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MY CKM TALK - (EN?)LIGHTNING SUMMARY

Rp and Rp+ anomalies : Experiments don’t match data @ 40 (Both taken together)

No deviation from the SM results if only e and u are considered

Based on:
Model-independent analysis of the R, and Rp+ anomalies arXiv:1610.03038

Took six-dimensional operators and their corresponding Wilson Coefficients
Found ranges for these Wilson Coefficients

Used different observables like Tau polarization, FB Asymmetry and binned Rp+ prediction
to differentiate between different Wilson Coefficients


http://arxiv.org/abs/arXiv:1610.03038

MY CKM TALK — LIGHTNING SUMMARY
Explaining R,

* Rp dependenton: Cy; and C¢;
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MY CKM TALK - LIGHTNING SUMMARY
Explaining Ry~

* Rp+dependenton: Cy,,Cs; and C§;
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My CKM TALK -
LIGHTNING SUMMARY

Differentiating
Between the
Scenarios

 (Can differentiate between
the different Wilson
coefficients

* Urged experimentalists to
make this measurement



THE HADRONIC PROBLEM!

Hadronic elements
Non-perturbative effects

Cannot be calculated in
perturbation theory

Put it into form factors



SEPARATING LONG AND SHORT DISTANCE PHYSICS

Hydrogen Atom

How does the presence of the bottom quark in the proton affect the electronic energy levels?

Not much!
But why?

Correction to the ground level:

E = 2 1+52? meY
= -myxa 0| —
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But... Separation of Scales allows one to forget about the high energy physics



SEPARATING LONG AND SHORT DISTANCE PHYSICS

Four Fermi Theory- b > c+e™ + v,

Consider the process in the b-rest frame

Int t t th
Full theory n es\;a_ goc::)n € Effective Theory

W-boson is much heavier than the CM energy - doesn’t affect physics at low scales

Energy-momentum transfer is limited by b-quark mass; b-quark is far less massive than W-boson

lql <mp K My,




SEPARATING LONG AND SHORT DISTANCE PHYSICS

Scale of separation - u

Choose a scale u above which the short distance physics is given by the Wilson coefficients
Below the scale, there is long distance physics contained in the effective operators

4G
Hory =~ Ve Z €O,
The whole combination is independent of u

Good choice : u~mg

Scale dependence of WCs = Given by the anomalous dimensions (Won't talk about that!)



OUR OBSERVABLES

Consider the differential branching ratio:

d*B
dqg?d cos 6

= N |pym| |ar(q?) + b,(q*) cos 8 + c,(g?*) cos? 6]

B = JN 1288 [2a€(q2) +§c€(q2)]

Rp+(binned and unbinned) & P, = functions of a, and ¢,

FB Asymmetry = function of b,

Not bg

TADA!
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And their corresponding
Wilson coefficients
Cy.,Ciy etc

Not all contribute to the
two decays

OPERATOR BASIS
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Related to the “popular’ basis
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FORM FACTORS & SYMMETRIES

Consider

<D(pD>MD)®|B(pBaMB)> <D*(pD*aMD*)03(pB,MB)>

| | | |

Pseudoscalar (07)  Pseudoscalar (07) Vector (11) Pseudoscalar (07)

Since the matrix element transforms in a certain way, only those operators transforming
properly w.r.t the mesonic fields contribute to the transition

Symmetry Principle

/ Vector x

Axialvector Pseudoscalar Scalar
Pseudoscalar Axialvector

Vector
Scalar
Tensor

Tensor




FORM FACTORS: B —» D DECAYS

<D(pD7 MD)E’Y”MB@B, MB)) =A (g +pp)*+B (g — pp)* =A(pg +pp)* +Bq*

Etc.

- M2 — M2
(D(pp, Mp)|ey*b|B(ps, Mg)) = F,(¢% [(pB +pp)t — —E pe Dqﬂ
M3 — M},

qu|

+Fo(q°) > q
q
(D(pp, Mp)|ey"vsb|B(pp, Mp)) = 0
o M3 = M3
(D(pp, Mp)|cb|B(ps, Mg)) = Fo(q”)
mpy — Mg
(D(pp, Mp)|cysb|B(pp, Mp)) = 0




FORM FACTORS: B » D* DECAYS

(D*(pp~, Mp~)|cvy,b|B(ps, Mp)) == Transforms as an axial vector

Three vectors in the system: pg ) pg . & et
Challenge: Use these three vectors to form an object which transforms like an axial vector -

Only one possibility: A &, pae*vpg pp

2V (q%)
Mg + Mp.

(D*(pD* ) AJD*) Eﬁ;’pbl B(pB: ﬂ”{B )> = iE#UpJEV*p%pJD*

6*

§ ~ _ .q . €.
(D*(pp+, Mp~)|ev,v5b| B(ps, Mp)) = 2Mp- Z quAo(q®) + (Mg +MD*)[€u — ?un Ai(q?)

€*.q Mz — M3. 5
Mg + Mp- [(pB+pD*)”_ & q“]A2(q )
(D*(pp+, Mp-+)|eb| B(ps, Mp)) = 0
- 2Mp«
(D*(pp+, Mp+)|cysb|B(ps, Mp)) = —€'.q = Ao(q?)

mb+mc



EYE TO EYE WITH THE OBSERVABLES!
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Symmetries in the Standard Model



A BIG BASKET OF SM SYMMETRIES (Aside)

A lot of global symmetries of the Standard Model - Introduction to Flavour Physics
(not the usual gauge symmetry) | Grossmann

arXiv: 1006.3534
“Accidental” Symmetries / \

Flavour symmetry Flavour symmetry Flavour symmetry
X X of the U-type singlets of the D-type singlets

of the Q-doublets

=

No. of generators: 9 X 3 = 27 QL=G0G1L1)
Up =(1,3,1)

Write down Yukawa fields as spurions; in this G2 space: Dp =(1,1,3)
YU — (3, §, 1)

Ly =Q,YydUr+Q,Yp ¢ Dy

YD — (3, 1, §)
;Spuﬁons{




A BIG BASKET OF SM SYMMETRIES (Aside)

Yukawas — 3 X 3 matrices; Total of 36 independent parameters

Broken Symmetry:

UB)oxUB)y xUQB)p 27 generators
l, (Yiu), (Yp) 26 broken generators
U(1l)g 1 generator

Use Nproken = 26 to rotate away most of the Yukawa
Nphysical = N¢otal — Nbroken = 36 —26 =10

Interpret Nppysicai = 10 as 6 quark masses, 3 mixing angles and 1 CP violating phase

Try this with 2 generations of quarks, instead of 3. Show that there is no CP violation.



HOMEWORK SOLUTION (CheatSheet)

For two generations, the symmetry is: y(2) o XUy xUR)p 12 generators
l 11 broken generators
U(1)g 1 generator

No. of Yukawa elements =8 X 2 = 16

ThUS, Nphysical =16 —11 =5

Interpret them as the masses of the 4 quarks and the rotation angle in the 2 X 2 mixing matrix

No phase appears - No CP violation



Heavy Quark Effective Theory

Effective Field Theory Course :
By Prof. lain Stewart
MIT OpenCourseWare (OCW)

References for this section:
1. Review of Heavy Quark Effective Theory
Thomas Mannel
hep-ph/9611411
2. Heavy Quark Expansion
Thorsten Feldmann
Talk in 2010: Feldmann.pdf
3. Heavy Quark Physics
Aneesh Manohar and Mark Wise
CUP published book



http://www.physi.uni-heidelberg.de/Forschung/he/LHCb/documents/WorkshopNeckarzFeb10/Feldmann.pdf

SETTING IT UP

Have a heavy quark in the process - take m, — o ; gives a model-independent starting point

The mass of the quark is typically my > Agcp

Expand in powers of 1/mg, or Agcp/my

Non-Relativistic form of the Dirac equation

_— — On-shell momentum
Momentum: Po = MoV + k T\, “Tickle” vH = Some \;Iozcitly parameter
Quark field: Q(x) = e"™Me¥*[Q,(x) + B, (x)]
Components: piMqu.x 1%/0 = Q, o iMqu.x 1%V,Q _ B, Why the exponential?
Y+ M 1+y 1
Propagator: 27— MZ + iz = ( > )v.k —



HQET LAGRANGIAN

The (matter part) HQET Lagrangian can be derived from the QCD Lagrangian

Lyoer = (Qy + B,) e™Me”* [y iv.D + i By — Myle"™Me¥*(Q, + B,) il =¥ iv.D +i Py
Simplify Hint: Use —
= . — . — - YQ, = Qy
Lyoer = Quiv.DQ, — B,(iv.D + 2 My)B, + Q,iDrB, + B,i D1Q, B, = —B,
LHQET = év(iv- D)Qv B, field propagator is suppressed!

Only one type of field - no massive anti-matter fields

No pair production

No annihilation



SPIN AND FLAVOUR SYMMETRIES

Lyoer = Qv(iv. D)Q,

The Lagrangian is invariant under rotations in flavour space - no mass appears

Also spin symmetry SU(2Np) = Spin-flavour symmetry

Spin of the heavy quark and the light
degrees of freedom are separately conserved

Consider spin symmetry : mg+ = mp in exact For Flavour symmetry, the spectator quark
HQ symmetry limit — Obviously not true flavour must not matter
: : | B _

Hyperfine corrections break degeneracy! my, — my = const

My — My & L = (mf;« —m%) = const

mg mg. —mg = 100 MeV
mg. —mp ~ 0.49 GeV? Mp, —mp ~ 100 MeV
mp. —m3 =~ 0.55 GeV?




CALCULATION OF THE FORM FACTORS (Technical)

(DIV¥|B)Y = hy(vp + vo)* + h_(v + v )H W = v}. D,

(D*|V¥|B) = hye"V®F e, v,,v.p

No €*. v, term — why?

(D*|A*|B) = —ihyy(Ww)(w + 1)e™ + ihAZ(W)(E*.Ub)Ug + ihyzs (W) (e*. vp)V)

HQET relates all these form factors to each other

ol = b ol - b Current is invariant under individual rotations of b and ¢
(H |Crb|H ) = (H |CvaV|H )  ThusT - D(R).I D(R) is a symmetry
* Represent currents by operators each containing a heavy field

¢y Ib, = Tr (X H; THY,)

* Putin the most general form of X
* X =Xo+ X1V + Xo¥e + X3V ¥

i Ih, = —E(wW)Tr (HS THL,)




CALCULATION OF THE FORM FACTORS

i Th, = —E(wW)Tr (H; THL,)

Put in different gamma matrices and compute trace!
(DIVE|B) = hy(vp + v)* + h_(vp + v)* = (D|V¥|B) = §(W)[v}, + v]
(D*|VH|B) = hvg'uvaﬁevvbavcﬁ = E(W)Suvaﬁevvbavcﬁ

(D*|A*|B) = —ihy,;(W)(w + D)e™ + ihAZ(W)(E*.Ub)U;; + ihys (W) (e*.vp) VY
= —iEW)[(w+ Det — (" vp)vi]

hy(W) = hy(W) = hgs (W) = haz(w) = (w)
h-(w) = hpp(W) =0

Did not show, but true: Decay widths are related to these HQET parameters.
They are measured experimentally.

(Technical)



SUMMARY

Introduction to Effective Theory using Four Fermi interaction

» Separation of Scales
* The issue of the factorization scale u

Form Factors and Symmetries

* Symmetry transformations constrain the possibilities
« Use Formfactors to hide our ignorance

Global Symmetries of the Standard Model

Heavy Quark Effective Theory
* Heavy Quark Symmetry - simplified
* Calculation of form factors (sketch)



