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LHCb Run 2
& (Mostly)
Run 1 Results

See Hassan Jawahery's talk for
many hot new results
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#iark matter &

Majorana v’s
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Dark Photons?

= One of the most important questions in
modern physics is that of the composition of
dark matter

= One possible manifestation is described by
the oxymoron “dark photon (A'),” where the
coupling to the EM current is suppressed by
a factor of ¢, compared with y’'s

= A’ can be produced promptly or have finite
lifetimes, especially if is € small

s A' can decay into utu’, just like y—=utu”
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, |
A" Trigger
= New low mass dimuon trigger. Only online
reconstructed tracks are kept, not “raw” event

m Trigger output from 1.6/fb of “turbo” data
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arXiv:1710.02867
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Candidates / o[m(u*p™)]/2

A' Search - Prompt

» Insist that dimuon candidate be “isolated”
from jets for m(utu”)>m(¢). Resulting mass

spectrum:
10’ A - T - —
108 LHCb E=> isolation prompt-like sample
Vs=13T&v t & applied N pr(p) > 1GeV, p(p) > 20 GeV
5 Py i Iy | t :
10 f A prompt it -
10* o
10° B 7+ g
2 \ |
10°
1 L 1 PR TR T T |
10° 10* 10°
m(ptp~) [MeV]

® UqUq Indicates real u backgrounds, hh two
hadrons... No signals found in prompt sample
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A’ Results

= Add in non-prompt search

arXiv:1710.02867

90% CL exclusion regions on [m(A’), &?]

~ 107
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10~ 107 1 10
m(A") [GeV |

= Much more data to come
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Projected Run lll Reach

s For A' masses < Z2m(u) use y—e*e

N
W
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\\ Inclusive A’—uu at LHCb

Ilten, Soreq, Thaler, Williams, Xue [1603.08926]

Radiative D Decays at LHCb
Ilten, Thaler, Williams, Xue [1509.06765]

Orsay, U70

Charm,Nu-Cal, E137, LSND
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s Are v's Fermions or

s Several ways of looking for presence of heavy (
v's (N) in heavy quark decays if they are =

v

ajorana particles, i.e. r

are they there own antiparticles?

Majorana & couple to “ordinary” v’'s
= Modes analogous to v—less nuclear § decay

)o*, D™

Simplest Channels:
B-—D*¢ ¢~ &
B-—D**¢ ¢~

¢" & ¢ can be

e, worT.

USLUA, Nov. 2, 2017



VA o

= m Y
oo A

Gl R

x Upper limits In

e’e” mode not B—D'ee Belle <26
competitive with  B-—D*e-u~ Belle <1.8
nuclear 3 decay B —D*uuw Belle <1.0

s Others unique B—D*wu LHCb < 0.69

since.measure B—D**uw” LHCb <36
coupling of

_ _ LHCb Phys.Rev. D85 (2012) 112004, 0.4/fb
Majorana v to u

Belle [arXiv:1107.064]
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Onﬁhgljv

= Can also look for
Majorana v (N),

where N->W+u~
m A. Atre, T. Han,
S. Pascoli, & B. Zhang [arXiv:0901.3589]
= Many other ways of searching:

a0 K-~—a™N

0 u—ey

O T W

aQ .....
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LHCb search as a
function of
Majorana mass
and lifetime,
Phys.Rev.Lett. 112 (i LTI T T U Y A
(2014) 131802 TTI000 20003000 4000 5000

Neutrino mass [MeV1

Revised limits from o0
Shuve & Peskin a_ 0010
Phys.Rev. D94 >3
(2016), 113007
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= can be anything \ ,,</

& tI |ere are SpeC|I|C v V l.
. (6 Lb ts (é\

[LNP 741 (2008) 3] L > v

> K*/K+

or inflaton [JHEP 05 (2010) 10]

= In these searches allow for prompt or ¢ with
finite lifetimes
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Candidates / 10 MeV

BB’— K™% (u1n)
B(B’— K™+ )[1.1,6.0]GeV?

K*0

[PRL 115 (2015) 161802]  jap  (2S)1+p(3770)

—— Prompt B — K* /,I, /,11

—— Displaced
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RgsuusK+

= Nothing seen

95 (2017) 071101 (R)]

Candidates
‘c‘>’
I 1 I 1 I

= Upper limits as function m:: o
of t & mass 1o
= Combined limits with b
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000 0u0e%%0 %0 %0020 2,05, % !
> 2% %% %% \)‘J‘/‘

HCb 95% CL

10°

KX
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Thy: arXiv:0911.4938, arXiv:0912.0390, arXiv:1303.4395

62 is inflaton coupling to the SM
fields via mixing with the Higgs
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Charmed
-Strange
Baryons
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Why study?

= What is the structure of baryons, do di-quarks
dominate? Implications for pentaquarks,
tetraquarks.... Need to understand QCD

e
W

a = =
2 == \ N N =
ct >4 Ri==\INN 5
m Predictions g saf  atvBRReN - E
g : PEE 77 % //W 4
of css masses % 3'25‘:"{\§::::::::::::::::?‘:"i"_”:‘i‘”fi”-‘i"_’rzz>g‘;./f) e
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Cabibbo suppressed but all charged /
at one vertex

m Reconstruct = states in pK é

>
~ 80000711 ()
_ 400+ "
¢ = LHCb
= _ LHCb - T
> o0000 Add a K+ 8
g from the PV T
o i o
= 40000 s =
§ - O
20000
O TR R IR R SR N R |I.| T O: :.
2440 2460 2480 2500 3000 3100 3200 3300
m(pK 7%) [MeV] m(Z7K ) [MeV]

~ PRL 118 (2017) 182001
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|

Measured masses & I‘

Resonance Mass ( MeV) [' (MeV) Yield

2,(3000)° 3000440240112  454+06+03 13004+ 100+ 80 20.4

2,(3050)°  3050.24+0.1+£0.1%97  08+£02+£0.1 970+ 60+ 20 20.4
< 1.2MeV,95% CL

2,(3066)°  3065.64+0.1+0.3%92 35404402 1740+ 100+ 50 23.9

2,(3090)°  3090.24+0.3+£0.570F  87+£1.0£0.8 200041404130 21.1

2,(3119)°  3119.14+0.3+£0970%  1.14+08+04 480+ 70+ 30 104
< 2.6MeV,95% CL

2.(3188)° 3188+ 5 =13 60+ 15+ 11 1670 = 450 £ 360

s Why are these states so narrow? Explained by cs
diquark??

= Which states are they? Need JP
= Are they really css states, or are they pentaquarks?
USLUA, Nov. 2, 2017 18




Compare to theory

LHCb states
o 35 :
= 34 @ \\\ N \\ =
(NN -
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A doubly charmed baryon

= Here we look for a baryon with quark content:

ccu, called the =__**

s Selex measured the isospin partner (ccd) at a
mass of 3518.87x1.7 MeV using a 2™ beam in

the A,*K'n* decay mode

= Not confirmed by Focus, BaBar, Belle

s LHCb looks for .. "—

=ccC

ASK ' n*, AJf—pKt

pm

USLUA, Nov. 2, 2017

Candidates per 9 keV/c?

LHCb Preliminary

2016 Prescaled data

A - pK'n*
Signal: 6 million

10% of

current
sample

2260

2280 2300 2320
pK'mt* mass [MeV/c?]
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—+ Data WS
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_HCb signal

S 1805 [HCh 13 TeV

300

160 é
E 1405 ~+ Data E 250 §8-
= r  —Total ]
2 120F ... Signal 3 4 1J03 Me
% 100 ---Background 200

Candidates per 10 MeV/c?

1 L ':"vv L L l L L L
3500 3600 3700
—_
m, (Zc) [MeV/c?]

s Mass of E_*is MY B
3621.40+0.72+0.30 5300 3200 T Hsh8 T 8000 3700 3800

. m(ES) [MeVi/c?]
MeV, about 103 MeV higher than Selex
& consistent with theoretical expectations

. Can | ned wif iquark orbited | |
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Exotics
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Events / 20 MeV/c?

Some past

results

o 10 = >
<§ =15 MeV DQ_ Runll, 10.4 fb™" +Data 2 " CMS i gfgﬁann
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Detailed history

= One or two new resonant states claimed

Year | exp. (/fb) mass I’ (Mev) mass
(MeV) (MeV) MeV

2008 CDF (2.7)  58+1

2009 Belle 32521

2011 CDF (6.0)  115%12

4143.0

4143 fix
4143 .4

2011 LHCDb (0.37) 346120 4143.4 fix

2013 CMS (5.2) 2480+160
2013 DO (10.4)  215+37

2014 Babar (422) 189+14

4148.0

4159.0

4143 .4 fix

11.7 fix

15.3

15.3 fix

28.0

19.9

15.3 fix

1.9
5.0
ul
5.0
3.1

1,6

4274 .4 32.3 3.1

4274.4 i 32.3 fix

4313.8 38

4328.5 30 fix

42744 7« 323 fix 1.2

USLUA, Nov. 2, 2017
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m LHCb has 4289+150 events [arXiv:1406.0755]

m Again do a full amplitude fit including
interferences between B —J/pK*, K"—¢K,
and B —=XK", X0—Jhpe.

B >¢Z", Z—JYK  is also included in the
amplitude fit, but used only as a source of
systematic uncertainty

USLUA, Nov. 2, 2017 26



Results of fit: m(gp )

Many K* resonances needed

data

total fit
background
T"NR
K (1793)

1K, ,(1968)

2" K,(1770+1820 K*
By (1680)
2" K,*(1980)
0" K(1830)
1" X(4140)
1" X(4274)
0" X(4500)

0" X(4700)

0"NR

Candidates/(3
N
[
550
+—
—4—
—4—
-+

il H |||H

50 'l / / l;-’:l [TeF \_\. - LHCb

-n«m"ﬂ"' T i OO =
M ‘“"’"“""“‘"" SRS N g
: AU S oz A WA U i P2

1600 1800 2000 2200 2400
m,  [MeV]
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Full amplitude fit results

S N
{é’ N — data
L ——  total fit
9 2 & LHCb —  ackground
2 100F T
-— e ¢ e
5 | I'=80 MeV o 2 K,(1770+1820)
S 80k — 1 K*(1680)
O B 2" K,*(1980)
N + * 0 K(1830)
601~ 1" X(4140)
B 1" X(4274)
40~ .ﬂ 0" X(4500) }XO
- i 0" X(4700)
B OsNE o
20—

M(leq)) (GeV) My [MeV]

m 4 visible structures fit with BW amplitudes
USLUA, Nov. 2, 2017 Phys.Rev.Lett. 118 (2017) 022003 28




= JP also measured all with >40 significances

Particle | JP | Signif-| Mass Fit
icance Fraction
(MeV) (%)
1+

X(4140) 840 41465+454° 83212

-2.8 -14

13.0=3.2%°

X(4274) 1% 6.00 42733:83"72 56=11° 7.4225%

- 36 -11

X(4500) O+ 6.10 4506 + 11 92 + 21+

-15 -20

+
X(4700) 0" 560 704,107 1202312  12:5°

+
USLUA, Nov. 2, 2017 29
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| Ab_)JhPK p, flrSt IOOked fOr IN %;ZES; '-IHCIb B b 2..6,l000 |
LHCDb as a potential TS
- 7| bkgrnd
background for BO—JAhpK K™ = i 120
] of pea
» Large signal found, used N T

m(JApK'p) [MeV]

for Ab lifetime [arXiv:1402.6212] \L \L \L A*’

] DalltZ pIOt NE 26;_ ,na“waa_ e # LHCb _;
showed an 2 _:
= 22 3

unusual = :
2% .

feature T ok £
[arXiv:1507.03414] : " :
16, Loy s o s

2 3 4
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3
@ LHCb 3 800
arXiv:1507.03414 2
o 600
—=—data u>J
— phase space 400
1000
500 200
4T T a0 o T2a 40
my, [GeV]
(@) I C (b) I SIK™
- 6 } J/\P W ( u}
b W b uy
AR u—— 0 :\P
d

> %
_ \3 } 1\ d—- — Jhi[)p

USLUA, Nov. 2, 2017 Kp Does this diagram exist?



Model with 2 P_’s

o Do‘\a full amplitude fit. No solution with zero or

one P, states. Best fit has two states, masses
4380130 MeV, & 4450+3 MeV with JP=(3/2-,
5/2%), also (3/2*, 5/2°) & (5/2*, 3/2) are allowed

USLUA, Nov. 2, 2017

—a— data
—e— total fit
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background
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A(1405)
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\ A
P.'s cannot appear <

400

IS
| | | |

: : : (a) ! 1 (b)
in first interval as = + - %
they would be 5. 1* #k A
outside of the Dalitz ¢ | ;%w [/ +
plot boundary DR VA

- data A(1670) = | ks Z L | . il "’--&-:.:e_:_:: |

-@-total fit - A(1690) = [ [

— background “¥-A(1800) § [ © @

- P(4450)| "EA(1810 3 | f’"‘ " LHCD

: -4-A(1820) ¢ [ f * 1
= P,(4380) ; L]

-¥-- A(1830) Ly 200
-+-A(1405) . A(1890) |

-9-A(1520) .4 A(2100)
A(1600) -2+ A(2110)
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arnal bindinq?
= Tightly bound or Molecularly bound {’

f

c . e Q C g ool
y < r’r(( : 3 . (
L -

%(((«(&g @

= Need to find new states & new decay modes

= Many predicted, e.g. P.—A_.D*, n.p - high
multiplicity final states

USLUA, Nov. 2, 2017 34



s LHCD is looking for physics beyond the

standard model in many new areas

m These searches are enhanced by use of
special software triggers that use the online
data as the final sample. This will be greatly
enhanced in the upgrade as the “hardware”
trigger will go away

= Many properties of LHCb make these
searches unique: particle ID, muon detection

to low p4, etc...

USLUA, Nov. 2, 2017 35



Ve End
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The bsud tetraquark

» DO announced a new state on 24 Feb: X(5568) — Bsz  arXiv:1602.07588
» CERN seminar 21 March (Monday)

» High production rate and significance of 5.1sigma
» Generated several citations — investigation by other collaborations

= 5567.84:2.9 (stat) T2 (syst) MeV/c?

m
r

21.9 % 6.4 (stat) T32 (syst) MeV/c? 5 ORI

. DATA
Fit with background shape fixed

©
S
|
L
N

<
<)
I

(8.6 + 1.9 + 1.4)%

(4]
o

N events / 8 MeV/c?
(2]
o

DO Run I, 10.4 fb' 30

Nev = 5582 + 100 =

+

N events / 20 MeV/c?

Residuals (Data-Fit)
o

ob— . (G , SIS,  SENEEE. ,
4.8 5 5.2 5.4 5.6 5.8 6

m(J /"I’ 0) [GeV/c?] 55 555 56 565 57 575 58 58 59

-10
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B** states at LHCD

I B.(5747)— Bn+
LHCb Preliminary [ By(5747) > B'(8*)n*
I B(5721)— B'(B")n*
[_] Combinatorial

e . T Y

0 O N A O OO O
© O O © © © o
©O O O O O O o
| |III|III|III|III|III|III|

Candidates /(2 MeV/c:)

-(2) l‘l q:‘. : : :‘ S1odT II*' _”',,?« p ;; i"ﬁ‘ It 1y | :.)' TN “I!' j 5T " Y ||q L } |||:| |:

100 150 200 250 300 350 200 450 500
m(B°r+)-m(B°)-m(r+) [MeV/c?]
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* Very large, clean Bs samples, different final states

2
8

s . .
“b% E LHCb Preliminary (a) S 9000
= 5000F = 8000
I C «
3 F D — -+ 3 7000
@ 4000 ]
§ oo o § oo
‘g mm: 5000
(3] E © 4000

I 66k

10005

% 5500 5600
m(D,x) (MeV/c?)

LHCb-CONF-2016-004

Jb ¢

46k

5300

5400

LHCb Preliminary (b)

5500
m(Jhyo) (MeVic?)

* Slightly different selection compared to what shown at Moriond QCD
* Add a pion — no peak observed at 5568 MeV

* Several cross check with B plus pion modes

* We can put an UL on production T 160 Lricn pretminary @  pre—
% 160 I:IComblmnorlnl —f
a(pp — X (5568) + anything) x B (X (5568) — Br) < 140 3
PP = ( ( Uzpp S B+ a)inythi(ng)( ) é 1200~ Resolution on mass < 1IMeV 3
: 2 100 BW + poly bkg || 1.4 i Al
= V) ! 5 %0 tl I ik ; HII:” |r| : H
T ONBY) T ea(x) o W E
40 b |:IJ. il i _E
5 y .u"“"',:"’ y 4 —E
pZV(By pr> 5GeV/c) < 0.009(0.010) @90(95) % CL, | _  gpasd¥¥=mmmmere =
PP (BY pr > 10GeV/e) < 0.016 (0.018) @ 90(95) % CL.| & u"A.. ! 4 L A
X 5520 5540 5560 5580 SGbO 5620 5640 5660 5680 5;00
m(B%r) [MeV/c?]
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