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Multiple scales

Weak decays always involve physics at vastly disparate energy scales, e.g.

» non-perturbative QCD interactions describing the hadrons,
AQCD ~ 0.2 GeV

» b quark mass ~ 4 GeV

» mass of the W mediating FCNCs ~ 80 GeV
» top quark mass ~ 170 GeV

» new heavy particles in loops ~ TeV?

Such a multitude of scales can only be tackled with a powerful tool:
Effective field theory
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Effective field theory

We want to study physics at energies much lower than some scale A in a
theory where particles lighter and heavier than A are present.

To this end, we can replace the complicated Lagrangian of the

E “full” theory by an effective Lagrangian containing only the
on light fields and a series of local operators built out of the light
fields
/\ D,
bL L@ Pr) — L(@) + Lett = L(p,) + Z CiQi(p,)

This expansion is called the operator product expansion
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Example: modern view of Fermi theory

In Fermi's model of B decay, the full weak Lagrangian (that he didn't know
of course) is effectively replaced by the low-energy (QED) Lagrangian plus
a single operator

Gr _ _
Lew — Lqep + \/—Fi(ud)(ev)

u e u e

Local operator = effective vertex!
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More about the OPE

Lot =Y _CiQi(p,)

» the local operators have mass dimension > 4, i.e. they are
non-renormalizable

» operators with dimension 4 + n contribute with strength (E/A)" to a
process with energy E; thus, the OPE can be truncated at some
dimension d and typically a small number of operators is important

» C; are called Wilson coefficients = effective coupling constants
> Heft = —Leff

David Straub (Universe Cluster)
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Weak effective Hamiltonian

v Z Eckm Ci Qi

» we only have to consider operators up to dimension 6

» since flavour-change is always mediated by the W boson, one can factor
out the Fermi constant %F = % = the WC of dimension-6 operators
are dimensionless

» factoring out the CKM elements, the WC are real in the SM

» the amplitude of a weak decay takes the generic form

A(l = f) = (fHestli) Z Eoxm Cilk) (AQi(K)IN
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Calculating Wilson coefficients: matching

» The values of the effective coupling constant should be such that
amplitudes in the effective theory reproduce the ones in the full theory.
46¢
V2
Q = (Uy¥dL)(Ery,vi)

Eeff = Vud (040]

» Requiring the amplitudes to coincide, one finds

2 | 4G
Agun = zngud<0> = T;Vudc<o> = Aesf
W
=C=1

» This process is called matching

David Straub (Universe Cluster)
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Detour: renormalization

In a QFT, infinities in calculations have to be removed by renormalizing
bare parameters in the Lagrangian, e.g. in QCD

G, = VZ3G2 Go=/Zqq Gos = Zggsk® Mo = Zpm

» 0: unrenornormalized = bare fields/parameters

» Z;: renormalization constants

» u: renormalization scale

Dimensional regularization + minimal subtraction: only poles in
€ =2 — d/2 subtracted

_ Gsau

as 2
4 e 0(as)

i
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Renormalization scale

gs and m (in fact, all couplings in a QFT) become p-dependent
u dependent terms are renormalization scheme dependent
physical observables have to be py-independent

values of the parameters at different scales are connected by
renormalization group equations (RGE), e.g.

dm(y)

= B(gs(M)) . ding —Ym(gs(1)) m(y)

vV v v Yy

dgs(u)
dinpy
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Operator renormalization

» Also Q; have to be renormalized:
Q) =Z;0,

» C; become scale-dependent

» The scale dependence is cancelled by the scale dependence of the
matrix element

ZECKM Ci(k) (f1Qi(u) i)
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Renormalizing non-renormalizable op.s?

» In a renormalizable theory, all infinities can be removed to all orders in
perturbation theory by a finite number of counterterms

» In a non-renormalizable theory, infinities have to be removed at any
order and the number of subtraction terms is infinite

» In the OPE, once we renormalize the (finite number of) operators of a
given dimension, the higher-dimensional ones are still divergent, but we
don't care since they are not relevant for low-energy physics

Modern view of renormalization: the low-energy limit of every EFT is a
renormalizable theory

David Straub (Universe Cluster)
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RGE for the Wilson coefficients

» Recall our multi-scale problem: which renormalization scale y to
choose for Cj(u)?

» C;obey a RGE

= Ci(uy) = Uji(”w“z) Ci(u,)

» we calculate (match) C; at a high scale where QCD is perturbative and
use the RGE to evolve it down to the appropriate scale

» by “running” the RGEs, we are in effect running through a series of EFTs
where p playing the role of the scale A

David Straub (Universe Cluster)
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Generic weak decay amplitude

. 4Gg
Ali — )= —
(=" V2
> Eoim Ci(mw) U(u;, mw) (F1Qi(up)1i)
i
CKM factors  short-distance  QCD corrections hadronic matrix element
— perturbative — non-perturbative
— indep. of external states — specific for ext. state
sensitive to NP — independent of NP —

The OPE has achieved a separation of scales

David Straub (Universe Cluster)
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¥

Event 146539692
Run 174933
Sat, 21 May 2016 05:45:41

pp
collision point
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Bs — pu"u~ LHCb Run 2

N\o I I Total
E LHCb — =Bl [Tl
0 -
=y E BDT >0.5 B
3 BT = T Combinatorial
= E " B—h'h"
g 20g e Bl (K
g o o
= E e B 0
< 15 AL .
e F e NPT,
ST F. + CBio Ty uty,
e Sy A ST
o T LT
- e P X g R N L TR =
5000 5500 6000

my,- [MeV/c2]

BR(Bs — pp~) = (3.0+£0.6793) x 1072 aaijetal

What does this imply for the SM; for NP models?
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Bs — p*u~ branching ratio in the SM

BR(Bs — p"p~) =T(Bs — p"p~)/I(Bs — anything)
=T, [(Bs = pp™)

= Tp, ®(Mg,,my) |(Up|A|Bs)|?

» T, = 1/l — lifetime
» ® — phase space
» A — amplitude

4m?
T 1 ]

~ 16mmg, m3.

(D(mBs’ mIJ)
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Bs — uTu~ amplitude in the EFT

(L|A|Bs) = i(pp|C10010/Bs) + O(mjy /mjy)

» O10 = (SLy¥b.)(Hy,Ysp) — semi-leptonic axial vector operator
» Cqo — Wilson coefficient

(LE[C10010/Bs) = C10(0[SLY¥bL|Bs)(HY,Y5H)

> (0|s.y¥b.|Bs) — hadronic matrix element

— T, .= T, 1.
(0[8cy"be|Bs) = 5 (0[sy*b|Bs) — 5 (0y*ysb|Bs) = 0 — 5ifg,p"

» fp, decay constant

David Straub (Universe Cluster)
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Bs — p*u—: matching

“Partonic” amplitude in the full theory

4Gra 1, i _
Asun = TZFESTthVts Y(xe)(SLy*bL)(By,YsH)
w

» Grg — Fermi constant

> Vi; — CKM elements

> X¢ =m?/m3,

» Y — Inami-Lim function

Y(xt) = Yo(xt) |1+ 0(as) + 0(a2) + O(Gem) + . -

David Straub (Universe Cluster)
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Bs — p*u—: matching

“Partonic” amplitude in the effective theory

Hett = —C10010

Aett = —Cro(SLy"br)(By,VsH)
Matching

! 4GF a o]
Asut = Aeft = C1o = —754’_[ VinVis— s 5 Y(xt)

David Straub (Universe Cluster)
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EFT for weak decays

lL C
- v I+ - v I - v A
W " W w W w
s u,c,t b % §) W
a
(@) - I
z
u, et u, c,t
s w b
Bobeth et al. , Hermann et al.
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Recipe: how to predict BR(Bs — '~ )sm

- G? a 2 2 4mj 2 2 2
BR(Bs — pu* = Tp, mi 1 — —E mp_ f5 |V Vis|” Y(x
(Bs = MU )sm = T, o (41135,) u e, 8s s [VinVis|” Y(Xt)

» Liftetime 7p,: take from experiment

David Straub (Universe Cluster)
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Recipe: how to predict BR(Bs — '~ )sm

- G? a 2 2 4mj 2 2 2
BR(Bs — pu* = Tp, mi 1 — —E mp_ f5 |V Vis|” Y(x
(Bs = MU )sm = T, o (41135,) u e, 8s s [VinVis|” Y(Xt)

» Liftetime 7p,: take from experiment
> Gr, a, Sy, mj_, my: take from PDG

David Straub (Universe Cluster)



EFT for weak decays Applications to BSM phenomenology EFTs for flavour BSM

Recipe: how to predict BR(Bs — '~ )sm

- G? a 2 2 4mj 2 2 2
BR(Bs — pu* = Tp, mi 1 — —E mp_ f5 |V Vis|” Y(x
(Bs = MU )sm = T, o (41135,) u e, 8s s [VinVis|” Y(Xt)

» Liftetime 7p,: take from experiment
> Gr, a, Sy, mj_, my: take from PDG
» caveat: which definition to take for a, s,,?
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Recipe: how to predict BR(Bs — '~ )sm

- G? a 2 2 4mj 2 2 2
BR(Bs — pu* = Tp, mi 1 — —E mp_ f5 |V Vis|” Y(x
(Bs = MU )sm = T, o (41135,) u e, 8s s [VinVis|” Y(Xt)

» Liftetime 7p,: take from experiment
> Gr, a, Sy, mj_, my: take from PDG

» caveat: which definition to take for a, s,,?

» answer: ambiguity is solved by including EW corrections in Y!

David Straub (Universe Cluster)
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Recipe: how to predict BR(Bs — '~ )sm

- G? a 2 2 4mj 2 2 2
BR(Bs — pu* = Tp, mi 1 — —E mp_ f5 |V Vis|” Y(x
(Bs = MU )sm = T, o (41135,) u e 8s s [VinVis|” Y(Xt)

Liftetime tp,: take from experiment

Gr, @, Sw, mj_, my: take from PDG

caveat: which definition to take for a, s,,?

answer: ambiguity is solved by including EW corrections in Y!

Y(xt): include NNLO QCD and NLO EW corrections and RG evolution

vV V.V VvV Y
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Recipe: how to predict BR(Bs — '~ )sm

- G? a 2 2 4mj 2 2 2
BR(Bs — pu* = Tp, mi 1 — —E mp_ f5 |V Vis|” Y(x
(Bs = MU )sm = T, o (41135,) u e 8s s [VinVis|” Y(Xt)

Liftetime tp,: take from experiment

Gr, @, Sw, mj_, my: take from PDG

caveat: which definition to take for a, s,,?

answer: ambiguity is solved by including EW corrections in Y!

Y(xt): include NNLO QCD and NLO EW corrections and RG evolution
f2 : from lattice QCD

vV VvV vV VY
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Recipe: how to predict BR(Bs — '~ )sm

- G? a 2 2 4mj 2 2 2
BR(Bs — pu* = Tp, mi 1 — —E mp_ f5 |V Vis|” Y(x
(Bs = MU )sm = T, o (41135,) u e 8s s [VinVis|” Y(Xt)

Liftetime tp,: take from experiment

Gr, @, Sw, mj_, my: take from PDG

caveat: which definition to take for a, s,,?

answer: ambiguity is solved by including EW corrections in Y!

Y(xt): include NNLO QCD and NLO EW corrections and RG evolution
f2 : from lattice QCD

|V Vis|2: from experiment

vV VvV vV VY

v
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Lattice determinations of f,

G2013 st
+
— our average for Ne=2+1+1 HEH
+
~ ETM 13E ,._D_<
It HPQCD 13
z
our average for Ny =2+1
‘_T_ RBC/UKQCD 13A (stat. err. only)
o~ HPQCD 12 —
I HPQCD 12/ 11A
P4 FNAL/MILC 11
HPQCD 09
our average for N¢ =2
— ALPHA 13 —
~ ETM 13B, 13C
] ALPHA 12A ——
Z ETM 128
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H ETM 09D
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Determining |V, V|

» There is no direct measurement of Vs
» But CKM elements can be extracted from a global fit of the CKM matrix

_ 1
ViV =A% [ 144 (5 3 )| +00x%)

David Straub (Universe Cluster)



Global CKM fits

07 [ T e L
£4 1
0.6 é ! Amy & EPS15
8 ' :
05 g : -
& n sol.wicos2p<0 ]
B (exclatCL>095)
0.4 :3 ]
1= ] 2 /
0.3 o
H o
0.2 :
' 3
01 | _
' [
00 B O ——, . IL_n 0~ O S N e e
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
P

David Straub (Universe Cluster)



Global CKM fits
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Using the global fit result assumes that neutral meson mixing is free from
physics BSM
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Using tree-level CKM determinations

|Vep| from inclusive & exclusive b — clv
|Vup| from inclusive & exclusive b — utv
|Vus| from K — mév

y from B — DK

vV v.v Y

- ‘Vus|2 + |Vub
2 |vcb|

Vi Vis| = [V (1 |Vys| cos y) ~ |Vep|(1 — 0.025 + 0.007)

David Straub (Universe Cluster)
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Subtle issue: B lifetime difference

Due to Bs-Bs mixing, there is a sizable lifetime difference between the two
Bs; mass eigenstates:

Ty =Ty =1.42ps  Tg =T, =161ps

Tg, = ng = |:; (I'Bé + ng)} B

Which lifetime should we use?

David Straub (Universe Cluster)
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Time-dependent untagged decay rate

[(Bs(t) ™) =Rue /™ 1 Re /™
So far, we have computed

T
BR(Bs — ptp) = 5 T(Bs(t=0) = p'p")

But experiments actually measure

BRB: > 1) =5 [ T80 i) e

It turns out that e Bruyn et al.

BR(Bs — p*p~) _ Tsy
BR(Bs — ptp~) Tg

s

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1204.1737

EFT for weak decays Applications to BSM phenomenology EFTs for flavour BSM

Result: B — pytu~ SM vs. experiment

BR(Bs — U 1™ )ien(3.0£0.6793) x 107°

BR(Bs — p " )sm = (3.59+0.18) x 10~°

David Straub (Universe Cluster)
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BR(Bs — pu~) error budget

fB. flavio vo.20
3.0%
0.1% other
0.3%
-
0.4% b
G0 0.4%
Y
Veo
AT, /T,

David Straub (Universe Cluster)



Applications to BSM phenomenology EFTs for flavour BSM

@® Applications to BSM phenomenology
m Example: Bs — ptu~ beyond the SM
m Standard Model as EFT
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Physics beyond the SMin Bg — putu—

Assuming no new particles below 5 GeV, new physics does not affect
» Matrix element (fg,)

» CKM extraction based on tree-level decays *

» QCD corrections

» Phase space

All “short-distance” physics enters through modified Wilson coefficients

* see however Brod et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1412.1446
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All possible contributing operators (D = 6)

010 = (SLy*br)(Hy,YsH) 010 = (SrY"br)(HY,V5H)
Os = my(Srby)(Hu) 05 = my(SLbr)(HK)
Op = myp(Srbr)(BysH) Op = myp(SLbr)(HYsH)

» IntheSM,Cy =Cs=C5=Cp=Cp, =0
» fg, remains the only required matrix element because

- U - if
018V, ysblBs) = ip™fa,,  (0[SysblBs) = —0 ==,

» Other operators (tensor, dipole) have vanishing matrix elements

David Straub (Universe Cluster)
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Branching ratio beyond the SM

BR(Bs — pu~) =BR(Bs — t U )sm

4m?
A +|BJ? (1 - zpﬂ
m3

A 1 l(C T0) + L%S (Cp — Cy )]
= 10 — Lo p—CLp
M 2m,

1 | mj
B= - |57 (Cs— C’s)]
csy! [Zmu

David Straub (Universe Cluster)
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@® Applications to BSM phenomenology

m Standard Model as EFT
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Hierarchy of effective theories

InE 4
> mp < v: weak
effective Hamiltonian
L =Lgm
V~Mp =~ """ """ " """ - - - - - mmssosssssssmmmmmmmm s
L= Laeo+L3en *+2 7, GO+
] S e
Ao T Rttt

David Straub (Universe Cluster)
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Hierarchy of effective theories

V~m —

Nacp —

L="7 > mp < V. weak
........................................ effective Hamiltonian

> v < Anp: “SMEFT”

David Straub (Universe Cluster)
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SMEFT operators matching onto Oﬁ%

ng) = (HT iDuH) (Gs¥"qn)
Qfiy = H' iD,H(GsT'y*gp)
Qug = (H'iD,H) (3ry*bR)

QS = (y,0)(@sy*ab), Q) = (y, T0)(@sy* T'ap),
Qed = (IrY,IR)(5Y"br). Qug = (fy,0)(8y"br),
Qqe = (GsY,ab) (lRY"I)

C%’ =Cge — C(1 -C, 3) + (C C(S))
C1y =Ced — Crg + CHd

David Straub (Universe Cluster)
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SMEFT operators matching onto Oﬁ%

ng) = (HT iDuH) (Gs¥"qn)
Qfiy = H' iD,H(GsT'y*gp)
Qug = (H'iD,H) (3ry*bgR)

QS = (y,0)(@sy*ab), Q) = (y, T0)(@sy* T'ap),
Qed = (IrY,IR)(5Y"br). Qug = (fy,0)(8y"br),
Qqe = (GsY,qb) (lRY"Ir)

C%’ =Cge — C(1 -C, 3) + (C C(S))
C1y =Ced — Crg + CHd

For C,o, we have not gained anything

David Straub (Universe Cluster)
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SMEFT operators matching onto ngp

Qe = (he?)(d*ql)
Cs = —Cp = Cicay

LY 3332
CS - C‘P - CZedq

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1407.7044
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SMEFT operators matching onto ngp

Qjegq = (he)(d*q)
Cs = —Cp = Ciodq
Cs = Ch = C%5
» At dimension 6 in the SMEFT, there are only 2 independent
scalar/pseudoscalar operators (as opposed to 4 in the low-energy EFT).

» The SM gauge symmetries restrict the form of scalar NP contributions
(valid if Axp > v)

Alonso et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1407.7044
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© EFT for weak decays

@® Applications to BSM phenomenology

m Model-independent analysis of Bs — ptu~

David Straub (Universe Cluster)
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Fitting the Wilson coefficients

» We can obtain model-independent constraints on new physics by
considering the x? function

_ (X(Ci) = Xexp)*

2
x°(Cy)
0%p + 0%,

where x = BR(Bs — p*p~) and C; are the Wilson coefficients.

David Straub (Universe Cluster)
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Fitting the Wilson coefficients

» We can obtain model-independent constraints on new physics by
considering the x? function

_ (X(Ci) = Xexp)®

2
x“(Cy)
0%p + 0%,

where x = BR(Bs — p*p~) and C; are the Wilson coefficients.

» For a single real coefficient, the value allowed at 10 (20) is determined
by
x2(C) — x*(C*) < 1 (< 4)

where C* is the value that minimizes x2.

David Straub (Universe Cluster)
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Fitting the Wilson coefficients

» We can obtain model-independent constraints on new physics by
considering the x? function

_ (X(Ci) = Xexp)®
0%p + 0%,

x*(Cy)

where x = BR(Bs — p*p~) and C; are the Wilson coefficients.

» For a single real coefficient, the value allowed at 10 (20) is determined
by
x2(C) — x*(C*) < 1 (< 4)

where C* is the value that minimizes x2.
» For two coefficients, the 10 (20) regions are given by

x?(C) — x*(C*) < 2.3 (< 6)

David Straub (Universe Cluster)
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Fit results

0.02
—— present
_ 0.011
7
% 0.00
o
& —0.01 1
k]
~ —0.02
Il
5 ~0.03 1
ko)
a1
—0.04 1
flavio vo.10
—0.05

—0.05 —0.04 —0.03 —0.02 —0.01 0.00 0.01 0.02
ReCs = —ReCp [GeV !

Constraint on real part of scalar operators imposing SMEFT relation

Altmannshofer et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1702.05498
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Advertisement break; flavio

» A Python package for flavour phenomenology in the SM & beyond

> repository: http://github.com/flav-io/flavio
» documentation: http://flav-io.github.io

» Features

SM predictions with uncertainties

NP predictions for arbitrary Wilson coefficients

Fitting SM parameters and Wilson coefficients to data
Plotting library to visualize fit results

vVYyVvVvly

David Straub (Universe Cluster)


http://github.com/flav-io/flavio
http://flav-io.github.io
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© EFT for weak decays

@® Applications to BSM phenomenology

m Bs — ptu~ in specific NP models

David Straub (Universe Cluster)
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Applications to BSM phenomenology

ecays

Minimal Supersymmetric SM (MSSM)

Even for a degenerate spectrum: Higgsino contribution

GZm? m, Atan® Bf< 2 )

CS =~ —Cp =~
2 2 2 2
8 mj mz m;
br o
H, "\\fL
\ A0
X ---=---
. ’ 0
H, —-‘/fR n
S a) nt

MSSM with Minimal Flavour Violation: C, = 0,Cs ~ —Cp € R

David Straub (Universe Cluster)
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Constraints on parameter space

present status > Bs —utpis

‘ ‘ ‘ ‘ > complementary to
Higgs physics
(H/A—=1rt7)

» Two disjoint solutions
corresponding to
different overall signs
of the amplitude.
How to disentangle?
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http://www.arxiv.org/abs/1702.05498

EFT for weak decays Applications to BSM phenomenology

EFTs for flavour BSM

The Bs — p*u~ time-dependent rate

The non-zero BY-BL lifetime difference, ys =
additional observable

F(Bs(t) = uu™) + T(Bs(t) —» pru™)
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~ 7% gives access to an

x [cosh (yst> + Aar sinh (ystﬂ % e~ 1/Tss
TB, Tp,

Mass-eigenstate rate asymmetry Aar
cf. Fleischer
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http://www.arxiv.org/abs/0802.2882

Applications to BSM phenomenology

EFTs for flavour BSM

Impact of future measurement of Axr
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Constraint on real part of Cs imposing SMEFT relation Altmannshofer et al.
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http://www.arxiv.org/abs/1702.05498

Applications to BSM phenomenology EFTs for flavour BSM

Future constraints on MSSM parameter
space

LHCb Run 5 projection > Aar can exclude (or
BOEIK KKK q confirm??) second
L% :“““““"‘\ solution
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http://www.arxiv.org/abs/1702.05498

Applications to BSM phenomenology EFTs for flavour BSM

Example 2: Leptoquarks

Ly, = A (_{_ Yy L’L) U+ An (_{q Yy e’é) Uy +h.c.
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Applications to BSM phenomenology EFTs for flavour BSM

Constraint on LQ parameter space

Scenario with C; = C, =0

Leptoquark Uy; present situation Leptoquark Uy; LHC Run 5 projection
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