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Intervention: Lepton flavor universality in B decays




LFU in (semi)leptonic B decays

e Experimental situation
SM predictions
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New physics interpretation

Fajfer, J.F.K., Nisandzic & Zupan, 1206.1872

- Qi +hee

e General requirements in EFT: £ = Lgum + Z Ad

e no tree-level down quark / charged lepton FCNCs
} require flavor alignment

e no LFU violations in pion, kaon sectors c.. Hrag, 1010.1589

QL = (@3Yu* QS)jg a’ ~7jlfa — (l_j’Y'uTalj)

i = (r,iyubr) (H'T°H) T4,
Qrr =i0,(qsT*HbR) Y JL, .
J

RL = 10 (uRzH T¢ 43 Z%ﬂaa
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Q. = (qibr)(I3¢r)
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New physics interpretation

Fajfer, J.F.K., Nisandzic & Zupan, 1206.1872

- Qi +hee

e General requirements in EFT: £ = Lgum + Z Ad

e no tree-level down quark / charged lepton FCNCs
} require flavor alignment

e no LFU violations in pion, kaon sectors

Q1 = (G37u7"q3) T4y T = ' 7aly) < | predict

v Ty T a7\ 7H B

O = (Grubr) (HIT H) T3 0 C — UV obscured by tree-level SM

Q 10, (q3T" Hb Zj“ J.FK. & Smith, 0908.1174
LR — 3 R .

| t — C(U)Vﬂ monotops at LHC

nL = 8 uRz fra Q3 E j — Andrea et al., 1106.6199
J.FK. & Zupan, 1107.0623
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New physics interpretation

Fajfer, J.F.K., Nisandzic & Zupan, 1206.1872

e General requirements in EFT: L= Lsm + Z 79 +h.c

Ad

e no tree-level down quark / charged lepton FCNCs
} require flavor alignment

e no LFU violations in pion, kaon sectors

QL = (@3Yu* QS)jg a’ \7]‘/; — (l_j’Y'uTalj)

= (Ur,iv.br) (HITH)JY,

Qrr =10,(q37"HbR) Z Tl
LFU violation through helicity suppression
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New physics interpretation

Fajfer, J.F.K., Nisandzic & Zupan, 1206.1872

e General requirements in EFT: L= Lsm + Z 79 +h.c

Ad

e no tree-level down quark / charged lepton FCNCs
} require flavor alignment

e no LFU violations in pion, kaon sectors

QL = (@3Yu* %)«73 a’ ~.7jlfa — (l_j’Y'uTalj)
® = (@rvubr)(H T H) T3, ,
Qrr =i0,(qsT*HbR) Y JL, .
J

RL = 10 (uRzH T¢ 43 Z%ﬂaa

J

Q,, = (@:br)(Is¥r)  <«——tau lepton number violation + new neutral fermion (vg)
c.f. J.LEK. & Smith, 1111.6402
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New physics interpretation

Fajfer, J.F.K., Nisandzic & Zupan, 1206.1872

e General requirements in EFT: L= Lsm + Z 79 +h.c

Ad

e no tree-level down quark / charged lepton FCNCs
} require flavor alignment

e no LFU violations in pion, kaon sectors

QL = (@3Yu* %)«73 a’ ~.7jlfa — (l_j’Y'uTalj)

% = (urivubr)(H' T°H)JY, | -«
Qrr =10,(q37"HbR) ija,
J
b =10, (g H'T%s3) ij“a, -
j

Q,, = (¢ibr)(Is¥r) -«

quark flavor structure not fully determined
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Fixing the flavor structure |: MFV

e MFV obeyed by construction for O, and Qi

(*) 703

e (); predicts universal shift to all R - tension between RT/E, iy

* Orrcontributions helicity suppressed - tension between R_,, and R7 ,
e imposing MFV on Orri
o ZrrL XMy - negligible contributions

e (), does not interfere with SM, is helicity suppressed - tensions remain
The observed pattern of LFU violations points towards non MFY NP
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Fixing the flavor structure Il: generic flavor pattern

e Need to parametrize relation between b—c¢ and b—u currents

2 RRL — cy,R,RL(A/V)?
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e generic flavor structure does not save O,

11



—xample N

2 models: 2H

DM

e MFV or “flavor protected” 2HDMs

CLR OX 2mpv/m3; .

e Generic 2HDM (inert doublet limit)

Chr OC 2y, v/ M3y

,CA D /ﬁJQRngu?RH + K%RBRHT% —|— /inngij—I—h.C.

e can be matched to 9, (a;H7%¢3)J4', and 0, (g;T7*Hbr)J4',

e dangerous contributions to D, B, Bs mixing

see also, Crivellin, Greub & Kokulu
1206.2634

12



—xample NP models: Leptoquarks

e Many possibilities:

e scalars in|(3,3,-1/3))} (3,2,-7/6) and (3,1,—1/3)

* vectorsin (3,3,2/3), (3,2,5/6) and (3,1,2/3)
e Scalar EW triplet example L&' = Ys,¢5io27*55" 13 + h.c..

* matches onto Q; - cannot simultaneously explain Ri*/)g, iy

Mizukoshi, Eboli & Gonzalez- Garcia,
hep-ph/9411392

* |Ys.|/mg, ~ 1/150 GeV in tension with EWPTs Bhattacharyya, Ellis & Sridhar,

hep-ph/9406354

e direct LHC searches already probing interesting mass range  cms pas Ex0-11-030
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—xample NP models: Partial compositeness

e Common feature of strong EWSB & composite Higgs models

D. B. Kaplan, Nucl. Phys. B 365, 259 (1991)

e Assume SM fermions obtain masses through kinetic mixing with massive
Dirac fermion resonances (Q,L,U,D,E) of the composite sector

e Composite EW vector resonance exchange induces

u(c) Qd  Qu
2L I ppapie 2R 90 Y5 Vi)
A2 m2 313 A4 m% mé 3

e assume 3rd gen. ¢, / compositeness  f3 = f§ = 1

e observed LFU violations can be accommodated for

9o = Var m, ~ 1 TeV €31 = ySQdleu 2/WLQ —0.01
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Prospects

e Experimental verification of observed LFU violations crucial

e examples: [B(B — nrtv)/B(B — mlv)] B. — Tv

e /f confirmed, points towards non MFV NP below TeV

e Generic LHC predictions

h+71+MET (for Or.r rL)
t+MET “monotop” (for Qr.rz)

(t+)7 + MET (for all Q)

e + on-shell NP d.o.f. production in explicit models
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—nd of intervention
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Outline

e Persistent hints of anomalies in tt production at Tevatron

e Impact of LHC measurements on NP explanations

e charge asymmetries

® top spin observables

17



FB & Charge asymmetries in tt production

e Charge (a)symmetric cross-section

= d cos 0 _/ d cos 6.
or = / dcos@ woR Y o5 1dcos«9 o8

P P TevatronA top
v anti-top
o > S —/ o
PY q q O
® o
.
_ N
t B|F

Op —0B  N(Ay>0)—- N(Ay <0)

Aopn = = Ay =
B O'F—|—O'B N(Ay>0)+N(Ay<O) Y Yt

— Yt
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FB & Charge asymmetries in tt production

e Charge (a)symmetric cross-section

_ d cos 0 _/ d cos 0.
Or = / dcos@ MG OB 1dcos«9 O

P LHC A top
v anti-top

@j’/ o A\

O‘F—O'B_N(Ay2>0)—N(Ay2<O) Y=y +ys
or +0p  N(Ay2 > 0) + N(Ay? < 0) Ay? = yi — 2

Ac = sign(Y)
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Measurements of tt production at Tevatron & LHC

* Precisely measured inclusive observables

0O / OGXP

20,
15
10
05

00!

Tevatron

o = (7.50 & 0.48) pb

Aprp = 0.187 +0.037"

Baernreuther, Czakon & Mitov,

1204.5201

Kuhn & Rodrigo
hep-ph/9802268
hep-ph/9807420

1109.6830

Frixione & Webber
hep-ph/0204244

Kidonakis
1105.5167
Ahrens et al.
1106.6051

Hollik & Pagani
1107.2606
Manohar & Trott
1201.3926

CDF, Public Notes
9913, 10398, 10807

DO, 1107.4995

*naive average of
CDF & DO
measurements
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Measurements of tt production at Tevatron & LHC

Ahrens et al., 1003.5827

* Precisely meas 00 ~ CDF, 0903.2850

Baernreuther, Czakon & Mitov,

20 — f\\ Vs =1.96TeV 1204.5201

\ ] . Kuhn & Rodrigo
\ 1 hep-ph/9802268
\ i hep-ph/9807420
1109.6830

l
10 i
|
l
| \ :
i \ ] T Frixione & Webber
|
|
|
|
|

1.5

1 O b I hep-ph/0204244
i Kidonakis
1105.5167
Ahrens et al.
1106.6051

do /dmgfh/GeV]

0O / OGXP

0.1

0.5

CDF data —

‘ B NLO + NNLL

Hollik & Pagani
0.01 ‘ ‘

00 . 0 200 400 600 800 1000 1200 ! 1107.2606
. — Manohar & Trott
Tt [Ge\/] 1201.3926

| — —

- - CDF, Public Notes
e Sensitive m; exclusive observables 9913 10398, 10807

DO, 1107.4995
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Measurements of tt production at Tevatron & LHC

® Precisely measured inclusive observables

20

0O / OGXP

0.5

00!

Tevatron

15!

10|

h
AFB

(CDF)

e Sensitive my exclusive observables

o = o(700GeV < my < 800GeV)

Ailf—wB = Arp (mt{ > 45OG6V)

Ahrens et al., 1003.5827

Baernreuther, Czakon & Mitov,

1204.5201

Kuhn & Rodrigo
hep-ph/9802268
hep-ph/9807420

1109.6830

Frixione & Webber
hep-ph/0204244

Kidonakis
1105.5167
Ahrens et al.
1106.6051

Hollik & Pagani
1107.2606
Manohar & Trott
1201.3926

CDF, Public Notes
9913, 10398, 10807

DO, 1107.4995
CDF, 0903.2850
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Measurements of tt production at Tevatron & LHC

® Precisely measured inclusive observables

20, atron

0O / OGXP

0.5

00!

15!

10|

e Sensitive my exclusive observables

o = o(700GeV < my < 800GeV)

A%‘B = Arp (mt{ > 45OG6V)

Ahrens et al., 1003.5827

Baernreuther, Czakon & Mitov,

1204.5201

Kuhn & Rodrigo
hep-ph/9802268
hep-ph/9807420

1109.6830

Frixione & Webber
hep-ph/0204244

Kidonakis
1105.5167
Ahrens et al.
1106.6051

Hollik & Pagani
1107.2606
Manohar & Trott
1201.3926

CDF, Public Notes
9913, 10398, 10807

DO, 1107.4995
CDF, 0903.2850
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Measurements of tt production at Tevatron & LHC

e Confronting Tevatron Ars & LHC Ac measurements

SM

A;— A

03,
02 o Ac Al
0.11
00 p=m=== _ _ _ __

-0.1"  App Al

02!

Tevatron L HC

Ac = 0.001 +£0.014 "
A% = —0.008 &+ 0.047 (ATLAS)

No deviakions seen ok Ehe LHC!

Ahrens et al., 1003.5827

Baernreuther, Czakon & Mitov,

1204.5201

Kuhn & Rodrigo
hep-ph/9802268
hep-ph/9807420

1109.6830

Frixione & Webber
hep-ph/0204244

Kidonakis
1105.5167
Ahrens et al.
1106.6051

Hollik & Pagani
1107.2606
Manohar & Trott
1201.3926

ATLAS, 1203.4211
CMS, PAS-TOP-11-306
ATLAS-CONF-2011-106

*naive average of
ATLAS & CMS
measurements
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AAc

Confronting AFB & AC measurements with NP

e Present impact of LHC: Z’, W’ incompatible with combined Ars & Ac values

0.10 0.10 , ,
I I I Fajfer, J.F.K., Melic,
| 1205.0264
I
005+ 0.05+- :
: : |
I
— _|_ —
L | I
0.00] < 000] |
: < | i
I
L L o
-0.05+ -0.05+ :
I I |
I
I
i i |
—-0.10 -0.10
-0.10 =005 000 005 0.0 0.15 0.20 -0.10 -0.05 000 005 0.0 0.15 0.20
AAFRB AAFERB
¢ Tensions present in all NP interpretations on the market o.f. Kamenik, Shu, Zupan,
1107.5257

How qeneric is the observation?
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Confronting AFB & AC measurements with NP

e AFB & AC probe different dynamics (ud & dd luminosities in pp vs. pp)

see also Aguilar-Saavedra & Juste
1205.1898

th

* EFTillustration £ =Lsu+ Y, 550" 10) (tyust) Drobnak, J K., Zupan,

q=u,d

AApp = —10% x (0.84C%" 4+ 0.12C%) (1TeV/A)*,
AAc = —1% x (1.4CH +0.52C%) (1TeV /A)*.
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Confronting AF

B & AC measurements with NP

e AFB & AC probe different dynamics (ud & dd luminosities in pp vs. pp)

e EFT illustration £ = Loy + Z A2 (G v59) (tyuy5t) Sroonai, L, 2upan

see also Aguilar-Saavedra & Juste
1205.1898

Oqt
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Asymmetric Axigluon

e Explicit model example: two site SU(3)L x SU(3)r — SU(3)c

@ = @

* parity breaking in the new fermionic sector: g # gu # gp

Tavares & Schmaltz
1107.0978

Drobnak, J.F.K., Zupan,
1205.4721
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Asymmetric Axigluon

e Explicit model example: two site SU(3)L x SU(3)r = SU(3)c

e parity breaking

Tavares & Schmaltz

1107.0978
m=350GeV, I =027m,g,=0.5
DD + gpA)D + ...,
E Drobnak, J.F.K., Zupan,
/D 1205.4721
gp
T — —
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Asymmetric Axigluon

e parity breaking: go # gu # gp - vector contributions - “pseudo axigluon”

e constraints from tt, dijet resonance searches

e flavor universality breaking: large (pseudo) axigluon width possible

m

I' ~
487

535 + 2G5 +3Gh] (7 < 2my)

30



Asymmetric Axigluon

e parity breaking: go # gu # gp - vector contributions - “pseudo axigluon”

Dijet pairs
e constrail 1000 pr——r—rrrr
0.500 - : SM+AXI @ LO e 3
| %‘ SM @ LO A |
e flavor unive & o.a00! CMS— e 1 ossible

= el CMS PAS EXO-11-016 |
8 0050 - .
:E:a
< Y0 350Gy
b 0.005F :
o , gD(SRE) :gp(bR) = —3.7

0.001

| I L I | I I I I | I I I I | I I I I | I I I I
300 400 500 600 700 800

Paired Dijet Avg. Mass|GeV]




Asymmetric Axigluon

e parity breaking: go # gu # gp - vector contributions - “pseudo axigluon”

e constraints from tt, dijet resonance searches

e flavor universality breaking: large (pseudo) axigluon width possible

m

I' ~
487

535 + 2G5 +3Gh] (7 < 2my)

e contributions to FBA in bb production!
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Asymmetric Axigluon

e parity breaking: go # gu # gp - vector contributions - “pseudo axigluon”

e constraint:

e flavor univers ¥ _,

fffffffffffffffffff —1 *— | possible
5 === SMeNLO = [— e
<X _,y[ = SM+AxieLO B e
- gp=-12 =
oL ol Gpbr)=dp(sp)=-37 | —
e contributic o Ip(n) B pler) = =3 ~
I ,g,D(bR,), =-51 S T o
0 200 400 600 800 1000
mbB[GeV]

predix:& zero U FBA syetﬁrum



Asymmetric Axigluon

e parity breaking: go # gu # gp - vector contributions - “pseudo axigluon”

e constraints from tt, dijet resonance searches

e flavor universality breaking: large (pseudo) axigluon width possible

m

I' ~
487

535 + 2G5 +3Gh] (7 < 2my)

e contributions to FBA in bb production!

e polarized top pair production

34



Top polarization observables

e Angular distributions of top decay products in tt production

1 d?o
o dcos b rdcos 9]3

1
=7 (1+ By cosy + Bgcos 07— C cosby cos 9]?)

T T T

(anti)top polarization tt spin correlations
(tiny in SM) (well predicted in SM)  Gore o 2 ae

QCD vector-like - new chiral interactions can induce large deviations
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Top polarization observables

e Angular distributions of top decay products in tt production

1 d?o
o dcos b rdcos 19]3

1
=7 (1+ By cosy + Bgcos 07— C cosby cos 9];)

T T T

(anti)top polarization tt spin correlations
Fajfer, J.F.K., Melic,

- 1205.0264
010 —r T T [ T T [ T [ T [ T T T T[T T T T T T T T T T g ' [ ' T T T ‘v ' T [ " ‘' T T T T T 1
0.06 .
i G G'
V 0 0.04 = ;
0.05 FATLAS,1203.4081 mEmEE= 9 005 s
5 ——=- A o _———-
= f £ 000?
d 0.00 6 ‘1 | | mmE==== Z ]
6@ 3 002 :
L m H ’ﬂ" J
< I i g \ ]
—0.04 ’
—0.05 | 0041 “\ :
006 "Semam, ]
I i \’ l 1
_010 I A Y S SN SO ' S N ST BN S S T I S S S —008 co o xl PR ! S S SO SN S S BN S S SR
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
existing nontrivial constraint! discriminating power of top

po Larizatiown 36



Top polarization observables

e Angular distributions of top decay products in tt production

1 d?o
o dcos b rdcos 9]3

1
=7 (1+ By cosy + Bgcos 07— C cosby cos 9]?)

T T T

(anti)top polarization tt spin correlations

(tiny in SM) (well predicted in SM)  Gore o 2 ae
e asymmetric axigluon predictions: BIEY ~ BIFVi ona = 13%  roonak JFK, Zuoan.
BLHCT ~ 907 1205.4721

helicity
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Prospects

e Anomalies observed in tt production at Tevatron will have to be resolved by
LHC experiments

¢ top charge asymmetry & spin correlation measurements already constrain
possible NP interpretations of Tevatron FBA puzzle

e ttf spectrum measurements effective for heavy s-channel resonant effects
e interesting role of high rapidity region - top quarks at the LHCl "% . Ferez & Sons,
e FBA & CA correlation can be broken in general enough NP models

e implies interesting effects in top polarization, dijet spectra, bb production

e significant (~10%) room for incoherent (tt+jet, tt+MET) contributions

barely explored so far, CA @ LHC especially sensitive

Isidori & J.F.K., 1103.0016
Zurek et al., 1107.4364
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Sackup
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Partial Compositeness

e Two ways of giving mass to chiral fermions

Ji
o Bi-linear (SM-like): £ 3 yfrOufr, Om ~ (1,2)1 O

e problematic if dim(Ox) > 1 (in strong EWSB models) f;

e Linear: L3> mrfrOr+ mrfrOrL + A0 0OgOr, Or ~ (3,2)1/6,---

Kaplan, Nucl.Phys. B365 (1991) 259-278

¢ clementary quarks & leptons mix with a strong sector

\SM) = cos ¢plelem.) + sin ¢|comp.) , fi
|heavy) = — sin ¢lelem.) + cos ¢|comp.)

® mass x compositeness fi

3rd gen. SM fermions e_xpec‘:&ed to have largest composite component



FB & Charge asymmetries in tt production

e Non-zero Ars,c require t-( odd contributions to o 5 \/1 4m?
t = —

R S r N2
t,u = m? — g[l F 3 cos 9] t = (pq — pt)

$=(pt +pp)°

e |[n QCD induced at order o3 |
Kuhn & Rodrigo,

hep-ph/9802268,

——$ 00000600 >— q 0
)00 000> hep-ph/9807420

V A 100ee beo000 000000 Ahrens et al.,

— 1106.6051

—<—= 0000000 $—<— g 3

e Additional EW contributions
g Y

Hollik & Pagani, 1107.2606
Kuhn & Rodrigo, 1109.6830

e SM predictions for Tevatron: A%s ~ 7 — 9% (qg initial states dominate)

L HC: ASCM ~ 1% (gg initial state dominates) »



L HC k

Kagan, J.F.K., Perez & Stone, 1103.3747

e Top quarks at LHCb identified via single muon and b-tagged high-pr jet

t

Vs =7 TeV
100.0 ——
: == jx1078
Y 200¢ == bx107
e Backgrounds for tt: — W00l

2
KQD 100 - 7
. - . S S0]
* Real muons, jets: W+bb, W+jets E
5 o
. = .. 05]
e Fake muons, jets: bb, |j I Y e T
50 100 150 200
my,[GeV] )
Atf - dO’t/dn — dUt/dU
* Prospects for top charge asymmetry measurement  —_.., 1~ \do? Jdn + do' Jdn

10+
08+
¢ top rest-frame cannot be reconstructed |
0.6+
0.4

e use U, b pseudorapidity distribution instead 02,

o
20 2.5 3.0 3.5 4040




