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The most significant deviation from the SM

@ Belle & LHCb results on the anomaly seen by BaBar in R(x) = — 2 = X77)_

(B — X(e/p)v)
~ 05—
R(D) R(D") 3 0,4% senmmemma  a=10 j
BaBar 0.440 +0.058 £ 0.042 0.332+0.024+0.018  F —heaw

Belle 0.375 4+ 0.064 + 0.026  0.293 & 0.038 & 0.015 : :

LHCb 0.336 + 0.027 £0.030 ¢ E

Average 0.391 + 0.050 0.322 + 0.022 >F E

my SM expectation|  0.300 & 0.010 0.252 + 0.005 O'ZSE — —— i
Belle II, 50/ab +0.010 +0.005 %%z 03 o0a 05 %('D%.s

SM predictions fairly robust: heavy quark symmetry + lattice QCD, only R(D) [1503.07237, 1505.03925]
® Need NP at fairly low scales (leptoquarks, W, etc.), likely visible in LHC Run 2
® Next: LHCDb result for R(D)? Using more T decays? Measure A, — A 707

® Question we asked: can the new physics explaining R(D*)) be MFV?
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B — DWe vs. B — DM i

® How well is the difference of the e and u rates constrained?

Parameters De sample Dy sample combined result

o 1.2+ 3054+ 0.10 1:10 007010 116 +0.04 :-D.08
P 1.34 4+ 0.053+ 009 133 +0.06 £0.09 1.33 +0.04 £0.09
R4 189+ 3094+ 0.15 1.58 0108017 1.56 L DO7-E0.15
Ro 0.67 £0.07 £ 0.10 0.68 & 0.08 £ 0.10 0.66 £+ 0.05 £ 0.09
B(Dtv) (%) 23810041+ 0.15 225 2004 L 017 2321 003 1-0.13
B(D*°w) (%) 5.50 1+ 0.06+0.23 5.34 2-0.06 £ 037 548 4 0.04 =0.22

Y2/n.d.f. (probability) 416/468 (0.96)  488/464 (0.21) 2.0/6 (0.92)

[BaBar, 0809.0828 — similar results in Belle, 1010.5620]

Individual rates appear to be systematics limited
® \We assumed e/u universality, not a necessity

® Can difference be constrained better? How much better?

Reaching the 1% level on ratio might be possible (but tough) even at Belle |l
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SM predictions fairly robust

® Measurements + heavy quark symmetry + lattice QCD calculations
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Tension with SM is model independent

® Use an OPE-based analysis to constrain SM allowed range as much as possible

® Learn from inclusive = ) _ exclusive
R(Xc) — 0222 + 0003 [Freytsis, ZL, Ruderman, update of earlier results]
B(B~ — X v) = (10.92 + 0.16)%
= B(B~ — X.v) = (2.42 £ 0.05)% [LEP: B(b — X71Tv) = (2.41 & 0.23) %]
® The R(D™) data imply: B(B — D*rv) + B(B — D7) = (2.78 + 0.25)%
® Estimate B(B — D**tv) 2 0.2% in the SM (the four 1P states)

® Tension 2 20, based on inclusive calculation + minimal assumptions
Complementary to SM calculation of R(D*)) and LEP data
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Precision B — X .t predictions

® No measurements since LEP, Belle analysis in progress (¢ theory work in last ~ 15 yrs)

ole . ) 2
Papers in ’90s used m; ", no study of spectra (exp. needed) & uncertainties — big 1/m* terms
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Consider all - modes... b — uTv?

® |f deviation clearly established, huge motivation to study all decay modes with 7

If LEP could measure B — X .7 with a few x10% B — B pairs...
... “surely” Belle Il can measure B — X, 7 with 5 x 101° B — B pairs...

® The inclusive calculation is unavailable for any distribution
m., 7é 0 CompliCateS thlngS in an interesting way [ZL, Luke, Tackmann, to appear]
1.8GeV < FE, < 2.9GeV — Subtleties with shape function; full rate in SF region?

® Phase space suppression is smaller in b — wu:

(B — X, 0) 3.0 I'(B — X D) e
(B — X,7v) (B - X.tv)

® Can LHCb measure b — urv decay modes? Ratios of 7/u or/and ¢/u?
Ab — Av? B—= mmv? B — pTD? [See also P. Owen’s talk]
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Operator analysis




BaBar statements from g* spectrum results

® BaBar studied consistency of rates with 2HDM, and dI'/dq? with several models

L v%15.1/14,p=369% DI | | %% 11.0/14,p=686% DI | L % 44.5/14, p=0.0049% D¢ |
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[PRL 109 (2012) 101802, arXiv:1205.5442] [PRD 88 (2013) 072012, arXiv:1303.0571]

® Found that type-Il 2HDM gave nearly as bad fit to the data as the SM
® dI'/dq? has additional discriminating power (no other distribution measured yet)

® Not enough public info to do real fit, eyeball which solutions are disfavored
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Consider redundant set of operators

® Fits to different fermion orderings convenient to understand allowed mediators

Usually only the first 5 operators considered, related by Fierz

from dim-6 terms, others from dim-8 only

U

Operator Fierz identity |Allowed Current OLint
Ov, (€, PLb) (T~* PLv) (1, 3)o (gqGrTy"qr + ngLTﬁr"‘"E'L}I«'L'TF':_
Ov.| (Ey:.Prb) (77" PLv)
Osg (ePrb) (TPrLv) _ ; e < :
Os,|  (cPub) (rPuv) Y2z Oagudnd + Auguuning! + Adsend)
&, L "

Or | (€o"”PLb) (Tou PLv)

3,3)a,: AGrry U™
(ﬂ"xL (T PLb) (cv"PLy)  +— Oy, < (3:3)272 Sl
OV,.| (FyuPrb) &y PLv) +—  —20s, >'i3. )23 (AGryule + Adryuer)U”
ﬂjéﬁ {?f}ﬁb){ff?gﬂ) — —-%ijﬁ
0%, (7PLb) (6PL +— 105, - L0 (3,2)7/6 (AarfL + AGrimzer)R
OF | (To*"PLb) {r‘:’r,mPLv) +— —60s, +307
Ov, | (7yuPrc® ) (b°A* PrLy) +— —Ovy )
OV, | (TyvuPrc") (b4* PLv) +— —203, (3,2)s5,3 (AdRvulr + Aqiyuer)V*
Ob,| (FPac)(b°PLv) +— 10y, < (2 AR
Os, (TPLc?) {I?GPLI-’) +— =305, + 107 >[_3 L)1/a (Agiimale + Aaher)S
OF |(Fo*" Prc®) (b°0pw PLv) +— —60s, — 307
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Fits to a single operator

S TR
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10t B 10t Frmmnnne e ‘.“‘ ........ I.,l'.,.:\l'l .................................................. 30--- 3
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1E E 1j ---------------------------------------------------------------------------------------- 10'----i
7 The 5 “standard”|operators 5 some of the ’ and ”’ ones |
B ) Cvi:CreCaCanCr A=1TeV | L A=1Tev Cs.CrC.Cr
W3 &y 1 0 1 2 10725 1 0 1 2 3
/]\ C C
[BaBar, 1303.0571] Solution marked ® ruled out by the ¢? spectrum
® We rederived all rates from scratch
Agree with the “classic” paper (up to a minor typo) [Goldberger, hep-ph/9902311]

~

%l ZL-p.9 creeetd) A‘




Fits to two operators

CsvCs Ch Vv Cy, Cs,V Cg
5 1o, 20, 2 | ‘10', 20, ] 6F 1o, 2()',‘ | | _ 1
higgs-like (1,2)1/2 l7vec’[or leptoquark” (3, 1)2/37 47scalar leptoquark (3,1)1/35
4f ] -
i ® h 7 7
§ Sl o7
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Cs. [BaBar, 1303.0571] Cli Cs.
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Flavor symmetries for b — cmv




Several viable mediators

® Good fits for several mediators: scalar, “Higgs-like” (1,2); /o
vector, “W'-like” (1, 3)o
“scalar leptoquark” (3,1); /5 or (3,3)1/3
“vector leptoquark” (3,1)4/3 0Or (3,3)2/3

® |f there is NP within reach, its flavor structure must be highly non-generic
Surprising if BSM operator had (bc)(7v) structure

® MFV probably a useful organizing principle / starting point
Global U(3)g x U(3), x U(3)4 flavor sym.; Y, ~ (3,3,1), Y;~ (3,1,3)

® Which BSM scenarios can be MFV?
Bounds: b — sviv, DY & K° mixing, Z — 77—, LHC contact int., pp — 7777, etc.

~
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Excluding MFV scalars and vectors

® Scalars: Need comparable values of Cg, and Cg,,

If H* flavor singlet, Cs,  y., so cannot fit R(D*)) keeping y; perturbative

If H* is charged under flavor (combination of Y-s, to couple to quarks & leptons),
to generate Cs, ~ Cs,, some O(1) coupling to 1st generation quarks unavoidable

Bounds on 4q or 2¢2¢ operators exclude it

® \ectors: Rescaling the SM operator (Oy, ) gives good fit to the data

Flavor singlet w/ W-like couplings: my» 2 1.8 TeV <= 0.2 ~ ¢*|V,p|(1 TeV /myy)?

Couplings to u, d suppressed for (3,3,1) and (3,1, 3) under U(3)oxU(3)uxU(3)4
(3,3,1): b — ctransitions suppressed by y.., too small
(3,1,3): can fit data if 5, = O(1), but excluded by tree-level FCNC via "

(If dynamics allows W’Q3 Q3 , but not W’ Q% Q% , viable models exist; beyond MFV [Greljo, Isidori, Marzocca, 1506.0170])
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MFV leptoquarks

® Assign charges under flavor sym.: [viable MFV LQs: Freytsis, ZL, Ruderman]
U(3)q % U(3)u x U(3)a

® Simplest choices — leptoquarks could be electroweak SU (2) singlets or triplets:
scalars: S~ (3,1,1), (1,3,1), (1,1,3)
vectors: U, ~ (3,1,1), (1,3,1), (1,1,3)

S(3,1,1) and U,(3,1,1) give large pp — 77—, excluded by Z’ searches

S(1,3,1) and U,(1,3,1) give y. suppressed B — D)7 contributions
=- too large couplings, or too light leptoquarks

® S(1,1,3) and U,(1,1,3) = consider in more detail

Both can be electroweak singlets or triplets

~
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The S(1,1, 3) scalar LQ

® [nteractions terms for electroweak singlet:
L = SO\Y] Glimoly + NY]Y, @er)

— Si(AydiVj: ﬂzjeL — AydiJzivL + xydiyuj‘/jz ﬂ(}:gjeR)

Integrating out S, contribution to R(X,) via: (ms, # ms, = mg,)
B V;z; ()\2 ZO// 4 )\5\ 20// )
m? Yo Ysp Yl Ysp
3

[electroweak triplet has no ) term]
® Can fit R(D™) data if y, = O(1) Check Z717~ constraints, etc.

® |eptons: (i) 7 alignment, charge LQ and 3rd gen. leptons opposite under U (1),
(i) lepton MFV, (1, 3) under U(3); x U(3). [constraints differ]

® | HC Run 1 bounds on pair-produced LQ decaying to ¢ or bv, mg, g 560 GeV

~
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Constraints from b — sviv

® With three Yukawa spurion insertions, one can write:
5L = NSY]Y, Y irt;
® Generates four-fermion operator:
‘/t?;‘/;s 2 2

2 Y Yp A (EL’YMSL UL YuVL)
S3

® Currentlimitson B — Kvvimply: X/A $0.1 — some suppression of X required

® Electroweak singlet vector LQ is the only one of the four models w/o this constraint

(E.g., vector triplet has N q.Y, Y, Yy 7,4, U" term)
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The U*(1,1, 3) vector LQ

® [nteractions terms for electroweak singlet:

L = ANGLYavlr + Ndpyuer) U"

— (Aydiv}i UL YuVL + Aydid_Li'YuTL + S\d_Ri’YMTR) UzM

As before, contribution to R(X,) via: (my, # my, = my,)
(7€3; . ‘Qﬁ ,AQ 2
A2 m%] Jo
3

® Can fitdata if y, = O(1); good fit for Ay,/my, = (2.2 £0.4) /TeV

® Only 7 alignment seems viable (lepton MFV not)

[NB: vector leptoquarks are hard to make sense of as a low energy effective theory, without

knowing the UV completion — divergences]
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U*(1,1,3) — LHC constraints

® The ) term for electroweak singlet vector leptoquark gives unsuppressed coupling
to 1st generation
— constraints from ¢-channel exchange in pp — 7t7= = X <0.15 )

® Limits on my;, from direct leptoquark search (br) or recasting stop (tv) searches

® LQ direct production rate is higher L pp—UsUs —ttyvy 7
than that of stops, data up to the lep- = Vs=8Tev -
T : =
toquark exclusion limitis not available
. . =
Show conservative extrapolation — %
Ambiguities related to possible “dipole” term: w07 SIS
X L o -1 mmmmmmmmsesse e g m )
3 ttpa 777 YUV L ATLASTL, 21 1b
1gsk U, U, G, S _3* CMS{t, 19.3fb™?
050 600 700 80 900 1000
® my, < 750 GeV my, [GeV]
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How strange models can be viable?

® All papers enhance the = mode compared to the SM

Can we SUppress the e and o modes instead? [Freytsis, ZL, Ruderman, to appeaf]
Good fit with: V(™ ~ VM 99 plow) yBMy g g

® Strongest constraint is from eg

G% m%/v meIQ{ B
K Ke
62 72 Amy

ex| = Vol A 33| Va2 (1 = p)muSo(@nsk nevSo(es 1) — mecive

— Current central values cannot be accommodatedoy such models

— If R(D™) excess shrinks to ~ half of pres@qtsize, such models become viable

— Or make cocktails...

® Even an enhancement much smaller than today can become 5¢ in the future

~
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Final comments




Many signals, tests, consequences

® | HC: several extensions to current searches would be interesting

— Searches for t7 and br resonances

— Extensions of stop/sbottom searches to higher prod. cross sections (tv and bv)

— Searches for states appearing on-shell in ¢- but not in s-channel in pp collisions

— Enhanced h — 7+t~ rate (and t — briv and/ort — et 77)

® Low energy probes:

— Firmup B — D) 7o rate and kinematic distributions; Cross checks w/ inclusive
— Smaller theor. error in [dI'(B — D™ 7p)/d¢?|/[d(B — D™iw)/dq¢?] at same ¢

— Improve bounds on B(B — K*)vp)

— B(D — wvi) ~ 10~° possible, maybe BES Ill; enhanced B(D — pu*p™)

— B(Bs — 7777) ~ 1073 possible
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Conclusions

® Amusing if NP shows up in an operator without much CKM and loop suppression

® There are (somewhat) sensible MFV models for B — D™y excesses, not
requiring ad-hoc flavor assignments

® Several simple extensions to current LHC searches could cover much of this
parameter space (see anomalies or rule out models)

® Measurements of b — crv will improve in the next decade by order of magnitude

(Even if central values change, plenty of room for significant deviations from SM)

~
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