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* Most precise measurement of |V | using Ag — puV_ decays
LHCb: Nature Physics 10 (2015) 1038

. . . 0 -
* First observation of pentaquarks using A, = J /ypK™ decays
LHCb: Phys. Rev. Lett. 115, 072001 (2015)

—_— . 0

 (Observation of E'; and =' in =

, T mode

LHCb: Phys. Rev. Lett. 114, 062004 (2015)

. . . 0
* Observation of two orbitally excited A" states
LHCb: Phys. Rev. Lett. 109, 172003 (2012)

* Mass, lifetimes and branching ratios measurements

e Search for CPV/ CDF: Phys. Rev. Lett. 113, 242001
LHCb: JHEP 04 (2014) 087 LHCb: JHEP 07 (2014) 103

and other from LHCb presented here....

At LHCb b-baryons are produced in unprecedented quantities

» opens a new field in flavour physics for precision measurements
) Andrea Merli - Search for CPV in b-baryons | 29/11/2016 1




Phy

ics Motivati
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* CP violation (CPV) in b-baryons: LOST PROPERTY
* CKM mechanism predicts sizeable o

amount of CPV in b-baryons that
can be precisely measured
* Complementary means to test

Standard Model with respect to

o<"

"Sorry Doc, we had a load of Anti-

Matter around 13 billion years ago,
B mesons but it got lost when we moved”
—_— u R
Ay — pr ' : By —

W u
’ >— V b 4 ;s‘(
2 ub > V
—\L\ P —\\d
Same underlying short distance physics as B mesons, with

different spin and QCD structure

* New CPV sources
SR Andrea Merli - Search for CPV in b-baryons
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b-baryons production
7770777/ /77 //7///77///2//7//// /7 /2 /0 /0/// /0 /07 /7 /0 /07/0/0//0/0//0 /007407 /0 /0/40// /0 /0774744000747 /07474

* Production cross-section strongly depends on py of the hadron:
» measurement of f,,/f, vs py of b-quark is cleaner to interpret.
Expected a slow dependence in that case  arXiv: 1505.02771
* Large production of Ag

LHCb hadronic
LHCb semileptonic

A LEP average
— LHCb Fit

f.=P(b—>A)

fd:P(b%BO) 0.5 —

04 |
0.3 —
s b e e S

M Hrac T *
iz

0_\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0 5 10 15 20 25 30 35 40 45 50

p; b-hadron (GeV/c)
. 0 . . .
is 1/5 the A i production from a naive estimate
Phys.Rev.Lett. 113 (2014) 032001
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Experimental results
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* A, > Ah"h'"" 3 body decay, search for CPVwith AA_,
» A, — A@, search for CPV with triple products
- A\, > pn R 4 body decay, search for CPV with triple products

pr——

« 2, — ph~h"" first searches for charmless = , decays
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A? = Ah*h'- & A? - A¢ decays
WWWWWWWW
* Never observed before JHEP 05 (2016) 081

* Proceed via tree-level (V) or loop-induced

* Suppressed decay rates in SM

* Potential CPV due to large interference

u

u

A d
0
Ap

»nwac
>

0
Ab
K+

— —
b
Y ) K }
ub |’%7/LLL< g m (K) b g v (K')

0
A, — A phys. Lett. B759 (2016) 282

cCw nwac

c ol
A
+

b —> 555 transition studied in B, B, since new physics
in the loop could induce non-SM CPV

Phys. Rev. D87 (2013) 056004 A
Phys. Lett. B671 (2009) 256
Phys. Lett. B493 (2000) 366
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A} — Ah

N (A, > A7n)=471+22

I~~~ T | T T T | T T T |

ﬂ LHCb

Control sample
=120

Candidates /

e i S =] I S DR |

i

5600 5800 ‘ 6000 ‘
m(A7 ) [MeV/c?]

5400

Measurements:
B(A) > An'n™)=(4.6£1.2%1.4

Control sample

Experimental results

)x107°

Evidence
N, (A= An'n)=64%144.70

(o))
o

o
(@]

Candidates / ( 20 MeV/c?)

S
|+ ]
A N T T

PR B
5800 6000
m(A7 ) [MeV/c?]

600
Partial recon.
Cross-feed

Upper limits at 90 (95)% CL

=0
=b

XBE) - An'n7)<1.7(2.1)x10°
A}
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A° I Ah*h' S|gna| ylelds P 05 (2016) 081

777 77700/

F|rst observahon

Nﬂg(A[( 7r+):97ir14 N, (AK'K )—185i15

60 90

NU - NL)
= LHCb ] = 8
[} 50 3 [}
S 0 1 =70
& 40 b 4 & 60
Z Z 50
g 30f 5
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S 20F g 30
S F 8 20
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5400 560yr 5800 6000 5400 560?' 5800 6000
Partial recon. m(AK*7%) [MeV/c?]  Partial recon. m(AK'K ") [MeV/c?]
Cross-feed Cross-feed

Upper limits at 90 (95)% CL
=% BE! — AK K*)<0.3(0.4)x 10

Measurements:
B(A) > AK*K )=(159%1.2+1.24£2.0)x10™°

A}

BA° > AK 'n7)=(5.6+0.8+0.84+0.7)x10°°
(A )=t ) f“be(EgeAK‘n )<0.8(1.0)x10°°

A}
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Search for CPV JHEP 05 (2016) 081
T///7//77//77//777/7777777/77//77777277777/777/777777777777777 7777777777 777777777777777777/777777777777/777/777777777/7/777/777777727777

N.;‘orr - N;‘?‘orr corr
Al = —— — » N = efhciency-corrected yield
Ny +N% for A, (A}) decays

* Use A, — (A") s control model:
» Negligible CPV effect

» Production asymmetry A, cancel at first order
» Most detection asymmetry A, cancel at first order

’ACP = A5 - (AP + AD)
A,ACP = ACP (Ag S AVH )= T (A(b) —SAVHT)— i (Ag —> (A7Z'+)A+ )

Acr(Ay = AK"m7)=-0.55£023£0.11 Consistent with CP
Ap(AY > AK*K™)=—-0.28+0.10+0.07 | symmetry

N Experimental results Andrea Merli - Search for CPV in b-baryons | 29/11/2016 8



Phys. Lett. B759 (2016) 282
T////7//2/7/7777772/777777772/7/77777772//777777724/777777722227777

A° - Aj 5|gnc|| ylelds

JHEP 05 (2016) 081 F|rst observation

palitz plot ) (AoeAqb) 89+13,
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T oduct asymmetries

. I
Il P e Pr s. Lett. B759 (2016) 282
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incoming  »
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T oduct asymmetries

. I
Il P e Pr s. Lett. B759 (2016) 282
T/////7727/77777772277777/77772727/7777777722777/77777722277/77777222277777777222777/7777777727/777777772277777777772727/777777772//777777/7/777777724/7/7777777

v
>

> A
A
€x
A
Triple products 7-odd:
@ _ A . A
cos®, =¢, -u,
. A A A
sin®@, =e, (e, X11,)
where:
= A0 e (Ag)
€, Xn,
p XD D XD _
n, = M) ﬁ(p = M
|2, %8| " [ B X By |
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Trlple product asymmetries . o orss oo

7777 72722222222 T2 7/
A +
A P A ¢ K
04 0 04

| 3, % 7 | ¢, P B X By |
XDy
incoming  » Ex A X P |
Trlple products T—Odd Phys. Proc. Suppl. 174:169-172, 2007
cos®, =e¢, -4, CPV observables, untagged sample:

Sln(I) = eZ (eY X u ) N (cos®, >0)— N, (cos®, <0)

where: a N, (cos®, >0)+ N,(cos®, <0)
ﬁz:lzzzzz' i € {A,0) p Ni(sin(Dni >O)—Nl.(sin(I)ni <0)
ﬁ P, X B o P X P P Nl.(sin(Dni >O)+Ni(sin(I)ni <0)

— b ¢_ — —
Ippx,vnl | P X P |
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Tri oduct asymmetries

ple pr s. Lett. B759 (2016) 282
A A A A A A A A A A A A A A A A A A A A A A

ﬂ Z \ﬁ_l_éK+Xl_éK

¢ - — —
e, | By X By |

N plprg
7l —

A —_ —
€x | 51X Py |

incoming  »

| | A =0.13£0.1240.05
A simultaneous unbinned
maximum likelihood fit to Ay =-0.22£0.12£0.06

the datasets with positive or A, =—0.07£0.12£0.01

negative triple products
A; =-0.01£0.12£0.03

Consistent with CP symmetry
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CPVin 4- body charmless decays

7777777777777/
arXiv: 1609.05216, accepted for publlcatlon in Nature Physics
* Transitions governed by & — wudu tree and b — duir penguin
amplitudes of similar magnitude. Large relative weak phase in SM from
the CKM elements, arg(Vd)Vt; /Vuqu:,) =
* Potential non negligible CPV effects in the SM

* 3 ~ 3
Tree o</ V ~ l Penguin * 2 VoV~ A
ub ud X=uct
1) b RS
u u
d (s }w d (s) }W+ (K+)
u u
u > U ru - u
AY (g > d d > d p
e Y s
qud m }7‘(‘ & b ‘/tb ttl }7‘-_
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CP

]
Vin A} - pr n*n~ decays
7272722727772/
arXiv: 1609.05216, accepted for publication in Nature Physics

* Use 4-body topology to build P-violating asymmetries

2

(N, > pr ' mT)=6646+£105  » P-odd, T odd triple products:

T T T T T T T T T T T T T — 'Y . - - bd ()

- LHCb ] ST (th Xphi)oc sin®, for A,

() ~M=pratw | Co= (B, %y ) o< sin®, for A

— | - Part-rec. bkg. : ?

----- Comb. bkg. | ot
0 o —

---B"— K 'm~m ™

-----Age pK mrm -

[
()
)
-

[Em—
-
-]
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LI B
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500F

‘e
.
a
.
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..
"R,

e

7Tslow

-
.-.4.._.1.-..4,-‘_..]._._,—-—1-- - )
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Asymmetrles measurement

77 2727772777277/
arXiv: 1609.05216, accepted for publlcatlon in Nature Physics

+3 o +3—
z _‘;%" o oo '."--','.J;':. Notta &% % E 2 e ‘\ -rf. ’u-“v.. s -'-."‘\".'g ) ])_ o d d T ~0 d d asym m €t1‘y
O INPINS TS I NP ATTCS
R e 5w MG <o) m
2 SR e (-C, >0)-@(~C, <0)
2 300 e 42 300F e
2 250 Ty % as0p T 3 ﬁ
5 200 1 8 200§ E >O)+N )
2 150F 7 B 150E 3
O 100 1 S 100 3
30 ""L"”"'.". ‘ 3 50 P % ‘ E

5.6 5.8 6
m(pr i) [GeV/cH

» P-odd 5 PR TR,

0 X (X g 0’,_:-’-.'-.’;' Rl ) '..':' Lo, ':,.':...” =

. |y

.= — Z 1

" N(C,>0)+N(C, < 0) z o ]

* Pviolating 7ot _ ( Yy ) 2 % 1l

observable I 1o 3o

. C]) lOlatln 1 — U S T : i

v g ,lodd _ 2 (A - A ) m(prr) [GeV/c] m(prr) [GeVie?]
observable ~ “cr H\"T T
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Binning definition A pr 7'z

7 2727227272272
arXiv: 1609.05216, accepted for publication in Nature Physics

Phase space bin ~ m(pn) m(pry..,) m(r ), m(rtrgy) GeV/ c2 |9
1 (1.07,1.23) 0,%)
2 (1.07,1.23) (5,7)
++ ’ 27
A ; 8;2 }gg 0(770) peak ((g %;
.29, 1. 2 s
5 (1.35,5.34) [(1.07,2.00) m(r*ro,) <0.78 or m(rtms,) <0.78 (0, %)
N* 6 (1.35,5.34) [(1.07,2.00) m(rtny,,)<0.78 or m(ntmg ) <0.78 (§,m)
7 (1.35,5.34) [(1.07,2.00) m(rtmg,,) > 0.78 and m(ntm ) > 0.78 (0,%)
) 8 (1.35,5.34) 1(1.07,2.00) m(rtmg,,) > 0.78 and m(rtm) > 0.78 (§,7)
Scheme A to exploit 9 (1.35,5.34) (2.00,4.00) m(n*my,,) <0.78 or m(n*my,,) <0.78 (0,%)
10 (1.35,5.34) (2.00,4.00) m(rtw; ) <0.78 or m(ntn, ) <0.78 (Z,m)
resonant structures ’ ’ slow fast 27
11 (1.35,5.34)  (2.00,4.00) m(rtmy, ) > 0.78 and m(ntm ) > 0.78 (0,%)
12 (1.35,5.34) (2.00,4.00) m(rtny ) >0.78 and m(ntm ) >0.78 (5,7)
o SF 3 o SF 3 o SE ]
g p e £ o e BB —H
% sk LHOS ' 0C oy % 40F ' o ; T s ' o |
> swf b * A)(Cp>0) > a0of LHCb * 4)(C,>0) > 30k LHCb * 4)(Cp>0) 3
§ 400;_# i o AS(CT<0) _ é z(s)g: OA,?(CT<0) : é 2505_ p(770) AS(CT<O) _
gaoo% A 3 stoé i — 22005— :1 3
é s ] ::) 2005— # + — é 1505- E
2 2005— 3: ‘ i 1502— — i 100%_ +:$:i__¢._¢i$$¢¢ E
100f- 3 1005— N*:tj#i* - 505_:$: e E
5 Micanarect I B e ] - e d
01 2 3 4 5 01 2 3 4 0 i 2I 3I| 4
m(pm*) [GeV/c?] mipz, ) [GeV/c?] m(mta ) [GeVic?]
Scheme B to exploit _ _ i—1 I )
|®| dependence € 10 bins in | @ ——7,—7 |, (i=1,2,..,10)
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First evid for CPVin b
7277727727772/
arXiv: 1609.05216, accepted for publication in Nature Physics

- LHCb  SchemeB - LHCb  Scheme A -
R T e 1 B F ST
s Opre - By = Of— @"'@"'@E"'@"E"'@""@""@ --------- -
g —20¢ E 2 _20f E
2 [odl™d y?ndf=207/10 - 2 Lodlod yndf=279/12 E
= | RVt E
> - Fodd _ (4 _ A4 )1 S 1 — ;
< 20 ¢ d;P A . 2 g oop ™ =344 :
] M i S i Obp-#-d-gdtgdo g
20} * t : $ 1 ¥
Ve E -20F .
- e acp (ndf=305/10 - e al 0 y2ndf=21.1/12 i
I 2 3

@I [rad] . 10

Phase space bin
* Integrated results compatible with

CP & P conservation
* Largely insensitive to A, & A, =2

Combined results of 2 binning
schemes:
CP symmetry p-value=9.8x10-

[ ° b L[] ° O
3.30 deviation X)lw S?ten.lauc Liincertam}?es .<1 Yo
. [ J
P symmetry compatible at 2.20 ready triggered some theorists
JHEP 10 (2016) 005
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Study of &, - ph"h”

Not on|y AO

First charmless =, decays

New result
LHCb-PAPER-2016-050

777777 7777777777777/

Promising modes where to search for CPV in the future

Significant CP asymmetries have been observed in regions of phase
spaceof B »>n'nn K n'n K"K K ,K'K 1w

Phys. Rev. Lett. 111 (2013) 101801, Phys. Rev. Lett. 112 (2014) 011801, Phys. Rev. D90 (2014) 112004
Do the equivalent &-baryon decays exhibit similar behaviour?

S >

A Experimental results
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LHCb-PAPER-2016-050
22 x X~/

Study of &, - ph"h”

F|rst observation
£ (Ei > pKK7)=82.910. 4 N (B = KKK ") = 50490 250

2

50
LHCb + Data LHCb —+— Data
Preliminary — Total fit 10000 Preliminary —— Total fit
om\, L =, Signal .
b gnal 22 - . S
b ™ ignal
£, Signal 8000

SEIEY Cross-feed bkgd.
----- Part. rec. bkgd.
— — Comb. bkgd.

S Cross-feed bkgd.
----- Part. rec. bkgd.
— — Comb. bkgd.

\*}
=)

1

:!I'IIIIIII

Candidates / ( 20 MeV/c?)
S
Candidates / ( 10 MeV/c?)

Control sample

—
o

IIIII I I—ll‘.l_ T b

L T
f
\®]
=
S
o

PRSPV VRUUT TR T SN T

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

5600 5800 6000 6200 S100 5200 5300 5400 5500 5600
m(pK K) [MeV/c?] m(K*K K") [MeV/c?]

fe: BE, - pkK) [NE, - pk k) [e(B > KK K)

= = (265+35+47)%x107
f BB > KK K") L]V(B‘%[(*[(‘K‘j\e(E;% PKK7) (265x35£47)

Estimated from fit Estimated from MC +
Data driven for PID cuts
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LHCb-PAPER-2016-050
2

Study of &, - ph"h”

Evidence
N, (=, > pK ' )=59.6% 16.
2140 r—— - - T r ~ 1 T
9 LHCb — Data ; o 180 112 LHCb —— Data
Z 120 Preliminary —— Total fit = = 160H Preliminary — Total fit
> LN, =, Signal . = w0 T e =, Signal
S 100 £, Signal ~ = - £, Signal
~ 20 meee Cross-feed bkgd. _: C 120 - SEIEY Cross-feed bkgd.
7 -.--- Part. rec. bkgd. A & 100 -=-- Part. rec. bkgd.
§ 60 ‘l‘ ++ —- Eii.omb. bked. 3 § s0f- — — Comb. bkgd.
3 — ~ E T 60k = — +
g YFE, =332%179 1 8§ wf 8, ==7.6%9.
20 .\.Qb - 20.11 +13.8+f s 20— ----- ,ji;‘:.. ...... . .
5600 5800 6000 5200 =TS0 oo 6000 6200
m(pr ) [MeV/c?] m(pK ©7) [MeV/c?]
Upper limits at 90 (95)% CL
B k- Measurements:
];fb Bl:’;;_b j?f;_];_))<18(22)x10‘5 BE o pkm)
) SN =, — T
PP e » 2 P ) " I8 E0.27£0.09
. - T = —
o B2 KT 5y62)%107 » P
f. BB —>K'KK")
. - — BE, = pr )
be B&, - ]in- ) <109(124)x 10~ B(E - — 2K K) <0.56(0.63)
f BB — K'K K) B, op
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Conclusions

T/7/7/7/7/7/7/777/77777777777777 /7777727777727 272727 /7/727/7/7/7/7/27/77777/7/77/77/7/7/7/7/7/7/7/7/7/7/7/7/777777777777777777/7 /7 /77777 /7 /7 /7 /0 /7 /7 /7 /7 /727222727224

* LHCD opens a new window to search CPV in baryon decays. Many
b-baryon decays are observed for the first time

* First evidence for CPV in baryons is found in decays with a statistical
significance of 3.3 O

* (CPVis searched for in many decays using Runl data. With Run2 data,
new b-baryons and new decays will be studied.

* Interesting to
COMPARE THE RESULTS WITH MESONS
» theoretical predictions are needed and more than

welcome
N Andrea Merli - Search for CPV in b-baryons | 29/11/2016 19




T/7/7/7/7/7/7/777/77777777777777 /7777727777727 272727 /7/727/7/7/7/7/27/77777/7/77/77/7/7/7/7/7/7/7/7/7/7/7/7/777777777777777777/7 /7 /77777 /7 /7 /7 /0 /7 /7 /7 /7 /727222727224

Back-up
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E imental i
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Detector reconstruction asymmetries

* Detector is made of matter
» is not CP symmetric
A () ~0.1% A, (Kx)~1% A,(p/p)~1-2%

* A} can be measured using “ad hoc” abundand control sample
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LHCb detector (5|c|e V|ew)

Parhcle, ld‘en hf:cahon’ System

Ring Imaging CHerenkov (RICH1)

250

200

0, (mrad)

Aerogel

Q7444447474444

DTAATTA

8, max o= 14— L B e e e E e e
242mrad = 8 LHCb 0 ALL(K-7)>0
1.2
3 \'s =7 TeV Data ® ®m ALLK-7)>5
R
i
-1 53 mrad
32 mrad
40 60 80 100
: Momentum (MeV/c)
— —

Andrea Merli -

=N

>

Search for CPV in b-baryons | 29/11/2016



LHCb detector
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LHCb detector
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