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The Standard Model

mass - =23 MeV/c? =1.275 GeV/c? =173.07 GeV/c?* 0 =126 GeV/c*
charge > 23 u 213 C 2/3 t 0 0 H Based on the
spin - 1/2 - 4 112 / 12 " 4 1 a 0 gauge group
i X 2)xU(1
up charm top gluon t';'cl)gg?l SU(3)xSU(2)xU(1)
=4 8 MeV/c* =95 MeV/c? =4 18 GeV/c? 0
-1/3 d 113 S 113 0 leptons
12 ~ 112 ' 4 112 g 1
down strange bottom photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeVic? 91.2 GeV/c?
P e 1 4 T 0 photon
12 112 u 12 1 7)) Higgs boson
=
electron muon tau Z boson @
(7))
) | <22eviet <0.17 MeV/c? <15.5 MeV/c? 80.4 GeVic 8
o 0 0 0 +1 ,
I l il
S 112 ve 112 l‘ H 112 1 w O
-
% electron muon tau Wboson | < weak bosons
~ neutrino neutrino neutrino G
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The CKM matrix

V.oV V. 1-A*/2 Ao AX(p-in)

V= Va Vo V) |- A 1-A*/2 Ax +0(2)
v, V. ¥, | | A(1-p=in) -4x’ 1

From unitarity (Vg Viaaw=1) * * *

CKM has four free parameters: V

3real: A (=0.22),4(=1), p ud ) V;{b : Vcd . Vcb + V

1imaginary: in
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(KiEY Unitarity triangle

V,, plays an important role in the prediction of FCNC: «|V,V,[" =|V,,['[1+0(A")]
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IV, .| current status
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&  The Large Hadron Collider

The LHC is a proton-proton collider located at CERN, with a
circumference of 27km, a design center-of-mass energy of 14TeV.
The high luminosity of the LHC is delivered through intense bunches,
separated by 50ns intervals between each crossing.
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(s The LHCD detector

ergy of 7 and 8 TeV

3fb! of pp collisions data reco at a center-of-

S

" // Muon:
RICH: e(M>n)=97% for (m>p) mis-1D=2%
g(K—>K)=95% for (m—~>K) mis-ID=5% _— »
ol M

RICH2 M1

‘momentum
_resolution

\

..........

~20um IP resolution”
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f; d A, system is an ideal

W- f
laboratory to apply the
‘ ., “heavy quark effective
u theory” as light di-quark
b system accompanying the b-
quark has spin zero and thus

not affected by the
chromomagnetic correction.

10/2/15
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8% Heavy baryon decays in HQET

dThe form factors can be parameterized by a
universal “Isgur-Wise” (IW) function &(w):

dU(A, = AV, Gim, [V,

dw

247’

riNw’ 1[6w+6er2 —4r, —8rAw2]§2(W)

E(w)=E()x|1- o7 (w=1)+0.50" (w-1)’]

slope curvature

IW function

IW function old

p?=1.1=x1.0

lattice QCD calculation:
UKQCD  hep-1at/9709028

10/2/15
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s Theoretical input

dSum rules that constrain parameterization of
IW function, most recent constraint:

o’=21p’
4:0

0= [4p"+3(0") hep-ph/0307197
dInput from lattice QCD: 1503.01421 [hep-lat]

Ay — A, wovy,

Effective IW function: 08t
E,(1)=0904+0011,,+0022 | ="
d o 0.4
oy (1)=-1.26+0.10,,, 0.16
dW 0.2
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LHCD

Experimental study of A,—A_ pv

Analysis steps:

1.
2.

6.

We start with the inclusive A,—A pvX with A —pKur.

We study A_n'npuv final states to infer contributions
from excited states.

. We correct the measured exclusive w spectrum for

HLT?2 efficiency using TISTOS method.

We unfold the data using RooUnfold package and
SVD (Singular Value Decomposition) method to
obtain dN/dw,,..

We correct the unfolded data for acceptance and
selection criteria using MC simulation.

We fit to functional forms “theoretically motivated™.

10/2/15
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(S Neutrino reconstruction =

Requiring (ps — px,)* = p2 = 0, in four-vector notation, leads to the kinematic

constraint for a semileptonic decay: K
<ﬁ1\2 'ﬁAc#>2 1] p? M2ﬁA2 “Phep < M? )2 2 0
- p + + - on -
EACH E/Q\cll QEACH b
a b c
p
where p = |pjo| and M? = mig +m3 K-

Boosted frame

2 2 2
my +my, —q

W=V, "V, =

2m, m,

0 In this analysis, the A, direction 1s inferred from the line of flight,
connecting the closest primary vertex to the A pu secondary vertex.

4 |p,,] in semileptonic decays can be determined with a two-fold

ambiguity from the A, direction (we keep the lowest solution).

d Once we know the A, momentum, we can reconstruct the neutrino
four-vector and other relevant kinematic quantities.

10/2/15 Cornell University 13



I'iﬁ'fils)l The A,—A pvX final state

400
350
300
250
200
150
100

50

Events / (0.2)

V=R NI

— 2250 ) 2300 . 2350 *
In(TP/mm) m(pK 7t*) [MeV]

 Simultaneous fit of the logarithm of the IP distributions
and 1nvariant mass distributions for RS A (pKm) events.

The prompt background 1s 1.5% of the total number of
A, reconstructed and can be safely neglected.

2.7 millions A,—A_uvX candidates
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ml‘mb Ab—b A T RV

3.1 —

7 ~* U Only first column is expected to
_ AcKn } appear in the final state of the
A 2940y ) D/ - ) KZ Ay .semll'eptomc degay (due to
Aassoy ] c ~os  the 1sospin conservation).
—~ 3/2~
>
<] T e - | The effect of isospin breaking in a
A (2765)" é n ! Cabibbo favored A, semileptonic
172+
5 “l 2y, 0.4 decay has not been measured.
A (2625) 2 T
A5 T - dMany states are uncertain.
O YI
2 4l " QOnly the A_t*nt final states have
] been observed.
———————————————————————— ~00 Lots to be studied here!
=, Q,
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The At v final states

wafew
Vor g a0

Events/(2)

Pull

Events / (8)

Pull

—_— —
8000 A(2595) yields: 8569 + 144 w: [1.000, 1.432]
7000 E= A (2625) yields: 22965 + 266
6000
5000
4000
2000 Bifu rca'1ted
2000 Gaussians
1000
.......................................... :
3 [ ] ¢ [ X X (X}
_2 . ...o...o.o. ...o.oo. voe? 0%00% 0,
2600 2620 2640 2660
m(Aé’n*u’)-m(AZ)+mp dg(A;’) [MeV]
3500 v v v v T v v v v T v v —
A(2765) yields: 2975 + 225 w: [1.000, 1.432] 3
3000 = A (2880) yields: 1605 + 95 —
2500 —
2000 —
1500 - 3
1000 —
500 — =
o

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

Y
L

2 -

_gw****ii*m**im*gmiﬁmmg

2700 2800 2900
m(ALET)-mAD+m | (A [MeV]

T

8000
7000

Events/(2)

Exponential w00
threshold function s
for background o
based on the pion 2w

1000

like-sign events T Edio

; ive fi
N (2595) yields: 9822 + 129
N (2625) yields: 21923 + 168

Relativistic
Breit-Wigner

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

T

w: [1.000, 1.432]

Pull
bowm

2600

2620 2640 2660
m(Aé’n*n’)-m(AZ)+mp dg(A;’) [MeV]

Relativistic Breit-Wigner:
mxI'(m)

BW(m) =

(m2 —m, ) + (mR X I‘(m))2

mg :A(2595) resonance mass
[(m): mass-dependent width

Resonance | Measured Measured PDG PDG
mass (MeV) | sigma (MeV) | mass (MeV) | width (MeV)

N.(2765) 2769+2.0 24824
N.(2880) 2883 0.5 6.5+0.5

2766.6 +2.4
2881.5+0.35 58+1.1

10/2/15
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ﬁilj(ib

The 2 v final states

Ny o
)1 LY

2587MeV = M(Aln"n™)<2612MeV

~— L | ] s ] — L L L L
— — Final state % of 4.(2595)" yield _PDG B =0 (2455) : 3496 = 165
= 1000 = O Vel Gl ey =i
@\ @\ Atn™ 3-body 0.11£0.01 0.27£0.10  3-body Alm*m : 1002 + 208
= 800 = 800
0] 0]
> >
8 M/
600 600 B
400 . 400 s
200 0 200 N
_--.__.u'- ------':‘-'-Il-ll ------- ™ ------"0{--'-...
A Do O R T S e s 0T DL TELY bt U T LT :
2430 2440 2450 2460 2470 2430 2440 2450 2460 2470
m(A{T)-m(A)+m (A7) [MeV] m(AIn')-m(A§)+mp dg(AZ) [MeV]
pdg
Resonances | Yields Final state Ac(2595)+ Ac(2625)+ Ac(2765)+ Ac(2880)+ Excited All
ascli S.(2455)FFr—  4711+155 14761111  3331+102 443143  11754+246  11827+306
aseine e (2455)07+ 3496165 12804111 2103481 214430 84474215  8675+232
A.(2595)" | 8569 + 144 Aemtr™ 3-body 10024208  21843+498 219924362 222514433
A.(2625)F | 22965 + 266 0 (2520) 1378489 330439 16234103 19204133
0(2520)07F 1503490 307439 14854103  1828+130
check
A,(2595)F | 9822 & 129 -
A(2625)F | 21923 £ 168 We measure 36114 + 389 yields coming from all A~ excited
H(igher)rfass resonances states. The 2_ and 3-body yields are added to 46501 + 608,
A (2765 2975 £+ 225 . .
¢ +
A.(2880)F | 1605 + 95 resulting an excess of 10387 + 722 NR vyields.
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LHCD

The A,*npv final states .ijfs.}ii'j

~ T T T T T T T
o w: [1.000, 1.432] 2 A\, sideband background from RS events.
L , L.
2 800 - The WS contribution is subtracted from the
5 - RS one since its already included in the fit.
0 -
m -
600 = P , —
- S 70000 F- .
: 7] ﬁ - A, candidates with w: [1.000, 1.432]
i o A U : S 00000 E=  jnvariant mass within
I A LT T e e — o
400 Wy ':_.: . '-:: : .::': e -"E-'.'. = < so000 - +20MeV of the A_mass.
= “ 2 2
_ é’ 40000 =
200 ] 30000 -
SeTL : 200005—
0 [ = el e et skt s e — 10000 = R T, . -
5 5 = |
:1 . E 1 1 1
-5 £ SE * 00,0 @ *® . PR R TR
. . . . R
2700 2800 2900 2250 2300 2350
+ - + + m(pK ) (MeV)
m(AZt)-m(AL)+m . (A7) [MeV]
pdg
w A:(2595)T | A.(2625)T | A.(2765)T | A.(2880) | bkg excess || AT sideband
1.000-1.031 | 1646 89+13 0+3 08 1395+66 999454
1.031-1.062 | 143£18 | 337423 1036 26420 | 19904105 | 1651467
1.062-1.002 | 309428 | 830434 | 114441 61423 | 2103£121 | 1761+£78
. . 1.093-1.123 | 443431 | 1456252 | 146247 | 112427 | 28314137 || 1737476
+
After subtracti ng /\c sideband bac kg round 11241154 | 563443 | 2073474 | 142449 | 135427 | 25814143 || 1836478
" \ 1154-1.185 | 817442 | 2479468 | 177450 | 156428 | 3050145 || 1580477
from bac kg round excess. We measure 1.185-1.216 | 883443 | 3021473 | 448453 | 198429 | 2364+146 || 1575475
’ 1.216-1.247 1095447 3044475 260£50 185428 2220+142 1250466
I . 1.247-1.278 | 998445 | 3085474 | 204448 | 157427 | 22064136 849:£64
11690 + 502 Ab_DAcn T UV NR y|e|d5- 1.278-1.309 | 936444 | 2550470 | 292445 | 104425 | 1903+127 532456
1.309-1.340 818+45 2314473 172441 171+£24 13454113 601+54
1.340-1.371 | 635438 | 1569457 | 155435 85420 989:£03 340£49
1.371-1.402 | 371430 | 930444 31428 89417 939473 87441
1.402-1.432 128+15 303+22 0£7 0+3 690+47 117+£32
10/2/15 Cornell University 18



éilgcb

wresolution

S
S
p—

Z 0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

)

3

- | | | ] E VN i<10| T T T T T ]
3 48 ” w: [1.000, 1.062] 1
= EE= - i
é 1S r E
3 E ]
= 1z | 4 ]
= g 2+ -
E_ — _E g B 4 .
= —— 4 = i i
3 ground state: A,—A v | 3 [ L ]
L L A T T B 0 " 000 . v . I A 3 o
1 1.1 12 13 1.4 05 0 05

Wgen Aw

d w, 1s defined from Aw =w

gen — Wree and calculated in different w,,, bins.

L The PDF used in the fits of each w bin is a triple gaussian distribution.

[ The w,__ is studied in terms of several kinematic variables, such as the

Ies

flight distance of A,.

10/2/15
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&% Efficiency ratios for excited states =

c

C

e(A u X)/e(A urtn)

T I T T T T I T T T T I T T T T I T
o A (2595)

T I T T T T I T T T T I T T T T I T
o A(2625)

D
e

B W

) =)
:||||||||||||
.I.I. T
4 - - i
4 i
®

A.(2595)" . 50 - . Ad(2625) 0.8
X ) ) only st finalrstatgs o7 < C i ) only x*n final states 0.7
: 41 -+_r-J.v—-,.5_*-6-+-f—~_-3-*-6--_.;_ r4re. '] T C - -+—*-+-+-6-+-6—*'f-*-f--—-f—-—-i- 13 '
Ty Lo 06§ 40%: Cooo B b AP - 1
n 0.5 C ¢ 4Jos
30F 3. 30F + t
- 'l' 0.4 < - 1—0.4
- —4 N C e
20 : : —— 03 @ 20 + ’ —4— {' 0.3
- —— - 4 e —e— -
'—O—l—o—- ———Q—t—— —— ——
- —o— . 0.2 - o e 0.2
[ [ —O0—0——0—
10F —O0—+—0—+—0—y 10 —0— 0+0— o O
C 0.1 - 0.1
O o L I L L L L I L L L L I L L L L I 1 0 O o L I L L L L I L L L L I L L L L I 1 0
1 1.1 1.2 1.3 14 1 1.1 1.2 1.3 14
Wiec Wiec

O Need to scale up the contributions from the excited states. Scale factors obtained
by estimating reconstruction efficiency in MC with PID correction (w, K, p, n) in
bins of n, py derived from calibration samples (PIDCalib).

 Uncertainty associated with excited states decaying into neutrals by changing the
fraction of neutral to charged di-pion final states (R,,~ = 0.67):

NEH+NE)

= =0.63+0.14
N(E)+NE)+NE) [ e(Ala a ) e(Ala’u )

meas
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ES HLT2 trigger correction

— 100 ! I I I | I I I I | I I I I | T T T T | T _]
N = =
—  90F data-driven TISTOS method | —
SE 80F E
me - —0 .—E
- ———t—— g
S =
60 - E
50 =
40 = QO Effective efficiency for HLT2 muon| —
- topological triggers (2, 3 and 4 body). =
30 E Q The efficiency is measured using HLT2 | —3
= Global TIS A uX events, fitting the | =
20 = “accepted” and “rejected” events| 5
10 = simultaneously. E
O E 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I IE
1 1.1 1.2 1.3 1.4
Wrec
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LHCD

THCE Unfolding w;,,

dN dN
(4)) =

true,j meas,i

We need to solve the problem: Ax=b

between the true (x) and measured (b) distributions with A being
the response matrix of the detector.

O Singular Value Decomposition (SVD): A=USVT with U and
V orthogonal matrices and S a diagonal matrix with elements
called singular values.

U Regularization: For SVD, the unfolding is something like a
Fourier expansion. Choosing the regularization parameter k
effectively, determines up to which frequencies the terms in
the expansion are kept.

10/2/15 Cornell University 22



&4 Choice of regularization parameter

O This needs to be tuned for any given distribution, number of bins, and
approximate sample size — with k between 2 and the number of bins.

—k=2

Bl 02FTk 3

Zl e Fo :

= Z 015 ——k=5 —

o -

Z 1 oaf E

005F =

The best choice of 0 e -
the regularization -
parameteris k=4  -0.05|

'0.1 : PR SR SR SR A RN SRR SR S A T SN TR S [ SO S S T S
1 1.1 1.2 1.3 14
Wgen
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ﬁilj(ib

The response matrix

Mapping of w,,, and w,, for ground state Ay—=A pv

e 1.49
D]
oY)
B 143
137
The fractional | 5,
weights add up
to 100% for each 125
row of w,,,
1.19
1.12
1.06
1
oog b1 1 1 1 1 1 1 i i i i § § j | 0
097 1 103 106 1.09 1.12 1.15 1.19 122 125 128 131 134 137 14 143 146
Wrec
10/2/15 Cornell University 24



(84 Efficiency correction after unfolding

~ X1-0_3- — T T T T T [ T T T T — T
X 14F o A (2286) =
N c _
= - .
< 12F —
| — - -
W N _
10 C PY * ® ]
_ ¢ _
S . .
6 O Reconstruction efficiency for ]
- the final state A_pvX. .
4= 0 Accounts for efficiency losses| 7]
" due to detector acceptance,| 2
2 stripping and selection criteria. |
O : 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 | 1 :

1 1.1 1.2 1.3 1.4

Wgen
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MC validation

6 6

id'o T L R L ] & 40 i(l-o T T T ]
L *_ i o) —_ » .
15— —%— 1 =5 p2=1.50 | A
- — 1 5 30D Z
I i % i ]
L ey N - .
F—— - .
[ o o 200 g
- *\ - -
05 F o ':ue distribution N i E,(w)=exp[- —p*(w-1)] ]
i econstructed i 10 =
—@— RooUnfoldInvert - i p =1.48+0.02 ]
3 —e— RooUnfoldSvd . - X*/ndf=3.8/5.0 .
ob—— e 0 [ A P S PP S

1 1.1 1.2 1.3 14 1 1.1 1.2 1.3 14

w \%

gen

L RooUnfoldSvd: We use the SVD regularization method for the unfolding
(arXiv:hep-ph/9509307) and k=4 (regularization parameter).

O RooUnfoldInvert: This is not accurate for small matrices and produces
inaccurate unfolded distributions.

O We get back the original generated distribution by unfolding. We repeated
the procedure for different form factor (p? = 1.50) and it works.
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(K Fit to functional forms

x10° x10°
= R | S L = T I T T
Pl 80k 2 -8
~|& °°L Es(w)=expl-p"(w-DI|F g _r 1
. . :
i ] 70 n
40 - - -
[ ] o8 ]
I ] oor ]
O i PR T TR T [ TR TR TN TR NN TR TR TR TR SN T TR TR T N il I L A A L | L L L L |
1 1.1 1.2 1.3 1.4
Wgen p2
Include contributions from A_* Include contributions from A" and A,—Agt*m v NR
Shape 0 o? x%/dof  Shape p* o2 x?/dof
Exponential 5.3/5 Exponential 6.7/5
Dipole 5.3/5 Dipole 6.4/5
Taylor series 4.5/4 Taylor series 5.8/4
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v 4y
&

L Systematic uncertainties

MC statistics 0.02

MC modeling 0.02

Form factor change in MC 0.03
N\, kinematic dependencies 0.02
Additional components of SL spectrum 0.02
HLT2 trigger efficiency 0.02

w binning 0.03

SVD unfolding regularization 0.03
Phase space averaging 0.03
Signal PDF for A (2595) 0.02
Signal fit for A\, 0.02

Sum 0.08

MC modeling includes the calculation of the efficiency for the two
additional excited states A (2765) and A_(2880) and the fraction of
neutral to charged di-pion final states.
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TR Input from lattice (O

1 Recent lattice predictions (arXiv:1503. 01421V2) of the form factors
of A,—A_uv are expressed in terms of g

S+ — (mAb + mx)2 — q2.

dr  GHlIVgl \ﬁsw—( m_§)2

dg2  76873m3 q?

X {4 (m +2¢°) <3+ [(1- ef)gﬂz +s_ [(1+ ef)fif)

([, = ) 0 ] o s, ) 04+ 7))
+6qﬂj (54 [, = mx) (L4 e fo]” 5 [ma, +mx) (1 - ef)go] ) }

(1 As lattice calculations offer the prospect of extraction of the CKM
parameter V , with increasing accuracy, it 1s important to check the
form factor shape predicted by them.
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8¢ Results using the nominal model

(oY)

D
n

~9-0
@~ 0
90

(\9

L o

[

o
in

IVcbl'2 dI' / dg” [ps' GeV™]
- L I L I ;I 1 I L I L
L1 11 I L1 11 I L1 11 L1 11 I L1 11 I L1 11

-
()
N
>
o0
5_

[GeV?
gen
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LHCD

Measurement of V|

JAbsolute normalization and measurement of V
Normalization modes: A,— At and B=>D"pv.

Y AT
o f gy

(A, > Auv) _
[(A,)

B(A, = A uv)= T, T(A, = A uv)=

45000

Ag—>A
B’— D'n*
-- Aj part reco

40000
35000
30000

BY— D.x*
25000 s 7S

0 +p
Ag—AK

Events / (8 MeV )
Events / (8 MeV )

20000
15000
10000

5000

=== Combinatorial

5 5
= K 0 o 0get*% = 00“0 L TR T L S 0get*%
z _(5) g0y, (] .“00 .“... P00 L XY () z _(5) 0000’. “ “0' .“.n ', “.M.O.W
5400 5600 5300 5400 5600 5300
m(A.t) (MeV) m(A.t) (MeV)
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|'i"‘7'i(="l§7 Conclusions

dWe studied the Isgur—Wise function with different
functional forms and the results are consistent with
the sum rule bounds. From sum rules, the bound on
the curvature is p>> 1.5.

1 This FF shape measurement represents a considerable
improvement with respect to the DELPHI
collaboration result (hep-ex/0403040): o -2.03=046(star) i (sys)

/o2 +(0.03(stat) = 0.08(sys)

dThe g?> spectrum is compared with Meinel’s et al.
prediction from lattice QCD.
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Back-up slides follow

THE END
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% Decays of the excited states (A,—A*pv) =

Included in the MC cocktail

N (2595)* decay Branching fraction

5 AT 0.24
2 (A o)t 0.24
ASTUTC 0.18

5 (AT 0.24
JAVSS 1% 1o 0.09
Ay 0.01
ASTUTC 0.66
AT 0.33
Ay 0.01
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{4%  Definition of the form factors

U The form factors are extracted at different lattjce
spacings and quark masses from non-perturbative
Euclidean correlation functions.

 Global fits of the helicity form factors are performed
based on the simplified z-expansion (arXiv:0807.2722).

1 The pole mass in each dataset is evaluated as the sum of
the B, mass and the mass splitting between the meson
with the relevant quantum numbers and B...

f(q®) 1

f f 2
— [ao + ay Z(CI )}7
1—q2/(m! )2
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