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What are the B anomalies?

* Anomalies in charged (B— D) and neutral (B—
K®pu* ™) current B decays
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* Focus on neutral current B decays
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What are the B anomalies?

* Anomalies in charged (B— D) and neutral (B—
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What are the B anomalies?

* Anomalies in processes involving b - s u*u~ transitions:

/« LHCb 3.4 G in P5’ angular distribution of B - k* u*u~ (2 o for Belle)
* Various other kinematic observables inb - s u*tu~
e 3.20iNnB, > outu”
 =~4 o non-zero Wilson coefficient in global fit to these “messy”

\_ observables .
\

8 2.5 0 in “clean” observable Ry
« 2.50in “clean” observable Ry

* = ~4 ¢ non-zero Wilson coefficient in combined fit to just these
two clean observables

\_ /

* Consistency of all these various anomalies is non-trivial




What are the B anomalies?

* Points towards new physics parametrised by a four-
fermion effective operator

O.; = (57" Pb) (I, Pyl)
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Historical Aside

* Fermi theory of radioactive beta decay:

AN




New physics behind B anomalies?

e Z’ or leptoquarks (at tree-level)
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B  What are the prospects

A k(*) for exploring directly this
new sector?
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Motivation for future colliders

» Can we definitely discover directly the source of the
anomalies at higher energies?

80 TeV unitarity limit = no general no-lose theorem at FCC-hh (Di Luzio, Nardecchia [1706.01868])
* Consider sensitivity to most pessimistic scenario: only

include minimal couplings required to explain b —
sutu~ anomalies

b —> —> 7 b [
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* More realistic models will typically be easier to discover
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Z’ Sensitivity : -

ZI
 Extrapolate current 13 TeV di-muon search:
S wt
1071 95%CLlim.on Z" 1071 ‘ 95% CL lim. on Z’
— ATLAS 13TeV, 3.2 fb"! — FCC-hh 100 TeV, 1 ab-"!

10 -- HL-LHC14TeV,3ab ! |] 1072} -~ FCC-hh 100 TeV, 10 ab ! |
_ — HE-LHC33TeV, 1 ab"!
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* Actual limits depend on Z’ couplings in signal x-section
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Z’ Sensitivity : -

ZI
 Extrapolate current 13 TeV di-muon search:
S wt
1071 95%CLlim.on Z" 1071 ‘ 95% CL lim. on Z’
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Allanach, Gripaios, TY [1710.06363]

* Actual limits depend on Z’ couplings in signal x-section
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Z’ Sensitivity : -

 Extrapolate current 13 TeV di-muon search:

v
=

Naive o(pp—Z'—puj) [fbl, (M, =1.5 TeV, v5 = 14 TeV

-

Extrapolated

95% CL lim. Behiise

by Bs
mixing

Fat width
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— e e e e - - =

b-anomaly
compatible

* Actual limits depend on Z’ couplings in signal x-section
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Z’ Sensitivity : -

Z’ coverage:

For each M.,
plot vertically
the anomaly-

ZI
 Extrapolate current 13 TeV di-muon search: ) .
5 T
Naive o(pp—2'—pup) [fb], (M, =1.5 TeV, /5 = 14 TeV
6} : Extrapolated
| 95% CL lim. Excluded
5t | : by Bs
C'D <|3 mixing,
4t 8 B
< o =2
33 Fat width Summary of

b-anomaly

ol o ——— : : compatible
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 region
sb g
gr

* Actual limits depend on Z’ couplings in signal x-section
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Z’ Sensitivity : -

 Extrapolate current 13 TeV di-muon search:

5 j

35 Naive o(pp—Z'—pji), Vs =| 14 TeV|
B Fz'/ﬂfz' >0.1
3.0f — 95% CLw/3ab'[
—  B.- B, excl.

it

b-anomaly
compatible

___________

b
"

1 2 3 4 5 6
M 7 [TEV]

* Actual limits depend on Z’ couplings in signal x-section
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, ° L] ® —
/' Sensitivity b :
 Extrapolate current 13 TeV di-muon search: 5 et

Naive o(pp—Z'—up), vs =100 TeV

6} — Tz/Mz>0.1 i
— 95% CLw/10ab"!

g,’g St -= 95% CLw/1ab!

— | I . 95% CL 33 Tev10ab!
[l =

e 4 B, — B, excl.

2 4 6 8 10 12 14 16 18 20
My [TEV]

* 100 TeV can cover almost all (narrow width) parameter
space of most pessimistic scenario
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Z’ Sensitivity b

ZI

V]

 Extrapolate current 13 TeV di-muon search:

Narrow width Naive o(pp—Z'—pji), vs =100 TeV

approximation no 6
longer valid! Tz /My >0.1 i
- 95% CLwW/10ab!

g,’-; -= 95% CLw/1ab!

— N 95% CL 33 Tev10ab!
[l =

e 4 B, — B, excl.

c

Necessarily have
additional flavour
structure...

w

(g7 — gi)
N

2 4 6 8 10 12 14 16 18 20
My [TEV]

* 100 TeV can cover almost all (narrow width) parameter
space of most pessimistic scenario
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ZI SenSitiVity Allanach, Corbett, Dolan, TY [1810.02166]

* Improved MC study including large widths and two
benchmark flavour scenarios:

MUM Model, 95% Sensitivity MDM Model, 95% Sensitivity

5_' a, LI T
i E | HE-LHC 1 1= — HL-LHC
2 FCC o - -
= / . -»[5er _ 5 HE-LHC
4 Figna [ FCC )
i 1 4 -
R s [z=0.25Mz1 [ §
2 7| =~ p
B:; - 2.'_%' 3F - J
2__ M7=0.1Mz] I
j 25 '
1¢ g -9k ]
L B Mixing . i Bs Mixing -

. Alfapach, Corbett, Dolan, You, 2018, (M.~ Alisnach, Corbett, Dolan, Yo, 2018
5 10 15 20 25 30 5 10 156 20 25 30
mz [TEV] mz [TeV]
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Leptoquark Sensitivity

* Extrapolate current 8 TeV LQ di-muon+di-jet search: ,

102 95% CL lim. 2nd gen. Iep‘toquark pair production 95% CL lim. 2nd gen. Igptoquark pair production
: — CMS 8TeV, 19.6 fb 102 — FCC-hh 100 TeV, 1 ab !
- -- HL-LHC 14 TeV, 3 ab™! -- FCC-hh 100 TeV, 10 ab™!
— 107} —— HE-LHC33TeV,lab! || 2 1073 “ ' © oxzo x BR FCC-hh 100 TeV
Q. Q
= HE-LHC 33 TeV, 10 ab"! y NLO LQ pair prod. code from
‘3107 oxi0 % BR HE-LHC 33 TeV S . Kramer et al [0411038]
3 VIR h | e oxto ¥ BR LHC 14 TeV £ 10
% 10 3
10° ! 5
» i « 10
S .\ 5
PR N -
10°° PR ©
\\ 10 3
2 4 6 8 10 20
M [TeV] M [TeV]

* Pair production for scalar LQ depends only on QCD
coupling

* Upper limit from Bs mixing constraint
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Leptoquark Sensitivity g

Excluded
by Bs

mixing

x5

= b-anomaly

g 101 compatible
See also Hiller
& Nisandzic,

Extrapolated 1704.05444
i%% CL lim.
107255 —
10 10 Max Mg = 37,41,18 TeV for S3, Vi, Vs
M LQ [TeV]

* Pair production for scalar LQ depends only on QCD
coupling

* Upper limit from Bs mixing constraint
18



o x BR(upuj) [pb]

- HL-LHC 14 TeV, 3 ab!
~—— HE-LHC 33TeV, 1 ab"!

CMS 8 TeV, 19.6 fb !

HE-LHC 33 TeV, 10 ab !
0,2 x BR HE-LHC 33 TeV ||
o,-2 x BR LHC 14 TeV

M [TeV]

o x BR(ppj) [pb]

Tevong You (Cambridge)

Leptoquark single production

FCC-hh 100 TeV, 1 ab !
1-- FCC-hh 100 TeV, 10 ab !

o,-1 x BR FCC-hh 100 TeV
------ o,_» x BR FCC-hh 100 TeV
0,12 x BR FCC-hh 100 TeV |

—————
________

:"‘,"-“"'l--.-_-

10 15 20 25
M [TeV]
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Conclusion

* If confirmed by LHCb Run 2 update and Belle II...

* Accessible scale of new physics

* First studies of direct search potential at future colliders
* B anomalies could shed light on many BSM questions

* Even if anomalies vanish, motivates interplay between
direct discovery potential of future hadron colliders and
indirect sensitivity from precision physics
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Z, SenSitiVity Allanach, Corbett, Dolan, TY [1810.02166]

* Indirect effects from effective operators in LHC di-muon tail
would point towards fat Z’" at higher energies

MDM varying g, 9,,=1.5

T

8 T T
g 10’ ATLAS 4 Data !

108 Vs =13TeV, 36.1 fb" Cdzw

Dimuon Search Selection  [Jll Top Quarks
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— 7, (4 TeV)
10° — Z,(5TeV)
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Lpy= (Q_iikﬁf}wpﬁlij +L—'i,f;/\§f}’}’”Lij) Z,,
l V=V Vy, U=V,
L = (ﬁVﬂ{Q)VT’]/‘HHL 4+ d_LA{Q)f}f"dL + n_LUA(L}UTT”nL 4+ EA(LJﬁfﬁ?EL) Z;:

A Q) = KEFL)\(Q)%L? AL) = Vjﬂ}*(L)%L

The ‘mixed up-muon’ (MUM) model

000 000
AD =g loo1 |, ABP=g, 010
010 000

The ‘mixed down-muon’ (MDM) model

000 000
AN =gvi-looo |-V, AP =g, 1010
001 000
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Mz =13 TeV, gup = 2.1, T'zr /My = 12% lz: =17 TeV, guy = 2.7, Tz [Mzr = 19%
50 T T ] T  —— I —— f ! 1 T T I T T
: y — wted P 1
[ Corrected Propagator . Corrected Propagator
. e 30 — Dreit-Wigner Propagator ||
40 [ — Breit-Wigner Propagator . 3 1
= Background ] Background

b2
=

N =

# events/bin
# events/10ab~?

20 |
_ 10|
10 F
'Allanach, Corbett, Dolan, You, 2018
10 11 12 13 14 15 12 14 16 18 20 22
my,, [GeV] My, [TeV]

Figure 6. Expected di-muon invariant mass distributions at the FCC for (left) Mz =13 TeV,
Gup = 2.1 and (right) Mz =17 TeV, g, = 2.7, corresponding to widths of 12% and 19% respectively.
The expected number of events per bin on the ordinate is for 10 ab™! of integrated luminosity. This
figure shows the difference between using the MadGraphb default propagator and the new propagator
~ 1/(p* — M? —ip?’T"/M). The significance for M., = 13 TeV is 8.5 (9.7 for the default propagator)
summing from bin 4 (5). The significance for Mz = 17 TeV is 4.6 (5.6) summing from bin 9 (10).
All histograms and significance calculations are post-detector simulation (i.e. DELPHES 3).
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ﬂfzr =13 TeV., Gup — 2.1.} sz/ﬂfzr = 12%

I [ L I T
- ¢« "' |--- Parton .
S0 L PYTHIA only -
2| ‘ ! | — PYTHIA+DELPHES |
= 20| . ]
= L 1 ! _
<) [} !
= B 1 ! .
8] 1
H# 10| )
- ;L : : . I ]
9750 10750 11750 12750 13750 14750 15750 16750
My, [GeV]

Figure 7. The bleeding of a single parton level bin centred on m,, = 13 TeV for the Z’ signal
at the FCC. At parton-level, we expect 33.1 events (in 10 ab™!), after parton showering effects
are simulated by PYTHIA this reduces to 31.3 and after simulating detector effects with DELPHES 3,
29.2.
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We define signal sensitivity as follows: first, we define a window of di-muon invariant
mass in which to generate events, depending upon the collider:

my - PHC € [max{Mz — T — 500 GeV, 100 GeV}, min{Mz +T', 5.9 TeV}]
my MY € [max{Mz — T — 2 TeV, 250 GeV}, min{My +T, 11.25 TeV}]

m,, [ € Imax{Mz —I'—2 TeV, 250 GeV}, min{Mz +T', 25.25 TeV}].

We define S; = (crf""SM — ari-q‘""‘f);l:1 where £ is assumed integrated luminosity and i €
{1,..., N}, as the expected number of signal events in a single bin of width W in m,,,
estimated in our simulations®. W = 500 GeV is taken for all simulations apart from the
HL-LHC ones, where W = 100 GeV is taken. Uf""s M s the pp — pp~ cross-section
including the Z’ lying in the my, bin i and oM is the SM puTpu~ cross-section in the
same bin?. Each of these cross-sections is to be understood as being for pp — pTp~ after
acceptance, efficiency and detector effects. The total significance, measured in terms of
‘number of ¢’, is defined to be

S = max; D;, where D; = j=i7) , (3.3)
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Extrapolation Method

* 95% CL limit depends on number of background events

* For current limit at given mass, find equivalent mass at

future collider with same number of background = same
limit at equivalent mass

Thamm, Torre, Wulzer
[1502.01701]

10* 5

103
102k
10"k
10°F

= 107k
%‘10*3.‘
3 103
3 107
1073k
1070k
1077k
1078F
IOA‘) L

100 TeV

CTEQ6.6M (1 = §)

0 10 20 30 40 50
V5 [TeV] 27



Extrapolation method

MZ24+AS Al
-~ IZ'J ~ ~
OB (M \ S) X E / ds dAj Tij (‘3) . C'ij = 80 is approximately constant
i I M2—As S

ZC’U d: (M, s)

dL;; L;
Lo - ZQ} L (M, so) ZQ} L(M', s
1,]

ds ds
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Z’ Sensitivity : -

ZI
 Extrapolate current 13 TeV di-muon search:
S wt
1071 95%CLlim.on Z" 1071 ‘ 95% CL lim. on Z’
— ATLAS 13TeV, 3.2 fb~! — FCC-hh 100 TeV, 1 ab™!
107 -- HL-LHC14TeV,3ab! |] 1072} -~ FCC-hh 100 TeV, 10 ab! ||
_ — HE-LHC 33TeV, 1 ab"!
2 107 HE-LHC 33 TeV, 10 ab ™! |-
B w il
= 10
m
X 107 k
© l"“(.\/
106! Wit (extrapolation 7 M &
s -----"| method o N— =
1077 . A \ underestimates :
0 > 10 15 limits at low masses) 10 20 30 40 >0
M [TeV] M [TeV]

* Actual limits depend on Z’ couplings in signal x-section
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Z, SenSitiVity Allanach, Corbett, Dolan, TY [1810.02166]

* Indirect effects from effective operators in LHC di-muon tail
would point towards fat Z’" at higher energies

MDM varying g, 9,,=1.5

T

8 T T
g 10’ ATLAS 4 Data !

108 Vs =13TeV, 36.1 fb" Cdzw

Dimuon Search Selection  [Jll Top Quarks
10° [ Diboson
10° — 7, (3TeV)
— 7, (4 TeV)
10° — Z,(5TeV)
10?

LHG pp-pp

[ [

Data / Bkg

T M7

0O ——m 00 —-—
DL DO
TITTTTRITT

Data / Bkg
(post-fit)

saabdiddl llli 11tl] ; i 2
fosasesnasnsesseuscemestoot bttt % 1111 — 1H

100 200 300 1000 2000
Dimuon Invariant Mass [GeV]

Tevong You 30



ZI SenSitiVity Allanach, Corbett, Dolan, TY [1810.02166]

* Improved MC study including large widths:

MUM Model, 95% Sensitivity MDM Model, 95% Sensitivity

5 [T T ] [5X L
= / HE-LHC L —— HL-LHC
I @ ! e I
g ; FCC ] : _
1= ,’ o 5 i 5 HE-LHC
4 jf' y I FCC -
[ 4 o
NN RS- rz=0.25Mz: i d
= 1 =2 I .
S > 3 ]
ol M7=0.1Mz]
[ 25 ]
- Bs Mixing I Bs Mixing ]
2 0 a2 Al.lalngc.h!. -qul?f:":tt, _[).Ollap,. Yolu'- 2.0.1$ |- -. .J N .n?C.h,. (.:{l)rl.?e.tt' .Dlolap'. YO‘.LI 4 2.0:.1$ |-
5 10 15 20 25 30 5 10 15 20 25 30
Stilla gap in mz [TeV] mz [TeV]
coverage at low
masses!
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Take-Home Message: Z’ sensitivity

* Drell-Yan, pp - Z' - u"u~ for two flavour assumptions:

* Mixed-Up Model:

* HL-LHC: No sensitivity
« HE-LHC: My, up to 13 TeV, width up to 30%

* FCC-hh: My, up to 22 TeV, width up to 30%

e Mixed-Down Model:

« HL-LHC: My, up to 5 TeV, width up to 10%
 HE-LHC: My, up to 10 TeV, width up to 60%

* FCC-hh: My, up to 20 TeV (entire parameter space)
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Take-Home Message: LQ sensitivity

e Pair production,pp - LQLQ - u*u7jj

Mpo=5TeV My, =12TeV 40 TeV
27 TeV -

« Single production,pp - LQ —» u u~j

MLQ = 21 TeV 40 TeV

LQ coupling strength



