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The Standard Model as Effective Theory

Loy ~ N + NH> + \H*

+ VPV + (DH)? + (Fu)® + FuF

YT 1 1 im
+ Y HYw +K(LH)2 + 2 Odimé
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The Standard Model as Effective Theory

CC problem

Lsy ~ M + N2H? + \H*

Vacuum
stability?

Hierarchy
problem

Strong CP
problem

+ WDV + (D,H)? + (Fu)? + FuF*

_ 1 1 .
+ Y HOW + (LH)? + 3 Zo;"mﬁ

SM flavor

puzzle Neutrino

masses

NP flavor puzzle

What is the New Physics scale A ?
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Indirect Tests of New Physics
b S b t s b S
+ = < g gl . T +
lg/\ Z— w W™ Z, ‘%P/\ Z_

1 g Cnp
G ~ 9T vy + F
16m2m2, m3, = F A2p

/ ‘ \

measure calculate precisely get information on
precisely the SM contribution NP coupling and scale

Wolfgang Altmannshofer Hints for Flavorful New Physics? October 26, 2016 3/22



Dimension Six Interactions

1:x°% 2: HS 3:H'D? 5192 H? + hue.
Qc | [APCGGEGS" Qu | (H'H)*  Quo (H'H)O(H'H) Qe | (H'H)(lye H)
Qg | £A8eGI GBS Qup | (H'D,H)" (HIDH)  Quy | (HH)(gu,H)
Qu | WL Qur | (1) 1D 2499 baryon and lepton number
Q| TEWIwlew ke . .
e conserving dim. 6 operators
4: X2H? 6: 92X H + h.c. 7:¢?H2D
Qua | HHGAGY — Quy | (0™ HWE, oD HD ) Grzadkowski et al. 1008.4884,
Qua | HUHGLG™  Qus | (o el By Qi DL H) Gy 4) Alonso et al 1312.2014
Quw | HIHW/],wim Qua | (@™ TG}, Qe (H‘z’E'“H](a,,we,)
Quiw | HIHWL W Quw | (@po" )T HW], I (#'iD 1) (g7"a,)
Qup | H'HB,B™ Qus | (@™ u)H By Q) (Y BLH) @7 a,)
Qus | HHBWLB"  Quc | (@0 T d)H G, Qe (HYD L H) (@ 0r)
Quwn | HFHWLB™Y  Qaw | (go"d)r' H W/, Qua (YD ) (dyrd,)
Quivys | HIFHWLE™  Qus | (@™ d)H By, Quua + he. | (D, H)(a#dy)
8: (LL)(LL) 8: (RR)(RR) 8: (LL)(RR)
Q| Gttt Qu | @uen)(@ate) Qu | d)(Eared)
QY| @wma)@ra)  Qu | () @at) Qu | () @)
Q| @wr'a) @t a)  Qaa | (dude)(diyde) Qu | ) (deveds)
Q| Gt @ra) Qe | Ewen) @t Que | @ma)Eter)
QY | Gt a)  Qui | @) (deytd) Q| @) (s ur)
QU | () () O | @aTAa) @ TAu)
QW | @) drTAd) QG | @) (dirdr)
Q4 | @44y T4dy)

8: (LR)(RL) + h.c.

8: (LR)(LR) + hc.

Quedq | (Beo)(duaiy)
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Dimension Six Interactions

2 HS 3:H'D* 5:p?HY + e

Qu | (H'H)*  Quo (H'H)O(HH) Qesi

Qup | (HIDLH) (H D) Qur
Qor | (G ) 2499 baryon and lepton number
conserving dim. 6 operators
6. 42X I +he TN
Qo | Gorreyrt i, o Grzadkowski et al. 1008.4884,
Qo | (o en)H By ain Alonso et al 1312.2014
Quw | HIHW] Wi Que | (@ 14 u)HGE, Qu
Quip | HIEWLWI  Quv | (go u)r EWL, ol
Qun | HHBB" Qun | (@0 u)H B, Qi (H DL g
- o
Qup | HHBLB®  Quo | (o™ TA)H G, Qi (HYD L H) 0 ) . .
Quus | HHWALES Q| Gt e, om | EBLmiga) flavor violation from
Quiy | T EWLE™  Qup | (@t d)H B Qiraa + e | iUH D H) (@,
L)L) S:(RR)(RR) S (LLVRR
AR ) Qu | pulene) \ 41 . int ti
O | @rue@ra)  Qu | @radiaors)  Qu | Gad)@stu) ermion interactions
o | @wra)a e Qu (dyyud, )y de) Qu (Gl )(dyvdy)
D G @) Qe | @)t Que | G )
A | G 1)@ ) Qua (Egnee) (i) Qi | @)t
Q| G ity Q| T ) T )
Q8 | @ twiidorrad) QY| G idiaran

QW | @yTAa)da TAd)

»

S (LR)(RL) + he (ER)(LR) +he
Queas | Qe)dses) Qe | @Gpurdeinidhed)

Qo | BT )i BT
‘o i 7
Qitee Ber)ese(@u) /
23 L deulGEgi )
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Dimension Six Interactions

2:H" 3:H'D” 5y’ HY + e

Qul @y | @HOEE
Quu | (HIDLH) (H DuH)  Que
Qi | Y0 10)

6 4?XIT +he T ID

Qe | Gorertmwl, m
Qus | GorreHB,. QA
Quw | HIHW] Wi Que | G 1u) H G, Que
Quip | HEWLW | Quw | G u) AW, it
Qun | HHB,B Qun | (@0 u)H B, Qi @i B L) a7 )
Qup | HHB.LB" (0" TAG)H G, Qrra (YD H) )
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Quiry | H'P HW,, B (g0+d,)H By, Qitua + he. | i(H D, H)(w,07d,)
8:(LL)(LL) 8: (RR)(RR) 8: (LL)(RR)
Qu il (L) Qe (Bpmeer)iEsyted) o2 (L) (Eare)
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o | @wra)a e Qu (dyyud, )y de) Qu Lyl )(dynde)
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Q| G 1) @70 Qua (Epyuee)(day ) Q) (p70) (187" 130)
O | (g Jidoyd) Qe | T g ) T,
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) o a*
Qg Uer)ese(@iu)
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Alonso et al 1312.2014

flavor violation from

4 fermion interactions

dipole transitions




Dimension Six Interactions

2 HS 3:H'D* 5:p?HY + e
Qu | (H'H)*  Quo (H'H\O(H'H) Qeri
Quu | (HIDLH) (H DuH)  Qure
Qan 2499 baryon and lepton number
‘ conserving dim. 6 operators
6. 42X I +he

Grzadkowski et al. 1008.4884,
Alonso et al 1312.2014

Qe | (Goe ) WL,

Qup (po" e ) H By,

Quw | HIHW] Wi Que | (@ 14 u)HGE,
Quip | HHWLW  Quw | (go™ w7 HW), 2
Qun | H HByB" Qun | (@0 u)H B, § (H DL g
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R N ) Q| pl)enre) L .

O] @i w | Greom)  Qu | G 4 fermion interactions

QP | @)@ T e)  Qu | (@dd)idred,) Qu () (divedy)

0| G @rre) Qe | (@) (@ Que | @ ) . .

O | G )@ ) Qi | Eree)diytde) O d|p0|e transitions
Q| G i) Q| T e) T )
Q| G uidar 1) Q| )it

Q| @nTa)dar T, Z—pengums

£ (LR)(RL) + e 8 (LR)(LR) +he

Quay | We)da)) Qe | e ein(dhds)
G | BT e T )
Qi | Eedes(@u)
Qi | Gowecn@io w)

Wolfgang Altmannshofer

ts for Flavorful New Physics?




Dimension Six Interactions

1: X% 2 H 3:H'D*
PrGraragr Qn | Y Que | (HUHIOEH)

Qeri

Quu | (HIDLH) (H DH) | Qup
Qo 2499 baryon and lepton number
conserving dim. 6 operators
6 42X IT 4 he TN .
Qo | Gy, ) Grzadkowski et al. 1008.4884,
Qur | Gorventiss, i Alonso et al 1312.2014
Quu | HHWLWI™  Que | (G 1™u)H G, Qu.
Quip | HHEHWLW  Quw | (o u)r HW], i
Qun | HHB,,B"™ Qun | (@0 u)H B, Qi (H DL g
Qup | HHB.B" Que | (@o" TA)H G, Qura (HYD 1) ) . .
Quvn | EIFHWLES  Quy | uora ) 1, o | B flavor violation from
Quizy | H'THWLBEY  Qup | (g0*"d))H By Qitua + e | i(H D, H)(5,77d,)
8:(LL)(LL) 8 : (RR)(RR) 8 (LL)RR)
Qu Trude) (il Qee (Bpmeer)iEsyted) Q. (pyul-)(Ente) . . .
D Goiara) Q| @) Qu | G 4 fermion interactions
O | @wr'a @ e Qu (dyyud, YdayPde) Qu Lyt )(dyytdy)
D G @) Qe | @)t Que | G ) . -
0 | Gy | Geodara Q| oo dipole transitions
Q| G Jid e Qe | T g T
) | @ourteidorend) Q| Gpe)idard)

QY | @ Tra)da T Z-pengums
S (LR)(RL) + he

Quar | e Q| it Higgs penguins

QP | @@ TAdy)

»

(ER)(LR) +he

) 7 .
QG| @eda@u
Q2. | Gorwedlate u)
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Hints For Flavorful New Physics?

f (theoretical cleanliness)

Bopp

hotu
B-Ke* e /BoKu' i

DO pu CP asym

BoK* it angular

| Vap| inclfexcl

| V] incl/excl

B>ty
g-2

€le

B-D v

Wolfgang Altmannshofer

2 3
significance (g)

Hints for Flavorful New Physics?

Z. Ligeti

October 26, 2016 5/22



Hints For Flavorful New Physics?
T hot T

DO p CP asym
B0 1v

B-K'u'u angular

|Vip| incl/excl
| Wil incl/excl

g-2

By

f (theoretical cleanliness)

€le

1 2 3 4
significance () Z. Ligeti
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Hints For Flavorful New Physics?
T T T
‘ Ke* e /B-KL 1T

DO s CP asym
B> 1v

B-K'u*u angular

| Vip| incliexcl
| V| incl/excl

g-2

By

f (theoretical cleanliness)

€le

| 1

1 2 3 4
significance (0) Z. Ligeti
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New Physics in
Rare B Decays



Global Fits of Rare B Decay Data

b—s _ 4GF

Mo = thVtsm , Z (cioi+ cioy)
ar
: add new physics in form of
3t ‘ 1 4 fermion contact interactions
—~ 2r - —
3 Op o (87, PLb) (77" 1)
(O]
4 — _
g | ] o o (87, Prb)(fin" 1)
ol muonic vector current
‘ (global fit taking into account all
-1e : : : i J relevant data on radiative,

i-leptoni d leptonic B d S
Re(CIV) semi-leptonic and leptonic B decays)

WA, Straub 1411.3161/1503.06199 (also Descotes-Genon et al. 1510.04239; Hurth et al. 1603.00865)
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Implications for the New Physics Scale

1 _ v
generic tree /\TW(S'V”PLb)(“V ~) Anp ~ 35 TeV x (Co")~ '/
! Vip Vi P.b
MFYV tree e VoV (SWPONI ) 67 Tev s (C)7) 12
1 1 _
generic loop A2 Ta2 SwPL) (i k) Anp ~ 3 TeV x (CyF)~1/2
NP
1 NPy—1/2
MFV loop 5 VioVis (3w Pb)(iy" ) e = 0.6 TeV x (Cg")

16

(MFV = Minimal Flavor Violation)
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My Favorite Model

Z' based on gauging L, — L,
with effective flavor violating couplings to quarks

WA, Gori, Pospelov, Yavin 1403.1269

Yoo Y4
Co= "0
o 2m3,

Q: heavy vector-like fermions
¢: scalar that breaks L, — L.
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L, — L, and Lepton Flavor Universality

the Z’ model based on gauged L, — L, predicts:

1) opposite effects in the u*p~ and 777~ final state

2) no effect in the e™ e~ final state
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Predictions for LFU Ratios

WA, Yavin 1508.07009

0.6 0.7 0.8 0.9 1.0 1.1 1.2

L,~L,

generic

R}(lﬁl L

Rl[(ls,zz] L

R

R

1.2
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Probing the Z’ Gauge Boson

WA, Gori, Pospelov, Yavin, 1406.2332

(g-2),>50

muon g — 2

0.1

0.01F

can explain
B anomalies

1073

il

0.01 0.1 1 10 10? 10°

m, (GeV)
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Probing the Z’ Gauge Boson

WA, Gori, Pospelov, Yavin, 1406.2332

(g-2),>50
muon g — 2

Z — 4y branching ratio 01F

0.01F

can explain

1073 B anomalies -

0.01 0.1 1 10 10? 10°

m, (GeV)
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Probing the Z’ Gauge Boson

WA, Gori, Pospelov, Yavin, 1406.2332

(g-2),>50

I !

muon g — 2

L

Z — 4y branching ratio 017

T
IS

F=)

ete” - utu~2 .k
(BaBar 1606.03501) § ook

Lt

can explain
B anomalies 4

0.01 0.1 1 10 10? 10°

m, (GeV)
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Probing the Z’ Gauge Boson

WA, Gori, Pospelov, Yavin, 1406.2332

(g-2),>50
muon g — 2

Z — 4y branching ratio 01F

ete” - utu=2' '
(BaBar 1606.03501) g 0.01

i
'
1
B mixing i .
I 1+ can explain

i B anomalies

1
1 B, mixing

0.01 0.1 1 10 10? 10°

m, (GeV)
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Probing the Z’ Gauge Boson

WA, Gori, Pospelov, Yavin, 1406.2332

vtridents

muon g — 2
Z — 4y branching ratio 0.1¢

ete” - utu~ 2
(BaBar 1606.03501) 0.01}

Bs mixing
1<~ can explain
i B anomalies 7

1073k
neutrino tridents ;

B, mixin g
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Flavor Violating
Higgs Decays



Flavor Violating Higgs in the EFT

E:Y\TJ\IJH+A—\;\T!\UH3

flavor violating higgs couplings if Y and Y are not aligned
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Flavor Violating Higgs in the EFT

- Y - c - y
czywwH+ﬁwH3+pwawwHFﬂ

flavor violating higgs couplings if Y and Y are not aligned
generically one also expects flavor violating dipoles at dim. 6 level

a)

Contributions to lepton Yukawa couplings (a) , electromagnetic dipole (b)

WA, Gori, Kagan, Silvestrini, Zupan 1507.07927
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Flavor Violating Higgs in the EFT

- Y - c - y
czywwH+ﬁwH3+pwawwHFﬂ

flavor violating higgs couplings if Y and Y are not aligned
generically one also expects flavor violating dipoles at dim. 6 level

a) )

Example for H . ;
a realization: ¢ E L ¢; ¢, ELEL ¥ ¢, E LIEL &

WA, Gori, Kagan, Silvestrini, Zupan 1507.07927

Wolfgang Altmannshofer Hints for Flavorful New Physics? October 26, 2016 14/22



“Bound” on h — 7u

- Y - c - y
L:YWH+FWH3+ﬁwa,WwHFH

. -
generically we expect ¢~ Y-—
1672

can derive a “generic upper bound”
BR(h — 7/1) ~ 26 x BR(T — py) <10°°

(orders of magnitude below current and future sensitivities)

WA, Gori, Kagan, Silvestrini, Zupan 1507.07927
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Avoiding the Bound

Additional source of

Clever model building EWSB / fermion masses
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Avoiding the Bound

Clever model building Additional source of

EWSB / fermion masses

L=YWVVH

2T v
+A—§\UO'””\UHFM

arrange the new physics sector
such that Ay < Az

WA, Carena, Crivellin 1604.08221
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Avoiding the Bound

Clever model building Additional source of

EWSB / fermion masses

L=Y VY H L=Y UV H
S'/ — C - VT c = v
tre VUHS + 7 Vo H Frv HYWW(X) + 5 Vo, W H F*

arrange the new physics sector can decouble the dipole
such that Ay < Ap P P

WA, Carena, Crivellin 1604.08221 WA, Gori, Kagan, Silvestrini, Zupan 1507.07927
Wolfgang Altmannshofer
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“Sequestered” Fermion Masses

let’s entertain the idea of a second source of fermion masses

M = Mo+ AM

» M,: due to the (main component of the) 125 GeV Higgs
provides the bulk of the 3rd generation masses

» AM: due to some other source
mainly responsible for the 1st and 2nd generation masses

WA, Gori, Kagan, Silvestrini, Zupan 1507.07927; Ghosh et al. 1508.01501; Botella et al. 1602.08011
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“Sequestered” Fermion Masses

let’s entertain the idea of a second source of fermion masses

M = Mo+ AM

» M,: due to the (main component of the) 125 GeV Higgs
provides the bulk of the 3rd generation masses

» AM: due to some other source
mainly responsible for the 1st and 2nd generation masses

is easily realized in a 2HDM, if one Higgs has a rank 1 Yukawa coupling
00 O me  O(me) O(me)
Mo~ |0 O O |, AM~|[O(me) m, O(m,)
0 0 m. O(me) O(mu) O(m;t)
(similar in the quark sector)

WA, Gori, Kagan, Silvestrini, Zupan 1507.07927; Ghosh et al. 1508.01501; Botella et al. 1602.08011
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Flavor Violating Couplings of the Higgs

in general the fermion masses and the h couplings
cannot be diagonalized simultaneously

Yur . AM,. cos(B - a)
ysM m,,  sin3cos 3

e.g.
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Flavor Violating Couplings of the Higgs

in general the fermion masses and the h couplings
cannot be diagonalized simultaneously

Yur . AM,. cos(B - a)

€9 ysM m,,  sin3cos 3

generic expectations for lepton flavor violating Higgs decays

BR(h— 7u) ~ £ ~1073

Smg
m2
BR(h ~ e ~ 107
(h— Te) 3m§
m2m?
BR(h e) ~ —Hr 10710
( — M ) 3m§—m[2,
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Additional Flavor Violating Signatures

flavor violating
rare top decays with
branching ratios as large as

BR(t — ch) ~ |Vgp[? ~ 1073

BR(t — uh) ~ |Vyp|2 ~ 1075

might be in reach of the
high luminosity LHC

WA, Gori, Kagan, Silvestrini, Zupan 1507.07927 + in preparation
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Additional Flavor Violating Signatures

flavor violating lepton flavor violating

rare top decays with rare B meson decays
branching ratios as large as with sizable branching ratios
BR(t — ch) ~ |Vp[2 ~ 1073 BR(Bs — 1) ~ few x 1077
BR(t — uh) ~ |Vyp[> ~ 1075 BR(B — Krp) ~ few x 1077

BR(B — K*u) ~ few x 10~/

might be in reach of the LHCb might be sensitive
high luminosity LHC to the K* and K rates

WA, Gori, Kagan, Silvestrini, Zupan 1507.07927 + in preparation
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Heavy Higgs Production and Decays

most important production and decay modes involve 2nd gen. fermions

tanB=50, cos(B-a)=.05 my=500 GeV, cos(B-a)=.05
1 tt ct
100
cc
10 0.100
/ ww
1 “‘ 7z
a[pb] BR 0.010 v
0.100
|
0.010 0.001}
0.001 er
107
200 400 600 800 1000
my [GeV] tanfB

WA, Eby, Gori, Lotito, Martone, Tuckler 1610.02398
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Interesting Collider Signatures

a(pp->tH-sttc) [fb] for cos(-a)=0 current most stringent constraint:
di-muon resonance searches
(gray shaded region)

Interesting signatures include:

same sign tops
60 30 pp — tH/A—> ttc

tanf

50 di-jet resonances that are produced

2 in association with a top
40 pp — tH/A — tcc
" ' pp — tH — tes
200 300 400 500 600 flavor violating heavy Higgses
myy [GeV] pp— H/A—= T

WA, Eby, Gori, Lotito, Martone, Tuckler 1610.02398
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Conclusions -

» Several anomalies exist in flavor observables

Statistical fluctuations? Hadronic uncertainties? New Physics?
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Conclusions -

» Several anomalies exist in flavor observables

Statistical fluctuations? Hadronic uncertainties? New Physics?

» Anomalies in rare B decays can be consistently described by
New Physics in form of a four fermion contact interaction
Co(Svo PLb)(iy* 1) at a scale as high as 35 TeV

— could originate from a LFU violating Z’ (or lepto-quarks ...)
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Conclusions -

» Several anomalies exist in flavor observables

Statistical fluctuations? Hadronic uncertainties? New Physics?

» Anomalies in rare B decays can be consistently described by
New Physics in form of a four fermion contact interaction
Co(Svo PLb)(iy* 1) at a scale as high as 35 TeV

— could originate from a LFU violating Z’ (or lepto-quarks ...)

» Flavor violating Higgs decays at an observable level point to a
second source of electro-weak symmetry breaking

— a flavorful 2HDM with non-standard collider signatures
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