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* Introduction:

New Physics and Flavour anomalies
—b—>SUU B>K*up, B,Sup, B>Kup/B->Kee, ...
—b—>ctv B ->Dtv/B >DIv and B >D*tv/B >D*Iv
—a, anomalous magnetic moment of the muon
— €’ /e direct CP violation in Kaon decays

* Explanations of the anomalies
 Models for simultaneous explanations
* Conclusions

Andreas Crivellin
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e Dark Matter existence established at

cosmological scales New

— New weakly interacting particles particles

*Neutrinos not exactly massless , and.
interactions

— Right-handed (sterile) neutrinos exist!

* Matter anti-matter asymmetry
— Additional CP violating interactions

The SM must be extended!

What is the underlying fundamental theory?
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Precision Flavour Physics ES

* At colliders one produces many (up to 10'4) heavy quarks
or leptons and measures their decays into light flavours

104

Standard Model 1000

100

Flavour observables are sensitive to higher

Direct searches

energy scales than collider searches
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New Physics in the Flavour Sector ==
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The Sciences » News 13 =1 Emnail & Print

2 Accelerators Find Particles That
May Break Known Laws of Physics

The LHC and the Belle experiment have found particle decay patterns that viclate the Standard

Model of particle physics, confirming earlier observations at the BaBar facility

By Clara Moskowitz | September 9, 2015 | Véalo en espafiol

Tensions in the Standard Model

. Hints f
msmsiocla N> 1o

New Physics
Democracy suffers a blow—in particle physics N fI avour

Three independent B-meson experiments suggest that the charged leptons may not be so equal after all. I I I

Steven K. Blau 17 September 2015
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B—K"pp ES

m LHCDb 30 deviation from the SM mostly in P5’
m Confirmed by BELLE and ATLAS (larger errors)

m CMS e o ]
compatible oo prefimingy
with the SM %:{w%» SM from DHMYV -
(larger errors) of ;

m Hadronic o T‘H :
effects might be '5 %t _%_ F—
larger T I a—
than expected ¢* [GeV7/ct

Hadronic uncertainties or NP?
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R(K) = B—=Kuu/B—Kee Nae)

m Lepton flavour universality violation

m 2.60 deviation from the theoretically rather
clean SM expectation

——[LHCb —s—BaBar ——Belle

C. Bobeth, G. Hiller, and T —
G. Piranishvili, 0709.4174 o - J
LHCb
1.5 ] .
R,S(M =1.0003+0.0001 :
] :
RJ® =0.7457) ) £0.036 ey SM
| S
0.5F N
LHCb 1406.6482
Lepton Flaovur :
. . . e
Violation in 0 5 10 15 20

g2 [GeV¥cH]
5

B decays?
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m 2.2-2.4 ¢ In two bins
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& 1 O:_ ........................................................ w ...................................... —
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- |
\ |
0.6F E _
i ® LICh ]
0.4F B SM from CDGHMV ]
- A SM from EOS i
0.2F o V¥V SM from flav.io 7]
. LHCb Preliminary @ SM from JMO
O O IS T T T B S T TR AT S ST SRR ST B A S B
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R(K) & R(K*) o

1.6_| ™ T [ T T 1T [ T 10 [ T 1T 1T 1 T T/ |"J 7 |
B e / _— F F B
1 4F CBSM ) A
AL "OR UL / o \( 7 4
1.2F .
< 1.0F .
=~ U i
< n N
0.8 .
0.6 .
= >BSM - .
0.4k Cpsm <0 arXiv:1704.05438
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04 06 08 1.0 1.2 14 1.6
Ry

Combined =4 o evidence for LFUV
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Global fit to b—sppu data B5

m Global analysis give a very good flt to data

m Good fit to data: 3

] C9 2

| C9 — _CI,O

] C9 — —C9
09 :E}/’uPLbelug —2H
010 :FVﬂPLbZVﬂfK Co T cg‘[j L

B. Capdevila, AC, S. Descotes-Genon, J. Matias
and J. Virto, arXiv:1704.05340 [hep-ph].




Tauonic B decays BS|

m Tree-level decays in the SM via W-boson
R(D")=B— D"wv/B— D"ty

-x-,ﬁ-'\ 0_5 B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
- - = BaBar, PRL109,101802(2012) ‘ﬁxz =1.0 A
E 0.45F = Belle, arXiv:1507.03233 —
[~ LHCb, arXiv:1506.08614 ]
N m— Average .
0.4 —
0.35- —
0.3= =
- HFAG m
0.25F — E
- SM prediction P(x?) = 55% .
0. B [ [ [ [ I [ [ [ L I L L L [ I [ [ [ [ ]

%.2 0.3 0.4 0.5 0.6

P/

All measurements above the SM prediction

=40 deviation
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T->uvv and a, BS

m [au decays
Br[z > uvv| =(17.411£0.04)%

Br|z — uvv
A = =P —1=(0.69%0.29) %
Br|t — uvv|

SM

s Anomalous magnetic moment of the muon

Aa, =(236+87)x10™"

2-3 o deviation in the lepton sector
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Hints for NP and LFUV BS

Electron
channels:
SM like

Lepton
Flavour

Universality
Violation
(LFUV)

Talk of
Vincenzo
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Explanations
of the
Anomalies



R(D) & R(D*) o

—~ 0.5 ——— — —— ——
E [ BaBar, PIRng,lmsoz(zolz) ! AC =10 conltours _
— B Belle, PRD92,072014(2015) ) 7
o Ch a rged Sca |a rS ~ .45 :— LHCb, PRL115,111803(2015) == SM Predictions —:
- Bc::c, PRD94,072007(2016) R(D)=0.300(8) HPQCD (2015) ]
: Belle, arXiv:1608.06391 =0. ; |
m Problems with 045 EE Avemse RDA02520) 5. Faflr s, (2012)
g’ distributions  ,.E 3
L 4 - 7 ) -
and B_ lifetime - \ E
W’ : '
H 025 - m:_
= | Summer 2016 =
i - PG =70%
. X 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
Strong constraints 02> -5 Y o o
. R(D
from direct LHC searches (D)

m Leptoquark see talk of Svjetlana

. . Faroughy et al.
m Strong signals in qq—>T1t searches "“°19% "= °

Explanation difficult
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R(D™) and b->stt (model-independent)=F=j-

e Large couplings to the second generation needed in
order avoid collider bounds
 Cancelation in b>svv needed: Cl1)=C3)

0.008
0.006
B.2>TT
. | R(D) 20
= Ll R(D)1g
oo 0.004 | = RO 20 very
0 W RD)10
O B.— 11 excluded St rongly
0.002, | — o enhanced
0.000¢

10 12 14 16 18 21(-3 See also R. Alonso, B. Grinstein
R(DM)YR(D*))gpm and J. Martin Camalich, 1505.05164
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b->sup explenation e )

m /' see also talk of Peter Cox j, K

U. Haisch et al. 1308.1959, Buras et al. 1311.6729 LQ

W. Altmannshofer et al. 1403.1269,
AC. et al. 1501.00993, .....

U
\)
m Leptoquarks Talk of Svjetlana

Gudrun Hiller, Martin Schmaltz. b ,Ll

arXiv:1411.4773 LQ

B. Gripaios, M. Nardecchia, S.A. Renner.

arXiv:1412.27912 ¥y m e ——_——

D. Becirevi¢, N. KosSnik, O. Sumensari,

ﬂ A)

m Loop effects (more soon)

B. Gripaios, M. Nardecchia, S. Renner, arXiv:1509.05020

Even high scale NP explanations possible
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R(K), R(K*) and p->ey with LQs e

. B Bruoey]<4210-13 — 10%-Br[B-K pe] with y=1/2
| Th ree LQS glve _ b—;s/_furw‘) — 10°-Br[B-K pe] with y=1
) gOOd flt | bospp (20) 108-Br{B-K pe] with y=2
m Scalar triplet ;
= Vector singlet

= Vector triplet

0.5

m Simultaneous
effect in b>suu
and b—>see
generate u—ey

AC, D. Mueller, A. Signer, Y. Ulrich, i | |
arXiv:1505.xxxx =AM o o e o1 o % o T T g o e
-1.0 -0.5 0.0 0.5 1.0

Cl'glu:—cqjg Page 18
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New Scalars and Fermions in b—spuu ==

b P L b P E
= —— > > S >
| |
¢ Y A o g |
| |
< ' = ' < < — - — <
5 N L S D L

m Possible representations

SU(2) | 99, Wy &, 0, U, &
I ) 2 1 SU(3) | ®g. Wy & U, U, b
I 1 12 A 3 11
111 3 3 2 B 1 3 3
v ) 2 3 C 3 s 8
174 3 1 2 D 8 3 3
VI 1 32

2x6x4 possibilities
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Constraints from B, mixing BSI

b \/} 3 b dg s

> |=-=| > > — e — 3=
| |
2, Y } o, constructive 0
| |
< | — < < — —- — =
g v b S o b

Lattice results prefers destructive interference MILC, 1602.03560

m Majorana representations

b 5 b
i '\ = 4w

W I

|
Dy Y } o, destructive
| l

Destructive interference with Majorana fermions
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b—suu and B, mixing BS
Relative effect in %
B, mixing 7 VR T may/my
-0/1
A=l :
bésuu -nn
B c M 2 =
* —_—
Explanation =
with O(1)
couplings [ e T a—
me, [my
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7’ bososns
in b—>suu
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7. solution for b—suu with VLQ B5

b—>suu 7
\qc mQ_m,/g , ]
b , ﬂ 6 — 5 A
Z s mixing _ —
d
1_123 S

mz/Q' [TeV]

sin(fg) = 0.02 -

’ / ' 7 = 3y for sin(@g) = 0.005

neutrino trident production

0
0.00 0.01 0.02 0.03 0.04

dL
23

allowed regions
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Solution with horizontal U(1) charges =#=

m Avoid vector-like quarks by assigning charges to
baryons as well

m Same mechanism in the quark and lepton sector
m L-L inlepton sector

m Good symmetry for the PMNS matrix

m Effect in C;"but not C,°

m First two quark generations must have the same
charges because the large Cabibbo angle would lead to
huge effect in Kaon mixing

m Anomaly freedom

Q(L)=(O,1,-1) Q(B)=(a,a,—2a)
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SU(2),xSU (2),xSU (2),xU (1) SU (2)

breaking

Energy scale
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Solution with two Z’s

PAUL SCHERRER INSTITUT

=]

m 27 bosons

109
: o | .
[ Zl COUpllng % — ATLAS 13 TeV,13.31b
ma|n| ':110_1-' -~ Future sensitivity, 300 fo™' -
y N HZ HZ f
to leptons L1072 W
. N UCSTRRNG st e R L f
mZ,coupling F | VRESREEEEQUEINT W b
: x 1073 SRR R b S N 375,
mainly LT T e ek
N e L RENERA
toquarks 4o PR s
L % -.- . .-‘ .:..‘.,:...’85'
OW energy = , R
o) . . WAL Yk ;
1 - I I Lo o I® CE I L I ' R I I Y
phenomenology " 05 10 15 20 25 30 35

unchanged

Different collider signatures

Page 26



a, explanations ES

| MSSM e.g. D. Stockinger, hep-ph/0609168 _ ;:\

m tan(l3) enhancement o \

m Scalars (more later) W
m Light Higgses ;

m/
W. Altmannshofer, C. Chen, P.S.B. Dev, A. Soni, arXiv:1607.06832
m Very light with tu couplings (m_ enhancement)

| Le ptoq ud rkS (more now) A. Djouadi, T. Kohler, M. Spira, J. Tutas, Z.Phys. C46 (1990)

m m, enhaned effects

Chiral enhancement or very light particles
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Leptoquarks in a, BE

m Chirally enhanced effects via top-quark loops

1.5¢
10| Left-, right-
handed muons-
0.5} . O B=>K*vv .
. [0 B-K*vv (BELLEII) top Coupllng
D,:<:‘ 00! ] B Z-uu (LEP)
| W Zou (Gigaz) AR
-05! . W Z-pyu (TLEP) H
. W ay(20)
10! B bosuy
-1.5¢

_1 5 _{_0 _6_5 0:0 0:5 110 1:5 E. Leskow, A.C., G. D'Ambrosio, D. Miiller
)\‘LJ arXiv:1612.06858

/—>uu at future colliders
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e’/ e explanations BE

* W, coupling K, = vv/K; = vvgy
P e — — ' T ' | '
see talk of Vincenzo N
o \\ i \
*Z’ and modified Z L4 . >
: 37 o e S bl i
see talk of Christoph S22 :
A. Buras, et al. arXiv:1507.08672 el | g e
A. Buras, F. De Fazio, arXiv:1512.02869 L ros ]
AT R e
MSSM S e :
T. Kitahara, U. Nierste, =TTl
P. Tremper, arXiv:1604.07400 : R il N
M. Endo, et al. arXiv:1608.01444 — D =
A. Crivellin, G. D'Ambrosio, T B e e, -
T. Kitahara and U. Nierste, 5 i, S I
arXiv:1703.05786 o6 ]| [o7 -
081 09 \
Bl 1.HC excluded il g

Bl << I 2. 3. 5 7 1
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Implications for New Particles
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Andreas Crivellin

r

R(D*)

~

a,
b—spup
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Simultaneous
Explanation of
R(D), R(D¥), a,

and b->sup



R(D™), b->sup and a, with LQs
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=]

 Scalar leptoquark singlet + triplet with Y=-2/3

e Cancelation in b—>svv imposed

Br[B->Kru]x10°
e s s . e

0 R(
| O R(D)10
B R(

-04-02 00 02 04 06 08 10

Log10[A53/A5,]

D) 20

N

D)20 =X

| B RD)10 48
. O excluded

\ W a,20

. Wa,lo

AC, D. Mueller, T. Ota arxiv:1703.09226

1.0/ 02

00

Br{t—uy]x10°

08"

06/
04

02

200 300
6a,x10"

400 500

2 out of 3 can be explained
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Conclusions BS

* Intriguing hints for Lepton Flavour Universality
violating New Physics

* NP models can explain some
of the anomalies

simultaneously
e Confirming or disprovin

the anomalies makes
a model selection

* Predictions for flavor
and LHC observables

Exiting times in NP searches are ahead of us!
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Leptoquarks in b->sup and b->ctv B

Third .:
generation
couplings |
0 0 0)
0 0 O
0 0 1,

L. Calibbi, A.C. and T. Ota
arXiv:1506.02661

(sh
(-]

Misalighment
between e
interaction and 0

W

. 8 2 )
mass basis o

Simultaneous explanation possible
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