and the possible future

in precision Higgs pheno.



The Standard model ...

e The SM, an SU(3) xSU(2)xU(1) gauge theory:

— lWI win _ 1

_ 1 A ~Apv
ESM - 4G;1,UG 4 M 4

B,,B" +(D,H")(D"H)+ Y  %iDv

z,bzq,u,d,l,e

2
- (H*H - %v2> - lH”EYd g; + H'@Y, q; + HUEY,l; + h.c.] ,

e —

.
® We can count the scales in the theory
u c t J There are at least 2:
‘N is e 2
o R o AQCD ~ 200 MeV
i | | | E v ~ 246 GeV
D e ﬂ T ogn
"“""'E--H-I-"-':-E ® The QCD scale is generated dynamically,
{ o | the EW one is put in by hand.
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The Standard model ...

e The SM, an SU(3) xSU(2)xU(1) gauge theory:

=

1 Iy
W, W — <

B,,B" +(D,H")(D"H)+ Y  %iDv

wZQ.~uadelee

_ 1 A ~Apv 1
Lsm = 4G;LVG 1

1 5\?2 _ ~.. .
- (H*H - 51)2) - [H”de g; + H'@Y, q; + HUEY,l; + h.c.] ,

B —

e \We can count the number of parameters
uic |t 7 present in the theory.
, up charm top photo
4 | | 1 B
o  : Me, My, Mo, My, Mg, Me, Mg, My, Mp - ) MASSES
V2 D R ; .
PN R ko Vg V.. V., \ N° real parameters in NxN
i || | Vea Ves Vo | 2N —1 relative phases
— Via Vis Vi .
9 ! s et TR /(N —1)% physical parameters
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The Standard model ...

® The SM, an SU(3) xSU(2)xU(1) gauge theory:

=

1 Iy
W, W — <

B,,B" +(D,H")(D"H)+ Y  %iDv

w:q,uadelae

1
Lsm = —ZGﬁuGAW -

|

1 5\?2 _ ~.. .
- (H*H - 5&’) - [H“de g; + H'@Y, q; + HUEY,l; + h.c.] ,

e ——

e \We can count the number of parameters
ujc | |t vy present in the theory.
, up charm 10p photo
4 | | 1 B
down strange botiom Zboson  © .
- Mey MMy Ty Mgy TGy My Mgy TN, M | 9 Masses
: ..:..{5.‘3 n:":%» :,:,’tm Wooson  ° 912, (913, (923, ) 4 quark MiXing
.S,. -‘fn t £ g1, 92, 93 : 3 couplings
-3 U; A : 2 EW sym breaking
| This is the 18 parameters you hear about...
L — —————————
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Higgs Physics - the past motivation

e Swept under the rug in that discussion is the presence of massive
vector bosons - the W,Z.

® Can you construct a renormalizable, spontaneously broken gauge
theory that accommodates present data (massive vector bosons,etc.)

Yes we can!

_ 2 L . .
+ (D, H")(D*H)+ )  9iby _) (11’11 = %v2) = [II’Jde g; + H'aY, q; + H'gY,l; + hc.|,
ve=q,udl.e

e
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Higgs Physics - the past motivation

® Does this explain the particle masses that are observed?
Including the W and Z. (Yes and no.

| LEPTONS
Bectron Neutrino Muon Neutrino Tou 0
Mass -0 -0 z
1
m

Dectron Muon

QUARKS
>

Up Cham
Mass: 5 1 500

This looks like mickey
mouse on purpose.

)

-
Down Sronge
160

® Every mass that you see (can be) a coupling times the vacuum
expectation value. (Neutrinos can be more complicated.)
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Ok, good job, can we find that!?

BRIEF INTERMISSION.
19607 - 2012

. I T B R e B o At Aaas > s T T T -
§ \s'=7revILm=000tb Mar 25, 2014 3 {5 =7TeV Imuoosm" Apr 24, 2011 & - ATLAS Preliminary & Daua |
g 3 S % © 400FE ys-8TeV, Lat= 0o’ HEE wW
5 t - g - t@ 3505»— H-WW '— evuy with 0/1 jet B WZzZz/wy i
2507 ATLAS Preliminaty & B ATLAS Preliminary € g i 3
. sy channgd E H-2Z" 41 channel g 300 B Single Top 5
2 | 2057 () Sknal (m_=125 GeV) 250F — Zo;:ets g
: 1 r B Bockground 22 1 2003_ L] Wijets 3
1.5 1 15; I Bockground Zejets, i 3 B H [125GeV] R
| , N P | N 5 -~ 1 =4 Data 1 150
100 00 [aee se 0t e e et o0 PO 10! ] - 06.04.2012
It 1 - 100
: ' 1 -' i ] n: 1 A i 1
P ) . [ FEWE { S . — P e e © 50 Bl | S o v v | 3
& 200 T 5 40F 3
' g 5 30f
S g o ® 20
° 3 T 1
@ OF 1
2000 ] s ] 5 -;28%, - : 1 =
100 110 120 130 140 150 1680 S 50 100 150 200 250 300 350 400 450 500 % 205 . cee T
M,, [GeV) M, (GeV] a 50 100 150 200 250 300

m, [GeV]

All credit for these animations goes to ATLAS.
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Why go beyond the SM?

® \Where is dark matter in this theory?

e \Where is inflation in this theory?

(minimal) Higgs inflation does not work - ask me later.

® \Where is baryogenesis in this theory?

Leptogenesis at a high scale might be right.

® \What is the origin of neutrino mass”? Beyond the dim 5 op.

® |t is clear that the SM breaks down at some scale.
Where are the corrections, where is everyone?
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That Hierarchy Problem

A2
Unknown UV characteristic scale p~ A scalars T h?

® Singlet scalars should be proximate to the cut off scale of the theory.

This statement is basically dimensional analysis.

® \\Ne now have a scalar with mass mp ~ 125 GeV

reasonable to expect A ~ fewTeV

e LHC is about to restart at 14 TeV, but practical discovery
reach to excite new particles < 14/6 ~ 2TeV

(rule of thurr21b due to PDF suppression)

e Corrections expected on the order of % ~ few %
(LEP data few % to 0.1 % precise)
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Hierarchy motivated states found.

® Other than this h field... chirp

® |s it even clear we have exactly found THE higgs boson? Maybe not.

® In between the past and the present some things happened in physics

The “wilsonian” view of field theory and
effective field theories put renormalizability in
a new light. (Not a very flattering one.)

e Recent anti gauge symmetry (yes redundancy) insurgency as well. See
jacobs talk.
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How is the cut off scale working?

® Why should a 0" state be part of the nature of EW symmetry breaking?
The EFT consistent with what we knew (80's -00°s) did not extrapolate to arbitrary high
energies:

1 1 1 =
e _ZWWW“” - ZBWB‘“’ i ZGWGW + e D)

I ,(;2 T (D ZT D“E) v (I_ll (.ii ) D Yy :3 'U-';‘) n h
4 7 \/:) L™L I/;ij dJR :

T.Appelquist and C. Bernard, Phys. Rev. D22 (1980) 200.
A. Longhitano, Phys. Rev. D22 (1980) | 166; Nucl. Phys. B188 (1981) |18.
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How is the cut off scale working?

Why should a 07 state be part of the nature of EW symmetry breaking?
The EFT consistent with what we knew (80°s -00°s) did not extrapolate to arbitrary high

energies:

1 1 it =
= —ZW“”WW = ZB“”BW = ZG“”GW + i DY
1 N
+MIWIWu_ + imQZZ“ZM — Y My +he +---
2
WrwW- Wt W: A~ -2 /
:?ﬁ’fi M L T A
e; ~ p*/mw
+ = e
——— A ANV ww—>WL WL A = :iQ

Lee, Quigg, Thacker pnys.Rev.D 16 (1977) 1519 Cornwall, Levin,Tiktopoulos phys.Rev.D 10 (1974) 1145
Chanowitz,Gaillard Nucl.Phys. B261(1985)379 Vayonakis Lett.Nouvo Cim 17 (1976) 383
Appelquist,Chanowitz, Phys. Rev. Lett. 59, 2405 (1987) [Erratum-ibid. 60, 1589 (1988)].

Chanowitz, Furman, Hinchliffe phys. Lett. B78, 285 (1978), Nucl Phys B153, 402 (1979)
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How is the cut off scale working?

Why should a (T state be part of the nature of EW symmetry breaking?
The EFT consistent with what we knew (80°s -00°s) did not extrapolate to arbitrary high
energies:
1 A 1 s 1 S =
EZ_ZW WMU—ZB B‘”’_ZG Guo +YiDy
L Cnn,st D) ——= (@hdy) s [ Y R\ 4 he
2
W I . g
WEL% _>%+% A’i4m%/(8—l—t)(1—a2)
m @ @
...... Vi) - Wi Wy 1 A~ m‘”f (1—ac)
c a o

\Introduce a 07 scalar with general couplings, sets the correction to be such that the

cut off scale will be pushed un.
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How is the cut off scale working?

Why should a (T state be part of the nature of EW symmetry breaking?
The EFT consistent with what we knew (80°s -00°s) did not extrapolate to arbitrary high
energies:
1 A 1 s 1 S =
= _ZW Y iy — ZB B — ZG Guo +YiDy
L Cnn,st D) ——= (@hdy) s [ Y R\ 4 he
it Ve BT yd g, | T
2
W B = .
WEL% _>%+% ‘ "424777%/(5""15)( 2)0
m @ @
Case of SM Higgs.
0
...... Vi) — WHEW, @ A~ m‘”f (1 ~tc)
c a o

Introduce a 0 scalar with general couplings, sets the correction to be such that the

cut off scale will be pushed up.
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How is the cut off scale working?

® Why should a (T state be part of the nature of EW symmetry breaking?

The EFT consistent with what we knew (80°s -00°s) did not extrapolate to arbitrary high
energies:

1 1

1 =
£=—TWH'W,, — 2B# By, — 2G** G, + $iDY

_|_

:j:} 'f:: with the addition of a scalar is raised:
a a

4

(D, DrE) e @) S [ R )
A 7 \/9 1/?] dJR o

® For WW scattering the cut off scale for the EFT

A~d7v ..raised to... A~dmrv//|1—d?|

We see a Higgs like boson, with no other states (to date)
at low scales. That just fundamentally --- makes sense.

a Consistent with precision tests.

(For energies up to a couple TeV.)
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How is the cut off scale working?

Why should a (T state be part of the nature of EW symmetry breaking?
The EFT consistent with what we knew (80°s -00°s) did not extrapolate to arbitrary high
energies:
1 A 1 s 1 S =
EZ_ZW W“”_ZB B‘“’_ZG Guo +YiDy
L Cnn,st D) ——= (@hdy) s [ Y R\ 4 he
T Vo BT ydan, ) T
W ® For WW scattering the cut off scale for the EFT
with the addition of a scalar is raised:
m @ @
A~dry .raised to... A~drnv/y/|1—a?
e 0 Couplings within 10% of the SM,
in this case, cut off scale 7 TeV...
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Why unitarity?

® Why hold on to unitarity if relaxing local gauge symmetry and renormalizability

concerns?

. “ SO WHAT? Does the universe cease to exist?”

® Hamiltonian cons;{ﬁvJEtea trom (approximate low energy) real Lagrangian density is
Hermitian. So unitary by definition. If unitarity fails an approximation fails, usually
the approximation is that the low energy effective theory is taken beyond its regime of
validity.

® This regime of validity is approximated by the cut off scale A presentinthe EFT
power counting.

® Beyond this scale, the EFT is not expected to reproduce the s matrix of the full theory.

® New states are usually required with mass scale proximate (and below) A
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General EFT: Nonlinear chiral+ singlet

® General EFT : Nonlinear SU(2)xU(1) + Singlet scalar” 3 = g™ /v

I v? : h h? h?
B = 5(8Mh) —V(h)—I—ZTI‘(DMZ D“Z) [1—|—2awz——|—bzw—2—|—bgzw—3—l— ]
U g S Yo ul
_ i e RS S K| AL ST e v i
AR BT R S ( et
2 2
e — lmi s s (Smh) B3 4 U (3”;’*) h Recent development of
2 £ = N this theory led by Gavela

® Also higher dimensional operators: (hats -dual fields)

5 h 5 h h

group in Madrid and
Buchalla in Munich.

EHD_ng?) GMVGMV_'_CWQQ WMVWMV‘FCBQ%;BMVBNV)

2h”\

A h’ A h > v A v
‘|‘CW92; W,ul/ WHY _|_CB.915B;JJ/B'u +CG93; GMVG'LL

* Grinstein/Trott 0704.1505, see also Bagger et al 9306256, Feruglio 9301281 for
Technicolour sigma version, informed discussion in Burgess et al hep-ph/9912459
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General EFT: Nonlinear chiral+ singlet

® EFT gives model independence. One can reduce parameters at the cost of
restricting UV. This can break degeneracies in the data with a theory prior.

Generalcase: Y - U; X U;

Custodial case: X — UrXUj

Also assuming consistency with MFV:

1 v h _i i u,d Yo uj

Also higher dimensional operators: - assuming no large BSM CP violation

h v h v h 174
B = cgg?%; ERaGs —|—ch§; Wy, WH +cBg%; Breis

® Can draw physical conclusions for sym theories with current data. Still have
degeneracies. Not a model independent operator analysis- a hypothesis test.
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What did we learn in Run |?

® First (important) question on scalar- is it converging on the SM case to raise the cut off scale?

Fit to LHC Higgs like data, inclusive

SM 827%CL 3
away from
best fit point

65% CL

Two minima:

(a,c)=(1.13,0.58) 907 CL
2
x"=2.86 99% CL
(a,c)=(0.96 -0.64)
2—
X =1.96 Espinosa,Grojean,
J— — Mull, Trott
arXiv:1202.3697
Al * Fastest paper
r= == Atlas 95%CL exclusion 8.0 05 1.0 1.5 20 of my life.
———  CMS 95%CL exclusion a PreMoriond'12
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It got better.

7&8 TeV LHC data & Tevatron

Espinosa,Grojean,Mubhlleitner,Trott
JHEP 1205 (2012) 097 arxiv:1207.1717

GWS is here, is the data there as well?

® This is a direct (and minimal) way to test - is it the

SM Higgs with no other NP from the discovery data.

® The discovery of the Higgs Like Boson must be
placed in the context of precision EW measurements
at LEP (and other facilities)
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and better....

® Precision EW measurements have also improved with input from the
Tevatron on the W mass combined into the world average 80.385 4+ 0.015GeV

Mass of the W Boson

Measurement ; M, [MeV]
CDF-0/I P ® 80432+ 79
D&-| ® 80478 + 83
D@1l wom) —o— 80402 + 43
CDF-ll z2n) —0~ 80387 £ 19
D@-II waw) -—0~ 80369 = 26
Tevatron Run-0/I/1I -9- 80387 = 16
LEP-2 —0— 80376 + 33
World Average -0- 80385+ 15

80200 80400 80600

M, [MeV] March 2012
0 —— ———

2012 Update of the Combination of CDF and D0

® One of the lasting important legacies
of the Tevatron, a powerful measurement!
Most important “Higgs” data from the
Tevatron (I.M.O.) is the W mass.

® IMPORTANT LESSON - IT IS NOT JUST
ABOUT THE HIGGS.

Results for the Mass of the W Boson, Tevatron EW working group, arXiv:1204.0042
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hypothesis testing the SM.

T&8 TeV LH(}Qata & Tevatron

7&8 TeV LHC data & Tevatron + EWPD

.

¢

095

1.00

® Used the recent updated W mass measurement at the Tevatron.”

Espinosa,Grojean,Muhlleitner,Trott JHEP 1205 (2012) 097 arXiv:1207.1717
*Thanks to J. Erler for provided the EWPD fit output on short notice.

Michael Trott, Niels Bohr Institute, April 14th 2015
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Notice “a” scale cahanged significantly




What is the picture!?

QQO Cut off scale raising

above the ew scale

Q Run | LHC
Linear realizatio}

+higher D The SM EFTs approach in one venn diagram.

® Linear EFT H D h and relations between
measurements that follow from this hold

® Non-Linear EFT, singlet h in formalism.
Broader range of relations between
measurements.

X
® Known unknown UV works this way - gravity non linearizes the EFT €m
P

arXiv:1402.146/Burgess, Patil, Trott
Michael Trott, Niels Bohr Institute, April 14th 2015




Recent slight revisions in data

® Current Higgs data:

e Pushing LHC to be as precise as possible in predictions

CMS Preliminary 19.7 6" (8 TeV) + 5.1 fo” (7 TeV)

“ | 4+ Observed ¢ SM Higgs and measurements essential to reach expected deviations.
2r TEAE This is just barely the machine we need.
1
® We are just NOW s
c - relim. . n n
or getting into the s 1255Goy | e Mo
interesting region for Mo i -
T Higgs measurements. " e | .
Y . =il
20 . I ol 55 -
Ky ‘Combined R -
R — T Hopy, 225, WW* oy |20 T -
ne=1357 | [l
Facility LHC HL-LHC TLEP (4 IPs) W.ZH - bb e —
Vs (GeV) 14,000 14,000 240/350 | w=0200100 | 1
J Ldt (b *) 300/expt 3000/expt 10,0004-2600 H— 1t (8 TeV data only) ::
K- 5-71%  2-5% 1.45% | peid b | i BT D= - =
Ky 6-8%  3-5% 0.79% HobB. Tt = i
K 4-6% 2 — 5% 0.10% _ h=109 0| ¥
Kz 4-6%  2-4% 0.05% Combined |- B
K 6-8%  2-5% 0.51% | p=130 |8 ‘ 1 .
Ka = Kp 10-13%  4-—7% 0.39% se7Tev L4648’ 0.5 0 05 1 15 2
oy = 1% 14-15% 7-10% 0.69% \s =8 TeV [Lot« 203 1" Signal strength (u)
L — — JE— T —
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Current state of Higgs data

® Higgs LHC data has been traditionally supplied in one of

three forms - signal strengths (the good)
CLS “blue band” plots (the bad)
full likelihood (the ugly)

® Most useful data is a signal strength (currently)

This is the framework that leads to generalizing the SM predictions with tree level rescalings
of the cross section and branching ratios:

ch A \2

(s — fig)
o7

[Zj Oj—h X Bl“(h R i)]observed 9 '

D 0j—n X Br(h — )]s ’ e

This should be generalized to a full off diagonal error matrix including correlations.
But such information is not supplied (for the most part) from the experiments.

This modifies ks — K'(a,¢) and leads to the “kappa formalism”.
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Current state of affairs:

® \Whatever is going on it involves a (mostly) 0" field.

e Deviations “naturally” expected not robustly ruled out, but very hopefull
scenarios not looking good.

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Standard Model Production Cross Section Measurements Status: Feb 2015 \5=7,8TeV
miss — . B
Model 1Ty Jets EN [Lanm™] Mass limit Reference
gu— 1011 o T T T — T T T —
L0 MSUGRA/CMSSM 0 26jets  Yes 203 | @k ) 14057875
— : 2
Q ATL A s Preh minary R un V’ sw7 ) 3] ch i3, G—gts 0 2-6jets  Yes 203 |d 850 GeV GeV, m(1* gen. g)=m(2" gen. q) 1405.7875
o - @ 1y 0-1 jet Yes 20.3 i 250 GeV 3 5 1411.1559
b 1 o° ‘}‘ ?— 5 0 26jets  Yes 203 |& 1405.7875
-~ i iy = 1eu 36jets  Yes 20 |z 00 GeV, m(¥*)=0.5(m(E})+m(z 1501.03555
&S 2z s-aaCl/ty/ W 2ep  O3jets - 20 |& 1501.03555
Q  GMSB (I NLSP) 127+0-1( O2jets  Yes 203 |& 1407.0603
'y b LHC e ‘B GGM (bino NLSP) 2 - Ye 20.3 g ATLAS-CONF-2014-
b /s = 7 TeV LHC s =8 TeV ] 4 s 2014-001
10 e PP Vv PP v % GGM (wino NLSP) Tep+y - Yes 48 @ 619 GeV ATLAS-CONF-2012-144
S GGM (higgsino-bino NLSP) Y b Yes 48 |& 900 GeV. 12111167
»Or Theory ) : :
mmm Theo Y Yy GGM (higgsino NLSP) 2eu(z) O3jets Yes 58 ATLAS-CONF-2012-152
1 04 . . Gravitino LSP 0 mono-jet  Yes  20.3 | F'2scale 865 GeV 8% 107 eV, m(z)=m(g)=1.5TeV 1502.01518
- . -
~o - Data 45 -47m o Data e 0 35 Yes 201 | 1407.0600
g 0 T0jets Yes 203 |& 1.1Te] 13081841
o
3 = £ 0-1e,pu 3b Yes 201 z 1407.0600
10 - N el 0-1eu 3b Yes 201 |% 1407.0600
-
o 0 2b Yes 20.1 by 100-620 GeV 1308.2631
i o . X =9 2¢.u(SS)  08h  Yes 203 |b 275-440 GeV 1404.2500
10 - Ss 12eu 126 Yes 47 | iHA0567GEV 230-460 GeV. 7)), m(i?)=55 GeV 1209.2102, 1407.0583
338 & 2e,u 0-2jets Yes 203 |& 90-191 GeV 215-530 GeV 1403.4853, 1412.4742
a3 S8 0-1epu 1-2b Yes 20 |i 210-640 GeV 1407.0583,1406.1122
~ —— ‘!.’,‘g | ot 0  mono-jet/c-tag Yes 203 |7 90-240 GeV 1407.0608
10 ! s s T 7 fy(natural GMSB) 2e,u(2) 1h Yes 203 | @ 150-580 GeV 1403.5222
fre T} - i) o- ‘ 3eu(2) 1b Yes 20.3 5 290-600 GeV 1403.5222
— . P
) > ' B rlLg, I8 2ep 0 Yes 203 |z 90-325 GeV/ 1403.5294
1 K o H Pt ) 2en 0 Yes 203 |¥ 140-465 GeV S(m(EF ) +m(Ed)) 1403.5294
-0 o ' > 5 XX ST 27 - Yes 203 | & 100-350 GeV S(m(ET)+m(T)) 1407.0350
d . ol ), CVELLGY) 3e.p 0 Yes 203 | XA 700 GeV S(M(F )+mE)) 1402.7029
- ! o ' O R-wizy) 28epu  O2jets  Yes 203 | L0 420 GeV sleptons decoupled | 1403.5294, 1402.7029
10°! O . : TOWELE, hobb/WW/relyy ©HY 025 Yes 203 | ELE 250 GeV sleptons decoupled 150107110
n-' e H - TR, 105 Ikt dep 0 Yes 203 | M, 620 GeV . 9)=0.5(m(T2)+m(¥))) 1405.5086
. H a
o - Direct Y1 X; prod., long-lived ¥7 ~ Disapp. trk 1 jet Yes 203 | & 270 GeV (71)=160 MeV, 7(¥})=0.2 ns 1310.3675
M E 8 Stable, stopped g R-hadron [ 1-5jets  Yes 27.9 I 832 GeV 100 GeV, 10 pus<1(2)<1000 s 1310.6584
10 - - - =G Stable g R-hadron trk - - 191 |& 1411.6795
. S - 2
. ' 2T  GMSB, stable 7, 1} ~7@. p+r(e.p) 121 - - 191 |8 537 GeV <50 1411.6795
. e S 2 GMSB, ¥]—G, long-lived ¥} 2y - Yes 203 | 435 GeV 3 ns, SPS8 model 1409.5542
10 (| . a ' 33, ¥ —qqu (RPV) 1 p, displ. vtx - - 203 |d 1.0 TeV K 156 mm, BR(x)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
. —— .
- - - - - - - - - - - - - - - - =k - - - 1 LFV pp—vr + X, ¥r—e + e - - 4.6 Ve 0, 1132=0.05 1212.1272
. , LFV pp—i + X, ¥r—e(u) + 7 lep+t - - 4.6 2 1.1 Te| 0, 12)33=0.05 1212.1272
e :ﬁ-‘: q.”-.'-‘ w . ol piswy “v::' WW| 77 | Wk |WZ | 22 | &y | Wy | 37 |dw| o2 xl..'-’ "F.?'*c:. Ble-choe S Bilinear RPV CMSSM 2¢4u(SS)  03b  Yes 203 %), crisp<t mm 1404.2500
KA 18 eeid SAOW SOl e o mew ke RAcW e o W R RO A Mt A Aol Aducer Avow At & T W K eev enre 4o - Yes 203 750 GeV 2xm(E}), A1 %0 14055086
T X X W W orev.etr, Bep+T - Yes  20.3 450 GeV 2xm(FF), d133#£0 1405.5086
2—qqq 0 6-7 jets - 20.3 916 GeV R(h)=BR(c)=0% ATLAS-CONF-2013-091
it ij—bs 2e,u (SS) 0-3b Yes 20.3 850 GeV 1404.250
Other Scalar charm, —ct} 0 2¢ Yes 203 |@ 490 GeV 00 GeV 150101325
L L R P L L N

V5=7TeV V5 =8TeV =
full data - full data 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

®  Optimistic scenarios (remember LHC inverse problem?) out the window,
hard grind to extract from the data the detailed story started.
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Current state of affairs:

e \What is the plan going forward:

...we just calmly laid out all the options,
and failure was not one of them.

Jerry C. Bostick
Flight Dynamics Officer (FDO) Apollo 13

e WiIll talk about a couple things going on:

Attempts to systematise data reporting In
pseudo-observables

Rare higgs modes in the SM and beyond.
Developing precision constraints in the SMEFT

Developing theoretical calculations to NLO in the SMEFT.
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Test the derivative expansion

A lot more information in a Higgs decay than just the inclusive signal strength

In the EFT interpretation this corresponds to studying the derivative expansion:
® Need to test the EFT's to sub-leading order. First define nonlinear one:
Alonso,Gavela,Merlo,Rigolin,Yepes arXiv:1212.3305

see also Contino et al. arXiv:1202.3415
Buchalla, Cata arXiv:1203.6510, +Krause arXiv:1307.5017

Linear EFT non-redundant basis took to 1008.4884 Grzadkowski et al.

® Can establish what the formalism is by looking for evidence that the linear
realization cannot (directly) accommodate the data going forward.

Discussion on this has (re)started: Grinstein/Trott arxXiv:0/04.1505, Contino et al
arXiv:1303.3876,1309.7038, Manohar, Isidori, Trott arXiv:1305.0663, Isidori Trott
arXiv:1307.4051, Brivio et all arXiv:1311.1823.
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Test the derivative expansion

® We are now evolving towards characterizing differential pseudo-observables
from the data and using them to bound the SMEFT

Consider the following processes with non-SM interactions involving the “h”:

h — FV J — hV
Manohar, Isidori, Trott arXiv:1305.0663, Isidori Trott arXiv:1307.4051

Both of these processes are governed by the same lorentz invariant structures.
Of course we now know that : mp < 2my

® hVV just does NOT exist onshell. We probe (approximately) hVF greens functions.
So incorporate non-SM effects in EFT into these greens functions.
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Test the derivative expansion

® We are now evolving towards characterizing differential pseudo-observables
from the data and using them to bound the SMEFT

Consider the following processes with non-SM interactions involving the “h™:

h — FV J — hV

: : et SM _ € =g o € 0pu _ Vyu
With this current normalization:  £7" = 5 g T W=+ G5 eosay, 7 Z" = ZCx gvd, V&

The F-> hV process is: A = Alh — V(¢,p)F(q)] = (C; 9v m‘) AL ol

5 = [ (¢)g" + £ (¢¥)a"e” + Y (¥ (- g 9" — ¢"p*) + fI (¢H) " ppgs]|

While h-> VF is A () = hV (& —p)] = A%,

® Differential form factors are PSEUDO-OBSERVABLES like the signal strengths.
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Test the derivative expansion

® We are now evolving towards characterizing differential pseudo-observables
from the data and using them to bound the SMEFT

Consider the following processes with non-SM interactions involving the “h”:

h — FV J — hV

Probes the form factors for: Probes the form factors for:

q> q> More sensitivity,
S 1 5 1| but also close to EFT
b v expansion failing
Short term, this is being constructed (also an issue in TGC)

by the experimentalists right now. Longer term, need more events.
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Establish the EFT in the golden channel

Consider the following processes with non-SM interactions involving the “h™:

cMS Be7TeV.LoS 1  fasaTeV, Lo 19780"

> 10 :
3 9 * Data 1215 <m,, < 130.5 GeV 1
8 F Bzx
‘g > DZ‘(..ZZ _
q & f Llmi=1zcev
__________ . E
.
2 E
offshell i
1 =
q2 % 50 60 70 80 90 100 110 120
s e . m, (GeV)
1 00 (‘l‘"lsl L) l LI l L] G'-l ?I .rle:"' E ; ls‘lb I“i l. lr? |- 'BITIC‘:"ILl -] 1'9'.-.: fE:
§ 90E 106 < m,, < 141 GeV S 7 e G-7TeV,L=5 %" E=8Tev. L=1078"
e . o | W 4e:BTeV /7 TeV 3 3 121.5<m, <1305 Gey * Da@ :
E 80F ® | W 4u:8TeV/7 TeV E - 6 B z+x 3
70k ® ! W2euBTeV/TTeV £ gz-,'.zz E
GOE m, = 126 GeV Recent CMS 2 Im, =126 Gev ]
- - . 4 -
; s analysis 1312.5353 ]
: - : o 4
4ok i Event rate limited. :
C ; 2 |4 ! -
30 - . - Nl 1
C ® : 1440 41 4L -
20 L —: o= H‘\; :
L 1 | v"’ﬁl“ """ .
: : 0
15 20 25 30 35 40 45 50 55 60
40 50 60 70 80 90 100 110 120
m, (GeV)

m., (GeV
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Establish the EFT in the golden channel

non-SM With sufficient data, a tight cut on the reconstructed
here \‘ on shell vector mass, study the 3 body distribution
__________ (can then combine vector decay modes)

shifted to
minimal

bi-lepton
distribution

(V reconstructed)

5: S '; o lotal signal strength the same, S|gn|f|cant
15 s 1 shape variations possible in offshell ¢~ spec.
! | (Photon pole neglected here).

o > 70»5 E=7Tev,L=5 0" fE=8Tev.L~ 1078
S R 121.5<m, <1305 Gev ° D@ :
° Need more data! = © EZ”‘ E

. 2 2y 22
But we are goingto § 5 _ e
A O | m, =126 GeV 1
get it! 4 :
:
/i) PP SRR IR SR S i
0 002 004 006 008 0.1 0.12 2 r
o%/m3 :
i 211 1 ..:L -
Another nice paper on.thls. spec (light states focus) 0 et L Dt
M Gonzalez-Alonso, G Isidori arXiv:1403.2648. m, (GeV)
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Establish the EFT in the golden channel

sl | ® Inthe linear realization SOME deviations in this spectra
. i are bounded by non- higgs processes.

|

dr'/dq?®

® |n the nonlinear realization, when h is just a singlet,
the deviations related to greens functions with the h
field not related to non h processes (at tree level)

-
-
- — .

N PR |
0.06 0.08 0.1 0.12

q%*/mg

0 : 4 " l : 4 A l F—
0 002 0.04

® Forthis reason, consistency checking any deviations against all other SMEFT
constraints a very hot topic.

® Much debate in the literature;: See |308.2803 Pomarol, Riva. 141 1.0669 Falkowski, Riva.
Isidori Trott arXiv:1307.4051

1409.7605 Trott

Michael Trott, Niels Bohr Institute, April 14th 2015



http://arxiv.org/abs/arXiv:1303.3876

Exclusive decays of the Higgs

Rare pseudo-scalar decays: - then the current is proportional to J*  ¢*

Manohar, Isidori, Trott arXiv:1305.0663

This gives access to another combination of form factors:

7
MaY = (-g L 2P ) i+ hl
I.e. another combination of wilson coefficients in the EFT.

These are small Br, but not impossible to find in the future if dedicated studies

I'(h — VP)
['(h — VP)SM

2

= |01 +g§(02 -+ Cg)l
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Exclusive decays of the Higgs

® The SM rates of some exclusive modes..

V' P mode BSM V P* mode BSM
W-nt 0.6 x 107° W~ p* 0.8 x 107°
WKt 0.4 x 107° Z° ¢ 0.4 x 107°

AE 0.3 x 107° Z°p° 0.4 x 107°
W~ DF 2.1 x107° W-Di* 3.5 x 107°
W-D* 0.7 x 107 W~ D** 1.2 x 107°

Z . 1.4 x 107° Z°J /4 1.4 x107°

TABLE I: SM branching ratios for selected h —+ V P and
h — V P* decays.

® These decays TEST the ratio of the two scales characterizing the breaking of SU(2)xU(1)

How cool is that?

® Now a hot topic since

see: |410./475 Mangano, Melia,

| 305.0663 Isidori, Manohar, Trott

1406.1722 Kagan et al.

1501.06569 Grossman et al.

Michael Trott, Niels Bohr Institute, April 14th 2015



Exclusive decays of the Higgs

® Part of the reason this is a hot area is due to the potential to extract

couplings of the higgs to light quarks 1306.5770 Bodwin, Petriello,Stoynev, Velasco
1406.1722 Kagan et al.

E EW part we calculated still
" i dominant.
h h

® Going forward we want every drop of information we can get form the experiments
projected onto the SMEFT in a consistent fashion EFFICIENTLY.

® | esson - always get all the leading tree level diagrams!
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NLO EFT - can we do it?

1 1 |
L+ ——Lg+
Asr+0 Ag_o A§p—g

® (Probably) our lagrangian:£ = Lgp +

® 1008.4884 Grzadkowski, Iskrzynski, Misiak,Rosiek
operator basis FULLY reduced by SM EOM.

6 gauge dual ops

f.-lU(f‘G;}(/G‘I/fPGSF

FA5eGpapeg | Qo | (PO o] @G 28 non dual
E”K‘v’i"'l"u”',’p"V:(“ g ) , 5, AYY [ AT ) .. . =
Riddhid ’ operators

£ IJK W,f v ”;x;/ o ”/p Ku
25 four fermi ops
ol GAGAw w | (Lo e)r oW,

(,9(,/(11(;““ e (lpo»‘ cf)YB;n; ) p 59 + thl

FeWLW | Qu | (g0 T*u,)3GL, #'iD, ¢)(Ete operators

e WLW N Quy | (gomu)r'EW], "D, ) (g7 .
, “ S D B ‘ NOTATION:

;?; B,,;,B‘m (qpamrur);: B',,, ' '
1 0o (o
Xow = 5Eupa X (Eg12s = +1)

'p By, B*
""'T! ;’c “’1 13[“/

ol oW B

(60" T"d. )¢ G,

(Goo*“d, )T e W! o

(gpo"“d, ) By

Table 2: Dimension-six operators other than the four-fermion ones.

000 ——————
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What is the theory!?

® Four fermion operators: 1008.4884 Grzadkowski, Iskrzynski, Misiak,Rosiek

8 (LL J(LL) 8 : (RR)(RR) 8:(LL)(RR)
Qu (LpYulr) Ly 1) Qee (€pyuer)(€sv"er) Qie (lpvulr)(€sv"et)
i (Gp7u9r) (7" ;) Quu (¥, ) (T ue) Qru Lyl ) (s y*uy)
9 | @ e) (@' m'e)  Qua (dpyudr) (dsy"de) Qua (Tpvule) (dsy*de)
QY | (pul)@'a)  Qew | (Epmuer)(@er™ur) Que | (@70r) (@ er)
QY | Gyt 1)(@71a)  Qea (EpVuer)(doyidy) = (@pu ) (T ue)
Qui | (pyaur)(dey*dy) o | (@7T4g) @y Tu,)
QY | (wpyuTAur)(dey*TAds) QY | (@yugr)(dey*de)
Q% | (@7.T4q,)(dy*TAd,)

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

Quedg | (Ber)(dage;)  QLa | (@ur)en(ahdy)
Qi | (@74 (g Tdy)
Qi) (Ber)ein(ghue)
Q2. | (Bouwe (@ o )

over 20 years?!
700 citations?
...for shame...

e Initial work in the 80’s: Leung,Love, Rao 1984,
Buchmuller Wyler 1986
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Timelines of developments.

1 1 1 1
Probably) our Lagrangian: £ ‘—@+—'+ Lo+ <:>+
( ) grang @ Asr0 A§B:0 A%B:O ; A§L750

® Timeline a bit interesting: Q Glashow 1961, Weinberg 1967 (Salam 1967)

Q Weinberg 1977

O Leung, Love, Rao 1984, Buchmuller Wyler 1986,
Grzadkowski, Iskrzynski, Misiak,Rosiek 2010

Weinberg 1979

O Lehman 2014 (student at Notre Dame)
arXiv:1410.4193 L. Lehman
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Timelines of developments.

1 1 1 1 ()
Probably) our Lagrangian: £ 4@+ 4‘* ol B
( ) grang @ Asr0 A§B:0 A%B:O ; A§L7ﬁ0

® Running timeline: Q 1973 Wilczek, Gross, Politzer, Many others remaining
SM terms ( knriplovich 69, thooft 72)

Q Babu, Leung, Pantaleone (complete) 1993

+ many others for partial

O Alonso, Jenkins, Manohar, Trott (complete) 2013,
+ many others for partials

Alonso, Chiang, Jenkins, Manohar, Shotwell
(complete) 2014 + many others for partials

O somebody is working on it somewhere...
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Can actually treat this as a real EFT.

® Complexity is scaling up:

B
O
9
R

1 1 1 1
@ A5L#0 A?;B:o A<25B=O ; A%L#O

14 operators, or 18 parameters (+ 1 op and then 19 with strong CP)

1 operator, and 7 extra parameters

59 + h.c operators, or 2499 parameters (or 76 with flavour symmetry)

Alonso.Jenkins,Manohar
Trott arXiv:1312.2014

4 operators, or 408 parameters (all violate B number)
arXiv:1405.0486 Alonso, Cheng, Jenkins, Manohar, Shotwell

20 operators, (all violate L number, 7 violate B number) -xiv:14104193 L Lehman

Michael Trott, Niels Bohr Institute, April 14th 2015



What is the theory!?

This seems fearsome. Lets add to the fear.

® 59+ h.c operators, but many have flavour indicies, take them seriously.

Alonso,Jenkins.Manohar
Trott arXiv:1312.2014

@ for ng generations the total number of dim 6 CP even + CP odd parameters is

1070, + 2n; 4 135n7 4 60] /4

ng =1 total parameters 76

’I[\(l)eteecsltti/l Llii/e this @ total parameters 2@

This is the linear SMEFT.

Practically can reduce the number of relevant parameters to
about 50 or so using approximate flavour symmetry and
neglecting CP violation, using scaling when near resonances..
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If we find a pattern of deviations

@ What does it MEAN? In terms of the underlying theory at a few TeV?

® Adding extra operators to the SM, generalizes the SM predictions.

® But it is not trivial. This violently changes the UV divergence structure of the theory.
A different field theory that has to reproduce the IR of the UV theory if we are serious.

Effective Theory:
C.
Lo + Z A—;Oi i Z c.t.

Renormalize it.

MUST reproduce the IR of the
full theory.

Need all effects of order:

Run the ops.

As we don’t see other
NP effects at low scales

LHC run 1

Full Theory:

»CSM =+ £please exist T Z c.t.
)

Renormalize it.

Matching
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Results of full calculation

® Can check against full result now known:

HE HD?  yu?H®  42H2D W | 2X2H?  qui?XH | X3
Class 2 3 5 7 8 4 6 1
NDA Weight 2 1 1 1 1 0 0 -1
H° MNA R AR gt A Y MAARY 0 | At 6P 0 X!
H*D? 0 SN TN N y%, g° 0 47 Wi 47
yy*H? 0 Ayt gt A gt Mg A ¢t AN et &Y
v*H?D 0 g%y W gAY | 4 gt 4
w-@ 0 0 0 g'z, y2 92, y2 0 g2y2 ',’
g*X°H? 0 ) I 0 1 0 | ANy246° y? gt
gyv*XH 0 0 1 1 g g%, y° gt
X3 C 0 ) 0 0 0 0 1 0 g°

® Crossed

hatched entries vanish despite naive degree of divergence,
or through cancelations

Blue is explicit one loop “tree-loop™ mixing

even in weakly coupled renormalizable UV theories

Michael Trott, Niels Bohr Institute, April 14th 2015




Post Modern Discovery Physics

1502.02570 Berthier, Trott

® So what do we do NOW: LHC LEPII |
h pole 4 fermions

Energy scale: <—|—|—|—|—|—|—>

" (O ~ 10's GeV ~91.2GeV  ~125GeV  ~190GeV ~ 2000 GeV
\] » EDMs . LEP |
MFV < flavour z-pole /

80’s-90’s R /
' colliders,
\C,:eocrlztr;a:gt / 1308.2803 Pomarol, Riva
141 1.0669 Falkowski, Riva.

W coeff space
; e the vectors rotate as you change scale.. 1409.7605 Trott
1503.07872 Efrati et al

® To combine the various constraints consistently take into account they
rotate as you change scale..

® Any future discovery has to be projected back on these constraints to
check consistency..
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“Near pole” EWPD vs. TGC

® The Z pole measurements are not debatable - they range in precision from percent
level to 102 precision.

® Due to near pole EWPD should we set non TGC parameters to 0 ina TGC
measurement? My opinion - no.

Why are past constraints too strong? & (this is the actual Dr. No.)

® |tis well defined to construct a x° from EWPD near pole data.

e Challenges are : Specifying the theoretical error in the SMEFT to build the x*
correctly. Perturbative corrections do matter.

Past fit efforts ignored the theoretical error in the SMEFT (and
sometimes in the SM) when fitting.

4
Mapping x° to space of C; dependson O (%)
2 4
X° = ZaC% £ Z%’Ci Cj% +-+  Fit space dictated by terms
¢ s treated inconsistently
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People working hard

® Recent progress: Constructed Observables; 1409.7605.pdf  Trott

Towards consistent Electroweak Precision Data

constraints in the SMEFT: 1502.02570pdf o e IOt

Figure 1. Diagrams contributing to near Z pole 2 — 2 scattering in the SMEFT. The black box
indicates the insertion of £,

. : e Finite terms in h to Gamma Gamma:
N A W | 50someday.pdf

s LHC
i O h pole Hartmann, Trott
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The Big Picture going forward

Run Il data

v
e

See Isidori et all Pseudo-obs
arXiv:1412.6038.

parameterization

LEP/ other NLO EFT
constraints
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Amazing

test of SM

in a general
consistent EFT
framework

Discovery of
BSM?




