!



A, polarization measurement

Can use the inclusive semileptonic decays P(A,)
Ny — X 07 0 .
. o Pi
Ay polarization is encoded in the angular distributions 7'
]_ dFAb ]_ Hi
T doosf, 2 (1+ a; P (Ay) cosb;) i=/{orv




A, polarization measurement

Can use the inclusive semileptonic decays

P(As)
Ay polarization is encoded in the angular distributions
1 dFAb 1 0;
= — (14 a; P (Ay) cos b, i =1/{orv l
I'p, dcost; 2 ( P (A) 2
where
1 2 22 3 1 4 2 3
——+2p4+6p° — —p° — =p~ +6p~log p+4p”logp
ap = I 52 ~ —0.26
E - 1 ~ .
—(1—8p—|—8p3—p4—12p210gp) T
2 2
mC
a, =1 pP—= "5
my,

O(Aqep/mep) corrections are absent, and < corrections are few %.

Manohar, Wise
PRD 49, 1310 (1994)
[arXiv:hep-ph/9308246]

Czarnecki, Jezabek, Korner, Kuhn, PRL 73, 384 (1994)
Czarnecki, Jezabek, NPB 427, 3 (1994)



A, polarization measurement

Inclusive approach

» Demand a muon (with IP and p; ) inside a jet,
like in soft-muon b tagging. e.c. c\VS-PAS-BTV-09-001

» Reconstruct the neutrino (up to 2-fold ambiguity) by using:
® Line from primary to secondary vertex

as the A, direction of motion Dambach, Langenegger, Starodumov
) Ab mass constraint NIMA 569, 824 (2006) [hep-ph/0607294]

» Measure neutrino Agg in the Ay rest frame

N, —N_ e
App = i — JA §P(Ab)

Ay fragmentation fraction (= 7%)

Semileptonic B-meson background (isotropic) dilutes the Agg.
Inclusive approach: live with it = high efficiency



A, polarization measurement

Semi-inclusive approach

» In addition, demand the presence of A — p7~ in the jet.

A, decay modes

A decay modes

(63.9 £0.5 ) %

Inclusive modes —
[6; €T anything (45 £ 1.7 )% rl 'DWO
[6g pet anything (18 + 09)% E Ll
69 et anything [3 n~y
70 p anything (50 +16 )% [ 4 pTT 7y
71 p anything (no A) (12 +19 )% e pe” T,
7o p hadrons r .
[73 n anything (50 +16 )% 6 PH Yy
[74 n anything (no A) (29 +17 )%
75 A anything (35 +£11 )%
[ 76 Xianythi-ng (10 £5 )%
77 3prongs 24 +8 )%

Semileptonic modes

64 = (2. 6 ) %
fes  NeT e (21 + 06 )%
66 z ( 2.0 7). %

(35.8 +£0.5 ) %

( 1.7540.15) x 103
(84 +14 )x10~%
( 8.32+0.14) x 104
( 1.57+0.35) x 10~4

Overall branching fraction = 20%.

Additional losses dueto A — pr~
reconstruction efficiency.

Will likely improve when tracking
detectors are upgraded.



A, polarization measurement

Exclusive approach

» Use several fully-reconstructible modes of A,

Decay mode Branching fraction
A= pK 7t 6.7%
A =5 Anm = prno 0.9%
A= pKsg— prtn 1.1%
A= Anfntn s prtontn o 2.2%
AN —=pKentn™ = prtntn o 1.2%

Higher purity, better reconstruction,
but lower efficiency.



A, polarization measurement
AT — pK~ 7" (BR=6.7%)
» Three tracks reconstructing the A, mass.

» Backgrounds under the mass peak can be suppressed
in various ways (see Supplementary Slides).

» Spin analyzing powers a; seem to be large for K,
small forp and ™.
NA32: Jezabek, Rybicki, Rylko, PLB 286, 175 (1992)
Precise values not essential if SM calibration
samples are available for measuring a;r.



A polarization measurement

A —pr~  (BR=64%)

» Pair of tracks from a highly displaced vertex
reconstructing the A mass.

» Spin analyzing power a = 0.64



Measurement of b polarization in tt

See paper for
more details.

Statistical precision of about 10%

possible at ATLAS/CMS in Run 2

et I (with 100/fb of data)
Selection Expected events
Baseline 3x10°% ¢t + O(10°) bkg
Soft-muon b tagging 5x10° tt + O(10*) bkg S—
Signal events (t — b — Ay — urX,) Purity (example) AArp/Arp

Inclusive 34400 O(foaryon) (€.8., 7%) +7%
Semi-inclusive 2300 x (ex/30%) 70% +8%

, _ 30% +19%
Exclusive 1040 x (ea./25%) L00% L10%




Measurement of ¢ polarization in tt

See paper for
more details.

Statistical precision of order 10% possible at ATLAS/CMS
in Run 2 (with 100/fb of data)

o;Tr, = 0.6
Selection Expected events Purity (example) AAdpp/Arp
Baseline 1.7x 105 tt + O(10°) bkg
] 20% 26%
AT > pK 7" 810 A /25Y




Measurement of s polarization in tt

See paper for
more details.

c jet

Statistical precision of roughly 16% possible
at ATLAS/CMS in Run 2 (with 100/fb of data)



u, d polarizations

Cannot use decays of protons or neutrons,

but can again consider the A (= sud).

Naive quark model: all the A spinis on the s.

Flavor SU(3) + nucleon DIS: u and d carry about —20% each.

Burkardt and Jaffe, PRL 70, 2537 (1993) [arXiv:hep-ph/9302232]
Jaffe, PRD 54, 6581 (1996) [arXiv:hep-ph/9605456]

Information can also be obtained (although not yet) from:

e Polarized DIS and polarized pp collisions

e.g., COMPASS, EPJC 64, 171 (2009)
Deng (STAR), Phys.Part.Nucl. 45, 73 (2014)

e Lattice QCD simulations

QCDSF, PLB 545, 112 (2002) [arXiv:hep-lat/0208017]
CSSM and QCDSF/UKQCD, PRD 90, 014510 (2014) [arXiv:1405.3019]
Chambers et al., arXiv:1508.06856



u, d polarizations

Studying u and d jets from W+ — ud decays

in tt samples is in principle possible, but requires

much more statistics than ¢ and s because:

® No u or d tagging; c-tag veto is only partially effective
(Can define separate u and d samples, contaminated
by ¢ and s respectively, using Wi charge.)

e Fragmentation fractions u, d - A smallerthans > A

® Polarization transfer is smaller



Overview

> SM tt production
e Source of polarized b, c, s, d, u quarks
e Statistics in Run 2 as large as in Z decays at LEP
® Event reconstruction, charm tagging, charge tagging

make it possible to study the different quarks separately

» Valuable information about QCD will be obtained.

Interplay with LHCb, LEP, polarized DIS, polarized pp collisions,
phenomenological models of QCD, lattice QCD.

» After calibrated on SM samples, measurements can be

applied to new physics (example in Supplementary Slides).



Supplementary Slides



Mass splittings and widths

bottom system
my, = 5619.5 + 0.4 MeV

charm system
ma, = 2286.5 £ 0.2 MeV

Parameter (MeV)

ms, — Mma, 194 + 2
Mmyx — My, 214 £ 2
A =myr —my, 21+2
I's, 7T+3
ng 942

Parameter (MeV)

msy, — Ma, 167.4 £ 0.1
mys — M, 231.9+04
A= Tng; —my. 64.5 = 0.5
I's, 2.2+0.2
['ss 15%1




Polarization retention for finite widths

To what extent is the polarization preserved?

P(A\y)
P(b)

T

Propagation and the decay Ez()*) — Ay

L)
L lcosfd J M| L +L1, Pr( | v
| >O</(Cos d %;( M 3,43 )WL>E_TH,]+ZF(E)/2
< S (s 1M — s | T M) VM0, 10.0) |s)
S T \
p(E) o< Try, |E) () sion A, spin
momentum

pox [ dBp(Eyesp (~E/T) p(E)

mAb+m7r f
statistical hadronization model (T = 165 MeV)
phase space
review: PLB 678, 350 (2009) [arXiv:0904.1368]



Anisotropy of polarization retention

1 : : :
w, = prob (1) applies along the fragmentation axis
prob (T')

If the b is polarized transversely,  is different.

fragmentation axis

(direction of motion)

1+ (0.23 + 0.38uw;) A
1+ A

1 +(0.62 — 0.19w1) A
1+ A

| ‘I“TPTU)) pT(b)



What is known about 4 and w

Polarization retention factors are given by:

o~ 1+ (0.23 4+ 0.38w;) A 1 4+(0.62 = 0.19w,) A
L= 1+ A e 1+ A
where . pmb(zé"‘)) g prob(7) b — prob (7'4)
~ prob(Ay) 7 prob(9) ' prob(7)
> LEP 1<A<10 wi = —0.36+0.30 4 0.30

DELPHI-95-107
> Pheno. model A=~6

Adamov, Goldstein, PRD 64, 014021 (2001) [hep-ph/0009300]

> Statistical had. model A ~ 2.6
review: PLB 678, 350 (2009) [arXiv:0904.1368]

» Pythiatunes (024 < A <0.45
based on light hadron data!

» CESR (charm)
CLEO, PRL 78, 2304 (1997)

wy, = 0.71£0.13



Measuring A directly

A is simply the ratio of the 21(9*) and Ay vyields,

independent of the b polarization:

prob(Zé*)) prob(7)
A= =9
prob (Ay) prob(.S)

Can be measured by any experiment that can see Eé*) — Ay :

LHCb, ATLAS, CMS, maybe even re-analysis of Tevatron data.

CDF, PRL 99, 202001 (2007) [arXiv:0706.3868]
CDF, PRD 85, 092011 (2012) [arXiv:1112.2808]

*
Same for z§ ) and A, where Belle and BaBar can also help.
Belle, arXiv:1404.5389



Measuring w, directly

The angular distribution of Eé*) — A\ym is sensitive to wy,
independent of the b polarization:

1 dr L9 (2 (osg !
—_ — — / —_ = S _—
I dcosf 2 ' 8 73 3

where a is given in the plot.

Can be measured by

any experiment that can
reconstruct these decays °
(see previous slide).

40 50 60 70 80 90 100
E—mp,—m; [MeV]



A, decay modes

Which decay mode(s)
to use for measuring

the polarization?

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
+ - +4O 3
Mg Al (5.7 755 ) x 10~
s ATK™ (42 728 ) 1074
6 /lz_ 81(1260)_ seen
r7 /\jw+7r_7r_ (8 J_rz ) x 103
s Ne(2595)F 7, A(2595)T 37 t38 )x 1074
Ajﬁ+ﬂ*
o N (2625)T 7, A(2625)F (36 T37 )x1074
Ajﬁ+ﬁ_
Mo (245507t 77, 50 — 6 T3 )xi074
Ajﬁ_
M1 o (2855) T, IET — (35 728 )x 1074
AT 7t
C
[10 AK°27F 27~
M3 /\'C"E_Ef anything [a] (9.9 +22 )%
F14 /l:_ f_i‘j_g (6.5 T +3 2 ) %
M5 /\jﬁ+ﬁ_ff_§g (56 £31 )%
M6 N(2595)T ¢~ 7, (8 45 )x103
M7 Ac(2625)7(~ 7, (14 122 )%
Ms (24557t (1,
19 ZC(2455)++7T_£_?€
Fog ph™ [b] < 2.3 x 107
M1 pr (41 +0.8 )x 106
Moo pK~ (4.9 +0.9 ) x 1070
M3 - (1.0840.28) x 10°

<13

x 103




A, decay modes

Which decay mode(s)
to use for measuring

the polarization?

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

Includes also:

Ay, — p D" (~i, small contribution

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
g Alr™ (57 739 ) x 103
s ATK™ (42 728 ) 1074
6 /l_: 81(1260)_ seen
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Soft muon b tagging
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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, polarization in QCD production

QCD production: pp — bb + X Dharmaratna and Goldstein

® Large cross section PRD 53, 1073 (1996)

® Unpolarized at leading order ' | |

® Transverse polarization at NLO

e Strong dependence on kinematics

e Significant only at low momenta

P(b) ~ asmy/py

Relevant (primarily) for LHCb

POLARIZATION (%)

LHCb has already measured:

POLARIZATION (%)

Measurements of the Ag—> J/%A PLB 724, 27 (2013)
decay amplitudes and the A} -
polarisation in pp collisions at [arXiv:1302.5578] 1.
Vs =TTeV P(Ap) = 0.06£0.07£0.02 R o
Suboptimal because the dependence qazks af the subprosess M momentum of (o) 18 GV /o

for gluon fusion and (b) 9 GeV/¢ for annihilation. Other
parameters are identical to Fig. 5.

on kinematics was ignored.



A, polarization on the Z peak

Z production: pp —» Z — bb
e Longitudinally polarized b quarks

: PLB 738, 25 (2014)
® Large cross section

B [arXiv:1404.7042]
olpp =~ Z —=bb) 4 3T e
o(pp — tt — W+W=bb) D P Jran= o5’ L;E:;::;kgmnd—;
® Large QCD background (at 8 TeV, _ m:::: Ny,
S/B = 1/15 even for p7 > 200 GeV) o
dilutes the asymmetry. - —

L 1 e IR T TPN TN VS U IS RN
60 70 80 90 100 110 120 130 140 150 160

Probably less effective than top. Mo (GV]



Backgrounds to Ay - pK ™

Intrinsic backgrounds due to:
» Other A, decays, e.g. AT = pK 7", Str—a™, nfr—aTA
» D-meson decays, e.g. DT — 7T K 7T, Tt K~ gt 7"

DY & ntK—ntn—

Df - KTK—nt, KT K-ntn"

Handles for suppressing them:
% Typical momentum hierarchy in the lab frame: p > K~ > n*
¢ VVeto on additional further-displaced vertices

“* Veto on a 4™ track consistent with the A, vertex
% Lifetime differences: 7(AF, DY, DF, DT) ~ (2,4,5,10) x 1071° s

¢ Target particular 3-prong backgrounds by vetoing on

consistency with their corresponding interpretations.



Backgrounds to Ay - pK m*

Two fixed-target experiments reconstructed this decay in the past.
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NA32: Jezabek, Rybicki, Rylko E791: PLB 471, 449 (2000)

PLB 286, 175 (1992) [arXiv:hep-ex/9912003]



New physics example

Suppose a jets + MET excess is being attributed to:

m (GeV) A

~ o~
prp — SRSR 200 +

~ ~0
SR =7 SX1 150 + —— Y

Sk RH strange squark

i~

bino (stable)

— O

This scenario was barely beyond the reach of Run 1.
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New physics example

Suppose a jets + MET excess is being attributed to:

S o*
PP — SRSR

- ~0
SR — S X

200 + ——

150 + ———

!fS‘:R

~0
X1

RH strange squark
bino (stable)

This scenario was barely beyond the reach of Run 1.
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*The masses of interest are unfortunately not shown.

JHEP 06, 055 (2014) [arXiv:1402.4770]
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New physics example

Suppose a jets + MET excess is being attributed to:

S oX
PP — SRSR

- ~0
SR — S X

200

150 4

Sk RH strange squark

bino (stable)

o

X

Test this interpretation by measuring the s-quark polarization.

Rough estimate (see paper for details):
for 3 ab™* of 14 TeV data: statistical precision of 30%

(even without optimization of selection cuts, without accounting for the expected

detector upgrades, and without combining ATLAS and CMS)



