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e the Standard Model works just fine
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Introduction

1. what’s the nature of the Higgs 2. baryogenesis

| Why No Antimatter?

\ / o ]
\ /

elementary or composite? why matter and not antimatter?

what protects its mass?

’ unsolved puzzles

3. dark matter

interplay of high and low energy
probes!

is it particle? how does it interact?



Introduction

9 dg H.~
Ve | R, e experiments on large variety of scales

e expect signals both at colliders and low energy

The Problem(s)

1. uniform framework
able to follow BSM physics every step down in energy

2. deal with non-perturbative QCD

reliably estimate/compute hadronic
and nuclear matrix elements

3. identify minimal number of observables




Framework

Assumptions:

1. the scale of new physics is much larger than EW scale

My > v = 246 GeV

2. there are not new light degrees of freedom

3. new physics is captured by a linearly realized EFT



Framework

Assumptions:

1. the scale of new physics is much larger than EW scale

My > v = 246 GeV

2. there are not new light degrees of freedom

3. new physics is captured by a linearly realized EFT

include all operators that
e are written in terms of SM fields
e have the same symmetries as SM
SU:(3) x SUL(2) X Uem(1)

4. most important effects from minimal d > 4
in our case, d = 6

E;«ZZCWOm-FZCHOW




Dimension 6 operators

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 1 dimension 5 operator, responsible for neutrino masses & mixing

e 32 CP-even, 27 CP-odd dimension 6 operators
1350 and 1149 if include flavor-changing...
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Framework

e pseudoscalar Yukawa & 6’
GGl (#'0) + V260 (@Y, Gur + @u¥i pde) + hic.

(0%
L=—0 ==
16m
e top CEDM
1 - ny Ty a a \;
L=- qLo Flt gSGuyitR + h.c.
Vv

|6
=
3

e (weak) dipole operators & W right handed currents

<

L = —%(ﬁa“" (F?;g'BW + gl_‘"‘;VT"WL,,)
1 i § = ~1.
gro"” (FZg'BW + gl WW,) %dR + agEy"dr ¢'iD,

V2

¢ all modify Higgs properties



Connection to EDMs

e electron 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| < 2.6- 107" efm

Griffith et al, ‘09.



Connection to EDMs
e after EWSB & integrating out SM heavy particles (W, Z, H, ...)

d, v
Lire = Eeéia“ ~vse Fuy

Q- d c rva a C
+Em7 + ?Wfab Eu ﬁGa,BGZpGVp

myd, —. uv mgd, —. _uv a a
= D 5 taio™ sq Fuy — Y —0taio™ vs)\'q 4G,

q=u,d,s q=u,d,s

+ ...

e assume Peccei-Quinn to get rid of § term
e 7 [ hadronic operators

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

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



Hadronic uncertainties. d,,

dy mud,(1GeV)  myds(1GeV)  myd(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 d



Hadronic uncertainties. d,,

dyn emy dy(1GeV)  emyd;(1GeV)  emyds(1GeV) edw(1GeV)
central —0.55 —1.1 XXX +50 MeV
uncertainties 0.28 0.55 XXX 40 MeV
method Sum Rulest Sum Rules' Sum Rules/NDA

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

qEDM: 10% accuracy

but no signal for d;

qCEDM: 50% errors?

situation not settled for d,
(might be large)

* T. Bhattacharya et al, ‘15.

1 M. Pospelov and A. Ritz, ‘05.




Hadronic uncertainties. d,,

dyn emy dy(1GeV)  emyd;(1GeV)  emyds(1GeV) edw(1GeV)
central —0.55 —1.1 XXX +50 MeV
uncertainties 0.28 0.55 XXX 40 MeV
method Sum Rulest Sum Rules' Sum Rules/NDA

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

qEDM: 10% accuracy

e but no signal for d

qCEDM: 50% errors?

e situation not settled for gls
(might be large)

e gCEDM: 100% errors

* T. Bhattacharya et al, ‘15.

1 M. Pospelov and A. Ritz, ‘05.




Hadronic and nuclear uncertainties. diso,

Estimated ranges of a Estimated ranges of go
ao ai 8o (fm—") g1 (fm™")
99Hg | {0.063,0.63} {-0.38, 1.14} | {-5,15}md; {10, 60} nd;

*indy 3 = mydy = mydy Engel, ‘13; M. Pospelov and A. Ritz, ‘05.

e dyg has several components

dioy, = A ((aogo +aig1) efm® + (q,d, + ozpdp))

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



Hadronic and nuclear uncertainties. diso,

Estimated ranges of a Estimated ranges of go
ao ai 8o (fm—") g1 (fm™")
99Hg | {0.063,0.63} {-0.38, 1.14} | {-5,15}md; {10, 60} nd;

*indy 3 = mydy = mydy Engel, ‘13; M. Pospelov and A. Ritz, ‘05.

e dyg has several components

diogg, = A ((cmg() L ang) efm’ + (cndy + a,,d,,))

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
a0 ai

Estimated ranges of go
go (fm~h g (fm™h

9Hg | {0.063, 0.63} {-0.38, 1.14}

{=5,15}md; _ {10,60} md?

* ﬁ1d()73 = myd, £ mydy

dyg has several components

Engel, ‘13; M. Pospelov and A. Ritz, ‘05.

dioy, = A ((aogo +aig1) efm® + (q,d, + oz,,d,,))

screening factor A = —(2.8 £ 0.6) - 10~

two-body component

4fm—2

determined by 1" one-pion-exchange potential

one-body component

o, =19£0.1

o, = 0.20 £ 0.06

Dmitriev and Sen’kov, ‘03.



Hadronic and nuclear uncertainties

We give bounds in two scenarios:

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

e minimized: vary the matrix elements within their allowed range and choose
matrix elements that minimize the total x* of the set of EDM experiments.

o with current theory knowledge, bounds are widely different



¢’ and Im Y;. Collider
o after EWSB

1 h s va a a 1 / h h — .
L= —20 (E + ;> %5“ 5GWGO¢5 + 3 szleq (1 + 5 + 2;) q1vsq.
q

e no Higgs: correct QCD 6 term & quark mass phase
killed by PQ

e one Higgs: correct gluon fusion production cross section
dominant SM mechanism!



¢’ and Im Y;. Collider

o after EWSB

2n/ h Qs vaf h .
=—v0 et G LG T Y -+ 2- .
L v (X + ) Tom s+ = E v Im + L | aisa

e no Higgs: correct QCD 0 term & quark mass phase
killed by PQ

e one Higgs: correct gluon fusion production cross section
dominant SM mechanism!



0'. Collider

own = (1745712 £1.12) + (39.8753 £2.6)(v*0')* pb
M 0’
jgn =TT (0084 0.01) (026
Oggt

e using N?LO short distance cross sections

R. V. Harlander and W. B. Kilgore, ‘02 & ‘03
C. Anastasiou and K. Melnikov, ‘02 & ‘03

e GG and GG have ~ 10% errors
from scale variations & PDF

e errors cancel out in ratio



Collider bounds on &’
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e LHC Run 1 agrees with SM
|V29/ |arzas < 0.52 |v29l|CMs < 0.27

at 90% CL
e LHC Run 2 projects a reduction to 10% ( theory dominated!)

V0’| < 0.20



EDM bounds on &’

e ¢’ mixes with the qCEDM for scales larger than m,

dq/Qq 8Cr —8Cr 0 0 dq/Qq
d d, _ay [ 0 16Cr — 4N, 2N, —1/4xn* d,
Fap | dw/es | “ax | © 0 Net2nm+B0 0 dw /g

o 0 —gir(me)? 0 0 0

ag \ v



EDM bounds on &’

e ¢’ mixes with the qCEDM for scales larger than m,

° d,, aq and dw keep running below m;,

d quQq , 8Cr —8Cr 0 quQq
,ud— d, = — 0 16Cr — 4N, 2N, d,
B\ aw/gs 0 0 N. 4205+ Bo dw/gs



EDM bounds on &’

e ¢’ mixes with the qCEDM for scales larger than m,
° d,, aq and dw keep running below m;,
e at A, =1GeV

dy(A) =1.7-107"0"  d,(Ay)/Q, = 1.4-107"¢,
dw(Ay) =—-7.3-107°¢



EDM bounds on &’

I Ve’ | dv | du, | CMS [ ATLAS ||
central 0.06 | 0.04 | 0.27 0.52
minimized 0.23 X 0.27 0.52
minimized + improved theory 0.05 0.27 0.52

central
e stronger bound from disoyy,
minimized
e neutron bound gets weaker
x 1% Hg bound disappears!

e EDM & collider much closer
minimized + better theory

if dw, ds with 50% uncertainty bounds go back to central

& d, and dy with 25% uncertainty



Pseudoscalar Yukawa Couplings

[ My=1TeV | vImY] v ImY) vIm?Y, vIm?Y] VimYy, |
central 39-10°7 3.0-1077 1.1-1073 43.107% 84-1073
minimized 28-100° 15.107¢ 6.3.1073 0.42 4.1-1072

[[ collider (CMS) [ 0.6-10~2  0.7-1072 1.6-10~2 2.0-1072 3.6-1072 ]|

e collider bounds exclude Im Y; > 3y

® pgern at LHC Run 2 will not improve these bounds
but direct study 4 — bb, h — c¢ could

e collider not competitive on Y}, Y

e collider wins on Y; and Y,

Y Y),

e artifact of our ignorance o several same-size contribs. to d,

d, = (0.01 £ 0.01)d, + (?7?)d,



Pseudoscalar Yukawa Couplings

[ My=1TeV v ImY; v ImY) vIm?Y, vIm?Y] Vimy, |
central 39-1007  3.0-1007 1.1-1073 43.100% 84.1077
minimized 28-107¢  15.100° 6.3-1073 0.42 4.1-1072
Future Min. 1.9-107% 0.97-10=¢ 22.10=3 8.7-10=* 1.1-1072

[ collider (CMS) [ 0.6-102 0.7-10~2  1.6-1072 2.0-102 3.6-1072 |

e collider bounds exclude Im Y; > 3y

® pgern at LHC Run 2 will not improve these bounds
but direct study 4 — bb, h — c¢ could

e collider not competitive on Y}, Y

e collider wins on Y; and Y,

Y/

e artifact of our ignorance

d, = (0.01 £ 0.01)d, + (?7?)d,

Y,

e several same-size contribs. to d,
not improved much by more

theory



Bounds on 8" and Yukawa. Future

I [ VImY! V2 Im Y] v Im Y] Vol
Current 63-1073 42-107%2 4.1-1072 0.23
Current+Th. 221073 87-107% 1.1-1072 0.052
dy + dho 23.1075 24-100%7 24-1073 8.0-107%
dy + drpo+Th. | 84-107% 35.107% 89.1075 3.3.107¢
[ collider (CMS) [ 1.6-10~2 2.0-10=2 3.6 102 027 ]|

dy + dmo assume d, < 107 efm& d, < 5-107"7 e fm

Theory 50% uncertainty on d, from dw, d;
25% uncertainty on d, from d,, da
50 % uncertainty on go,1 & ao, ai

e EDM theory as important as improved experiments!
e EDM theory only is enough to beat LHC Run 1 & Run 2

e EDM theory + improved experiments unbeatable



Top CPV couplings

> D D

L= VZImY,'fi’yst — é[i,fgsa - Gryst <1 + %)

Richer collider phenomenology:
1. indirect contribution to ggH
2. total #f cross section

3. associated production of h and a #f pair



Top CPV couplings

IO=X

_ [ ~ _ h
L= VZImY,' tiyst — éd, tgso - Gyst (1 + ;)

Richer collider phenomenology:
1. indirect contribution to ggH
2. total #f cross section

3. associated production of h and a #f pair



Top CPV couplings

_ j ~ h
£ =V ImY] Tiyst — %d, tgso - Gyst (1 + "

N——

Richer collider phenomenology:
1. indirect contribution to ggH
2. total #f cross section

3. associated production of h and a #f pair



Gluon Fusion

e Y/ gives a threshold correction to 6’
0'(m) = 0'(m”) — —Im Y, (m)
my

e d, mixes with 6’ ... pretty strongly

d (d,\ _ o (16Cr—4N. —1/47>\ ( d,

Pap\ 6 ) = an \ -8y 0 0

e at the top scale

di d,

) = 099 (1Tev), 0 (m) ~ 529 (1 Te)

ny ny my



ATLAS Preliminary

V3= 7TeV,4.5-4710

VE=8Tev,20.316°"

Gluon Fusion

19.7 16" (8 TeV) + 5.1 16" (7 TeV)

CMs - 68% CL
==95% CL

[y T—
95% CL
58
T T T T T [
togr = 1.239% ——
Woor = 116105 —m=—
Hyge=123£032 b —
s
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Parameter value

e LHC Run 1 agrees with SM

|V2at/mt|ATLAS < 0.10
‘V2ImY,, |ATLAS < 0.30

12 3 4 5 6
Parameter value

[v*d, /my|cus < 0.05
|VZImY,/|(;Ms < 0.15

e small improvements possible at LHC Run 2

at 90% CL



tt and fth

19.71b" (8 TeV) + 5.1 1b' (7 TeV)

ATLAS Preliminary CMs - 68% CL
Vi 71OV, 454710 Vi oTov,2031" o5 oL
[P —
95% oL
. 085019
T T T T By = 085701 | e
Hoge = 12355 ——
11609
Hyge = 1163 | e
Hyar = 1234032 ———
®
Jiyk= 0.80 £0.36 —_— Hyy = 0927052 | el
L= 181 £0.80 —_— o
my=125.36G0v| My =290 Gas ———
= e R S s S S
Parameter value Parameter value

e total 77 cross section measured with 5% accuracy
predicted with 8% accuracy (N*LO!)

v, /mi| < 0.23

o fth is known less precisely

~ 2
pan(8TeV) = 1+ (248 + 24)(m,d,)* + (0.67 £ 0.04) (vzlm Y/ )
+(0.41 + 0.54)(v*'m, dIm Y}),



tt and fth

19.71b" (8 TeV) + 5.1 1b' (7 TeV)

ATLAS Preliminary
Vs 7TeV,4.6-471b

68% 0L
95% CL.

~ CcMS - 68% CL
VieBTov, 203" —95% CL

. 085019
— : T I S
Hogr = 1235 ——
1469037
Hyge = 116557 el
Hyer = 1.23£0.32 ——
028
Jiyk= 0.80 £0.36 —_— By, = 092705 | —=a
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Parameter value

Parameter value

e total 77 cross section measured with 5% accuracy
predicted with 8% accuracy (N*LO!)

v, /mi| < 0.23

o fth is known less precisely

V2 |3;/m,|ATLAs < 0.21,

0.07 < |v’d,/mi|eus < 0.27.

competitive with 77!



Top CPV couplings

at the moment, gluon fusion gives the strongest constraint
fth already competitive with 7

ff and fth have more chance of improving at Run 2
will catch up with ggH



Top CPV couplings

A oo — tih

VE=11Tev VE=14Tev

S60 T T006 1800 2000~ 2506 3006 3500 4000 5661006 1800 2006 3500 3000 3300 4000
my (GeV) my (GeV)

e relative contribution to 7th is larger
e and takes over for m; > 2.5 TeV

e but number of events is small
225 + 130 events with 300 fb~",
with i — bb, at least one W decays leptonically



Top CPV couplings. EDM bounds

e ImY;: threshold correction to d,, Elq, dy

° gl,: threshold correction to dw, mixing with Elq, d,

e Yukawa
WVImY/| <7.8-107°
dominated by electron!
e top CEDM
central minimized
V2d,/m| < 1.0-1073 [v2d;/my| < 4.2-1072

dominated by d,
necessary to improve Weinberg!



Top CPV couplings. EDM bounds

- Current

- Imp. Th.

0.06|

0.04 4y 29102 ecm

geh (CMS)

0.02 P =

0.00,

v d, Imy

-0.02

~0.04

=0.06E s
-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015

v Im(Y;)

e collider not competitive on Im Y/ e bounds on d, are comparable
thanks d.!

EDM constraints pull away if:

e determine Weinberg matrix element with 50% error

e improve d, by to 10™" fm, or d,, to 10™" fm



top CMDM

aym,

e the top chromo-magnetic moment contributes to ggH, t, tth
e best constraints from loop contribution to ggH
e ... but #f and fth are not too far



Weak EDMs and =. Drell-Yan

after EWSB

ImI
‘quch = ( ) (gm Z uiU“”’ysuZH,, —I—)

(l+v) V4 \[( V(L4 ys) uWy + (u — d))

[I]

o modify pp — eTe™ and pp — ev (Drell-Yan)
q e a e

modify production only
neglect 1" leptonic operators

no interference with the SM



Weak EDMs and =. Drell-Yan

after EWSB

h ImIY,
Lpex = _(1+7) gnlzmgw'ﬁuzu”_'—'“)
W

A=
+ (l + ;) r=_28 (d“,“ (T+ys)uW, + (u— d))

o modify pp — eTe™ and pp — ev (Drell-Yan)
q >1< e q e |2
q e a : : e

e very similar to SM
1

modify production only
neglect 1" leptonic operators

o~s

no interference with the SM



Weak EDMs and =. Drell-Yan

after EWSB

TmI™ ” ;
Loy = ( ) ( §m Z ui(r“" YsuOuZy, + .. )

(l+v) V4 \[( V(L4 ys) uWy + (u — d))

[I]

o modify pp — eTe™ and pp — ev (Drell-Yan)
q >1< e q e |2
q e CI: : e
modify production only e very Ammﬂa_r lto M

. o~s
neglect 1" leptonic operators

o different s dependence

no interference with the SM P



T operators at colliders. Drell-Yan

10° T T T T

101 F pp e’ v, ]
|y <25

ud channel only

(pb/GeV)

7

do
-
5)
T
L

L L L
1000 1500 2000 2500

Y. T. Chien, V. Cirigliano,W. Dekens, J. de Vries, EM in progress
e = has same shape as SM
e dipole decrease more slowly with s

e in both cases, large peak at my, mz



T operators at colliders. Drell-Yan

101}
¥
10°F pp —ete ]
WML ly| <2.5, py >35 GeV
1075 1
— H:‘. uti channel only
> 107E
3
= 10°F
2
IC
10*F

) e SM -
=+ SM + ZDM, ol | =1
|

. ,
500 1000 1500 2000 2500
m,+ (GeV)

e e

Y. T. Chien, V. Cirigliano,W. Dekens, J. de Vries, EM in progress
e = has same shape as SM
e dipole decrease more slowly with s

e in both cases, large peak at my, mz



Bounds from LHC

2 WET y 7 o 10°T T
§ ol ATLAS an E H F ATLAS W ev ® Data 2012
& Zovee Top RS \s=8TeV [
o [ra-mow Boroan ™ 1 E [Lote203m’  CIWETV)
10t 1s=8TeV 7 SSM (15 TeV) = 10'F (.
- Oz ssuzsTen) 3 F mz
3 E [ Diboson
E 102 £ Multijet
E E
= 10
E
] E g
i ] i
g - 8 g
s My, [TeV] 10° 10 P, [GeV)
ATLAS, PRD 90 052005 (2014), ATLAS, JHEP 09 (2014) 037

o ATLAS and CMS are in good agreement with SM



Bounds from LHC

SN v iy vy vy vy
ATLAS | 0.03 0.16 0.08 0.10 0.25 0.39  0.63
CMS 0.05 1.01

VB Ve VB VP
0.39 0.38 0.66 1.14
5.84 7.63 14.50

= 7=
Zes V- Zeh

22—
V' Zud
ATLAS | 0.19 0.24

CMS 0.88 1.32 5.06

Table : 90% confidence bounds on the coefficients of the WDM and right-handed current from Drell-Yan.

Y. T. Chien, V. Cirigliano,W. Dekens, J. de Vries, EM in progress

o ATLAS and CMS are in good agreement with SM
e bounds are better for dipole operators (different shape)

e bounds get worse for heavier quark (pdf suppression)

M7 ~ (1 — IO)V



T operators at colliders. Higgs Couplings

e associated production of Higgs and a W/Z boson (VH)

e gauge invariance!
e contributions to DY and VH are related

o there exist a contact quark-Higgs-Z/W vertex

SM and dim. 6 operators have very different s dependence!




T operators at colliders. Higgs Couplings
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e gauge invariance!
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e there exist a contact quark-Higgs-Z/W vertex
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19.7 16" (8 TeV) + 5.1 6" (7 TeV)
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e tough VH cross section is known much worse than DY, competitive bounds!
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vF'@d AR WY A Y C A

ATLAS | 0.03 0.16 0.08 0.10 025 039 0.63
CMS 0.05 1.01

ATLAS 0.08 036 0.09 0.11 034 056 092
CMS 0.09 042 0.10 0.14 040 0.67 1.09

DY

VH

Table : 90% confidence bounds on the coefficients of the ZDM from Higgs associated production.

e relative contribution to VH and DY very different
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e tough VH cross section is known much worse than DY, competitive bounds!
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V)

V2 Sud Vz Eus V2 = VZ Zed Ve V- Ee
DY ATLAS | 0.19 0.24 0.39 0.38 0.66 1.14
CMS 0.88 1.32 5.06 5.84 7.63 14.50

VH ATLAS | 0.07 0.10 0.16 017 033 0.56
CMS 0.08 0.11 0.18 0.19 039 0.66

Table : 90% confidence bounds on the coefficients of the ZDM from Higgs associated production.

e relative contribution to VH and DY very different

BSM +
o (pp — e ve) w,d\2 2— 2
=14+ ————> = 140170} 0.6(v'Z, -
HDy + oM(pp — et 1) + OIy)” +0.6(v"Zu)” +

BSM

o>V (pp — WH) u,dy2 2 \2
=14+———2= = 1494700y ) +112. = + ...
HwH oM(pp — WH) 94.7(vIv) 9(v'Euw)

e tough VH cross section is known much worse than DY, competitive bounds!
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Y. T. Chien, V. Cirigliano,W. Dekens, J. de Vries, EM in progress

e BSM operators dominate at large s

e more precision for total cross section greatly improve bounds!

e & measurement of differential with current luminosities
distributions



Conclusion

e Higgs production observables and EDMs show complementarity
e EDMs have potentially a large edge

e weakened by large uncertainties on nuclear matrix elements
e.g. lose dy; bounds

Goal

e 50% uncertainty on d, from dw, d

e 25% uncertainty on d, from gl,,, Eld EDM hard to beat!

e 50 % uncertainty on go,1
e 50 % uncertainty on ao, ai
but

e try to be smarter at collider
construct genuine 1" observables



