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What do we look for?

¢ Searches for new physics:

- precision measurement of weak hadron decays

- rare/forbidden decay searches (including decays of leptons)
 Studies of emergent properties:

- searches for new bound states in QCD, precision spectroscopy
* Tests of calculational abilities

- Production cross sections, exclusive hadronic decays, ...




Features & Techniques

* Compared to Belle, BaBar:

- Copious production of B, B, A, etc.

- Can directly produce non-vector resonances
* Compared to LHCb:

CMS and ATLAS have central acceptance for tracks (In| s 2.5)

Operated at full LHC pileup rate (up to ~ 60 collisions / bunch
crossing) — higher lumi but much messier environment

Weak-to-nonexistent hadron particle ID
Kinematic acceptance effectively puts pr cut on parent hadrons

Strong reliance on multi-muon triggers for physics program

* Often use specialized trigger techniques

ATLAS: “topological” triggers make selections using
information from muon hardware trigger primitives; precision
tracking, decay topology selections in software triggers

CMS: topological triggers; “data scouting” — using trigger-
reconstructed objects for analysis, throwing away raw data
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Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electromagnetic calorimeters
Solenoid magnet | Transition radiation tracker

Semiconductor fracker

Muon chambers

CMS DETECTOR

Total weight ~ : 14,000 tonnes
Overall diameter :15.0m
Overalllength ~ :287m
Magnetic field  :3.8T

STEEL RETURN YOKE

SILICON TRACKERS
Pixel (100x150 yn?) ~1 m? ~66M channels
Microstrips (80-180 ym) ~200 m* ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
‘Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
‘Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels



Dimuon Trigger Performance

34 b (13 TeV, 2018)
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1 04 = 20,p, 45 GeV, [nl<2, 05, m(2)>7 GeV 2up,» = -
B ——— u,p, >538GeV 3u,p, > 5/53 GeV -
1 03 z ——— 2u,p, >0GeV, [nj<15,08, AR<td  ——— 2u,p, > 45GeV, |12, OS, Tmi2.)<18 GeV -
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& ——— 2u,p, ~45GeV, 08
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Weak Decays: bs¢¥?

Wilson coefficients | largest effect in

* Interesting vertex with many suggestions of anomalies [¢, Si. S5, 53, S5, Ss, St 5, S5,

AT? AS-. AQ!

* Main probes are for bsup: Bs — pp and Ba — K®un BR(E — X,n), BR(E — Xt )

- different decays look at different EFT operator structures, Ca. Cy: Cro, Clg | 51, S, 53, 55, S3, 51, 55, S5,

e.g. Bs — 1 probes operators with spin-0 currents g;'{‘:‘ A; .
— st
- Ba — K'np offers a rich set of angular observables for probes Cs — O S6.
. : : : BR(B, — j*pi”)
° Both experiments are interested in also measuring the [ —~ P
bsee vertex BR(B, — uu")
- lepton flavor universality test Observable | mostly affected by
. . . . . . Sf? Si! SS? Sg CT? C; CQ? Cé)- Cll’]: Cig
- triggering is a major problem — either try to colllect a generic % cr . Oy
B hadron sample (CMS) or use very unusual trigger paths for S, Cr, O}, Co. Clo
soft electrons (ATLAS) S5 Cr, Cp Co Cly 4 Ps
u* S5 Cr, Cy
H u* Az Cr, Cy, Cro, Ciy
, V4 _ Asg Cr, C%, Cy, Cy, CYy
) H 4 Ch, iy Cly
b t,c,u S we W+ S§ Cs - Cy
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* Rare (but not zero) in SM T e
- effective lifetime of decay also carries """
information :
¢ Search for a dimuon mass peak S o H
- relatively easy for triggers to target T s R e
* Mass resolution is important for S/B | Sl e
and to separate By and B v Fo
-~ CMS has edge here, ATLAS separation : :
of B4 and B; is poor

* Results more or less consistent with
SM (ATLAS and LHCb a bit low)

Entries / 0.25 ps

Decay time [ps]



B — K'up

(o KT
ut
A large number of potentially accessible \ %ﬁ& B \@R\
decay angular parameters available \ \\\ \
* Higher statistics available for K — K*v 0 )
\ 7

over K — Kgmt*

- More complete angular analyses done by o [31-F,)
both experiments for K up 32;?[ 4

-Fr cos’ Ok cos26; + S3 sin’ Ok sin’ 67 cos2¢
+84 8in 20k sin 20 cos ¢ + S5 sin 20k sin 6 cos ¢

+56 sin’ Ok cos Or, + S7sin 20 sin 0y, sin ¢

- F
L gin2 Ok cos26;

1
sin’ Ok + F1. cos’ O +

- CMS has done simplified analysis for K™ un

+Sg sin 20k sin 26 sin ¢ + Sy sin? Ok sin? 0, sin 2¢

p’ 3 Si=4.57.8
i=4,5,68
! VFL(1 - Fyp)

(ignoring potential S-wave Km)




Bq — K*pp

* One particular angular effect hashad & famas ™ 's-sev 203~
. u Data
hints of an anomaly: “Ps" for q*(up) 15E ¥ Shrupsy i

theory DHMV

above 4 GeV? 1‘_&_ e

 ATLAS a bit high compared to SM,

O

CMS close to SM expectation 05 +L | E
- latest LHCb result (not on plot) continues B T
to be high compared to SM S R

* Results for different angular o +cwms

i . 1_— - LHCb (2016, 3 fb")
observables constrain different EFT + v
0-5 [ sm-DHMV

operators of ’ ’
—0.5— $
w7

'0 8 10 12 14 16 18 20
q? (GeV?) 8

7




B* — K** 1, K*up
* K" (— Ksit*) up has smaller statistics than K*, so fewer parameters are

studied

* High statistics but less angular information available for K* yp
* Agreement with SM expectations

K* pp K*pu: non-vector fraction
,CMS 20.0 fb (8 TeV) CMS 20.0 fb" (8 TeV) CMS 20.5fb" (8 TeV)
E [ T T T T T T T T T T T T I T T T ] — 1 B T T T i T T T T T T T i T T T T ] m 1-5 B
< I | = : % 1 | = F 4 Data
05 ] 0.8 E [ — DHMV
i i‘ i ® 1
- 0.6 L ] 7]
of ¢ * § %
i U ¢
-0.5 # Data ]
! ¢ SM
_1 | | | L L L




Bs —» J/y ¢ (- K'K)

* (Classic CP violation test

¢ rest frame

- interference between direct decays and decays %”
. .. K*
Vvia le].ng - qb\.{'l_’w
- weak phase is predicted well from CKM ' bl('\
elements: ¢s ~ —2p, = —2arg(— Vs Viy / Vs V)

- main parameters of interest are ¢s and the
lifetime difference of mass eigenstates AT,
need to determine various strong phases along

J/y rest frame

the way Oj(ct, &) = Ne " [a; cosh (Ag-“'t ) + b; sinh (%) + ¢; cos(Amgt) + d; sin(Amt)
Si(61, ¢, 1) N; a; b; Ci d;
* Time-dependent angular analysis el "2“2(83)& 1 : o
. . sin® ¢y sin? Oy AL (0)]? 1 -D C S
measures the evolution of the interference Jsgrsintusings  |A(OIIALO] Cain, 5 SeosB ) sin6,—3p  Deos(d, 4

ﬁsin 24y sin? O sin 2¢7 [A40(0)[|Aj(0)| cos(6 — &)  Decos(6; —d&) Ccos(é—dn) —Scos(5) —d)

%sinztstinzﬂTcos @1 [Ag(0)[|A1(0)| Csin(6; —6&y) Scos(6; —&) sin(6; —dy) Dcos(6; —dp)
2(1 —sin? By cos? pr) |As(0)[? 1 -D C S

% ésinl/JT Sil’l2 9]" Sil’l2(pT ‘AS(O)HAH(O)‘ CCOS(&H - 55) 5811’1(5“ - (53) COS(&H - (55) DSiIl(ts“ - 55)

1V/6sin iy sin 2607 cos g1 [As(0)|[|A1(0)| sin(d; —és) —Dsin(é; —ds) Csin(d; —dg) Ssin(6, —ds)

0 23 cosr(1 —sin? Oy cos? g1) |As(0)||Ag(0)] Ccos(dg—ds) Ssin(fy—ds)  cos(dg—ds)  Dsin(s — Js)

with flight distance

- need to tag production flavor of Bs (signaled by
“opposite” B hadron)

=0 0N O TR W N

_1-AR _ 2Alsing,  _ 2|A[cosg,
- potentially confounded by scalar KK amplitude L+]AP 1+IAP 1+[AR
10
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' ATLAS 1
{s=7,8,and 13 TeV |
68% CL contours

AT [ps
o
0

* Experiments individually in good
agreement with SM

e oMs, JiykK, 1161 1!

0.1

* Some tension in fit parameters [ LG K 491

T

LHCb, all channels, 4.9 b’

. 0.08+
between expenments i
- hope to resolve with full Run 2 dataset & 0.06- ATLAS, JIyK 'K, 99.7 ' -
very close attention to systematics “Dz 0 o2
¢ [rad]
WEIGHTED AVERAGE = 3.8
0.662+0.004 (Ermrsc‘lled by 2.7) E : ATLAS — 2AIn(L)= 2.30
— L _ 1 -~ 2AIn(L) = 6.18
A | Solution (a) T T
PDGLive: I's 345 - O S
xz 3.2—_ : ““. ’x'"_,," "“",¢‘
- - AAD 21AE ATLS  13.0 B !
< - - AAL 21AN LHCB L \ :
- -SIRUNYAN 21E CMS 0.6 3 - O :
- AAL 19Q LHCB 7.6 I L
S Iii::JTONEN ng EE%B 0.8 i Solution (b)
——= ABAZOV 12D DO o gl TreemmITTINLs
22.0 -
(Ccnfidence Level < 0.0001) I | I I I | I I I | I 1 I | I I I | I I I
| 2.6 2.8 3 3.2 3.4 3.6

0.62 0.64 0.66 0.68 0.7 0.72

syfrad] 11



Search for t — 3p

33.2fb" 13 TeV
L L

33.2fb" 13 TeV

» Search for lepton flavor violation in charged $ goms R Tems | cweson
leptons O o TAAE [ S T P
- Copious production of T in both electroweak (W £ & 1% o
— 1v) and heavy-flavor (B/D — tvX) channels o 1 s
- electroweak has lower o, but easier to suppress s 10;
backgrounds with MET & isolatgd .high-pT §igpa1 o - 18 TE/Q b U
candidate; two channels have similar sensitivity (@) [GeV] e (;f) [GeV]z
* Take three-muon combinations and look for a 5 e PRI
mass peak = ss‘i"’ls
- background suppression with BDT 2 zz T oon;
- For branching fraction determination, need an & aof |
estimate of total T production .
- W production is under control 5
- Heavy flavor production estimated with a ratio to OFFTE T

GeV
observed Ds — @m — Jun m(upr) [GeV]

* B(t—31n)<8.0x10%@ 90% CL _
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Multi-parton Scattering: Triple J/yp

Pure prompt production:

. Calcul.atlons of pp collisions typically assume we can e
factorize processes: I
- single hard scatter between one pair of partons, kinematics SPS: ot 7/
described by a PDF e

- soft “underlying event”
* Entirely possible to have more complex topologies:
multiple hard scatters

- boundary between single parton scattering + underlying event DPS:
and multi-parton scattering is a bit arbitrary

- usual assumption: hard multiple parton scatters are
independent of each other with a geometric-like overlap factor

 First observation of triple-J/yp production from CMS:
probe of triple parton scattering TPS:

- single parton scattering rate expected ~ negligible




Multi-parton Scattering: Triple J/yp

* Observed 5.0%2%.,4 triple-J/yp events in Run 2
data, on a background of 1.0*4,45

- significance > 50
- 1includes both direct and b-decay J/y
« Standard ansatz of independent multi-

parton interactions assumes an effective

geometric overlap parameter Oes

p—+X  _pp—,+X  _pp—rp,+X
(E) Osps | Osps ' Obps
3!

JEH,TPS = (0.82 i 0.11) U-EH,DPS

U.PF_”PI P+ X
TPS T

2
U ot TPS

* Mounting evidence that 0.« is not universal

for different processes

- different initial states? Bjorken x-dependence?
badly-handled SPS?

CM

13310 (13 TeV
AR
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o
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4
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2
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L R
e + Data —i
- — Total fit =
Jiy Jiy Jiy signal ]

Events / 50 MeV
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KRR RARAY I
[
O,
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—

26 28 3 3.2
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| E—
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e
——
——
—_— UA2, 1s=640 GeV, 4-jet
——
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-
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—*—
D — |

CMS, 1s=13 TeV, Jiy+Jy+Jhy
CMS*, \s=7 TeV, Jiy+Jhy
ATLAS, \s=8 TeV, Jiy+J/y
DO, \s=1.96 TeV, Jiy+J/y
DO0*, \s=1.96 TeV, Jiy+Y
ATLAS*, \s=7 TeV, W+J/y
ATLAS*, \s=8 TeV, Z+J/y
ATLAS*, \s=8 TeV, Z+b—J/y
DO, \s=1.96 TeV, y+b/c+2-jet
DO, 1s=1.96 TeV, y+3-jet

DO, \s=1.96 TeV, 2-y+2-jet
DO, 1s=1.96 TeV, y+3-jet
CDF, \s=1.8 TeV, y+3-jet

CDF, \s=1.8 TeV, 4-jet
ATLAS, \s=7 TeV, 4-jet
CMS, 1s=7 TeV, 4-jet
CMS, 1s=13 TeV, 4-jet
CMS, \s=7 TeV, W+2-jet
ATLAS, \s=7 TeV, W+2-jet
CMS, 1s=13 TeV, WW

Ot pps [MD]
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New Structures

: : 8 soopamas Vows -

* Slowly uncovering a rich spectroscopy of S o Moo |
multi-quark structures outside the qq, qqq 3T Hes

. -t bE—>J/wJ/w+xE
paradigm o ! Mo ]

4 ]

- tetraquarks, pentaquarks? molecules? dynamic (0 0 :
effects? L\ ; ree]

A e ML Y
* Structures observed in di-J/y, J/p+y(2S) 0t o O |
mass spectra by LHCb, ATLAS, CMS e e

] - § 6OE_ATU::?Tev 140 b t ome _E

* Feed-down from J/@+y(2S) to di-J/yp isnon- = %" m-
trivial 2 o | | e

- systems need to be understood in a coherent ¥ *H | E
manner 10%_ + _

A IR R
§ 05¢ I fIT :
6 65 7 75 8 85 9 95 10 105 11 15

m,, [GeV]



Di-charmonium

* Excesses over background
expectations observed at many o

* Background models are quite different

* Experiments have different preferred
fits
- 1nterference is seemingly important
- all experiments agree on an X(6900)

- CMS sees evidence for an X(7300) in di-
J/p; ATLAS sees a weak hint for this in

J/p+y(2S)
- nature of threshold enhancement
unclear
* Further progress will rely heavily on
angular analysis for spin-parity

ctures

Stru

[T I

- ATLAS : 1 2 50 arias -
r — Sig. + Bkg. 0] i — Sig. + Bkg.
F s=13TeV, 140"  — Background 1 © [ Vs=13TeV, 140 o™ — Background |
- di-dy - Bkg. wlo Feed-down | 40-Yv+v(29) - Signal -
o0 --- Sig. w/o Int. < [ —+ Data
C -~ Sig. Int. 2
—4- Data °>J 30_ ]
4 o [
,,,,,,,,, LN i 20: * N
3 E 10y Jf ]
b L Loy e G?":—l'?hn\\n‘i\n\*/u f L I
6.5 7 7.5 8 8.5 9 7 7.5 8 8.5 9
m,, [GeV] m,, [GeV]
CMS Preliminary 135 b (13 TeV)
> L B ]
2180 ¢ Data —Fit =
10 160 — == BW1 s BW2 —
@ 140 « BW3 Background 3
S 120 = - --Interfering BWs 3
2100 = ) y =
© 80 — z N —
60— =\ 3
40 L Lo
20 T~
= S
= Lc) gE ...... :
PR == e Wb ok {‘HI E LT
S et B0 SN LR Hﬁgﬁhﬁw cavs
I | . L 4 e (e h S 0 s S { !
-3 E i i
6 65 7 75 8 85 9
Myyuny [GEV] 16



Exclusive Hadronic Decays: B. — J/y D%

180 — Total it Vs=13TeV, 139 fo”
...... BEA,J/WD:

E s Bi-JiyD! A, Dataset 1

140 [-- BiIwD', Ay,

120 F — = Combinatorial background

* Can we work out the properties of
specific hadronic final states in weak
decays?

Entries / 20 MeV
>
o

Pulls
o
; T . R
L o ©
B
.
e
N
3
1 [ -~ T T U B U N B P B

* Look at B. — J/p D" : same quark
content but different spins, can

measure polarization states Lo 1 TP e
* (Certain calculations much more l....l.r.”.(.df.“f'.).:f.[“.”.e.v.]..l...l.....
consistent with data than others s s AT%% + % _#
b ATLAS (Run 1) % % %
5 QCD PM % % /
| g‘ v E1 I A et %
b B! il BN _ .
LFQM »—-—% D /
G) () s | R C %
¢ ¢ ¢ FNCMI....I.%:M. L I%IIIIIIIIllll%lllllllll ||I|||||||%¢
_ 1 2 R:;/ 4 5 5 RD:/10 1 2 RSH/ 4 02 Or.4+/1(i.6 0.8 17




3ab’(14 TeV)

L CMS Phase-2 ¢ toy events
- Simulation Preli — full PDF
imulation Preliminary -B S

s 8 W
m I L combinatorial bkg
----- semlleptomc bkg
B—s hu'u bkg
----- peaking bkg

* Experiments expect to continue their B
physics programs into the HL-LHC era

* Potential highlights: /
— 50 observation of Bs — pp :

D
o
O

a

o

O
T

Entries / 0.04 GeV

200f--..
- enormous improvement in Ps' uncertainties i Tl
- 1mprove @ uncertainty by a factor of 5 \ 95551 52 s b4 es 56 5T e e
M

_.  CMS Phase 2 S:mulatfon 3 ab ( 14 TeV) (up) [GeV]
‘I_ - 0 T T T I T T T T T T I T T T | T T T I T ]
§0.1 1} Prellmfnary 4 Standard Model f a 2__ qA;TL?fTF:\P}“r;&?;b ~@— ATLAS JHEP 10 (2018) 047
[_‘m F — 68% CL B [ Projections from Run 1 data CFFMPSV fit 7
g - e CL contour | 1.5 Bokup theory DHMV -
r ] - ATLAS HL 1046 e
- ] 1— ATLAS HL n10u6 (stat. only)
A — ] 05- -
0.08- - O =
r ] -0.5F +— | =
L - _1__ —:
- L L - ! L, ]
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* Active program in heavy flavor in ATLAS and CMS

* “Classic” measurements: CP violation in Bs — J/y ¢, search for rate
modifications in Bs — up

* Following up potential interesting physics in the bs¢? vertex
* Additional searches for rare/forbidden decays

* More bread-and-butter work on spectroscopy, QCD factorization,
calculational methods ...
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Triple J/yp Cross Sections

Process: 3 prompt 2 prompt+1nonprompt 1prompt+2nonprompt 3 nonprompt Total

oy (o)  <0.005 5.7 0.014 12 18
N 0.0 0.10 0.0 0.22 0.32
o () 84 8.9 90 95 202
NI 0.15 0.16 1.65 1.75 3.7
ol () 61 19.4 20.4 7.2 53
N 0.11 0.36 0.38 0.13 1.0
o () 15 34 110 114 272

Ny 0.3 0.6 2.0 2.1 5.0

tot
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D1-J/y States

ATLAS models:

A = interference of three
resonances + noninterfering
nonresonant background

B = interference of two resonances

+ nonresonant background

di-J /yr

model A

model B

mo
I'o
np
I
my
I
As/s

0.08
6.41 £ 0.08*.08

0.59 +0.35%)2

0.08
6.63 = 0.05*0.08

0.11
0.35+0.11#0:11

0.01
6.86 + 0.03*0:91

0.02
0.11 £ 0.05% 7

+8.1%
+5. 1%—8.9%

0.03
6.65 = 0.0219.93

0.06
0.44 = 0.05+0.06

6.91 £0.01 £0.01
0.15+£0.03 +£0.01

e CMS: threshold enhancement
+ three resonances, with or
without interference

BW1 BW2 BW3
No m 6552+10+12 6927+9+5 7287 +19+5
interf T 124 +29+34 1224+224+19 95446420
Interierence v 4744113 492 +75 156 4 56
BW1 BW2 BW3
Interference | m [MeV] 663?;2‘%% %?9 6847&%%‘2153 713i£§§;§é
I'[MeV] 444775075 19170777 97 59 %

J [+ (28)

model «

model B

m3 or m
I5orC
As/s

0.01
7.22+0.03+01

0.09  0.06*0.96

+21% + 14%

6.96 +0.05 +0.03

0.11
0.51 +0.17%5 9

+20% + 12%
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Di-J/y : LHCb

* Comparable statistics

No X(6900) interference

m[X (6900)] = 6905 £ 11 + 7 MeV/c? g W
% ?(8)8 LHCb = ;ot‘a] f'it
[ X (6900)] = 80 = 19 + 33 MeV, = e — - T
(el = Threshold BW2
= 140 { 3 ors
. 3 120 iy
X(6900) interference 5 100 { h
=
m[X(6900)] = 6886 + 11 + 11 MeV/ 5 Soph 7 e i }
T Yig f1 TR,
%ﬂ 40 SRR :& $ "‘*"lli':x:‘: %oe%, KX -:X’."?:-:'il?:':‘.:g
T[X (6900)] = 168 =+ 33 & 69 MeV. S 0K .
§00 7000 8000 9000
M, (MeV/c?)
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Ps. LHCb

B* — K™ pp B — K pp
15 1 i 1 ! T 5 J P K T Ty T U 4 T L T I - v T T T T T T T T T T T T
: LHCb ] & | | | :
1 = —+ Data 9fb ! . LHCb ]
T I SM from DHMV ] _
0.5 % SM from ASZB ] 1 SM from DHMV -
B - i ® Run 1 analysis .
- C % 0 2011 analysis -
a° 0
05 A 1 = i o % ] i
: 1 i : 0.5 _
Jjger - + _: : —+ ="
- el ooy, o, ESEEREEE 0 WS O, 4 ] i ! 1 1 h 1 | 1 L 1 L j 1 1 L ]
L= 5 10 ) 15 L '1() 3 10 15
q¢* [GeV/ ] g* [GeV*c4]
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