A4

HicGs EFT : THE PHENO SIDE

FABIO MALTONI
CENTRE FOR COSMOLOGY, PARTICLE PHYSICS AND PHENOMENOLOGY
UNIVERSITE CATHOLIQUE DE LOUVAIN, BELGIUM

HIGGSTOOLS SCHOOL - JUNE 2015 FABIO MALTONI



PLAN

Aneesh André

y

covering theory/formal aspects covering experimental aspects

THE NUTS AND THE BOLTS OF THE SM@DIM6 AT THE LHC

General motivations for searching for new physics through interactions between SM particles

HEFT: the basic concepts through the simplest possible examples

The accuracy/precision needs and available tools to make predictions in the SM@dim6

Higgs production and decay in the SM@dim6 at the LHC
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STATUS AT THE DAWN OF LHC13
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A new force has been discovered, the first
elementary Yukawa type ever seen

lts mediator looks a lot like the SM scalar: H-
universality of the couplings

No sign of....New Physics (from the LHC)!

We have no bullet-proof theoretical argument to
argue for the existence of New Physics between 3
and |3 TeV and even less so to prefer a NP model
with respect to another.
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SEARCHING FOR NEW PHYSICS

STATEMENT #1
THE ONLY VIABLE APPROACH TO LOOK FOR NP AT THE LHC IS TO COVER

THE WIDEST RANGE OF TH- AND/OR EXP-MOTIVATED SEARCHES.

Searches should aim at being sensitive to the

hishest-possible scales of energy
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SEARCHING FOR NEW PHYSICS

STATEMENT #2

THE HIGGS PROVIDES A PRIVILEGED SEARCHING GROUND

* It has just been discovered. Some of its properties are erther just been measured or completely
unknown.

* A plethora of production and decay modes available.

* First "elementary” scalar ever : carrier of a new Yukawa force, whose effects still need to be
measured.

* (PT.®D) dim=2 singlet object = Higgs portal to a new sector:

« Several motivations to have a reacher scalar sector with more doublets or higher
representations = Higgs= might be the first of many new scalar states.
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SEARCHING FOR NEW PHYSICS

Quantum corrections affect the stability of the Higgs mass. Consider the SM as an effective field
theory valid up to scale A:

3 1 1
m3; = Mg = Y\ I : g*A? | AZA?

Putting numbers, one gets:

A 2
(125GeV)? = m3o + [—(2TeV)? + (700 GeV)? + (500 GeV)?] ( . OTeV)
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SEARCHING FOR NEW PHYSICS
tree loops

MH? ~ (125 GEV)? T

top WZ  Higgs

A 2
(125GeV)? = mi + [—(2TeV)? + (700 GeV)? + (500 GeV)?] ( . OTeV>

Definition of naturalness: less than 90% cancellation:

2 2 A M?
Ay < 3TeV Fxl = om2, = Y2y e  omly ~ 22 Mt A
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SEARCHING FOR NEW PHYSICS

Model-dependent < Model-independent

SUSY, 2HDM, ED.... simplified models, EFT, ...

Search for ne
Search for new states 0 interactionsw

specific models, simplified models anomalous couplings, EFT...

-«

Exotic signatures Standard signatures

precision measurements rare processes



SEARCH FOR NEW INTERACTIONS

* Such a programme is based on large set of measurements, both in the exploration and in
the precision phases:

* PHASE | : EXPLORATION (Frontier):
Bound Higgs couplings

* PHASE Il : DETERMINATION (Dawn):
Look for deviations wrt dim=4 SM (rescaling factors)

* PHASE Il : PRECISION (Legacy):
Measure/bound the dim=6 SM parameters (EFT)

* Rare SM processes (induced by small interactions, such as those involving the Higgs with
first and second fermion generations or flavour changing neutral interactions) are still in
the exploration phase.

* For interactions with vector boson and third generation fermions we are ready to move
to phase .
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PHASE | : EXPLORATION

1
V(H) = im%,H2 + AgaavH? +

-
4

AuppnH* AHHH = AHHHH = m¥/2v*

10*
HH production at pp colliders at NLO in QCD

My=125 GeV, MSTW2008 NLO pdf (68%cl)

Double higgs production is a very
rare process.

About 000 times smaller cross

Q

E section than single Higgs.
é (N 1) ' '
3 same’ channels as single higgs
= . .
o production available.
<
Q
©
g ttHH is the third largest.
<

8 1314 25 33 50 75 100

Vs[TeV]

(TO ME) THE MOST IMPORTANT MEASUREMENT IN THE HIGGS SECTOR
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PHASE | : EXPLORATION

| | | | |
HH production at 14 TeV LHC at (N)LO in QCD
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)

10fb ")

—
o

==
-~

.
<

N. of h h pairs (L
™3

6 3
{7
L L | L - 5 L SN - § E
900 300 200 500 600 700 300 ; " - * : '1 : " .
N e M hh1(GeV/ich : Misw
Small cross section due to negative Sensitivity to variations with respect to
interference lambda at NLO in QCD.
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PHASE | : EXPLORATION

Couplings Prospects

* HHH interactions « HL-LHC

* flavor diagonal int.s with | and Il generation : ccH, ppH * Run Il / HL-LHC
* Flavor off-diagonal int.s : tqH, I'H, ... * Run | onwards

- HZy * Run Il onwards
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PHASE Il : DETERMINATION

ATLAS — o Total uncertainty
19.7 o' (8 TeV) + 5.1 fb' (7 TeV) m,, = 125.5 GeV _g:f::;) + 15 0Ny
Combined CMS m, =125 GeV H + 823 R
pu=100+0.13 " —>YY
Preliminary vo22 —_
H — bb tagged -0.28 (" -0 ——
u=0.93+0.49 +0.35
H-Zzz*—>a |-0%
H — 1t tagged _ 4 43040 0.13 N
w=0.91£0.27 M= 139 035+ 0.17 I
- 0.10 AP - . |
+0.20
H— vy tagged H— WW* - Ivly |- 021 T
u=1.13%0.24 +023 .
n=099"% g
H — WW tagged 2% 0,00 - |
p=0.8310.21 Combined  a ——
H—)Y'Y, ZZ*, Ww* +0.17 A
H — ZZ tagged w=1.33021" 8‘12
w=1.00+0.29 01817 15 —t
- = PP , ey e
1 1 L 1 l 1 1 1 1 1 L 1 | l | 1 1 1 ”
0 0.5 1 1.5 2 Vs=7TeV |Ldt=46-4.81" 0.5 1 1.5 2
Best fit O'/O'SM \s =8 TeV [Ldt = 20.7 ' Signal strength (u)

the M and kappa’s determination is the first necessary step of stress testing the SM. As
couplings agree In normalisation to |0-20% one can move on to the next phase.

HIGGSTOOLS SCHOOL - JUNE 2015 FABIO MALTONI




PHASE |Il : PRECISION

The matter content of SM has been experimentally verified and evidence for new light states
has not yet emerged.

SM measurements can always be seen as searches for deviations from the dm=4 SM
Lagrangian predictions. More Iin general one can interpret measurements in terms of an EFT:

£(6) _ £(4) Z

the BSM ambitions of the LHC Higgs/Top/SM physics programmes can be recast in as simple
as powerful way In terms of one statement:

“BSM goal” of the SM LHC Run Il programme:

determination of the couplings of the SM@DIMé6
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PHASE |Il : PRECISION

* Very powerful approach:
* It Is based on a consistent QFT and therefore is systematically improvable

* It is the SM, so it can be used globally for many different observables measurable at
various experiments.

* But remember: intrinsically valid max up to scale A and no new light state below it.
* Basic strategy:

» |dentify the operators entering a given observable at a given order.

» Calculate their contributions on top of the most precise SM@dim4 predictions.

* Find enough observables (cross sections, BR's, distributions,...) to (over)-constrain the
operator coefficients,

* Fit (or in some cases linear fit...)

* Need for accurate and precise predictions for both SM@dim4 and SM@dimé
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A FEW QUESTIONS

* What are the advantages of an EFT vs anomalous couplings approach! What are the
disadvantages! Limitations!

* Where does the power of the EFT really lie?

* Unitarity violation in EFTs: Why?! How to test for it How to deal with that in practice! What
about form factors!

* In the Higgs case, production or decay in the EFT seem two different worlds. Why? What are
the challenges for production and for decays! Is there a genuine or just a technical difference?

« New dim=6 interactions can mediate processes that are extremely suppressed in the SM. How
do deal with that!

* The need and the challenges of the global approach.

 There seem to be several EFT bases. Why! Do we care in practice or is a purely TH discussion?
Are there operators which are more important than others to start with?

* Mmore...
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BASIC CONCEPTS VIA SIMPLE EXAMPLES

|, Flavour physics : running and matching

2. Majorana neutrinos : UV completion, unitarity violation and new physics
scales

3. SM@dimé6 : Bases

TGC at the LHC : EFT vs AC, unitarity violation, interferences and squares.

A simple UV completion for the SM@dimé

o U1 A

Top FCNC's : the simple yet complete example

FABIO MALTONI
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SM AT LOW ENERGIES

Consider the decay of a charm via a weak current:
Gp M3,
— aCa dp)
M fs—MW(SC)V _a(updp)v—_a %ﬂ< éé
Gp ,_

At LO there Is only one colour conﬂguration.At NLO however, the gluon exchange generates two

different colour structures:

uv ag . M2, 51
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SM AT LOW ENERGIES

There are UV divergences in the EFT that need are reabsorbed by a normalisation of the Ci

which can be obtained by matching to the full theory /3

/‘\
>
—
~
|

2
- (1 + 20528 Jog i) S,
47 S

GF
! M2
C; = —3—"]og— W s . p? g P
A7 112 + - log =51 — 37—~ log S5
r2 2
as A‘[W \/§ A g 2
— — 22005) = [1+2Cr—S1ogt— ) S
Cy = 1—|—47r10g 22 GF( 2) + Fo-log— 2
2 2
. . . + ﬁlog IU—ASQ —3%log HfSl
In our effective Hamiltonian a scale dependence of dm 7S 47 5
the Ci compensates that of the matrix elements: iC
i
— O
dlogp 1977

Hetr = Y Ci(p)Oi(p)
’ Ci(V3) = (5@- +7ij (V/3) log ﬁ) Cj ()

One can "resum’ the large RGE logs by calculating

the Ci at low scales wrt MW with RGE equations.

dlog Z¢ 1 [—Qgg 693]

The operators mix under the RGE. 7= dlog i 7T 16n2 | 692 —292
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SM AT LOW ENERGIES

Many other examples exist of low energy predictions where it is convenient
to out heavy particles of the SM leading to various EFT’s :

* Integrating out the h and building an EFT with the SU(2)xU(l) symmetry non-linearly realised

2
U~ : |
L= TTr(D“E)TDME DF3S =03 +i(gl2)o- WS —i(g'/2)3 o’ BH
_ 0
L= —mfFLE 1)fR+H.c. >, =eXp(i0'-7T/U)

This theory has a upper bound from unitarity of WW scattering A pwsp=\V8mv~1 TeV

* Integrating out heavy quarks in QCD leads to different number of flavour schemes
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MAJORANA NEUTRINOS
 Consider the SM@dim>S. There 1s only one such operator that can be added:

©
A

When the Higgs fields acquires a vev this term give rise to a Majorana neutrino mass

U2

mV:C_

A

v __--=h 14 +h vV ,"h v // h
I I now calculate the amplitude vw = hh j + j‘;{' + > ..... < >:::
v \""-h, v \\h v \*h v \“h
_

L= -_(L"ep)C(¢" €L) + h.c. ;

If
~
)

b

(Io( L{_ vy Lr_hh) . lg;i/[ - "Iv\""i — grows with energy
V2 V2 l67v = unitarity violations
47rv°
— A paj= —> min mass for the neutrino = upper bound for A

Majorana neutrino mass implies New Physics before 10> GeV
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MAJORANA NEUTRINOS

« An UV completion of the dim=5 operator (there are few) is well known: the see-saw model

_ 1
L=—vypLedp*vp— ;MRV£CVR+ He.

with a Dirac mass term and a Majorana one (vr Is a singlet of SU(2)). One can diagonalise the
mass matrix and obtains two mass eingenstates

)
V=V m,~mpl/ Mg

N%VR MR

and the amplitude w — hh does not grow anymore because the last term is not present.
anymore
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DIRAC FERMIONS IN THE SM

* |s there something similar for Dirac fermions in the SM? The first operator is dm=6

C

L= M2FL¢fR¢T¢+H.c.

which, once added to the usual Yuakawa leads to a “correction” to the Yukawa/mass
relation of the SM:

; L h
v C ) f /- h
Mme=yr——=-+
PR M2 P TN
\\ h
[t can be then proved that the 2—2 and Iin fact the 2—3 processes lead to unitarity
violation:
7 ~ s 2 3 3
ao(ftftHVLVL)NEU § 5 M U U
. — A"% T% /\/_ — A ~U -
aO(fifi—)VLVLVL)%E\/; ’”f_VfU 2 mf
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DIM=6 SM LAGRANGIAN : WARSAW BASIS

[Grazdkowski et al, 10]

X3 <}96 and (P4D2 ¢2¢3

T + BASED ON ALL THE
Qe | fAPCGLGEGSH | Q, (lp)? Qe (') (lyerp) SYMMETRIES OF THE SM

& | FAPCGMGEGSH | Qe | (ple)Dlete) Qug
OQw 6IJKW,{UWI./IPWI;K “ | Qop (goi D“cp)* (gaT D,‘go) Qap
Qw | VKW IWIoWKn

T

(7o) (qpur®) + NEW PHYSICS IS HEAVIER
(©'0)(@drp) THAN THE RESONANCE
ITSELF : A>My

+ CD A N D E W
X2 (P2 ,‘02 X 7 ¢2 (P2 D Q
= RENORMALIZABLE CORDER BY
A YAuv 7 v I I (1) s 7
Q(,DG (IOTQO G#UG 3 QeW (lpou ef‘)T (pr,u Q(’ol ((pT?’D[.L (10) (lp7”lr) ORDER IN 1//\)
~ - > -
- T A YApv iy (3) NI I.u
Qg plp GG QeB (l,0"er) B Qo | (@D, o)l 7*1) + NUMBER OF EXTRA
>
I m — vpA ~ A : = COUPLINGS REDUCED BY
Quw SOTSO Wqu : Quc (QPU# T%u,)p Gy,u Qe (‘PTZD# cp)(ep’y"er) o v M Il\jl TR EES E AN D
. ST varipw — I~vi7l (1) Ry ~
QQPW plp W, W Quw | (o™ u,)T oW, Pq (¢'iD, ) (37"er) DIMENSIONAL ANALYSIS
' _ ~ 3) R N(a T
to B, B Q pv B ( i D p
B B qp0" U ? QT Y q
@ Py D u (@ r)® By, 0q | (p ﬁ‘P)( p r) + 6 GAUGE DUAL
i = A A i —
<LL8> = (RR)(Ri.)OT(DB“'(;g:U QdG (qpa,.wT dr)(’o G#V Q<,7u ((pT?’ Dﬂ' (P) (uP’Y”ur) + 28 NON DUAL
| G | Q| @medEate) | Q|  Gmb)enre) g - + 25 FERMION OPERATORS
0 ﬁ:v:qr (R » 11:7:% Toyiu ” Lyule) @y 7. e I I T2 H
@i o et o e || Qaw | (Gt dn)T W, || Qea | (911D p)(dyy ) + 594+HC OPERATORS
QY | Gul)@ra) | Qu | Ewe)@rw) | Qe | (@ne)Eare)
0 | L) @t e epuer)(diy d; 0 Gvuar) (@ 7 Hv ] A'T T K
@ et 6 e || Qas | (30" )@ Buy || Qpua | (@' Dyyp)(@y74d,)
Qui | (@ Tu,)(dey*TAdy) ggg) (.7: ;Z;EZ:T),;:)
(LR)(RL) and (LR)(LR) B-violating
Quia | @e)dd) | Qus e, [(@2)7Cu?] [(gP)T Ol
Q| @wlen(@d) | Quu e [(37)7 Cqf*] ()" Cer)
QW | @T w)en(@T4d) | QL B juem [(059)7Ca] [(@m)7Cl]
Q. | Beden(@du) | Q% € 9(r1) 1 (7€) mn [(a57)7 Cal¥] [(g7™)7CLE]
Ql(e?;u (Bower)ein(@o™ u) | Qauu e [(d2)TCuf] [(u))"Cey
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EQUATIONS OF MOTIONS

The operator basis Is not unique due to the fact that several other operators can be written

(non-trivially) in terms of those chosen in the Warsaw basis. For example

Op =Opp+ Opp +Owsg, Onw = ig(,D”H)TUa(DVH)L u
Ow = Ogw + Oww + Owg, Owp = %(HTU“H)W;}VB‘W

Or for example:

3 1 1
Ow = g° _OT_ZZOy_OG'l'Z(O}{L"'O}JQ)

2
u,d,e

1 1
Op=4g*|—=0r+ B Z YrOpr
F

2

with F' = {L,ep,Qr,uR,dr}, Yr the hypercharge, and

—

— _ _
Oyr = (iH'D,H)(Lyy*Ly), Ol = (iH'0“D,H)(LLo"y"Ly).

Other basis (SILH, Pomarol-Riva, ...) can be obtained this way.
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DIM=6 SM LAGRANGIAN : HIGGS OPERATORS

Using the above identities one can make the substitution and obtain

{Our,0%4%;,Owg} — {Ow,0p,0xp}

EW and Higgs Physics

Higgs Physics Only

= |H]*|D*H|?

Ow =14 (HTJ“D“H) DYwe,

b

Opp = L |H|*B,, B

Op=14 (HTD“H> 0" B,

)

Oww = 4|H|2I a Wouv

Oup =ig' (D*H)'(DVH)B,,

OGG _ gs |H|2CA GA;W

Oy, = yu|H| QLHUR

o 2
Or=3 (HTD#H)

-t

Oy, = ya|H|?QrHdpg

—
Onu = (iH'DyH)(apy*ug)

Oy, = ye|H|2zLHeR

— —
Ona = (iH'D,H)(dr"*dR)

O = \H|

=
Oge = (thD”H)(éR’y”eR)

Ong = (iHTﬁuH)(QL’Y“QL)

-

g _
Oy = (iH10"D,H)(Qro"Qr)

-

Or by Oww — Ogw one obtains the SILH basis
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‘C6 —ngj\z;(’)n +Z ngzga

[Biekotter et al,, 1406.7320]
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DIM=6 SM LAGRANGIAN : SILH B

ASIS

) _ Cy M __ ~gn > o~ 12 &
Lo = 550" [@10],[010] + 7 202 o' T 0] (0! T 0] - i A atE)? Lop = 98 g, praih, + 9 Emn pugt pra R, 4 9 Egtap,, B
-— [C_;-yu@‘(p @? . Qqu}f -+ _‘yd(pr ‘DQLdK + c—,lzy£ @’@ (I)IJL,CI{ + h-C-} ‘; g C " . o — T g' c - H
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1 7 gs Co mt a v
m“ q’ QB B m% =0 QG“VGG ' 2: auB 6 Bpj/ n:; DpCd pGgl/ ,
w w
_ iCug r A A= 47'6, k 2 C,, 4g Cw =
Lp, = — Qry*QL) [ D @] + Q" TorQr] [T D R Lp, = g =2y @ QLY ur By — %y O - (QrLTok) Y ur W,
H w
zcu. " + ZCm = & . _
+ [UR'Y ug) [@ b7} u®] + "~ 3~ [drydr] [@ po) u®] - 49;;‘ oy @ - Q LY TaurGy, + 2’ C'm ya ®Qry*“dr By
wuud u W . .
- | =5 [ary"dr] [@- D8] + h-C-] 2o @ (Qu Ty dp W, + Py, 8Q 14T, dnG,
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L ) A U2 LYY 2L, 2 M -4 m Yy QLL’Y# €Rr Bpu 4 S —sYy Q(LL_Tzk)"/'pveR ‘VPV -3= hC]
ié w H

+ e fenen] [0 D2
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[ from Contino, Ghezzi, Grojean, Muhlleitner, Spira (JHEP ’13) ]
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BASES

A now an important point:

The bases presented so far are written in terms of field before the EVVSB, 1.e. respect the global
symmetries of the SM as well as SU(2)xU(1).

However, simulations and measurements are made In terms of mass eigenstates (W,Z,H), i.e. In
the broken phase of the theory.

leg—L(W++W_), W3 = JL (gLZ -I—gyA),
NG 7 7 \/g%—l—g% 7 7 H_i( JaGH )
o gL _ gy 2\ v+ h+iGY
W#ZE(W:_W#)’ Byz\/g2+g2 (=9v Zy + 91A,) V2

LT 9

By making the above substitutions (fermions too) one arrives at expressing the new interactions
In terms of mass eigenstates.

“MASS” BASIS
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BASES

* So for example the single Higgs couplings to vector bosons can be written as:

ALD=6 % [20cumd WW: + de.m’ 2,7,
+cww%2wlj,;wl; + 5ww%2l'V,j,‘,W;;, + Cwng? (W;é-),/W; + h.c.)
2 2 2
+CQQ%GZVGZV + C’Y’Y%AMVA#V + sz%ZMVA#V + szf_cgzwzw
+¢:00° 2,0y 2y + 099 2,0, A,
2 2 2
+5gg%3ag,,ég,, + E:W%A,WAW + 527%ZMVA#V + 5zzf—(%Z#VZ#V

where the coefficients of the broken phase are more numerous yet depend on those of the
original parametrisation at dm=6. So they can be expressed through the original dim=6 ones.
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BASES

or some of them can be made dependent of a subset of the low-energy ones:

dc, = 0c, +4om.,
_ 2 4
Coww = Cpp+ 285C, + SgCmy .
- - 9~ 4~
1
_ 2 12 2 2 2 12\ 2
CowD = 5 5 [g Co0 1+ G "Cap — €7SgComy — (g —q )SGsz] :
g —4g
1
_ 2 2 12 2 2 12
CGyo = 2 — 2 [29 o+ (9" +97)C —€cypy — (97— g )Cz'r]
This is the idea of the Higgs basis (LHCXSWG)
Independent : Cggs 0Csy Cyyy Cavyy Cazy CoOy Cggy Coymys Cays Cazl
Dependent : 0Cyw; Cuww Gunwy Cully G-

HIGGSTOOLS SCHOOL - JUNE 2015 FABIO MALTONI




BASES : TOOLS

* Full Lagrangians implemented in FeynRules (and UFO)
* Public (and versioned) models:
« HC [Artoisenet et al. | 306.6464],
« HEL (SILH) [Alloul, Fuks, Sanz, 1310.5150]
* Warsaw [Fuks, Mawatari, Mimasu, Riva, Sanz, to appear]
* Mass Basis [Fuks, Mawatari, Mimasu, Riva, Sanz, to appear]
* Extension avallable to be used for NLO computations in QCD

* Process simulation with tools such as Sherpa, Madgraph5_aMC@NLO and so on.

T e SRR

param_card(Warsaw) | - _ - - |
— -_ param_card(Mass) MGS5 aMC Events

(pa;'am_card(SlLﬁS'
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ROSETTA
uv Energy

EFT | N independent
Warsaw, SILH, HISZ, NL... operators
Rosetta nggS BaS.lS M > N redundant
Mass Basis C.  operators

Data

Lorentz structures
Kappas etc.

Pseudo observables
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TRIPLE GAUGE COUPLINGS

EFT BELOW EWSB.... [see discussion in Degrande et al, 201 2]

Av
M2,
+ig] Wi W, (8"VY + 8"V*) —igl e (W 0,W, — 0,W,;[ W, )V,

L = igwwy (gY(Wtw-ﬂ WHWo VY + ky WIW, VE + W W, oV

+RyW W,V + Av W"*W“’f/“) 5

EVEN + 6 ODD

EFT ABOVE EWSB....
OWWW = TI'[WM,,WVp W# ]

Ow = (D,®)'W"(D,®)

Op = (D,®)'B*(D,®) 3
Ovrww = Tr[W,WPWH

Oy = (D,@)'W"(D,®)

EVEN + 2 ODD

THE NUMBER OF FREE PARAMETERS IS REDUCED IN AN EWSB SYMMETRIC L.
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TRIPLE GAUGE COUPLINGS

EFT AC

Lorentz v v
SU(2)p, v X
U(l)em v V)
Scale suppression v X
# parameters > | |
Loop v X
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TRIPLE GAUGE COUPLINGS

THE 5 FREE PARAMETERS OF THE EFT CAN BE DETERMINED FROM THE
ANOMALOUS COUPLING MEASUREMENTS:

Cw
A2
CB

A2

Ag1 = M2 (tan® Oy Ak, + Aky)

M3
2 2
M2 AK”Y M2 Agl
2 2
A Ak, =
tan29WM§ gl S111 OwM% vz
2 2
A, = A
3g2m2, " 3g*m3, Z
ERE N
m2, " tan?@ym?,
2 - 2~
A, = A
3g2m?," " 3g*m?, Z

CONSISTENCY OF THE DIM=6 APPROACH CAN ALREADY BE TESTED...
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TRIPLE GAUGE COUPLINGS Oy — Te[W o WP

Ow = (D, @)W (D,®)

+ aTGC + aQGC (Dimé)
Op = (D,®)'B*(D,®)

* by default in MG5 (EWdimé6) Fa— TI‘[WH,/WVPW#]
- 5 Operators o = (D, @)W (D,®)
[C. Degrande et al 1205.4231]
* nTGC (Dim8) Opw = iH'B,W*" {D, D'} H,

Oww = iH'W,WH {D, D'} H,

* triple for neutral
Opgp = iH'B,,B"{D, D"} H.

» 4 Operators Ozp = iH'B,B*{D, D'}H.
[C. Degrande 1308.6323]
+ aQGC (Dim8) Lro = T [W W] x Tr [WagWe?]

Loy = Tr[Wa, W] x Tr [W,sW
|8 operators ' :

ET,Q = Tr -WQMVVW} x Tr [Wg,,W”a-
- - Lrs = Tr|W,W"| x BB
* to download via FR website 75 M | X Bag
Lre = Tt |WaWH| x B,sB*
ET,7 = Tr -WQ“W“’B] X Bﬂ,,BVa

Lrs = BuB"B.sB*”

Lrg BauB“ﬁB B
O.L.P Eboli, M.C. Gonzalez- Gama K. Mlzu|<osh| hep-ph/0606 1| | 8
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http://arxiv.org/find/hep-ph/1/au:+Gonzalez_Garcia_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Mizukoshi_J/0/1/0/all/0/1

TRIPLE GAUGE COUPLINGS
PP*WLWL@ LHC 14 TeV with Cw/A2:625 TGV_Z — 1/ (400Gev)2

0.1 . | |
—— SM
001! o 7
% 0.001 ———  SM+Int :
% = SM+Int+0W ]
& RSN
: 10 o
&
o
B 107
o]
10-6
1077

Expansion
breaks
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TRIPLE GAUGE COUPLINGS
pp—WrW, @ LHC 14 TeV with Cy/A*=6.25 TeV > = 1/ (4OOG6V)2

0.1 | | |
| — sM
001 - o>
2 0001 ———  SM+Int
2 | X ———  SM+Int+Oy
= : W |
\; 10_4 3 %\\\ .
EB : \\\\ -
=2 \\ ]
T o | 1/A*
10—6 _ \\\\ ‘55- |
; == A
\

EXpansion
breaks
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TRIPLE GAUGE COUPLINGS ,
pp—->WrWr @ LHC 14 TeV with Cy/A?=625TevV> = 1/ (400GeV)

001 |

S SM+Int
& SM+Int+0y,
=
B

2

2 0
: 1/A
2

5
o =

500 1000 1500 2000

E

1/A?
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TRIPLE GAUGE COUPLINGS

102

100 Unitarity Bound

do pb
dMWW GGV 1 O -2

10—4,

o 500 1000 1500 2000
M, (GeV)
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AC VS EFT

« The Higgs basis Is de facto anomalous couplings parametrisation of the interactions between
mass eigenstates featuring relations between the coefficients of the different operators.

 However, at variance with an AC, an EFT defined above the EWSB scale, is renormalisable in
EVW and QCD interactions. The AC is not.

« Another important point is that the use of an EFT Is always different from that of the AC, as In

the EFT one has to take the interference terms only and use the squares to gauge the stability
of the I/

* In addition, an AC features many more free parameters and in general, it does not provide
either a consistent or a useful interpretation framework. In addition, form factors are needed
for AC to be useful in practice.

* For physics: EFT should be used when NP is assumed heavy, explicit models when NP can also
be light.
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EFT COEFFICIENTS AND UV COMPLETIONS

[Gorbhan, No, Sanz, 2015]

Ag
V(®,5) =~ [0 + A0 — 15624 2o gty m g2 2

Lsin = E—Haﬂ[@@]a (@7 o] +g[q>’fp 2] [2"'D ] —ES—A[@@]

1g C v ig' ¢ v

+ mWW [Ty, D#®] DYWE, + 2m23 (@7 Dr®]0” B,
Qan W [ DHot Ty DY B]WE, + ngc”B [D*® DY 3] B,,

w

+ ;”qﬂ@B B 4 9 Ca Sgptece, G
miy, myy,

—[';y"@*@QL@Tu + dyd@*@@ ®dp+ ’y’qﬂ@LL@zR] |

¢y = y* (mixing)

2
ey = —2 Am? (no mixing)
H= 9672 \ m,

AC¢ = 3 6 ¢y (only w. explicit symmetry breaking)

HIGGSTOOLS SCHOOL - JUNE 2015

—— LHC (7+8 TeV data)
LHC (300 fb ™)
— — — HL-LHC (3000 v

Combined HL-LHC + GlgaZ

\\
Combined HL-LHC + TI_.E.P—:
400 500 600 700 800 900 10¢
m S (GeV)
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http://arXiv.org/pdf/1502.07352.pdf

EFT COEFFICIENTS AND UV COMPLETIONS

[Gorbhan, No, Sanz, 2015]

CH | Ce | Cr | Cw C | Cuw | CuB | Caw | Cy | Cq

Higgs Portal (G) L|L| X | X | X | X X | X | XX

Higgs Portal (Spontaneous () T|L|RG|RG|RG| X X | X | XX

Higgs Portal (Explicit &) T | T|RG|RG|RG| X X | X | X [X
9HDM Benchmark A (5o =0) | L |L| L | L | L | L | L | L |L|[x

2HDM Benchmark B (cg_o,#0) | T | T | L L L L L L |L|X
© Radion/Dilaton | Tlrirc|T || || |T|T

Table 1. Leading order at which the various Wilson coefficients for the D = 6 SM effective field
theory are generated in each of the scenarios under consideration. In each case, the operator can be
generated at Tree-Level (T) or 1-Loop (L). If some operators are generated at Tree-Level, this may
lead to the generation of others via operator mixing under 1-loop Renormalization Group evolution
(see e.g. [27, 28]), which we denote by RG. Operators which are generated at higher order in RG
and EFT expansion are denoted with an X.
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TOP FCNC’S

The study of FCNC couplings can bring new information:
[Drobnak, 2012 based on CMS and ATLAS results] [Kao et al. 2011 , Kai-Feng et al 2013] [Zhang FM, 201 3]

o ‘ -0
t — t — "‘\
U,C u,C

While the exp searches are completely different, one has to remember that the decay rates will
depend on several operators that are linked by gauge symmetry. For example:

05 = ygy (70" )@By
0L = yegw (G ' t)gW} (
0y = ytgs(qa“"TAt)wG 0
052 = -2 (o'0)(at) @

O[T =D | =
o Oow-= O

Owr—O O

—
I
(\W)
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http://arxiv.org/abs/arXiv:1112.1707
http://arxiv.org/abs/arXiv:1304.8037
http://arxiv.org/abs/1211.7209
http://arxiv.org/abs/1312.4194
http://arxiv.org/abs/1203.0529
http://arXiv.org/pdf/1305.7386.pdf

TOP FCNC’S

[DurieuxgFM, Zhang 2014]

Cralmy)
Cig(my)

-1.0 -0.5 0.0 0.5 1.0

Cuslmy)
_ 13 _ Ay ~1A
Oz = 1 gs(Qo WTAt}HEGﬁu GLG = yegs(qo™T t}wﬂﬁw
= - L po o 13 _ Ty ~var] 00 0
Onw = EEQW{QJWTIt}WW;{y L2 ( g 19 0 ) GLW} = Y gw (qo™" T t)pW),, L 20 % Lo 0
= - w5 030 _ - - 5011 9
O:B = Y19y (Qo""t) @By ~40 0 -1 'DEE} = Y gy (0" 1) 2B, "\ %0 d

Orp = —1; (0'0)(Q1) & . 043) = —3(pTo)(at) -

c3(1 Tev) =1, . %) (my) = 0.98,
CU3(1 TeV) =0, CU3) (my) = 0.23.
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TOP FCNC’S

[Durieux, FM, Zhang 2014]

5 | | | | | | |
| arvama <o Lo™Peas  /107° GeV x (A/1TeV)?
- C._ 143 —1 —
©q o —(143)12 (13)2 3(13))2
| et _ =1.7(C 112 +6.6|C)p|* + 0.81 Crean |
G =1
2 1 TotReak /1075 GeV x (A/1TeV)?
T \ ‘ = 02[Co P +10(Cw [P +27(Ciey, I
OM N
15 40 60 78 90 102 120 140
my [GeV]
R ——Com=210 —Cgm=2NL0 [(t = u;h) =T@ 4 o,V
£ 18E- - Cg(m)<0LO0 __C,(m)<0NLO
E‘%:%: - Cglm)=210 __ C,(m)=2NLO F(O) =7.11|Cu¢(”)|2 % 104 GeV,
' S w0 = [110-soog (5 )] it
s;/:? — [3.26 + 18.11log (%)] ReCuc(p)Cy,  °
F N e +9.33 x 107°|Cuc(1)|? } x 1074 GeV. (a¥)

—h
QU
—t

10
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TOP FCNC’S

pp —th

- -
pp —th) (SM)

J
t

HIGGSTOOLS SCHOOL - JUNE 2015

[Degrande, FM,Wang, Zhang, 2014]

Contributions appear at LO from Ot and one
from OtG..

At NLO in QCD OtG mixes with all the other
operators so 1t has always to be included.

[t also means that If a specific (arbitrary) choice of
coefficient operators is made at high scales (where
one can Imagine a full theory to live) many
operators become active when evolved to lower
scales.

Only a global/fit approach on constraining such
operators at the same time can be useful strategy

and it has to be at least NLO in QCD.

FABIO MALTONI



TOP FCNC’S

[Degrande, FM,Wang, Zhang, 2014]

The operators have been implemented in FeynRules, the model was upgraded to NLO

automatically and then passed to MG5_aMC.

Results shown here at NLO. the pp —thj interesting process by itself...

103

- — L0, Cf]1§)=0.04

C LO/NLO LHC |3 TeV |—nwo, Cf::)=0.04

: —— NLO, SM pp—thj
10

=
10° =
1 0‘6 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 ‘;A;‘ b= 1 1 1

0 100 200 300 400 500 600

p Trop (GeV)

MadGraph5_aMC@NLO

o
w

0.25

o
no

0.15

o
-

0.05

O

do

LO/NLO LHC |3 TeV

—C},'=1,C.> =0|

—C,=0,Cl'=1

— SM

MadGraph5_aMC@NLO

AlllIIIlllllllllllllllllllllllllll

Complete implementation of all operators of dm=6 at NLO (including four fermion operators) In

QCD s on going.
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TOP FCNC’S

[Durieux, FM, Zhang 2014]

olete™ — tj+tj) [fb]
Br(t — jete™ )+ Br(t — ju p~) <0.0017% ©MS S

400 - i T T

Br(t — jy) < 3.2% CDF : ! -

Br(t — jvvy) < 0.0016% cwms 200 - + v __
U(pp—>t)+0(pp—>t—)<2.5pb at Vs =8 TeV  ATLAS | i

100 -
: LEP?2 limits
Cou® =152, 05 =0

o(ug — ty) + o(ug — tv)

50 -
+0.778 [o(cg — ty) + o(cg — t7)] : (C%”) =0, C%*Lz; —1.27
— ) = 5 f‘eu+ = 1.4
< 0.0670 pb at /s,, =8 TeV CMS B IG’LM} ._.1 [2’.C. - I1 ?7. B
190 195 200 205
Vs [GeV]

olete” —tj+1tj) <176 fb  at /s =207GeV LEPII

For the sake of illustration and simplicity, we only consider the most constraining observables. This
suffices to set significant bounds on all two-quark operators as well as on a subset of the two-
quark—two-lepton ones.
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TOP FCNC’S

[Durieux, FM, Zhang 2014]

C(a+3)

1cLet)| or

Ic(;q(a'*'?’) o Cg:;*':-") — 2. 2

(3a)

a3
Ciplor |Cp)| pmmm=ll_ o
0(03)

or |C5 ——— Ll
or [CG®)| }0.041

lequ lequ t 1.6
|C.'3(a3)| or |C3(3a) 0.49

lequ lequ

CL)| or |CLY =3-6

C(03)

|
—6 —4 -2 0 2 4 6

Cg) (a+3) C‘(P‘L‘*'S)

First proof of principle that a complete global fitting strategy in a self-contained sector of the top EFT
s possible with the available measurements. The red (blue) are for [st (2nd) generation. ticks = one
on at the time.
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HIGGS EFT AT THE LHC

* (Mostly) sensitive to Higgs couplings to bosons
* H—4 leptons
- VBF o
- VH
* (Mostly) sensitive to Higgs couplings to top and bottom quark
* H—bb - ttH
© H—gg * gg—H
 Sensitive to both (and their phase)
* H=oYYy, H—=2 |+ 1l-Yy * gg—HH
« tH] * gg—H/
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PHENO

* The basic lagrangian that has been used so far in Higgs phenomenology is

_ h .. .
ALP=6 — ;2 [26cym WHW, + 8¢,m% 2,7,
g 9 i 2 (rir—;
+cww§W,j,I/Vl;, + cwwiwﬁ;t,wl;, + Cpnd (IfV,jd,,W,;t, + h.c.)
2 2 2
gs a a € eg g
+ngszuGuu + C’Y’YZAMVAMV T Czy s Zyw Ay =+ Czz 4c2 Zyw Ly

+CzDQQZ/_L8VZ[J,I/ + nyElggIZpavApu

~ 93 a ,a ~ 62 A ~ €g 1 ~ 92 >
+ngZGpquu + C’Y’YZAMVAMV + CZ’YQ_COZMVA/JV + CZZEZI-WZI-W
' 0

J— Il N\ N\ ~ S . . T
LE=0 = - L L Vg [0 i [Osqbzfj fif; —isin gbzfj fivs fj]

feu,de 1j
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HIGGS DECAY TO 4 LEPTONS

The golden channel: |2 kinematical observables related to production and decay, 5
independent ones In the decay. Small background. Extremely clean state. The most studies final
state for the Higgs, with the largest number of papers on new ideas, variables to consider.

This process i1s extremely well
known theoretically (NLO in EW
+EM PS) and corresponding tools
are public [Prophecy4f and Hto4l].

Major results: The basis for having
this channel at NLO in EW in the
SM@dimé6 have been laid [Ghezzi et

al. 2015, see also Hartmann and
Trott, 2015].

This is the Hydrogen atom of Higgs
physics for the theorists and
experimentalists alike,

HIGGSTOOLS SCHOOL - JUNE 2015 FABIO MALTONI




HIGGS DECAY TO 4 LEPTONS

Many observables and correlations can be built.

HC model arXiv:1306.6464 [hep-ph] Isidori et al. arXiv:1305.0663 [hep-ph]
D-E_ L N L L B L B
~ pp — X(0%) > 41 atthe LHCS | .
0151 o _
0.05— > _ i
ﬂ[] | EI{J — '1[]{} 0 P N R I

0 0.02 0.04 0.06 0.08
m1 2 (GEV} q2/m?

Effects of the contact interactions could be accessed in the low invariant mass pair and should
be part of any parametrization of BSM physics.
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HIGGS DECAY TO 4 LEPTONS

e h — 4f. The decay process h — 22v (where £ here stands for charged leptons) proceeds via
intermediate W bosons. The relative width is given by

Loy
=~ 14 28cy, + 0.46c,0 — 0.15¢4,

202v
— g ]. + 2(5Cz + 0.67Cz|:] + 0.05sz — 0.17Cz'y — 0.05077. (4].2)

In the SM, the decay process h — 4¢ proceeds at the tree-level via intermediate Z bosons. In
the presence DD = 6 operators, intermediate photon contributions may also arise at the tree
level. If that is the case, the decay width diverges due to the photon pole. Below I quote
the relative width I'(h — 4¢) regulated by imposing the cut mg > 12 GeV on the invariant
mass of same-flavor lepton pairs:

DY, ~ 14 9c. + 0.41 0.15 N 0.07 0.02 N < 0.01
sV =7 030 )7 o014 J=T 005 )=\ 002 )" 0.03 )
0.35 0.19 0.09 0.01
— 14+ 20c, + ( 0.3 ) Cor) — ( 0.10 )czz + ( 0.08 ) Coy + ( 0.02 ) Copy- (4.13)
The numbers in the columns correspond to the 2¢2u and 4e/p final states, respectively.
The difference between these two is numerically irrelevant in the total width, but may be
important for differential distributions, especially regarding the ¢y, dependence [91]. The

dependence on the my cut is weak; very similar numbers are obtained if my > 4 GeV is
imposed instead.
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HIGGS PRODUCTION : VE

op—Hjj (VBF) at NLO+PS

This process 1s extremely well
known theoretically (NNLO in QCD

and NLO in EW) and corresponding
tools are public.

Within the SM@dimé is known at

NLO in QCD [HAWK, VBF@NLO,

multi-purpose MC's]

NLO QCD corrections are
important for many key observables.

Ellis&Campbell, 1502.02990]
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0*(HD) ——

0* (HDder)

0* (SM+HD) ’
0HD) —
0* (HD) ——

[ aMC@NLO + HERWIG6

2 £ aMC@NLO/NLO

500 60
1" (GeV)

Many studies on VBF in “EFT" have appeared, even very recently [Edezhath [1501.00992,
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HIGGS PRODUCTION : VE

=

op—Hijj (VBF) at NLO+PS

p - pp—Xgjj (VBF) at the LHC8, NLO+PS o m — L pp—X,ij (VBF) at the LHC8, NLO+PS o' (sM) —— -
10" F T I 0*(HD) ——
: 0" ¢iDder) —— 1B 0* (HDder) —— 3
0" (sMeiD) —— 0 h o o) — -
():(HD) S 0 (HD) ——
107 o _2 0 (HD) —— -
10 3
3 L )
[ aMC@NLO+HERWIG6 aMC@NLO+HERWIG6
1-4_....|....|....| l I L0 Jal R P A S
?.2 [ NLO+PS /NLO 1 o LNLO+PS/NLO
1 == 1 =
08 [
0_6_—....|....|........
1.2 FNLO+PS/LO
1 e
08
q 3 =, == Ot v v 1 b b L
0 500 1000 1500 2000 2500 3000 0 100 200 300 400 500 600 700 800
. X
M(y.iz) (GeV) pr (Gev)

Shapes of distributions are greatly affected both NLO and NLO+PS.

Substantial degeneracy between several CP-violating scenarios.
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HIGGS PRODUCTION : VE

=

[Falkowski, 2015]

e Vector boson fusion (VBF), q¢ — hqq:

; 1.08 0.35
28~ 141.495¢, +0.516c, — [ 1.11 | cun — 0.10cu, — | 0.35 | can
OVBF 1.23 0.40
—0.04c;, — 0.10¢,0 — 0.02¢,,,
— 14 26c, —2.25¢,0 — 0.83¢,, + 0.30c,, + 0.12¢,,. (4.6)

The numbers 1n the columns multiplying ¢,n and ¢, refer to the LHC collision energy of
Vs =7, 8, and 13 TeV; for other parameters the dependence is weaker. The expression
after the arrow arises due to replacing the dependent couplings by the independent ones n
Eq. (3.2). Each LHC Higgs analysis uses somewhat different cuts to isolate the VBF signal,
and the relative cross section slightly depends on these cuts. The result in Eq. (4) has been
computed numerically by simulating the parton-level process in MadGraph5 [90] at the tree
level with the cuts pr, > 20 GeV, |n,| < 5 and m,, > 250 GeV. Replacing the last cut by
mqq > D00 GeV affects the numbers at the level of 5%.
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EFT VALIDITY

 The issue of the validity of EFT’s is being discussed extensively in the literature both in the case
of Higgs and also for DM.

<+— EFT not valid EFT valid =——»

FOR HIGGS:
[BIEKOETTER ET AL. 1406.7320, SEE RIVA’S TALK]
[ENGLERT AND SPANNOWSKY, 1408.5147], ....

gNP

Unconstrained
by measurement

FOR DM:

[BUSONI ET AL, 1307.2253,1402.1275, 1405.3102]
AND 1005.3797, 1103.0240, 1109.4398,
1203.1662, ....

Anp [GeV]
[ENGLERT AND SPANNOWSKY, 1408.5147]

* Simple, practical, improvable, legacy friendly solutions do exist!
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EFT VALIDITY

* Criteria to study the behaviour at HE include:
» Series behaviour: I/A? vs /A" (interference vs amplitude squared)
* Unitarity
* size of cross sections VS SM
» validation/comparison with explicit UV completions
 Simple solutions (practical and legacy-friendly) are available:

. simulations available for different values of A>+/4

* Possible improvements:

* BEvent-by-event determination of the scale including running of the operators, 1.e. QCD
(and maybe EW) RGE effects [Englert Spannowsky, arXiv: | 104.1798]
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HIGGS PRODUCTION : VH

Epp—>X(0)Z (Z— e* &) at the LHC8 0* (s
(

M)

pp—HV at NLO+PS in the SM@dim6 <s(hHﬁﬂe$§ _
107 | 0 (HD) ——

6 HC scenarios considered: _% i —

NLO QCD corrections are important in all of them! | _: \K\_

g (1+ )2 [aMC@NLO + HERWIG6
o~ C: _ .
OSM 22A2 103_----I---.|.... |
1.4 FaMC@NLO/NLO B .
4 4m2 3 2
Z d0050|,/\/1T|2 — i_ﬁW 1+ (eww +ew)— |
T 3 8 A?

g 3 m2.\ 2
/dcosOl.MLl2 — €<1+CWP+4(wa+Cw)—‘;V) \

0 100 200 300 400 500 600 700 80(
X
pr (GeV)

Many studies on HV Iin "EFT" have appeared, for example [Isidori & Trott 1307.4051, Ellis et al.
1208.6002, 1303.0208,1404.3667, Biekotter et al. 1406.7320, .....]
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HIGGS PRODUCTION : VH

pp— HV at NLO+PS in the SM@dim6

+ - - —
006  PP—=XoZ (2=e°e) atthe LHCS, NLO+PS il e S ' PP—XoZ (Z—e*e) at the LHC8, NLO+PS )
- 0* (HDder) —— - 0*(HD) ——
0* (SM+HD) | 9 0* (HDder) ——
0 (HD) —— 10 " F 0* (SM+HD) =
— ot — ; 0 (HD) —— ]
004 | - [ 0* (HD) ——
2L = _
0.02 - 107 L K
O+HERWIG6 |
0 e e b by oy b b I T T L1 3 _?MC@;NLO+HEIRWIG6 l
[ NLO+PS /NLO N 10 e
14 ¢ 7 1 4 [[NLO+PS/NLO b
1.2 _— -_ . L ]
1 R e——— = — s R ke — A e i e
]‘_illllll_u_‘
14 :_NLO+PSILO _
1.2 -y )
| [
S ' I o I I ' | | | | | | |
4 _ : i e
3 2 ! ())( 1 2 3 4 50 100 150 200 250 300 350 400
n p_I_Iep,hard (GeV)

Plenty of information can be gathered from this process.
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HIGGS PRODUCTION : VH

[Falkowski, 2015]
e Vector boson associated production (Vh), gg — Vh, where V =W, Z|

, 6.39 1.49
=~ 1420c,+ | 651 |ewn+ | 149 | cpu
TWh 6.96 1.50
9.26 4.35 0.81 0.43
—~ 142, +| 943 |coo+ | 441 |co— | 084 |co— | 044 | e
10.08 4.63 0.93 0.48
. 5.30 1.79 0.80 0.22
e~ 142, + | 540 |eo+ [ 180 e+ | 082 |eo+ | 022 | e,
9Zh 5.72 1.82 0.87 0.22
7.61 3.31 0.58 0.27
— 1+2c,+ | 777 o+ | 335 Jeo— | 060 e+ | 028 |c..
8.24 3.47 0.65 0.30

(4.7)

The numbers in the columns refer to the LHC collision energy of /s =7, 8, and 13 TeV.
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HIGGS PRODUCTION : VH

LHCS8 ATLAS VH . 105 | s T ]
70 I . . . . I . . . . I . . . . I . . . . I . . . . I - | o'A' ~.\ |
smmmmmmmnnas : : '.‘." / | \ " ]
60} : i 0.05F / 7”"-': 5 AAY
C . i ’ F )’ H 0y
S0 i 3 & S/ //// )l" \ "f
: : I < A ; :
. 40:_ E E‘: N\E OOO ::. ',' "- .:_
Z‘” ..................... N : i g : | A :
30 = . : & —005F wf pp=Vh 7 | LEP2J
S “i :
-“ I’ 'o"
o100 N oy
_ ] E “~~.. \—/ """" *
: - ~0.15] R
0 50 100 150 200 250 T e et N
b7 (GeV) -0.04 -002 000 002 004 006

ew (miy /A?)

[Ellis, Sanz and You, 1404.3667/] [Biekotter et al., 1406.7320]
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HIGGS PRODUCTION : ZH

PP—HZ: GG CONTRIBUTION [Hespel, et al. 1503.01656]
g 7 g
fooazsocm@j/\/\/v\, ) z
g B g h \H\ <
0F | | gy ZH ——

[T Triangle ---------

e
gg—=/H is sensitive to relative b 01— ZH (NLO) - _-
phase (and SIGNI) between HVV e T, Flipped Fukawa
and ttH coupling (like h—*gamma & 04
gamma and pp—tH)! = T .

mg = g £

It contributes in a significant way = 0.01 p. :
to the high-pt region of the H: = ; =
needs to be included in the globa 0.001 } B
fit and introduces a dependence ' MSTW2008LO 7
from the top-Higgs coupling 0.0001 L LHC14TeV . . . 7
0 100 200 300 400 500

pg (GeV]

HIGGSTOOLS SCHOOL - JUNE 2015 FABIO MALTONI




HIGGS PRODUCTION : GLUON FUSION

Consider; for example, the following top-Higgs interactions:

Ohg — (QLH) O—,UVTCLtRGZV7 CHROMOMAGNETIC OPERATOR

OHy — HTH (HQL) tR YUKAWA OPERATOR

1
OHG p— §HTHGZVGZLV HIGGS-GLUON OPERATOR

25 [ £ 0
At NLO in QCD the first two operators mix: 7= ( _62 1 )

™

In addition, the third operator receives contributions from

the first two at one loop: I ) Xb ...........

A MEANINGFUL ANALYSIS CAN ONLY BE MADE BY CONSIDERING THEM ALL.!
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HIGGS PRODUCTION : GLUON FUSION

From a global fit the coupling of the higgs to the top is poorly determined.

A 2 A : : — _
Oggh Caq Cog = Cgg + (8.70yy — (0.3 — 0.30)dya) x 107°, ' ~ (8.4 4 0.3i) x 107
~ 1+ ¢
7SM ~SM Oggh
ggh g9 oSM = ~ 1+ 237('99 + 2.060y,, — 0.0607,.
ggh
Cy V8. Cgg LLLICIAULLL
0.020f T T T -_ Oy = H' H (HQL)tr  Onc = HTHGa G
i SM point
0.015; | + Bestfit - 00000 /
o0 f |
S 0.005} | | ] 700000
E % 5
O'OOOE_ | | | the loop could still be dominated by np.
—0.005} i i —— e
_ ; THE EFFECT OF THE :::D Xb ...........
""""""""""""""" : CM OPERATOR NOT

_05 OO 05 1.0 1.5 INCLUDED :::;b. ..........
[Belusca-Maite, Falkowski, 2013] ¢,
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http://arxiv.org/abs/arXiv:1311.1113

HIGGS PRODUCTION : GLUON FUSION

From a global fit the coupling of the higgs to the top Is poorly determined: the loop could still
be dominated by np.

[Grojean et al., 2013] [Banfi et al. 2014] [Buschmann, et al. 2014] T

""" llrerll =0.5 myl'
=== Hren =1.0mp |
0.1f — Hen=20mp -
10 =1.0 +20% -
1 -
— gt a v
Opy=H'H (HQL)tg ~ Onec=3HHG,G,
0.0F .
00000 .
x
' ' —0.1f '
-0.2F .
-Grojean et al., 2013 | |

0.8 0.9 1.0 1.1 1.2 1.3

EFT at NLO predictions avallable, yet SM NLO predictions are needed to control accuracy
precision.,
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http://arxiv.org/abs/arXiv:1410.5806
http://arxiv.org/abs/1312.3317
http://arxiv.org/abs/1308.4771

HIGGS PRODUCTION : TTH

lDegrande et al 2012]

i 3 -
' _
- - 02 padeel | o 02 m =125 GeV

o
-

oAy
‘ "*'-‘!-!n . :
Ry

‘\ _

cug(1TeV/A)°
|
o
3

0.4} pp=h
o (pp — tth)
- = 611195, + [4571 51 Reng — 49110 ca _061k bp\> ¢ h
TeV _og—
+55 +2 0.8

== 147 oCHG — 67" GCy] (T) —1 0 | 2 3
+ [5431133(Reng)” + 11321335¢ che (1TeV/A)?
+ 85510 chq + 2702
+ 23313 Rengerg — 5011 Ren ey

TeV
— 3.21_2%61-[?!61—[(; — 1-21_SCHCHG] (T)

Analysis done at LO! NLO is now within reach
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TOP-HIGGS INTERACTIONS

In principle a large number of operators are present. Yet very few operators of dim-6 enter in top
and top-higgs physics:

[Willenbrock and Zhang 201 |, Aguilar-Saavedra 201 |,Degrande et al. 201 1]

operator Process

0(3) = i(dTT IDM¢)(q7”7' q) top decay, single top

Otw (gor 7! t)qb I (with real coefficient) | top decay, single top

Ogs” = (T3, qf')(qv“TI q) single top (P-even
O = (qa“’/)\At)qu/ﬁ‘,/ (with real coefficient) | single top, qq, gg — tt

Oc = fapcGLVG PGS gg — tt

Ogc = 5(¢7 )G, G g9 — tt

7 four-quark operators qq — tt

operator process

Ow = (go'r! t)qBWlfV (with imaginary coefficient) | top decay, single top

O = (cja“”)\At)ngﬁ,/ (with imaginary coefficient) | single top, qq, gg — tt CP-odd
Og = fapcGy G Go¥ 99 — tt

O, = 3(¢T )G, G g9 — tt
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http://arxiv.org/abs/arXiv:1008.3869
http://arxiv.org/abs/arXiv:1008.3562
http://arxiv.org/abs/arXiv:1205.1065

TOP-HIGGS INTERACTIONS: FIRST STEP

First constrain operators through top-anti-top production. There are only five operators
entering:
1

L7 = C%M + A2 [ghC’)hg -+ CRORQ + CLRO%Q -+ (R — L)]

and In case one Is interested only in total rates (and spin independent / FB symmetries) only
three parameters are left : gh , cV=cR+cL and aA =aR -aR

> = >

Chromomagnetic operator Op, = (HQ) Jotv T At GA Four-fermion operators
Z)ggmm< LT qq annihilation:
0 o both chg and 4-fermion operators
M SM SM 8
gluon fusion Y O q /

. + +
corrections from chg only SR R
+ —
000000 ——— "000000%————
+ +
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TOP-HIGGS INTERACTIONS: FIRST STEP

Non-resonant top philic new physics can be probed using measurements Iin top pair
production at hadron colliders

This model-independent analysis can be performed in terms of 8 operators.

Observables depend on different combinations of only 4 parameters:

o(gg — tt),do(gg — tt)/dt — cp,

o(qq — tt) < Chg, CVy
d(f(q(j — tf)/dmtt <~  Chg, Cvu
Arp <  Caq

spin correlations < Chg, CVu, CAyp
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TOP-HIGGS COUPLINGS

Recent analysis for the chromo-magnetic operator at NLO

in QCD:
C Cic\”
0 =0sm+ —=f1 + |~ B
Bi| LO [pb TeV?] NLO [pb TeV?] |[K factor
Tevatron| 1.6110:65 Et;%g; 1.81079-9%3 Eifé‘?g?’%) 1.12
LHC8 | 50.74153 (o) | 72.628008, (Tliten) | 143
LHC13 [161.67559 (F00 10| 239.57300 (0 a0) | 148
LHC14 |1913758 o0t 98307538 U 1yiyy | 148
B2|LO [pb TeV*]|NLO [pb TeV*]
Tevatron 0.156 0.158
LHCS 8.94 11.8
LHC13 30.0 43.2
LHC14 35.7 51.6
LO [TeV~2]|NLO [TeV—?]
Limits on ctG from LHCS8 Tevatron|[-0.33, 0.75] | [-0.32, 0.73]
LHC8 |[-0.56, 0.41]| [-0.42, 0.30]
LHC14 |[-0.56, 0.61]| [-0.39, 0.43]
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10
S
()
O}
o)
2
g
B0 é’
3 ®
(@)
s
L (Ul
2 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 -'-é)
_|_|_|_'_|_'_|_I — 04(NLO)/O,_(LO) — (SM+O, )/SM, NLO g
1.5} (O]
©
©
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1 E
1b00 1200 1400 1600 1800 2000 2200 2400
my [GeV]
10 -
- pp—ttat LHC13 O,;(NLO)
 (N)LO+HERWIG6 7] 0,,(LO)
- Co/A%=1TeV? SM(NLO)
- [777] SM(LO)
=
i
=4
hs|
IS
= o
=l
[
2
®
Q
=
c‘I
I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 2
—NLO/LO,SM — NLOLO,0,. |%§
15 S
[}
=
) 05 1 15 ) 25 3
IAGQD)

[Franzosi and Zhang, 2015]

pp—tt, LHC14, C /A*=1 TeV?
(N)LO+HERWIG6

— SM(NLO)+O, (NLO) — SM(NLO)
— SM(NLO)+O, (LO)
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http://arxiv.org/abs/1503.08841

TOP-HIGGS COUPLINGS

[Rontsch and Shulze, 2014, 2015]
TTZ AND TTY O( "y ( L 90) (Qr*10)

Lz = iet(p) [v*(Crv +v5C1,a) + ]C; V(Cgv +iv5Ca.a) |v(pF) 2 OS(P) 1Yt ( t(ﬁﬂ‘P) (QY"Q)
Opi = it (9! D) (Bt
L. = —eQityHt A, quv (di, +id)yvs)t A Ouv = y1gu (O™ 1) GW!
| OtB = ytgy (Qo""t)$Buy

+ TOP COUPLINGS NOT CONSTRAINED BY LEPI Z DECAYS.
+ THE PHOTON DIPOLE COEFFICIENTS DEPEND ON OTW AND TB
+ PHOTON AND Z ARE RELATED ABOVE THE EWSB.

+ PHOTON COUPLINGS ENTER IN THE OFF-SHELL TT¢Y

3 3 3
7 TeV, NLO QCD

£ + CONSTRAINTS FROM THE 7 TEV RUN

-8 S ACiy ST7Tand -3 S ACiA S 11

AC

AT

] = - - s
w o

2 -
AC! W AC] v
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http://arxiv.org/abs/1404.1005

TOP-HIGGS COUPLINGS

h Shulze, 2014, 2015
TTZ AND TTY [Rontsch and Shulze, , [

™H 3

-1 T T 3
NLO, 30 b~ 5
25 2
2
2 = a.
= @
3 g N 15 2
- 5 = ot 2
9 £ ~ g
1 8 1 2]
05 0.5
0
3 3
25 o 25
02 -1 = 2 4
& F 1L ] &
- 3 o s = BN
) &) 1F -1
g o 1E El PR
0.5
—04 [ e = —
| | | 1 L L L L L L 0
T T T L T T T T !
04 - LO, 3000~ E NLO, 3000 fb~"
E 2.5
02— -4 F — 2
=< g vév
- 01— — — 15 2
—0.4 —02F 94 F = b
E 0.5
—04 - J E -
02k L L L L L 1 L L L L vl b b b by A B b b b v by 1y 0
—0.8 —0.4 0 0.4 0§ 1.2 —-038 —0.4 0 0.4 08 1.2 —0.4 —02 0 0.2 0.4 —04 —02 0 0.2 0.4
C, Cyy C C.

However more work needed:
* In essence still an anomalous coupling approach.

* Global analysis considering ttZ and ttY needed.
e Constrains from LEP EVW observables [Mebane et al, 2013]

* Also the chromomagnetic operator contributes to ttZ and ttY.
* Four-fermion operators enter in the off-shell tt£¢
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http://arxiv.org/abs/1404.1005
http://arxiv.org/abs/1306.3380

TOP-HIGGS COUPLINGS : CPV

L=y (HQ)tr + cy,H H(HQ)tg
= mypthy + Ve (Re ey + ilm ey ys )b

......... L L
Higgs prod.
CP violation implies Re AND Im non-zero. 0.4}
Inclusive gg production only constrains ; Hg EDM
[ Re(chy)2 + 9/4 Im(chy)2 ]. 0.2;
[ neutr. EDM
Indirect constraints from e-EDM very strong, & 0.
yet rely on assuming j
* SM couplings for the light fermions. —0.2y
* no other states present in the spectrum ~0.4}
[Brod et al, 2013]
—10 —0.5 | '0'.0. - 0.5 - 11'0'
K¢
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http://arxiv.org/abs/1310.1385

TOP-HIGGS COUPLINGS : CPV

L=y (HQ)tr + cy,H H(HQ)tg
= mypthy + Ve (Re ey + ilm ey ys )b

There are ways of directly accessing presence of CP-mixing in top-Higgs interactions at
the LHC

&

_— e — = A ._,._._
pp—ttH pp— Hj)
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TOP-HIGGS COUPLINGS : CPV

L=y (HQ)tr + cy,H H(HQ)tg
= mypthy + Ve (Re ey + ilm ey ys )b

o' L pp—tiX, atthe LHC13 — 0 (sM) J
. NLO+HERWIGS — 0 5 o |
[ acceptance cuts only 0 1 At LO the two contributions add up incoherently.
_ At NLO in QCD CP-even and CP-odd amplitudes
g» 10° interfere.
8 - —
2 = At threshold large differences appear.
10" F 3 : - 't
% : ; At high Higgs pT shapes and normalization exactly
o :g equal (mt effects become subdominant)
©° 1
0 % = boosted analyses insensitive to CP?
PP —ttH e
B [F. Demartin, FM, K. Mawatari, M. Zaro, 2014 |= .
10 e Angullar variables between the daughters of the
P1(Xo) [GeV] top are sensitive to the CP-mixing.
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http://arxiv.org/abs/1407.5089

TOP-HIGGS COUPLINGS : CPV

The CP-mixing in the top coupling induces a CP-mixing at the level of the H-gluon-gluon couplings:

loop 1 ~
= a va,pv a a, v h
EO — 4[ca/4:HgggHgg GG + SaRag99aq0 GW/G’ ]
[Demartin et al., 2014]
1
GF vs VBF o GF vs VBF o
1L ‘ *(GF, SM) 0* (GF, SM

. E pp—X,jj atthe LHC13 R 8;((3:)’8 ) : 10°; pp—X,ij at the LHC13 — 0'_((GF) ) E

- NLO+HERWIG6 —— 0. (GF) ] F NLO+HERWIGE —— 0,(GF) !

L acceptance cuts only T OI %EE a'\[;')) [ m(jy.jp) > 500 GeV - §_" &EE Egl:l)l)) :
= - O.(VBF, HD) D 0* (VBF, D) |
S —

3 A — :
o) ]
= ' ]
3‘1 : . :" ————-c‘_‘_‘_:E":':_‘;,t—:———_—f
< 12 = o
e e
S ] g) N T ®
© = 102 = 49
'O ml ______ ! L---: (EU
1w 17
1< i U_C)
g 15
18 13
=
1500 10 | !
0 100 200 300

m(jy.j2) [GeV]

DP — HJJ pr(is.io)
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TOP-HIGGS COUPLINGS : CPV

The CP-mixing in the top coupling induces a CP-mixing at the level of the H-gluon-gluon couplings:
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1
£%)oop _

pp— H))

pp—Xjj (GF) atthe LHC13

i —— 0" (SM) ]|
NLO+HERWIGS — 0,
acceptance cuts only 0

I
1

0 =2 x

| AO(1.J2) |

MadGraph5_aMC@NLO
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0.20
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| pp—Xjj (GF) at the LHC13

MadGraph5_aMC@NLO

| AO(4.)0) |

—— 0" (SM) ]|
NLO+HERWIG6E — 0,
m(j;.jp) > 250 GeV — 0
n —,—,—
,_1 |
" " " " 1
0 n/2 x
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0.20

0.15
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0.05

0.00

a a, v a ~a’7 4
4[CC¥’€HgggHgg GMI/G 8 +804/£A999A99 GHVG 8 ]h

L pp—Xgij (GF) at the LHC13

NLO+HERWIGE
m(js,jz) > 500 GeV

B

—— 0" (M) ]
R ot

f

N .

1
I
0

w2

| Ad(y.l2) |

Delta(phi) among the jets Is a sensitive variable as mjj increases.

80

A

MadGraph5_aM C@NLO
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TOP-HIGGS COUPLINGS : CPV

The relative sign of the yukawa top coupling is fixed

by unitarity in the SM. h—= YY Is sensitive to the sign.
In production thj can provide further constraints.

140 [ t-channeltH atthe LHCI3 4FLO - ttX, and t-channel tX, atthe LHCI13
.ln.clusive cross section —— 4F NLO NLO inclusive cross section Xo
o kT B 0° L gluon fusion @ SM rate ttX i
\ I Yy, — .
L= 5 ¥y (Ca Khe T 150K44 75 )¢t Xo M,....-*““"""'”W'
100 - I
= )
é 80 — -
2 3 =
51 z Iz
60 18 © ®
i Z
® 10O
O 3
40 %I o
1 =
= [=9
(=¥
20 i § 10 : §
uo= I, mp(i)/6 i=H,\tb S 1S
0 1 1 1 1 1 1 L | L 1 | 1 L | L 1 | 1 L | L 1 |
1/8 1/4 1/2 1 2 4 8 0° 30° 60° 90° 120° 150° 180°
/ ) )
HHo [FE. Demartin, FM, K. Mawatari, Zaro, 2015] «

HIGGSTOOLS SCHOOL - JUNE 2015 81 FABIO MALTONI



http://arxiv.org/abs/1504.00611

TOP-HIGGS COUPLINGS : CPV

[t I1s Interesting to compare how a phase In the top-higgs LHC 13 TeV pp — (iX, NLO

' Inclusive cross sections pp — tXO NLO
;oupl|ng would change many of the processes relevant eluon fusion @ SM rate e > 7%, LO
in higgs phenomenology at the LHC: o3 | =l ma=2) gg — XX, LO |

y b ] Tt
L=="F (Cabom + P80k, 5 )Yy Xo

+ PP —> TTH

£
o 10° o
Q .
..... 15
+ PP — THJ |2
®
1
| smo \: | &
+ GG — ZH [ : %
i 15
N N 1 N N 1 N N 1 N N 1 N N 1 N N
2 3 L Xg— 7Yy decay width - EFT m yy—o0 |
+ ¢ — HH E; : Ratio to SM — Exact .- :
T 2F
L‘x 1 . . ] . . ] . . ] . . ] . . ] . . —
+ H —YY 0° 30° 60° 90° 120° 150° 180°
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HIGGS PRODUCTION : HH

1
O¢ = (HTH)? Onc = SH'HGy, Gl

pp — hh \ /
T TRl Thel TRl
Owny=H'H (HQ.) tr

0.005 ‘ LHC 14TeV  my= 120 GeV The strong destructive interference gives
" extra sensitivity of pp—=HH to dim=6
o operators.

0.003

The HHH coupling i1s modified by two

0.002 operators of dim=6é.

Only a global approach will allow to
accurately measure the HHH coupling from

0.001

0.000 200 400 600 800 1000 H H .

m(hh) [GeV]

[Contino et al. 2012]
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HIGGS PRODUCTION : HH

20 | hh@14 TeV
pp — hh
1.8
1.6
o 1.4+
An analysis in the EFT can be performed Z
showing how sensitive to each operator =
: ~— 1.1-
HH s, ® 10}
0.9+

Sensrtivity at LHCI 3 is to low and this will
need a lot of luminosity...

[Goertz et al. 2014]

—04 20.2 0.0 0.2 0.4

G

do(gg — hh)
dt

_ _Giog
opp | 256(27)3

{‘CAFA(l — 2cg +ct + Ce) + 3FA(3Ct — CH) + 2CQCA

Y

2

+ CoFo(1 —cyg + 2¢) + 2¢,C| +

CoGo
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http://arxiv.org/abs/arXiv:1410.3471

THE ROAD AHEAD

* The Interpretation of most of the SM/Higgs/top measurements analyses can be recast in terms
of an EFT. Yet the IMPLEMENTATION OF A GLOBAL APPROACH/FRAMEWORK IS NEEDED.

* (Dedicated) differential measurements will also provide necessary information.

 The precision of the theoretical predictions for the dm=4 SM will keep to be improved, by
including NNLO in QCD and NLO in EW corrections in a fully exclusive way. Predictions for
EFT AT NLO (IN QcD AND EW) have started to become AVAILABLE.

 Considerable work still to be done and constraining strategies need to be fully worked out/
optimised.

NEW JOINT TH/EXP EFFORT!
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CONCLUSIONS

e [he discovery of a scalar boson has opened a new realm of possibilities for searching new physics
and In particular in connection with the Higgs and the top quark

* The most beaten path for searching new physics at the LHC involve top-down (or simplified
models) approach to detecting new resonances.

* A complementary and far reaching approach is that of searching for new interactions employing an
EFT framework.

* The SM@dmX is a consistent, systematically improvable QFT.

* Precision SM@dim6 measurements, in particular for top quark and the Higgs, can extend the reach
of new physics searches at the LHC.
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GLOBAL FITS

[Ellis, Sanz,You [410.7/03]

Operator Cocfficient Individﬁflp ConStriirl;fginaJized
Ow =4 (H'o"D*H) D'W, " (e + c) | (—~0.00055,0.0005) | (—0.0033,0.0018)
Op =% (HID*H) & By

Or (H*D H) vor (0,0.001) (—0.0043, 0.0033)
0} = LLa 7L1) (Lpo%y,Ly) vcrr (0,0.001) (—0.0013,0.00075)
0% = (iH' D, H)(ér"er) ey (—0.0015,0.0005) | (—0.0018,0.00025)

oY, = (inﬁ,,H)(aR«,uuR) 2l (—0.0035,0.005) | (—0.011,0.011)
Od, = (zHTD H)(dgy*dg) vrcd (—0.0075,0.0035) | (—0.042,0.0044)
0P — (iH'e* D, H)(Q1o"*Q1) 2 (—0.0005,0.001) | (—0.0044,0.0044)
0? = (iH' D, H)(Qrr* Q1) 2o (—0.0015,0.003) | (—0.0019, 0.0069)

Table 1: List of operators and coefficients in our basis entering in EWPTs at LEP,
together with 95% CL bounds when individual coefficients are switched on one at a time,
and marginalized in a simultaneous fit. For the first four coefficients we report the con-
straints from the leptonic observables, while the remaining coefficients also include the
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Figure| 2: The 95% CL ranges found in analyses of the leptonic observables (left panel)
and including also the hadronic observables (right panel). In each case, the upper (green)
bars denote single-coefficient fits, and the lower (red) bars denote multi-coefficient fits.
The upper-azis should be read X=X ~ 1/3 for ¢y + Cp.
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Operator Coefficient IndividI;I:lC Consuiiztrsginalized
Ow =3 (H Taafu H ) DWW ™ (e —cp) | (—0.022,0.004) | (—0.035,0.005)
Op =% (H'D"H) 9B,

Ouw = ig(D"H)'o* (DY HYWS, | T cpw (—0.042,0.008) | (—0.035,0.015)
Oup = ig (D*H) (DY H)B,, ™ e (—0.053,0.044) | (—0.045,0.075)
O = LgeaWW2 Weon ™Y caw (—0.083,0.045) | (—0.083,0.045)

0, = 2| H|2GA G 2 ¢, (0,3.0) x 105 | (=3.2,1.1) x 10~

O, = ¢?|H|>B,, B™ e, (—4.0,2.3) x 10~* | (=11,2.2) x 104
Oy = 3(8"|H[*)? Zsen (=) (=)
Of = ys|H?FLH) fr + h.c. Zrey (=, —) (—,—)

Table 2: List of operators in our basis entering in LHC Higgs (including D0 associated
production) and TGC physics, together with 95% CL bounds when individual coefficients
are switched on one at a time, and marginalized in a simultaneous fit.
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Figure 6: The marginalised 95% CL ranges for the dimension-6 operator coefficients
obtained by combining the LHC signal-strength data with the ATLAS 8-TeV TGC data
(purple bars), the CMS 7- and 8-TeV TGC measurements (blue bars), and their combi-

nation (red bars). Note that ¢, , are shown x100, so for these coefficients the upper axis
should therefore be read x10.
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Figure 8: The 95% CL constraints obtained for single-coefficient fits (green bars), and
the marginalised 95% ranges for the LHC signal-strength data combined with the kinematic
distributions for associated H + 'V production measured by ATLAS and D0 (blue bars),
combined with the LHC TGC data (red lines), and the global combination with both the
associated production and TGC data (black bars). Note that ¢, , are shown x100, so for
these coefficients the upper azis should therefore be read x10.
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