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(1s13%) [ eeress

B'3K'uuw),q = (1.19£0.07)- 107
VS.
T T SM +0.60 =7
B K uu) g = 1.757,,x10
[Bobeth, Hiller, van Dyk (2012)]
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LHCb and B factories measured several key b — s modes.
Agreement with the SM is less than perfect.

P - BR(B+->K+MM)[1,6] _ 0.745'(1i13%) whereastr.\i.Sl\(/l)r:re_c‘lticts unity
BR(B >K ee)[l,e] within O(104)

@ BR(B'>K uu),¢ = (1.19+0.07)- 107
VS.

BR(B' K uu)s = 175 050x107
[Bobeth, Hiller, van Dyk (2012)]

agrees with the SM
(within large errors)

& BR(B»K ee),q
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LHCb and B factories measured several key b — s modes.
Agreement with the SM is less than perfect.

P - BR(B+->K+MM)[1,6] _ 0.745'(1i13%) whereastr.\ti.Sl\(/l)r:rgjicts unity
BR(B"™»K ee)[l’s] within O(10-)

@ BR(B'>K uu),¢ = (1.19+0.07)- 107

\
- Note
+ + SM +0.60 -7 -
5 — : e muons are among the most reliable
BR ( Bk ““)[1’6] 1.75_59%10 objects within LHCb
[Bobeth, Hiller, van Dyk (2012)]
e the electron channel would be an
obvious culprit (brems + low stats).
aqgrees with the SM But there is no disagreement
© BR(B»K ee),q Eikida
) (within large errors) \_ Ml
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LHCb and B factories measured several key b — s modes.
Agreement with the SM is less than perfect.

P - BR(B+->K+MM)[1,6] _ 0.745'(1i13%) whereastr.\;.Sl\(/l)r:rgjicts unity
BR(B"™»K ee)[l’s] within O(10-)

@ BR(B'>K uu),¢ = (1.19+0.07)- 107

\
- Note
i i M _ +0.60 =7 e muons are among the most reliable
BR(B'K un)yg = 1.757,,X10 objects within LHCb
[Bobeth, Hiller, van Dyk (2012)]
e the electron channel would be an
obvious culprit (brems + low stats).
- . agrees with the SM But there is no disagreement
© BR ( B=Ke e)[l,ﬁ] (within large errors) \_ (lih
Q )
0+0+6 — There seems to be BSM LFNU
\ and the effect is in uu, not ee /
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The R, pattern, with data in the muon channel lower than the SM prediction, is supported by
LHCb measurements of another b-to-s transition: B, — @ u

*  ltoccurs in the same kinematic range as R, namely mZW e[1, 6] GeV?

* [t was initially found in 1/fb of LHCb data, then confirmed by a full Run-I analysis (3/fb)

LHCb
SM pred.

“*Data

S = N W Pk th Oy 0 WD

+

dB(B?—¢uu)/dg? [10°GeV>3c4]

| IUI - 15
g? [GeV? 4
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The R, pattern, with data in the muon channel lower than the SM prediction, is supported by
LHCb measurements of another b-to-s transition: B, — @ u

*  ltoccurs in the same kinematic range as R, namely m2 e[1, 6] GeV?

* [t was initially found in 1/fb of LHCb data, then confirmed by a full Run-I analysis (3/fb)

,:E' 9 T [ o _;'
= LHCb :
% 7 SM pred. _E
O?O 6 *Data _E
;i + 4
3 4 g
E3
S 2 =
T = E
i) E
;.; i’ 10 — IlS -
g? [GeV? 4

: The measured branching fraction is compatlble with the previous measurement [3] and '
' lies below SM expectations. For the g° region 1.0 < ¢? < 6 0GeV?/c! the dlfferentlal '
' branching fraction of (2.58703% +0.08 & 0.19) x 1078 GeV~2c* is more than 3¢ below the '
' SM prediction of (4.81 & 0.56) x 105 GeV~?c* [4,5,32]. ' /
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B — K* uu angular analysis:
The P', anomaly
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= B— K* U angular analysis:
The P’ anomaly
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LHCb can perform a fully angular analysis of the decay products in B — K* uu

One can then construct observables with limited sensitivity to form factors.
One of such “clean” observables is called P,

[LHCb-CONF-2015-002]
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LHCb ]

05 preliminary K

SM from DHMV -

[1407.8526] ]
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q* [GeV¥c*]
Tension seen in P in [PRL 111, 191801 (2013)] confirmed
[4.0,6.0] and [6.0,8.0] GeéV?/c* show deviations of 2.90 each
Naive combination results in a significance of 3.7¢
Compatible with 1fb~! measurement

. C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb /
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B — K* uu angular analysis:
The P’ anomaly
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LHCb can perform a fully angular analysis of the decay products in B — K* uu

One can then construct observables with limited sensitivity to form factors.
One of such “clean” observables is called P,
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SM from DHMV
[1407.8526]

— % large-m, form factors.

= What cancels is the dependence on the
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q* [GeV¥c*]
Tension seen in P in [PRL 111, 191801 (2013)] confirmed
[4.0,6.0] and [6.0,8.0] GeV%/c* show deviations of 2.90 each
Naive combination results in a significance of 3.7¢
Compatible with 1fb~! measurement

. C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb
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B — K* uu angular analysis:
The P’ anomaly
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LHCb can perform a fully angular analysis of the decay products in B — K* uu

One can then construct observables with limited sensitivity to form factors.
One of such “clean” observables is called P,
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[LHCb—CONF—2015—OU2] 9
el 2 | 1 T T T T T T T T T T T -
e ] e Caveat:
LHCh ] this obs needs be tak i
s preliminary 1 is obs needs be taken cum grano salis
SM from DHMV -

[1407.8526] = What cancels is the dependence on the

— % large-m, form factors.

= Debate on the role of

II[II
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« Subleading terms in 1/m,

]
o g
LA
[am—y
o

qz][SGevzfcﬁr] « cc loops and their resummation
Tension seen in Py in [PRL 111, 191801 (2013)] confirmed |:
[4.0,6.0] and [6.0,8.0] GeV?/c* show deviations of 2.90 each|: See:

Naive combination results in a significance of 3.7¢ Jager & Martin-Camalich, PRD 2016
Compatible with 1fb~! measurement Ciuchini et al., 1512.07157
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The P’ anomaly: continued

ceurs in the same kinematic range as R, namely m? € [1, 6 ] GeV?

s initially found in 1/fb of LHCb data, then confirmed by a full Run-I ane
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The P’ anomaly: continued

ceurs in the same kinematic range as R, namely m? € [1, 6 ] GeV?

iy

HH  This Analysis
10 4 LHCh 2013

I 4 LHCb 2015
. EEE SM from DHMV

o5 kel s ' -
ﬁ"' 0.0
Iﬂﬂ- I... __—I :
-0.5 | 2 ﬁ -

_1*5 1 1 [
0 5 10 15 20

¢ (GeV?/c")
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The P’ anomaly: continued
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The above said, this anomaly remains interesting (and more and more so)

* ltoccurs in the same kinematic range as R, namely mZW e[1, 6] GeV?

* [t was initially found in 1/fb of LHCb data, then confirmed by a full Run-I analysis (3/fb)

*  And it was recently confirmed by Belle ! [1604.04042]

1.5 . T T
Belle preliminary HH  This Analysis
1ID | LHEE 2‘}13 i 5“\| IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII T Il"":
LHCb 2015
B SM from DHMV : e« Conclusion:
0.5k 1 |z
B If it's new physics, it is expected to  :
R oof -l-. 1 | show up elsewhere in the B — K* yu :
| angular analysis. :
-0.5 | | .
- Run Il will tell for sure :
_1ID i I i é""" IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII BARRRRRRRREERRARAL |\‘¢§
_15 | 1 1
0 5 10 15 20
= g° (GeV?/c?)
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BR(B,»uu)gy, = (3.65+0.2
[C. Bobeth et al., PRL 14]
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e Theory prediction now very solid.  All (known) theory systematics included.
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BR(B ')MM)SM =
[C. Bobeth et al., PRL 14]

e Theory prediction now very solid.  All (known) theory systematics included.

= ‘large-AL';" effect [K. De Bruyn et al., PRL 12]
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BR(B duu)sy = (3.
[C. Bobeth et al., PRL 14]

e Theory prediction now very solid.  All (known) theory systematics included.

= “large-AI'_" effect [K. De Bruyn et al., PRL 12]

= soft-photon corr's [Buras, Girrbach, DG, Isidori, EPJC 12]
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BR(BS')MM)SM =
[C. Bobeth et al., PRL 14]

e Theory prediction now very solid.  All (known) theory systematics included.

= “large-AI'_" effect [K. De Bruyn et al., PRL 12]

= soft-photon corr's [Buras, Girrbach, DG, Isidori, EPJC 12]

= NLO EW & NNLO QCD corr's [Bobeth, Gorbahn, Stamou, PRD 14;
Hermann, Misiak, Steinhauser, JHEP 13]
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BR(BS')MM)SM =
[C. Bobeth et al., PRL 14]

Theory prediction now very solid.  All (known) theory systematics included.
“large-AT"" effect [K. De Bruyn et al., PRL 12]
soft-photon corr's [Buras, Girrbach, DG, Isidori, EPJC 12]

NLO EW & NNLO QCD corr's  [Bobeth, Gorbahn, Stamou, PRD 14;
Hermann, Misiak, Steinhauser, JHEP 13]

current error (~6%) dominated by CKM and f__
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BR(B,>up)ey = | *
[C. Bobeth et al., PRL 14]

Theory prediction now very solid.  All (known) theory systematics included.
“large-AT"" effect [K. De Bruyn et al., PRL 12]
soft-photon corr's [Buras, Girrbach, DG, Isidori, EPJC 12]

NLO EW & NNLO QCD corr's  [Bobeth, Gorbahn, Stamou, PRD 14;
Hermann, Misiak, Steinhauser, JHEP 13]

current error (~6%) dominated by CKM and f__

e Exp error will go to: ~10% by end of Run |l

~ 5% w/ LHCb upgrade
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More discrepancies:
b — c decays

(with £=e,u
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More discrepancies:
b — c decays

First discrepancy found
by BaBar in 2012
in both R(D) and R(D*)

0.332 + 0.024 +0.018

0.29375 5, +0.015

0.336 + 0.027 + 0,030 —e—  PEis 1’*1&%?}1

0.302 + 0.030 + 0.011 —— Balle, ognnk-lept-tug [711 )
'—O—P‘F—e] vl

519 =
O e . D -

R(D*) state-of-the-art, as of Moriond 2016 (Goldenzweig, Belle)
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More discrepancies:
b — c decays

First discrepancy found
by BaBar in 2012
in both R(D) and R(D*)

0.332 + 0.024 +0.018 PPRL 105, 161 {%ﬁﬂ

0.2935% +0.015 ﬁﬁ,ﬂ oﬁi"&- X

0.336 + 0.027 + 0.030 —@——  LHCb 1 uvv[E0MT]
PRL 115, 111803 (2015) 2015: BaBar's R(D*)
beautifully confirmed

0.302 £ 0.030 + 0.011 —— Bulle, e by LHCb
[ g RS

.ﬂfl.."ﬂk-..-ﬁ;..-:‘.ﬁf ﬁ!b s

R(D*) state-of-the-art, as of Moriond 2016 (Goldenzweig, Belle)
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More discrepancies:
b — c decays

o s G

0.332 + 0.024 + 0.018
0.29375 5, +0.015

0.336 = 0.027 + 0.030

0.302 + 0.030 +0.011 —
==

lﬂ'

R

R

v [3.0 fb™)

PRL 115, 111803 (2015)

WETATAY

I

R(D*) state-of-the-art, as of Moriond 2016 (Goldenzweig, Belle)

First discrepancy found
by BaBar in 2012
in both R(D) and R(D*)

2015: Belle finds a
more SM-like R(D*)
(hadronic tau)

2015: BaBar's R(D*)
beautifully confirmed
by LHCb
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More discrepancies:
b — c decays

First discrepancy found
by BaBar in 2012
in both R(D) and R(D*)

s SR L BABAR, had.tag. (426 b |
il 2015: Belle finds a

. 4 more SM-like R(D*)
0.29375 5, +0.015 iﬂﬁ'#dﬂw&?ﬂ‘] (hadronic tau)

S i | Bl
G T PRL1IS, 111803 2015) 2015: BaBar's R(D*)

beautifully confirmed

0.302 + 0.030 +0.011 £5ig mmﬂw - by ERCD
—o— =) il

O g —
o=k
2016: Belle also starts to

..nf'....uk....é.. = ‘...D.lg..

R(D*) state-of-the-art, as of Moriond 2016 (Goldenzweig, Belle) See an R(D*) excess
(semi-lep. tau)
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R(D) & R(D*):
continued
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= BaBar, PRL109,101802(2012)
= Belle, arXiv:1507.03233

LHCb, arXiv:1506.08614
— Average
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R(D) & R(D*): -
continued

0.35

0.3

0.25
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== BaBar, PRL109,101802(2012)
== Belle, arXiv:1507.03233

LHCh, arXiv:1506.08614
— Average

B
HM
Il
s

&

NERE ANEN FEETE NN TN TS N

0%.

-~
SM prediction P(x?) = 55%
i 1 i i I 'l i i L I | i i I i i L
Z 0.3 04 0.5 0.6
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" R(D)
3.90 combined deviation from the SM

4

D. Guadagnoli, Flavor physics



. R(D)&R(D*): :
: continued
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.
* &
Q - == BaBar, PRL109,101802(2012) ﬁxz =1.0
E” 0.45F = Belle, arXiv:1507.03233
E LHCb, arXiv:1506.08614
i — Average imd—— i WWWhsses,,
04 - H :
B : Take-home messages
e © . We all know that taus are difficult
E . objects
0.3 — E
025 -:— —_— HFAG
B SM prediction P(2) ;55%
0 i i i i i I i i i i I i ¥ L B I ¥ i i E E
%).2 0.3 04 0.5 L
::o“ """""""""""""""""""""""""""""""""""""""""""""""" ""«E R(D)
3.90 combined deviation from the SM



R(D) & R(D¥):
continued
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=l = BaBar, PRL109,101802(2012) &xz =10
E’ 0.45 —— Belle, arXiv:1507.03233
LHCb, arXiv:1506.08614
— A\“Erﬂgﬂ VTR e e
04 :
: Take-home messages

© . We all know that taus are difficult
: objects

0.3

2 . Yet now the effect is seen by three

in ndent experimen
§ dependent experiments
e

SM prediction P(x) = 55%
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R(D) & R(D*): -
continued
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? 0.5 B L] T ] 1 I 1 ] 1 T I T L] 1 L] I L] L] ] 1
e [ = BaBar, PRL109,101802(2012) &xi =10
E’ 0.45F = Belle, arXiv:1507.03233
E LHCb, arXiv:1506.08614
E — Average - ",
04 3
B : Take-home messages
L : « We all know that taus are difficult
E : objects
0.3E= 5
g = o Yet now the effect is seen by three  :
025E independent experiments
it o
- A gedicton P(x2)=55% : e And the effect nicely fitsthe b —s  :
0% L = discrepancies (see later)
2 0.3 0.4 0.5 T
""""""""""""""""""""""""""""""""""""""""""""""""" R(D)
3.90 combined deviation from the SM



But let's focus for the moment on the b — s discrepancies.
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But let's focus for the moment on the b — s discrepancies.

* Each of the mentioned effects, taken singly, is at best a 3o effect

—> Need to wait for Run Il before getting really excited
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But let's focus for the moment on the b — s discrepancies.

* Each of the mentioned effects, taken singly, is at best a 3o effect

—> Need to wait for Run Il before getting really excited

Q1: Can we (easily) make sense of @ to © ?
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But let's focus for the moment on the b — s discrepancies.

* Each of the mentioned effects, taken singly, is at best a 3o effect

—> Need to wait for Run Il before getting really excited

Q1: Can we (easily) make sense of @ to © ?

Q2: What are the most immediate signatures to expect ?
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Concerning Q2: most immediate signatures to expect
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Concerning Q2: most immediate signatures to expect

r a new, LFNU interaction above the EWSB scale, e.g. with

sctor bosons: £ Z'C or leptoquarks: £ ¢ q
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Basic observation:

* IfR, is signaling LFNU at a non-SM level, we may also expect LFV at a non-SM level.

In fact:

* Consider a new, LFNU interaction above the EWSB scale, e.g. with

new vector bosons: L Z'C or leptoquarks: £ @ q

* In what basis are quarks and leptons in the above interaction?

In general, it's the “gauge” basis.

4
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Basic observation:

* IfR, is signaling LFNU at a non-SM level, we may also expect LFV at a non-SM level.

In fact:

* Consider a new, LFNU interaction above the EWSB scale, e.g. with

new vector bosons: L Z'l or leptoquarks: £ @ q

* In what basis are quarks and leptons in the above interaction?
In general, it's the “gauge” basis.

Namely, it's not the mass eigenbasis.
(This basis doesn't yet even exist. We are above the EWSB scale.)

4
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Concerning Q2: most immediate signatures to expect
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Basic observation:

If R, is signaling LFNU at a non-SM level, we may also expect LFV at a non-SM level.

In fact:

Consider a new, LFNU interaction above the EWSB scale, e.g. with

new vector bosons: rz'¢ or leptoquarks: Loq

In what basis are quarks and leptons in the above interaction?

In general, it's the “gauge” basis.

Namely, it's not the mass eigenbasis.
(This basis doesn't yet even exist. We are above the EWSB scale.)

Rotating q and ¢ to the mass eigenbasis generates LFV interactions.
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Let's now turn to Q1:
Can we (easily) make sense of data @ to @ ?
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Let's now turn to Q1:
Can we (easily) make sense of data @ to @ ?

> following Hamiltonian

_4GF * a ()

P ViV 4_: [BLY)»SL ’ (CE_)M) my,u + G Y3 Ys
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Let's now turn to Q1:
Can we (easily) make sense of data @ to @ ?

purely vector
lepton current
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Let's now turn to Q1:
Can we (easily) make sense of data @ to @ ?

It is highly non-trivial that a simple consistent BSM picture exists to describe the above data © to ©

* Consider the following Hamiltonian

purely vector purely axial
lepton current lepton current
i 4G, . em [+ - il
HSM+NP(b_)SMM) il T \/EF VoV AT {bLyst ' (Cgu) i C(l%) Wy YsUW ]

C (m,) ~ —4.4

[Bobeth, Misiak, Urban, 99]
[Khodjamirian ef al., 10]
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Let's now turn to Q1:
Can we (easily) make sense of data @ to @ ?

It is highly non-trivial that a simple consistent BSM picture exists to describe the above data © to ©

* Consider the following Hamiltonian

purely vector purely axial
lepton current lepton current
TRSE= 4 GF & m |1 I = —
HSM+NP(b_)SMM) il T 2 VoV 4; {bLY SL'(C(QH) i C(l%) Wy YsUW ]
SM il ||
iliNote: C, (mb) ~ +4.2 SM oM i.e. in the SM
|:> C, (m,) ~ —Cj, (m,) also the lepton current

C (m,) ~ —4.4

[Bobeth, Misiak, Urban, 99]
[Khodjamirian ef al., 10]

has nearly V — A structure
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Let's now turn to Q1:
Can we (easily) make sense of data @ o ® ?  :

»
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It is highly non-trivial that a simple consistent BSM picture exists to describe the above data © to ©

Consider the following Hamiltonian
purely vector purely axial
lepton current lepton current

g 4G, . Ol [+ - il
HSM+Np(b')5MM) i _WF VoV 4—75 {bLnyL : (ng) + C(f:))]

SM I8
Note:  Cj, (mb) ~ +4.2 e M i.e. in the SM
|:> C, (mb) ~ —Cy (mb) also the lepton current

SM
C 10 (mb) ~ —44 has nearly V — A structure
[Bobeth, Misiak, Urban, 99]
[Khodjamirian et al., 10]

@ )

—
Let's assume the above V — A structure to hold also beyond the SM, namely CF Glisoyec
* SChmaly
() _ () . () _ ~SM (¢),NP Z, PRp
Cy ~ —Cy with — Cgyy = Cgyp + Coyg 4

Our main motivation is phenomenological: it fits the data. A
\ < )J_ However, there is more: see later

4
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Model example:
Glashow, DG, Lane, PRL 2015
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Model example:
Glashow, DG, Lane, PRL 2015

> can be generated from a purely 3°-generation interaction of the kind

expected e.
partial-compositeness
(see late

7 GE'Lykb’Lf'LYKT’L

e /A, < G,
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Model example:
Glashow, DG, Lane, PRL 2015

> can be generated from a purely 3°-generation interaction of the kind

expected e.g
partial-compositeness
(see later,

el = GE'Lykb’Lﬁi'LykT’L

= /A, < G,

5 are in the “gauge” basis (= primed)
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Model example:
Glashow, DG, Lane, PRL 2015

Our model requirements are: - C (gf) ~ —C (1? (V — A structure)

Corel > [Coel — (LFNU)
This structure can be generated from a purely 3°-generation interaction of the kind

i - A _ ted e.g. in
Ho, = Gb',y'b', Ty, 1’ O i
NP LY TNty partial-compositeness frameworks

see later
e /A, < G, ( )

Note: primed fields

~ Fields are in the “gauge” basis (= primed) mass

~ They need to be rotated to the mass eigenbasis &5 b', = (d',), = (Uz)&- d,),

A
T
Il
—
SR
-
N
w

1
e~ <%
=

—
)
h

~
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Model example:
Glashow, DG, Lane, PRL 2015

Our model requirements are: - C (gf) ~ —C (1? (V — A structure)

-G8l > ICwl  LFNY)
This structure can be generated from a purely 3°-generation interaction of the kind

i - A _ ted e.g. in
Hy, = Gb',y'b', Ty, 1’ O i
NP LY TNty partial-compositeness frameworks

see later
e /A, < G, ( )

Note: primed fields

~ Fields are in the “gauge” basis (= primed) mass

~ They need to be rotated to the mass eigenbasis &5 b', = (d',), = (Ui)m d,),

A
T
Il
—
SR
-
N
w

1
e~ <%
=

—
)
h

~

= This rotation induces LFNU and LFV effects
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Explaining b — s data
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Explaining b — s data
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Explaining b — s data

2 C, Wilson coeff. in the uu-channel becomes

j kSM C'9,SM i (UL)EB(U;;)BZKU?)BZF

&
2
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Explaining b — s data

1e C, Wilson coeff. in the uu-channel becomes

ksy Cosv |+ = (UD)s(UD)xl (U]

&
2

BSM

D. Guadagnoli, Flavor physics



Explaining b — s data

1e C, Wilson coeff. in the uu-channel becomes

2)32|(Uf,)32|2
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Explaining b — s data

1e C, Wilson coeff. in the uu-channel becomes

The NP contribu

2)32|(U£)32|2 PPoSie i
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o
&

\
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

. v k,, (SM norm. factor)
Recalling our full Hamiltonian

- 4Gy . O i- ) ]
Hone(BoSu0) = ==LV, Vi By"s,-[CV my,u + Cl wy, yaul]

the shift to the C, Wilson coeff. in the uu-channel becomes

The NP contribution has
) |2] opposite sign than the SM one if
32

G *
€51 =| K o+ S (U200

m Psw + Pup

G (U < 0

On the other hand, in the ee-channel

%

(UL)a(UL)al(UL)sl

e G
Ksm Cg) = kgy Cosm + 5

4
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(73 AN
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

. v k,, (SM norm. factor)
* Recalling our full Hamiltonian

- 4Gy . O i- ) ]
Hone(BoSu0) = ==LV, Vi By"s,-[CV my,u + Cl wy, yaul]

the shift to the C, Wilson coeff. in the uu-channel becomes

The NP contribution has
G * opposite sign than the SM one if
i €81 =| e oo S (020100 d
G (Up)y < 0

m Psw + Pup

* On the other hand, in the ee-channel

The NP contrib. in the ee-
channel is negligible, as

Ksm CE;) = kgy Cosm + U U£)31|2

(Uf)l < (U

2
32|

112
=
92]
=

4
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Explaining b — s data

S in the u channel much
in the electron channel
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Explaining b — s data

., | also beyond the SM

S in the u channel much
in the electron channel

K

ldiislien
CYF+ICioF
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Explaining b — s data

Iso b d the SM
g _ [ch P+

cF+ICF

S in the u channel much K

in the electron channel
factors of 2:
equal contributions fr
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Explaining b — s data

The above setup implies:

- |C.| ~ | C, | alsobeyond the SM
|C,| = | C,,| also beyond the . |Cgu)|2+|c(1%)|2 N'\‘2|C‘f§4+6cm|2
] " SM 2

[agilleddl |

~
-

= Corrections in the u channel much K

larger than in the electron channel

factors of 2:
equal contributions from |C |* and |C, |?

Note as well

SM 2
MlARS=().20 = BR(BS_)MM)QXP — BR(Bs_)MM)SNHNP - |C10 +s?/1(2:10|
BR(B,»uu)y,  BR(B.2upy, S
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Explaining b — s data

The above setup implies:

- |C.| ~ | C, | alsobeyond the SM
|C,| = | C,,| also beyond the . |ng)|2+|c(1%)lz N"“2|C~§34+6C10|2

CSP+CF ol

4

= Corrections in the u channel much K

larger than in the electron channel

factors of 2:
equal contributions from |C |? and |C, |?

Note as well

W00 = BR(Bs_)MM)exp _ BR(BS_)MM>SM+NP _ |C?34+6C10|2
BR(B,»uu )y, BR(B,»uu gy, [CSMP
implying (within our model) the correlations A”"”?erg
O,
@ the e a:ci::ﬁo”
+ + ey n
BR(BS_)MM)exp ~ R ~ BR(B _)K Mu)exp . e sure/nenf
BR(B,~>uu “ " BR(B»K'  Seealso
o SM ( wu )SM Hiller, Schmaltz, PRD 14
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Explaining b — s data

 _lower than 1

Kuu & B, — uu BR data below predictions
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Explaining b — s data

95 lower than 1

3 —» Kuuy & B, — uu  BR data below predictions

attern of corrections turns out to also accommodate the anomaly [LHCb, PR
K* Mu angular data measured by LHCb, especially in P,/
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Explaining b — s data

*  So, the equal-size, opposite-sign corrections to C°" and to C_ 5V (in the uu-channel only)
would account for:

T RK lower than 1

- B—>Kuyuy &B,— uu BR data below predictions

*  This pattern of corrections turns out to also accommodate the anomaly [LHCb, PRL 2013]
in B — K* uu angular data measured by LHCb, especially in P,/

* A fully quantitative test requires a global fit.
See in particular [Ghosh, Nardecchia, Renner, JHEP '14] and [Altmannshofer, Straub, EPJC '15]

new physics contributions to the Wilson coefficients. We find that the by far largest de-
crease in the y? can be obtained either by a negative new physics contribution to Cy (with
CYP ~ —30% x Cfﬁm}, or by new physics in the SU(2)y invariant direction C* = —C},
(with ﬂ;‘ P —12% x (.;'5"“'[). A positive NP contribution to C'1g alone would also improve the

fit, although to a lesser extent. [Altmannshofer, Straub, EPJC '15]

D. Guadagnoli, Flavor physics



LFV model signatures

K'uu)

Clo +8C,f
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LFV model signatures

Clo +8C,f

=0.1592
according to R
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LFV model signatures

=0.1592
according to R

pe &y e*
modes
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LFV model signatures

Clo +8C,f

=0.1592
according to R

The current BR(E
limit yields the wee
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LFV model signatures

As mentioned: if R, is signaling BSM LFNU, then expect BSM LFV as well

~ BR(B'»K ue)

BR(B™»K uu)

E{) BR(B™» K ue) < 2.2x107° -

r

.
8C[ |

Clo +8C,f

= 0.1592

\according to Rw

-

The current BR(B+ — K+ ue)
limit yields the weak bound

t / t '
|(UL)31 (UL)32| i 37 /

¥l BR(B'SK'ut) would be even more promising, as it scales with |(Uy )5/ (U} )3,
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LFV model signatures

As mentioned: if R, is signaling BSM LFNU, then expect BSM LFV as well

|

r

.
BR(B'»K'we) | RBCyuf | (Ul [
BR(B+_)K+MM> ‘Cfg/l"'éclo‘z |<Ui)32|2

= 0.1592

\according to Rw

s
E{) BR(B™ K ue) < 2.2x107° - :EU—

L

-

The current BR(B+ — K+ ue)
limit yields the weak bound

t / t '
|(UL)31 (UL)32| i 37 /

¥l BR(B'SK'ut) would be even more promising, as it scales with |(Uy )5/ (U} )3,

|

An analogous argument holds for purely leptonic modes
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LFV model signatures

As mentioned: if R, is signaling BSM LFNU, then expect BSM LFV as well

' N\
ez 3 14
o BRBKwe) | BCu | (Ul
BR(B+‘)K+MM> ‘Cfg/l"'éclo‘z |<Ui)32|2 e R e ot
e &ue
= 0.1592 modes
\according to Rw

The current BR(B+ — K+ ue)
(UY), [ limit yields the weak bound
|l:> BR(B+-)K+Me) < 22%107°8 - ;312
¢ i
Uy \ (U, (USSR L

¥l BR(B'SK'ut) would be even more promising, as it scales with |(Uy )5/ (U} )3,

M An analogous argument holds for purely leptonic modes

V] There is even an interesting signature outside B physics: K— () £ ('

It is measurable at NA62, that just started taking data
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More signatures
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......
y
........
........
™
Ty,

_ Faren e —
More signatures Nt gic..
9 Onso, Gy discussio, e,
PR mstem, Mart;
.................... n'CamaI'ch
| . = e s = e
* Being defined above the EWSB scale, our assumed operator G b',y"b', T',y,t', e
must actually be made invariant under SU(3)_ x SU(2), x U(1),
............... dona
see ryas patta, Lo
: Bha“achan ara, PLB 1Y _ _
B . ANRATTE ettt r r I ' il T
S\'“\’asu‘l‘_ lllllllllllllll SU(2), o Q LY Q 7 L LYKL i [neutral-current int's only]
- ifin! il N =S ] ‘
D T Y, T :>
inv. i A~ai T i
°Q 'IL y Q 'JL L 'JL Y, L 'IL [also charged-current int's]
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y
........
........
™
Ty,

_ Faren e —
More signatures Nt gic..
9 Onso, Gy discussio, e,
PR mstem, Mart;
.................... n'CamaI'ch
| . = e s = e
* Being defined above the EWSB scale, our assumed operator G b',y"b', T',y,t', e
must actually be made invariant under SU(3)_ x SU(2), x U(1),
............... dona
see ryas patta, Lo
: Bha“achan ara, PLB 1Y _ _
B . ANRATTE ettt r r I ' il T
S\'“\’asu‘l‘_ lllllllllllllll SU(2), o Q LY Q 7 L LYKL i [neutral-current int's only]
- ifin! il N =S ] ‘
D T Y, T :>
inv. i A~ai T i
°Q 'IL y Q 'JL L 'JL Y, L 'IL [also charged-current int's]

* Thus, the generated structures are all of:

Ul U N B L Fe 0l 1T 1 T\ T A, A,! L P R R | LA AR ED L |
iy v ' t't't't', b'b'v' v'., b'b't't', t ' b i
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......
y
........
........
™
Ty,

_ Faren e —
More signatures Nt gic..
g Onso, G dchSslo ...........
PR Instejn, Mary;
................... n-camal:cf,
I : T ALy —r g e,
* Being defined above the EWSB scale, our assumed operator G b',y"b', T',y,t', e
must actually be made invariant under SU(3)_ x SU(2), x U(1),
............... dona
See ya, patta, Lon
: Bhattachan ara, PLP 10t _ _
B . ANRATTE ettt r r I ' il T
Shwas,.‘.‘. --------------- SU(2), o Q LY Q I L LYKL L [neutral-current int's only]
il ST — o ' ‘
D T Y, T :>
inv. i A~ai T i
°Q 'IL y Q 'JL L 'JL Y, L 'IL [also chal;ged-current int's]

* Thus, the generated structures are all of:

/4|0 N L Tl 1 1 TIn T Ay, A, [ I R R | ér!rré
iy v ' t't't't', b'b'v' v'., b'b't't', ;tbrvtg

..........................
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© More signatures A,orna r 'SCuss -------------------
:"', p:: .': So, rin i fon; T
—— PRL 14 ste'"’ Mart,'n_camal "
..................... ic
5 5 10 Ay r - T—"—
* Being defined above the EWSB scale, our assumed operator G b',y"'b', T',y,t', e
must actually be made invariant under SU(3) x SU(2), x U(1),
IIIIIIIIIIIIIIIIIIIIII n,
see: tta, 1o"4°
B“a“ac“ax:y ra, PLB R— — A _
Shwa.s..‘.‘i ................... SU(2), ° Q LY Q : L LYAL i [neutral-current int's only]
il il Wi g =Sl ' ‘
D T Y, T, :>
nv- . (_2 'IL ka 'JL L ']L Y, L 'IL [also chal;ged-current int's]
* Thus, the generated structures are all of:
t't’V'tV'T, t't'T'T', b'b'V'TV'T, b'bl,‘:!,c!, t'b'T'V'I
* After rotation to the mass basis (unprimed), the last structure contributes to T’ ( b=>ct \71-)
: | » « _ BR(B*D""t¥v) .
Can explain BaBar + Belle + LHCb deviations on R(D""’) = — i,
= BR(B»D""t'v,) »
'«..‘ ................................................................................................................................................................................................................................ r.»‘
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Some models explaining R, and R(D¥)

y does all the job: (chl. NIty Ly o
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Some models explaining R, and R(D¥)

W|th a down-type lepton
or viceversa
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Some models explaining R, and R(D¥)
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Some models explaining R, and R(D¥)
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Some models explaining R, and R(D¥)

»
»
A0t L AR LR ne

-----------
........

Introduce one single leptoquark scalar, transforming as (3, 1, —1/3) Ba"er-Neu,:m"""""
: P e

under SU(3) x SU@2), xU(1), ir RL2076 "

Picks up an up-type quark e,

_____ with a down-type lepton
o or viceversa
One coupling does all the job: Q. 7‘1'}.,_1__?_25 Lo
b u
¢

= Two insertions (making a tree diag.) contribute to B — D 1v

s
A e
—=  Four insertions (making a box) contribute to B — K ¢ z
L
- S

With M = 1 TeV and O(1) generation-diagonal
couplings, contributions are just the right size

4
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One model explaining all flavor
anomalies and the diphoton resonance
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One model explaining all flavor
anomalies and the diphoton resonance

ey,
tag,
ey,
ey,
LI
ey,
Yrygy
y

* New non-Abelian strongly interacting sector with N_. new “techni-fermions” N
(TC fermions).

.....
tua,

-u.,.““ 3

........

.....

The basic idea can easily be understood in analogy to QCD:

i The TC-fermion condensate breaks spontaneously a large global symmetry
G to a smaller group H, at a scale of about 1 TeV
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One model explaining all flavor
anomalies and the diphoton resonance

ey,
tag,
ey,
ey,
LI
ey,
Yrygy
y

* New non-Abelian strongly interacting sector with N_. new “techni-fermions” -
(TC fermions).

.....
tua,

-uu.,“' 3

........

------

The basic idea can easily be understood in analogy to QCD:

i The TC-fermion condensate breaks spontaneously a large global symmetry
G to a smaller group H, at a scale of about 1 TeV

i The broken G/H symmetry gives rise to (pseudo) Goldstone bosons.
“Pseudo” because G/H is also broken explicitly by the TC-fermion masses
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One model explaining all flavor
anomalies and the diphoton resonance

ey,
tag,
ey,
ey,
LI
ey,
Yrygy
y

* New non-Abelian strongly interacting sector with N_. new “techni-fermions” -
(TC fermions).

.....
‘aa,
llllll
"""""""
M
........

The basic idea can easily be understood in analogy to QCD:

i The TC-fermion condensate breaks spontaneously a large global symmetry
G to a smaller group H, at a scale of about 1 TeV

i The broken G/H symmetry gives rise to (pseudo) Goldstone bosons.
“Pseudo” because G/H is also broken explicitly by the TC-fermion masses

:> One of the pNGB is the 750-GeV state seen by Atlas & CMS
It couples to 2 gluons and decays to 2y via the anomaly
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One model explaining all flavor
anomalies and the diphoton resonance:
continued
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One model explaining all flavor
anomalies and the diphoton resonance:
continued

2ctor mesons couple to techni-baryons, which in turn linearly mix
th SM fermions.
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One model explaining all flavor
anomalies and the diphoton resonance:
continued

Trgy
Trey
Trey
Tag,
Trgy
Trpy
Tray
y

i There are also vector mesons, like QCD's rho. i,
Their coupling to quarks and leptons nicely explains the flavor anomalies.

.....
tuay
------
.........
x
--------

»  Vector mesons couple to techni-baryons, which in turn linearly mix
with SM fermions.

* To explain the flavor deviations, the mixing
needs be hierarchical across generations
(largest for the 3" one, as in partial compositeness)

Ysm
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One model explaining all flavor
anomalies and the diphoton resonance:
continued S

i There are also vector mesons, like QCD's rho. e,
Their coupling to quarks and leptons nicely explains the flavor anomalies.

.....
tuay
------
.........
x
--------

»  Vector mesons couple to techni-baryons, which in turn linearly mix
with SM fermions.

* To explain the flavor deviations, the mixing
needs be hierarchical across generations
(largest for the 3" one, as in partial compositeness)

Ysm

» Integrating out the vector mesons then yields
B automatically (among the others) the effective

\ operator
'UI)Q\-?

Hy, =G B'Lykb'L T Y,T'L

proposed in [Glashow, DG, Lane, PRL 15]
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Conclusions

* In flavor physics there are by now several persistent discrepancies with respect to the SM.

Their most convincing aspects are the following:

= Experiments: Results are consistent between LHCb and B factories.
i Data: Deviations concern two independent sets of data: b — s and b — ¢ decays.

m Data vs. theory: Discrepancies go in a consistent direction.
A BSM explanation is already possible within an EFT approach.
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* Early to draw conclusions. But Run Il will provide a definite answer
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m Data vs. theory: Discrepancies go in a consistent direction.
A BSM explanation is already possible within an EFT approach.

* Early to draw conclusions. But Run Il will provide a definite answer

* Timely to propose further tests. One promising direction is that of LFV. Plenty of channels, many
of which largely untested.
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Conclusions

* In flavor physics there are by now several persistent discrepancies with respect to the SM.

Their most convincing aspects are the following:

= Experiments: Results are consistent between LHCb and B factories.
i Data: Deviations concern two independent sets of data: b — s and b — ¢ decays.

m Data vs. theory: Discrepancies go in a consistent direction.
A BSM explanation is already possible within an EFT approach.

* Early to draw conclusions. But Run Il will provide a definite answer

* Timely to propose further tests. One promising direction is that of LFV. Plenty of channels, many
of which largely untested.

* Most promising theory direction (to me): Seeking for a correlated explanation of the diphoton
excess and of the flavor anomalies.

D. Guadagnoli, Flavor physics



Spares



AT T R ey, 1,
< -
o e
- =

: Frequently made objection:
what about the SM? It has LFNU, but no LFV :

v,
e v
CORa AR E A R AR LAY X

Take the SM with zero v masses.

* Charged-lepton Yukawa couplings are LFNU, but they are diagonal in the mass eigenbasis
(hence no LFV)

Or more generally, take the SM plus a minimal mechanism for v masses.

* Physical LFV will appear in W couplings, but it's suppressed by powers of (m_/m,, )

Bofttom line: in the SM+v there is LFNU, but LFV is nowhere to be seen (in decays)

° But nobody ordered that the reason (=tiny m ) behind the above conclusion
be at work also beyond the SM

Q )

So, BSMLFNU = BSM LFV (i.e. not suppressed by m )

4
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More quantitative LFV predictions

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ]
o

Reminder:

’
%,

* More quantitative LFV predictions require knowledge of the U, *

¥
|||||||||||||||||||||||||||||||||||||||||||||||||||||

* One approach: (DG, Lane, 1507.0141 2)

= Appelquist-Bai-Piai ansatz:
the flavor-SU(3) rotations are not all independent. Choosing 3 to be the independent ones
allows to predict one SM Yukawa in terms of the other two.

= One can thereby determine Y ,in terms of Y and Y

= Butwe don't know Y and Y, entirely, so we take an (independently motivated) model for them,
reproducing quark masses and the CKM matrix [Martin-Lane, PRD 20085].

* Another approach: (Boucenna, Valle, Vicente, PLB 2015 )

= One has (U)" U = PMNS matrix

= Taking U, = 1, U, can be univocally predicted

D. Guadagnoli, LFV in B decays



More quantitative LFV predictions

B+ K e* u® [
5

1.14 x 108 3.84 x 1010 0.52 x 107
<48 X% 10 <3.0 X 10 <9.1Xx10%¢

B VP

D. Guadagnoli, LFV in B decays
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