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Q. Why ATLAS & CMS care about B-anom. ?
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Indirect measurement with large statistics.
What is the advantage of ATLAS & CMS measurement ?
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Answer: A, indicated by anom. might be within reach by ATLAS/CMS
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if Yukawa-type coupling ...
A ~ O(a few) TeV
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There are other reasons !

— Related to S/B
Background Signal

Indirect measurements ><SM >.<NP
(B-factory)

~ G; ~ (Gp'y




'4/26

There are other reasons !

— Related to S/B

Background Signal
Indirect measurements ><SM >.<NP
(B-factory)
~ G2 SG

Direct measurements >N<SM ><NP

(ATLAS & CMS)
m (Grmiyz)” i (G;:VP)@

®




'4/26

There are other reasons !

— Related to S/B

Background Signal
Indirect measurements ><SM >.<NP
(B-factory)
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Direct measurements >N<SM ><NP

(ATLAS & CMS)
e il
\)

S/B ratio is enhanced
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1. Review latest search results on
. Leptoquark
« /Z’and W’

2. Future prospects
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Leptoquark (LQ)

LQ - Fractional electric charge
------- (x5/3, +4/3, +2/3, +1/3 e)
L,B Ag « Spin 0 (scalar) or 1 (vector)
g
LQ LQ

e/Ve LU g
If we want to explain both d/u’ 0 0 0
anomalies at the same time, Apgr~ s/ 0

we need hierarchical coupling big :

Coupling to 3rd generation
preferable !




How to find LQ at LHC ? ©

Production
g
- LQs are copiously pair-produced through LO .
strong interaction o
\/0(5 /\ \/0(5
- For scalar LQ, one can calculate cross- S
sections model independently O =
(not the case for vector LQ) g
Lepton
Decay P
Cover all possibilities LQLQ — T Ve
« t F| 2zt+2t | 2v+2t
S
5 2
b 2T + 2b 2v + 2b




LQLQ s It -0t

Defined 3 categories

based on decay topology

- opposite sign (th
Same-signh [t

e [ThTh

Construct pr(top) by using jet triplet
that gives best top-quark mass

— use this for testing signal presence CMS — Signal region
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To check signal presence,

prepare signal template and BG template
(signal template depends on LQ mass)
and we fit the data

- Data tt, & Wjets

[ i Single t
Z+jets LQ, 400GeV

— LQ, 600GeV - LQ, 800GeV

Events / bin

uth+jets, OS high St

Data

c
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@
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o
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pl [GeV]

# of signal events (for given LQ mass)
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Signal hypothesis (Gtheory)

BG only
hypothesis # of signal
events
>
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Upper limit on cross-section (ouL)
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Signal hypothesis (Gtheory)

BG only
hypothesis # of signal
events

If ouL < Otheory = We can exclude signals
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To check signal presence,
prepare signal template and BG template
(signal template depends on LQ mass) D1sn gl Y ROICSIE (Othcon))

and we fit the data BG only
hypothesis # of signal
events

-¢- Data tt, & Wjets
[ Single t If ouL < Otheory = We can exclude signals

Z+jets LQ3 400GeV
—LQ,600GeV -+ LQ, 800GeV

Events / bin

uth+jets, OS high St Observed limit at 95% CL

Median expected limit

P 68% expected
95% expected

— — - Prediction (NLO, B=1) Kramer et al.
[Phys. Rev. D 71 (2005) 057503]

A R

S Br(LQ — Tt) = 100%

Data
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p, [GeV]
l Lower limit
# of signal events (for given LQ mass) on mq = 900 GeV




LQLQ — 2v + 2t, 2v + 2b

Re-interpret existing SUSY searches b, t) in terms of scalar LQ

L How the signal looks like ?
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* A-priori, there is no guarantee
that kinematics are same between scalar and vector LQ

* We checked using MC simulation and found they are similar

* Instead of redoing the analysis, we set the limit for vector LQ using its
cross-section (arXiv:1706.07641) — 1.8 TeV




1QLQ »* 2t +2b .

T
g 35.9 fb™' (13 TeV)
D@ i o) ‘ |
s b 2 CMS Preliminary — Qps. Limit
’ o -
¢ . o === Exp. Limit
> 7 | B Exp. Limit = 1 s.d.
N\
14(32 EE; Exp. Limit + 2 s.d-
g % —_— O_theory
b 35.9 fb™ (13 TeV) X
CMS Preliminary * oon multijet 9
Single top (@]
5 W+Jets |
Depending on the "
tau decay i Uncertainty %
Z - — m(LQ) =1TeV \b/
e TeTh v
. TpTh

* ThTh (MoOst sensitive)

l

400 600 800 1000 1200 1400

1000 1500 2000 2500 3000

« 2Th+ 2 jets - ] k m(LQ) [GeV]
» To reduce QCD BG, Wowrbn i 7707,
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missing Er > 50 GeV dominated by data stat.




Single LQ production

Pair prod. -
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observed size of B-anom.
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Cross-section depends on
(unknown) LQ coupling A+ for LQ3, suppression due to b-quark PDF
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35.9 fb' (13TeV)

- 1 1 I
- CMS
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JHEP 07 (2017) 121
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W’ and/or Z’

At first sight, extra SU(2). doublet seems to be a good solution

—

- This does not work, because W’ and Z couplmgNs are related
by SU(2) symmetry — lead to M (b — SUY) ~ (b — CTV)




W’ and/or Z’

At first sight, extra SU(2). doublet seems to be a good solution

—

- This does not work, because W’ and Z couplmgNs are related
by SU(2) symmetry — lead to M (b — SUY) ~ (b — CTV)

e.g.) solution
(2)L

Need to give-up combined explanation
(we might have false alarm for one of the anomalies!)




Search for Z’

Q: What would be the (mass, coupling) favoured by 6bsgb
B-physics anomalies ? b .
A: Z’ contribution to B-anomaly = 6|Dsgbg;“/mz,2 o .
— any combination that gives right size of anomaly

is allowed (0ps should be kept small not to conflict Su

with Bs mixing through bs = Z’ — Dbs)




Search for Z’

Q: What would be the (mass, coupling) favoured by 6bsgb
B-physics anomalies ? b .
A: Z’ contribution to B-anomaly = 6|Dsgf,,ogu/m2’2 7 :
— any combination that gives right size of anomaly
is allowed (0ps should be kept small not to conflict Su
with Bs mixing through bs = Z’ = bs) .

ATLAS ¢ Data

rmson Sesron Solecton IR Top Quats

e SSM Z’ excluded

(Although it is not 2 aTew
necessary), —Z,(6TeY) up to 4.0 TeV
if Z’ is flavour-

universal (SSM)

— most of the
(mass, coupling),
favoured by B-
anom. is excluded

2
o
~
8
©
a

Data / Bkg

(post-fit)

100 200 300 1000 2000

Dimuon Invariant Mass [GeV]




This looks to be a bad news, but it is not

- It is not necessary to assume SSM ObsZhb
b S
- Couplings to light-quarks are not necessary
Z' L
« Minimum Lagrangian is ... g,

0

& > Z" g ir'u + 8,0,y Pv, + 8, Z qr"Prq + (80,57 P1D)]
qg=t,b
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This looks to be a bad news, but it is not

- It is not necessary to assume SSM ObsZhb
b S
- Couplings to light-quarks are not necessary
Z' L
« Minimum Lagrangian is ... g,

0

& > Z" g ir'u + 8,0,y Pv, + 8, Z qr"Prq + (80,57 P1D)]
qg=t,b

- /
t,b b
>g\”/vw >g\b/\’v,v \ 6bsgb
Z) : /\/\/’\/ o ;
U,V . 7 AL yA minimum:

t, 5

L’ couplings to
uf, bb, tt, (bs)




Flavoured 7’ i 5

Search for Z’ that only couples to e
. Select events with 4 muons i i
+ m(4y) ~ mz :
« Choose 2 muons, that, a put

most probably come from Z’

77.3 1" (13 TeV)

CMS ¢ Data

[ SM 4y production
—— m(Z') =50 GeV, g = 0.1
— m(Z') =60 GeV,g=0.2
—— m(Z')=70GeV,g=05
Background syst. uncer.

Events / bin

CMS: Z—Z'uu—4u (obs.)
CMS: Z—Z'uu—4u (exp.)

Constraints from Altmannshofer,
et. al. JHEP12(2016) 106;

Neutrino Trident
B mixing
- BR(Z—> 4u), Vs =7 and 8 TeV

Coupling strength to muon

Main BG: Z — y*uu — 4y, Small coupling to muon — large &ps to explain
evaluated by simulation B-anom. — conflict with Bs mixing




Search for WR’

- If WR’ is responsible for b - - c
b — ctv anomaly, couplings
of W’bc, W’tv is necessary i r
- [n this case, v should be r

RH and m(vr) < 5 GeV

- Under this consideration,

W’ = tv is the most
promising search channel




Search for Wg’

- If WR’ is responsible for b - - c
b — ctv anomaly, couplings
of W’bc, W’tv is necessary i r
- [n this case, v should be r

RH and m(vg) < 5 GeV. I .
Crossing symmetry

- Under this consideration, b L

W’ = tv is the most
promising search channel




Search for Wr’

- If WR’ is responsible for
b — ctv anomaly, couplings
of W’bc, W’tv is necessary

- [n this case, v should be
RH and m(vr) < 5 GeV

- Under this consideration,
W’ — tv is the most
promising search channel

Wl

| Crossing symmetry
b I

/

W

C 7

Note: W’ does not necessarily
couple all types of fermions
(at least band c !)




1 th + missing Et (due to v)
with back-to-back topology
(AP > 2.4 rad)

2p El’l’llSS(l COS A¢(pT’ pn’llSS ))

35.9 b (13 TeV)

D Z(vv)+jets

[ Multijet

SSM W'1.0 TeV . i

— - SSMW'0.6 TeV

SSM W'4.0 TeV D Single t

— = SSMW'5.0TeV  [[]Z(i1)+jets
D Diboson

|.1||||m] f‘!nnuﬂ WETT

. }‘fft*¢+++

500 1000 1500 2000 2500 3000
m; (GeV)

Assume only
minimum couplings
(WR’brcRr)

LHC exclusions: FL-23, 1 VL gen.

1.07

4300

1000 1500 2000 2500
Vy [GeV]

3000




What’s next ?

- Wide tt resonance search
- Development of boosted top/bottom tagging
- Cross-checking B-anomalies at CMS
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Wide Tt resonance search

If LQ is beyond LHC energy reach, b t
LQ is preferably produced via off-shell

1 e t-channel LQ
— make wide Tt resonance b .

Although | said (W’%, Z’) SU(2)L
2 doublet is not a good solution for 186871 x v'/M7,

ATLAS 13 TeV,3.2fb™"

® combined explanation, there are

still allowed parameter space

q

O Iz <Tp b tl70r '
0608 101214161820
g M, (TeV)




W]de resonance Instead, one can look at e

angular separation between

SeaI'Ch ]S d]ff]CUlt jets (width independent)

e.g.) di-jet resonance * New physics: flat in An
36 b (13 TeV) " * QCD BG:peak at small An

CMS Simulation — '/M=1% |
0.003— quark-quark — I'/M=10%

Spin 1 T/M=20%
2TeV — T/M=30%

35.9 b (13 TeV)

+ Data

; .............. NLO QCD + EW

- A (C)=14TeV

>
O]
Q]
~
o
Q0
>
L®]
(O]
N
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= e A; (C) =14 TeV
S

o}

Z

-- A, (GRW) =10 TeV

J—— Mgg, (n_ =6 ADD) =8 TeV

M; >6.0 TeV

8000
Dijet mass [GeV]
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Narrow resonance
Wide resonance




W]de resonance Instead, one can look at e

angular separation between

SeaI'Ch ]S d]ff]CUlt jets (width independent)

e.g.) di-jet resonance * New physics: flat in An
36 b (13 TeV) " * QCD BG:peak at small An

CMS Simulation — '/M=1% |
0.003— quark-quark — I'/M=10%

Spin 1 T/M=20%
2TeV — T/M=30%

35.9 b (13 TeV)

+ Data
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-- A, (GRW) =10 TeV

J—— Mgg, (n_ =6 ADD) =8 TeV
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eZAn

Narrow resonance

Wide resonance

g Do this using tt final state




6

Boosted top/bottom tagging

. Search for high-mass Z’ — bb, tt is motivated
- However, as Z’ becomes heavier, top/bottom quark
carry more pr, which makes them difficult to identify

b-quark

Top-quark

For high p; b-jets, one cannot
Low top pr High top pr reconstruct secondary vertex

1.4~ ATLAS Simulation fs=13TeV

Z' 2 b-tag:
+1.25TeV
=15TeV -
A2TeV
»25TeV
+-3TeV

4 TeV

+5 TeV

eff. ~ 50% @ fake rate ~ 3%

Efficiency of tagging 2b
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Cross-check B-anom. at CMS - R(K¥)

- Difficult: CMS is desighed for high pr physics (Hard to trigger B
events, whose daughters are soft = lead to huge trigger rate)

Currently, ~15% of trigger budget allocated to B’s and we cannot increase this fraction

New ldea

Allocate more trigger bandwidth for B-
physics, when luminosity is low

At the same time, we use “Parking”
technique (do full reconstruction later —
increase further trigger bandwidth; 3kHz)

So far, we collected 10B unbiased B |
events — plan to cross-check R(K*) 2200 2300 00:00 01:00
before Belle'” StartS (2023) 2018-09-02 21:09:31 to 2018-09-03 03:02:28

o/py ~ 1% (ATLAS)  o/py ~ 0.5 % (CMS)




Conclusions

- B-anomalies are pointing to new physics, whose
energy scale within reach at ATLAS & CMS

- Broad search programmes for LQ, W’ and/or Z’
- Interpretation performed in the context of B-anom.

- No new physics yet. In the next few years, (I think)
we should focus on,

- Wide tt resonance search
- Improve “Boosted object tagging” technique

« Cross-checking B-anomalies at CMS
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