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Status report

® SM has been shamelessly successful in describing all collider and low-
energy experiments. Discovery of 125 GeV Higgs boson is the last piece of
puzzle that falls info place. There is no more free unknown parameters in
the SM

@ We know physics beyond SM exists (neutrino masses, dark matter, inflation,
baryon asymmetry). There are also some theoretical hints for new physics
(strong CP problem, flavor hierarchies, gauge coupling unifications).
Unfortunately, none of these issues points unambiguously to a concrete mass
scale where new physics addressing the above mentioned problems should
become manifest...

@ In the past, the concept of naturalness was used as a guiding principle.
Models addressing naturalness problem (supersymmetry, composite Higgs, ...)
make very definite predictions about new particles and interactions that
should become visible below 1 TeV energy scale. But all realistic models
addressing naturalness have certain tensions and involve baroque theoretical
constructions, which casts serious doubts on whether they are relevant in
our reality
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Lord Kelvin’s nightmare

@ It is likely that for some time (maybe a few decades, maybe longer) we
wont be able to directly produce on-shell particles from beyond the SM

® However, quantum mechanics comes to a rescue as all existing particle are
continuously produced and annihilated off-shell, and this way they may the
affect the properties and interactions of the known SM particles

@ Therefore, in the near future of particle physics should be focused on
precision measurements

@ For this we need a versatile and general formalism, which can accommodate
many different ways new physics may show up
in experiment and indicate promising research directions
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Fantastic Beasts and Where To Find Them
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x) It looks more and more likely that new degrees of freedom beyond the SM may not
be directly available at the LHC or even at future colliders

x) However, even if it is not possible to see the head, it may be possible to see the tail...
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Formalisms for precision measurements

3 formalisms in use

@ SM EFT, effective theory for the SM degrees of freedom where the electroweak
symmetry is realized as a linear transformation of the SM fields

@ HEFT, effective theory for the SM degrees of freedom where electroweak
symmetry is realized non-linearly

@ Ad-hoc modifiers for SM couplings

Friday, April 21, 17



SM EFT

@ Assume that the SM degrees of freedom is all there is at the weak scale. But we
treat the SM as an effective theory, and call it the SM EFT

@ In the SM EFT, the SM Lagrangian is treated as the lowest order approximation of
the dynamics. Effects of heavy particles are encoded in new contact interactions of

the SM fields in the Lagrangian

@ The SM EFT Lagrangian can be defined as an expansion in the inverse mass scale of
heavy particles, which coincides with the expansion in operator dimensions

@ Under certain (mild) assumptions, the SM EFT framework allows one to describe
effects of new physics beyond the SM in a model independent way
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Basic assumptions

SM EFT Approach to BSM
o Much as in SM, relativistic QFT with linearly — LH, LeSUQ2)L
realized SU(3)xSU(2)xU(1) local symmetry

spontaneously broken by VEV of Higgs doublet field

® SM EFT Lagrangian expanded in inverse powers of

A\, equivalently in operator dimension D << A << A
3
— i — o LR=0 o @ =Tyl 1)(’—8
SM EFT SM T A T A3 A A A4

L

/

Lepton number or B-L violating,
hence too small to probed at present
and near-future colliders

By assumption,
subleading
to D=6

Generated by integrating out
heavy particles with mass scale A
In large class of BSM models that conserve B-L,
D=6 operators capture leading effects of new physics
on collider observables at E << A

Buchmuller,Wyler
(1986)
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Warsaw basis for B-conserving D=6 operators

Bosonic CP-even Bosonic CP-odd Yukawa
(0! 11; | HT HeSHT Y,
On (HTH)?’ (0! 11y | HT HuSH'q,
O (HTH)D(HTI—_U Ol | HYHASHq,
Ownp | Hi D, H}2 Veftex Dipole -
- W1 | ilrou b H DL H Olwlis | eowHlait,Wi,
Ona H'H GZVGZV OH G H'H GZVGZV 01y | ifio'e, b HY o Dy H Olglis | €§ouwHY B,
Omw | HUHWW, Oy | HUHW,W, Ouds | o (s | om0
N Oy | iwe.aH DL H 08 lis | wSo Hioiq, Wi,
Oup | H'HB,,B,, Ouz | H'H BB, 01 iqmi(—fﬂqﬂf%mﬂ Ol s | o iies By,
. . . — ¢ =c 17t T c a7t a
Onwp | H'o'HW}, B, Opivp | Hio'HW;, By EZjZ Zizzj;ﬂ [[;)5;]]]; Zzﬁjjvi:
Ow € "’W’L’ W Wfl)c,u OW € kﬁ?z VV;‘/7 Wk Otudlrs | iu§o,d5HI D, H (Olplrs | djouwH'as By
Oqa f“bCGa GngEu Oz f“ch“ Gngf)M 1
(RR)(RR) (LL)(RR) vt
O.. n(e‘o,e®)(e‘o,ee) Oye (6,0) (e 0,e°) U _I_ h (a:) +
Ouw | mluto,i)(uo,a)  Ow |  (l3,0)(uo,a) > BB
Oda n(d°c C)(dcaudc) Oug ((5,,0)(do,d°)
Oeu (e°0,€%) (uo,u®) Oeq (e°0,€°)(q0,4q)
Oed (e¢o,e®)(d Uudc) Ogu (g0.9)(uo,uc)
Out | (u‘0,u%)(d°0,,d°) Oqu | (70, Tq)(uc, T"u’)
O.q | (u0,T0u)(d0, Td°)  Oga | (§0,q)(d°0.d")
Oy | (q,T%q)(d°0, T?d°)
(LL)(LL) (LR)(LR)
O | 1(€5,0)(€5,.0) Oquqd (uq’)eju(dq")
O | (30,.9)(40,,9) Ohga | (T ¢ )ejp(dT ")
Oyq | M30,0°9)(q0,.0°q) Orequ (et )ejn(uq®)
O | (66,0)(G0,9) Ofequ | (€0 )eju(uca"q") Grzadkowski et al.
0y, | (lo,0°0)(gou0%q) Otedq (Ce°)(dq) 1008.4884
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Advantages of SM EFET

@ Framework general enough to describe leading effects of a large class (though not
all!) of BSM scenarios

@ Theoretical correlations between signal and background and different signal
channels ftaken into account

@ Very easy to recast SM EFT results as constraints on specific BSM models
@ SM EFT is consistent QFT, so that calculations and predictions can be systematically
improved (higher-loops, higher order terms in EFT expansion if needed). In

particular, SM EFT is renormalizable at each order in 1/A expansion

@ Some tools to assess validity of 1/A expansion
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HEFT

@ Alternative formalism inspired by low-energy QCD
description of pions and kaons

@ No linear electroweak symmetry realized in
Lagrangian -> replaced by non-linear version

@ Expansion in operator dimensions replaced by
derivative expansion

=% v+ )+ ”h(X)
/\ - 41TV
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for review see e.g.

LHCHXSWG 1610.07922

Introduce triplet of

Goldstone field ¢ U — exp(Q’[:gOaTa/U)

via unitary matrix U

Transformation of U
under SU(2)LxU(1)
implies electroweak symmeitry

is realized non-linearly on Iggs boson Is pertect singlef
under electroweak symmetry

1

L2 = —5(GuuG™) = (W W) = 5

4B,LWB’LW + Z @Zzpw

Y=qr,lr,uR,dR.€R Lowest order
Lagrangian
supplemented

-~ h\" oy (h\" . o
qr (Yu + ZYU(”) <;) ) UP,qr+qL (Yd + ZYd( ) <;) ) UP_qr by higher-derivative

,02

A

(D, UTD*U) (14 Fy(h)) + %@h@“h — V' (h)

—v

=l n=1 terms
_ > A\ "
+i <Y +> v (—) > UP_lp + h.c.
v
=l L4 = arg' g(UTs B, UTW™) + iagg (UTs B, UT[VE, VY)Y — iasg(W, [V*, V7))
hh
Hag(VaV ) (VEVYY + a5 (V,VENV, V) + %;CWSFWFW v %(aﬂhaﬂw

DMU = auU + ’LgWMU — ig/BMUTg Jhh ehh
+7(8uh8“h)<D,,UTDVU> + 7(a,ma'fh)umﬂ DU) +...
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Advantages of HEET

@ More general than SM EFT, so more flexible to describe BSM models
@ HEFT is consistent QFT, so that calculations and predictions can be systematically

improved (higher-loops, higher order terms in EFT expansion if needed). In
particular, HEFT is renormalizable at each order in loop expansion

However

® The non-linear Lagrangian becomes strongly coupled at the scale 4nv~3 TeV, where
amplitudes lose perturbative unifarity. This is true even for very small deformations
from the SM, due to multi-Higgs production processes quickly growing with energy

@ The non-linear formalism is relevant probably only for BSM theories with new particles
whose masses vanish in the limit on no electroweak symmetry breaking
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Coupling modifiers )

sm =D,H'D,H+m%H'H—-XH'H)?> - (H"f.Y;F +h.c) +

Couplings to Self- s
EW gauge Couplings OPPLNgS
bosons to fermions

oMWW, +m32,2, ”;th—

Assume only new physics only modifies coupling strength of interactions
already present in SM Lagrangian

m
—Pkph® — (kpmysfof +h.c.)

2

Note that this makes sense only at free level, as loops will always generate counterterms
for interactions that go beyond the SM Lagrangian

Similarly as for HEFT, amplitudes hit strong coupling around the scale 4mv~3 TeV,
even for very small deformations of the couplings from the SM value
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Effects of SM EFT D=6 operators on Higgs couplings

Mh
=) 9 (1 +5/\3)h

h
hvv =5[2(1 + 5cw)mﬁijw,; + (1 +6c.)m% 2,2,
2

2
IL v+ w—- o= L+ vir- 2 (17— +
@ Corrections to Higgs self- teww o Wi Wi + w5 Wy, Wiy + cungr, (W, 0, Wy, +hec))
2 2 2
' e e
couplings +ngg—8GZuqu t oy Ay Ay + Cony 22 Zy Ay + €22 2L 2,2,
1 4 2c 4cy

+CzDg%Zp.au Zuu + ¢c,09LgY ZuauA;w

@ Corrections to SM Higgs
= 62 ~ €qgr,

2 2
1 ~ g a -a ~ 1 ~ g —
couplings to 2 SM fields and +cgngWGw,+cWZA,“,A,,,,+cz7EZ,‘,,A,,,,+czzZ,“,Z,w]
new tensor structures of :
these interactions

2o
@ Higgs couplings to 3 or more Z mys f°(I + dyre’®’)f + h.c.

SM particles affecting multi- =u,d,e
body Higgs decays

h _ _
nEFT D1/ 9% + 9% [09L° Zueryuer, + 095" ZuEruer + - . ]

h
+_2 [(dAeAﬂVéLU#VeR £ hC) I (dZeZuuéLo'pueR + hC) -+ ]
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Bosonic CP-even Bosonic CP-odd
(HTH)?
(HTH)O(HTH)
1D,
H'H G, G4,
HTHW. W,
H'H B, B,
Hio'H W, B,
IR Wi, Wi, Wk,

Fe G GG

H'HGSY,GY,
HTH Wi W,
H'H B,,B,,
H'o'HW;,B,,
k1174 J k
e Wi W, Wk,
fabcéZVGb Gc

vp ™ pp

Table 2.2: Bosonic D=6 operators in the Warsaw basis.

Cy =0C, + 40m, <

- 2 4

2.2

ww —Czz T 2390z'7 + 89Cyry;s
i — € 59Cyy

1 o
L
g2 — g%

1

L= C.O + g?/czz - (g%

2

&0 =7 [2¢% .00 + (9% + 9% )2z

Important: correlations between
different parameters describing
deviations from SM

Friday, April 21, 17

597 — 9y
4(97 — 9%)

1

3
CHO — ZCHD + 1

dcy = cpno— CHD

oc,

(%

V melme
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relative correction to W mass

= g%)sgczﬂy] ,
— (97 — 9%)¢2n )

2 (
— \cup + 2
293

1 1 1
[C}H]IJ‘HSIJ <CHE| — —cgp + 1[068]1221 = E[C(ng]ll —

4919y
— 5 3 CHWB T
g, — 9y

IL gY) ([066]1221 - 2[052]11

497 — 9}

([sz]1221 — 2[0;2]11 - 2[0;?2]22) ;

1.
) [ngé]zz> )

(2.39)

4

4
_QCHGv
s

4
— CHW,
gL

1 1 1
4 —<caw + —cup — CHWB | »
gi, 9y grLgy
4Q%CHW + g3-cuB + 99y CHW B
(91 + 9% )?
931 —9%
gLgy

Y

CHWB

Y

4CHW — 4CHB -2
9i + g%

1

L i)

oy )

49%CHW + g% cup + 9L9v s
(97 + 9%)?

g2 —g2

grgy CHWB

Y

Y

4CHW — 4CH§ -2

97 + 9%

[C(H?)%]ll + 2[022]22 — [Ce£]1221) )

9% —

1 (29% + 9%
g L9y

CHWB + CHD + 2[0%]11 + 2[0532]22 — [C££]1221) ,

ar

1
- <4g—YCHWB —I— CHD + Z[C(H?)%]ll + 2[0532122 - [CZZ]1221> ) (

2(97 — 9y)
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@ In SM EFT Higher-point Higgs vertices with gauge bosons and fermions are
correlated with gauge boson couplings to fermions

® Thus, they are related to precisely measured observables at LEP and low-energy
experiments

EFT O g%+g§, [(1+59 ) “6L7“6L+(1+5g ) “GR’)’MBR‘F

1
+= [(dacAweLowtr +h.c.) + (dzeZuweLower + h.c.) +

h
wEFT D1/ 97 + 9% [09L° Zueryuer + P9R° ZuerYuer + - ]
h 3 _
+—2 [(dAeAWeLam,eR + hC) oE (dZeZuueLapueR T hC) T
All in all, vertex- and dipole-type interactions of Higgs with 2 fermions and 1 IIEICOH(;(?S‘;/;S

gauge field can be neglected in the LHC context, given constraints from other
precision experiments (and assuming MFV)
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grT D\/ 97 + 9% [(1 4+ 097°) Zueryuer + (1 + 09%°) Zueryuer + - - All the same couplings

1 : g
+= [(daeAuerLoumer + h.c.) + (dzeZuerLouer + he) + ... ] as in SM EFT do arise

p However, no correlation
- ~2 € i
weryuer +09R Zueryuer + ... between Higgs

y ) ol it
— [@AeApvéLopver +h.c.) + (dzeZpéLower +hc.) +...] and non-Higgs couplings!

h
- :;[2(1 + 5cw)m%VW:Wp_ + (1+ 5cz)mzzZ#Z#

Also, no correlation

-~

2 2
Fun LW, Wi, + G W, Wi, + cunngh (W, O, W, +hec.)

e between
+ngg4_§GZuGZu + 0772_2‘4#11‘4#" T Cay %Z#VAI‘V T Czz %Z#VZFW COUP“FI;SZ;; V>/W and fo
+C"‘392%Z wOu Dy + c”‘:'ngYZ“a”A“” unless cus’rod\i/alg:mme’rry
+599%vaégu +&n %A,,,,/L,,, e ec,, ] / imposed

Testing the correlations may be one day the best means of
differentiating between the SM EFT and HEFT descriptions
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SM EFT HEFT

free O(1) parameter free O(1) parameter

_.h . U

@ In SM EFT there is order parameter A that controls deviations of Higgs boson
couplings from SM predictions. As long as A/g*>>v, the couplings should be close
to SM values, as measured by LHC experiments.

@ In HEFT there is no order parameter that controls deviations of Higgs boson
couplings from SM predictions. The experimental proximity of Higgs boson
couplings to SM values must be considered accidental in the HEFT framework
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“LHC Higgs vs
other precision
. measurements




Example (always arise for composite Higgs)

This operator modifies Higgs
CH[] (HTH)D(HTH) boson kinetic term. To retrieve
_'—AQ__— canonical normalization we
need to rescale:

)

. cyn0,(H'H)O,(HTH)
A2

cgn0u(v + h)?0,(v + h)?
4A\2

“HO 9,hd,h+ ...

Note that everything that is order 1/A"4 has to be consistently ignored in my calculation,
otherwise I need to also fake info account dimension-8 operator
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But then *all* Higgs boson couplings
present in SM are universally rescaled

Bound on Wilson coefficient cuo from Higgs signal strength measurements at LHC
- ATLAS + CMS
= 1.09 = 0.11 1606.02266

< 0.15 @ 95% CL

Assuming this is leading

dimension-6 operator
weakly coupled

21 TeV g ~ 1
>10 TeV gy ~ 4m
strongly coupled

For negative sign
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LHC Higgs precision measurements are typically irrelevant fo constraint BSM
physics that violates approximate symmetries of the SM

E.g. for baryon-number Oduq =(du°)(QF)
violating new physics we Ogqu =(qq)(u€®)

can probe dimension-6 B
operator suppressed by up Oqqq =(99)(¢¢)

3 __ye ¢ e.C
to 10"16 GeV Odun =(d°u°)(u’e®)
Bound on A [TeV] (C =1) | Bound on C' (A = 1TeV) ‘
Operator Re Im Re Im
. . (5r,v*dr,)? 9.8 x 102 1.6 x 10% 9.0 x 1077 3.4 x 1079
E.g. for ﬂavor wola’rmg new (5p dy)(GLdr) 6.9 %102 2.6 % 10-11

phy5|cs we can probe (cLytur)? | 1.2x 103 2.9 x 103 56 x 1077  1.0x 1077 | Amp; |q/pl,¢p
difiensionas operaTors (crur)(Erugr) | 6.2 x 103 1.5 x 104 5.7x107% 1.1 x 1078 | Amp; |q/p|,¢D
suppressed up 100 TeV-100 PeV (bR_dL)(deR) 2.5 x 103 3.6 x 103 3.9x 1077 1.9x 1077
(bry*sp)? | 1.4 x 102 2.5 x 102 50x 107°% 1.7 x107°
(brsr)(brsr) | 4.8 x 102 8.3 x 102 8.8x 1076 29x 107

AR P Isidori

-—— - —-
-

1302.0661
X 2 COMET / Mu2e ”

Also lepton-flavor violating or W N o1

flavor conserving CP-violating couET P

operators are probed up to 100

=A% e

<7.0x1013
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s 1 1
D—5 l D=6 | =1 |
ALE A2 | A3D€ '

v <4 A <4 A eading corrections
to SM for E<<A
Yukawa
Pole observables o | H e,
constrain vertex Ol ylis | HHug g,

(Ol | HYHdHq,
and oblique .
corrections y wmmm\\ \

]

Og;]jj iZ[O'ia'HgJHTUiﬁ;H
]
]

1 -
40(’—8+..

Lsm EFT = LsMm

Dipole Off-pole observables probe
Ol | ciouHiait, W, 4-fermion operators

015117 | eSouHU B,

| icsoes HIDLH N Ol | wSo T H s GO,

OS()} 1J i(ﬂf?'MQJHTﬁuH

[

[ WOhy s | u§o Hiolq, W,
[OS;][J i(jjaiﬁuqJHTainH

[

[

3 [OLB]IJ “?qugﬂql] B

_ . Omdis | iSo,asH D H (0Ll | dsopToHTgs GO, O A n(c0,e°)(e°0,e°) Oce (la,0)(e0,E°)
JBOSODIC CP-GVGH Ondlis id?oqu}HTﬁuH [OLW]IJ o, Hiolg, Wi, 0. 77<Ucauﬂc) (UCO'MGC) ( \
oC . Jc 17T T c & — —
OH (HTH)?) wugoudiH /r 4 (Ol | dfouwH ) By, y Oud U(dc%dc)( CO'MCZC) (
~ e /
o / O (e°0,€%) (u¢o,uf) (
Table 2.3: Two—fermlon D=6 operators in the Warsaw basis. The flavor 1nd1 s are €U H H
OH L (H T _ H TH ) denoted by I, J. For complex operators (Op,q and all Yukawa and dipole opdfators) O ( c —c) ( do . d°
T, / ed e‘o,e 0,d°)
the corresponding complex conjugate operator is implicitly included. / ~
Onp & _ / Ot | (uf0,a)(doo,d?)
e ] ~ 0., uo, T (dc, Td°¢
Ouc | HHG,Go, One | HHG, GO, : | T TN E o)
. . —~ . 1
1 1 _ 1 ) \
Opw | HTHW! W/, Oyw | HHW! W], | )
RS (EL)(LE)
Oup H'H By By Ow | 1(l5,0)(l5,0)
1 Opig | Ho'HW., By, N\ Ou| @)@
T . e . \\ / i — 7
Ow ZJ’fWZ Wi O | R WE, Wi, Wk N\ | @0 D)
PR w PR N | (5,0(70,9)
abca b c b b i i
Oc | fGs,ah G5, 5 | foeCe,ahGl, NG a0
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Off-Pole constraints on 4-fermion operators

[Cg)]llll [Ceq]1111 [Ceu]1111 [Cm]lnl [Ceu]1111 [Ced]1111

LEP-2 3.50+22 —42 + 28 —21+14 42 + 28 —9.0£5.7 18+ 11
APV 27+ 19 1.6 1.1 3.4+23 3.0+t 2.0 —34+23 | -3.0+£2.0
QWEAK 7.0+ 12 —23+4.0 | —3.5£6.0 —7 £ 12 3.51£6.0 7T+ 12
PVDIS —8 £ 12 24 + 35 38 £+ 48 —77 4+ 96 —12 £ 17 24 + 35
SAMPLE —8 + 45 X —17 490 17 4+ 90 —17 490 17 4+ 90
CHARM | —80=£180 | 700 £ 1800 | 370 £ 880 | —700 =% 1800 X X
LEF 0.38 = 0.28 X X X X X

Constraints on ¢ v'2/A"2 in units of 10”-3

: (k) (gq)
[Céq)]mn [Ceq]2211 [Ceu]2211 [Cm]mn [Ceq]2211 [Ceu]an [Ced]2211
PDG v, 20 £ 15 4+ 21 1819 | —20 4 37 X X X
SPS 041000 | 0=£3000 | 0£1500 | 0£3000 | 40 4390 | —20 4190 | 40 &= 390
LEF —04+1.2 X X X X

:_Céequ_:llll (—1.3 -
Cledq|1111 (1.3 =
3 (—0.2
Crequl1111 -

__Cfequ__ 2211 (03 —
Cledq|2211 (_0-3
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Off-Pole constraints

\

Friday, April 21, 17

(

—1.00 £ 0.64
—1.36 £0.59
1.95£0.79
—0.023 = 0.028
0.01 £0.12
0.018 = 0.059
—0.033 £ 0.027
0.00 £0.14
0.042 £ 0.062
—0.8£3.1
—0.15+=0.36
—0.3£3.8
1.4+£5.1
—0.35 = 0.53
—09+44
0.9+ 238
0.33 £ 0.17
3+ 16
3.4+£49
2.30 £0.88
—1.3+1.7
1.01 ==0.38
—0.22 £0.22
0.20 £ 0.38
—48+£1.6
1.5x21
1.5x£22
—1.4+£22
3.4+E£26
1.5+£1.3
0£11
—2.3+£7.2
1.7+£7.2
—1+£12
3.0x£2.3

)

/

x 1072,

[Ced] 1133
[Ceq] 1133
[Ced] 1133
[Cé2>]2211
[Czq] 2211
[Céu} 2211
[Cﬂd] 2211
[éeq] 211

on 4-lepton observables

r‘ .
e///r, ’har

110 £ 180
—5=x11
—5£23
—1+£12
—4+21
—61 = 32
24£8.0
—310 &= 130
—21 + 28
—&87 £ 46
270 £ 140
—8.6 £8.0
—1.4+£10
—3.2+5.1
18 =20
—-1.2+39
1.3+£7.6
15 £ 12
25+ 34
4441
—0.14 £ 0.13
—0.14 £ 0.13
—0.02 £ 0.16

( —2.2+3.2 \

\ —0.05+029 /

x 1072,

Full correlation matrix
also calculated

Typical constraints for
vertex corrections are
at 0.1% level, although
some directions in
parameter space less
constrained

Typical constraints for

4-fermion operators
are at 1% level,
though again some
less constrained
directions

Chirality violating
2L2Q operators more
stringently constrained



1 1
D=5 l D=6 | =1 |
AL E I A2 I A3 DP I

. eading corrections
v <L A <K A o SM for E«<A

Lsm EFT = LsMm

1 -
40(’—8+..

Yukawa

Certain dimension-6 | (Ol | HUHCGHIL

L Ol | HYHuSHY g,

Operafors \ [0}yl HTHd?HTQJ;:,;
can be pr‘obed s

Only certain linear combinations
of operators are probed by pole
observables, and Higgs data are

S ——

Vertex N Dipole d 1_ I d .
el o HDH " Ohelrs | ctom ot nee O resolve aegeneracies
y iZ]Uia'ufjHTO'iB;H ) \f [OZB][J e?auyHTgJBuy
by Higgs processes iejo, ey H'DH N Olgly | wiouT"Hlas G, 2
iq;&”qJHTE;H ‘L [OLW]IJ u?awjﬁTU qJ W/ﬁu s R) )
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Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indigfs are Oeu (e¢o,.€%)(u‘o,uc)
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T a a y _ T a a ' ud 7 1
HiHG4,Ge, 70,5 | HIHG,GO, u
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@ Accuracy of LHC Higgs measurements is inferior, compared e.g. to
that of LEP-1 Z-pole observables, so for generic new physics
scenarios they will not provide the strongest constraints

@ However, the value of Higgs observables is that they give access to
some completely unexplored directions in the parameter space of
SM EFT

® One can concisely characterize these unconstrained directions that
should be explored at the LHC

@ There do exist (not fine-tuned) new physics scenarios where only
the operators along these particular directions are generated with
sizable coefficients in the low-energy effective theory
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C0 Czz Czy Cyy Cgg

S mpfoI +8yse?’)f + hee.

=u,d,e
hvv =;[2(1 + bcw)miy WHW, + (14 dc,)m% 2,2,

2 2
g -, = 9 - _
tewn o Wil Wiy, + Cuwn g W, W, + cunngy, (W, 0,W,5, + h.c.)

92 ra e? egL g1
+cCqg ZGuquv + Cyy ZA;WAW + Czy 2o Zyw Apy + Czz Ezthlw

+czl:lgizpauzpv + CyDngYZpauApu

2 2
- = _ e N _ e
+Cqq gG;‘,,,wa +en g AuwAyy + Coy 291, A
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Update on LHC Higgs
constraints on SM EFT




Channel | Production ATLAS Run-2 CMS Run-2
vy ggh 1.10592 1 0.627939 [106] | 0.777923 [107]
VBF 1.370% | 2257075 1106] | 1.6170%0 [107]
Wh 0.5 - -
Zh 0.5%57 : :
Vh - 0.301 175 [106] -
tth 2.271% | —0.227325 [106] | 1.9713 [107]
Zy incl. 1.4%35 - -
77" ggh 1.1310:34 1 1344039 1106] | 0.961040 [108]
VBF 0.17 | 3.8728 [106]
cats. - -
WWw= ggh 0.841517 -
VBF 1.2704 1.7 [109]
Wh 1.6512 | 32741 [109]
Zh 59755 -
tth 50118 : :
incl. - -
T ggh 1.0%58 -
VBF 1.3707% -
Wh —1.4714 -
Zh 2.2737 -
tth —1.9737 :
bb VBF ] —3.9155 [111]
Wh 1.075:2 :
Zh 0.4707% :
Vh - 0.217925 [113]
tth 1.15F
wt incl.
multi-¢ cats.
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Run-1 results
from ATLAS+CMS

1606.02266

Run-2 results
scavenged from
various conf-notes

Not using any input
from differential
distributions here

gluon fusion




CMS Preliminary 359 fb' (13 TeV) CMS Preliminary  35.9 b (13 TeV)

T ] I 1 1 | I | | 1 I I | 1 I | I | I 1 mH - 125 Gev
untagged = 1'173.2? b H s 77* s 4 p=15"% [ 03 (stat) "% (syst) ]
VBF-1jet +0.40 =187

=0.97 - B
tagged M -0. +0.19
% o | Heomb. = 105,017 3' 1.0°08
VBF-2jet +0.51 L
tagged =063 o | =1 A
h=097,
VH-hadronic |\ _ 4 7g+078 [ _ol 1205005 1 15 2 25 3 35
tagged M =076 04| ™ Best fit u(ttH)
. CMS Preliminary 35.9 b’ (13 TeV)
vhi-leptonic w=0.002%Cg 1 11+21
tagged -0.00 h
I 9 1= -1 20+1 50
-1.47
VH-MET |, _ ¢ 00*109
tagged ~0.00 2Iss+1r,
_ +0.79
+0.87 n=0.86
ttH tagged u = O.OO_O oo
| L4 1 | TR T T N W S A | 3I+hh
O 2 4 6 = 1.224-1.33
-1.01
—— Best fit Combined
------- SM Expectation u=0. 72+00::
L 1 1 l 1 1 1 l 1 l 1

-2 0 2
Best fit u = O'/O'SM
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ATLAS Run 2 CMS Run 2

+1.0 +0.8  pashiG
bb 201 _0.9 _0.2 _0.8 76'038
. +1.3 +0.5 PAS HIG
. . 17-004
multilep 2.5 ., 1.5 % o
+1.2 +1.5  pasHiG
vy 03 _1.0 1.9 _1.2 16-020
% +7.2% PASHIG
. 16-041
4t 0.0 —0.0% (3597
+0.7
comb. 1.8 -0.7 *) —2AInL = 1 interval
ATLAS-CONF-2016-068 with u > 0 constraint
+1.2 Yoo L
Run1 comb. 2.3 . AASs naive combination
JHEP 08(2016) 045 -1.0 Htth = 1.26 2 0.26

Slide from G. Petruccianis talk in Moriond’l7
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In SM, cubic (and quartic) gauge interactions completely fixed, once gauge couplings known

In SM EFT with D=6 operators, new “anomalous”contributions to TGCs arise

(WrEW, —Wo WA, + 1+ 6ky) Ay WHW, + Ry A, WiHW,,

tigLco [(1 +691.2) (W;;W; — W;VWJ) Zy+ (14 0K:) Zpo W:W,,_ + "x s WJW;]

\ — A .9LCo — 7
MWEW, AL, +i2 5 A WEW, Z,

. e _ .9L.Ch — -
+Z—2/\7W;;/WupAPM + 2_2/\2 W:VWVPZP“ + m

e
L
m m m3

Relations between anomalous TGCs and Wilson coefficients in Warsaw basis

91 + gy gy (3) (3)
2 2 4=—cywp + cup + Q[Cﬂe]ll + 2[%{5]22 — [066]1221 )
4(9L - gy) gr

gL
—CHW B,
gy

_ 9itgy (o 919y
)

497 — 9%
3

PR C ,
29L W

gL ;
— Cownp>
gy

3

92 n g2 CHWB t CHD + 2[0&2]11 -+ Q[ng]m - [Cee]1221) ;
L Y

—igLCW.
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TGC - Higgs Synergy

p.afl CP odd :

Linearly realized SU(3)xSU(2)xU(1) local symmetry in Lagrangian with operators up
to D=6 implies that aTGC and Higgs couplings to EW gauge bosons are related:

1
= =57 — g2) [evv€9y + cay (97 — 9%)9"% — c22(97, + 9%)9% — c.0(97, + 9%)91)
L~ 9y

g% — 912/ - sz)

R

B

@ Therefore constraints on 0glz and 0Ky imply constraints on Higgs couplings to
electroweak gauge bosons, and vice-versa

@ In fact, TGCs probe directions in EFT parameter space that are weakly constrained by
Higgs searches. Therefore, important to combine Higgs and TGC data!

@ That is possible provided both aTGCs and Higgs couplings are constrained in a general
consistent, multi-dimensional fit, and the correlation matrix is given!
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@ Combinations of EFT parameters constrained by precision tests much better
than at O(10%) are not relevant at the LHC, given current precision

@ Assuming MFV, one can identify 16 combinations of EFT parameters that are
weakly or not at all constrained by precision tests, and which affect LHC
Higgs observables at leading order. These correspond to 16 Higgs basis
parameters in previous slide.

@ Higgs signal strength observables at O(1/A”2) are only sensitive to CP-even
parameters (CP-odd ones enter only quadratically and are ignored - one
needs to study differential distributions to access those at O(1/A"2) ).

@ Currently not much experimental sensitivity to modifications of Higgs cubic  p; vitg et al
self-interactions, thus parameter dA3 cannot be reasonably constrained 1704.01953

@ Thus, assuming MFV couplings to fermions, only 9 EFT parameters affect
Higgs signal strength measured at LHC
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http://arxiv.org/abs/arXiv:1704.01953
http://arxiv.org/abs/arXiv:1704.01953

1.08 0.35

TVBE ] 4 1.495¢,, + 0.516c. — | 111 | cur — 0100 — | 035 | cao
OVBF 1.23 0.40

—0.04¢,, — 0.10c,o — 0.02¢,,
— 1+ 20c, — 2.25¢c,0 — 0.83¢c;, + 0.30c;, + 0.12¢,,.

Oggh
—si = 1+ 237¢gg + 2.066y, — 0.060y,.

ggh

gluon fusion

Otth

Oth

; 6.39 1.49
o~ 1420, 4+ | 651 |cun+ | 149 | cu
TWh 6.96 1.50
9.26 4.35 0.81 0.43
— 14+ 2dc, + 9.43 o+ | 441 Jec..— | 084 ey — | 044 | cyy
10.08 4.63 0.93 0.48
: 5.30 1.79 0.80 0.22
2~ 1420, + | 540 Jen+ | 180 |e.+ | 082 |en+ | 022 | e,
TZn 5.72 1.82 0.87 0.22
7.61 3.31 0.58 0.27
— 142+ | 777 |eo+ | 335 |e.—| 060 |c, + | 028
8.24 3.47 0.65 0.30
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Decays to 2 fermions

TT

ce r )
FSM ~ 1 —I— 25yu, F% ~ 1 —|— Qéyd, I‘S—M ~ 1 + 25ye,

ce bb T

Decays to 4 fermions

F2£21/ ~
FSM -

202v
— 14 26c, + 0.67c. + 0.05¢,, — 0.17c,, — 0.05¢.,.

1 4+ 20c,, + 0.46¢c,0 — 0.15¢,,

Tu Doge o (041015 (007N (002 (<001,
s ? 0.39 )~ 0.14 ) °** 0.05 )~ 002 )0 0.03 |

0.35 0.19 0.09 0.01
— 14+ 20c, + ( 0.32 ) C.O — ( 0.19 )czz + ( 0.08 ) Coy + ( 0.02 ) Cryry- (4.13)

Decays to 2 gauge bosons

A 2
Cov

FVV
‘1 + S| v € {g9,77, 27},

SM —
Yy

Cy — 0.116c, +0.020y,, M~ —8.3x 1072,

7Y

Coy — 0.068¢, +0.0030y,, Mo~ —5.9x 1072,

2
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Combined constraints from LHC Higgs and electroweak precision constraints
h =Q[2(1+(Scw)m2 WIw. + (1 +éc,)m%2,2Z
WV L A BESES R —0.07 £ 0.09 Correlation
WJVW;;—V + cwngi (W, 0, W5, +h.c.) 0.11 & 0.99 matrix
available

gi
2

g1

+Cww 9 W:;;W‘:y + Cww

2

2
e €gL
TCqg %quG;’w + Cyy ZA#VAI‘V T Czy NG

2
Zuw Ay + Cz ;%Z,,.,Z,w —0.06 +0.13

40092 2By Zyy + 01919y ZuBy Ay 0.0024 + 0.0071
” 92 = . € * -~ €gL ~ - >
+E99"2 GG + Sy Ap A + iy - Ty Ay + s —0.019 4 0.060

2cy
—0.0017 = 0.0009

—0.02 = 0.13
—0.40 =£0.19

=ie [(WEW, =W, W) A, + (1 4+ 8k,) A WHW, 4 koA, WiW,

—0.18 £ 0.14
+igL.co [(1 +8g1:) (WEW, =W, W) Zy + (1 + 6K2) Zu W)W, + % Zu W u'-';]

[T ue'

—0.058 = 0.043

[

. € T e . JLCo - . 1w - i . JLCO § r— 7
+1 W,\,W W A + zm—2/\:WJuH vpZpu +1 AMWILW Ay, + :—,‘,IA:IV:‘,H volp,

@ Overall SM is very good (too good?) fit, no evidence or even hint of D=6 operators

@ Some tension in global fit due fo deficit in the bb decay, but mostly gone after Moriond

@ Decrease in bb needs to be compensated by negative contributions fo Higgs-gluon
couplings, to avoid overshooting Yy, WW, and ZZ channels
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® More Higgs signal strength results coming. Especially WW and bb
measurements should have important impact on the fits

@ ATLAS + CMS combination with correlations
@ Additional constraints from Higgs differential distributions that should help
disentangle different tensor structures of Higgs coupling fo VV and access CP

violating operators

@ Constraints from high-energy tails of differential distributions where higher
energy of the LHC trumps its inferior accuracy
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LHC vs low-energy

One-by-one constraints of LLQQ operators in units of 0.1%

(ee)(qq)
[6123)]1111 [Ceq]1111 [Czu]1111 [CM]1111 [Ceq]1111 [Ceu]1111 [Ced]1111
q
LE 045+028 | 1.6+1.0 | 2.8+ 2.1 3.6 £2.0 —1.8+11 | —4.0x£2.0 | —2.7x£2.0
ATLAS (/s <1.5TeV) | —0.65Tg5- | 23755 | 26758 | —1.475% 1.3777 1.57%4 —2.775%
ATLAS (v/s <1TeV) | —0.787080 [ 32+34 [38+41 | -1.9+42] 1.9+28 17408 | —3.84£4.7
(k1) (q9)
[Cé3)]2211 [Ceq]2211 [Ceu]zzll [Ced]2211 [Ceq]2211 [Ceu]2211 [Ced]zzll
q
LE —0.2+1.2 4+ 21 18 +19 —20 £ 37 40 £+ 390 —20 £ 190 40 £ 390
ATLAS (y/s <15 TeV) | —1.357005 | 1.8 1.1 [ 20+1.3 | —1.0+1.6 | 1.02+£0.99 | 28717 [ —2.0+1.8
ATLAS (/s <1TeV) | —0.727070132+34 [ 38+41 | —-1.9+42 | 1.9+27 1.673:7 | —3.8+4.7
CV 3 3
[Ceequ]llll [Ceedq]llu [Cée)qu]llll [Ceequ]2211 [Czedq]2211 [Céegu]mn
LE —0.00013 £ 0.00049 | 0.00013 £0.00049 | —0.2+1.6 | 0.03£+0.10 | —0.03 £0.10 X
ATLAS (\/E < 1.5 TeV) 0+1.7 0+2.3 0+£0.8 0+£0.98 0+1.3 0+0.45
ATLAS (\/E <1 TeV) 0+£26 0+3.3 0+1.2 0+£2.5 0+3.2 0+1.2
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@ Several theoretical frameworks to describe possible deformations of Higgs
coupling from SM predictions, among which SM EFT is preferred by most
theorists

@ Accuracy of LHC Higgs measurements is rather unimpressive as only
dimension-6 operators suppressed by scales smaller than ~1 TeV can be
probed. Still, for strongly coupled UV completions this gives access to new
physics at ~10 TeV, beyond the direct reach of the LHC

@ The importance of Higgs observables is that they constraint certain linear
combinations of dimension-6 operators that cannot be accessed by any other
means

@ One should stress the importance of global fits, where all (unconstrained)
dimension-6 operators are assumed to be present, as only these lead to
model-independent and convention-independent constraints that can be
applied to a large class of BSM scenarios

@ Current theory-level analyses meaningfully probe 9 of these linear
combinations. No serious hints for the presence of any of these operators
exist in the latest data, with previous hints driven by tth and h->bb going
away
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