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'LHCb Phase-II Upgrade

Serious thinking began a couple of years ago, & in April 2016 a workshop was held

in Manchester. This year an Expression of Interest was submitted to the LHCC.

\\‘( .‘.,I ON Lebrwiry VY

Install in LS4 (~2030),
after Phase-| Upgrade.

Integrate ~300 fb-! within a
couple of LHC runs.

... requires detector to be able to
operate at ~1-2 x 1034 cm-2s-1.

Comprehensive flavour physics
programme + general-purpose
forward physics (as now), but targeting
- clean measurements currently limited
Safehipatenda i by statistics, and new observables.

Expression of Interest

[CERN-LHCC-2017-003]
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' LHCb Phase-11 Upgrade

Serious thinking began a couple of years ago, & in April 2016 a workshop was held
in Manchester. This year an Expression of Interest was submitted to the LHCC.

Non-muonic Muonic
modes modes

Run 1 1

Run 2 4.3 4.3
Phase | 60.3 32.3
Phase |l 393.6 199.0
Detector improvements could

S ol mean factors in effective luminosity.

Expression of Interest

[CERN-LHCC-2017-003]
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LHCb Phase-2 upgrade:
a clear case

Zoltan Ligeti
eSS
W

® Theoretical prejudices about new physics did not work as expected 10—-20 yrs ago

® Hierarchy puzzle: fine tuning measures off? Is NP an order of magnitude heavier?
Flavor may be even more important (deviation from SM — upper bound on scale)
® New physics at LHC — MFV probably useful approximation

i[ “naluralness’ loss = flavor's gain”

New physics at 10 — 100 TeV — less flavor suppression (MFV less motivated)

® Discovering deviations from the SM flavor sector is possible in either case
(LHC-scale MFV-like, or heavier more generic scenarios)

® Ample physics reasons to study much larger b hadron samples
LHC is a one-time opportunity — aim for the most that technology might allow

Mika Vesterinen, University of Oxford



The physics talks

CP-violation. Luca Silvestrini and Dan Johnson

Very rare decays and b—qll, David Straub, Jessica
Prisciandaro, Tom Blake.

Radiative b— qy, Ayan Paul, Preema Pais.
Semileptonic decays, Martin Jung, Patrick Owen.

Spectroscopy, Marek Karliner, Marco Pappagallo.
Beyond flavour, Uli Haisch, Mike Williams, Will Barter.
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CPV and CKM unitarity

UTg
LHCP17
SM fit
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LHCb upgrade with 300/fb will allow to
improve constraints on NP from the UT
analysis without hitting the theoretical
uncertainties wall
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Some LHCDb prospects

o Sample Tstas(7Y)°
y determination down to ~degree Roun 1 3
precision on individual modes. Run 2 4
Start to probe tree-level NP. Upgrade ~ 1

Phase-2 upgrade <0.5

Great case for BES-Ill run on ¥(3770) to improve the D strong phase
Inputs.

oosrn |[MEuM | Expect statistical scaling of @

68% CL contours to continue to 300+/fb.
(Alog £ =1.15)

febis Lo (0 A programme to control penguin

By, COF 9.6 pollution via SU(3) symmetries is
developing.
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Charm

Expect to reach unprecedented precision on direct CPV,
but requires theory breakthrough to be NP sensitive —
let’s be optimistic though.

= | w " ! ' l ' I

HFAG World Average Jan 2017
0.4 B HFAG WA Jan 2017 | LHCb 300/fb

300/fb means (>

tremendous reach in
the clean indirect CPV. 0
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Charm

Expect to reach unprecedented precision on direct CPV,
but requires theory breakthrough to be NP sensitive —
let’s be optimistic though.

| | f | | | ' |
HFAG World Average Jan 2017

0.4 [l HFAG WA Jan 2017 | LHCb 300/tb

300/fb means » _ —

tremendous reach in
the clean indirect CPV. 0

o |
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T 1 l T 1
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Some important experimental considerations.
E.g., compromise between symmetry of magnet up-down
luminosities, versus total luminosity.

Mika Vesterinen, University of Oxford 9



Rare decays

H 4Ge e” Vi, Vi, C.0; + h.c
eff = 5 Vib tSE Ui .C.
V2 16m i

b;?('[_; by (R) R{" ) e.‘?..’.
~) () (1
0F - >wvwr 0 = >-< 00, = ><

Si (R) SL(R) TN

Decay C C;;,‘ Cil/j C\;j_’!,)
B — X.y X '
B — K*y X
B — X470~ X X X
B— KHgtg— X X X
Bs — Ut~ X X

Complementarity of observables is the key.

Mika Vesterinen, University of Oxford
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Very rare decays

At 300/fb achieve ~20% on Bq— U/Bs— U but we must
consider competition from CMS.

Very clean and complementary new observables. With 300/fb
measure Bs— UM effective lifetime to 2% and time dependent

CPV parameter Sy, to 30%.

rescaled likelihood

L0~ flavio A O . A present
1\ FitforCs=-Cp [ \} --- Runasm )
[ =y Run 4 NP —
08 fo\ (SMEFT scenarlo)l,  —— Run 5 SM
} v [ Run 5 NP
| J )
0.6 P | o 00
- |
fn I
0.4 '. if !
‘ ‘! 1 ~05 e A9 (LHS)
! i | W = 27 (Liis)
0.2 1 l i i) L HY A THEY)
‘ : : l| VVVVVV ) : R= 091_2""
i [ j}h =44 s 1) 15 30
0.0 ' ) . ) ) ) R=DR(D, = u*p)/BEsm G; = p~ 1)
~0.04 ~0.03 ~0.02 ~0.01 0.00 0.01 .
(A Buras etal, JHEP 13C7 (2013) 77 }

ReCs = —ReCp [GeV ']

Discussed exciting prospects in B—ee, B—TT, LFV, LNU,
rare charm, rare kaon, etc...

Mika Vesterinen, University of Oxford



ReC},

b—sll decays
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Re CY

What if there is no violation of LFU?

What if the null tests remain null?

Clear strategies proposed in all scenarios

Mika Vesterinen, University of Oxford
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Example: g% dependence of Cq best-fit

vy v v ¥

1.0

flavio .o2: 2

2 1
g* [GeV?]

B

2
0
x
O o
<]
-3 -
_3—
4

NP-like

0.04-2.5 GeV?
2.00 4.3 GeV?
4.00-6.0 GeV?
8.00-8.7 GeV?

Bin-by-bin fitto B — K*}J+U— data Atmannshofer et al.

NP in Co would give helicity and g% independent effect
hadronic effect could be helicity and g? dependent
See also more sophisticated Bayesian fits ciuchiniet al

Mika Vesterinen, University of Oxford
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300/fb possibilities

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
1 1 ' ] 1 ' ' |

0.8 " SM from DHMV
: - ® LHCb Run 1
[J Phase-ll Upgrade

[epesbdn || aseyd 10} |03 ‘QOH1]

More ambitious possibilities, e.g.,
full amplitude analysis including
resonances, and even fit for
hadronic parameters.

And of course we can now do
precision b—=dpy...

Mika Vesterinen, University of Oxford |4



The LFU tests

« Main experimental challenges related to energy loss by electrons by
Bremsstrahlung in the detector.

= Recover energy loss using clusters with Er > 75MeV in ECAL.

* (Can we improve?

missing pion

= Reduce Bremsstrahlung v 20
by reducing material 18
before the magnet. 3 ij
= Finer granularity ECALor = 12
ECAL with better energy a:
resolution. 2
4B
:
&5

m(K nete”) [MeV/c?]

Crucial that we start fast simulation studies to really
understand where we lose w.r.t the perfect detector.

Mika Vesterinen, University of Oxford

|5



br(L)
OY) =

SL(R)

computation done with QCDF

Parkbomenko, Eur. Phys )J.C

A Aliand ALY
1 1. Sedel, Fur. Phys.

M. Benese, 1.

ph f0412400);

T. Becher, n.

ph ,"('.'503263\.

5. W. Dosch and G.

and JHEY 0501 1.2005) 035 '_ar)'.'\\':hcp-ph,'o-‘a0823l\.
i with QCD sum rules

P. Ball and R. 72 wicky, Phys. Lett. BB4AZ, 475 (2006), ar X
. Wyler, Phys.

A Khodjamirian, R. Ruckl, G Stoll, and
M.B. vologhin, Phys. Lott. B39T, 276 (_1997), arXiv:hep-F

gsMen = —0.027 = 0.006(m.p) = 0.001(sin(26

/

Feldmann ant

3. IhL and . Neubert, Phys.

23 (2002) =0 'ar,\'i\':hcppl;,'()lOSSD‘).]:
AR "\:’.‘“"rl‘) 173 [a Niv:hep

Rev. D 72 {2005)

Duchalla, Nucl. Phys. N 621 (2002) 459 \arXiv:hep—p':\;’(‘!l()ﬂ'iﬂ'.}

/Y

the charm loop

v eé

o017 [arXivzhep-

p— the form factors

Radiative decays

17(0) = 0.282 + 0.031 or B . W N
T1(0) = 0.300 £ 0.027 f- B SR P Y
or B, &, R A 4 D
LCSR + Latﬁce: I I "_’l molei; ;‘:b—
- "“"J": :.‘If»n.
TI(O] = 0.312+0.027 ‘or B . ;ﬂﬁ ’..'lrl,.,-_ e |
Ty(0) = 0299 = 0.012 tor B —+ K, = \
(] . ,-.,-"j.'f?," E _ k\ '
) ? DAL = ,-’:l/":.;;". ."-\' \| ) l ‘ . )
fit to experi £ Wi L) ——
perlmental data: = oz _¢';.;-- 4 i !__,\.-{ Y
Ty(0) = hanatyes R v 7 - 4
: 0013 for 13 — JC*n | — A
Ty = U_-zsﬂtﬂ_:;gg fm' .;; G i l\ \":_._ A h 7
or B, — @7.- o )
flavi i \
[aeel] \
T} u s TR i U 3 %

w




br(L)
oY) =

SL(R)

computation done with QCDF
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71(0) = 0.282 + 0.03]
T1(0) = 0.300 £ 0.027

LCSR + Lattice:
Ty(0) = 0312 £ 0.027
T ((]} — ().200+0.012

fit to experimental data:

T3(0) = D2
Tyl = 0.280

Radiative decays

Example: pinning down the

photon polarisation...

the charm loop
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Some LHCDb possibilities

Time dependent B;— Py

. . AT (st AT (5t .
I'(ng) 5 fPa) ~ e mz{ ooch 2(~) —@sinh 2(') + C cos Amyg)t F S sin Am(s)t}.

b-baryon angular distributions

b—hhhy angular distributions

dI'(BT - Ktn nty) =

(i
sl s

. ...,-_.J S briiver. e

0D

—MZ? —iMT))

Cr - weak decay amplitudes
Aq - strong decay amplitudes
B, - Breit Wigner propagator for resonance (i)

Must pay close attention to emphasise areas of complementarity with Belle-II.
Serious ECAL upgrade physics performance studies encouraged.

Mika Vesterinen, University of Oxford |18



Some LHCDb possibilities

Analysis ongoing with Run 2 (2015+2016) data:
* Dedicated HLT2 line developed for Run 2; uses long tracks only

« 770 signal events expected with 2 fb™' (assuming a BR of 4.5 x 10); expected sensitivity o(ay) ~ 0.9

—0-2 ol

flavio vo 141

/ / Unofficial

A

-0.2

OTO 0.1 0;2
Re(C})

06

flavio vo.14.1 \ official
\l Run 2
I |
— — ==
|
@
|
1 3 » |l 4 'Y 4
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Re(C77)

With 300fb-1, should obtain O(10,000) signal events
 Uncertainty on ay(stat.) ~ 0.01

* Dominant uncertainty would be modeling of acceptance

* Yield could be improved with upgrade trigger + downstream track reconstruction

10

e

RN

a,
Aar(B, =+ &)

BR(B = X,v)

Sk~

Angular B” — K*%e
All radiative except a-,
All radiative

All combined

S
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Semileptonic decays

|Vi|: Recent developments

Vi e BN (e
Recent Belle B — D, D*fv analyses |- | . -
Recent lattice results for B — D

[FNAL/MILC, HPQCD, RBC/UKQCD (ongoing)] 5
® B — D between incl. + B — D* - e

New.lattice result for B —» D* [HPQCD] = li/f ‘, /,,/’"
% virel ¢y, compatible with old result el

B — D*fv re-analyses with CLN,

Vep| = 393(10) 10~2 [Bernlochner | '17] ‘ :,,f”/ = : -
+ BGL [Bigi| Grinstein | '17] (Belle only), bl Ll ..
Vcb = 404(17)10_2 Plot by A Kronfeld 'y

New BaBar analysis of V;, incl.: o 5

Dependence on theory treatment! s 3 " (b}

® GGOU 20 lower than WA ta -

% Compatible w/ PDG exclusive avg "i: .

38— + 1

Hints towards resolution, not yet 3s

conclusive - CN DGE BLNP 060U

S ———temmmsmmem - 42

Seems that these puzzles may be related to shapes...

Mika Vesterinen, University of Oxford
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LHCDb possibilities

Imagine the shape constraining power of 10°B—Dpv
decays. And consider all of the possibilities with b
baryons...

Likewise for the [Vu| modes — 107 Bs @KUV decays...

Rarer |Vub| decays like B2 pppv, Puv, Bc #>Duv.

b = uTV decays! BF ~O(10-6)

Mika Vesterinen, University of Oxford
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Partial reconstruction

S e
B g Limited by resolution in flight direction.
!
' Study by Iwan Smith showed that a
R _ factor of 2 better vertex resolution
A v —}—BS—OK TR . o« o o
R can mean a factor of 2 in sensitivity
1.0 o LHCb . oot wwyvx  tO SL decays (factor of 4 in effective
(800 ~+sz—-ponwy  luminosity)!

Combinatoria

This is before considering the
background rejection from the SV
quality!

400 Q
200 . B
2?)00 3030 3300 4000 4500 5000 5500 6000
Corrected mass [MeV/c?]

Mika Vesterinen, University of Oxford 22



R(D®) and new observables

N

|"1(6:b)

-4 -3 -2 -1 0 1
Re(4],)
Differential rates:
e compatible with SM and NP

e already now constraining,
especially in B — Drv

¢ “theory-dependence” of data

needs addressing [Bernlochner+'17]
i

Mika Vesterinen, University of Oxford
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LHCDb prospects

Pk
-

‘ T | T T T T |

The vncertainties of grounc and excited
szates will be highly correlared.

).
LHCb R
\-\ unaofficial «R(A)

flllllllllllllllllllllllllllllllll

Relative R(X ) uncertainty
— N W A N 0O

lll'll'llI'llllllllll]lll'lllIlllllllllllllllllll
-
=

phase I upgrade phase II

lllllll

] | M N N . | N ) N .
2025 2030 2035
Time/year

20

b
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Physics performance question: what is the ultimate
limit to neutral isolation performance!

Mika Vesterinen, University of Oxford 24
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SPECTROSCOPY AT LHCDb SO FAR

PRL 118 {(2017) 022003
PRD 96 (2017) 012002

p=22 %

Candidomesn 10 Ve

X(4130)
o \

. : >
AU LW e 43w 5 e dTw Sl
e, IMcV]

Eatnies per D45 MeVic?

i 10 0 30 40
om [MeV/e®

PRL 114 (2015) 062004
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Example: QQ’ states

Thresholds for QQ’ molecular states

Channel  Minimum  Minimal quark  Threshold Example of

isospin content™” (MeV)®  decay mode
DD~ 0 cCqq 3875.8 Jhpwm
D™ D* 0 céqg 4017.2 I
D* B* 0 cbqg 7333.8 Bt rr
BB* 0 bbqq 10604.6 T(nS)nx
B B* 0 bbqq 10650.4 T(nS)rw
> .D* 1/2 ccqqq’ 4462.4 Jhw p
>.BY 1/2 chgqq’ 7779.5 Bfp
>pD* 1/ bégqq' 7823.0 B.p
2.B* 1/2 bbagqq' 11139.6 T(nS)p
T A, 1 céqq’ ad 4740.3 Jh
Y. 5. 0 ccqq G§' 4907.6 b 7
S Ap 1 chqq ad 8073.3¢ Bl
YA, 1 bEqq d 8100.97 B w
T Ap 1 bbgq' ad 11433.9 T(nS)x
.5, 0 bbaq' Gq’ 11628.8 T(nS)rn
“Ignoring annihilation of quarks. "Plus cther charge states when / # 0.

“Based on isospin-averaged masses. 9T hresholds differ by 27.6 MeV.

Mika Vesterinen, University of Oxford



Doubly heavy baryons

Q Qg baryons are the simplest baryons:

=

— e

hydrogen atom of baryon physics!
«’_—-..-—" e ——ET

Reasonable estimate for =i with 300/fb ~ 103 events.

So, why have we not yet seen beq baryons (5, .)?
Lower production rates, guess o(X,,) ~ (0.1 -0. 5) x o(B,*)

malalals E 0 0 ~charm ha NN 1 reo sTalla (X X "I(XC)
\ [ . v [ L : 4 : . = | . E « L oV ‘ JL | Y J ‘ . o= . [ s Ce
A

How would improved IP resolution help with selection efficiency!?

Mika Vesterinen, University of Oxford 27



Precision EVWW

Weak mixing angle W mass.

Parton-level _ Relatively new idea at LHCb.

frame: H QCD systematics anti-correlated
0 o 3 with ATLAS/CMS.

tanp € |2, 20], (); = /4

2000:

+
g 1500}
With 300/fb statistically precision 2x % o
better than WA — can we make the g
necessary breakthrough in systematics! ~ ool
Electrons... o!

500 1000 1500 2000
m- [GeV]

Mika Vesterinen, University of Oxford 28
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In new-physics models in which top production proceeds via
t-channel exchange, cross section & asymmetry enhanced at
large pseudo-rapidities not accessible at ATLAS & CMS

n LHCb context see Kagan, Kamenik, Perez & Stone, 1103.3747

Of high interest to study Ars(bb) too...

Mika Vesterinen, University of Oxford 29



General Purpose Forward Detector

Many of LHCb’s successes have been in unforeseen areas.
Partly possible because of the solid general purpose capabilities
of the apparatus.

We should pay attention to the most general suite of physics
performance metrics — even those that may not be relevant to
our currently envisaged physics programme.

600

LHCb, Vs =13 TeV

500 ® Data

Signal

. Background

The ECAL saturation story...

400

Consider 4x dilepton top-pair,
or LFU test with sin20y etc..

300

Candidates per 1 GeV

200

100

O

40 60 30 100
m(ee) [GeV]
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Dark photons

10_5 L A | 1 I T, nprri 1 1 | | 1 I T LI 1 1 llll?I
| MAMI m | e
N4 BaBa )
10—7000000 ,XQOO;O*T,L”» looo;foooooooooooooooo—él
S NV S/B~10-4* 3
: ’I NN : I
10 3
€2 e N—NeA :
. (long lived)
10 eve —»yA’
beam dump
10710 Orsay, U70
10—11
T=1ps
” Charm, Nu—Cal, E137, LSND i
10 0005 001 0.02 005 0.1 02 0.5 1 2 5 10 20 50
my [GeV]
*see MW [1705.03578] for a guide to praper bump hunting. 4
Mika Vesterinen, University of Oxford 31



107y

10°°

1077

Dark photons

[1509.06765]
Charm "«Iu—Cal E13'7 LSND | . |

LHCb Proposals using Run 3
- Inclusive A’ —up
« \J liten, Soreq, Thaler, MW, Xue
Orsay, U7 [1603.08926]
Radiative Charm Decays

liten, Thaler, MW, Xue

0005 001 002 005 01 02 05 1 2 5 10

20

50

Mika Vesterinen, University of Oxford
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Dark photons

107y

10°°

107"

— ‘\kv, "'
€2 LHCb Proposals using Run3
107 ]
Inclusive A’ = up g
: \J N llten, Soreq, Thaler, MW, Xue -

101° Orsay, UN [1603.08926] E

Radiative Charm Decays

Heavy flavor BKGD scales as vertex resolution, transition to displaced region scales as :
lifetime resolution. Very-long-lived sensitivity depends on material budget, the volume |
occupied by material, and vertex resolution. Pathological cuts depend on pixel size, etc. _

R N

ll."‘“ lvv v l

Magnet chambers would help with soft A’ decays to e+e- (efficiency and/or resolution).

Mika Vesterinen, University of Oxford 33



The charm Yukawa

where is the
charm Yukawa
coupling y:7

30% di-c-tagging efficiency: ke < 4

f '

------- . better electron reconstruction:  |ke| <3
— }
I € further improvements: e S 2.2

This would be competitive with all other foreseen
determinations on the same timescale!
And at 2-3x SM, this gets very interesting.

Mika Vesterinen, University of Oxford 34



Computing is critical

Our successful and diverse physics program is dependent on a
flexible and ““real-time” data processing scheme.

Estimated Cost of Developing Lower Node Chips

Vilo of Delye
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oo 4
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Martet healist $
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e
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F ¥ I _

1)~

0

Non-linear costs for development
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At this workshop we had stimulating discussions on the
physics. We must now move forward with physics
performance studies with detector improvements.

We must prepare a physics document for the LHCC in
~one year. And contribute to a Yellow report on the HL-

LHC physics opportunities in late 2018 - early 2019,
following a kickoff meeting in late 2017.
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At this workshop we had stimulating discussions on the
physics. We must now move forward with physics
performance studies with detector improvements.

We must prepare a physics document for the LHCC in
~one year. And contribute to a Yellow report on the HL-

LHC physics opportunities in late 2018 - early 2019,
following a kickoff meeting in late 2017.

Let’s seize the opportunity that LHCb-
phase-ll presents to science!

Mika Vesterinen, University of Oxford
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