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Outline

@ Intro flavor and NPs
e Matching high- and low-energy EFTs for NPs
e The b — s¢¢ phenomenology and anomalies
@ By —» U
@ B — K¢¢ and the Rk anomaly
@ B — K*¢¢ and Ps anomaly
° New ideas: Rare decays of the B;
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Quark flavor changing in the SM

Yukawa sector of the SM J

—Ly = g YadrgH + g. YourH + 7, YeerH + h.c.

@ Complex and Unitary matrix=- 3 angles and 1 phase

i 1-22/2 A AX3(p — i)
Veku =~ Y 1-22/2 AN?
AN(1—p—in) —AXN? 1

A =0.2253(7), A=0.808(22),
5=0.132(22), 7 =0.341(13)

@ The structure of the CKM matrix is extremely hierarchical!
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Quark flavor changing in the SM

Yukawa sector of the SM

~Ly = quYodrH + G YuurH + 7. YeerH + h.c.

@ CC U; — Dj: Tree level @ FCNC D; — D;: Loop
uU; D;
1,D,
w
v, U,
* m?
® M~ Gr V;Ug, o M~ Gr >, Vk’kaﬁﬁ’
VjjUy; can be O(1) GIM and loop suppression

@ Inthe SM, FCNCs are suppressed w.r.t. CC interactions: “Rare” decays!
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Quark flavor changing in the SM

Yukawa sector of the SM

—Ly = g, YsdrgH + g, YourH + 7, YeerH + h.c.

@ FCNC b — s: Very sensitive to exchange of new particles

D; w D; D, A D;

+
Ui Uy

v2

M ~ Gr Vi Vig 1= (CSM + 4 v,;v;; Wgz> X (3b® 2¢)

Rare b decays sensitive to M ~ 100 TeV !!
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@ No New Physics at colliders (yet?) (Similar plots for ATLAS)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/

https:/twiki.cern.ch/twiki/bin/view/AtlasPublic/
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Lepton universality violation in B decays?
(] “RD(*) anomaly” in B — D(*)gl/' (CC) A. El-Khadra’s talk on Monday

@ Excesses observed at ~ 40

~ 05 T T T
a — B, PRL109.101802012) =10
¥ 045 — Belle, arXiv:1507.03233
LHCD, arXiv:1506.08614 ~
oab — A R(D) R(D*)
: 4 BaBar 0.440 £ 0.058 &£ 0.042 0.332 + 0.024 £ 0.018
035 E Belle 037570063 £ 0.026  0.29370037 + 0.015
03k E LHCb 0.336 £ 0.027 + 0.030
Exp. average 0.388 £ 0.047 0.321 + 0.021
B = SM expectation 0.300 % 0.010 0.252 + 0.005
prediction r— .
\ . i .
035 o o o6 Belle 11, 50 ab +0.010 £0.005

R(D)

HFAG @ EPS-HEP 2015
T. Freytsis et al. 1506.08896

@ “Rx anomaly” in B — K{¢ (FCNC)! e prLi1so14)151601
@ Tension with SM ~2.60

o T T T =
L 40 18 . .
. el @ Other anomalies in b — supu
S B e 32 » Branching fractions B — K, Bs — ¢uu
§ 1 i "§ > Angular analysis B — K*uu
M s g @ Up to 40 in global fits
p

5600,
m&'ere’) MeVie?)

Altmannshofer and Straub 14
Ry = 07457009 (stat) 4 0.036(syst)
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Effective field theory approach to b — s¢¢ decays

@ CC (Fermi theory):

e = Ge Vb Vs Co Ty b Siyuce

N w "»v* L e . ~ B

V T = m GF th V[S mp Cr SLUuubFI F*
Y % }1 = Gr Vip V[S -— CE) 10) SLy" br Z’Yu(75)£

> WI|SOI"I coefﬂments Ck(p) calculated in P.T. at u = my and rescaled to p = my,

, > Light fields active at long distances
Nonperturbative QCD!
* Factorization of scales my vs. Aqcp
HQEFT, QCDF, SCET....
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Effective field theories: Bottom-up approach to new physics

Guiding principle
Construct the most general effective operators Ox made of ¢ € u,d, s, c, b, l,v, F..
and subject to the strictures of SU(3)c x U(1)em

@ New physics manifest at the operator level through. . .

> Different values of the Wilson coefficients C;*™" = C?M + 6C;
» New operators absent or very suppressed in the SM

* New chirally-flipped operators

/ 4G e , _ v / 4GF o _ -
;= Wﬁ My S0, PLF*Y b; (99(10) = ﬁﬂ 5y" Prb £, (vs)¢
* 4 new scalar and pseudoscalar operators
4GF o ,_ _ 4GF o _ _
oY = =L 2 (3P b) (14); OV = =L = (3Pg 1b) (s £
s \/5477( R,Lb) (€£) P \/§4ﬂ( R,Lb) (£5 £)
* 2 new tensor operators
4GF « _ L, 5
Ors) = 3 i (80"7b) (€ 01w (75)0)-

» The Wilson coefficients can be complex and introduce new sources of CP

J. Martin Camalich (UCSD) NPs searches in B-meson decays September 30, 2015

7/23



@ But hold on...
» No evidence of new-particles on-shell at colliders upto E ~ 1 TeV...
...except a scalar at s ~ 125 GeV that very much resembles the SM Higgs

Guiding principle (rewritten)
Construct the most general effective operators Oy built with all the SM fields and
subject to the strictures of SU(3). x SU(2). x U(1)y

Buchmuller et al.’86, Cirigliano et al.’09'10, Grzadkowski et al.’10, V. Cirigliano’s and M. Gonzalez-Alonso’s talks

@ For scalar and tensor operators I' = I, o,,,, we only have:

1, _ 1 P _

Az (BaT¢0) (30T dn) Az (LT en) (GLT uR)
—_— —_—
y=1/2  Y=—1/2 y=—1/2  Y=1/2

@ Furthermore:
(ajau,,P;qd;)(ZUWPLE) =0

Constraints in b — st/ up to O(v?/A?)

From 4 scalar operators to only 2!

From 2 tensor operators to none!

Alonso, Grinstein, JMC, PRL113(2014)241802
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CMS and LHCb, Nature 522 (2015) 68-72
CMS and LHCb (LHC run I)
T T

T T
—4— Data

—— signal and background
et ww

e ww

-~ Combinatorial bkg.

++- Semileptonic bkg.
~ — Peaking bkg

Candidates / (40 MeV/c)

0 Ry sosie o Sty
5000 5200 5400 5600 5800
My [MeVIc?)

" m
2 g 78 Mo, | Vi Vil {Ics ~GiF +1Cr— Ch 2, (Cuo - C1/o)|2}

'S

@ Decay is chirally suppressed: Very sensitive to (pseudo)scalar operators!
@ Semileptonic decay constants fz, can be calculated in LQCD

FLAG averages, A. El-Khadra’s talk, Mon

@ Updated predictions:
Bobeth et al. PRL112(2014)101801 Ezi‘f _ 3.65(23) 5% 1079

—5exXpt

— =g
Bsy =2.9(7) x 10
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Phenomenological consequences By — ¢/

Ba

R ~ (ISF +IPF),

| = =
q (Bq/)SM

De Bruyn et al. 12

me, Mg, Cp—Cp
2mymp+mg  CY

-0.2-0.1 0.0 0.1 0.2 -0.2-0.1 0.0 0.1 0.2
Cs s

@ B, — ¢/ blind to the orthogonal combinations Cs + Cs and Ce + Cp
Scalar operators unconstrained!
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Phenomenological consequences By — ¢/

= B
Ra = —2— = (ISP +|PP),
(Bq/)SM
_ % mg, Cs — Cé p— Cio — 040 _% mg, Cs + Cé
S 2mmy+mg G o C 2mmp+mg G
0.2 0.4
0.1 0.2
Fo 00 O %o 00 o
Y o Axe (95%C.L.) RGE of QCD+EW-+Yukawas
-0.2-0.1 gé(i 0.1 0.2 -0.4-0.2 gé)u 02 04 Channels SM du se de
2 c¥(mw) [ 0.1 015 06 15
1 . A[Tev] | 79 130 36 49
8, 8,
= o_: Alonso, Grinstein, JMC, PRL113(2014)241802
-1
-4
20 1 2 e a0 2 46
cg c&
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Phenomenological consequences: B — K¢/

LHCb JHEP06(2014)133, JHEP05(2014)082,PRL111 (2013)112003,. ..

WmLCSR Lattice -#-Data
T T T

B*> K*'utu
4 LHCb 4

o+

dB/dq? [10° x ¢4/GeV?]
+
.+,
iy

Tk 2

ar G%azl\/rsz}il
d@ ~ ~ 153670

<|C9+Cg+2 +|C1o+c1lo\2>

@ Phenomenologically richer (3-body decay)
» Decay rate is a function of dilepton invariant mass g2 € [4mZ, (mg — mk)?]
» 1 angle: Angular analysis sensitive only to scalar and tensor operators
Bobeth et al., JHEP 0712 (2007) 040
@ However: Very complicated nonperturbative problem

» 3 hadronic form factors (g°-dependent functions)
» “Non-factorizable” contribution of 4-quark operators+EM current
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Phenomenological consequences: B — K¢/
@ Thenin the SM for ¢® > 1 GeV?
_ Br(B" = Ktutu)

Ak = Br(B+ — Ktete)

=14+0(107%

The Rx anomaly

(Ri)1.6) = 0.7457557 (stat) 4 0.036(syst)

LHCb, Phys.Rev.Lett.113(2014)151601

@ 2.60 discrepancy with the SM (Ri)(1,6) = 1.0003(1)
@ SU(2)L x U(1)y:

> No tensors

» Scalar operators constrained by Bs — ¢¢ alone:

Rk € [0.982,1.007] at 95% CL

The effect must come from Og)m
Rk ~ 0.75 for 6CY = —1

Alonso, Grinstein and JMC'14, Hiller and Schmaltz’'14, Straub et af14'15, Ghosh et al14,. ..
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- s _
B— K*tt¢
LHCb-CONF-2015-002, (also CDF, BaBar, Belle, CMS and ATLAS)

Descotes-Genon et al. JHEP 1412 (2014) 125

4
e 4 T T T

L LHCb
preliminary

[5 SM from DHMV

O - 4
_0.5:_ + J
| s —— %{
0 5 10 15
q? [GevZcd]
dMr

. d®wr 9 (s c
g2 d(cos 0)d(cos O )d¢p 327 (1 sin? 0+ cos o

+ (5 sin? 6,+I5 cos? 0x) cos 20+ 1y sin? 6 sin? 6, cos 2¢

+ Iy sin 26y sin 26, cos ¢-+ls sin 20 sin 0 cos ¢+ sin? 0 cos 0,

+  I7sin 26 sin 0 sin ¢+l sin 20 sin 20, sin ¢+1g sin? Ok sin? 0;sin2¢)
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Br (1077

9° [GeV?]

@ Large-recoil region (low g¢?)

» LCSR+QCDf/SCET (power-corrections)

» Dominant effect of the photon pole
@ Charmonium region

» Dominated by long-distance (hadronic) effects

» Starting at the perturbative ¢ threshold g2 ~ 6 — 7 GeV?
@ Low-recoil region (high ¢?)

» LQCD+HQEFT + OPE (duality violation)

» Dominated by semileptonic operators
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The Pf anomaly at low g2 (1 fo~

Py

PRL 111, 191801 (2013)

")

PHYSICAL REVIEW LETTERS

week ending
8 NOVEMBER 2013

Measurement of Form-Factor-Independent Observables in the Decay B — K*'u*u~

R. Aaij et al.*

(LHCb Collaboration)
(Received 9 August 2013; published 4 November 2013)

0% SM Predictions o< 0.8~ SM Predictions .
0.6 i o6l ]
M+ ~+- oxa b 0.4 1 +-om ]
o2 1 02} i
f-q-—----1 ;IR S
-0.2) 0.2 i
0.4 oal ]
0.6 —+— 0.6 i
-0.81— i —+— + 0.8 250 i

1 4 L L L

] : n n
q [GeV’Ic‘] 42 [GeV¥/c*]

0CE ~ —1

Descotes-Genon et al. PRD88,074002

Altmannshofer et al. Eur.Phys.J. C73 (2013) 2646

@ Tensions in the angular analysis have been ratified with 3 fb™

LHCb-CONF-2015-002
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Connecting theory to experiment: The helicity amplitudes

@ Helicity amplitudes A = +1,0

2l

. - 2mp A =
Hv(A) = _lN{CSVLA—qZ meC7TLA—16W2hA]}7

2 m/ﬁ?b

. . a  Msg
Ha(N) —iNCio Vi, Hp = iN 7 Cm(SL + FIS)SR)

Cy is exposed to various hadronic backgrounds

@ Hadronic form factors
7 independent g2-dependent nonperturbative functions

Bharucha et al.JHEP 1009 (2010) 090, Jaeger and JMC JHEP1305(2013)043

@ “Non factorizable” contribution

hy o / d'ye™ (K*| T f™" (y)4"(0)|B)

Calculable in QCDf at ¢ < 6 GeV?

Beneke et al’01
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Form Factors at low g2

@ Heavy-quark and large-recoil (K™*) limit only 2 independent “soft form factors”

To=Vi=o, T =v =26 T-v-=

e = e fu
Dugan et al. PLB255(1991)583, Charles et al. PRD60(1999)014001
[+ The Observable Pé Matias et al.’12
0 i
Pl Is Cio (Cs 1+ Gy, H) Co, 1= <3°"(¢72)+llqbziﬂC?‘f
5 = :
2/ = bsl 2 2 2 Co | =C(q?)+ 2T E cstt
V=hshe . f(C2 +C%)(CE, + CY 0.1 =G5+ 2 E o

P§ “hadronic independent” at O(a$, (A-)°)

@ s corrections can be computed to any order in QCDf or SCET
Beneke et al. NPB592(2001)3, NPB612(2001)25, NPB685(2004)249, Bauer et al. PRD63(2001)114020.. ..
@ Power-corrections (A/mj) non calculable

Use |ight-cone sum rules Atmannshofer et al., Descotes-Genon et al.
Parametrize PCs model-independently and include in th. errors sager and Jmc
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— 2 _ 2
/ AV_ AT mg mp o 9,1 %, =Cho Wo Ty o et %, 1%, =%
2

2
7 7
(C§ | +CRo)Ca, L+Co ) €Il (C§ || +C50)(Ca, 1 +Cg )

+O(/\2/m§) Jager and JMC, arXiv: 1412.3183

4 -3 -2 - 0 1 2
6Cq

@ LCSR lead to PC parameters implying a higher significance (blue box)
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2
9,1 %, ~C10

- 2 _
Pl |14 2T mp mh per_ Co.1Coi=Clo o Ty, e
- Kl o2 2 2 2 >
€L Kl ¢ (C§ | +C5p)(Ca, 1 +Co ) g (C3 | +C2))(Co, 1 +Cq )
2
C Cq | —C
2 h mg m3 Co,1 Co, —Cio 2 . .
+8r2 — T8 B 29l 0, ) L oA/ mE Jager and JMC, arXiv: 1412.3183
11kl ¢ Co,1tCy) (N"/mg)  Jag
02 .
/ 5 y
o1 ,// oyl 4 /
;// ¥ 3
& DD%I—‘P N<>l<
b //' 2
o[ L/ X
%2 o1 00 o1 o2 -4 -3 -2 -1 0 1 2
6Co

av.

@ LCSR lead to PC parameters implying a higher significance (blue box)

4° [GeV?)

J. Martin Camalich (UCSD) NPs searches in B-meson decays

@ 3.60 tension with the SM in LCSR Lrcb-conF-2015-002

@ Ongoing analysis in the HQ+PC

o Effect depends on q2? Altmannshofer&Straub, arXiv:1503.06199
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What about the high g2 region?
@ Especially suited for determining Cq
@ Theoretical approach based on OPE+HQET

iq-

im [ a*x g TH™ (0, H™(0)) = 3 Con Os,(@) +0 + O(dim>4)
n

x—0

Grinstein et al. PRD70(2004)114005, Bobeth et al. JHEP1007(2010)098, Beylich et al EPJC71(2011)1635

@ Upto O(A%/m2) ~ 1% “non-factorizable” described by form factors

@ FFs in LQCD!! torgan et a. PRL112(2014)212003

@ However: Duality violations!!

5 — . T T L
& * data
N 4 = 150 LHCb — total B
§ nonresonant
3 B " interference
& 100 ---resonances |
s ] =k background
so 2 i
s ] 2 sofi
3 i
2 |
S B
0 B o e S
-1 ] 3800 4000 4200 4400 4600
1y [MeV/e?]
2 P o | !

No satisfactory (model-independent) solution (yet?) J
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Weak decays of “unstable” b-mesons

Grinstein and JMC arXiv: 1509.05049

@ The b-mesons have a rich spectrum of states

—~60

Mass (GeV/c
o o
N » ©

o
)

55

5.4

5.3

5.2

j=1/2

S-wave

@ |

i=1/2

D-wave n

However ...

@ Degenerate doublets in the HQ limit
AM ~ N?/mp
@ “Unstable” under EM or Strong interactions
@ Short life-times: 7* <107 ""s (15 ~ 107 13)
Do not live long enough to do weak physics!

@ The vector partner of the By meson is specially attractive!

> As avector By — ££is not chirally suppressed!

> |t decays EM and is a very narrow resonance I' < 1 KeV

» Hadronic matrix elements related to those of the B in the HQ limit!

J. Martin Camalich (UCSD) NPs searches in B-meson decays
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@ B; is the JP° = 17+ partner of the Bs
mgs = 5415.475% MeV (mg; — mg, = 48.7 MeV)

In thse SM:

GF Olem

T _ _
2\/5/\57 [ (I’TIB;k fB; Co + 2 fB; mp C7) f¢€ + fB; C1oé¢’)/5f
6,8

1 i _
~8r 5 > CH{OIT(¢)IB:(a,9)) Pt

i=1

My =

@ It is sensitive to Cy!!
@ Very clean!
@ Decay constants: HQ limit and LQCD...

2a 2a m,
for = fg, (1 - 375) , fhe = fa, [1 + 3—7: (Iog (f) - 1)}

@ “Non-factorizable”: OPE at g2 = m2, = 28 GeV? well above charmonium states
S
Duality violation is much less of a concern!!
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J. Martin Camalich (UCSD) NPs searches in B-meson decays

@ B is the JP° = 1** partner of the Bs

In the SM:
G em - -
My = T\%Ats% [ (mB; fg;: Co + 2 fBT; mp C7) L¢0 - fgz Crolgyst
6,8

1 X ~
~8n 5 D GIOIT (6)1Bi(a, <)) Pt

i=1

@ The decay rate can then be predicted accurately in the SM

HPQCD Collab., Colquhoun et al., PRD91, 114504 for the LQCD input on fgs
s

Fee = 1.12(5)(7) x 107'® GeV J

mg; = 5415.475% MeV (mg; — mg, = 48.7 MeV)

September 30, 2015
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Branching fraction and prospects for measurement

@ Our weak decay has to compete with the EM B; — Bsy

My = (Bs(q — K)|fem.|1Bs(a, €)= € uos €7 i qukoes

Hbs can be Computed in HMXPT Cho&Georgi'92, Amundson et al.'92
> Using I(D** — D*n) = [(D*+) x B(D** — D*~) = 1.33(33) KeV

M(B:® — Bgv) =0.10(5) KeV |

BM(B; — ) = (0.7-2.2) x 10—”J

@ LQCD calculations of 15 are necessary! secirevic et al. EPUC71,1743, Donald et al. PRL112,212002
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Branching fraction and prospects for measurement

@ Our weak decay has to compete with the EM B; — Bsy

My = (Bs(q = K)lfeim.| B (9, €))m = € pvs €77 qu Koo

bs can be Computed in HMXPT Cho&Georgi'92, Amundson et al.'92
» Using [(D** — D*~) = [(D**) x B(D** — D*~) = 1.33(33) KeV

r(B:° — B2y) = 0.10(5) KeV |

B™M(B: — £6) = (0.7 —2.2) x 10*”)

@ LQCD calculations of 155 are necessary! secirevic et al. EPUC71,1743, Donald ef al. PRL112,212002

@ Small peak in B; — pp0 measurents
@ o(pp — bb) ~10"? fo @ 14 TeV

@ We estimate that ~ 10 (~ 100) B — pu events by
the end of run Il (HL-LHC)

Gand dates { (40 MeVic?)
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Conclusions

@ EFT approach very efficient method to investigate anomalies

» Connect low- and high-energy information in a systematic fashion
» Constraints between low-energy operators

* 2 out of 4 independent scalar operators and no tensors in d; — d;¢¢
© The b — st/ anomalies
> Bg — U4
» RxinB— Kt
> The Pg anomaly in B — K*uu
Strong interplay between QCD and NPs

© New Ideas: Weak decays of unstable b-mesons

Clean window to Cq

Support from the LQCD is essential (1.5, f5: , f2.)

Experimental challenging but plausible at LHC °

No time to talk about ... Probe NPs is /¢~ — B} — Bsy scattering experiments
Grinstein and JMC arXiv: 1509.05049

vy vVvYyyYy

With the LHC run2 very exciting times ahead! J
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