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e the Standard Model works just fine
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ATLAS collaboration, ‘14.

S/(S+B) weighted events / GeV

Introduction

197 fb* (8 Tev) + 5.1 b (7 Tev)

SI(S+B) weighted sum

CMS collaboration, ‘14.



Introduction

e the Standard Model works just fine
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e last missing piece discovered @ LHC

e SM-like, so far ... with large uncertainties 33} L T £ s couipiitnis

e is there room for deviations?



— Framework: the linear SM-EFT




Theory Framework: linear SM-EFT

o full set of dimension 5 and 6 operator known
Buchmuller & Wyler ‘86, Weinberg ‘89, de Rujula et al. ‘91, Grzadkowski et al. 10 . ..
e focus on subset that:

e involve top & Higgs o have CP-breaking component
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Theory Framework: linear SM-EFT

full set of dimension 5 and 6 operator known
Buchmuller & Wyler ‘86, Weinberg ‘89, de Rujula et al. ‘91, Grzadkowski et al. 10 . ..
focus on subset that:

involve top & Higgs e have CP-breaking component

top Yukawa Cy
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Theory Framework: linear SM-EFT

full set of dimension 5 and 6 operator known
Buchmuller & Wyler ‘86, Weinberg ‘89, de Rujula et al. ‘91, Grzadkowski et al. 10 . ..
focus on subset that:

involve top & Higgs e have CP-breaking component

top Yukawa Cy
gluon and photon dipoles, C; & C,,

2~ €Q < v 2 8s - v h
£5 = —W |:(1! (A)Tvt ILO'HVFH R + (\’ Cg)?v ZLO'HVGH [R:| (1 =+ ;)

Ca = Co +iCq gauge invariance

VCop = O (X—zz)



Theory Framework: linear SM-EFT

full set of dimension 5 and 6 operator known
Buchmuller & Wyler ‘86, Weinberg ‘89, de Rujula et al. ‘91, Grzadkowski et al. 10 . ..
focus on subset that:

involve top & Higgs e have CP-breaking component

top Yukawa Cy
gluon and photon dipoles, C; & C,,
weak dipoles, Cw; & Cwy
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Strategy

1. effects of C,, on collider processes w. top quarks & Higgs

¢ F@7,8& 13TeV \
o single top @ 7, 8 & 13 TeV ?;_<
e fth@7,8TeV

2. “indirect probes”:
loop-induced processes with small SM background

e Higgs production & decays

e rare B decays, b — sy é\ A @w
e clectric dipole moments




——— Dimension 6 operators at Collider
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Cy, Cg and C,. Direct Probes

1o

e C, contributes to #f production & fth production v
e Cy affects 7th production v
e C, affects ffZ, fty x not very sensitive yet
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Cy, Cg and C,. Direct Probes
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..
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V5 =8 TeV, ATLAS & CMS

VS =8 TeV, CMS v2cY ~ 1

Ve, ~ 0.10

V5 =8 TeV, ATLAS

V'S =1.96 TeV, CDF & DO
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e C, contributes to #f production & fth production v*
e Cy affects 7th production v
e C, affects ffZ, ity x not very sensitive yet
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Cy, C, and C,,. Higgs production and decay
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e g¢ — hand h — gg, h — ~7y are loop-induced in the SM
e C,, C,, mix onto X2pT ¢ operators

e mixing is large, large corrections to SM!
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Cy, Cg and C,

gg—h, h-yy
Combined ||
Future

0.00 0.05 0.10

2
ViCg
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¢, very well constrained ~ ~ few percent level
¢~ well constrained ~ O(10%)

large corrections to the top Yukawa still possible

Higgs observables very competitive with direct probes



th and CWb
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e (z-channel) single top v/
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with NLO corrections GAAR

e W boson polarization in ¢ decay v

e phase §~ in single top decay v

0~ o< Jr - (pe X pu) analog of D coeff. in 8 decay
sensitive to the phase of Cy;



th and CWb
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e (z-channel) single top v/ e suppressed by y,
with NLO corrections ¢ 1o sensitive collider observables

e W boson polarization in ¢ decay v

e phase §~ in single top decay v

0~ o< Jr - (pe X pu) analog of D coeff. in 8 decay
sensitive to the phase of Cy;



b — s

<4 D A

e b — s7v induced by flavor changing dipoles

r _ _4GFmb Vin Vig
T V2

e Cq, Cy, Cw; and Cy,, mix onto C7, Cg

{6C7 ELO'W,FW/bR — gng ELO'WJGMUbR}

m m
C7 ~ {Cy, Cy1, Cws } log Xt Cs ~ C,log Kt



b — s
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BR (B — X,y) = (3.36+0.23)-10~* {lJrRe ((72.14+0.20i)C7+(70.7570.19i)Cg)}

BR (B — X,7)
e 5-20% bounds on ¢, cwr, cwp

e weaker bounds on ¢,
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e 5-20% bounds on ¢, cwr, Cwp e sensitive to imaginary parts

e weaker bounds on ¢, e larger non-perturbative errors



—— T violation at 1 GeV & Connection to EDMs




EDMs. Experimental status

e clectron EDM
(via ThO energy levels)

|d,| <8.7-107"efm
ACME collaboration, ‘14.
e neutron EDM
d,| <2.9-107" ¢fm

Baker et al, ‘06.
e Hg EDM

|diooyy| < 6.2-107" efm

Graner et al, ‘16.



T violation at 1 GeV

o after EWSB & integrating out SM heavy particles (W, Z, H, ...)

()
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q=u,d,s q=u,d,s

+ ...

e assume Peccei-Quinn to get rid of 8 term
e 7 I hadronic operators

e Weinberg operator (CEDM)
e u,d,s EDM and chromo-EDM

e neglect 4-quarks operators
(... nothing known on matrix elements ...)



Matching & Running. Electron EDM

Y =N =N

e (Cy gives a finite, threshold correction

e Cw;, Cy: log divergences

o leading log through a two-step path:



Matching & Running. Electron EDM
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e (Cy gives a finite, threshold correction

e Cw;, Cy: log divergences

e leading log through a two-step path:

1. Cw, C mix onto o' oBB, pTWW, ot ToBW
& four-fermion



Matching & Running. Electron EDM

SO O T
. We

e (Cy gives a finite, threshold correction

e Cw;, Cy: log divergences

e leading log through a two-step path:

1. Cw:, Cy mix onto (pTL,OBB, <pT<pW17V, QOTTQOBVV
& four-fermion

2. o BB, ot EWW, T rBW & four-fermion
mix into ¢~



Matching & Running. Electron EDM

O O I

A A O

Cy gives a finite, threshold correction

Cw:, Cy: log divergences

leading log through a two-step path:

d = e v; (vchf)) =1.6-10"°0 )efm 2 -
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Matching & Running. Quark - gluon operators
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Two qualitative cases:

1. ¢4, ¢w, mainly induce light quark EDMs
hadronic uncertainties under control
good bound from neutron EDM

2. ¢g, Cy and Cwp give comparable contributions to several operators
lots of room for cancellations
strong dependence on treatment of theory input



EDMs. Theory status. d,

dy em 0.5 (1GeV)  emyQ0se” (1GeV)  em, el (1GeV)
central —-0.22 0.74 0.008
uncertainties 0.03 0.07 0.010
method LQCD* LQCD* LQCD*

Table: Central values and ranges of nucleon-EDM matrix elements.

e gEDM: 10% accuracy * T, Bhattacharya et al, ‘15.

e but no signal for &)



EDMs. Theory status. d,

dyn emy E(gu) (1GeV) e de)gd) (1GeV) e mxéf,s) (1GeV) e Cx(1GeV)
central —0.55 —1.1 XXX +50 MeV
uncertainties 0.28 0.55 XXX 40 MeV
method Sum Rules' Sum Rules' Sum Rules/NDA

Table: Central values and ranges of nucleon-EDM matrix elements.

qEDM: 10% accuracy

but no signal for ¢

~(s)

qCEDM: 50% errors?

situation not settled for '

(might be large)

)

* T. Bhattacharya et al, ‘15.

1 M. Pospelov and A. Ritz, ‘05.




EDMs. Theory status. d,

dyn emy E(gu) (1GeV) e de)gd) (1GeV) e mxéf,s) (1GeV) e Cx(1GeV)
central —0.55 —1.1 XXX +50 MeV
uncertainties 0.28 0.55 XXX 40 MeV
method Sum Rules' Sum Rules' Sum Rules/NDA

Table: Central values and ranges of nucleon-EDM matrix elements.

qEDM: 10% accuracy * T, Bhattacharya et al, ‘15.

but no signal for &’

qCEDM: 50% errors? T M. Pospelov and A. Ritz, ‘05.

e situation not settled for E;Ef)

(might be large)
e gCEDM: 100% errors
central gCEDM large w.r.t &%
... but large interval




Hadronic and nuclear uncertainties

Give bounds in two scenarios:

e central: take the central value of hadronic and nuclear matrix elements

o R(ange) fit: vary the matrix elements within their allowed range and choose
matrix elements that minimize the total x° of the set of EDM experiments.

“Rfit” procedure in CKM fits

A. Hocker, H. Lacker, S. Laplace, F. Le Diberder, ‘11

e with current theory knowledge, bounds are widely different

e which matrix elements is crucial to improve? and how?



—r— Bounds on top-Higgs couplings




Single coupling analysis. C & Cy;

S parameter
—  EDMs

— Combined

R-fit
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e /1 — vy dominates bound on ¢~
e electron EDM strongly constrains ¢,

1000 times better than b — sy !
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Single coupling analysis. C & Cy;

Re R-fit
ey | [-53,11]-1072
vew | [-9.5,4.2] - 1072
Im
Ve, | [-1.4,1.4]-1073
v ew | [-1.2,1.2]-1073

h — 7 dominates bound on ¢

electron EDM strongly constrains ¢,

W helicity fractions dominate bound on cw;

electron EDM strongly constrains ¢w;
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Single coupling analysis. Cyj, C, & Cy

— EDMs
—  bosy
— Combined
-~ Future

0.1
2 Re R-fit
£ Vew | [-44,6.7]- 1072
~0.1 Im
v ewy | [—6.4,6.4] - 1072

-0.15 =010 =005 000 005 010 0.5
VZCWb

e cyp: no collider observable can compete with b — sy

e Cyp: neutron EDM 5 times better than b — sy



Single coupling analysis. Cyj, C, & Cy

— EDMs
0.04 &
ggoh
i
0.02 Combined
Future
0
&0 000
~
-0.02
-0.04
-0.10 -0.05 0.00 0.05 0.10

2
vieg

Re R-fit
ey, | [4.4,6.7)- 1072
e, | [-1.7,1.4]- 1072

Im
Vewy | [6.4,6.4]- 10772
e, | [-3.8,3.8]- 1072

e cyp: no collider observable can compete with b — sy

e Cyp: neutron EDM 5 times better than b — sy
e ¢, gg — hsignificantly stronger than 77

e ¢,: with Rfit, no bound from d,, !

cancellations between Weinberg

& light quark CEDM




Single coupling analysis. Cyj, C, & Cy

0.02

—_ EDMs
— ggoh hoyy||
001 T Re R-fit
Vew, | [-4.4,6.7] - 1072
Ve, | [-1.7,1.4]- 1072
000 viey | [—12,14]-1072
Im
~0.01 v ews | [-6.4,6.4] - 1072
&, | [-3.8,3.8]- 1072
vy | [-1.3,1.3]-1072
-0.02
-04 =02 0.0 0.2 04
v20y

cwp: no collider observable can compete with b — sy
¢wp: neutron EDM 5 times better than b — sy

¢q: 8¢ — h significantly stronger than 77

¢,: with Rfit, no bound from dj, !

cy: gg — h significantly stronger than fth

¢y: dominated by d,




Single coupling analysis. Role of hadronic uncertainties.

Imaginary R-fit Central
Ve, —1.4,1.4] 107 | [~1.4,1.4] - 107 || %
Vew | [-12,12]-107% | [-1.2,1.2]-107° || <

D~
VoG,

1072 | [=2.9,2.9] - 1074 ||
1072 | [~1.3,1.3]-1072 || <

2 ~
V- Cy

[ ]
[ ]
Vews | [-6.4,6.4]-1072 | [-4.2,4.4] - 1072 ||
[ ]
[ ]

e bounds on ¢, & Cwp are strongly affected by hadronic ME
weakened by a factor of 100 and 10!

1. poor knowledge of Weinberg ME
allowing Weinberg to vary within uncertainty
causes large cancellations with qCEDMs

2. poor knowledge of mercury EDMs
in Rfit it is always possible to cancel dy,



Global Analysis

0.4
03
0.2

0.1

V2 Cwt

turn on all couplings at A = 1 TeV & gauge the effects of fine tunings

¢~ and cw; are barely affected
bounds on ¢w; and ¢, much weaker

but ¢w; and ¢, are strongly correlated
non trivial constraint on model-building



Vewn

Global Analysis

e all bounds get weaker

e strong correlation between ¢, and cy

both constrained by gg — h

o weak bounds on ¢y, v’¢y ~ 0.5

— EDMs — — EDMs
03 T = bosy — oal|— e o[ 1 >
—  Combined . tih ; Y
0 - Marginalized — Combined —  Combined | # Y
; - - . 02|[-- Marginalized | ¥ 4
01 [ m H S t 1
H : (Y —
-‘\_/,‘ -02 z
-0.1 kS % e
-02 i ~04
-03 -0.
<005 -010 -005 000 005 010 0I5 o010 -10 -05 00 05
2 2
VZCwb veey

improve with more 77
and fth measurements

need CPV observables
at collider



Top-Higgs Couplings. Conclusion

chirality-flipping top anomalous couplings are well determined by a
combination of direct and indirect probes
Real part

Higgs production & decay very sensitive to top Yukawa, magnetic and
chromo-magnetic dipoles

better than direct probes 7, fth

Imaginary part
in the single coupling analysis, EDMs dominate the bounds

bounds on top EDM, weak EDM
1000 times stronger than collider & flavor

to avoid bounds: detailed cancellations between the couplings

large hadronic uncertainties limit the constraining power of hadronic/nuclear
EDMs
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Backup



ATLAS Input measurements
Individual analysis +
v Im, (GeV) tioon "
Overali = 1752 [125.4 =
Hoyy —
W7z Ovhn-Tes 1258 —
T R
VBF+VH: N H L
“
i e el
j o —
VH - Vbb
Ho M o= 0737 |15
Ho2y Overall: .
” T
[ S DO S—

Vs =7TeV, 4547 1"

V5=8TeV,203 "

Signal strength (u)

Higgs Signal Strengths

o [ XNG)
Hish—f = i K

Fi(xzbf
(@] 1+ ™M

1+ Tish h—f
oM o

i—h 1+ ;‘1’\}1

F[O!

o2, correction to i prod. channel

gg — h
ro Z,s: correction to f decay channel

h— vy

I'Y: correction to total width

h— gg



Acp

Acp(B—sy) _ 1 I['(B— X,v) — I'(B — X5)
™ T aT(B— X)) +T(B— X5)

40 40 A.\ ag A§; Cy 4o Azg Cs

— — —— | — 4+ —|Im — — dray— |Im —

|:(81 9mb>7r + mb:| mC7 (97T tana 3mb> mC7

Al =AY 40 Ac oy Vs Vi Ca
S el VAl VAR At A § ¢ s ~2
( mp + 9 my T m Vz]; V; C7 ’
o CP asymmetry depends on the scale A, ~ 0.38 GeV

e and on three HQET matrix elements

Al €[-0.33,0.525]GeV,  AS, € [—0.009, 0.011] GeV,
Asg € [-0.017, 0.19] GeV



Matching & Running. Electron EDM and Muon g — 2

Y =M=

e solving the RGEs (A = 1 TeV)

d, = (3.8(#57) —4.40%ew) +0.1(v7¢,) + 0.4(v25y)) 1.6-10" Pefm
e real part of diagrams = anomalous magnetic moments
A _ 2m12 2 ()
ar = VT(V Cy )

Aay,

(13.8 (Ves) 4+ 0.51 (eg) — 16.0 (ew) + 1.5 (vch)) 107"

< (Ady)meas = 288(63)(49) - 107"



Hadronic and nuclear uncertainties. diso,

Estimated ranges of ao, Estimated ranges of go |
ag a 3o (fm—1) g (fm—1)

19Hg | {0.063,0.63} {—0.38, 114} | {—5,15}mel” "  {10,60} mc{ *

* ﬁ15£,0’3) = muéf,u) + defE,d) J. Engel, M. Ramsey-Musolf, U. van Kolck, ‘13;
M. Pospelov and A. Ritz, ‘05.

e dyg has several components

deQHg =A ((aogo + algl) efm’ + (andn + apdp) fmz)

e screening factor A = —(2.8 £ 0.6) - 10~*fm 2



Hadronic and nuclear uncertainties. diso,

Estimated ranges of ao, Estimated ranges of go |
ag ai go (fim™h g1 (fm™h
19Hg | {0.063,0.63} {—0.38, 114} | {—5,15}mel” "  {10,60} mc{ *
* ﬁ15£,0’3) = muéf,u) + defE,d) J. Engel, M. Ramsey-Musolf, U. van Kolck, ‘13;

M. Pospelov and A. Ritz, ‘05.

e dyg has several components

diooy, = A ((u(;go +a131) efm’ + (Qnudy + apdy) fmz)

e screening factor A = —(2.8 £ 0.6) - 10~*fm 2

e two-body component
determined by 1" one-pion-exchange potential



Hadronic and nuclear uncertainties. diso,

Estimated ranges of a,
a ai

Estimated ranges of go |
3o (fm—1) g (fm—1)

19Hg | {0.063,0.63} {—0.38, 114} | {—5,15}mel” "  {10,60} mc{ *

e = el + mgel”

dyg has several components

J. Engel, M. Ramsey-Musolf, U. van Kolck, ‘13;
M. Pospelov and A. Ritz, ‘05.

diogg, = A ((aogo +aig) efm’ + (cndy + apdy) fmz)

screening factor A = —(2.8 4 0.6) - 10 *fm~?

two-body component

determined by 1" one-pion-exchange potential

one-body component

o, =19=£0.1

ap = 0.20 + 0.06

Dmitriev and Sen’kov, ‘03.



Single coupling analysis. Role of hadronic uncertainties.

Imaginary Central R-fit + theory
Ve, 1077 | [~1.4,1.4]-107° | [-1.4,1.4]- 1077
Vv ew 21073 | [-1.2,1.2]-107% | [-1.2,1.2] - 1073
V2 Ewp 21072 | [-4.2,44]-107° | [-1.7,1.7] - 1072
V2 <1072 | [-2.9,2.9]-107* | [-3.2,3.2] - 107
V2 &y -107% | [-1.3,1.3]-107% | [~1.3,1.3]- 102

Rfit + theory improvements

e 50% uncertainty on the Weinberg EDM

dy = £(50 £ 25)Cg eMeV

e 50% uncertainty on mercury EDM

ap = 0.13 £ 0.065,

ar = 0.25£0.125,

e modest theory improvements can have big impact

e wjo theory d, ~ 10~'° ¢ fm does not improve bounds

Weinberg on the lattice
prel. work in progress
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