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The LHCDb detector

Int.J.Mod.Phys. A 30, 1530022 (2015)

@AtLHCPPCOlliSlOnS(7'13T€V) .......................................:

® Fully instrumented in forward
region 2<n<b5 for B physics

LHCDb

e also light states in general

@ Excellent vertex resolution

1 EEE—— I

e B, oscillation at 40 fs

(average boost 5y ~ 3) :
@® EXCEllent mass I‘ESOlutIOI’l . pixel . silicon strip . ECAL Cherenkov
PY "'05% on m(lu‘u) up to 20 Gev . drift tube . HCAL . muon

@ Unique PID capabilities

e dedicated Cherenkov detectors & P *  Tagged mixed S E
= - ¢ 3 o Tagged unmixed E 1-2_ LHCb E

. : S 00k A L\ o 1.65 3

@ Good jet reconstruction > A0 N Fit mixed T4 E
7 % A Y Fit unmixed 1.2 —i

e 10-20% energy resolution for s b \ohvs. IE 3
. . S 2001 i 0.8F 3
jets with pr>10 GeV : A ks, 06F 3

| o R, 04F _;

* b(c) tagging eff 65%(25%) for N o S
. . 0 1 2 3 ) 4 104 105

0.3% contamination decay time [ps]  MeV/2]
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The LHCDb detector

@ Lower luminosity (and low pile-up)
e 1/8 of ATLAS/CMS in Run 1 Present trigger Upgraded trigger

. 30 MHz inelastic event rate
40 MHz bunch crossing rate (full rate event building)

~ > <> .. ..

@ Capable of very soft triggers!

e At hardware level (LO): LO Hardware Trigger : 1 MHz 'Software High Level Trigger ..
. readOUt’ hlgh ET/ Pr SIQnatures Full event reconstruction, inclusive and
b € = 95% fOI' detached ,uu Wlth pT > 1G€V/C 450 kHz 400 kHz 150 kHz exclusive kinematic/geometric selections
» Calo trigger at ~3.5 (~2.5) GeV L
for hadrons (electrons) : ‘Software High Level Trigger : ST Ty e
Partial ion, sel A
* At Software level (HLT): o O
. . : : LT N
4 TOpOlOglcal trlggers on detaChed vertices Buffer events to disk, perform online Add offline precision particle identification
detector calibration and alignment and track quality information to selections

Output full event information for inclusive

triggers, trigger candidates and related

Full offline-like event selection, mixture primary vertices for exclusive triggers
of inclusive and exclusive triggers \ y

[LHCB-TDR-016]

» Lately PID and jets in trigger!

e Read-out detector in real time

e Can trigger on detached vertices and
particle ID at first level!
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http://cds.cern.ch/record/1701361?ln=en

Dark Sector searches

diagrams are a courtesy of M.Williams

1. Unified theory of DM and SM >
at TeV scale (e.g. SuperSymmetry) g o e

e Missing energy + SM jet
e DM decay to SM (R-parity violating)

e Indirect searches via quantum effects
in SM decays (flavour physics)

2. Separated DM sector with portals to SM
e Scalar portal (e.g. inflaton)
e Axial vector portal
e Vector portal (dark photons, Z’)
e Dark pions (Hidden valley)

portals
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Dark Sector searches

diagrams are a courtesy of M.Williams
1. Unified theory of DM and SM
at TeV scale (e.g. SuperSymmetry) g y
g e Missing energy + SM jet
‘ e DM decay to SM (R-parity violating)

‘ e Indirect searches via quantum effects
in SM decays (flavour physics)

2. Separated DM sector with portals to SM
‘ e Scalar portal (e.g. inflaton)

‘ e Axial vector portal

‘ e Vector portal (dark photons, Z’)

‘ e Dark pions (Hidden valley)

LHCDb can search for many signatures

portals
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Dark Sector searches

diagrams are a courtesy of M.Williams

1. Unified theory of DM and SM
at TeV scale (e.g. SuperSymmetry) g o e

g e Missing energy + SM jet

‘ e DM decay to SM (R-parity violating)

2. Separated DM sector with portals to SM
‘ e Scalar portal (e.g. inflaton)

‘ e Axial vector portal

‘ e Vector portal (dark photons, Z’)

‘ e Dark pions (Hidden valley)

LHCDb can search for many signatures

portals
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Direct searches at LHCDb

@ LHCb has world-leading sensitivity at:
o Lighter masses w.r.t. ATLAS/CMS

» soft trigger and forward acceptance

 Low lifetimes down to 1 ps

» excellent vertexing and boost

@ Increasing interest in direct searches!

1. Produced in B/D decays 2.
(prompt / long-lived)

2. Produced in pp collision PV T, _ -
(prompt / long-lived) ~ b
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Hidden Sector in B— K)y(uu)

Phys Rev Lett 115 161802 (2015)
Phys Rev D 95, 071101(R) (2017)

® Look for new hidden-sector bosons

in b—s penguin transitions H
e Can be scalar portal (inflaton) or _ X e ~

axial vector portal (only in vector K*) / < :
V;bb ‘/ts
(5 —— — 5 )
® LHCD collected world record
samples of rare decay B—=K™uu BY/ B+ < > K*/ K+
\d/ U > d/u )
® Allow detached uu (within VELO)
e small SM mixing can give lifetime K 7 o At
® MVA selection independent of ey . Ly
m(uu) and 7 (boosting to uniformity) D »1430 P P p
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.161802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.071101

Hidden Sector in B— K)y(uu)

Phys Rev Lett 115 161802 (2015)
Phys Rev D 95, 071101(R) (2017)

R - o Iy yRSWETI)
® Search for narrow peak in m(uu) 2 205 Run 1 o B K*up E
e B mass constrained ; li— e _
» m(up) resolution 3-9 MeV g loa;lw% _;
o Excluding QCD resonances 5% R s kv AT ) | i
200 1000 2000 3000 4000

m(u*i) [MeV]

® Model independent limit 7 10 S o 0
o BR limit normalised to rare SM. 3 95% CL Y
decay (in g2 range 1-6 GeV?) * Br—K e i

M

o Constraint set on lifetimes 10 X
[0.1-1000] ps (~ 30um to 30cm) - T

| )

} T

107" 100 O

. .4000 .
m(y) [MeV/c?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.161802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.071101

r4

Phys Rev Lett 115 161802 (2015)
Phys Rev D 95, 071101(R) (2017)

Hidden Sector in B— K)y(uu)

£ otan®B [PeV], m(h)=10 TeV
@\ —

4000

S
N

~

LHCb

3000

0
0.99

2000

m(u*u) [MeV]

. B(y — hadrons)
= . B(y — hadrons)
1000

\n

ARL 1=(1put ‘[A>d] g, ues(X) £

ts

1mi

u

A R.Zhitnitsky Sov.J.Nucl.Phys. 31, 260 (1980)

“u

* B(x—hadrons)=0 gives larger

M.Dine, W.Fischler, M.Srednicki PL 104B 199-202 (1981)

from B—K
B(x—up) and larger x lifetime

» Reaching PeV scale on axion decay

Model dependent 1
e Only

‘ @ On axial vector portal model
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BRI 7/

IXing

B.Batell, M.Pospelov, A.Ritz, PRD 83, 054005 (2011)

F.Bezrukov, D.Gorbunov, JHEP05(2010)010, JHEP07(2013)140
B(BT - KTy) « 6?

[X) phys = cos 0] x) + sin 0|Higgs)
e Nearly rule out the inflaton

T 1/6?

‘ @ Constrain on scalar portal m
with the SM Higgs

Cosmological constraints

parameter space below 2 m,

1

m, [GeV/c?]

2x10™

10
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.161802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.071101

LLP — 11-+Hjets

Eur. Phys. ]. C (2017) 77:224

@ Signature: single displaced vertex with LHCL — Data 7Tev
several tracks and a high pr muon 5104 . 1&/22 S0pe
. 1 03 _
® Model: RPV mSUGRA neutralino S N
decaying to a lepton and two quarks g adl
=10 ?
N
® Analysis strategy: ’ LLP Ry, [mm]
e Using 3 /fb at 7 and 8 TeV N\ proxy of 1

o LLP m=[20-80] GeV /2, t=[5-100] ps

e Triggering on muon + displaced vertex

LH(I]b e Data 8 TeV

—— Fit: total

e
-

...... background
............ signal

[ )L

I
[~ TP TT R 1T N
i H
= 3o =
. S -

4 m, =38GeY
20 40 60 80
LLP mass [GeV/c?]

e Background dominated by bb

» tight selection + MVA classifier

e Number of candidates from fit to
candidate LLP mass

[
<
I

Entries/(1.5 GeV/c?)
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https://epjc.epj.org/articles/epjc/abs/2017/04/10052_2017_Article_4744/10052_2017_Article_4744.html

LLP — 11-+Hjets

Eur. Phys. ]. C (2017) 77:224

Limits interpreted in various models:

10 ¢ 10 ¢

TLLP = 50 PS
mg = 1300 GeV/c?

TLLP = D PS

‘ @ R-parity violating mSUGRA MSSM me = 1300 GeV/ 2

M= [40-200] GeV — m, =[38-198]
Mo=2TeV, mg=2TeV, m;=1.3 TeV

Cross-section [pb]
Cross-section [pb]

L /5 =8 TeV | /5 =8 TeV

TLLP = [5, 100] PS B B
107 LTHCh 10 LHCb
0 50 100 150 200 0 50 100 150 200
LLP mass  [GeV/c?] LLP mass  [GeV/c?]

Also simplified topologies:
O P pOIo8 Rejecting BR(H—xX) >10% down to m,=30GeV, 7,=5ps

e Example: 125 GeV Higgs decay
— — 10k
_______________________ el ) i
u & %*
: - =
~0 ! : o 9
X1 < d 5 3
.... i Q %) 1
H(125) v poo i 5o
- — 8 &
“ S TLLP = O DS @) TLp = 100 ps
"~~~ -1 ) ) . . . ) . . . ) . 10-1 \ ] \ \ \ ] \ , , ] ,
XY el 10 20 40 60 20 40 60
LLP mass [GeV/c ] LLP mass  [GeV/cT]

@ Also sensitive to sterile neutrinos
—> see talk by O.Fischer on Monday
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https://epjc.epj.org/articles/epjc/abs/2017/04/10052_2017_Article_4744/10052_2017_Article_4744.html
https://indico.cern.ch/event/653347/contributions/2695618/

LLP — jet jet

LHCb-PAPER-2016-065 arXiv:1705.07332

@ Signature: single displaced
vertex with two (b-) jets

(previously searched double)
EUR. PHYS. J. C (2016) 76: 664

@ Model: hidden-valley dark pions
from SM Higgs decay

LHCDb acceptance for
all 4 jets is only few %

-

25"
P
25"
P
P
P
=2%

S~

S
S
S
s~

@ Using 2 /fb of 7 and 8 TeV pp data

@ Triggering on displaced vertex

Candidates / (2 GeV/c?)

102 L

@ Quality requirement on jets, di-jet 10 F

pointing, material veto b
107!

® Signal from di-jet mass fit in bins
of beam-axis displacement Ry,

04< R, <1.0mm ]
V5 =8TeV :

~ \
IIIII '\II\IIIII

40 60
Dijet mass [GeV/c?]

20

nv (35 GeV, 10 ps)

best fit, BR=1
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http://arxiv.org/abs/arXiv:1705.07332

LLP — jet jet

LHCb-PAPER-2016-065 arXiv:1705.07332

~ 10% ¢ C —————— :
:i o m; =25GeV/c>  © m, =50GeV/e?
@y © Placing upper limit on SM-Higgs ¢ | Jiove | iioenos LHCb
branching ratio to dark pions s V
@ Tested the region: igﬁ 10+ ]
mn=[25-50] GeV, ©=[2-500] ps =
@ Example: for m,=50 GeV 3 E
exclude BR>30% for t=[5-50] ps f " :
(CT = [15-15] mm) 107" £ : ] £
T T e T e T

Lifetime [ps]
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http://arxiv.org/abs/arXiv:1705.07332

LLP — jet jet

LHCb-PAPER-2016-065 arXiv:1705.07332

'3

w

- 10°
:} o mg =25GevV/c? @ m, =50GeV/c?
0 « m, =35GeV/c? x m, =35GeV/c? 1, = cC
05 102 L © Me =43 GeV/c? + m, =35GeV/c?,m, = ss LHCb ]
s
’?m [
=L
< 10p E
3 F ]
1F E
. /% 50%
\\*/‘/
107! _
-2 T | | Lo
107 10 102 103
lifetime (ps)
Recast from ArXiv:1508.01522
% |“ | _- | » .': l", ,', l l
b 1 | “ C M S , " . , ’ :_. :.. .
E ' Vs=8TeV(recast) i* B "BR'> 50% ]
m \\‘ ™ PR 7 v > = NG
X A N - g " -'./, .: _'. .
b N \ R N e m=— - ‘-_ -_ ’°, N N .:
[} “ . ' L’ . b
o ‘\ Pie - 4 :
- x - -
o — 1 -1 - :: ~_—_em==" :'. —
.g 0 ~ --" -7 E
= b T
;_‘ .
Q
o - 40GeV  — 10GeV
3 |02l T s0GeV  — 25Gev
o [ - 80GeV  — 40GeV ATLAS
S Vs =8TeVv
["g) L _
=)} ol el el C C C
1 10! 102 103 104 105

7w, proper lifetime (ct) [mm]
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my, [GeV/c?]

Competitive limit with ATLAS/CMS
despite factor 10 less luminosity!

80 | ||||||| | ||||||| LI ||||||| | ||||||| | ||||||| | |||||||
— CMS 18.5 b~ ! at 8 TeV
70k — LHCb 2.0 fb ! at 7-8 TeV _
— ATLAS 20.3 fb~! at 8 TeV
60 |- _
50 _
40 —
*I” Regions where ]
L BR>50% excluded N
10 _
crond oo o v ol
1074 1073 1072 107! 100 10! 102
Ty et [m]
Bright future at upgraded LHCb!
expected benefit from online
identification of displaced diets
15


http://arxiv.org/abs/arXiv:1705.07332

® LHCDb has excellent mass resolution
* key with irreducible background (e.g. Drell-Yan)

® Soft triggers on i pr (even softer after upgrade)

@ New uu trigger with online u-ID P Je y*/Al/ wt

e Online calibration of u-ID
mesorn T~ SM

* Only interesting part of the event to disk (turbo) ~
— no pre-scale down to threshold 2 m, 5 ~

meson decays ~ SM Drell-Yan I

‘ ® Can search for Dark Photons (A’) in yu ()2 2 | 1 Q[A 7(7;4,)]

/ / ]

o Kinetic mixing with off-shell photon (e2)

» inherits production mode
» can normalise to off-shell photon off-shell photon phase-space A’ /y* eff ratio,
o

» data-driven analysis! 1 for prompt

o Today presenting first results
» 2016 data sample of 1.6/fb at 13 TeV Need to separate

from background
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Dark Photons

LHCb-PAPER-2017-038 (soon in arXiv)

, ("
Using templates prompt p*u~ — from data at m(J/y) and m(Z)
for min|y2p]| B o — from simulation (validated)
(small mass dep) L- hh + hpug — from same-sign dimuons (Corrected)J
(ug is a muon from a heavy-flavour decay)
< R——— — n - - = ; ' ' ' 7
2 I LHCb 1 < - LHCb { < 200 —+—LHCb .
$ 20000~ - - g 1op —— 3 8 1505 i
= N m(A)=05GeV] T ook m(A)=5Gev ] Z : (A = 50 Gev ]
O 10000:— I — S - . S IOOE —— E
[ ] E S0 =
‘ . ] i C —+— ]
_o O S L —
: ] E o] B e e
0 05 i s 2 0 05 1 s 2 0 0.5 1 Ls 2
l min[ 3, (W] min[3, ()] min[,(w)]
v v
N0 1 ———————3
— 0° L LHCDb =1 isolation .“, prompt-like sample 3
+:1 ; V5 = 13TeV ';:.E applied j pr(p) > 1GeV, p(u) > 20 GeV E
5 L i i
g; 10 :—/'\,—/ N : . prompt ut -~ E
& = R %
n 10’ i3
N F B
+~ -
= 10 - £
% WI ! =
= T
3 10° 10 10°

Martino
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Dark Photons

LHCb-PAPER-2017-038 (soon in arXiv)

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

1073

107

107

10°¢ [ ] LHCb prompt-like

1077

® No significant excess found
@ First limit on dark photons for m(A’)>10 GeV

@ Already competitive for m(A’) <0.5 GeV

Martino Borsato - USC 18



Dark Photons

Detector Performance paper in preparation

v 1 — T+ ' T T T T T T T 3
: = LHCDb preliminary ey
® Can also search displaced dark photons 7 10" .
g
e Need to reduce background from 3 10
. M~ 1073
photon conversions 0
104 e Data
e New material map based on material 5 — y conversion
. . . 10"
interactions from beam-gas collisions —— 7(A")=1ps
10°°
— 1(A'") =10 ps
D T

log,o[material p-value]

— — | | ' I ' :
§ 20— | | | — 10°
‘:l : \\ | | | ] :
s 10— | l I | g / —_
gl) — ' _ 102
Z o LHCDb preliminary —
-10{— I 15— 10
~20— | | =
_— I’ . H R . I L . R R —
~500 0 500 1000 1
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Dark Photons

@ Displaced search in region 214 <m(A’) <350 MeV
@ Even looser online requirements on pr(u)

@ Other backgrounds:

@ Muons from b-hadron decays
— jsolation decision tree (from Bs—pu )

® Mis-id pions from Ks—7r tail
— modelled from PID sideband
@ Fit in bins of mass and lifetime

@ Also using consistency of decay topology X2

@ Extracting p-values and confidence intervals

® No significant excess is found

@ Already excluding a small region of (&2, m)

@ First limit ever not from beam-dump!

Martino Borsato - USC

LHCb-PAPER-2017-038 (soon in arXiv)

- [m(A), 7(A)]

o 1078 —

107 effect of

min|y2p| cut

l
O

1072

1073

10

10717 -
250 300 350
m(A") [MeV]
90% CL upper limit on n4 [m(A"), 2] / nA [m(A"),?]
8 _ __ _
“W 10 E LHCB -long—lilved excluded
107 'w ‘
o (0] T I S I
10 250 300

m(A") [MeV]

O = D W ks N X
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Future searches

107 pr—rm |
~ !
(}) ol A AIAPE BaBar
@ Run 3 reach 107\ L grn | [Jroe
@ Extend searches 10-7E
model-independently '
» sensitivity to light 107

Inclusive A’—uu at LHCb

-9
10 3 Ilten, Soreq, Thaler, Williams, Xue [1603.08926]

Higgs (e.g. NMSSM)

U.Haisch and J.F.Kamenik PRD 93, 055047

g + : ‘ ‘J Radiative D Decays at LHCb
a 10719 Orsay, U70 2
...... a < ’ Ilten, Thaler, Williams, Xue [1509.06765]
g - [
b 8 1071k
n - Charm, Nu-Cal, E137, LSND '
b ° - [ I A | 1 1 [ I | 1 1 I A | 1 1 [ I A | 1 1 L1 11
® Search inclusively for 1070005 001 002 005 01 02 05 1 2 5 10 20 50
/
N2’3%7'C+M_ m<A ) [Gev ]

@ Search for 4u
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Conclusions

@ LHCD has an extensive program of searches exploring the dark sector
o Searches for on-shell new physics from B/D decays
o Searches for long-lived particles with low mass and short lifetime

o Searches for dimuon resonances in very large parameter space

@ Bright future ahead:
e 3/fb in Run 1, expect 5/fb in Run 2 (low pile-up)
» Alot of potential in the upgraded trigger (also 5X luminosity!)

LHC era HL-LHC era
— —
Run Run1 Run 2 | Run 3 Run 4
(years) (2010-2012) (2015-2018) ' (2021-2023) | (2027-2029)
Integrated |
luminosity 3 fb? 8 fb! I 25fb? 50 fb?!
Instantaneous :
luminosity 4x1032cm2s? : 2x 1033 cm2s!
i
1

— —
Current LHCb Il Upgraded LHCb

Martino Borsato - USC
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The LHCDb detector

Int.J.Mod.Phys. A 30, 1530022 (2015)

A
y -
Sm — SPD/PS
Magnet
| T3 RICH2
T1 T2 - i
/ RICHI
8\ 5
............. |
by
R R R I
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TT-tracker

LLP at LHCb

T-tracker

Tracks from long-lived in LHCb:

PV

14
12
10

Radial distance from beam [mm]

S N B~ N X

Martino Borsato - USC

® Within VELO (<50 cm)

e in reality more like <20 cm

@ Up to TT (<200 cm)

* Worse vertex and p resolution
(m(mt) resolution 2 larger)

o Not available in trigger
(studies ongoing)

@ VELO envelope at ~5 mm from beam
e Detailed material veto is used

e <5 mm: background mainly from
heavy-flavour background

e >5 mm: background mainly from
material interaction

25



Majorana neutrinos in 5——mtp

Phys Rev Lett 112 131802 (2014)

@ Lepton number violating B-—m+u-y- can
proceed via on-shell Majorana neutrinos

@ Look for B mass peak, then extract limit
as a function of mn

@ Limit set on N(7tu) lifetimes up to 1000 ps

@ Constraints on mixing angle V4 ool T T T T I T oo
.. = LHGb 10 ps —500ps 3
* Recently revisited = 100 ps 1000ps 3

B Shuve, ME Peskin, Phys.Rev. D94 (2016) no.11, 113007 = 197 &

£ :

E .

@ Searches in other B/D channels foreseen D& 10° E
® Can also search using W—jet ui-u- 00 b sk AT o dn b nes i

PR TN (N T TN SN T N TUN TN SN T NN S T S S N S T N
1000 2000 3000 4000 5000
Neutrino mass [MeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.131802

Charged Massive Stable Particles

@ Charged Massive Stable Particles

e stable = can pass through the u-stations

® Model considered:
e SUSY stau can be NLSP in mGMSB

e long-lived with m>100 GeV /c2
S Dimopoulos et al [NPB488(1997)39]
GF Giudice and R Rattazzi [Phys.Rep. 332(2011)419]
@ CMSP can leave a signature as:
e Smaller energy loss dE/dx
e Longer Time of Flight

» Absence of Cherenkov signal

@ Several experiments searched for them
e LEP, Tevatron, HERA, ATLAS/CMS

Martino Borsato - USC

o O
.o - -

o

© © o o
o O

normalised distribution

- -k
N b

EPJC 75 (2015) 595

Drell-Yan produced
stau pairs

™\

*

v*, Z°

O

g as low as 0.8

N\

- 100

. LHCb =

- simulation 1803
1 - N’

F -60 2»
8F— 124 GeV/cz o
6F 309 GeV/c -40 %
4'_ . m =

- —o— efficiency 120
2 -
0 - A BT . YL —r L 4 4 - L 1 0
0.6 0.7 0.8 0.9 1

B
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Charged Massive Stable Particles

® Select pair of muon-like tracks in
mass range [120, 300] GeV /2

@ Train Neural Network to combine
RICH information with dE/dx from

VELO and calorimeters

@ Limit is not competitive with DO
(low mass) and ATLAS (high mass)

@ Proof of concept for future searches!

® Possibly move to single CMSP
signature and/or to lower masses
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EPJC 75 (2015) 595
RICH information
40
35 | LHCb
W3l |, Signal
‘: — B?cnkijround
o 25 e Data 8 TeV
®
® 20
O
=
= :
S1o0f
0 E L L -r""E+I| M N 1 N N ML N D T S
0 25 50 75 100
DLLx
10 7 TeV
- ° : e 8 TeV
) T LHCb
c1F
O
©
P
& 10 '+
4
5 SPS7
10-2 o 8 TeV
. 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 |7|-I-e|V
100 150 200 250 300 350

CMSP mass (GeV/c?)
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Future: Emerging Jets

® “Emerging jets”:
e Jets with many displaced vertices are

smoking gun for dark parton ‘shower’
(models with composite dark sector)

Schwaller, Stolarski, Weiler, [arXiv:1502.05409]

@ LHCDb has potential

* precise jet vertexing

e sensitive to low mediator mass
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Emerging Jet
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