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Introduction

LHC: pp collisions @ 7-8 (Run 1) & 13 TeV (Runll) = large B
hadron production.

DO/Tevatron shut down in 2012. B/QCD program still continues.

Precise measurements of B hadrons properties help to improve
or constrain QCD models, and could provide signs of new
physics or constrain BSM models.

CMS is able to provide several measurements of B hadrons
properties that are competitive with results from other
experiments, such as in:

o B mesons and baryons: masses, lifetimes, BRs, polarizations, efc.

o CP-Violation in B mesons.

o B rare decays: branching ratios, angular parameters.

o Decays to exotic hadrons.
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D0 and CMS detectors
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B Physics Triggers (CMS/Run I)
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B Physics Triggers (CMS/Run II)

o 2.7 b7 (13 TeV)
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B Physics Triggers (CMS/Run II)

BY = J/ o (fy)
o AR, 2.7 b (13 TeV)

% 10 % c ] q) HC Trigger paths
O 1ok gl —
P S .
c 10° ¢ ' >
0 = P . Y
> — Y B low massdouble muon + track >
LL 1 07 E o Bs double muon inclusive

10° z

10° %_ 3 —»

10° _E CMS-DP-2015-055

1 | | L1 1 I 1 1 | 1 1 L1 1 | 1 1 1 1 1 L1 1 |
1 10 10°

u*u invariant mass [GeV]

® B properties @ CMS -- lvan Heredia e/



¢p=0

»J 1o OCPV iﬂ
7y BSJBDW B S —> ] / Ll) Cl) IM S0020)

K

- CPV phase ¢, from interference btw direct and through mixing decays.
« Non-standard particles in loops could change the SM prediction of ¢..
* 3+1 angular-fime analysis to disentangle CP-odd/even contributions.

0.06
0.04
0.02

CMS, PLB 757 (2016) 97-120

19.7 fo ' (8 TeV)

+ CMS central value
CmMS — 68% CL
90% CL
""""" 95% CL

Standard Model

¢s = —0.075 £ 0.097 (stat) + 0.031 (syst) rad,
- Al = 0.095 + 0.013 (stat) + 0.007 (syst) ps‘l.
Bs = arg(—Vis Vi, / Ves VL)

0 - 11 111 1 1
-05-04-03-02-01 0 0102 03 04 05
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0.14 DO 8 fb”" HFAG @
'
— 0.12 “) . 68% CL contours
. (Alog £ = 1.15)
a,
— 0.10r | cDF 9.6 fb ™!

w
—~
<1 .08}

0.06 ATLAS 19.2 fb~"
—04 ~02 0.0 0.2 0.4
¢£°° [rad]

B%. = J/ ¢: ATLAS, CDF, CMS, DO.
BY_ — J/PKK: LHCb.

B, — J/Yr: LHCb.

B%. - J/ D,D,: LHCb.

[http://www.slac.stanford.edu/xorg/hfag/osc/summer_2015/
HFAG_phis_inputs.pdf] 'Y}



BY = JA £,(980) vt

[ Nt

« CMS: CPV analysis is simplified using BY, — J/y fy(st*wr) wrt BO, —
J/ Y (K*K) decays. It is also a pure CP- odd eigenstate.

R L L A N ,,,,‘ = 8377+107
T BB e Bp— KTK) NS Ny = 873 + 49
S 350 5.3 fb (7 TeV IMy+7- —974 MeV| < 50 MeY(_’ B
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- . £ 0.04;— + l } {
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& ke f...ﬁ..‘.d ettt b Lt IR EE
2 _+ AL * ++++° ' o *+ . ¢ = invariant mass [GeV)
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B(B" —f (mmr))/ BB = Pd(KK))

&

[Rfo 16 101 —oma Mevi<s0 Mey = 0-140 £ 0.008 (stat) +0.023 (Syst)}

CMS, PLB 756
(2016) 84-112

CMS
{s=7 TeV

CMS (5.3 fb )
Hm 974 MeV|<90 MeV

W”"""’M LHCb [PLB 698

\ u

7\'

LHCh (33 p b )

-0.05 0 005

Ry
* Next important
property is Bs CP-
odd lifetime.

« At DO it was
measured:
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0.139 + 0.006 (stat)

Experiments measure R in diff. M(t*r) ranges.

Ry B¢ — KTK™) =

+ 9015 (syst)
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7(BY) = 1.70 & 0.14(stat) = 0.05(syst) ps

LHCb [PRD 86,
052006 (2012)]*

*Blp— K"K™) = (48.9 £ 0.5)%

= (.2 [Stone & Zhang, PRD 79, 074024 (2009)].
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- 'vﬁ'
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D0, PRD 94, 012001 (2016)
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B '— J/Apnm

* Unigue lab to study HQ dynamics. R = a(BH)B(BF — Jjmt)
* b and c quarks competing in decay. fu o(B*)B(Bt — JyK*)
«  Measurements in a kin. region R — B(Bf = Jjpntata)
complementary to LHCb. B B(BE — Japnt)
- 5.11b7 (7 TeV) - 511" (7 TeV) b G 5 nl <4
60 6.267=0,003GeV cms | 3 | cms | * LHCb, p.>4GeV,25< |n| <45,
S . & 100, + 6.266:+0.006 Gev measures Ry, = 0.68 £ 0.10 + 0.03 £ 0.05
2% o> 1506V | o [PRL 109 (2012) 232001]. Difference
é 40 (B < 1.6 Ec; 8op expected since {p.(B_)> < {p, (B 1 in
2 30 g oo T central region.
20 aof - LHCb measures R__=2.41 £0.30 + 0.33
b ' First [PRL 108 (2012) 251802].
10 ch s 200 :;'(‘:;’l::?ev confirmation| * Predictions of R, assuming B —»J/mpW
5859 6 6.16.2 6.3 6.4 6.5 6.6 6. Gg'“g_{"g'g“gg“g.,‘“gg'"66 and W —nx, bTW—15 2.3 [PRD 81
Jiyn® invariant mass (GeV) Jiyr'x'x invariant mass (GeV) (2010) 014005, PRD 81 (2010) 014015].
‘---~
CMS, JHEP 01
(2015) 063

--—"
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B hadron lifetimes

J/
B-lifetfimes determine importance of ,
non-spectator contributions. y
Ay
. . U u N
CMS about to publish precise >
d . d
measurements: ]
X.X PDG
CTgr = 49'% 1 0.8 (stat) & 1.8 (syst) um > 4911+12
CTgy = 45 PHE 1.6 (stat) 4 2.1 (syst) um (in J/pK*0) = | 455415
CTgo = 45 Fg;) + 2.7 (stat) 4 2.6 (syst) um (in J/$K2) —p 54059564:3:112'50
@ ctpy = 50| 2H10.3 (stat) 3.3 (syst) um (in J/ Y7t 717 )= 4349+ 3.8
cTgy = 44 g:l: 2.0 (stat) £2.2 (syst) yum (in [/9PP) ——p| 4434 +3.6
CTpo = 44 2 + 8.1 (stat) £ 2.5 (syst) pum b | 4349 +3.8
cTpr = 16 Z = 7.4(stat) + 3.0 (syst) ym »| 1500+27

* DO: 2nd. most precise
t(B;s) in flavor-specific

B, —» Dy 1 v X.

DO, PRL 114, 062001 (2015)
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1P '\,\ DO Epoch IV, 2.0 fb™, y¥dof = 1.18
[
S . Data
! K Total fit projection
Signal fit projection
............. Background fit projection

2

Candidates per 20 um

L
EN\STTNEN
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(data-fit)/\data
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1 14 (AT, /2T,)?
Tfs(Bg) - T ( )2
Iy 1— (Ars/zrs)

= 443.3 + 2.9(stat) £+ 6.3(syst) ym,
vs. W.A. 453.0 £ 4.2 um.
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B baryon

—~ 2
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) i i L cMsvs=7TeV
Apart from lifetime, < 1 %=11'3I:*’“v CMS, PLB 714,
. pT"> e
(hadro-)production measurements. = 15/ 136 (2012)
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B baryons (II)

In CMS we measured the Lb polarization e
and decay parameters of Ap =J/y A.

CMS PAS BPH-15-002

T dr p P
20 ©n.85,61) / | = (OB, B, 0, ) dpy
—~350 , ; 19.7 'b‘ ‘(BTEV) 5.2 fb (7T V) . _ . . . 19‘.7 |b"‘ (BT‘EV) i‘- 5.2 f‘b" (7‘Tevz
2 2 2 2 F T QT g
~ Z;m (I Tor 151 Tyo 1% | T-o 1% ] T—— ) ¢i (P, &) fi (O, 6p,6)) 8 200 {o,oms A0 oy
. § 250" | Beoo ST
' j\_u:200 * so0f- e 7
i Ci fi 2 150 400
1 1 1 ]_ 100 232: :
50F E
2 lxz “A COS Qp G: 1 | | | T 102: I T P D D PR B
558 56 562 564 566 -1-0.8-0.6-0.4-0.2 0 0.20.4060.8 1
3 —a P cos m(Ap AGeV] c0s0,
4 —(14+270)/3 arP cosfycost, Y e
5 /2 1 (3cos?6, —1) /2
6 (Bu1—ap) /4 apn  cosb, (3cos?, —1) /2 j ]
7 (ay—3m)/4 P cos O, (3 cos? 6, —21) /2 o e o
A\ — 100F E
8 (yo—4)/6 apP cosBp cosby, (3cos?0, —1) /2 3
01 08—6.6—6.4—6.2 6 012 0.‘4 016 0‘.8 71

P = 0.00 £ 0.06(stat) 4 0.02(syst),
a1 = 0.12 £ 0.13(stat) £ 0.06(syst),

ay = —0.93 £ 0.04(stat) £ 0.04(syst),
yo = —0.46 = 0.07(stat) & 0.04(syst),
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1 1 1 1 | 1 1 1 1
0—1 -0.8-0.6-0.4-0.2 0 0.20.40.60.8 1
cosb, cosb,,

|T_o|*> = 0.51 & 0.03(stat) +0.02(syst),
|T,0|*> = —0.02 4+ 0.03(stat) & 0.02(syst),
IT__|*> = 0.46 & 0.02(stat) + 0.02(syst),
T, ¢ |> = 0.05 =+ 0.04(stat) + 0.02(syst).
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c BY -+ uhu
Rare B decays as ;
° B 20
new physics probes "~ A
Rare decays: FCNC decays forbidden @LO. S G
NP (in penguins/boxes) could modify Wilson £
coefficients. . Bos: 6.20 F‘i::"”‘"‘g”’

- - = Combinatorial background
----- Semi-leptonic background
~ = Peaking background

N
=

Complementary info: S/P-S (Bos—mm‘) vs. V/A-V

(B—Ku"w) interactions.

8

Reliable BR predictions within the SM for

Weighted candidates per 40 MeV/c?
5
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ok L ==
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= - © 3 I - 20022003 2O
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o = AEAALLS EM LHCb SM: B — n'u :
0.1~ B 107 E"] 4 coF ¢4 cms e ' M :
- E S AVAVET O ATLAS o
=T ST BT PEPETE BT RN R RN B o i POl BTSRRI A Y 13 ~ | AA DO ®® CMS+LHCb SM: B" — u+|.l_
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B®;—u*n: Future

_ CMS Simulation
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0.0-1.5 7
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S
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0 11 94
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B = K¥u'u
« Search for deviations of BR, F, (frac. of K*
longitudinal. Pol.) and A (u'w F-B asym.) from

SMin bins of g* =m?_ .

1 d’r
I d cos 6l d cos 6 dg?

= % Ig[rs + As cosGK] (1 — cos? 0,) + (1 Fg) [2& cos? b (1 - cosze,)

T % (1-Fu) (l ~ cos? 9«) (1 +C°529f)+ ﬂ"“’ (' - o8’ 9'() COSO’”

3 02F. #CMS (7,8TeV) '
~ 12 | eLHCD
= B +CMS (7, 8 TeV) 04 :ﬁﬂr
+ LHCb E .+ Belle
I 3o  Babar 08F . cor
{L ey - . Belle FY | T Y T P - —— T L —— TP P
%I g 8.._’ . CDF + . e 1
= < F | F 08 |
= _'+_ —t— == 06 1
3\ o . + $ * e
o af- —_— ! —— 04 ’ =
g + | ‘ 02 v . .
= 2 [ S .—.—.+.....— ............................................
= i 02 E '
R WUTEPU PUPEPT IPRPETSE IPUPRP B SPOTEPH IPS-wre: (AT AP IR ' +CMS (7,8 TeV)
OU 2 4 6 & 10 12 14 6 18 0.4 + + LHCbh
: : g (GeV) 0.6 + BaBar
« CMS consistent with other exps. and s + Belle
: . . 0. - CDF
with predictions of LCSR and Lattice. ) T T TR it S
Ongoing efforts to measure P5'. q' (GeV?)
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THE XYZ STATES

* More than 20 cc-like and bb-like
states that do not fit the qq picture - harmonium

discovered in B-fact., Tev., & LHC. | vasen
Y(4.16°) Y0 l:’—‘\—‘\—AIh—fz;.YMMO

Most happen to be near a 2-meson - e

——— a z:. "
— Y(3915 uZ*(4020|

. wiaosoy——_ YOS5 )
=Z*(3900]

t h res h o I d 3 Xo40) %, (2P) (3;72):| ———

(23)T(25=) Open charm threshold y(3770)

Most important: Z(4430)* = P(2S)n* a

by Belle (2008), confirmed by LHCb ° * Estabished

= New States

(2014) to be a proper BW resonance .

ot 1 2" 1™ o™ 17 37 27 1 2% ?° JPC

quark56++®+ 7 ] ’ l I ‘ ] I T 1
2 2 2 1 I | ] [ ]
5 35 3 =1 . - W]
J L 2 4

—

Detectof
effects

electric

charge '3' 3

S ——

Strong evidence for
qq-like states made of
4 valence quarks.

Events/0.01 GeV

Candidates / (0.2 GeV?)




Candidates / 5 MeV

Already observed by LHCb, but measured only Oindusive (P+NP).

x10° e
100* CMS \]§1=7TeV E
— L=4.38fb ]
- 10 <p, <50 GeV +data -
lyl<1.2 —total fit
r . ---background
80— E signal
B H 10°
B ] 3 1ef
- ; E
60 & 14f -
B % 12}
40— 2 ok |
: © 37538 385 39 395 4
i m(Jw ') [GeV] :
20 T
07 1 b::\ ? ‘
3.6 3.7

m(JAy ') [GeV]

Results (Vs =7 TeV)

¢

€0 €«

€«

¢ R =0.0656 + 0.0029 + 0.0065, where

T BT
3.9 4

Nonprompt X(3872) fraction

R
CMS Vs =7 TeV
L=481b"
ly|<1.2 i

*

Unpolarized J°€ = 1** state assumed.
Fraction of X(3872) coming from b hadrons (NP) is 0.263 + 0.023 + 0.016.
No pr dependence of NP (or P) fraction.

NRQCD predictions (assuming c€C) for P fraction is evidently off.
_ o(pp — X(3872) + anything) - B(X(3872) — Jyn ™)
~ o(pp — ¥(2S) + anything) - B(1(2S) — Jpmtn-)

30

a0 s0
pT(J/\|! nt ) [GeV]

— R
= 1B CMS \s=7TeV
O] NS L=48fb" ]
o AN lyl<1.2
C L .
= “N\>.  —LONRQCD
Q,Q i i “\.. --LONRQCD uncertainty T
Q_'_10'17 _|
Xe) ? E
=~ I -
S8 ,
a X U
© NN
102 \x,
I I D
10 15 20

s a0
p (Jy ) [GeV]

JHEP 04 (2013) 154

10 < pr < 50GeV and |y| < 1.2



XYZ STATES INTERPRETATION

* PDG names all non-qq candidates X(mass).
Theorists/exps. use Z for charged states, Y for 1~
states, and X for the rest.

« Two popular interpretations:

* Meson-meson “"molecule”: two white states
loosely bound by a pion exchange.

« Compact tetraquark: made of a diquark-
antidiquark pair connected by color forces.




NEW EXOTIC STATE X(5568)

X(5568)— B0+

T—

PRL 117, 022003 (2016)

(a) 6-60 local DO Run I, 10.4 5"
5.10 global+syst — i Efficiency of M (Bs %)

Fit with background shape fixed
Background

) M3 (mg,) H

(M% = mp,)* + MRT2(mp,)

Efficiency

Take into account

N events / 8 MeV/c?

mass efficiency due

P
5.85 5.9

/ - 2‘133:|:31 to AR cut [GeV/c?]

5.6 5.65 B 4 5.85 5.9 H . =
m (B% 1) [GeV/c?] e Mass resolution: ¢ = 3.9 MeV

L ( ) DO Run II, 10.4 '

Mx = 5567.8 &+ 2.9 79I MeV
4.80 local

-3.90 global+syst | | FX — 2129, 2l tgg MeV
Strong decay!
N5 =L 5] heand:

@
o

(o2}
o

N events / 8 MeV/c?

DATA

. . >k k
106 =+ 23 Possible higher-mass B stgltes

Background

Sqrei : and/or B, — B,nm, miss

: (.and yes, we see B — Byt
[GeV/e’] at 6.27 GeV)




X(5568) PRODUCTION RATE

WHAT IS IT¢

T—

PRL 117, 022003 (2016)

 Production rate (for comparisons to others): normalize to BY

: oo 10 < pT(Bs)
) B(XO(?ZGO? BT e iy < 30GeV

In| <2

Ry =

Of all produced B, about 9% comes from X decaying to B% n*. Really?!
A strange charged beauty.

e Unique: only XYZ state of four different quarks, mass determination
dominated by one heavy quark

Color

@inglets o |f X(5568)_ — Bgﬂ'_ o |f X(5617) = BO* =
b then JE =07 L, po i
st Moleclle could be analog of then JZ =17

ao(980): sd] [us] could_b_e analog of
) S Z;+: [bd)[ub)

replace s = b: [5d|[ub] ) i
replace b = §: [5d][ub]
Tetraquark?




SEARCH OF X(5568) AT CMS

TIE-BREAKER

Available on the CERN CDS information server CMS PAS BPH-16-002
2016/08/05

Search for the X(5568) state in BY7t* decays
The CMS Collaboration

 Analysis strategy closer to DD approach: B.° yield

« B% — J/P @: ~10x more events. | b0 | tHeb | cwms

« Same kinematic region (rapidity & 5.6k 112K (pTy>5GeV) 51K

PTg>10GeV 44K (pT,.>10GeV) (PTg>10GeV)

PT)-

* Better peak(s) resolution (~3x). CMS Prefiminary 19.7 o (8 TeV)

“00F , DORunll, 10.4 6

51398+283

-
n
o
o

5582+100
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CMS RESULTS

NO X(5568)

19.7 fo™ (8 TeV) CMS Preliminary 19.7 fo™' (8 TeV)
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No excess is seen




PRELIMINARY CMS RESULTS

CMS PAS BPH-16-002

i px <39%at 95% CL CMS: pr(B%) > 10 GeV & lyl = 2

’ = b

systematics included

Compare to:
P pr(BY) > 5 GeV] < 0.011 (0.012)
P [pr(BY) > 10 GeV] < 0.021 (0.024)
P (86t Sl 9= A6 D@: pr(B%) > 10 GeV & lyl = 2

at 90 (95)% C.L. LHCb2<lyl<4.5

CMS Preliminary 19.7 fb" (8 TeV)
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PENTAQUARKS AT LHCb

PRL 115, 072001 (2015)
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A* - Kp ACTIVITY IS NOT ENOUGH

BUMPS KEEP THERE!
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Adding 2 resonances:
P.(4450)* = J/P p
P.(4380)" = J/W p
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FITTING CODE

Signal model was ported to
RooFit.

Programming optimized for
fast evaluation and
negligible precision loss.

RooFit generates pseudo-
experiments.

RooFit performs 5D
integration numerically (or
can use “advertised”
integrals).

Fitting tests ongoing in
CPUs and CUDA Cores.
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ANGULAR PROJECTIONS

USING ROOFIT
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LHC SCHEDULE

Now (~37 fb-1)!

2010 2011 2012 2013 2014 2015 201c 2017 2018 2019

QQ@ljajl a2 @ a3 a2 |a|qa || |a|Q @ QJ§Q4 Ql Q2| Q3| Q4

Run1 LS1 Run 2 LS2
7-8 TeV, 0.7%103* (u=20), 25 fb? 13-14 TeV, 1.6%103% (u=43), 150 fb* phase-I Install

LS = Long Shutdown
2020 2024 2022 2023 2024 2025 2026 2027 2028 2029

Qlja2jQ3|aa|jQQ|a3|asjQl Q2|3 || |23 |asjQ1 Q2|3 ||l Q3|41 |2 |Q3|Qs|jQ1|Q2|Q3 Q4] |aQ QB;OA Ql | Q2 | Q3 | Q4

Run 3 LS3 — Phase-ll Install Run 4

LS4
14 TeV, 2-3%1034 (u~50-80), 350 fb! 14 TeV, 5-7%1034 (u=140-200), 3000 fb!

* The HL-LHC running starts in 2025 and continues beyond LS4
until 2035
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Summary

« The CMS experiment has produced several competitive results
related to production, branching ratios, CPV, lifetimes,
polarizations, and other properties of B hadrons.

- CMS will continue studying the B, system to search for

anomalous CPV using decays to J/YK*K- and J/ya*m with 13
TeV data.

- The B, B-baryon, quarkonium and exotic hadrons program will
also continue and benefit from the additional data in Run |I.

« The observation of B® — u*u is one of the main long term goals
of CMS. Detector upgrades will improve its sensitivity.

« Similarly, b = s y"w analyses are now within the core of the CMS
B physics program. Special trigger paths have been
incorporated for their detailed study with 13 TeV data.

® B properties @ CMS -- lvan Heredia Beauty 2016 -- 5/5/16 @31



