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Testing the Higgs sector

* So far: Higgs properties in rough agreement with Standard Model
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SM predictions

1. Higgs couples ~ to mass
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2. Higgs 1s a scalar:
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------- SM Higgs boson |
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10, N T Higgs sector
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Needs to be tested
ATLAS/CMS, arXiv:1606.02266



CP violation as a probe for what lies beyond

* SM: 1 phase in CKM matrix. Mainly flavor-changing processes.
Many beyond-the-SM scenarios: more CP-violating phases
(SUSY, 2-Higgs doublet models, left-right symmetry, ......)

* CP violation is a good footprint to look for !

e Additional CP-violation needed: where i1s the anti-matter?

* Electroweak baryogenesis probed by EDMs
| e.g. Morrissey/Ramsey-Musolf 12

* CPV could ‘hide’ in the Higgs sector:

e.g. scenarios with 10-20% CPV in top Yukawa
e.g. Yue et al 15, White et al 16

e Is such CP violation allowed ?




Standard Model as an Eftfective Field Theory

* Need a framework to describe non-SM CP violation

* Usual approach: study a specific (class of) Beyond-the-SM models:
*  Minimal supersymmetric models
*  Multi-Higgs models
*  Left-right symmetric models

* Pro: well-motivated (hierarchy problem), look for bumps, ...
* Con: perhaps wrong model, many parameters, ...



Standard Model as an Eftfective Field Theory

* Need a framework to describe non-SM CP violation

* Usual approach: study a specific (class of) Beyond-the-SM models:
*  Minimal supersymmetric models
*  Multi-Higgs models
*  Left-right symmetric models

* Pro: well-motivated (hierarchy problem), look for bumps, ...
* Con: perhaps wrong model, many parameters, ...

* Here: Standard Model EFT. Assume g, >>V
* Add higher-dimensional gauge-invariant operators (focus on dim-0)

* Pro: General framework, no need to specify a BSM model
Usetul tool to analyze experiments at different scales

* Con: Not valid for LHC physics if scale too low (no bumps!)
Usually consider a subset of operators



Typical Energy Scale

A

A
? TeV

My, ~v~ MZ,W,H,t
100 GeV

5 GeV

A ~2"F,. ~M,
1 GeV

100 MeV - eV

Beyond-the-SM
physics

LEFF ) RG flow

EFT operators

LHC observables

Integrate out heavy SM fields

flavor physics

Nonperturbative QCD regimes

L™, .. ) Lattice QCD + chiral effective field theory

Low-energy precision tests
(EDMs, Kaons,....)
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The fabulous five ™

* In principle 59 ‘classes’ of dim-6 operators (+ flavor structure)
* This talk: focus on interactions ~ Higgs and top that can violate CP
* Why top: biggest SM coupling, LHC = top factory, baryogenests, time...
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* Induce anomalous top-Higgs vertices, top dipole moments, and deviatons
in t-b transitions =2 Vast literature on these couplings @ LHC

** One chiral-conserving operator not considered now  Alioli, JdV et al ‘17
CPV Higgs-gauge not studied now e.g. Pospelov et al ’13, Dekens et al ‘13,



Example: Higgs-top Yukawa v v

\ /
\ 7
tR Y tL
Electroweak symmetry breaking : .
C, vit.¢ (@@ )+h.c. L=C, mtt,(vh+h®+! )+h.c.
Consequences
- h
* Deviation from mass scaling m — m +mv’Re(C,)
O
—. 5 tR t
e CP-violation in top-Higgs ~Im(C,)my tiy’t h @

* Multi-Higgs interactions (affect di-Higgs production )

* General consequence of more complicated Higgs sector (e.g. ZHDM)



Collider searches

* These operators modify all kinds of LHC processes

Top-Antitop-Higgs
production

* But also just higgs production/decay via loop processes

Degrande et al 10 -’13
Buckley et al ‘14 “15
Willenbrock et al ‘13’14
Maltoni et al 14° 15’16
Elias-Miro et al 13

JdV etal ‘16
I £+
W+
t a
\\

Single-top production and top decay




Constraints from the LHC
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* Agreement with SM. Complementary observables

* Typical constraints: |v* Re(C)|< {0.1 - 0.3}

Buckley et al ‘15
Maltoni et al 16
Many more

Fig from JdV etal 16

Kamenik et al ‘11
Brod et al ‘13
Cirigliano et al ‘15

* Mainly constraints on the real, CP-even parts (Im via dim 8)



What about CP violation ?

Imaginary part can be probed @ LHC. Lots of studies !
For example, ttH triple products

pp = t(—=blty) +t(—=bl" )+ h

See e.g. Demartin et al ’15, Valencia et al ‘15, Buckley et al ’15, Mileo et al ’16, many more

Expected sensitivity: (~ 103 fb1): v’ ImC, <0.3
Many other ideas in literature but sensitivity fairly similar

Is there room for CP violation of this size ?

A

EFT operators

)

Flavor physics
Electric dipole moments




T()p ChI'O mQ-EDM Weinberg PRL *89

Braaten et al PRL ’90
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Weinberg operator
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T()p ChI'O mQ-EDM Weinberg PRL *89

Braaten et al PRL ’90
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Weinberg operator
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Quark chromo-EDM Quark EDM



Top Yukawa

Two-loop Barr-Zee diagrams

N _. 5 g
A @ c, my tiy’th : Bart, Zee *90

)
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e e q q q q g g

Electron EDM Quark EDM Quark CEDM Weinberg



Misiak et al ’07 ‘15

Example: flavor constraints STy

Kagas/Neubert 99
Benzke et al ’11

Energy A W+ Drobnak et al ’12
§ Hewett/Rizzo ‘94
A g Co
? TeV R . by "
[ (p -
)k
/
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* Contributes to the CP asymmetry

_T(B—Xy)-T(B—Xy) _

— — = — 1Si 20 % average
Por [(B— Xy)+I(B— Xyy) ( ) e




Top EDM and weak EDM

A

C, b',0"t, W;W(1+ﬁ)+...+h. c. b =V,b+V,s+V,d
V

W+ W+

Induce ’ -
d-quark ~ ‘th‘ ~ 10

(OEDM d tgt d d tgtud

Cordero-Cid et al ‘08
Kamenik et al ‘13



Top EDM and weak EDM

A

Step 1: induce hXX
h

s

Step 2: induce electron EDM
Y

\ Cirigliano et al ‘16
\
AN

C e

* Avoid CKM suppression + induce electron EDM

* 'Two electroweak loops



Few GeV

When the dust settles.....

Y g g
é + E +
q q q q g g

Quark EDMs  Quark Chromo-EDMs Weinberg

i - operator
@ s Cw *k CPV four-

fermion terms

leptonic interactions e lnearlly

suppressed
Y (INOT
é GENERAL)
a—. @ O
Electron EDM

These quantities are not directly probed in EDM experiments



An introduction to EDMs

* Electric and Magnetic Dipole Moment (EDM and MDM)

de
L4 = —?!ga“”ff! F,,— —B¢*"l F,

H=-d (I -B)-d (6-F)

PhD Thesis Hudson



An introduction to EDMs

* Electric and Magnetic Dipole Moment (EDM and MDM)

de
L4 = —?!ga“”ff! F,,— —B¢*"l F,

H='d (""B)+d (G"E)

PhD Thesis Hudson



EDMs in the Standard Model

4 I L ] I )
. . 1 -33,-34
[ ¢ Limit on neutron EDM | |Quarks 1 ecm
1 | Neutron/ 103132 e cm
— =20 - | Proton
g l ] 19Hg 10-32-34 & cm
3
"g bt - Electron 103738 e cm
< -
é S 25+ .
= > " s, 1®  Bakeretal’06 15
. :
= : - “Here be dragons”
-30
1950 1970 1990

5 to 6 orders below upper bound ———— Out of reach!

With linear extrapolation: CKM neutron EDM in 2075....

Strong CP neglected here | Assume a PQQ mechanism...



Probing the electron EDM
Bl system  |Group  [Limit  [cL [value |Year |

205T] Berkeley 1.6 x 107?27  90% 6.9(7.4) x 10728 2002
1 vor Imperial 10.5x 1022 90  -2.4(5.7)(1.5) x 1028 2011
-~ ThO ACME 8.7 x 10 90  -2.1(3.7)(2.5) x 10 2014
: : s e
Schiff Theorem: EDMs of charged constituents \
are screened in a neutral atom Schiff, 63 Eexe
- ©
* Assumption : non-relativistic constituents \ Eint




Probing the electron EDM
Bl system  |Group  [Limit  [cL [value |Year |

205T] Berkeley 1.6 x107%7 90% 6.9(7.4) x 10728 2002

1 vor Imperial 10.5x 1026 90  -2.4(5.7)(1.5) x 1028 2011

L Tho ACME 8.7 x 10 90  -2.1(3.7)(2.5) x 10 2014

R S T TN
Schiff Theorem: EDMs of charged constituents R

are screened in a neutral atom Schiff, 63 ' Eexe

.‘ Q@

* Assumption : non-relativistic constituents s Eint
 Invalid in heavy atoms/molecules samdaits 63 ",

d,(d,)=K,d, K xZa’ K,="!(570%+20)
Polar molecules: Convert small external to huge internal E field
E, x<10°E,, d <87-107” ecm  ACME using ThO *13

More complicated if CPV four-fermion operators are relevant M. Jung *13



Onwards to hadronic CPV

Y g g
Few GeV
~+ ~+

9 q q 9 g 9
Qua &k EDM Quark chromo- Weinberg
EDM operator

Hadronic/Nuclear CP-violation

Goal: Electric dipole moments of nucleons,
nuclei, and diamagnetic atoms




Onwards to hadronic CPV

Y g g
Few GeV é
+ +
9 q q 9 g 9
Quark EDM Quark chromo- Weinberg
EDM operator

Intermediate step > Lattice/Chiral perturbation theory

. 0,
JT y N

: N
: 1AV et al 12
i > > Bsaisou et al ‘14

N N N N N N

Goal: Electric dipole moments of nucleons,
nuclei, and diamagnetic atoms




Matrix elements.... Talk on its own....

Baker et al "06 ‘15
Strong constraint on neutron EDM dn <3.0x10%°ecm

Calculations from quark EDMs with lattice-QCD ) harva et al 415 416

dy, = —(0.22 + 0.03)d,, + (0.74 % 0.07)dy + (0.008 = 0.01)d,

Similar calculations in progress for quark chromo-EDMs Abramezyk et al '17
Chiral perturbation theory for extrapolations JdV etal 10

For now: QCD sum rules ~ 50-75% uncertainties Pospelov, Ritz €02 °05
Hisano etal > 12 ‘13

Weinberg operator basically unknown matrix element

Weinberg ‘89
Demir et al ‘03

dn = £[(50+ 40) MeV]edy JdV et al “10



Nuclear matrix elements

Graner et al, ‘16

* Strong constraints on diamagnetic EDMs d199Hg <8.7-10® ecm

New measurements expected: Ra, Xe, ....

Schiff Theorem: EDM of nucleus is screened by electron cloud if:
1. Non-relativistic kinematics
2. Point particles

e The EDM of the atom is sensitive to nuclear CP violation

d 2||R % .
Tvnical on: Aom_ | 1072 §N 10’
ypical suppression dnucleus # RA & ( Dzuba et al, ’02, ‘09

Sing et al, 15




Nuclear matrix elements

Graner et al, ‘16

* Strong constraints on diamagnetic EDMs d199Hg <8.7-10® ecm

New measurements expected: Ra, Xe, ....

Schiff Theorem: EDM of nucleus is screened by electron cloud if:
1. Non-relativistic kinematics
2. Point particles

e The EDM of the atom is sensitive to nuclear CP violation

d , " R % .
Tvoical ayie Atom_ | 107 $ N v 10)
ypical suppression dnucleus # RA & ( Dzuba et al, ’02, ‘09

Sing et al, 15

* Plans to measure EDMs of light nuclei in storage tings @ 10%° e cm

(proton deuteron, “He). Great prospects but still @ drawing table
JEDI collaboration ‘15 ‘16

* Requires calculations of EDMs of bound nuclei




Another talk of its own

éy g

-
Q Lattice/Chiral perturbation theory

a1 y N N -100 % uncertainties on
X pion couplings
B

g

Nuclear few- and many-

body calculations
JdVetal 11 ‘14

N N= g N N . Improvements expected
10-20% uncertainties light nuclei

Walker-loud et al’ 15 ‘16

>100% uncertainties for Hg .......

Flambaum, de Jesus, Engel, Dobaczewski,,....



Room for CP violation ? Cirigliano et al ‘16

\ 7/
R L &R T b by T & & T W T t
'@ '@ '@ X% | ¢
© o Co ©
IE+00 — == : S : :
| 'H ' ‘N m
O] L L L : (TeV)
. o . ’ di | |
|E-02 P : de Loe )
-dei Edei '.---g.l : :
IE-03 ——————— L -
COhg .
|E-04 ] Real 25
..+ Imaginary (no theory errors)

* EDMs ate very constraining. Bounds dominated by dy;, and d,
* Seems out of reach for colliders But....



Strategy for setting limits

Study impact of theory uncertainties in the hadronic/nuclear EDMs.

Two extreme strategies

1. Central: use central value matrix elements (most common)

2. RFit (“Range-I'it”): vary matrix elements in their allowed ranges to

minimize chi-squared (=most conservative bounds)
Strategy copied from CKMfitter group 04

HALY
EMPTY

HALF
FULL




Room for CP violation ? Cirigliano et al 16

IE+00

IE-OI

E-02

|E-03

|E-04 . Real 25
i1 Imaginary (no theory errors)

* Nuclear and hadronic theory needs to improve

*  O(25 %-50 %) matrix elements would be sufficient (Goal !)



Low- and high-energy complementarity

0.6

— S parameter |
— EDMs
—  bosy
—  t=2Wb |
— Combined |
-- Future |

* CP-even Higgs couplings dominated by LHC
* CP-odd Higgs couplings dominated by EDMs/Flavor



Global constraints Cirigliano et al <16

1E+00

IE-OI

1E-02

IE-03

o B Real (global) 25
I Imaginary (global)

* Many ‘free directions’ in CPV parameter space !
* In global picture still room for large (30%) CPV top Yukawa



Unconstrained directions
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* Unconstrained directions in CPV parameter space



0.2
0.2
I m CWI 0.1 @ ! (pp - tth

Unconstrained directions

0.6

04 (pp2jtttY)

0.3 0.4

0.0/ 2
~01 'y
t2> Wb : o
-02 /7
~04!
-02 -=0.1 0.0 0.1 0.2 0.3 0.4 ~0.4 -0.2 0.0 0.2

@ ImC,,

Khatib1 et al 16, Mileo et al 16, Buckley et al ‘15, Birman etal ‘16, .........

Unconstrained directions in CPV parameter space
Can be resolved with CPV observables at LHC
Or EDM measurements on new systems (Ra, deuteron, ....)



Conclusion/Summary/Outlook

Standard Model Effective field theory
v' If BSM physics is assumed to be heavy, new fields can be integrated out
v" All experiments we do are then “low-energy experiments”
v" CP violation in the SM-EFT can arise from Higgs interactions

v Interesting experimental footprint and relevant for baryogenesis

Use all experimental information
v" Low- and high-energy experiments very complementary !
v" CP-violation in SM-EFT heavily constrained by EDMs/flavor physics

v" Need to improve hadronic/nuclear theory !

Other CPV operators studied as well Clbien e w15
v" CPV Yukawa interactions to light quarks/leptons Altmannshofer et al ‘15
v CPV charged currents | @r' "dr (- iD n )+h.c Alioli et al, ™17






EFT and many-body problems

Need to calculate Schiff Moment of Hg, Ra, Xe....
* Issue: no power counting + difficult many-body problem

— — 3 =
S=g(a,g, +a3,) e fm § =135
a,range (best) a, range (best)
19H, 0.03+0.025  (0.01) 0.030£0.060  (£0.02)
225Rq 3.5+2.5 (-1.5) 14+10 (6)
129X e -0.03x0.025 (-0.008) -0.03£0.025 (-0.009)

table from review: Engel, Ramsey-Musolf, van Kolck ‘13

Challenge: connect the chiral-EFT approach to denser nuclei
Need to understand the CPV NN force (g )

Great experimental improvements for c.g. Ra expected



Results: RGE tables

* Example: say we have a model where CPV manifests in the top sector

Top EDM, CEDM, weak EDMs, Top-Higgs
A=1TeV | &/(A) &,(A) Gwe(A) Ews(A) &y (A)

e EDM &9 (A 38-107* 14-107° —44-100* 23.107% 4.0-107°
Cy "y

&M (A 14-107*  6.3-100* -1.2-100* -29.10°% —6.1-107°
Y X

EDM& &M (A 39-100° 11.-107®* -19-100° -1.7-107° -1.0-10"*
q g (Ax

&P(Ay) || 20-100*  86-100* —9.1-100* -29-107% —6.1-107°

qCEDMs  &Y@,) || 29-100¢  13.100®° -24.107° —-1.7-107° -1.0.107*

&(Ay) || 1.9-100%  86-100* —95.-100* —-29.100¢ —6.1-10"°

& (Ay) || 29-100¢  13.100° -24.100° -1.7-107° -1.0-10"*

Weinbetg Cs(Ay) || —28-107% -88-107* 22-107° 7.8-107° —8.1-1077




If new physics simultaneously generates several operators at the
scale A\ (not involving top and Higgs), cancellations are possible

Need to tune Wilson coefficient at the scale /A to cancel RG effects
® Possible, but ugly
® Still powerful constraint on the underlying model

In this case our results can be interpreted as “naturalness bounds”



EDM constraints on individual Yukawa couplings

Brod/Haisch/Zupan ’13. Chien et al,15

VIm YW | vImYd | v ImYS’ | vZIm Y | v Im YD’ | v2 Im Y?
Central | 4x107 3x107 4x10 1x103 8x10 8x10-3
Rfit 3x10° 2x10-¢ 0.4 7x1073 0.06 8x10-3

Red/Blue: dominated by neutron/electron EDMs

* ¢EDM and nEDM complementary
* After RFIT much weaker constraints! |Yb,s | stronger LHC constraints

v2Im Yt <0.3

See e.g. Demartin et al ’14, Buckley et al’15,

Could probe: v?*Im Yt ~0.1-0.2

Im Yt bound ~ SM electron Yukawa (unknown)
Bound softens a lot:
Use for example, ttH asymmetries (@ LHC 11

Mileo et al ’16,




Higos summary

e Despite uncertainties, strong constraints on CPV Yukawa’s

v2Im Y, v?ImY) v2Im Y/ v2Im Y/ v2Im Y/ v2Im Y/ v2 0’ v2dy /my

28-107% (1) 1.5-1076 (1) 1.5-1072 (x) 6.3-1072 (1) 3.8-1072 () 7.8-1072 (1) 0.23 () 4.1-1072 (%)

e Write in terms of SM Yukawa’s

’72q N . Ky h“d Ks K e hb Kt

L=— kg qivsq h
7 91

v 0.45 0.11 58 2.3 3.6 0.01

* Prospects to improve theory and experiments look very good
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Role of uncertainties

T

— Central | |
— Rfit

_ dn ||
i — dHg |1 I
5.x107% 1 5.x10°¢ -
Tm Y/ ol |
11 d 0F _ 0-
~5.% 10—6 - 15y 10_6 I
- I - b
ImY,
—5.x107° 0 5.x107° -5.x107°

* In 2HDM: Yukawa’s get an imaginary part

e (Central values matrix elements

* Once uncertainties are included. Free direction appears !

viImY, ;< 107°

* Modest theory improvements (50%) would help a lot

Plots from Chien, Cirigliano, Dekens, JdV, Mereghetti, 15

5.x107°




Role of uncertainties
| | I_ d'n ] i Minimized |
L __ dHg | L \\ -= ldpl= 2.9-107%6 ecm | |
6| | sk b ldp| =2.9:107% ecm ||
>x10 | | - \\ -- |dral =2.9-107%¢ e cm |-

T % — Current
—5.x107°F i
ImY,
~5.x107° 0 5.x107¢ 106 v* Im(Y,)

* In 2HDM: Yukawa’s get an imaginary part

viImY, ;< 107°
* Once uncertainties are included. Free direction appears !
* Modest theory improvements (50%) would help a lot

* Or new experiments !

e (Central values matrix elements

Plots from Chien, Cirigliano, Dekens, JdV, Mereghetti, 15



Direct CP violation in K;, — nw

e Many approaches 6//6

(€'/¢) expt. (PDG average)_;

* Recently suggest a 2-3 O discrepancy 0.0015 &
with the SM 0.0010

0.0005 | .
0.0000 [ ]

—-0.0005 [ ]
RBC UKQCD
Bertolinietal. Pallante et al. collaboration Burasetal. Kitahara et al.

2000 01 15 15, '16,

:see also Bertolini et al, '97, Hambye et al, '03, Buras&Gerard, 15, ....




Wouter Dekens, Moriond EW session, 21/03

Right-handed charged currents

2 _ p = (p)=v g
+
o & generally a 3x3 matrix é W/
¢ Right-handed analogue of the CKM matrix un d=R

In Left-Right models:

e SM gauge symmetry is extended to SU (2)r x SU(2)p, x U(1)p—_r,
¢ Allows for parity to be restored at high energies

C Eight—handed CKM matr@
_|_
> WL Integrate out W

+ ,
§W+ o 4 2 Wi ¢ ocGindViy
> 'S ]3 ’U,;R - d=R -
Urp dpr <EL — Wgr mixing angle)

ﬁFor €’ in LRMs see e.g. Beall&Soni, ‘81, Ball et al. '99, Bertolini et al. ‘16



Wouter Dekens, Moriond EW session, 21/03

Contribution to EDMs

€ud €us

0.005 0.005

0.004 0.004

0.003 | 0.003

Y 0002 ; Y 0002 E
S~ - L — ~ - L
w - Re(€/€)expt w -
T 0001f T 0001f
(a7 ’ (a7 ’

0.000 0.000
-0.001 | ~0.001 [
~0.002¢ ' —0.002L

10-10 1078 1078 104 10-10
Im(gud)

e Not yet ruled out by EDMs




A (TeV)

—7.0,1.6]-10* [-2.1,0.05]-107% [-1.4, 1.3]-1073
Re&ij € 1.0, 0.8]-1072 [-4.2, 0.55]-10=2 [0.1, 3.5]-10=% |,
—1.0,1.0]-10% [-2.1,2.5]-107% [-1.4,1.2]-1073

(0.15, 3.4] -107%  [0.5, 7.9]- 107 [-0.4,0.7]-1073
Im¢;; € [—8.5,7.2]-1076 [=5.7,7.0] - 1073 [—1.5, 0.6]-1072 | ,
[—4.2,4.2]-107° [-2.5,1.9]-10~% [-2.4,2.3]-1073

|:| 0 Re gz'j

DDIIII gij

Sud gus 'gub fcd fcs scb ftd 'gts ftb gud Sus gub 'gcd fcs fcb Std gts 'gtb



